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Organisms, including bacteria, store a number of dif-

ferent small organic molecules called ‘osmolytes’ to

counteract environmental stresses, including osmotic

stresses, like temperature, cellular dehydration, desicca-

tion, high extracellular salt environments and denatu-

rants [1–3]. The counteracting effects of osmolytes

against the deleterious effects of denaturants on pro-

teins are widely thought to be due to the unfavorable

transfer free energy of the peptide backbone from

water to osmolyte, which preferentially destabilizes the

unfolded states of the protein [4,5]. Osmolytes are gen-

erally subdivided into three chemical classes, namely

polyols, amino acids and methylamines. Trimethyl-

amine N-oxide (TMAO), a member of the methyl-

amine class, is commonly found in the tissues of marine

organisms [1,6,7], e.g. coelacanth and elasmobranches
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Assembly of FtsZ was completely inhibited by low concentrations of urea

and its unfolding occurred in two steps in the presence of urea, with the

formation of an intermediate [Santra MK & Panda D (2003) J Biol Chem

278, 21336–21343]. In this study, using the fluorescence of 1-anilininonaph-

thalene-8-sulfonic acid and far-UV circular dichroism spectroscopy, we

found that a natural osmolyte, trimethylamine N-oxide (TMAO), counter-

acted the denaturing effects of urea and guanidium chloride on FtsZ.

TMAO also protected assembly and bundling of FtsZ protofilaments from

the denaturing effects of urea and guanidium chloride. Furthermore, the

standard free energy changes for unfolding of FtsZ were estimated to be

22.5 and 28.4 kJÆmol)1 in the absence and presence of 0.6 m TMAO,

respectively. The data are consistent with the view that osmolytes counter-

act denaturant-induced unfolding of proteins by destabilizing the unfolded

states. Interestingly, TMAO was also found to affect the assembly proper-

ties of native FtsZ. TMAO increased the light-scattering signal of the FtsZ

assembly, increased sedimentable polymer mass, enhanced bundling of

FtsZ protofilaments and reduced the GTPase activity of FtsZ. Similar to

TMAO, monosodium glutamate, a physiological osmolyte in bacteria,

which induces assembly and bundling of FtsZ filaments in vitro [Beuria

TK, Krishnakumar SS, Sahar S, Singh N, Gupta K, Meshram M &

Panda D (2003) J Biol Chem 278, 3735–3741], was also found to counteract

the deleterious effects of urea on FtsZ. The results together suggested that

physiological osmolytes may regulate assembly and bundling of FtsZ in

bacteria and that they may protect the functionality of FtsZ under environ-

mental stress conditions.

Abbreviations

ANS, 1-anilinonaphthalene-8-sulfonic acid; CD, circular dichroism; GdnHCl, guanidium chloride; TMAO, trimethylamine N-oxide; TNP-GTP,

2¢-(or-3¢)-O-(trinitrophenyl) guanosine 5¢-triphosphate trisodium salt.
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[3,8]. High intracellular levels of TMAO in polar fish

are believed to increase the osmotic concentrations

that decrease the freezing point of body fluids [9,10].

TMAO also counteracts the deleterious effect of

hydrostatic pressure on enzyme activity in deep-sea

animals [11–14]. TMAO is derived from the trimethyl

ammonium group of choline [7]. Dietary choline is

oxidized to trimethylamine by bacteria and trimethyl-

amine undergoes further oxidation to form TMAO

[15–17]. TMAO has been shown to offset the denatur-

ing effects of chemical denaturants on several proteins

[6,18–21]. For example, TMAO was found to restore

the polymerization ability of tubulin in the presence of

a high concentration of urea [21]. The counteracting

ability of an osmolyte was also found to vary from

protein to protein [21,22]. In addition to their counter-

acting effects on protein unfolding, osmolytes can

affect the functional properties of proteins. For exam-

ple, TMAO has been shown to enhance assembly of

the eukaryotic cytoskeletal protein, tubulin [21].

The prokaryotic homolog of tubulin, FtsZ, plays an

important role in bacterial cell division [23–27]. FtsZ

has several properties in common with the cytoskeleton

protein tubulin [25–28]. Like tubulin, FtsZ assembles to

form filamentous polymers in a GTP-dependent manner

[29–32]. Several factors are found to affect FtsZ assem-

bly and the bundling of protofilaments in vitro [33–38].

Purified FtsZ monomers polymerize into single-stranded

protofilaments with little or no bundling of protofila-

ments in an assembly reaction that is believed to be

isodesmic in nature [39]. However, in the presence of

divalent calcium, monosodium glutamate, ruthenium

red and DEAE-dextran, FtsZ protofilaments associate

into long rod-shaped or tubular polymers that become

extensive bundles [33–37]. The bundling of FtsZ proto-

filaments is thought to play a key role in the formation

and functioning of the cytokinetic Z-ring during septa-

tion [23,38,40–44]. The assembly properties of FtsZ were

found to be extremely sensitive to low concentrations

of denaturants like urea, guanidium chloride (GdnHCl)

[45]. Furthermore, the loss of functional properties

of FtsZ preceded the global unfolding of FtsZ [45].

Although urea- and GdnHCl-induced unfolding of FtsZ

were found to be highly reversible [45,46], the unfolding

of tubulin was found to be irreversible in the absence of

a chaperone [46,47].

In this study, we investigated the counteracting effects

of two natural osmolytes namely TMAO and monoso-

dium glutamate against the denaturing effects of urea

on the bacterial cell division protein, FtsZ. TMAO was

chosen because of its ability to counteract the denatur-

ing effects of urea on tubulin [21], the eukaryotic homo-

log of FtsZ [23–26]. Monosodium glutamate is one of

the common physiological osmolytes in bacteria [48]. It

enhances assembly and bundling of FtsZ and stabilizes

FtsZ polymers [33]. In this study, we found that TMAO

and monosodium glutamate counteracted the denatur-

ing effects of urea on FtsZ. Interestingly TMAO also

enhanced the bundling of FtsZ protofilaments and sup-

pressed GTPase activity of native FtsZ suggesting that

osmolytes can modulate assembly and bundling of FtsZ

protofilaments. The results also indicate that osmolytes

can counteract FtsZ destabilizing forces in bacteria

under environmental stress.

Results

Urea-induced FtsZ unfolding in the presence and

absence of TMAO monitored by 1-anilino-

naphthalene-8-sulfonic acid fluorescence

FtsZ (2.4 lm) was incubated with different concentra-

tions of urea (0–8 m) in the absence and presence of

0.6 m TMAO for 30 min at 25 �C. The fluorescence

intensities of the protein solutions were measured after

an additional 30 min incubation with 50 lm 1-anilino-

naphthalene-8-sulfonic acid (ANS). Similar to a previ-

ous report [45], we found that urea-induced unfolding

of FtsZ occurred in two steps in the absence of TMAO

(Fig. 1). Although the unfolding isotherm remained

Fig. 1. Effects of TMAO on urea-induced unfolding of FtsZ. FtsZ

(2.4 lM) was incubated with different concentrations (0–8 M) of urea

in the absence (d) and presence (s) of 0.6 M TMAO for 30 min at

25 �C in 25 mM sodium phosphate buffer, pH 7. Then, 50 lM ANS

was added and the mixtures were incubated for an additional 30 min.

The fluorescence intensities of the solutions were recorded at

470 nm using 360 nm as an excitation wavelength. Data are aver-

ages of four independent experiments. Error bars represent SD.
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biphasic in the presence of 0.6 m TMAO, higher con-

centrations of urea were required to induce similar lev-

els of unfolding in presence of the osmolyte compared

with the control. For example, 50% loss of ANS fluor-

escence intensity occurred at 1.5 and 3 m urea in the

absence and presence of 0.6 m TMAO, respectively

(Fig. 1). The results indicated that TMAO strongly

counteracted urea-induced unfolding of FtsZ.

The free energy changes (DG) of the unfolding of

FtsZ were calculated at varying urea concentrations in

the absence and presence of 0.6 m TMAO as described

in Experimental procedures. Table 1 shows the estima-

ted DG values of FtsZ unfolding steps in the presence

of different urea concentrations. The results indicated

that the transition from the native to the intermediate

step (DGNfiI) of the urea-induced unfolding of FtsZ

was more favorable process than the transition from

the intermediate to the unfolded state (DGIfiU) of the

protein. For example, in the presence of 0.25 m urea

DGNfiI and DGIfiU are 3.1 and 10.4 kJÆmol)1, respect-

ively. The total DG (DGtotal) of FtsZ unfolding was

obtained by adding the free energy changes from the

native to intermediate (DGNfiI) and intermediate to

unfolded state (DGIfiU). A plot of DGtotal against urea

concentrations yielded x-axis intercepts of 0.6 and

1.25 m urea in the absence and presence of 0.6 m

TMAO, respectively (plot not shown). The finding sug-

gested the urea-induced unfolding of FtsZ occurred

spontaneously at urea concentrations >0.6 m and

>1.25 m in the absence and presence of 0.6 m TMAO,

respectively. Furthermore, the standard free energy

changes of unfolding of FtsZ (at zero urea concentra-

tion) were found to be 22.5 and 28.4 kJÆmol)1 in the

absence and presence of 0.6 m TMAO, respectively.

The higher DG� of unfolding in TMAO compared with

water may be due to destabilization of the unfolded

state in TMAO (see Discussion).

TMAO also reduced the FtsZ–ANS fluorescence

in a concentration-dependent fashion. For example,

FtsZ–ANS fluorescence was reduced by 15, 37, 45 and

55% in the presence of 0.2, 0.4, 0.6 and 0.8 m TMAO,

respectively. Although the intensity of the FtsZ–ANS

complex was found to decrease with increasing TMAO

concentration, the anisotropy of the FtsZ–ANS com-

plex did not reduce with the increasing concentration

of TMAO. For example, the anisotropy of the FtsZ–

ANS complex was found to be 0.19 both in the

absence and presence of 0.8 m TMAO (data not

shown). Thus, the reduction in the fluorescence inten-

sity of the FtsZ–ANS complex with increasing concen-

tration of TMAO was not due a reduction in the

binding affinity of ANS to FtsZ but due conforma-

tional change in the protein.

TMAO reversed denaturant-induced loss

of secondary structure of FtsZ

TMAO (0.8 m) had minimal effects on the secondary

structure of native FtsZ (Fig. 2A). FtsZ lost 85% of its

secondary structure in the presence of 3 m urea. TMAO

reversed the loss of the secondary structure in a concen-

tration-dependent fashion (Fig. 2A). For example, 84%

of the original secondary structure was recovered in the

presence of 0.8 m TMAO. The far-UV circular dichro-

ism (CD) (222 nm) signal of FtsZ in the absence and

presence of 0.8 m TMAO with increasing concentration

of urea are shown in Fig. 2B. Consistent with a pre-

vious report [45], the secondary structure of FtsZ

appeared to decrease in one step with increasing

concentration of urea in the absence and presence of

TMAO. The Dm values for the urea-induced unfolding

of FtsZ were found to be 1.8 and 3.6 m in the absence

and presence of TMAO, respectively. Furthermore,

TMAO also inhibited the GdnHCl-induced perturba-

tion of the secondary structures of FtsZ (Fig. 2C).

Taken together the results suggested that TMAO

strongly counteracted the denaturing activities of urea

and GdnHCl on FtsZ (Figs 1 and 2).

TMAO suppressed urea-induced inhibition

of FtsZ assembly

Low urea concentrations strongly inhibited assembly

of FtsZ [45]. TMAO counteracted the denaturing

effects of urea on FtsZ (Figs 1 and 2). Thus, we

wanted to know whether TMAO could reverse the

Table 1. The DG-values of urea-induced unfolding reaction of FtsZ

(monitored by ANS fluorescence). The DGtotal for each concentra-

tion of urea was calculated by adding DGNfiI and DGIfiU.

Urea

(M)

Absence of TMAO Presence of 0.6 M TMAO

DGNfiI

(kJÆmol)1)

DGIfiU

(kJÆmol)1)

DGtotal

(kJÆmol)1)

DGNfiI

(kJÆmol)1)

DGIfiU

(kJÆmol)1)

DGtotal

(kJÆmol)1)

0 10.5 12.0 22.5 12.7 15.7 28.4

0.25 3.1 10.4 13.5 8.1 14.4 22.5

0.5 )4.4 8.9 4.5 3.6 13.2 16.8

0.75 )11.8 7.3 )4.5 )0.9 12.0 11.1

1.0 )19.2 5.7 )13.5 )5.4 10.7 5.3

1.25 )26.6 4.1 )22.5 )10.0 9.4 )0.6

1.5 )34.0 2.6 )31.4 )14.6 8.2 )6.4
2.0 )48.9 )0.5 )49.4 )23.7 5.7 )18.0

2.5 )63.7 )3.6 )67.3 )32.8 3.2 )29.6
3.0 )78.6 )6.7 )85.3 )41.9 0.7 )41.2

4.0 )108.2 )13.0 )121.2 )60.1 )4.2 )64.3
5.0 )137.9 )19.2 )157.1 )78.3 )9.2 )87.5

6.0 )167.6 )25.4 )193.0 )96.5 )14.2 )110.7
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inhibitory effects of urea on FtsZ assembly. FtsZ

(7.3 lm) was incubated with 0.2 m urea in the

absence and presence of different concentrations of

TMAO for 30 min at room temperature. After

30 min incubation, 10 mm CaCl2, 10 mm MgCl2 and

1 mm of GTP were added to the reaction mixture.

The assembly of FtsZ was followed by light scatter-

ing. Urea (0.2 m) completely inhibited the assembly

of FtsZ (Fig. 3A). Light scattering traces showed

that TMAO inhibited the effect of urea in concentra-

tion dependent manner (Fig. 3A). For example, 0.4

and 0.6 m TMAO reversed the inhibitory effects of

0.2 m urea on the assembly of FtsZ by 47 and 55%,

respectively (Fig. 3A).

Furthermore, a low concentration (0.125 m) of

GdnHCl strongly inhibited FtsZ polymerization [45].

Similar to its ability to counteract the inhibitory effects

of urea on FtsZ assembly, TMAO (0.6 m) reversed

the inhibitory effects of GdnHCl on FtsZ assembly

(Fig. 3B). The results indicated that TMAO could pro-

tect FtsZ from the deleterious effects of urea and

GdnHCl.

Effects of TMAO on FtsZ assembly

TMAO increased the light-scattering signal of FtsZ

assembly in a concentration-dependent manner

(Fig. 4). For example, 0.8 m TMAO increased the

light-scattering intensity around fivefold from 45 to

220 a.u. (arbitrary unit). The slow increase in the light-

scattering signal in the presence of TMAO indicated

bundling of FtsZ protofilaments. TMAO also

increased the sedimentable polymer mass of FtsZ

assembly (Fig. 5). For example, 64 and 82% of the

total FtsZ were pelleted in the absence and presence

of 0.8 m TMAO, respectively. Electron microscopy

analysis of the FtsZ assembly reaction showed the

formation of thicker and larger bundles of FtsZ proto-

filaments in the presence of TMAO compared with the

control (Fig. 6). The widths of the bundles of FtsZ

Fig. 2. Effects of TMAO on denaturant-induced perturbation of the

far-UV CD spectra of FtsZ. FtsZ (7.3 lM) was incubated with 3 M

urea in the absence and presence of different concentrations of

TMAO for 30 min at 25 �C in 25 mM phosphate buffer, pH 7. The

secondary structures of FtsZ were monitored over the wavelength

range 200–250 nm using a 0.1 cm path length cuvette. (A) Far

UV-CD spectra of the following solutions: control (n), 3 M urea (d),

3 M urea and 0.4 M TMAO (n), 3 M urea and 0.8 M TMAO (h),

0.8 M TMAO only (s). (B) Normalized CD values at 222 nm are

plotted against different concentration (0–6 M) of urea in the

absence (d) and presence (s) of 0.8 M TMAO. (C) Far UV-CD spec-

tra of FtsZ under different conditions namely control (s), 1.5 M

GdnHCl (h), 1.5 M GdnHCl and 0.8 M TMAO (d).

A. Mukherjee et al. TMAO effects on FtsZ

FEBS Journal 272 (2005) 2760–2772 ª 2005 FEBS 2763



protofilaments were 37 ± 6 and 59 ± 9 nm in the

absence and presence of 0.8 m TMAO, respectively

(Fig. 6). Taken together, these results indicated that

TMAO increased the light-scattering signal of the

assembly reaction and sedimentable polymer mass by

enhancing the formation of larger bundles of FtsZ

protofilaments.

The previous experiments (Figs 4–6) were car-

ried out using assembly milieu containing divalent

calcium, which induces the bundling of protofila-

ments [33,34]. Thus, we wanted to know whether

TMAO could induce bundling of FtsZ protofilaments

in the absence of divalent calcium. TMAO enhanced

Fig. 4. Effects of TMAO on the calcium-induced assembly of FtsZ.

FtsZ (7.3 lM) was incubated different concentrations of TMAO for

20 min at 25 �C. The assembly of FtsZ was initiated by adding

10 mM CaCl2, 10 mM MgCl2, 1 mM GTP to the reaction mixtures

and the assembly reaction was immediately monitored at 37 �C.
The traces represent FtsZ assembly kinetics of control (n) and dif-

ferent concentrations 0.2 M (s), 0.4 M (d), 0.6 M (h), and 0.8 M (n)

TMAO.

Fig. 5. Effects of TMAO on the sedimentable polymer mass of

FtsZ. FtsZ (7.3 lM) was assembled in the presence of varying con-

centrations of TMAO as described in Fig. 4. The protein concentra-

tions in the pellets were quantified as described in Experimental

procedures. The experiment was performed five times. Error bars

represent SD.

Fig. 3. Effects of TMAO on denaturant-inhibited assembly of FtsZ.

FtsZ (7.3 lM) was assembled in the presence of 1 mM GTP, 10 mM

CaCl2, 10 mM MgCl2. Urea (0.2 M) and TMAO (0.4 and 0.6 M) were

added to different aliquots of FtsZ solutions prior to the addition of

10 mM MgCl2, 10 mM CaCl2 and 1 mM GTP. (A) Light-scattering

traces of the assembly kinetics of FtsZ of the following solution

conditions, control (m), 0.2 M urea (s), and 0.2 M urea plus varying

concentrations [0.4 M (d), 0.6 M (n)] of TMAO. Data are compared

with 0.4 M (h), 0.6 M (n) of TMAO. (B) Time course FtsZ assembly

of the following solution conditions, control (m), 0.125 M GdnHCl

(s) and 0.125 M GdnHCl along with 0.4 M (d), 0.6 M (n). Data are

compared with 0.4 M (h), 0.6 M (n) TMAO.

TMAO effects on FtsZ A. Mukherjee et al.
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the light-scattering signal of FtsZ assembly minimally

in the absence of calcium indicating its inability to

induce bundle formation (Fig. 7). Furthermore,

TMAO did not increase the sedimentable polymeric

mass of FtsZ significantly. For example, 26 and

33% of the total FtsZ formed sedimentable polymers

in the absence and presence of 0.8 m TMAO. Elec-

tron microscopy analysis showed that TMAO pre-

dominantly induced aggregation of FtsZ monomers

in the absence of calcium (data not shown). Thus,

the results suggested that TMAO cannot induce

bundling of FtsZ by itself but it can enhance bund-

ling of assembled protofilaments.

In the absence of added GTP, TMAO enhanced

the light-scattering signal of the FtsZ assembly in a

concentration-dependent manner if divalent calcium

were present in the reaction mixture (Fig. 8A). FtsZ

predominantly formed aggregates under these condi-

tions; however, a few filamentous polymers were also

observed (Fig. 8B). The results indicated that GTP is

required for the formation of filamentous polymers.

TMAO also reduced the rate of GTP hydrolysis of

FtsZ in a concentration dependent manner (Fig. 9).

For example, the hydrolysis rate was reduced by 20

and 40% in the presence of 0.4 and 0.8 m TMAO,

respectively. In addition, TMAO (0.8 m) was found

to reduce the binding of 2¢-(or-3¢)-O-(trinitrophenyl)

guanosine 5¢-triphosphate trisodium salt (TNP-GTP;

an analog of GTP) to FtsZ. For example, the incor-

poration ratio of TNP-GTP per FtsZ monomer was

found to be 0.84 ± 0.04 and 0.66 ± 0.05 in the

absence and presence of 0.8 m TMAO, respectively.

The reduction in the GTPase activity of FtsZ in the

presence of TMAO may be partly due to the solvo-

phobic effects of TMAO on FtsZ that reduces the

binding of GTP to FtsZ. TMAO enhanced aggrega-

tion of FtsZ that could also reduce the GTPase

activity of FtsZ.

Fig. 7. Assembly of FtsZ in the presence of TMAO. FtsZ (7.3 lM)

was incubated in the absence (n) and presence of 0.8 M (h) TMAO

for 20 min. The polymerization of FtsZ was initiated by adding

10 mM MgCl2 and 1 mM GTP and the reaction was monitored at

37 �C. Divalent calcium was not added in the reaction milieu. Light-

scattering traces of FtsZ assembly in the presence of 10 mM

calcium plus 0.8 M TMAO (s) and 10 mM CaCl2 (d) are shown.

Experiments were performed three times.

Fig. 6. Electron micrographs of calcium-induced FtsZ polymers in

the absence (A) and presence (B) of 0.8 M TMAO. FtsZ (7.3 lM)

was assembled in the presence of 10 mM of divalent calcium,

10 mM MgCl2 and 1 mM GTP without or with 0.8 M TMAO as des-

cribed in Experimental procedures. In all cases, the bar scale is

1000 nm.

A. Mukherjee et al. TMAO effects on FtsZ

FEBS Journal 272 (2005) 2760–2772 ª 2005 FEBS 2765



Glutamate reversed urea-induced inhibition

of FtsZ assembly

Glutamate, a physiological osmolyte, has been shown

to induce assembly and bundling of FtsZ protofila-

ments in vitro [33]. Urea (0.25 m) inhibited the light-

scattering signal of the glutamate-induced assembly of

FtsZ by 22% (Fig. 10). Glutamate-induced assembly

of FtsZ produced 290 a.u. of light scattering in the

absence of urea, and 225 a.u. of light scattering in the

presence of 0.25 m urea (Fig. 10). However, urea

(0.2 m) completely inhibited calcium-induced assembly

of FtsZ (Fig. 3A). Thus, like TMAO, glutamate pre-

vents the inhibitory effects of urea on FtsZ assembly.

A

B

Fig. 8. Association of FtsZ monomers in increasing concentrations

of TMAO in the absence of GTP. FtsZ (7.3 lM) was incubated with

10 mM CaCl2 and 10 mM MgCl2 without (n) or with different con-

centrations: 0.2 M (n), 0.4 M (d), 0.6 M (h), 0.8 M (s) of TMAO (A).

(B) Electron micrograph of FtsZ polymers formed in the presence

of 10 mM CaCl2, 10 mM MgCl2 and 0.8 M TMAO.

Fig. 9. Effects of TMAO on the GTPase activity of FtsZ. FtsZ

(7.3 lM) was incubated in the absence and presence of different

concentrations of TMAO (0.2–0.8 M) for 20 min. The rate of phos-

phate release per mol of FtsZ was determined as described in

Experimental procedures. Data are averages of four individual

experiments. Error bars represent SD.

Fig. 10. Counteracting affects of monosodium glutamate on the

inhibitory effects of urea on the assembly of FtsZ. FtsZ (7.3 lM)

was assembled in the presence of 1 mM GTP and 10 mM MgCl2 at

37 �C with following solution conditions: presence of 1 M glutamate

(h), no glutamate (d), 0.25 M urea (n) and 1 M glutamate plus

0.25 M urea (s). Traces are provided from one of the three similar

experiments.

TMAO effects on FtsZ A. Mukherjee et al.
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Discussion

Two natural osmolytes, TMAO and monosodium

glutamate, were found to offset the denaturing effects

of urea and GdnHCl on FtsZ in vitro indicating that

osmolytes could counteract the deleterious effects of

environmental stresses on FtsZ assembly and bund-

ling in bacteria. TMAO (0.6 m) increased the Dm

(urea concentration required to unfold FtsZ by 50%)

value of urea-induced unfolding of FtsZ by twofold

from 1.5 to 3 m urea. An estimation of the free

energy changes of the urea-induced unfolding reaction

showed that FtsZ unfolds spontaneously at lower

concentrations of urea in the absence of TMAO than

its presence (Table 1). Furthermore, DG� of FtsZ

unfolding was determined to be 22.5 kJÆmol)1 in

water and 28.4 kJÆmol)1 in 0.6 m TMAO. The higher

DG� of unfolding of FtsZ in TMAO compared with

water suggested that the counteractive effects of

TMAO on urea-induced unfolding of FtsZ could be

due to either stabilization of the native state or desta-

bilization of the unfolded state. It has been shown

that the transfer of a native protein from water to an

osmolyte solution increases the Gibb’s free energy

[4,5,49]. It is widely argued that the counteracting

ability of the osmolyte does not arise from the stabil-

ization of the native state but arises primarily from

the destabilization of the unfolded state of the protein

in the presence of osmolyte [4,5,49,50]. Thus, the

counteractive effect of TMAO on FtsZ unfolding is

likely due to destabilization of the unfolded state of

the protein in TMAO compared with water. How-

ever, TMAO assisted bundling of FtsZ protofilaments

indicating that FtsZ may adopt a conformation in

osmolyte solution that is different from its native

state. The different conformation of FtsZ may con-

tribute partly to its resistance against denaturant-

induced unfolding.

Timasheff and coworkers also reported a similar

mechanism to explain the counteracting abilities of

osmolytes [51,52]. They suggested that due to the

unfavorable interaction between osmolytes and pro-

tein, osmolytes are preferentially excluded from the

immediate surroundings of the protein [51,52]. This

type of distribution of solvent molecules in protein is

entropically unfavorable and it becomes more unfavo-

rable with increasing surface area of the protein.

Osmolytes may decrease the solvent-accessible surface

area of proteins and the reduction in the solvent-

accessible surface area produces a decrease in the lig-

and-binding ability of the protein [52]. An unfavorable

interaction between protein and osmolyte is commonly

known as the solvophobic effect. Although TMAO

reduced the fluorescence intensity of the FtsZ–ANS

complex, it did not reduce the anisotropy of the FtsZ–

ANS complex. Thus, the reduction in the fluorescence

intensity of the FtsZ–ANS complex was not due to a

decrease in the binding ability of ANS to FtsZ, which

ruled out a solvophobic effect as a cause of the reduc-

tion of ANS fluorescence in TMAO. The decrease in

FtsZ–ANS fluorescence with increasing concentrations

of TMAO may due to TMAO-induced conformational

change in FtsZ which reduced the quantum yield of

the bound FtsZ–ANS complex.

In addition to the counteracting effects of TMAO

on FtsZ unfolding, TMAO was also found to affect

FtsZ assembly. In the presence of divalent calcium,

TMAO increased the light-scattering intensity of the

assembly reaction, increased the sedimentable polymer

mass and enhanced the extent of bundling of FtsZ

protofilaments (Figs 4–6). Larger polymer bundles can

scatter more light and can be pelleted more efficiently

than thin protofilaments [35,53]. Thus, the increased

light-scattering signals and sedimentable polymer mass

in the presence of TMAO were most likely due to an

increase in the bundling of the assembled protofila-

ments rather than to an actual increase in the assem-

bled polymers. Interestingly, in the absence of calcium,

TMAO failed to induce the bundling of FtsZ protofila-

ments (Fig. 7). The results suggested that TMAO

could potentiate the bundling of FtsZ protofilaments,

but alone could not induce bundling of the proto-

filaments. However, unlike TMAO, monosodium

glutamate can induce and enhance the assembly and

bundling of FtsZ protofilaments suggesting that differ-

ent osmolytes can affect FtsZ assembly and bundling

of protofilaments differently.

Bundling of FtsZ protofilaments plays important

role in the formation and functioning of the cytokinet-

ic Z-ring during bacterial cell division [38–40,54,55].

Although the mechanism of regulation of bundling is

not clear, it is widely thought that bundling of protofil-

aments is a finely regulated process [54]. For example,

EzrA binds to monomeric FtsZ and negatively regu-

lates FtsZ assembly, which ensures that only one

Z-ring is formed per cell cycle [38]. Furthermore,

MinCDE (complex of MinC, MinD and MinE pro-

teins) has been shown to inhibit bacterial cell division

by preventing assembly of the Z-ring [23,40,55]. In

addition to the proteinous regulation of bundling, it is

likely that the bundling of protofilaments is regulated,

at least in part, by small organic molecules and cati-

ons. In support of this, calcium and ruthenium red are

shown to induce bundling of FtsZ protofilaments

in vitro [34,35]. Furthermore, glutamate, an osmolyte

commonly found in bacteria, also induces bundling of
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FtsZ protofilaments in vitro [33]. The findings of this

study suggest that physiological osmolytes may play a

role in regulating the assembly dynamics of FtsZ in

bacteria, at least in part, and they can protect FtsZ

from environmental stresses.

Experimental procedures

Materials

TMAO was purchased from Fluka (Steinheim, Germany),

Pipes was purchased from Sigma (Steinheim, Germany).

GTP, GdnHCl and urea were purchased from Aldrich

(Steinheim, Germany). TNP-GTP and ANS were purchased

from Molecular Probes (Eugene, OR, USA). DE-52 was

purchased from Whatman International Ltd (Maidstone,

UK). All other reagents used were analytical grade.

Protein purification

Recombinant Escherichia coli FtsZ was purified from

E. coli BL21 strain using DE-52 ion exchange chromatogra-

phy followed by a cycle of polymerization and depolymeri-

zation as described previously [33]. FtsZ concentration was

measured by the method of Bradford using bovine serum

albumin (BSA) as a standard [56]. FtsZ concentration was

adjusted using a correction factor 0.82 for the FtsZ ⁄BSA
ratio [57]. Protein was frozen and stored at )80 �C.

Preparation of denaturant solutions

The denaturant solutions (urea and GdnHCl) were pre-

pared in 25 mm phosphate buffer, pH 7 for fluorescence

and far UV-CD measurements. Urea and GdnHCl were

dissolved in 25 mm Pipes, pH 6.8 for FtsZ assembly reac-

tions. Final pH of the urea and GdnHCl solutions was

adjusted using HCl and NaOH. Fresh solutions of urea

and GdnHCl were used for all experiments.

Spectroscopic methods

Fluorescence spectroscopic studies were performed using a

JASCO FP-6500 fluorescence spectrophotometer (Tokyo,

Japan). FtsZ (2.4 lm) was incubated with different concen-

trations of urea (0–8 m) in the absence and presence of

0.6 m TMAO for 30 min at 25 �C. The fluorescence intensi-

ties of the protein solutions were measured after an addi-

tional 30 min of incubation with 50 lm ANS. All spectra

were corrected by subtracting the corresponding blank

(without FtsZ) from the original spectra. The excitation

and emission bandwidths were fixed at 5 and 10 nm,

respectively. A quartz cuvette of 0.3 cm path length was

used for all experiments except the anisotropy measurement

where a cuvette of 1 cm path length was used. Emission

spectra were recorded over the range of 425–550 nm using

360 nm as an excitation wavelength.

Fluorescence anisotropy studies were performed in a

JASCO FP-6500 fluorescence spectrophotometer. FtsZ

(7.3 lm) incubated with 50 lm ANS in the absence and

presence of (0.5, 0.8 m) TMAO for 30 min at room tem-

perature. The excitation and emission bandwidths were

both fixed at 10 nm. A quartz cuvette of 1 cm path length

was used for this experiment. Emission spectra were recor-

ded over the range of 425–550 nm using 360 nm as an exci-

tation wavelength.

CD studies were performed in a JASCO J810 spectro-

polarimeter equipped with a Peltier temperature controller.

FtsZ (7.3 lm) was incubated with either urea or GdnHCl

for 30 min at 25 �C in the absence and presence of TMAO.

The secondary structure of FtsZ was monitored over the

wavelength range of 200–250 nm using a 0.1 cm path

length cuvette. Each spectrum was collected by averaging

five scans. Each spectrum was corrected by subtracting

appropriate blank spectrum containing no FtsZ from the

experimental spectrum.

Light-scattering assay

The polymerization reaction was monitored at 37 �C by

light scattering at 500 nm using a JASCO 6500 fluorescence

spectrophotometer. The excitation and emission wave-

lengths were 500 nm. The excitation and emission band-

widths used were 1 and 5 nm, respectively.

Effect of TMAO on denaturant-induced inhibition

of FtsZ polymerization

FtsZ (7.3 lm) in 25 mm pipes buffer, pH 6.8 was incubated

with either 0.2 m urea or 0.125 m GdnHCl in the presence

of different concentrations of TMAO (0–0.8 m) for 30 min

at 25 �C. The polymerization reaction was initiated by add-

ing 10 mm MgCl2, 10 mm CaCl2 and 1 mm GTP to the

solution and immediately transferring the reaction mixtures

to a cuvette at 37 �C.

Effect of TMAO on FtsZ assembly and bundling

FtsZ (7.3 lm) in 25 mm Pipes (pH 6.8) was incubated in

the absence and presence of different concentrations

TMAO (0.2–0.8 m) for 20 min at 25 �C. The assembly reac-

tion was initiated by adding 10 mm MgCl2, 10 mm CaCl2
and 1 mm GTP and immediately transferring the reaction

mixtures to 37 �C. The kinetics of the assembly reaction

was monitored by 90� light scattering at 500 nm [53].

The effects of TMAO on pelletable FtsZ polymer mass

were quantified by sedimentation assay. FtsZ polymers

were collected by sedimentation using 280 000 g for 20 min

at 30 �C. Protein concentrations of the supernatants were
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measured. Sedimentable polymeric mass of FtsZ was calcu-

lated by subtracting the supernatant concentration from

the total protein concentration. Samples for electron micro-

scopy were prepared as described previously [33]. Briefly,

FtsZ polymers were fixed with 0.5% (v ⁄ v) glutaraldehyde

and subsequently negatively stained with 2% (w ⁄ v) uranyl

acetate. The electron micrographs were taken using a FEI

TECNAI G212 cryo-electron microscope. All micrographs

were taken at ·16 500 magnification. In all cases, bar ¼
1000 nm.

Effect of glutamate on urea-induced inhibition

of FtsZ assembly

FtsZ (7.3 lm) was incubated with 0.25 m urea in 25 mm

Pipes pH 6.8 for 15 min at 25 �C. The polymerization reac-

tion was initiated by adding 1 m glutamate, 10 mm MgCl2
and 1 mm GTP and the intensity of light scattering was

monitored for 15 min at 37 �C.

Effect of TMAO on the GTPase activity of FtsZ

A standard malachite green ammonium molybdate assay

was used to measure the production of inorganic phosphate

during GTP hydrolysis [33,35,45,58]. Briefly, FtsZ (7.3 lm)
was incubated with different concentrations of TMAO

(0–0.8 m) in 25 mm Pipes (pH 6.8) at 25 �C for 20 min.

Then, 5 mm MgCl2 and 1 mm GTP were added to the reac-

tion mixtures and incubated for an additional 15 min at

37 �C. After 15 min of hydrolysis, the reaction was

quenched by adding 10% (v ⁄ v) 7 m perchloric acid. The

quenched reaction mixtures were centrifuged for 5 min at

25 �C. The concentrations of inorganic phosphate in the

supernatants were quantified using malachite green solution

[33]. A standard curve for quantification of inorganic phos-

phate was prepared using sodium phosphate.

GTP-binding measurement

TNP-GTP, an analog of GTP, was used to determine the

stoichiometry of nucleotide binding to FtsZ in the absence

and presence of TMAO. FtsZ (30 lm) was incubated with

100 lm TNP-GTP, 5 mm Mg2+ in the absence and pres-

ence of 0.8 m TMAO for 4 h at room temperature. After

4 h of incubation, the protein solution was passed through

a size-exclusion P-6 column (30 · 10 mm) to remove the

free TNP-GTP. FtsZ-bound TNP-GTP concentration was

determined by measuring its absorbance at 410 nm. FtsZ

concentration was determined by the Bradford assay and

corrected as described previously. The stoichiometry of nuc-

leotide incorporation per FtsZ monomer was determined

by dividing the bound TNP-GTP concentration by the pro-

tein concentration. The experiment was performed three

times.

Data analysis

Thermodynamic parameters of urea-induced unfolding pro-

cess were determined using a three-state model [59–61]. The

variation of fluorescence intensity of the FtsZ–ANS com-

plex urea-induced denaturation of FtsZ was fitted in a

three-state model 1 in the absence and presence of TMAO,

respectively.

N ! I ! U ð1Þ
The free energy change from the native (N) to the unfol-

ded state (U) through an intermediate state (I) was

assumed to vary according to the empirical Eqn (2)

[62,63],

DG ¼ DG0 �m½D� ð2Þ

Where, the DG is the free energy change at equilibrium

from native to unfolded state at a particular denaturant

concentration; the standard free energy change (DG�) is the

free energy change at zero denaturant concentration; [D] is

the denaturant concentration and m is the corresponding

slope of a plot DG against [D].

The values of DG� and m were estimated by fitting

the fluorescence or CD intensity (Sobs) against denaturant

concentration, [D] in Eqn (3) for three state process [60],

and Eqn (3a) [60] for two state process,

Sobs ¼
SN þ SU expf�ðDG�m½D�Þ=RTg
1þ expf�ðDG�m½D�Þ=RTg ð3aÞ

Where, SN, SI and SU represent the intrinsic signal intensi-

ties of the native, intermediate and the unfolded states,

respectively. DGNfiI and DGIfiU are the standard free ener-

gies for the NfiI and IfiU transitions and mNfiI and

mIfiU are the m-values for the corresponding transitions,

respectively. The data were fitted directly in Eqn (3) by

nonlinear least squares analysis. The total free energy chan-

ges of FtsZ unfolding were determined by adding the

DGNfiI and DGIfiU.

Sobs ¼
SN þ SI expf�ðDGN!I �mN!I½D�Þ=RTg þ SU expf�ðDGN!I �mN!I½D�Þ=RTg expf�DGI!U �mI!U½D�Þ=RTg

1þ expf�ðDGN!I �mN!I½D�Þ=RTg þ expf�DGN!I �mN!I½D�Þ=RTg expf�DGI!U �mI!U½D�Þ=RTg
ð3Þ
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