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Abstract. Colicins are plasmid encoded antibacterial proteins 

synthesised by bacteria to kill other bacteria. They have an N-terminal 

translocation domain, a central receptor recognition domain and a C-

terminal cytotoxic domain. This study focused on lanthanide ion 

binding to the E9 cognate immunity protein (Im9), which neutralises 

the killing action of colicin E9 in its producing cell. The effects of 

most of the lanthanide ions on binding to these proteins were 

investigated. Changes in protein fluorescence emission and 

luminescence resonance energy transfer to Eu3+ and Tb3+, which are 

the most strongly emitting lanthanide ions, were monitored by using 

luminescence spectroscopy.  Denaturation of Im9 was revealed when 

lanthanide ion was added as indicated by their tryptophan 

fluorescence and luminescence resonance energy transfer from 

tryptophan to Eu3+ and Tb3+. 

Introduction 

Colicins are a diverse family of plasmid-encoded antibacterial proteins
[1]

. Most 

of them are synthesised by Escherichia coli in the form of a non-covalent, 

heterodimeric complex with an immunity protein during times of nutrient or 

environmental stress, or in response to DNA-damaging agents as a means of 

reducing competition from other microbial populations
[2-4]

. Colicins have been 

classified into groups on the basis of the cell surface receptors to which they 

bind. The E group colicins, of which the colicin E9 studied in this paper 

belongs, all bind to the product of the BtuB gene, which is responsible for 

vitamin B12 transport in E.coli and whose crystal structure has been solved by 

Chimento 2003
[5]

.  Following receptor binding, the toxin translocates into the 

cell and initiates cell death
[6]

. Each of these functions is performed by a 
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particular domain within the structure of the colicin
[7]

. Thus, the structure of 

colicins is divided into three domains: (i) translocation domain (N-terminal), (ii) 

receptor-binding domain (central region), and (iii) cytotoxic domain (C-

terminal), (Fig. 1). 
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Fig. 1. The general three-domain structure of colicins. The N-terminal domain is associated 

with translocation of the colicin across membranes, the central region with receptor 

recognition, and the C-terminal domain with cytotoxic activity. The structure shown 

is based on the DNase colicin E9. 

E group colicins have been subdivided into 9 types, ColE1–ColE9. Colicin 

E9 is a 60 kD endonuclease 
[8]

.   

The metal ion in the E9 DNase-Im9 complex is Ni
2+[9]

, while in the related 

E7 DNase-Im7 complex, prepared by a different procedure, the metal ion was 

Zn
2+[9,10]

. The Ni
2+

 of the E9 DNase-Im9 complex was coordinated by three 

histidine residues (102, 127 and 131) and a phosphate ion located at the putative 

DNA binding site
[11,12]

. By contrast, the Zn
2+

 of the E7 DNase-Im7 complex was 

coordinated by three histidine residues and water even though phosphate was 

present in the crystallising solution. Recent crystallographic studies for the E9 

DNase-Im9 (Fig. 2)
[13,14]

 and E7 DNase-Im7 complexes
[15,16]

 have been 

reported. 

DNase and RNase E group colicin producing organisms protect themselves 

against the action of the toxin by the coordinate synthesis of an acidic immunity 

protein that binds to the basic cytotoxic domain of the colicin and neutralises 

the bacteriocidal activity within the producing host
[17]

. 
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Fig. 2. Ribbon representation of the X-ray structure of colicin E9 DNase bound to Im9. The 
metal-binding site is shown in green produced from PDB file 1BXI using the 

program RASMOL
[14]

. 

Im9 is an eighty-six amino acid protein with a molecular weight of 9.5 kDa. 

The sequence identity in the family of immunity proteins is ~50%
[18]

. NMR has 

been used to determine the structure of both Im9-free (Fig. 3) and bound with 

DNase (Fig. 2)
[19-21]

.  The aim of this work was to use this protein to develop a 

procedure for binding lanthanide ions, in order to employ lanthanide ions as 

spectroscopic probes of protein structure and intermolecular interactions.    

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Ribbon diagram representation of the structure of Im9. The four helices are colour 
coded, helix I is shown in yellow, helix II in red, helix III in green and helix IV in 

blue. Produced from PDB file 1IMQ using the program RASMOL
[20]

. 
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Materials and Methods 

Preparation of Lanthanide Solutions   

Solutions of each of the lanthanide ions used for the fluorimetric studies 

were prepared with Analar water. Solid LnCl36H2O obtained from Aldrich, 

were stored in desiccators before use. Stock solutions of 5 mM Ln
3+

 were 

prepared volumetrically by weighing out the calculated amount of hydrated 

metal chloride and then dissolved in the appropriate volume of Analar water. 

The stock solution was diluted to the desired concentrations. The actual 

concentrations of lanthanide ions were determined by titrations against standard 

solutions of 0.1 M ethylenediaminetetraacetic acid (EDTA) in the presence of 

xylenol orange (0.1% w/v) as an indicator. 100 mM sodium acetate buffer pH 

5.0 (adjusted by concentrated acetic acid) was used as solute and the absorbance 

at 570 nm monitored through out the titrations[22]
.  

Titration is carried as in literature
[27].

 A titration curve was plotted of the 

absorbance as a function of the number of moles EDTA added.  Straight lines 

were drawn through the transition and post-transition areas of the curve. A point 

of intersection of lines is equal to the number of moles of EDTA required to 

bind all the metal. 

Assuming 1:1 binding, the number of moles of EDTA added to take the 

titration to its end-point is equal to the number of moles of lanthanide ion 

present in the cuvette. 

Protein-Lanthanide Titrations 

Im9-Lanthanide Fluorescence Measurements 

Measurement of the change of tryptophan fluorescence emission at 330 nm 

upon binding lanthanide ions (La
3+

, Eu
3+

, Tb
3+

, Lu
3+

) to Im9 was used, with 

each metal titration was repeated at least twice. A Perkin Elmer LS55 

luminescence spectrometer was used for all luminescence experiments. 

Emission spectra were run over 300-500 nm, with an excitation wavelength of 

295 nm to ensure only tryptophan excitation. The excitation and emission slits 

were set at 5 nm, and a scan speed of 300 nm/min was applied. 1 µl aliquots of 

5 mM LnCl3 were added to 2 ml of a 1 µM Im9 in 50 mM TEA buffer (pH 7.1) 

in an acid washed quartz cuvette, using a P2 Gilson pipette with the disposable 

tip. MicroliterTM
 Hamilton syringes were also used for some experiments as 

these were generally more reliable than Gilson pipettes. However, after several 

titrations, the needles of syringes were contaminated by traces of lanthanide ion. 

As a result, aliquots contained a mixture of metals, giving Tb
+3

 emission in all 

experiments. Because of this error a P2 Gilson pipette was used with the 
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disposable tip. At the end of each titration, measurement of the pH of the 

solutions was recorded to ensure that no change of the original (pH 7.1). 

 

Im9-Lanthanide CD Measurements 

The ellipticity (θ) of Im9 CD spectra was measured on binding Eu
3+

, the 

experiment was repeated twice. CD spectra of a 200 µl of the sample was 

recorded on an Applied Photophysics π*
 spectropolarimeter with a path length 

of 1.0 mm. An average of 20 successive scans for each sample was collected 

using a computer connected to the spectropolarimeter. 1 µl aliquots of 5 mM 

EuCl3 were added to 0.2 mg/ml Im9 (20 µM) in 50 mM TEA buffer (pH 7.1) in 

an acid washed quartz cuvette, using a P2 Gilson pipette with fine disposable 

tip.  

Im9 Binding Ca
2+

 and Mg
2+ 

Tryptophan fluorescence emission monitored with Perkin Elmer LS55 

luminescence spectrometer using the same parameters as in previous Im9-

lanthanide fluorescence measurements to study Im9 binding Ca
2+

 and Mg
2+

. 1 µl 

aliquots of 5 mM CaCl2 or MgCl2 were added to 2 ml of 1 µM Im9 in 50 mM 

TEA buffer (pH 7.1) in an acid washed quartz cuvette, using a P2 Gilson pipette 

with the disposable tip. 

The Effect of Al
3+

 on Im9 

A Perkin Elmer LS55 luminescence spectrometer was used to investigate 

Im9 binding Al
3+

. 2 ml of 1 µM Im9 in 50 mM TEA buffer (pH 7.1) was pipette 

into an acid washed quartz cuvette and scanned using the same parameters as in 

previous Im9-lanthanide fluorescence measurements. Aliquots of 1 µl of 5 mM 

AlCl3 was added using a P2 Gilson pipette with the disposable tip. 

Results and Discussions 

Fluorescence Studies of the Effect of Lanthanide Ions on Im9 

The presence of a unique conserved tryptophan residue (W74) in Im9, 

which is highly quenched in the native state, makes this protein easily amenable 

to analysis by fluorescence spectroscopy. A consistent enhancement of 

tryptophan emission and a red-shift to a range of 353-360 nm with increasing 

lanthanide concentration (La
3+

, Eu
3+

, Tb
3+

 and Lu
3+

) were observed in all 

experiments. Figure 4 shows one example of these titrations. Im9 precipitation 

was revealed at early stages of titration, around ~ 30-40 µM of the metal 

concentration. 
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Fig. 4. Fluorescence measurement showing tryptophan emission change for 2ml of 1µM Im9 

in 50 mM TEA buffer (pH 7.1) with aliquots of 5 mM EuCl3.The arrow indicates the 

increasing amount of Eu
3+

 with successive traces corresponding to the addition of 

1µl of Eu
3+

 solution up to 10µl, followed by the addition of 2µl of Eu
3+

 solutions. 

A common feature of the spectra was the appearance of signals at 420, 458 

and 485 nm in Fig. 4. Such signals increase in intensity as lanthanide 

concentrations increased. This probably is due to protein precipitation and light 

scattering. The band at 328 nm arises for tyrosine fluorescence. In proteins 

tyrosine fluorescence is often quenched or masked by tryptophan 

fluorescence
[23]

. However, in the folded Im9, the emission from tryptophan 74 is 

quenched
[6]

, consequently the tyrosine fluorescence can be observed.  

The enhancement of tryptophan fluorescence with the addition of lanthanide 

ions was not accompanied by a significant increase in Eu
3+

 fluorescence 

emission (Fig. 5), as occurred with these metal ions binding to other proteins, 

including colicin E9 DNase. Tb
3+

 and Eu
3+

 ions generally show luminescence 

emission at 545 and 615 nm, respectively, which can be enhanced when these 

ions are bound to a protein
[24]

. 

A plot of fluorescence intensity change as a function of lanthanide ions 

concentration (Fig. 6), revealed a marked increase in tryptophan fluorescence 

with increasing metal ion concentrations. This graph was similar to that 

described by other researchers for the denaturation of Im9 with urea
[4,25-27]

. 

To provide a reference point for the lanthanide induced effect, fluorescence 

studies of the denaturation of Im9 with addition of GdmCl, increasing 

temperature and decreasing pH were carried out. 
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Fig. 5. Luminescence measurement showing a negligible Eu

3+
 emission signal due to Im9 

binding.2ml of 1µM Im9 in 50mM TEA (pH 7.1) with aliquots of 5mM EuCl3. 
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Fig. 6. Fluorescence intensities change of Im9 at 354nm as a function of EuCl3 

concentrations. Error bars refer to deviation of the spectrum from a smoothed line. 
 

CD Study of the Effect of Lanthanide Ions on Im9 

Investigation of the effect of Eu
3+

 on Im9 by circular dichroism (CD) 

spectroscopy was made to confirm that Im9 was indeed unfolding. CD is a 

powerful tool for determining secondary structure and for monitoring 

conformational changes in proteins
[28]

. Figure 7 showed the far-UV CD-

spectrum (190-260 nm) of Im9 in 50 mM TEA buffer (pH 7.1) with addition 

aliquots of EuCl3 stock solution. In the absence of Eu
3+

, the spectrum showed a 
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strong double minimum at ~209 nm and 222 nm, and a stronger maximum at 

~192 nm, which were characteristic peaks for α-helical protein. A consistent 

reduction in these peaks with increasing lanthanide concentration was observed. 

The plot of CD intensity change as a function of EuCl3 concentrations (Fig. 8), 

revealed a similar graph that was obtained with fluorescence measurement for 

the same experiment. 
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Fig. 7. CD measurement showing Im9 intensity changes for 0.2mg/ml of Im9 in 50 mM TEA 

buffer (pH 7.1) with increase aliquots of EuCl3. The arrow indicates the increasing 

amount of Eu
3+

 concentrations. 
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Fig. 8. CD intensities change of Im9 at 222nm as a function of EuCl3 concentrations. Error 

bars refer to deviation of the spectrum from a smoothed line. 
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Lanthanide Ions Unfolded Im9 

Investigation of lanthanide ion unfolded Im9 by luminescence and CD 

spectroscopy was made as follows: 

Fluorescence Studies of Lanthanide Ions Unfolded Im9  

A plot of fraction unfolded Fu as a function of lanthanide ion concentration 

(Fig. 9) revealed Im9 denaturation followed a two-state mechanism with 

increasing metal concentration. The values of Fu were calculated from each 

fluorescence measurements titrations, using Eequation (1). 

Fu  =  (yf – y) / (yf – yu)                   (1) 

Where y is the observed fluorescence intensity, and yf and yu represent the 

values of y characteristic of the folded and unfolded states, respectively. 
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Fig. 9. Fraction unfolded (Fu) of Im9 at 354 nm as a function of lanthanide ion 

concentration. The values of Fu were calculated from equation [1]. The different 

lanthanide ions are La
3+

 (●), Eu
3+

 (o), Tb
3+ 

(□) and Lu
3+ 

(∆). 

Figure 10 showed that ΔGN-U varies linearly with lanthanide ion 

concentrations in the transition region. For estimating the conformational 

stability in the absence of the denaturant, ΔG
H2O

, it was assumed that this linear 

dependence continued to zero concentration
[29]

, and a least-squares analysis 

used to fit data to the Equation (2);
[30]

  

 exp{m([D] - D½) / RT} 
    Fu   = ––––––––––––––––––––––        (2) 

1 + exp{m([D] - D½) / RT} 
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Where R is the gas constant (1.987cal mol
-1

 K
-1

) and T is the absolute 

temperature in Kelvin. m is a constant that is proportional to the increase in the 

degree of exposure of the protein on denaturation[31]
, and [D]½, which measures 

the midpoint of the transition. 

The values of, D½, m and ΔG
H2O

 obtained with the four lanthanide ions 

(La
3+

, Eu
3+

, Tb
3+

 and Lu
3+

) were almost similar, which indicated the same effect 

of different lanthanide ions  (see Table1). 
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Fig. 10. Plot of ΔGN-U against EuCl3 concentration for Im9. ΔGN-U was calculated from the 

data in Figure 9 using equation [3]. Line shows extrapolation to ΔG
H2O

 using least 

squares analysis, according to equation [2] with m= 0.18 kcal/mole/μM, ΔG
H2O

= 

3.45 kcal/mole, R=0.9973 and SD=0.163. 

The values of, D½, m and ΔG
H2O

 obtained with the four lanthanide ions 

(La
3+

, Eu
3+

, Tb
3+

 and Lu
3+

) were almost similar, which indicated the same effect 

of different lanthanide ions  (see Table1). 

CD Study of Lanthanide Ion Unfolded Im9   

Fu at 222 nm was calculated from the data in Fig. 9 using Equation (3)] 

ΔGN-U  =  -RT lnK                 (3) 

Fu plotted as a function of lanthanide ion to protein concentration ratios. Figure 

11 revealed that Im9 denaturation unfolded by a two-state mechanism with 

increasing EuCl3 concentrations. Comparison between the fluorescence and CD 

results for Im9 equilibrium denaturation curves with increasing EuCl3 
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concentration is presented in Fig. 11. The values of D½ and m for Im9 

denaturation by EuCl3 were similar in both techniques, (D½ ≈16.5 and m ≈0.19 

kcal/mol). 
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Fig. 11. Fraction unfolded (Fu) of Im9 as a function of EuCl3 concentrations. The values of 

Fu were calculated from equation [1]. Filled circles are the CD data, and open 

circles are the fluorescence data. 

 
Table 1. Thermodynamic parameters of Im9 denaturation with lanthanide ions. 

Ln3+ 
D½   

µM 

m   

kcal/mole/µM 
∆GH2O  kcal/mole 

La3+ 16.1  ±2.2 0.1 ±0.01 3.0 ±0.2 

Eu3+ 
Fluo. 16.9  ±1.2 

CD 16.55 ±1.4 

Fluo. 0.18  ±0.03 

CD 0.19 ±0.01 

Fluo. 3.5  ±0.12 

--------- 

Tb3+ 16.7  ±1.4 0.11  ±0.011 3.07  ±0.15 

Lu3+ 16.6  ±0.5 0.12  ±0.01 3.0  ±0.15 

 

Im9 Binding Ca
2+

 and Mg
2+

 

Following the tryptophan emission for Im9 with increasing CaCl2 and 

MgCl2 concentrations by fluorescence measurements showed slight or no 

change in tryptophan emission with both metals (Fig. 12 & 13). 
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Fig. 12. Fluorescence measurements showing tryptophan emission changes for 2ml of 1µM 

Im9 in 50 mM TEA buffer (pH 7.1) with  increasing aliquots of 5mM CaCl2. The 

arrow indicates the increasing of CaCl2 concentrations. 
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Fig. 13. Fluorescence measurements showing tryptophan emission changes for 2ml of 1µM 

Im9 in 50 mM TEA buffer (pH 7.1) with increasing aliquots of 5mM MgCl2. The 

arrow indicates the increasing of MgCl2 concentrations. 

Those results could be a consequence of Ca
2+

 or Mg
2+

 ion binding being 

abolished or the binding was not being accompanied by a conformational 

changes. 
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The Effect of Al
3+

 on Im9 

Figure 14 showed the Im9 fluorescence changes in the emission spectra 

with increasing aliquots of Al
3+

. A consistent enhancement of tryptophan 

emission and a red-shift to 354 nm with increasing AlCl3 concentration were 

observed. Im9 precipitation was detected at ~75-85 µM of metal concentrations.  
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Fig. 14. Fluorescence measurements showing tryptophan emission changes for 2ml of 1µM 

Im9 in 50 mM TEA buffer (pH 7.1) with aliquots of 5 mM AlCl3. The arrow 

indicates the increasing amount of Al
3+

 with the successive traces corresponding to 

the addition of 1µl of Al
3+

 solution up to 10µl, followed by the addition of 2 µl and 

then 5 µl of Al
3+

 solutions. 

By plotting the fraction unfolded as a function of [Al
3+

] for the fluorescence 

measurements (Fig. 15), revealed that Im9 unfolding arises with the increasing 

of aluminium concentrations. The midpoint D½ of the unfolding Im9, where 

50% unfolded protein was 30.5 ±1.8 μM and m = 0.1 ±0.04 kcal/mole.  

For estimating ΔG
H2O

 of Im9 in the absence of the denaturant, ΔGN-U values 

were plotted as a function of AlCl3 concentrations. Figure 16 showed the same 

value of ΔG
H2O

 which was obtained from the unfolding with LnCl3.    
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Fig. 15. Fraction unfolded (Fu) of Im9 as afunction of AlCl3 concentrations. The values of Fu 

were calculated from equation [1]. Solid line shows curve fit according to equation 

[2.8] with D½ = 30.5 ± 1.8 μM and m = 0.1 ±  0.04 kcal/mole/μM 
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Fig. 16. Plot of ΔGN-U against AlCl3 concentrations for Im9. ΔGN-U was calculated from the 

data in Figure 15 using equation [3]. Line shows extrapolation to ΔG
H2O

 using least 

squares analysis, according to equation [2] with m= 0.11 kcal/mole/μM, ΔG
H2O

= 

3.45 kcal/mole, R=0.9986 and SD=0.0745. 
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Although protein denaturation induced by lanthanide ions has not 

previously been reported, protein denaturation induced by other inorganic salts 

has been reported by Tanford[31,32]
. Im9 unfolding was confirmed by a 

consistent increase in the measurable intensities of signals diagnostic of 

unfolded Im9 with the increasing lanthanide ion concentrations, accompanying 

with negligible changes in Eu
3+

 or Tb
3+

 fluorescence emissions. In addition, 

intensity changes plotting as a function of lanthanide ion concentrations (Fig. 6) 

were found to be similar to the equilibrium denaturation graph of Im9 with 

GdmCl or urea made by myself and other researchers
[26,27]

. Comparing the Im9-

unfolding caused by lanthanide ion addition with the Im9-unfolding by other 

denaturation methods showed that both unfolding methods gave a similar ∆G
H2O

 

value ~3.5 kcal/mol. The value of ∆G
H2O 

obtained from different denaturants for 

the same protein is generally similar
[33]

. The m values of GdmCl and lanthanide 

ion denaturation of Im9 were found to be different. While the higher m value 

was found with GdmCl, which reflect an increase in the surface area exposed in 

the denatured state, a lower m value was found with Im9 denatured by a small 

lanthanide ions concentration, relative to GdmCl concentration. 

In order to ensure specificity of the unfolding effect of lanthanide ions on 

Im9, investigations of binding Ca
2+

 and Mg
2+

 with the Im9 were carried out. 

Eu
3+

 binding with other protein (e.g. lysozyme) was also investigated as a 

control (data not shown). It has been found that unfolding effect can only be 

achieved by lanthanide ion interaction with Im9. This was confirmed by the 

negligible tryptophan emission change on addition of Ca2+
 and Mg

2+
 on Im9, as 

well as, the addition of Eu
3+

 ion to lysozyme. 

The effectiveness of salts in precipitating serum globulins has been 

investigated by Hofmeister, over 100 years ago. Protein unfolding occurs when 

the balance of forces between the protein interaction either with itself or with its 

environment is disrupted. The disruption of this balance of forces may be as 

simple as a perturbation of the normal water structure around the protein.   

The Hofmeister series has been ordered according to the effect of ions on 

water structure
[34]

, which is; 

NH4
+
 > K

+
 > Na

+
 > Li

+
 > Mg

2+
 > Ca

2+
 > Al

3+
 > guanidinum hydrochloride 

The ions in this series before Na
+
 are known as water-structure makers 

(exhibiting weaker interactions with water than water with itself) and they 

stabilise proteins. The ions after Na
+
 are known as water-structure breakers 

(exhibiting stronger interactions with water molecules than water with itself) 

and they destabilise proteins. Na
+
 has little effect on water structure or in 

protein stability
[35]

.  
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In order to incorporate the Ln
3+

 ions within the Hofmeister series, the effect 

of Al
3+

 on Im9 was investigated. This showed that the Im9 unfolding arises with 

increasing aluminium concentration. The equilibrium thermodynamic 

parameters for Im9 unfolding by addition of Al
3+

 ions were midpoint D½ (50% 

unfolded protein) = 30.5 ±1.8 μM, m = 0.1 ±0.04 kcal/mole and ΔG
H2O

 = 3.45 

±0.06 kcal/mole. In contrast, the corresponding thermodynamic parameters of 

Im9 unfolding by lanthanide ion were D½ = 16.5 ±1.3 μM, m = 0.12 ±0.02 

kcal/mole and ΔG
H2O

 = 3.4 ±0.1 kcal/mole.  The difference between the D½ 

value and the similarity in ΔG
H2O

 value strongly suggested that Ln
3+

 ions should 

be placed within the Hofmeister series between Al
3+

 and guanidinium 

hydrochloride.   

Conclusion 

Fluorescence and CD measurements showed that Im9 unfolding arises with 

the increasing lanthanide ion concentrations. In summary; two conclusions can 

nevertheless be drawn from experiments. Firstly, Im9-unfolding with lanthanide 

ions is likely to result from an interaction between lanthanide ion and negative 

patch of Im9 surface, thereby decreasing the stability of the folded state. 

Following denaturation, protein aggregation occurred, with increasing 

lanthanide ion concentrations. An alternative binding model suggested that Im9 

could exist in a competitive equilibrium between the folded state with its 

interior hydrophobic core and the unfolded state with a high density of water 

surrounding both polar and non-polar groups. In this scheme the presence of 

metal ions, which will be present as metal-aqueous complexes of the type 

[M(H2O)n]
m+

 ion could lead to a shift in the equilibrium to form unfolding state.  

Finally, results suggested that Ln
3+

 ions should be placed within the 

Hofmeister series between Al
3+

 and guanidinium hydrochloride.   
 

References 

[1] Luria, S.E. and Suit, J.L. (1987) Am Soc Microbio, 2: 1615-1624. 

[2] James, R., Lazdunski, C. and Pattus, F. (Eds) (1992) NATO ASI Series H. Springer, 

Heidelberg. 

[3] James, R., Kleanthous, C. and Moore, G.R. (1996) Microbiology, 142: 1569-1580. 

[4] Kleanthous C., James R., Hemmings A.M. and Moore G.R. (1999a) Biochemical Society 

Transactions, 27: 63-67. 

[5] Chimento, D.P., Mohanty, A.K., Kadner, R.J. and Wiener, M.C. (2003) Nature Structural 

Biology. Advance online publication.   

[6] Li, W., Dennis, C.A., Moore, G.R., James, R. and Kleanthous, C. (1997) Journal of 

Biological Chemistry, 272: 22253-22258.  

[7] Ohno-Iwashita, Y. and Imahori, K. (1980) Biochemistry, 19: 652-659. 



Lanthanide Ions Unfolded Im9 219 

[8] Kleanthous, C., Hemmings, A.M., Moore, G.R. and James, R. (1998) Mol. Microbiol. 28: 

227-233. 

[9] Pommer, A.J., Kuhlmann, U.C., Cooper, A., Hemmings, A.M., Moore,  G.R., James, R. 

and Kleantous, C. (1999) J. Biol. Chem. 274: 27153-27160. 

[10] Ko, T.P., Liao, C.C., Ku, W.Y., Chak, K.F. and Yuan, H.S. (1999) Structure. 7: 91-102. 

[11] Hannan, J.P., Whittaker, S.B.M., Davy, S.L., Kuhlmann, U.C., Pommer, A.J., 

Hemmings, A.M., James, R., Kleanthous, C. and Moore, G.R. (1999) Protein Sci. 8: 

1711-1713.   

[12] Kleanthous, C., Kuhlmann, U.C., Pommer, A.J., Fergurson, N., Radford, S.E., Moore, 

G.R., James, R. and Hemmings, A.M. (1999b) Nature Structural Biology. 6: 243-252. 

[13] Kuhlmann, U.C., Kleanthous, C. James, R., Moore, G.R. and Hemmings, A.M. (1999) 

Acta. Cryst. D55: 256-259. 

[14] Kuhlmann, U.C., Pommer, A.J., Moore, G.R., James, R. and Kleanthous, C. (2000) 

J.Mol.Biol. 301: 1163-1178. 

[15] Sui, M.J., Tsai, L.C., Hsia, K.C., Doudeva, L.G., Ku, W.Y., Han, G.W. and Yuan, H.S. 

(2002) Protein Science, 11: 2947-2957. 

[16] Cheng, Y.S., Hsia, K.C., Doudeva, L.G., Chak, K.F. and Yuan, H.S. (2002) J. Mol. Biol. 

324: 227-236. 

[17] Wallis, R., Reilly, A., Rowe, A., Moore, G.R., James, R. and Kleanthous, C., Eur. (1992) 

J. Biochem. 207: 687-695. 

[18] Lau, C.K., Parsons, M., and Uchimura, T. (1992) NATO ASI Series H65. Springer-Verlag,  

Heidelberg, Germany, : 353-378 . 

[19] Osborne, M.J., Lian, L.Y., Wallis, R., Reilly, A., James, R., Kleanthous, C. and Moore, 

G.R., (1994) Biochemistry. 33: 12347-12355. 

[20] Osbourne, M.J., Breeze, A.L., Lian, L.Y., Wallis, R., Reilly, A., James, R., Kleanthous, 

C. and Moore, G.R., (1996) Biochemistry. 35: 9505-9512. 

[21] Boetzel, R., Czisch, M., Kaptein, R., Hemmings, A.M., James, R., Kleanthous, C. and 

Moore, G.R., (2000) Protein Sci. 9: 1709-1718.  

[22] Christian G.D. (1986)  “Analytical Chemistry”. John Wiley & Sons, New York.  

[23] Lakowicz, J.R. (1999) “Principles of Fluorescence Spectroscopy”. Kluwer Academic, 

Plenum Publishers, New York. 

[24] Horrocks, Jr. W.D. (1993) Methods in Enzymol. 226: 495-538,. 

[25] Ferguson, N., Capaldi, A.P., James, R., Kleanthous, C. and Radford, S.E. (1999) J. Mol. 

Biol. 286: 1597-1608. 

[26] Ferguson, N., Li, W., Capaldi, A.P., Kleanthous, C. and Radford, S.E. (2001) J. Mol. 

Biol. 307: 393-405. 

[27] Wallis, R., Leung, K.Y., Osborne, M.J., James, R., Moore, G.R. and Kleanthous, C., 

(1998) Biochemistry. 37: 476-485,. 

[28] Woody, R.W. (1995) Methods in Enzymology, 246: 34-71. 

[29] Fersht, A. (1998) “Structure and Mechanism in Protein Science”, Published by W.H. 

Ferrman and Company, New York, p. 509. 

[30] Van Mierlo, C.P.M., Van Dongen, W.M.A.M., Vergeldt, F., Van Berkel, W.J.H. and 

Steensma, E. (1998) Protein Science, 7: 2331-2344. 

[31] Tanford, C. (1968) Adv. Protein Chem. 23: 121-282. 

[32] Arakawa, T. and Timasheff, S.N. (1984) Biochemistry, 23: 5912-23. 



Elham S.A. Baeissa 220 

[33] Pace, C.N. (1986) Methods Enzymol. 131: 3286-3299. 

[34] Creighton, T.E. (ed.) (1993) “Proteins Structures and Molecular properties” W.H. Freeman 

and Company, New York. 

[35] Collins, K. and Washabaugh, W.M. (1985) Quarterly Review of Biophysics 18: 323-422. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Lanthanide Ions Unfolded Im9 221 

 

������ �	
���	 �� �����	 ������	�������	 ������ ���	��   

������� 	
�� 	��
  

�������� 	
� �	���� ����  � ��������� ����� �����  

��� � ������� ������� ����
��  

�������	.  ��� �����	
��	 �����	 ��  ����
������	) Im9( 
����    ���� ��
� ���� ������
�   �� �������	 !"    �#�$��� %��� 

   &��� '�*+�� �������	 !����,   ����
��	 -��
� ��	
�� "  ��	
�� 
   �/	� !��0��	123�	,.       �4 
0���	 ����
��	 �2�� �� �������	 

�
����	"     ���	�� '5/� ���      �
��� ��*� ����� �
���6
/� . 	���
 �+� ����
��	  7�   ���� 85��	23� : �*��	 �*+  ,��3�
�� �
�� ," 

   ��	 ��& �
�� �*+� 2�
���	 ��*��"       �
#�� #��/5� 9� �*+� 
,���
� .   ��� 2�
����	
��	       ����
�� �������	 !����  ��
 85� 
����	�) Im9 (   ����
�� ��	
��	)E9( ,      �#�*�	 ��5�� ���� 7��	�

   �������	 ����
��)E9 (  ,&��5/�	 �3����	 ��  .  & 9� �*��  
��<� =+
    �������	 !����  9$�� ��
   ����
��	 	�� >� " ��   ���� �����

     �����?	 '����� 
�@��	 ��A	
� 9� '�<��	,    #�+�	 �� 
�B�	  C
D	���,    	 ,& ��3���	� �&���
��	 ����
��"    #����
�	 �A��	 %���� � 

*�<���	���*���	 � ����
��	 �� 8�E9����
?	 ����  )Er
3+(� 
��?	9���� 

)Tb
3+("    ���	 6�A� �	
���� �	�5�	� FA       >#��3 ��#� �� ������	 

 �������	 !���� .  �A�!
G$�      ����
#��	 �5+� H1���	 )Im9 (  �#��
�&4E�������	 !���� .  

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2540 2540]
  /PageSize [612.000 792.000]
>> setpagedevice


