
SCIENCE CHINA 
Life Sciences 

© Science China Press and Springer-Verlag Berlin Heidelberg 2010  life.scichina.com  www.springerlink.com 

                  
*Corresponding author (email: zhaobl@sun5.ibp.ac.cn) 

• RESEARCH  PAPERS • October 2010  Vol.53  No.10: 1181–1188 

 doi: 10.1007/s11427-010-4069-2 

Structural characteristics of the hydrophobic patch of azurin and 
its interaction with p53: a site-directed spin labeling study 

XU Chao1,2, YIN JunJie3 & ZHAO BaoLu1,2* 

1State Key Laboratory of Brain and Cognitive Science, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China; 
2Graduate University of the Chinese Academy of Sciences, Beijing 100049, China; 

3Center for Food Safety and Applied Nutrition, Food and Drug Administration, College Park, MD 20740, USA 

Received April 12, 2010; accepted May 25, 2010 

 

Site-directed spin labeling (SDSL) is a powerful tool for monitoring protein structure, dynamics and conformational changes. 
In this study, the domain-specific properties of azurin and its interaction with p53 were studied using this technique. Mutations 
of six residues, that are located in the hydrophobic patch of azurin, were prepared and spin labeled. Spectra of the six azurin 
mutants in solution showed that spin labeled residues 45 and 63 are in a very restricted environment, residues 59 and 65 are in 
a spacious environment and have free movement, and residues 49 and 51 are located in a relatively closed pocket. Polarity ex-
periments confirmed these results. The changes observed in the spectra of spin labeled azurin upon interaction with p53 indi-
cate that the hydrophobic patch is involved in this interaction. Our results provide valuable insight into the topographic struc-
ture of the hydrophobic domain of azurin, as well as direct evidence of its interaction with p53 in solution via the hydrophobic 
patch. Cytotoxicity studies of azurin mutants showed that residues along the hydrophobic patch are important for its cytotoxic-
ity. 
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It has been known for more than a century that some bac-
teria have the ability to kill cancer cells. Current research 
aims at identifying bacterial toxins to fight cancer [1]. 
Azurin is a copper-containing enzyme that acts as an elec-
tron transfer shuttle in Pseudomonas aeruginosa and other 
bacteria. Azurin is secreted into the growth medium and 
has been reported to promote cancer cell death in vitro 
[2–4]. 

The chemical structure of azurin has been extensively 
studied [5–7]. The protein consists of a two β-sheet-sand-     
wich with eight β-stands arranged in a Greek-key topology. 
In vivo, a redox active copper is coordinated to the protein 
allowing for electron-transfer activity. The copper in azurin 

can be removed, creating apo-azurin, or exchanged for other 
metals, without any change in the overall structure [8]. The 
presence of a disulfide linkage makes azurin fairly resistant 
to thermal denaturation [9,10]. Azurin possesses a relatively 
large hydrophobic patch. The hydrophobic patch is impor-
tant for its interaction with p53 and also plays an important 
role in the internalization of azurin in cancer cells, partly by 
a receptor-mediated endocytic process [11–13].  

Understanding the structure of the hydrophobic patch in 
azurin, both the crystal structure and its structure in solution, 
is crucial for delineating the mechanism of its anticancer 
activity. 

The transcription factor p53 is responsible for maintain-
ing the integrity of the genome [14–17]. p53 is generally 
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present at a low level in mammalian cells because of its 
short half-life of a few minutes. This short half life is pri-
marily due to its degradation through the ubiquitin protea-
some pathway. Azurin may form a complex with p53, 
thereby stabilizing p53 [18–21]. Stabilization of p53 leads 
to increases in its intracellular level, which in turn stimu-
lates its apoptosis-promoting activity by regulating expres-
sion of pro-apoptotic proteins such as Bax [3,4]. Some in 
vitro studies have revealed that there is a direct interaction 
between azurin and p53. The hydrophobic patch has been 
proposed to be involved in complex formation with p53 
[19,20], but there is no direct evidence to confirm this hy-
pothesis.  

Recent studies in this field have made use of site-directed 
spin labeling (SDSL), a powerful tool for monitoring 
changes in the structure and dynamics of proteins in solu-
tion [22,23]. In SDSL, a nitroxide side chain is introduced 
via a mutagenic cysteine substitution followed by modifica-
tion of the sulfhydryl group with a specific nitroxide reagent. 
The rotation of the spin labeled nitroxide influences the line 
shape of the ESR spectrum. Therefore, the ESR spectrum of 
a spin label provides valuable information about its struc-
tural environment [24–26]. Spin labels serve as excellent 
probes of the solvent accessibility, local geometry and 
flexibility of proteins, as well as protein structural changes 
induced by their interactions with other proteins or with 
their environment. 

In this study, SDSL was used to investigate the structural 
characteristics of the hydrophobic patch of azurin and its 
interaction with p53. Six residues of the hydrophobic patch 
of azurin were individually replaced by cysteines and spin 
labeled. The resulting ESR spectra provide a detailed in-
sight into the topographic structure of the hydrophobic do-
main of azurin and its interaction with p53. 

1  Materials and methods 

1.1  Materials 

All the enzymes used in preparing mutations were obtained 
from Fermantas. 5,5′-Dithio-bis(2-nitrobenzoic acid) (DTNB) 
was obtained from Sigma Chemical Co. (St. Louis, MO). 
Dulbecco’s modified Eagle’s medium (DMEM) and fetal calf 
serum (FCS) were obtained from Gibco. 4-(2-hydroxyethyl)- 
1-piperazineethanesulfonic acid (HEPES), isopropyl beta- 
D-thiogalactopyranoside (IPTG) and 3-(4,5-dimethylthia-     
zol-2-yl)-2,5-diphenyl-tetrazolium-bromide (MTT) were 
purchased from Amresco. BCA Protein Assay kits were 
purchased from Pierce. The spin label reagent (1-oxyl-     
2,2,5,5-tetrame-thylpyrroline-3-methyl)-methanethiosulfona
te was from the Toronto Research Chemicals Incorporation. 
J774 cells were provided by the Cell Resource Center, Chi-
nese Academy of Medical Sciences/Peking Union Medical 
College (CAMS/PUMC). All other chemicals were made in 

China and were of analytical grade. 

1.2  Mutagenesis and protein purification 

Site-directed mutagenesis of the azurin gene was performed 
using a QuikChange Site-directed Mutagenesis Kit (Strata-     
gene) in accordance with the manufacturer’s instructions. A 
base azurin mutant, M(C112S), was first constructed by 
substituting the cysteine at residue 112 for serine. Six dou-
ble mutants (C112S/G45C, C112S/V49C, C112S/S51C, 
C112S/V59C, C112S/G63C and C112S/A65C), in which 
one of the hydrophobic patch residues was substituted with 
cysteine, were then constructed using M(C112S) as a start-
ing point. For example, the residue Gly45 in M(C112S) was 
substituted by cysteine to obtain the double mutant 
C112S/G45C. Mutations were confirmed by DNA se-
quencing. 

Azurin was purified from recombinant E. coli cells in 
accordance with a previously published method [27]. The 
protein was expressed in BL21(DE3) cells, which were 
grown at 37°C to an A600≈0.8 before induction with 0.5 
mmol L−1 IPTG and culturing overnight at 25°C. The cells 
were harvested by centrifugation and sonicated in 50 mmol 
L−1 NaCl and 50 mmol L−1 Tris-HCl (pH 8.0). The soluble 
lysate was loaded onto a Ni-Sepharose affinity column and 
eluted with an imidazole gradient (0–500 mmol L−1). The 
eluent was collected and subjected to electrophoresis and 
the protein concentration of azurin was determined using a 
BCA kit. 

Further purification was achieved using SP-Sepharose 
cation exchange chromatography. Fractions containing azu-
rin were pooled and dialyzed against PBS. A vector con-
taining the full-length p53 was a kind gift from Professor Bi 
LiJun. p53 was purified in accordance with a previously 
published method [28]. A further purification step, using 
affinity chromatography with heparin-Sepharose and a NaCl 
gradient (0–1 mol L−1) for elution, was added. 

1.3  Quantitative determination of the sulfhydryl 
groups in azurin and its mutants 

DTNB (or Ellman’s reagent) has been used extensively to 
quantitatively determine the sulfhydryl concentration. The 
sulfhydryl concentration was determined in accordance with 
a previously published method [29]. The absorbance of 6.7 
μmol L−1 azurin or its mutants in 100 μmol L−1 DTNB, 100 
mmol L−1 Tris-HCL (pH 8.0) was measured at 412 nm us-
ing a UV-Vis spectrophotometer (Hitachi, Tokyo, Japan). 

1.4  J774 cell culture and cytotoxicity assay 

J774 cells were cultured in DMEM medium supplemented 
with 10% fetal bovine serum, at 37°C in a humidified incu-
bator with 5% CO2. The cytotoxicity of azurin was meas-
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ured with the MTT assay, conducted in accordance with a 
previously published method [2,3] with some modifications. 
About 5×104 cells per well were seeded onto 96-well cul-
ture plates in 120 μL of DMEM medium. After overnight 
culturing, the medium was replaced with fresh medium 
containing different concentrations of azurin. The culture 
medium was replaced after 24 h with fresh medium free of 
serum, containing 0.5 mg mL−1 MTT solution. After incu-
bation for 3 h at 37°C, the formation was dissolved in 
DMSO and its absorbance read at 595 nm. 

1.5  Spin labeling and ESR measurements 

The reaction of the spin label methanethiosulfonate with 
cysteine produced a new side-chain containing a disul-
fide-linked nitroxide, which will be referred to here as R1 
(Figure 1A). G45R1 denotes a mutant in which the native 
glycine at residue 45 was replaced by the spin labeled 
amino acid R1. The reaction mixture, containing a 10:1 spin 
label: azurin (30 μmol L−1) molar ratio in 1 mL PBS was 
incubated overnight [30,31]. Excess spin label was removed 
by dialyzing against PBS. Labeled proteins were then con-
centrated to 150 μmol L−1 using filtration units (Millipore 
3000 MW cutoff). 30-μL samples were loaded into mi-
cro-capillary tubes, and ESR spectroscopy was performed 
on an X-band spectrometer (Bruker ER-200D-SRC). All 
spectra were recorded at 20°C. The incident microwave 
power was 20 MW and the modulation amplitude was 1.0 
Gauss. Signal-averaged spectra (3 scans) were obtained 
with a 150 Gauss sweep. 

The six azurin patch double mutants were spin labeled 
separately (Figure 1B). The cysteines in mutant C112S/     

 

 

Figure 1  A, Spin labeling reaction. Reaction of methanethiosulfonate 
with cysteine to produce the nitroxide side chain R1 [22]. B, Spin labeled 
sites in azurin. Six residues along the hydrophobic patch were replaced 
separately by cysteines and spin labeled. This figure of azurin was taken  

from [35]. 

V49C and C112S/S51C could only be labeled in a denatur-
ing environment of 2 mol L−1 urea, probably because they 
are located in the interior of the hydrophobic patch and 
therefore inaccessible to the spin label reagent. The spectra 
of these two mutants were measured after thorough dialysis 
against PBS to remove the urea. Other azurin mutants were 
readily spin labeled in PBS buffer. The rotational correla-
tion time, τc, or the ratio of the strong immobility compo-
nent to the weak immobility component (S/W) were calcu-
lated using the spectral parameters from the reference [32]. 

ESR broadening was induced by the paramagnetic re-
agent NiCl2 [33,34]. Changes in the spectra before and after 
adding NiCl2 (150 μmol L−1) to the solution of labeled pro-
tein (150 μmol L−1) were measured. Finally, the structural 
changes of azurin during its interaction with p53 were stud-
ied. The six azurin double mutants (150 μmol L−1) were 
mixed separately with p53 (35 μmol L−1), at a molar ratio of 
4:1 azurin:p53 (in accordance with Apiyo and Wittung 
[20]). ESR spectra of azurin free in solution and in complex 
with p53 were compared. 

1.6  Statistical analysis  

One-way ANOVA was used to estimate the overall signifi-
cance followed by post hoc Tukey’s tests corrected for mul-
tiple comparisons [36]. Data are presented as mean±SEM. 
A probability level of 5% (P<0.05) was considered signifi-
cant. 

2  Results 

2.1  Mutagenesis and protein purification 

To study the structural characteristics of the hydrophobic 
patch of azurin and its interaction with p53, six double mu-
tants, namely C112S/G45C, C112S/V49C, C112S/S51C, 
C112S/V59C, C112S/G63C and C112S/A65C were pre-
pared. Mutations were confirmed by DNA sequencing and 
the single free sulfhydryl groups introduced into the mutants 
were examined using Ellman’s Test. Azurin and its mutants 
were purified using a Ni affinity column and cation ex-
change chromatography. The wild type azurin, mutant M 
(C112S) and six double mutants appeared as a single band 
of 15 kD on a 15% SDS-PAGE, while purified full length 
p53 appeared as a 53 kD band (Figure 2). 

2.2  Quantitative determination of the sulfhydryl in 
azurin and its mutants 

There are three cysteine residues in azurin. Cysteine 3 and 
cysteine 26 form a disulfide linkage, whereas cysteine 112 is 
free [9]. The sulfhydryl content was determined using the 
Ellman's test [29]. Wild type azurin was found to have only 
one sulfhydryl, whereas there was no sulfhydryl in M(C112S).  
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Figure 2  SDS-PAGE of the purified proteins. Hyper-expressed azurin 
and its mutants in E. coli were purified by Ni-affinity and SP-Sepharose 
columns. Wild type azurin (lanes 1 and 2), six double mutants (lanes 3–8: 
C112S/G45C, C112S/V49C, C112S/S51C, C112S/V59C, C112S/G63C 
and C112S/A65C), mutant M(C112S) (lane 9), and purified full length p53  

(lanes 10 and 11) are shown. 

This result is in accordance with the crystal model (Figure 
1B), and suggests that the azurin protein expressed in E. coli 
folded and formed the disulfide bond properly. The free 
sulfhydryl content was then determined in the six double 
mutants of azurin, each of which contained one sulfhydryl 
group. 

2.3  Cytotoxicity of azurin towards J774 cells 

To ascertain whether mutagenesis of the hydrophobic patch 
influenced the cytotoxicity of azurin towards cancer cells, 
the cytotoxicity of azurin and its mutants toward J774 
macrophage cells was examined. Mutant M(C112S) had 
similar cytotoxicity as apo-azurin and lower cytotoxicity 
than holo-azurin (data not shown), in agreement with the 
results reported by Goto et al. [18]. 

Our results indicate that secondary mutagenesis at resi-
dues 45, 59 or 63 slightly increased the cytotoxicity of azu-
rin compared with mutant M(C112S) (P<0.05) (Figure 3). 
The double mutants, C112S/V49C, C112S/S51C and 
C112S/A65C, were observed to have similar cytotoxicity 
values to the value measured for M(C112S). 

2.4  Topography around the hydrophobic patch of azu-
rin  

As described above, cysteine 112 in wild type azurin was 
first replaced by a serine and then a single cysteine was in-
troduced to replace one of the residues along the hydropho-
bic patch of azurin, creating a series of six mutants which 
were then spin labeled. The ESR spectra of spin labeled 
cysteines in the patch (Figure 4, left traces) provide infor-
mation about the dynamic structure of azurin in solution. 
The spectra of the six residues can be divided into three 
groups according to the environment and movement of the 
nitroxide. 

G45R1 and G63R1 form a group with a notably strong 

 

Figure 3  Cell viability of J774 cells treated with azurin mutants. J774 
cells were treated with various concentrations of azurin mutants for 24 h 
and cell viability was measured with the MTT assay. Each data point is the 
mean of six independent trials. * (0.2 mg mL−1) and # (0.4 mg mL−1) vs.  

M(C112S) (P<0.05). 

immobility component in the spectra. The movements of the 
nitroxide at the two sites are restricted by the environment 
of the labeled site. We calculated the ratio of the strong 
immobility component to the weak immobility component 
(S/W) to evaluate the movement of the two sites. G63R1 
(S/W=0.529±0.014) was more restricted than G45R1 
(S/W=0.397±0.013). 

By contrast, residue A65R1 (τc=(1.67±0.15)×10−9 s) is on 
the surface and its ESR spectrum was the most mobile of 
the spin labeled residues. Residue V59R1 is located in the 
hydrophobic patch, but its mobility was found to be fairly 
free (τc=(1.94±0.07)×10−9 s). These two residues constitute 
a second group, which can be spin labeled directly and has a 
high mobility. 

Residues C49 and C51, forming the third group, could 
only be labeled in a denatured environment. After dialyzing 
against PBS, the refolded mutants should have resumed 
their native structure and function (explained in the discus-
sion). When the spectra of the refolded mutants were re-
corded, the movements of nitroxide in V49R1 and S51R1 
were more mobile (49R1, τc=(3.45±0.10)×10−9 s; 51R1, τc= 
(4.76±0.27)×10−9 s) than those of group one, suggesting that 
residues 49 and 51 are located in a relatively spacious and 
closed environment. 

2.5  Polarity around the hydrophobic patch of azurin 

The polarity surrounding the nitroxide groups is related to 
their aqueous or hydrophobic properties, and can be deter-
mined by the broadening of the ESR spectrum using para-
magnetic reagents. The degree of ESR broadening reflects 
local polarity and the accessibility of the nitroxide to the 
polar reagent. Increased broadening obtained with polar 
paramagnetic reagents such as NiCl2 (used in this study) 
reflects stronger local polarity. The level of reduction in the  
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Figure 4  Effect of the interaction between azurin and p53 in solution on 
spin labeling spectra. Traces on the left-hand side are spectra of spin la-
beled azurin mutants alone, and those on the right-hand side are spectra of 
azurin mutants mixed with p53. There were significant changes in the 
spectra of G45R1 and G63R1 (indicated by arrows, P<0.05) during the 
interaction (expressed by the ratio of the strong immobility component to 
the weak immobility component S/W). There were no significant changes  

in the spectra of the other labeled sites (expressed by τc). 

signal amplitude represents the level of ESR broadening.  
G63R1 and A65R1 showed greater broadening (54.3%±   

3.6% and 47.2%±2.9%, respectively) (Figure 5), indicating  

 

Figure 5  Broadening of the ESR spectra of the spin labeled mutants of 
azurin with paramagnetic NiCl2 was proportional to the reduction in signal 
amplitude. The reduction in the amplitude of ESR spectra was measured 
after adding paramagnetic NiCl2. Each value is the mean of three inde-
pendent trials and is expressed as the percentage of the amplitude of the 
equivalent spectrum without NiCl2. The values represent the different  

levels of ESR broadening in different mutants. 

that the two labeled nitroxides are more accessible to the 
polar reagent NiCl2, whereas the other four spin labeled 
residues showed less broadening (G45R (18.3%±3.9%), 
V49R1 (33.7%±3.9%), S51R1 (16.2%±6.0%) and V59R1 
(28.6%±3.2%)). 

2.6  Changes in ESR spectra induced by interactions 
with p53 

ESR line shape changes (Figure 4) reflect structural changes 
involving different residues upon interacting with p53. The 
increase in S/W from 0.397±0.013 to 0.455±0.011 indicates 
a decrease in mobility at residue 45. By contrast, a decrease 
in S/W from 0.529±0.014 to 0.429±0.017 indicates a 
change from immobility to mobility at residue 63. Both sites 
are located around the opening of the hydrophobic patch. 
Changes in the spectra reflect the tertiary contact and back-
bone dynamics of the spin labeled residues. 

The mobility of other sites is expressed as τc. There were 
no significant changes in the spectra of residues V49R1, 
S51R1 and V59R1, which are located deep in the interior of 
the hydrophobic patch. The spectrum of residue A65R1, 
which is located on the surface of azurin, also showed no 
significant changes. The absence of statistically significant 
changes in τc indicates that these residues are not directly 
involved in the interaction with p53.  

3  Discussion 

Some studies on molecular interactions between azurin and 
p53 have been conducted. Formation of the complex was 
characterized using glycerol-gradient ultracentrifugation 
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and GST pull-down experiments [18,19]. In addition, 
Cannistraro et al. [37] investigated this interaction using 
single-molecule force spectroscopy, and also proposed a 
docking model of the interaction based on computational 
methods [38]. The interaction of azurin with p53 has been 
suggested to involve a hydrophobic patch on azurin [19,20], 
which is normally involved in interactions with other redox 
partners. However, there remains no direct experimental 
evidence describing the mechanism of this protein-protein 
interaction and the possible role of this hydrophobic patch 
in complex formation.  

Site-directed spin labeling (SDSL) has proven to be a 
powerful tool in following the structural and dynamic 
changes of proteins in solution. Here we used this method to 
study the topographical structure around the hydrophobic 
patch and the interaction of azurin with p53. In SDSL, a 
single free cysteine is introduced at a specific position and 
spin labeled. In wild type azurin, C112 is one of the ligands 
in the copper active site, but its presence interferes with the 
spin labeling procedure. Because copper is not essential for 
the cytotoxicity of azurin [18], the C112 residue of wild 
type azurin was substituted, to form a “base” mutant 
M(C112S). Spin labeling of the base mutant M(C112S) 
gave no ESR signal, as there was no free sulfhydryl to be 
labeled in M(C112S). A single cysteine was then introduced 
into the patch. Amino acids which had similar properties to 
cysteine were chosen for substitution. 

The ESR spectra obtained reflect side-chain motions and 
local topography. Residues G45R1 and G63R1 (Figure 4, 
left traces) form a group in which there is an obvious strong 
immobility component in the spectra, indicating that the 
movements of the nitroxide at the two sites are highly re-
stricted by the surrounding residues. A second group, con-
sisting of residues V59R1 and A65R1, had a high mobility. 
From the crystal model (Figure 1B), we can see that residue 
V59R1 seems to be located deeper in the interior of the hy-
drophobic patch compared with G45R1 and G63R1, while 
its mobility is fairly free (τc=(1.94±0.07)×10−9 s). This ef-
fect may be due to local environmental differences. We 
speculate that G45R1 and G63R1 are situated around the 
opening of the hydrophobic patch and that the density of 
neighboring residues around the nitroxide is higher. By 
contrast, V59R1 lies in a relatively spacious environment in 
the hydrophobic patch 

In the third group, the cysteines in C112S/V49C and 
C112S/S51C are highly inaccessible to the spin label re-
agent and could only be spin labeled following partial de-
naturation. The accessibility of the cysteines to the spin la-
bel reagent was different to that of the Ellman’s reagent, 
which could react directly with the sulfhydryls in the mu-
tants. It is possible that differences in hydrophobicity are 
responsible for the differences in these reactions. The ESR 
spectra of spin labeled C112S/V49C and C112S/S51C were 
measured after dialysis. Refolded mutants had similar cyto-
toxicity values as the untreated purified mutants (data not 

shown), suggesting that the refolded mutants were able to 
resume their native structures and function properly after 
dialysis. From the ESR spectra (Figure 4, left traces), the 
residues V49R1 and S51R1 showed greater mobility (49R1, 
τc=(3.45±0.10)×10−9 s; 51R1, τc=(4.76±0.27)×10−9 s), com-        
pared with the spin labeled residues of the first group, indi-
cating that residues 49 and 51 were located in a pocket that 
is buried in the interior of the hydrophobic patch. The re-
sults of the spin labeling are in accordance with the crystal 
structure of azurin, which shows that both V49R1 and 
S51R1 are located deep within the hydrophobic patch [5,6].  

Solvent polarity along the hydrophobic patch was deter-
mined by examining ESR spectral broadening with para-
magnetic NiCl2. Accessibility to NiCl2 reflects solvent po-
larity around the spin labeled nitroxides [33,34]. Four resi-
dues in the patch, G45R1, V49R1, S51R1 and V59R1 (Fig-
ure 5), have low accessibility to the polar NiCl2, indicating 
that these four residues are located in the interior of azurin 
and are inaccessible to the polar reagent. By contrast, 
G63R1 and A65R1 have greater accessibility to NiCl2, sug-
gesting that G63R1 and A65R1 are in a more polar envi-
ronment. Although the spectrum of G63R1 has an obvious 
strong immobility component and the movement of G63R1 
is restricted, the polar agent was still able to reach this spin 
label. 

ESR line shapes of the spin labeling spectra give infor-
mation about structural changes, and the changes in struc-
ture reflect the dynamics underlying the function [22,23,31]. 
The changes in the ESR spectra are due to the contact be-
tween the labeled residues and p53. When bovine serum 
albumin was mixed with the labeled azurin, no changes in 
the spectra were observed, indicating that the changes in the 
concentration of the protein, which create a crowded envi-
ronment to some extent, did not induce changes in the spec-
tra. Only upon interaction of azurin with p53 did the spectra 
of azurin change. Comparative analysis of the spectra of the 
spin labeled mutants in solution and in complex with p53 
allows us to detect structural changes in the hydrophobic 
patch upon formation of the p53-azurin complex.  

Upon interacting with p53, the ESR spectra of G45R1 
and G63R1 changed significantly (Figure 4). The S/W ratio 
increased significantly in G45R1, suggesting that p53 inter-
acted with azurin around this site. Crowding at G45R1 in-
duced a reduction in the mobility of the nitroxide label. By 
contrast, the S/W of G63R1 decreased upon interaction of 
p53 with azurin, indicating a reduction in tertiary interac-
tions induced by the movement of the backbone around this 
site. We speculate that the helix in which G63R1 is located, 
rotates during the interaction, such that G63R1 is exposed 
near the surface of azurin where this residue has a greater 
mobility. It seems that a hydrophobic core, around G45R1 
and away from G63R1, is formed for p53 docking. The 
docking induces changes in backbone dynamics around the 
two sites.  

The mobility of nitroxide at the other sites was deter-
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mined by τc (Figure 4). There were no significant changes 
in τc for V49R1, S51R1 and V59R1, which are located deep 
in the hydrophobic patch. This indicates that the residues 
around the opening of the patch, but not those in the interior 
of the patch, are involved in the interaction. The mobility of 
the nitroxide at A65R1 did not change significantly upon 
interaction with p53, indicating that the hydrophobic core 
formed for docking p53 is located distal from residue 
A65R1. 

All six double mutants constructed based on M(C112S) 
had marked cytotoxicity towards J774 cancer cells, indicat-
ing that the introduction of cysteines in spin labeling did not 
disrupt the structure and function. It is interesting to note 
that secondary mutagenesis at residues 45, 59 and 63 
slightly increased the cytotoxicity of azurin, indicating that 
these amino acids in the hydrophobic patch are important 
for determining the cytotoxicity of azurin. It should be 
noted that residues 45 and 63 are located around the open-
ing of the hydrophobic patch, not deep within the patch. 
This result is in accordance with ESR spectra from the spin 
labeling experiment, which showed that G45R1 and G63R1 
changed significantly during the interaction of azurin with 
p53. Further experiments are underway to examine whether 
the enhanced cytotoxicity of azurin after mutagenesis of 
residues 45, 59 and 63 is due to an increase in the stabiliza-
tion of p53 upon binding with azurin, which in turn results 
in an enhancement of the intracellular levels of p53. 

In conclusion, using SDSL we have described the topog-
raphic structure around the hydrophobic patch of azurin in 
solution and provide direct evidence that azurin interacts 
with p53 via its hydrophobic patch. Studies of the cytotox-
icity of azurin mutants towards J774 cancer cells indicated 
that the amino acids of the hydrophobic patch are important 
for their cytotoxicity. 
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