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How protein structure affects redox reactivity: 

example of Human centrin 2. 

Abdeslam Et Taouila,e, Emilie Brunb, Patricia Duchambonc, Yves Blouquitd, 
Manon Gillesb, Emmanuel Maisonhautea*, Cécile Sicard-Rosellib* 

Electron transfer inside proteins plays a central role in their reactivity and biological 

functions. Herein, we developed a combined approach by gamma radiolysis and 

electrochemistry which allowed a deep insight into the reactivity of Human centrin 2, a 

protein very sensitive to oxidative stress and involved in several key biological processes. This 

protein bears a single terminal tyrosine and was observed to be extremely sensitive to ionizing 

radiations, leading to a tyrosine dimer. By cyclic voltammetry in the 100-1000 Vs-1 range, its 

redox potential and dimerization rate could be evaluated. Accordingly, reaction in solution 

with a redox mediator revealed an efficient catalysis. Finally, the protein denaturation by a 

progressive increase in temperature was proportional to a decrease of dimerization radiolytic 

yield. Our results thus demonstrated that the protein structure plays a major role in the 

oxidation sensitivity. This leads to meaningful results to understand protein redox reactivity. 
 

Introduction 

The way the protein core affects the chemical reactivity of a 
specific site is a central question of modern biophysical 
chemistry. For example, even if enzymatic reactions are most 
often performed by an "active site", the whole enzyme pocket is 
crucial for selectivity and has also an influence on the 
activation barrier.1-3 The same question of the protein core 
influence arises for redox systems, where electron transfer(s) is 
(are) possibly coupled to proton exchange(s).4, 5 A wide number 
of small synthetic biomimetic systems have been investigated 
either by photochemical or electrochemical methods.6-10 
Nevertheless, electrochemical investigations usually require 
submillimolar concentrations and several milliliters of solution, 
conditions not often accessible for proteins. In addition, for 
large systems, electrode passivation often hinders in-depth 
mechanistic studies and often requires specific tailoring of the 
interface.11, 12  
Another alternative to induce redox processes in biological 
systems stems from radiolysis13-18 which allows to produce 
specifically and quantitatively oxidative or reductive species.19, 

20 In this context of increasing interest for redox properties of 
proteins, we address in this paper electrochemical and 
radiolytic investigations onto Human centrin 2 (Hscen2), a 
protein that belongs to the calciprotein superfamily. It is 
implicated in important biological processes such as DNA 
nucleotide excision repair21-23 and cell division.24 Hscen2 is a 
20 kDa two-domain acidic protein of 172 amino-acids. 
Structural studies by X-ray crystallography and NMR allowed 
to determine almost all the structure of Hscen2 and revealed 

that it includes seven alpha-helices.25-28 Most important for 
redox properties, it contains a single tyrosine (Tyr 172) in 
terminal position but no tryptophan nor cysteine so that redox 
reactions mainly concern Tyr 172.  
It has been demonstrated that oxidative stress agents29, 30 or 
ionizing radiations31 induce centrosome functioning 
abnormalities, and Hscen2 seems to be linked to centrosome 
defects.32, 33 Identifying the exact impact of oxidative species 
onto Hscen2 appears then very important. This work brings 
new features about the radiolytic sensitivity of Hscen2 in 
complement with previous studies and for the first time 
explores also the electrochemical behavior of this protein. In 
the following, we first compare the radiosensitivity of Hscen2 
with isolated tyrosine using a radiolytic approach. Then, we 
oxidize the protein by electrochemical methods, either directly 
at the electrode or by redox catalysis. Finally, we follow 
concomitantly protein unfolding and reactivity as a function of 
temperature. 
 

Results and discussion 

γγγγ irradiation of Hscen2 and tyrosine 

Reactive oxygen species (ROS) such as hydroxyl radicals HO• 
can be produced ex vivo by radiolysis. This radical is 
nevertheless poorly selective as its redox potential is extremely 
high (2.78 V vs SHE)34, 35 which allows electron transfer onto 
numerous aminoacids. Moreover, it can also induce radical 
reactions such as H abstraction or addition.34 To better control 
the reactive paths, the N3

•/N3
- system having a much lower 

redox potential (1.31 vs SHE) can also be used.15, 16 For that, 
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the primary species produced by water radiolysis need to be 
scavenged to form azide radicals as described in scheme 1.36, 37 
Indeed, electrons and hydrogen atoms react with N2O to 
produce HO• that further attacks N3

- to finally produce N3
•. 
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Scheme 1. Radical reaction cascades induced by γ irradiation of an 
aqueous solution containing N2O and N3

- and corresponding rate 
constants.  
 
In former studies, Hscen2 oxidation was shown to lead to 
dimers and other higher molecular mass species, dimer 
formation being largely favored for lower doses. Mass 
spectrometry revealed that resulting dimers are formed from 
covalent bonding between C-terminal tyrosine Tyr 172 residues 
of each monomer, at α position from hydroxyl group. The same 
coupling was previously described by Sharma and Jain for an 
isolated tyrosine.38 This suggested a mechanism for which one 
electron and one proton are removed from Hscen2, followed by 
a dimerization of the neutral radical. Thus, as expected for 
N3

•,39 the tyrosinyl residue is the preferential site of oxidative 
attack of the protein.16  Methionine entities inside proteins have 
a much larger redox potential (above 1.4 V vs SHE)40, 41 than 
tyrosine and only Met19 was shown to be a sensitive minor site 
of oxidation. Interestingly, Hscen2 was shown to be sensitive to 
much lower oxidative radical concentrations than other 
proteins.42, 43 
For a complete comparison with previous investigations, we 
performed here similar irradiations for tyrosine and Hscen2. 
They were submitted to γ irradiation in phosphate buffer at pH 
7.0 and oxidized by N3

•.  
As previously observed, radiolytic oxidation led to the 
formation of dityrosines. Reactant consumption and products 
apparition were measured differently according to the sample. 
Reaction products were quantified by HPLC for isolated Tyr. 
Hydrophobic separation showed that in addition to tyrosine 
signal, a dimer and for higher doses a trimer, were formed as 
already reported.15, 44  Integration of the 280 nm absorption 
signal, taking into account the molar extinction coefficients 
already determined,16, 45 allowed us to quantify tyrosine 
disappearance and dimer formation. For Hscen2 these analysis 
were performed by integrating gel electrophoresis signals of 
monomeric and dimeric centrins.17  
The radiolytic yields are a direct measurement of reactant 
consumption and product apparition. We measured the yield of 
disappearance of Hscen2 and tyrosine and obtained: G(-Hscen2) = 
0.57± 0.05 µmolJ-1 and G(-Tyr) = 0.27 ± 0.04 µmolJ-1 (see figure 
S1a in ESI) which surprisingly suggests that Hscen2 may be 
more reactive than tyrosine. Respective dimer formation yields 
were G(Hscen2Dimer) = 0.26 ± 0.02 µmolJ-1 and G(TyrDimer) = 0.046 
± 0.002 µmolJ-1 (see figure S1b). These results point out first 
the great difference between both samples and second the 
higher sensitivity of Hscen2 towards oxidation. In addition, 
since G(Hscen2Dimer) is almost half  G(-Hscen2), dimerization is the 
only radical pathway for Hscen2, which is not the case for 
tyrosine, suggesting the presence of other oxidation by-products 
not detected in our conditions. Since redox potentials for 
tyrosine is well below the one of N3

•/N3
-, we suggested that the 

initial tyrosine may be formed back from the radical through 

reaction with one of those products. Observing a stronger 
sensitivity for a much larger entity despite possible steric 
constraints appears very counterintuitive. Therefore, we 
examined the redox behavior of Hscen2 in comparison with 
tyrosine from a molecular electrochemical approach in order to 
examine the influence of thermodynamic (standard potential) 
and kinetic (rate constants) parameters onto the global 
reactivity. 
 
Direct electrochemistry 

One of the simplest way to measure the redox potential of an 
unstable intermediate is to get a reversible wave in cyclic 
voltammetry.46, 47 Despite the difficulty of extracting 
voltammetric signals with natural proteic systems without 
specific engineering of the system or the interface,11, 48 we 
attempted to oxidize Tyr 172 directly at the electrode surface.  
In fact, we obtained no signal for Hscen2 at 0.2 mM 
concentrations with glassy carbon or platinum electrodes. 
Surprisingly, as depicted in figure 1 and figure S2, for Hscen2, 
a backward peak was obtained on a gold microelectrode 
(diameter 125 µm) when increasing the scan rate v above 100 
Vs-1. This could highlight a specific interaction of Hscen2 with 
gold. As ten methionine residues are present along Hscen2 
sequence,  they could be responsible for strong interactions 
between the protein and the gold electrode surface.49 
Nevertheless, even if the redox potential of methionine may be 
affected by the protein structure,41 it remains probably too high 
to induce a faradaic current in the potential window explored by 
cyclic voltammetry. These voltammograms present clear 
reversible behavior showing Hscen2 radicals that were stable 
during the time scale of cyclic voltammetry (on the order of 
RT/(Fv)).  
 

 
Figure 1. Cyclic voltammograms at 1000 Vs-1 in water containing 0.2 
mM Hscen2 + 0.2 M NaCl on a 125 µm diameter gold microelectrode. 
Experimental (red solid line) and simulated (blue circles) currents. The 
background current is subtracted. Simulation parameters: E0 = 0.675 V 
vs AgCl/Ag diffusion coefficient DHscen2 = 8.2x10-7 cm2s-1, kdim = 
4.5x103 Lmol-1s-1, layer thickness = 180 nm, [Hscen2] = 65 mM. pH = 
7.5. 
 
Conversely, for tyrosine we could not obtain any reversibility 
of the signal in cyclic voltammetry (see figure S3). As expected 
for low concentrations, the background signal (proportional to 
v) becomes predominant over the faradaic one (proportional to 
v1/2) for scan rates larger than 100 Vs-1, hindering any 
reversibility observation. This demonstrated a much smaller 
lifetime of the free tyrosine radical. By pulse radiolysis, some 
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of us measured  indeed a fast dimerization rate of 5x108 Lmol-

1s-1.50 This rate is slightly lower but in line with what was 
demonstrated at neutral medium for phenolic compound 
oxidation which involves a one-electron one proton loss 
followed by a fast dimerization rate evaluated to ca. 1.3x109 
Lmol-1s-1 which was very close to the diffusion limit.51 These 
results testify for the higher radical stability in the case of the 
protein compared to isolated tyrosine. 
 
For Hscen2, a quantitative analysis reveals that the current 
densities were much higher than what can be expected for a 0.2 
mM concentration of the protein. The possibility that the signal 
stemmed only from a single adsorbed monolayer could be 
excluded since then unrealistic molecular coverages, much 
higher than what can be expected from the size of Hscen2 
(roughly a cylinder with a 3 nm diameter and 6.6 nm height), 
would need to be introduced. Any contribution from the 
background current or direct gold oxidation could also be 
excluded since there was no faradaic signal using a blank 
solution without Hscen2. This suggested that a more 
concentrated layer of proteins was present at the electrode 
surface.  
Electrochemical simulations were in agreement with 
experimental data considering a 180 nm thick protein layer. The 
estimated concentration determined for this layer was 65 ± 5 
mM. Accordingly, these simulations justify the absence of any 
signal at low scan rates. We were concerned by the fact that 
Hscen2 tends to make non-covalent aggregates in high ionic 
strength solutions.25 We thus explored the behavior of 
∆25centrin2. This protein is very similar to Hscen2 except that 
the first 25 residues are removed. The lack of these amino acids 
prevents this protein from aggregation in the bulk solution but 
the final tyrosine residue is still active towards oxidation.15 
Nevertheless, a similar trend to film formation on the gold 
surface was observed, with film thickness and concentrations of 
respectively 180 nm and 59 ± 5 mM. Experimental and 
simulated cyclic voltammograms are presented in figures S4 
and S5. This observation suggest that non-covalent centrin 
aggregates and consequently N-terminal residues are not the 
cause of film formation on the electrode.  
Our hypothesis is then that even if we checked that in the bulk 
the solution is still homogeneous, a film could be formed onto 
the electrode surface. Electrochemical simulations led to a 
value of E°app =675 ± 20 mV vs AgCl/Ag for Hscen2 apparent 
redox potential. Literature reports an apparent redox potential 
for tyrosine of about 730 mV vs AgCl/Ag.52, 53 Supposing the 
same oxidation mechanism for radiolysis and electrochemistry 
(i.e. one electron oxidation and dimerization of tyrosinyl 
residue), it seemed that the tyrosinyl residue from Hscen2 had a 
lower oxidation potential than tyrosine itself. Such effect has 
already been observed for short peptides and proteins 
incorporating tyrosine entities52 but such slight difference could 
nevertheless not explain the difference of reactivity compared 
to tyrosine. In agreement with observation of reversibility in the 
100-1000 Vs-1 range and the concentration inside the film, the 
dimerization rate constant is estimated to be kdim = 4.5 ± 1x103 
M-1s-1, thus much smaller than the nearly diffusion limited 
value estimated for tyrosine. In order to react, both radicals 
should indeed be in close proximity. It is likely that sterical 
constraints due either to the film or to rotational diffusion 
prevented a favorable orientation of tyrosinyl residues, 
justifying such slow reactivity as already proposed.15 
This section presented for the first time that within Hscen2, the 
tyrosine moiety kept its electroactivity with a smaller but close 

standard potential compared to tyrosine which is a first 
important indication. Nevertheless, the peculiar conditions into 
which reversible voltammograms were obtained required the 
use of complementary observations by redox catalysis for 
which electron transfer occurs in the bulk solution in a similar 
manner compared to radiolysis.  
 
Insights from redox catalysis 

Homogeneous redox catalysis was then used to gain further 
insight about reactivity of Hscen2 in solution. In this technique, 
a redox mediator, here Os(bipy)3

2+ was oxidized at the 
electrode. It further reacted in solution with Hscen2 to 
regenerate the original reduced form of the mediator that could 
start another cycle. The current amplification is therefore 
directly correlated with the reaction rate. For that purpose, we 
used Indium Tin Oxide (ITO) electrodes for which phosphate 
adsorption totally blocks the direct electron transfer from 
Hscen2.9, 10 Os(bipy)3

2+ could nevertheless be quantitatively 
oxidized and mediate electron transfer towards Hscen2 
according to scheme 2:46 
 

Scheme 2. Redox catalysis of Hscen2 oxidation. 
 
Figure 2 presents the voltammograms obtained for a solution 
containing 11 µM Os(bipy)3

2+ and 100 µM Hscen2 at different 
buffer concentrations. Efficient regeneration of the catalyst at 
the electrode is evidenced by a current increase with buffer 
concentration and loss of reversibility of the oxidation wave. 
We observed that the catalytic rate depends on the buffer 
concentration for a constant pH. 
 
Within the simplified analysis in the frame of scheme 2, we 
could even determine by digital simulations the apparent 
catalytic rate constant kapp, relying on the redox potential 
determined for Hscen2 in the previous section. We found 
respectively kapp = (6.9 ± 0.2)x104, (9.8 ± 0.2)x104 and (1.7 ± 
0.2)x105 Lmol-1s-1 for 10, 50 and 100 mM buffer concentration. 
The excellent fits obtained in figure 2 validated our analysis.  
 

 
Figure 2. Experimental cyclic voltamograms of 11 µM Os(bpy)3

2+ 
(black solid line) and in the presence of 0.1 mM Hscen2 with 10 mM 
(blue), 50 mM (green) and 100 mM (red) of phosphate buffer at pH 
7.5 in 0.1 M NaCl aqueous solution. An ITO electrode was used in 
order to block direct electron transfer. Scan rate 100 mVs-1. Symbols: 

Os(bipy)3
2+
  -  e

-
  Os(bipy)3

3+
 

Os(bipy)3
3+
 +  Hscen2 Os(bipy)3

2+
   +   Products

kapp
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corresponding simulated cyclic voltammograms. 
 
We also performed a similar experiment with tyrosine as 
reported in figure S6. We observed larger catalytic currents in 
that case. The sole consideration of a larger diffusion 
coefficient for tyrosine could not explain the 4-5 fold current 
enhancement compared to Hscen2. Tyrosine oxidation 
mechanism has already been deeply studied by Fecenko et al. 
who also used homogeneous redox catalysis with various 
electrochemical mediators.9, 10 They concluded that 
homogeneous oxidation of tyrosine occurs in two steps: (1) 
association of tyrosine with the base form of the buffer 
(presumably via H-bonding) (2) the formed complex can react 
either via concerted loss of electrons and protons or via rate-
limiting proton transfer followed by electron transfer. 
Conversely, Saveant and co-workers examined phenol 
oxidation in buffered or not media and found a concerted 
mechanism.4, 7 We believe in fact that when buffer 
concentration is high, proton transfers are probably at 
equilibrium so that variation of the reaction rate at fixed pH and 
driving force indicated a concerted path. 
 
With Hscen2 the current increased with buffer concentration, 
but still remained much smaller than the one measured for 
tyrosine. This trend suggested again that the protein backbone 
may stabilize tyrosinyl radical, avoiding side reactions and 
justifying agreement between Hscen2 consumption and dimer 
apparition at low doses. This would explain a small assistance 
by the buffer which is possibly here replaced by the protein. 
Our analysis also revealed that electron transfer between OsIII 
and Hscen2 could be followed or concerted with an irreversible 
reaction, probably the proton exchange. Indeed, for an efficient 
redox catalysis, there must be a fast (and even better 
irreversible) reaction to pull electron transfer. Even if here the 
dimerization rate may be larger than determined in the previous 
section, we did not expect it to vary by several orders of 
magnitude so as to drive the catalysis. The rate determining 
step then occurred necessarily prior to dimerization. 
 
Influence of temperature. 

In order to confirm the important role of the protein backbone 
in the reaction, we determined the dimerization yield of Hscen2 
as a function of its secondary structure. This was performed by 
increasing the temperature that induces a loss of alpha helices 
content in Hscen2 as confirmed by circular dichroism. Figure 
S7 and figure 3 revealed a linear decrease of alpha helix content 
with the temperature indicating a progressive unfolding. 
Considering a native structure at 5°C, Hscen2 lost 60 % of 
alpha helices at 80°C which proved its high temperature 
resistance compared to other proteins.54 In parallel, we also 
followed the percentage of dimer yield formation 
(G(Hscen2Dimer)/2G(-N3•)) with temperature, and found that it 
matched the circular dichroism data, as evidenced in figure 3. 
Therefore, it seems that a loss of structure increased the degree 
of side reactions. 
This suggested a very important role of proximal amino-acids. 
Nevertheless, from X-Ray or NMR protein structure it was not 
possible to point out the residues implicated as the centrin C-
terminal Tyr residue is in a very flexible region.26-28 Hence, this 
experiment confirmed the crucial role of the whole protein 
structure and hydrogen bonds on Tyr 172 reactivity suggesting 
again that proton transfers could also play a key role in the 
electron transfer mechanism.  
 

 
Figure 3. Comparison of dimerization yield and unfolding of 
Hscen2. Dimer yield corresponds to the ratio G(Hscen2Dimer)/2G(-

N3•) for each temperature and was divided by the value obtained at 
5°C. Circular dichroism ratio is the percentage of alpha helices 
content (signal at 222 nm) considering 100% at 5°C. pH = 7.0. 
Straight line represents a linear fit of the dimer yield. 
 
 
Conclusions  
 
Extracting mechanistic information onto large native biological 
systems is often tricky because many reaction pathways can be 
simultaneously activated leading to a large number of products. 
In this way, Hscen2 appeared as a model system since a single 
product, a tyrosine dimer could be identified upon oxidation. It 
was produced stoechiometrically with azide radical, a mild 
oxidant. For the same irradiation dose, more dimer was 
produced compared to isolated tyrosine. The dimer yield 
decreased as the protein was denatured by a temperature 
increase. Those results pointed out the major influence of the 
protein structure for the redox reactivity and selectivity. They 
also reinforce the idea of a peculiar role of this protein towards 
biological oxidative stress agents. By transient 
electrochemistry, we measured a slightly lower standard 
potential compared to tyrosine but a much slower chemical 
coupling between the radicals. Such low difference between 
redox potentials could however not explain solely the 
differences observed for both systems. We also observed an 
efficient redox catalysis further confirming the reactivity of 
Hscen2. It may seem surprising to detect a larger sensitivity 
despite a lower reactivity. However, with tyrosine, radical 
reactivity is less oriented so that several products are formed, 
and among them the starting tyrosine. Conversely, we propose 
that Hscen2 radicals are stabilized but still reactive. The 
reaction would then be directed towards a single reaction path, 
here a dimerization. These major deductions could be achieved 
thanks to an unprecedented methodology combining gamma 
radiolysis and electrochemistry. In the future, other biological 
systems may benefit from such combined approach. 
 

Experimental 

Human centrin 2 (total and ∆25) production in E. Coli and 
purification were already described previously.15 
To quantify tyrosine dimer formation, chromatographic 
experiments were performed on an HPLC (Beckman 168) in 
reverse phase (Kromasil C18 5µm 250x4.6 mm) with a gradient 
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between two elution buffers A (0.1% TFA) and B (0.1% TFA, 
70% acetonitrile). The samples were submitted to the following 
gradient with a 1 mLmin-1 flow rate: 0% B during 5 min, 0-
30% B in 5 min, 30-50% B in 20 min, 50-100% B in 5 min. 
The absorbance was simultaneously recorded at 214 and 280 
nm. 
For radiolysis experiments, 50 µM tyrosine or centrin solutions 
were prepared in 10 mM phosphate buffer at pH 7.0. All 
samples were flushed with N2O gas for one hour, avoiding 
bubbling in the solution, in order to obtain a complete 
saturation of the samples. To provide azide radicals, 10 mM 
NaN3 was added to the buffer. 
Gamma radiolysis experiments were performed on a panoramic 
60Co source (IL60PL Cis-Bio International). Doses were 
determined with a Fricke dosimeter37 taking into account the 
container used to maintain the desired temperature (water or 
sand bath). The dose rate was 2 Gy.min-1. Also, temperature 
changes were taken into account to determine the radical yield 
of formation.  
Circular dichroism spectra of 0.1 mgmL-1 of Hscen2 samples in 
10 mM sodium phosphate pH = 7.4 were recorded from 5°C to 
80°C with a J-710 Jasco spectrometer continuously purged with 
N2 and equipped with a Peltier temperature controller. The cell 
optical path was 1 mm. Each spectrum corresponds to the 
average of three scans recorded between 185 and 250 nm. 
Spectrum of the buffer alone was also recorded in the same 
conditions for each temperature and subtracted to Hscen2 
dichroic spectra. To quantify dimer formation, SDS-PAGE 
electrophoresis was run on 12% acrylamide-bisacrylamide gels 
with a Tris-Tricine buffer under non–reducing conditions. 10 
µg of protein were deposited in each well of the gels. Staining 
was done with Coomassie Blue R-250 according to standard 
procedures. 
Electrochemical experiments were carried out using Autolab 
PGSTAT 100. The electrochemical cell volume was 500 to 
1000 µL. The working electrode was a 125 µm diameter 
circular-shaped gold microelectrode for cyclic voltammetry and 
a 0.44 cm² ITO electrode for homogeneous catalysis redox 
experiments. A small home-made AgCl/Ag in a 3M KCl agar-
agar gel was used as reference electrode, excepted for direct 
electrochemistry with tyrosine for which we resorted to a 
commercial saturated calomel electrode (SCE) All reference 
electrodes were calibrated versus a specific SCE used only for 
calibration prior experiment. A platinum wire was used as 
reference and counter electrodes. The supporting salt was NaCl 
at a concentration of 0.2M for cyclic voltammetry and 0.1M for 
homogeneous redox catalysis. Hscen2 concentrations were 0.2 
mM and 0.1 mM for cyclic voltammetry and homogeneous 
catalysis redox experiments, respectively. It is important to note 
that electrochemistry requires higher protein concentrations 
compared to radiolysis experiments in order to get correct 
signal/noise ratios. Therefore, the available amount of Hscen2 
did not allow a large number of experiments which had to be 
chosen carefully and realized quickly as the protein keeps in a 
stable state in buffer solutions only for few hours. Os(bpy)3

2+ 
was synthesized using published procedures.55 Simulations 
were realized using the commercial software DigiElch 
Professional. Since diffusion coefficient of Hscen2 is not 
available to the best of our knowledge, we relied on the one 
determined by a new NMR technique for a protein of similar 
molecular weight: 8.2x10-7 cm2s-1.56  
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Human centrin 2 is a protein very sensitive to oxidative stress. Protein reactivity is unraveled by 

gamma radiolysis and electrochemical techniques. 
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