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The stability of CopC, a copper resistant protein with a Greek β-barrel motif, in GuHCl solution was investi-
gated by fluorescence spectra. Parameter A, characterizing position and shape of the fluorescence spectra, “phase 
diagram” method of fluorescence, and cupric binding capacity in GuHCl solution of different concentration showed 
that the denaturation transition of apo-CopC and CopC-Cu(II) might be fitted to a simple two-state model.  
According to a two-state model, the free energy of stabilization for apo-CopC and CopC-Cu(II), (17.08±0.35) and 
(23.81±0.45) kJ•mol－1 respectively, was obtained. Copper(II) increased the stability of apo-CopC. The higher 
thermodynamics stability of CopC-Cu(II) was revealed to originate in both the faster folding and the slower un-
folding rates by unfolding kinetics.  

Keywords  CopC unfolding, spectral parameter, “phase diagram” method of fluorescence, copper binding capacity, 
kinetics 

 

Introduction 

Proteins often carry out their biological function on 
the basis of their inherent native fold. Once the native 
fold was disturbed, protein biological function would be 
lost to different extent. So the stability has been a  
problem of outmost interest in biochemistry and bio-
physics, as was demonstrated by the large literature on 
this subject.1-5 Owing to simpler structure of small 
globular proteins allowing detailed experiments about 
the effects of various conditions (temperature, ionic 
strength, pH or concentration of denaturing agents, hy-
drostatic pressure) on the structure of native mole-
cules,6-8 these molecules were often used in researching 
stability of native protein. 

The CopC is a soluble protein present in the oxi-  
dizing environment of periplasm and is involved in 
copper trafficking and homeostasis in Gram-negative 
bacteria.9,10 The NMR, EXAFS and X-ray crystallo-
graphic structure of CopC have been resolved in de-
tail.11-13 Like cupredoxines and azurin, it exhibits a fold 
essentially constituted by two β-sheets forming a Greek 
key β-barrel motif. Two separate but interdependent 
binding sites, with high specific affinity, one for Cu＋ 
and the other for Cu2＋, are about 30 Å apart. The aro-
matic ring of single Trp83, sandwiched between the two 
β-sheets, locates in a completely hydrophobic environ-
ment. In a native state, the CopC protein with other Cop 
protein (CopABD)14 functions by sequestering copper 
ions in the periplasm and exporting the excess without 

preventing the amount of copper essential for cellular 
function from reaching the cytoplasm. In this paper, we 
used spectral parameter A, “phase diagram” method of 
fluorescence and cupric binding capacity in GuHCl so-
lution of different concentration to explore the stability 
of apo-CopC and CopC-Cu(II) so as to understand the 
structural and functional basis of copper resistance. And 
the role of copper(II) was revealed by comparing 
CopC-Cu(II) with apo-CopC in thermodynamic stability 
and in kinetics unfolding experiments. 

Experimental 

Protein expression and purification 

Apo-CopC protein was expressed and isolated with 
an extra gelfiltration purification step. Negatively 
charged E. coli proteins were removed by passing the 
lysate supernatant through a DE-52 anion exchange 
column in 20 mmol•L－1 PB buffer at pH 8.0. The 
flow-through fraction was adjusted to pH 6.0 with 0.2 
mol•L－1 PB buffer and then applied to a CM cation ex-
change column in 20 mmol•L－1 PB at pH 6.0. The 
bound proteins were eluted with a salt gradient of 0—
0.2 mol•L－1 NaCl in 20 mmol•L－1 PB. The finally puri-
fied proteins were detected by 15% SDS-PAGE and less 
than 1% Cu content was obtained by atomic absorption 
spectrum.   

Fluorescence measurements 

Fluorescence experiments were carried out using an 
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F-2500 fluorescence spectrophotometer with steady 
state excitation. Fluorescence was excited at the long 
wavelength absorption edge where the contribution of 
tyrosine residues in the bulk protein fluorescence was 
negligible. The spectrophotometer was equipped with a 
thermostat that held a constant temperature of 25 ℃ in 
the cell. The protein concentration was measured 
spectrophotometrically using molar extinction 
coefficients at 280 nm of 6970 L•mol－1•cm－1. For a 
thermodynamics experiment, data were recorded after 1 
h of incubation of a mixture.  

Unfolding kinetics of the protein was initiated by 
manual mixing of protein solution with 20 mmol•L－1 
PB buffer (pH 7.0) containing the corresponding 
amount of GuHCl.  

The theory of “phase diagram” method of fluores-
cence 

Any extensive characteristic of the system consisting 
of two components is determined by the simple   
equation15: 

1 1 2 2( ) ( ) ( )I α I α Iθ θ θ＝ ＋   (1) 

where I1 and I2 are the values of I(θ) at 100% content of 
the first and the second components, respectively, and 
θ1 and θ2 are the relative fractions of the components in 
the system, θ1＋θ2＝1, and θ is any parameter depend-
ing on which content of the components is changed. 
When two independent extensive characteristics of 
fluorescence intensity at different emission wavelengths 
are chosen, we have 
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Eliminating α1 and α2 from Eq. (2), we can obtain 
the relationship between I(λ1) and I(λ2):  
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Eq. (3) means that if with the change of fluorescence 
intensity at two different emission wavelengths the tran-
sition between states 1 and 2 follows the model 
“all-or-none” without formation of the intermediate 
states,15 then the parametric relationship between fluo-
rescence intensities at two different emission wave-
lengths must be linear. If the experimentally recorded 
fluorescence intensity between two different emission 
wavelengths of the system is not linear, it unequivocally 
means that the process of the transition from the initial 
to the final state is not a one-stage process but proceeds 
with the formation of one or several intermediate states. 

Results and discussion 

Two-state model in thermodynamics 

Spectral parameter  The fluorescence emission 
maximum of CopC locates near 320 nm owing to its 
single tryptophanyl residue embedded inside the hy-
drophobic barrel. After 1 h of incubation under condi-
tions of different GuHCl concentrations, the fluores-
cence spectra of both apo-CopC and CopC-Cu(II) 
gradually shifted towards longer wavelength and finally 
the emission maximum located to 351 nm owing to the 
exposure to water of the tryptophanyl residue. Com-
parison of the spectral change from native to unfolded 
state shows that the greatest differences in fluorescence 
intensity are in the vicinity of 308 nm for apo-CopC 
(Figure 1) and 365 nm for CopC-Cu(II) (Figure 2). So 
the wavelengths 308 and 365 nm were chosen for the 
registration of intensity change curve for apo-CopC 
(Figure 1 inset) and CopC-Cu(II) (Figure 2 inset), re-
spectively. 

 

Figure 1  Fluorescence spectra for apo-CopC in different 
GuHCl concentration (mol•L－1): a, 0; b, 1.4; c, 3.5, PB buffer, 
pH 7.0. Inset is fluorescence intensity change of apo-CopC at 308 
nm induced by GuHCl. 

 

Figure 2  Fluorescence spectra for CopC-Cu(II) in different 
GuHCl concentration (mol•L－1): a, 0; b, 1.8; c, 2.5; d, 3.0, PB 
buffer, pH 7.0. Inset is fluorescence intensity change of 
CopC-Cu(II) at 365 nm induced by GuHCl. 
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The change in the position and shape of the fluores-
cence spectra with increasing GuHCl concentration was 
also studied. For the purpose, the changes in ratio of the 
intensities at two different wavelengths which were 
chosen from two different slopes of the spectrum, the 
so-called spectral parameter A＝I308 nm/I365 nm was used16. 
Figure 3 represents the dependence of parameter A 
value on the concentration of GuHCl. In order to com-
pare apo-CopC with CopC-Cu(II), the same standard for 
A was chosen. It can be seen that in the unfolding proc-
ess the position and shape of the fluorescence spectra of 
both apo-CopC and CopC-Cu(II) present a sigmoidal 
change, according with the fluorescence intensity ten-
dency. The conformational transition of both apo-CopC 
and CopC-Cu(II), thus, may be fitted to a simple 
two-state model. 

 

Figure 3  Denaturation (solid symbols) and renaturation (open) 
profiles of apo-CopC (triangles ) and CopC-Cu(II) (circles) ac-
cording to normalized spectral parameter A in PB buffer, pH 7.0. 

The renaturation of apo-CopC and CopC-Cu(II) was 
also performed by suitable dilution of fully unfolded 
samples. A complete recovery of all the native spectro-
scopic features was observed. The recovery of the fluo-
rescence features reflected by data recorded at 308 and 
365 nm is coincident with the curve of the unfolding 
apo-CopC or CopC-Cu(II) from the corresponding data,  

suggesting completely reversible denaturation process. 
“Phase diagram” method of fluorescence  The 

analysis of the protein conformational transition based 
on the construction of a parametric relationship between 
the fluorescence intensities recorded at two different 
wavelengths for apo-CopC and CopC-Cu(II) was also 
performed.15,17,18 The wavelengths of 308 and 365 nm 
according to experience were used as independent 
characteristics parameters. It was found that the linearity 
of the parametric relationship in accordance with the Eq. 
(3) between I308 nm and I365 nm for the two proteins (Fig-
ure 4A and 4B) existed, which indicates that the dena-
turation of apo-CopC and CopC-Cu(II) induced by 
GuHCl obeys a typical two-state model and there was 
only one conformational transition from the native to 
the unfolded state during the unfolding process. 

Copper binding capacity  As a copper resistance 
protein, binding copper(II) is specific for apo-CopC in 
the native fold, which is exhibited by significantly 
quenching fluorescence intensity of the protein until the 
ratio of [Cu2＋]/[apo-CopC]＝1.0.19 Once it unfolds, no 
copper(II) would be bound, or copper(II) would not af-
fect on fluorescence emission of apo-CopC. If there are 
only native apo-CopC and unfolding states during the 
denaturation process, the capacity of copper(II) binding 
would be decided only by the fraction of protein   
keeping the native fold. Thus copper(II) binding would 
bring linear fluorescence quenching just as in the ab-
sence of GuHCl. So this method can also be used to 
determine the fraction of the native protein in a 
two-state denaturation. Figure 5 shows normalized 
fluorescence titration curves of copper(II) to apo-CopC 
at the different concentrations of GuHCl. As can be seen, 
the linear fluorescence quenching occurs at any certain 
concentration of GuHCl. Regarded as standard in the 
absence of GuHCl, fluorescence quenching decreases 
with increaseing concentration of GuHCl. 

The copper(II) binding fraction of apo-CopC in 
different concentrations of GuHCl can be directly 
obtained by the observable mole ratio of Cu2＋ to 
apo-CopC. The change of copper(II) binding induced by 
increasing GuHCl is of also a sigmoidal shape. For a  

 
Figure 4  Phase diagram of fluorescence representing the unfolding of apo-CopC (A) and CopC-Cu(II) (B) induced by an increase in 
GuHCl concentration. The values on the line are the concentration of GuHCl (mol•L－1). 
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Figure 5  Titration curve of copper to apo-CopC in the presence 
of GuHCl at different concentrations (mol•L－1). Inset showed 
denaturation fraction profiles of CopC-Cu(II) obtained according 
to copper binging fraction (open triangles) and spectral parameter 
(solid circles). 

reversible equilibrium, the denaturation fraction from a 
copper(II) titration experiment should agree with that 
from denaturizing CopC-Cu(II). Comparing the denatu-
ration fraction profile (Figure 5 inset) from the experi-
ment with that from spectral parameter A, the tendency 
is almost consistent. And the denaturant concentrations 
at the midpoint of the transition yields from the experi-
ment are in accordance with those from spectral pa-
rameter A.  

Gibbs free energy 

For a two-state equilibrium, the equilibrium constant 
is given according to the ratio of the fraction of the un-
folding to native protein. Further we can obtain the 
Gibbs free energy GΔ �  for different [GuHCl] and 

2H O
GΔ �  for the folding process in pure water from the 

intercept of a plot of GΔ �  versus [GuHCl]. According 
to the data from Figure 3, the Gibbs free energy of  
apoCopC and CopC-Cu(II) was calculated to be (17.08
±0.35) and (23.81±0.45) kJ•mol－1, respectively. The 
data reveal a distinctly higher structural stability of 
CopC-Cu(II). 

Unfolding kinetics  

The equilibrium experiments clearly show that 
unfolding is reversible and it proceeds with apparent 
two-state behavior. The stability for apo-CopC de-
creases as compared to CopC-Cu(II). To reveal whether 
the increased thermodynamic stability of CopC-Cu(II) 
originates in either the folding or the unfolding rates, or 
both, the kinetics of CopC unfolding induced by GuHCl 
of different concentrations was studied. Comparison of 
the spectral change during the unfolding process shows 
that the greatest differences in fluorescence intensity are 
in the vicinity of 308 nm for apo-CopC and 365 nm for 
CopC-Cu(II). In order to observe distinctly, thus, the 
fluorescence intensity change at 308 nm for apo-CopC 
and 365 nm for CopC-Cu(II) over time was recorded. It 
can be inferred from “phase diagram” of fluorescence 
(Figure 4A and Figure 4B) that the fluorescence inten-
sity change at both wavelengths is synchronous for each 
protein, thereby data chosen from different wavelengths 
for the two proteins would not affect the experiment 
results. Figure 6 are the profiles of unfolding apo-CopC 
(A) and CopC-Cu(II) (B), from which it can be seen that 
at any certain concentration of GuHCl, the fluorescence 
intensity changes monotonically with time, finally ap-
proaching its equilibrium value. The unfolding kinetics 
follows the two-state behavior. In addition, the  
unfolding equilibrium can be attained by incubating the 
protein for 1 h at any concentration of GuHCl and the 
equilibrium experiments are dependable. 

The data are successfully fitted to a single exponen-
tial function. In Figure 7, we show the natural logarithm 
of the unfolding rate constants obtained under 
pseudo-first-order conditions for CopC-Cu(II) and 
apo-CopC as a function of denaturant concentration. 
The logarithms of the rate constants for apo-CopC and 
CopC-Cu(II) depend linearly on the denaturant concen-
tration. Thus, unfolding rate constants in the absence of 
the denaturant were obtained by measuring the  
unfolding rate at different GuHCl concentrations and 
extrapolating to 0 mol•L－1.20,21 Apparently CopC-Cu(II) 
unfolded more slowly than apo-CopC at any dena-  
turation concentration and CopC-Cu(II) is kinetically 
more stable than apo-CopC. 

 

Figure 6  Kinetics of apo-CopC (A) and CopC-Cu(II) (B) denaturation monitored by the change of intrinsic fluorescence intensity at 308 
nm (A) and 365 nm (B), respectively. The values on the curves are the concentrations of GuHCl (mol•L－1). 
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Figure 7  Natural logarithm of unfolding (solid) and folding 
(open) rate constants for CopC-Cu(II) (traingles) and apo-CopC 
(circles) as a function of GuHCl concentration. The natural loga-
rithm of the unfolding rate constants for CopC-Cu(II) and 
apo-CopC in the absence of GuHCl was obtained by extrapolating 
to 0 mol•L－1 GuHCl. 

Then, we used the unfolding rate constants and the 
equilibrium constants from the experiment above- 
mentioned to calculate the folding speed constants for 
CopC-Cu(II) and apo-CopC at each denaturant concen-
tration. The Chevron plot is also displayed in Figure 7, 
which shows that the fold rate constants increase line-
arly as the denaturant concentrations decreases for both 
proteins. Copper(II) increases the fold rates of 
apo-CopC. By comparing the unfold and fold rates of 
apo-CopC with CopC-Cu(II) in the absence of GuHCl, 
the mechanism by which Cu(II) stabilizes the native 
form of apo-CopC can be attributed both to a decelera-
tion of unfolding and to an acceleration of refolding. 

Acceleration of refolding or (and) deceleration of 
unfolding is a general property of native-state stabiliza-
tion of cofactors binding proteins. A 13-residue peptide, 
derived from the β-barrel protein azurin, was reported to 
adopt a β-hairpin structure in solution upon copper liga-
tion, which indicates that the metal ligand region of azu-
rin may act as the nucleation site that, upon copper co-
ordination, directs (and possibly speeds up) the  
folding.22 R-lactalbumin was found to refold more 
quickly in the presence of metals.23,24 It was also ob-
served in our experiment of copper(II) titration of 
apo-CopC in different concentration denaturant that 
red-shifted emission maximum recovered partially. A 
few studies targeting the effect of cofactors on folding 
found that calcium ions stabilized RNase HI and 
staphylococcal nuclease A proteins by decreasing the 
unfolding speed.25 Our experiments demonstrate that 
binding copper(II) protects the native-state of CopC to-
ward solvent perturbations and copper(II) promotes re-
folding of CopC.  
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