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Abstract

The CuA center is the initial electron acceptor in cytochrome c oxidase, and it consists of two 

copper ions bridged by two cysteines and ligated by two histidines, a methionine, and a carbonyl 

in the peptide backbone of a nearby glutamine. The two ligating histidines are of particular interest 

as they may influence the electronic and redox properties of the metal center. To test for the 

presence of reactive ligating histidines, a portion of cytochrome c oxidase from the bacteria 

Thermus thermophilus that contains the CuA site (the TtCuA protein) was treated with the 

chemical modifier diethyl pyrocarbonate (DEPC) and the reaction followed through UV–visible, 

circular dichroism, and electron paramagnetic resonance spectroscopies at pH 5.0–9.0. A mutant 

protein (H40A/H117A) with the non-ligating histidines removed was similarly tested. Introduction 

of an electron-withdrawing DEPC-modification onto the ligating histidine 157 of TtCuA increased 

the reduction potential by over 70 mV, as assessed by cyclic voltammetry. Results from both 

proteins indicate that DEPC reacts with one of the two ligating histidines, modification of a 

ligating histidine raises the reduction potential of the CuA site, and formation of the DEPC adduct 

is reversible at room temperature. The existence of the reactive ligating histidine suggests that this 

residue may play a role in modulating the electronic and redox properties of TtCuA through 

kinetically-controlled proton exchange with the solvent. Lack of reactivity by the metalloproteins 

Sco and azurin, both of which contain a mononuclear copper center, indicate that reactivity toward 

DEPC is not a characteristic of all ligating histidines.
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Electron transport chains are integral components of both respiratory and photosynthetic 

processes in many forms of life. In the respiratory electron transport chain (ETC), as 

electrons are transferred through a series of redox centers, protons are translocated across a 

membrane to create an electrochemical gradient that drives the formation of ATP [1, 2]. 

Cytochrome c oxidase (CytcO) is a terminal electron acceptor, catalyzing the reduction of 

molecular oxygen to water while contributing to the proton motive force required for ATP 

synthesis. In the ba3-type CytcO found in Thermus thermophilus, the CuA center is located 

in subunit II on the P (positive) side of the plasma membrane, where it accepts an electron 

from cytochrome c and transfers it to heme b [2]. The electron is then transferred to the 

heme a3/CuB site where molecular oxygen is reduced to water. Four protons from the N 

(negative) side of the membrane are consumed as substrates in the process, and two protons 

(in ba3-type oxidases) are pumped across the membrane for every four electrons delivered 

from cytochrome c [3].

The properties and redox activities of the initial electron acceptor in CytcO, the CuA site, are 

of particular interest. The CuA site of cytochrome c oxidase is located in a solvent-exposed 

domain of subunit II (Fig. 1). The center is made up of two copper ions bridged by two 

cysteines (Cys149 and Cys153 in T. thermophilus) and ligated by two histidines (His114 and 

His157), a methionine (Met160), and the peptide backbone carbonyl of a nearby glutamine 

(Gln151) (Fig. 1) [4–7]. When oxidized, CuA is in a mixed valence state; the center formally 

contains one Cu1+ and one Cu2+, but the single unpaired electron is completely delocalized 

between the two coppers, producing a charge-delocalized Cu+1.5–Cu+1.5 or class III state [7, 

8]. The native oxidized form of TtCuA, the soluble portion of subunit II of the ba3-type 

cytochrome c oxidase from T. thermophilus, has a purple color, a distinct axial electron 

paramagnetic resonance (EPR) signal with a seven-line hyperfine structure [8], and UV 

absorption bands at 365, 477, 530, and 790 nm [4, 7, 9]. The characteristic purple color and 

distinct EPR signal are lost upon reduction to a Cu1+–Cu1+ state [5]. CuA sites have been 

successfully engineered into other blue copper proteins such as azurin from Pseudomonas 
aeruginosa (CuA azurin), allowing for study of the dinuclear metal center in other model 

systems [10]. Interestingly, the electronic properties of the CuA site in both TtCuA and CuA 

azurin are pH and temperature dependent [4, 11–14]. By contrast, the TtCuA reduction 

potential is resilient to changes from pH 4–7 [13] while CuA azurin shows a dramatic pH-

dependence to its reduction potential in this same pH range [11].

To investigate the importance of the ligating histidines in controlling the electronic and 

redox properties of the CuA site, the nucleophilic reactivity of the two ligating histidines in 

TtCuA was probed by exposing the protein to diethyl pyrocarbonate (DEPC) over a range of 

pH values. DEPC is a chemical modifier that reacts with deprotonated histidines to add a 

carboethoxy group to a ring nitrogen [15, 16]. Reactive histidines are defined by a 

nucleophilic nitrogen that is at least transiently available to react with DEPC, allowing for 

their modification. Previous work with the T. thermophilus Rieske protein from complex III 

of the ETC (truncTtRp) revealed that the histidines ligating the [2Fe–2S] cluster react with 

DEPC and that modification with DEPC leads to reduction of the metal center, presumably 

due to a significant change in reduction potential upon DEPC modification [17]. Thus we 

sought to determine whether the ligating histidines at the CuA site, which is solvent-exposed, 

dinuclear, and involved in electron transfer like the [2Fe–2S] center in Rieske, would also be 
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reactive toward DEPC. A scheme for the formation of the DEPC adduct with the more 

solvent-exposed His157 in TtCuA and the reversal of this reaction by a base, such as sodium 

hydroxide, is shown in Fig. 1. The resulting adduct can be identified spectroscopically as an 

increase in absorbance in the 230–250 nm range, and the number of modified histidines can 

be determined using the molar absorptivity of the adduct at 240 nm (ε240 = 3200 M−1 cm−1) 

[15]. The effect of chemical modification may also be observed as changes in the visible 

circular dichroism (CD) spectrum. Importantly, DEPC does not exclusively react with 

histidines; it also known to react with tyrosines, lysines, and the N-terminus of proteins [15, 

16]. TtCuA (PDB code 2CUA) [7] has four solvent-accessible histidines, two of which, 

His114 and His157, are ligating the copper ions (Fig. 1). One of the remaining non-ligating 

histidines, His40, is not conserved, and the final histidine, His117, resides about 10 Å from 

the cluster. Neither non-ligating histidine is expected to influence the structure or redox 

properties of the CuA metal center.

As the initial electron acceptor in cytochrome c oxidase, the reduction potential and 

reorganization energy of the CuA center are fine-tuned for long-range electron transfer from 

cytochrome c to heme a/b [18–20]. Therefore, the histidines ligating this dinuclear metal 

center may play a role in modulating its essential electronic properties, and their 

susceptibility to chemical modification could elucidate this role. To probe this reactivity, 

varying amounts of DEPC were reacted with the TtCuA protein and a double mutant with 

the two non-ligating histidines mutated to alanines (H40A/H117A). A reactive ligating 

histidine at the CuA site, as identified by successful DEPC modification, requires that the Nε 

atom of the ligating histidine to be at least transiently deprotonated near physiological pH. 

The reactive histidine may indicate a location that supports proton-coupled electron transfer 

(PCET) in CytcO. Alternatively, a reactive ligating histidine in TtCuA may play a role in 

regulating the electronic and redox properties of the metal center based on local pH 

fluctuations.

Experimental methods

Mutagenesis of TtCuA, TtSco, and azurin

Mutations to the non-ligating histidines in TtCuA, TtSco, and azurin were made using the 

QuikChange II site Directed Mutagenesis Kit (Agilent Technologies). All mutants and the 

primers used to make them are listed in Table 1. Successful PCR amplification was verified 

by running the PCR product on a 1% agarose gel stained with ethidium bromide. PCR 

products were then digested with Dpn1 and transformed into QuikChange XL1-Blue super 

competent cells (Agilent Technologies) according to kit instructions. Plasmids were 

extracted using a High Speed Plasmid Mini Kit (IBI Scientific) and sequenced to confirm 

the mutations.

Growth and purification of TtCuA and mutants

The TtCuA protein and H40A/H117A were expressed and purified as was described 

previously for TtCuA [9], with a few minor changes. First, the expression plasmid contained 

an ampicillin resistance gene instead of a kanamycin gene, and is the parent plasmid used 

previously to study TtSco function [21]. Secondly, the sample regularly needed further 
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purification after the CM column. When necessary, the sample was further purified over an 

SHP cation exchange column (HiTrap SP HP 5 mL column, GE Healthcare) on an FPLC at 

4 °C equilibrated with 50 mM sodium acetate, 0.02% Tween, pH 4.6 and eluted with 50 mM 

sodium acetate, 1 M NaCl, 0.02% Tween, pH 4.6 at a 14% gradient. The purity was verified 

using a 12% Bis–Tris SDS-PAGE gel (Invitrogen). Impure fractions were further purified 

over a HiLoad 16/600 Superdex 75 size-exclusion column (GE Healthcare) equilibrated and 

eluted with 50 mM sodium acetate, 100 mM NaCl, pH 4.6. Final purity was verified with a 

SDS-PAGE gel. Samples were quantified using the Edelhoch method [22, 23] and stored at 

−20 °C.

Growth and purification of TtSco and mutants

pET30 plasmids containing kanamycin resistance and His-tagged TtSco or H6A/H100A 

were grown and purified as was described for other TtSco mutants previously [21], except 

that MMTS was not added to the lysis mixture to cap the thiols. The proteins were 

quantified using the Edelhoch method [22, 23].

To make the holo Sco protein, copper was anaerobically added to the apo protein after 

purification. In an anaerobic glove bag, the protein was reduced with a 10× molar excess of 

dithiothreitol (DTT) for an hour then run over a PD-10 column (GE Healthcare) to remove 

the DTT. CuSO4 was added anaerobically in a 1:1.1 mol ratio of protein to Cu2+, and the 

formation of holo TtSco was confirmed by the appearance of a pale pink color and a peak 

centered at 358 nm in the UV–visible spectrum.

Growth and purification of azurin

Azurin from Pseudomonas aeruginosa was expressed in E. coli and then purified in a manner 

similar to that described elsewhere [24, 25]. Briefly, BL21(DE3) E. coli cells were 

transformed with a pET-9a vector, originally from the laboratory of the late Professor John 

H. Richards, containing a gene encoding azurin from Pseudomonas aeruginosa. Peri-plasmic 

expression was used so that the azurin could be obtained using an osmotic shock procedure 

[24]. The resulting periplasmic factions were treated with sodium acetate to 25 mM at pH 

4.5 to precipitate less stable impurities and then CuSO4 was added to a final concentration of 

5 mM. Upon addition of the copper, the azurin solution turned a deep blue color. The azurin 

solution was centrifuged to remove any remaining precipitate.

The azurin was dialyzed into 25 mM sodium acetate at pH 4.5 and then purified on a CM 

Sepharose Fast Flow cation exchange column (bed volume of 15 mL, GE Healthcare) 

equilibrated with 25 mM sodium acetate, pH 4.5 and eluted with 25 mM sodium acetate, 50 

mM NaCl, pH 4.5. Azurin can also bind adventitious zinc ions during isolation of apo 

azurin. To remove any Zn-bound azurin, the protein was dialyzed into 15 mM sodium 

acetate at pH 4.5 and then the Cu-azurin was reduced using excess sodium dithionite. The 

protein was then purified using a SHP cation exchange column (HiTrap SP HP 5 mL 

column, GE Healthcare) on a FPLC at 4 °C and eluted using a 50% gradient from 15 to 300 

mM sodium acetate buffer. The fractions for the first of two chromatographic peaks 

contained copper(I) azurin and were collected and re-oxidized with potassium ferricyanide, 

restoring the blue color. Purity was assessed using an SDS-PAGE gel and UV–visible 
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spectroscopy, for which the desired A628/A280 ratio was greater than or equal to 0.6. 

Concentrations were determined using the UV–visible absorbance and the molar 

absorptivity at 628 nm (ε628 = 5900 M−1 cm−1) [26]. Pure samples were dialyzed into 25 

mM sodium phosphate buffer at pH 8.0 prior to spectroscopic experiments using DEPC. For 

the H35A/H83A and H35A/H83A/F114A azurin mutants, all purification steps were 

identical except that the acetate buffers were at pH 4.1.

UV–visible spectroscopy of DEPC modification reactions

UV–visible data was collected on a Hitachi UV–visible 2900 spectrophotometer. CuA 

samples were dialyzed in 25 mM sodium phosphate buffer at pH 6.0, 7.0, 8.0, or 9.0 or in 25 

mM sodium acetate buffer at pH 5.0. Experiments with Sco were performed in 10 mM 

sodium phosphate, 0.05% Tween buffer at pH 7.0, and azurin was dialyzed into 25 mM 

sodium phosphate buffer at pH 8.0. All samples were diluted to 500 μL of 40 μM protein. 

An initial spectrum was taken before the addition of 1, 3, 5, 10, 20, 100 or 400 equivalents 

of DEPC. The neat DEPC is 6.79 M and dilutions were made in 200 proof ethanol (400 

equivalents of DEPC is at or near a saturating amount of DEPC in aqueous buffer) such that 

the added volume was no more than 5 μL. Measurements were recorded every nanometer 

from 200 to 800 nm every 2 min for 40 min post addition of DEPC. All experiments were 

done in triplicate at 25 °C. The estimated number of DEPC modified histidines per protein 

molecule was calculated using the change in absorbance at 240 nm and the molar 

absorptivity of the DEPC-histidine adduct (ε240 = 3200 M−1 cm−1) [15]. The estimated 

number of modified histidines was then plotted against the corresponding equivalents of 

DEPC (Eq. DEPC) and the resulting curve fit to find the total number of DEPC modifiable 

histidines (TDEPC) and the number of equivalents of DEPC needed to reach one-half of the 

total number of modifiable histidines (KDEPC), using Eq. 1:

Number of Modifiable Histidines = (TDEPC) × (Eq.DEPC)
KDEPC + Eq.DEPC (1)

Circular dichroism spectroscopy of DEPC modification reactions

Circular dichroism experiments were performed on a Jasco J-815 spectropolarimeter. The 

initial spectrum from 300 to 700 nm of each sample of 200 μM TtCuA in 25 mM sodium 

phosphate buffer at pH 6.0, 7.0, 8.0, or 9.0 or in 25 mM sodium acetate buffer at pH 5.0 was 

recorded. After the addition of DEPC, scans were taken from 300 to 700 nm every 2 min for 

30 min. Far UV CD scans of 20 μM protein were recorded from 200 to 260 nm every 5 min 

for 30 min after the addition of DEPC. For TtSco, the spectrum of 100 μM holo protein at 

pH 7.0 was recorded from 250 to 700 nm every 2 min for 90 min after the addition of DEPC. 

Azurin samples at pH 8.0 and a concentration of 100 μM were also monitored from 250 to 

700 nm with a spectrum recorded every 2 min for 90 min after the addition of DEPC. All 

experiments were performed in triplicate at 25 °C.

To investigate the reversibility of the DEPC-histidine adduct in TtCuA, DEPC-modified 

samples at pH 6.0 and 8.0 were left at room temperature for 48 h. CD spectra were obtained 

at 2, 4, 6, 18, 24, and 48 h after the addition of DEPC.
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Electron paramagnetic resonance

TtCuA and H40A/H117A were dialyzed into 25 mM sodium phosphate buffer at pH 7.0 and 

concentrated to a final protein concentration of nearly 1 mM. Modified samples were 

prepared by treatment with 400 equivalents of DEPC. Both modified and unmodified 

samples were cryoprotected with 30% (v/v) glycerol and stored at −80 °C until use. The X-

band (9.38 GHz) continuous-wave (CW) EPR spectra were recorded on a Bruker (Billerica, 

MA) EleXsys E500 spectrometer equipped with a super-high Q resonator (ER4122SHQE). 

Cryogenic temperatures were achieved and controlled using an ESR900 liquid helium 

cryostat in conjunction with a temperature controller (Oxford Instruments ITC503) and gas 

flow controller. CW EPR data were collected under slow-passage, non-saturating conditions. 

The spectrometer settings were as follows: conversion time = 40 ms, modulation amplitude 

= 0.5 mT, and modulation frequency = 100 kHz; other settings are given in corresponding 

figure captions. Simulations of the CW spectra and the following pulsed EPR spectra were 

performed using EasySpin 5.1.10 toolbox [27, 28] within the Matlab 2014a software suite 

(The Mathworks Inc., Natick, MA, USA).

Electrochemical measurements

Gold working electrodes (2 mm-diameter gold surface) were polished with 0.3 μm 

aluminum oxide powder in deionized water (resistivity of 18.2 Ω cm) and then ultra-

sonicated in deionized water for 0.5–1 min. This process was then repeated using 0.05 μm 

aluminum oxide powder. The electrodes were then subjected to electrochemical cycling in 

0.1 M H2SO4 over a range of 0.6–1.85 V vs. the standard hydrogen electrode (SHE) to 

prepare the surface as described elsewhere [29]. Electrodes were rinsed with deionized 

water, then absolute ethanol, and then incubated overnight in parafilm-sealed vials 

containing 10 mM 3-mercapto-1-propanol in ethanol to form a self-assembled monolayer 

capable of interacting with protein at the gold surface.

The thiol-prepared gold electrode was rinsed with 2–3 mL ethanol, then 2–3 mL of 

deionized water. A 10-μL sample of protein solution (160 μM TtCuA in 25 mM sodium 

phosphate buffer, pH 8.0) was micropipetted onto the electrode surface before a Pierce 

minidialysis cup (3000 MWCO) was placed over the tip of the electrode. This approach for 

using small sample volumes in an otherwise typical electrochemical cell has been described 

elsewhere [30]. However, volumes this small also require tapering of the working electrode 

body to 6.2 mm to reach the dialysis membrane. Working electrodes (CH instruments) were 

carefully sanded to achieve the necessary diameter. Also, any superfluous extruded plastic in 

the interior of the dialysis cup was trimmed to facilitate insertion of the electrode into the 

cup.

The working electrode was placed in a glass vial containing degassed buffer solution (under 

argon gas) along with a platinum wire as the counter electrode and a saturated calomel 

electrode (SCE) as a reference. All electrode potentials reported here were converted to the 

SHE using the relationship ESHE = ESCE + 243 mV at 22 °C [31]. The electrochemical cell 

was placed within a grounded Faraday cage and cyclic voltammetry and square wave 

voltammetry were obtained using a CH Instruments electrochemical workstation. Baseline 

correction and peak fitting were carried out using SOAS software [32].
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The same voltammetric measurements were repeated for a sample in which TtCuA was 

mixed with 20 equivalents DEPC. For this modification reaction, a 3.2-M stock solution of 

DEPC in absolute ethanol was diluted 100-fold in buffer, and then a small volume of this 

solution was added promptly to the protein solution to give the desired 20:1 ratio of DEPC 

to TtCuA. Voltammetry was carried out on 10 μL of this sample as soon as practical after 

mixing (approximately 1 min) and then repeated at increasing time intervals. After 50 min, a 

new 10 μL aliquot from the reaction mixture of DEPC and TtCuA was examined using a 

fresh electrode.

Solvent accessibility calculations using GetArea

For all proteins used in this work, the solvent accessibility of the histidine residues was 

determined using the GetArea program [33]. In each case, previously determined structures 

were used: 2CUA [7] for holo TtCuA, 2LLN [34] for apo TtCuA, 2K6 V [35] for TtSco, 

1AZU [36] for wild type azurin, 1AZN [37] for F114A azurin, 3FOU [38] for truncTtRp, 

Human Cu(I)-Sco 2GT6 [39], Human Zn(II)-Sco 2GQL [39], and Yeast Cu(I)-Sco 2B7J 

[40]. For apo TtCuA and TtSco and the Zn(II)- and Cu(I)-bound Human Sco, solution 

structures from NMR measurements were used, while the others were obtained from X-ray 

crystallography. For the NMR structures, each individual model was put into a separate PDB 

file which was then submitted to the program.

Results

DEPC Modification of TtCuA and H40A/H117A observed by UV–visible spectroscopy

To highlight the reactivity of the ligating histidines in TtCuA, a mutant H40A/H117A protein 

was created to remove the non-ligating histidines. Both TtCuA and H40A/H117A were 

treated with 400 equivalents of DEPC in different pH conditions, and each reaction was 

monitored over 40 min using UV–visible spectroscopy. Following the reaction at pH values 

between 5.0 and 9.0 allowed assessment of the effect of pH on modification. Representative 

difference spectra of TtCuA and H40A/H117A upon treatment with DEPC at pH 7.0 are 

shown in Fig. 2a, b. Difference spectra at all pH values clearly showed an increase in 

absorbance near 240 nm, indicating DEPC modification (Supplement Figs. S1 and S2). 

Small differences were also observed in the charge-transfer bands, particularly near 480 nm, 

in addition to a decrease in absorbance at 280 nm.

The number of histidines modified in each trial was estimated using the molar absorptivity 

of the DEPC-histidine adduct formed in the presence of free histidine (ε240 = 3200 M−1 cm
−1) [15] and the change in the UV–visible absorbance after 40 min of reaction time. The 

estimated number of modified histidines for both the TtCuA and H40A/H117A at each pH is 

summarized in Table 2. At pH 7.0 the average number of modified histidines in TtCuA is 

approximately three while in the double mutant only one histidine is modified. In 

combination, the data suggest that one ligating histidine is modified in both cases and that, 

when present, the two non-ligating histidines are also modified by DEPC. In comparing the 

UV–visible spectra at pH 7.0, the change in absorbance is clearly greater for the wild-type 

protein, a fact that parallels the larger number of histidines available for modification (Fig. 

2a–b). Additionally, all four histidines appear to be fully modified when apo-TtCuA is 
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reacted with DEPC (Table 2). The absence of the copper ions exposes the Nδ atoms on each 

histidine and must give DEPC access to the normally buried His114. Consistent with this, 

the solution structure for apo-TtCuA does show a small solvent exposure for this residue 

(vide infra). The calculation of the number of modified histidines is only a rough estimation. 

The molar absorptivity value was originally calculated using free histidine in solution, and it 

does not account for other products such as double modifications of a single histidine and 

ring-openings induced by DEPC modification [41, 42]. Additionally, these values may be 

slightly overestimated due to residual apo protein in the samples and because we have found 

that DEPC itself has a small absorbance at 240 nm (ε240 = 0.7 M−1 cm−1, Supplement Fig. 

S3).

Completion of the DEPC-modification experiments at a range of pH values revealed the pH-

dependence of histidine reactivity. For TtCuA at all pH values, the reaction appears to reach 

completion within the first 10 min as the absorbance difference at 240 nm remains constant 

beyond this time point (Fig. 2c; Supplement Fig. S1a–e). In general, the rate of reaction 

increases with increasing pH, most likely due to the increased availability of nucleophilic 

nitrogen atoms on reactive histidines. At higher pH (pH 7.0–9.0), the maximum absorbance 

difference occurred 2 min after the addition of DEPC. After 2 min, the 240-nm absorbance 

difference decreased before leveling out (Fig. 2c). This unexpected result may be explained 

by the removal of the DEPC-histidine of adduct in the presence of hydroxide [15, 17]. 

However, examination of the full spectrum over time also reveals a pH-dependent decrease 

in absorbance at 280 nm, which becomes more prominent as pH increases from 7.0 to 9.0. 

This secondary spectral change at 280 nm suggests tyrosine modification as another cause of 

the smaller, delayed decrease in absorbance at 240 nm observed at higher pH values 

(Supplement Fig. S1a–e). A similar pH-dependence was obtained for H40A/H117A, (Fig. 

2b; Supplement Fig. S2aμe), though the DEPC reaction is qualitatively slower at pH 5.0–7.0 

when compared to the wild-type protein. Additionally, the absorbance at 280 nm decreased 

throughout the 40 min of observation for modification of the mutant at pH values between 

7.0 and 9.0, which parallels the pH-dependence of absorbance changes at 280 nm seen in 

TtCuA.

DEPC modification of TtCuA and H40A/H117A observed by circular dichroism 
spectroscopy

Further evidence of a modified ligating histidine is the change to the circular dichroism (CD) 

spectrum in the visible region after the addition of 400 equivalents of DEPC. Changes to the 

visible region of the CD spectrum, 300–700 nm, indicate electronic or structural changes to 

the metal center, presumably due to modification of a ligating histidine. The observed 

changes to the TtCuA and H40A/H117A CD spectra upon addition of DEPC include 

increases in the signal at 440 nm and a peak that is red-shifted from 550 nm to 580 nm (Fig. 

3; Supplement Fig. S4). Clear changes in the spectra are observed when DEPC is added to 

H40A/H117A at pH 6.0–9.0, but at pH 5.0 no changes occur within 40 min of reaction. By 

specifically comparing the changes at 440 nm (Fig. 3f), the pH-dependence of the reaction 

again becomes clear. The amount and rate of change becomes more dramatic with increasing 

pH, which parallels the spectral changes observed when TtCuA is modified by DEPC 

(Supplement Fig. S3). Because the same changes to the CD spectrum are seen in both 
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proteins, they are very likely caused by DEPC modification of a ligating histidine, which is 

consistent with the UV–visible data. Structural changes induced by modification of shared 

tyrosines or lysines cannot be ruled out, but the far UV CD spectra from 200 to 260 nm of 

both TtCuA and H40A/H117A experience only small perturbations upon the addition of 

DEPC. The prominent β-sheet contribution remains unchanged, indicating that the 

cupredoxin fold is maintained (data not shown).

Fewer equivalents of DEPC

At higher pH, the reaction of histidines in TtCuA with DEPC occurs within 2 min, indicating 

that the histidines are highly reactive toward this small molecule. To systematically 

investigate the reactivity of these histidines, the CuA proteins were treated with 1, 3, 5, 10, 

20, 100, and 400 equivalents of DEPC at pH 8.0 and observed using UV–visible 

spectroscopy (Fig. 4; Supplement Figs. S5 and S6).

For TtCuA, as the concentration of DEPC was increased, the change in absorbance at 240 

nm increased steadily, achieving a maximum change when reacting with 400 equivalents 

(Fig. 4a). For H40A/H117A, the maximum change in absorbance at 240 nm was reached 

using as few as five equivalents of DEPC (Fig. 4b). The number of modified histidines from 

each reaction was plotted against the equivalents of DEPC to generate saturation curves (Fig. 

4c), which were fit according to Eq. 1 (see “Experimental Methods”). The fit predicts a 

maximum of 2.7 histidines modified for TtCuA and 0.6 histidines for H40A/H117A. The 

number of DEPC equivalents needed to reach half-saturation is 4.2 for TtCuA and 3.1 for 

H40A/H117A (Fig. 4c).

For both proteins, the characteristic changes to the visible CD spectrum are not observed 

using 1 equivalent of DEPC but are seen when as few as five equivalents of DEPC are added 

to the protein (Fig. 5). For such a small amount of DEPC to produce spectral change in the 

visible region, the ligating histidine(s) must be highly reactive compared to most other 

histidine, tyrosine or lysine residues. For CD spectra obtained using the full range of DEPC 

equivalents, see Supplemental Figs. S7 and S8 for TtCuA and H40A/H117A, respectively.

Time-dependent removal of the DEPC-histidine adduct

Because hydroxide promotes the hydrolysis of the DEPC-histidine adduct to release ethanol 

and CO2 [43], DEPC modifications occurring at higher pH are more readily removed. To 

test this release in TtCuA, protein at pH 8.0 was reacted with 400 equivalents of DEPC at 

room temperature and then monitored by CD spectroscopy over the course of 48 h. The 

spectrum changed within 2 min of adding the DEPC, and all the initial changes persisted for 

at least 6 h. However, at 18 h after the addition of DEPC, the characteristic increase at 440 

nm began to reverse, and the absorbance at this wavelength completely reverted to its 

original absorbance after 48 h of reaction at room temperature (Fig. 6). Interestingly, not all 

changes to the spectrum are completely reversed. While the increase at 440 nm and the shift 

at 550 nm revert to their original places, changes at 330, 490, and 590 nm do not. The same 

CD reversibility experiment was repeated at pH 6.0, and the change at 440 nm was again 

reversible over 48 h, indicating that the adduct is still removed at lower pH values. The 

transitions that did not revert at pH 8.0, in particular the increase in absorbance at 490 nm, 
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did return to their original absorbance values when the reactions were performed at pH 6.0 

(Supplement Fig. S9).

DEPC modification of TtCuA observed by voltammetry

Voltammetry of protein samples was carried out on 10-μL samples, using commercially 

available dialysis cups to trap the sample at the surface of the gold electrode [30]. Cyclic 

voltammetry of TtCuA gave reversible oxidation–reduction signals centered at a potential of 

266 mV vs. SHE at pH 8.0 (Fig. 7a, solid curve), comparable with values reported elsewhere 

[13, 44]. Voltammetry was then performed on a sample of TtCuA that had been mixed with 

20 equivalents of DEPC. Even after just 1 min of reaction, broadened shoulders and shifting 

of the voltammetric peaks indicated the presence of a new electroactive species at a potential 

higher than that for unmodified CuA (Fig. 7b). Over a period of 50 min, the peak positions 

stabilized somewhat, but there was an overall loss of current, likely due to the presence of 

adsorbed protein on the electrode. Control experiments revealed that using electrodes with 

TtCuA at these concentrations (140–160 μM) for such prolonged periods of time resulted in 

some weak adsorption of TtCuA. Small peaks due to adsorbed TtCuA were present in the 

voltammograms when the protein sample was removed from the electrode, which was then 

immersed in a separate vial of buffer for a few minutes before being returned to the 

electrochemical cell (Supplement Fig. S10). In general, the best voltammetric responses 

were obtained using fresh electrode surfaces for each scan.

The reaction of TtCuA with DEPC was allowed to proceed for 40–50 min, and then 

voltammetry was carried out on another 10 μL sample of the reaction mixture using a fresh 

electrode of the same preparation as before. The resulting voltammetry showed a clear signal 

at 339 mV vs. SHE, with a strong current response (Fig. 7a, dashed curve). This upshift in 

potential upon DEPC-modification is consistent with the addition of an electron-

withdrawing group at the active site. For this sample, the presence of unmodified protein 

was not observed by either cyclic voltammetry or by the more sensitive technique of square 

wave voltammetry (data not shown). However, the width of the voltammetric signals makes 

it difficult to rule out entirely the presence of small contributions due to unmodified protein 

at the edge of the peaks for the DEPC-modified protein. Adsorption of DEPC-CuA to the 

electrode surface was much less than for TtCuA. The DEPC-treated TtCuA sample was 

examined again after 24 and 72 h storage at 5 °C (Fig. 7c). Broadening of the peaks, notably 

towards lower potential, was consistent with partial loss of the DEPC-modification due to 

hydrolysis over time. Similar results were observed for H40A/H117A (data not shown).

Buffer solutions containing DEPC, but not TtCuA, were also examined over the same range 

of potentials and no oxidation or reduction processes were observed. To be completely 

certain of our assignment of the voltammetric response, we also prepared samples of free 

histidine, free lysine, and free tyrosine and treated them with DEPC (data not shown). No 

oxidation–reduction processes were observed for these samples either, indicating that the 

signal observed for DEPC-modified TtCuA arises from oxidation and reduction at the copper 

site, and not from DEPC alone nor from a free DEPC-amino acid adduct.

Voltammograms for samples with significant contributions from modified and unmodified 

TtCuA were examined in more detail. The square wave voltammograms were much simpler 
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to deconvolve than the corresponding cyclic voltammograms since the method of square 

wave voltammetry subtracts most of the background current response [31]. Square wave 

voltammograms were treated to additional baseline correction and then modeled as two 

overlapping Nernstian peaks, one at the potential of TtCuA and the other at the potential of 

DEPC-CuA (Supplement Fig. S11). The area of each modeled peak corresponds to the 

relative abundance of each protein. One caveat for this approach is that voltammetric 

responses are also dependent on the interfacial electron transfer rate. However, the peak 

separations at scan rates > 1 V/s in the cyclic voltammetry were very similar for both DEPC-

CuA and unmodified TtCuA, which suggests very similar interfacial electron transfer rates. 

From the relative contributions of each signal, we estimated that 16% and 44% hydrolysis of 

DEPC-CuA occurred after 24 and 72 h, respectively, at pH 8.0 and 5 °C.

DEPC modification of TtCuA and H40A/H117A observed by electron paramagnetic 
resonance spectroscopy

Both modified and unmodified TtCuA were monitored using electron paramagnetic 

resonance (EPR) spectroscopy (Fig. 8). The collected spectra matched the expected axial 

signal with a seven-line hyperfine structure characteristic of the CuA site and were best fit 

with g = (2.185, 2.055, 2.320) and ACu = (90, 30, 30) MHz [8]. The DEPC-modified protein 

showed only small changes in the spectrum, including a slight broadening of the signal and 

decreased intensity of some hyperfine structure. The g values and splitting constants 

remained unchanged. The minor changes in EPR signals after modification indicate that the 

cluster was not reduced during DEPC modification, which is consistent with UV–visible and 

CD data, and that any DEPC-induced differences must be subtle. Similar trends are observed 

in comparing modified and unmodified H40A/H117A (Fig. 8b).

DEPC modification of TtSco and H6A/H100A

Histidines that are reactive to DEPC have been found in the Thermus thermophilus Rieske 

protein [17] and now the TtCuA protein. These two systems both contain dinuclear centers, 

and thus it may be possible that these types of clusters promote such reactivity. To test the 

importance of a dinuclear metal center and the role of solvent accessibility of the ligands in 

determining the reactivity of ligating histidines, two proteins containing a mononuclear 

copper site were also subjected to the same DEPC assays. The first of these is Sco from T. 
thermophilus (TtSco) (Fig. 9a). Sco has been proposed to assist in the formation of the CuA 

site in CytcO by reducing the disulfide bond in apo TtCuA before the insertion of copper, 

though Sco’s exact function is still debated and may vary across species [21, 35, 39, 45–49]. 

It binds one copper ion, which is ligated by two cysteines and one histidine (Fig. 9b) [35]. 

The UV–visible spectrum of holo TtSco has a ligand-to-metal charge-transfer band at 358 

nm and less intense peaks at 466 and 560 nm, making it a red copper site [35, 50]. As a 

metalloprotein containing a histidine-ligated copper center, the mononuclear TtSco center 

shares some structural features with the dinuclear TtCuA center. Like TtCuA, nothing in the 

literature suggests that the ligating histidine His139 in TtSco is readily ionizable and thus 

predisposed to react with DEPC.

While the solvent accessibility of His139 in holo TtSco is not known, its accessibility in a 

solution structure for apo TtSco was 12.6% (Table 3), as determined using GetArea [33]. For 
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comparison, a minimized average solution structure for human Cu(I)-Sco has a ligating 

histidine with 6.9% accessibility, whereas the corresponding accessibility in an NMR 

solution structure of human Ni(II)-Sco is only 1.9% [39]. A yeast Cu(I)-Sco crystal structure 

with a disordered copper site that does not contain the conserved cysteines and histidines of 

other Sco proteins contains a ligating histidine with 37% accessibility [40]. Although the 

actual solvent accessibility of Cu(II)-TtSco is unknown, if modification of a ligating 

histidine in TtSco occurs, it would suggest that it is more solvent-accessible than the 

corresponding histidine in human Sco and that reactivity toward DEPC is a general property 

of solvent-exposed ligating histidines.

Holo TtSco was reacted with 400 equivalents of DEPC at pH 7.0, and the reaction was 

monitored by UV–visible spectroscopy. An increase in absorbance was observed at 240 nm, 

and the magnitude of change indicated that only one histidine is modified by DEPC, 

probably the non-ligating His6 based on the solvent accessibility (55.8%) (Fig. 9c, Table 3). 

When monitoring the reaction using CD spectroscopy in the visible region, a minimal degree 

of change to the spectrum was observed over the course of 2 hours (Fig. 9d), and the loss of 

signal intensity is comparable to that seen in unmodified holo TtSco left at room temperature 

for multiple hours (Supplement Fig. S12). A double mutant, H6A/H100A, was made to 

remove all but the ligating histidine (His139). For this double mutant, there was still a small 

increase in absorbance near 240 nm equivalent to 0.4 modified histidines. However, the 

maximum difference in absorbance does not occur at 240 nm but is shifted to 247 nm (Fig. 

9e). Therefore, the number of modified histidines was estimated using the absorbance 

change at 247 nm and the molar absorptivity value of 3200 M−1 cm−1. For comparison, free 

DEPC alone has a small absorbance in the 230–250 nm range equivalent to that for 0.1 

modified histidines at these concentrations. The visible CD spectrum of H6A/H100A does 

not change significantly after the addition of DEPC. All spectral features decrease slightly 

and consistently in intensity, suggesting that the changes are not due to DEPC modification 

(Fig. 9f). Taken together, these results are suggestive of some copper loss, and DEPC 

modification of the apo protein. In the UV–visible spectra, both wild-type and H6A/H100A 

TtSco proteins decreased in absorbance at 280 nm after the addition of DEPC, and the 

magnitude of this change was consistent across both proteins, suggesting that some other 

residue, possibly a tyrosine, is equally modified in both.

DEPC modification of azurin

Another copper-containing electron transfer protein examined was the blue copper protein 

azurin from Pseudomonas aeruginosa (Fig. 10a). Located in the periplasm of bacteria, azurin 

transfers electrons from cytochrome c551 to nitrite reductase as part of the denitrification 

pathway [51]. The protein contains a type 1 copper center with a ligation environment 

similar enough to CuA that a CuA site can be engineered into the azurin protein scaffold [10, 

11, 52]. Two histidines, one cysteine, and one methionine, ligate one copper ion in azurin 

(Fig. 10b). The UV–visible absorption spectrum contains one major peak in the visible 

region, and an intense charge-transfer band at 628 nm corresponding to a S(Cys)→Cu 

transition [53]. Because the metal ligation environment, spectroscopic characteristics, and 

functional properties are comparable in azurin and CuA, the ligating histidines in azurin may 

be equally reactive to DEPC. However, a previous report on the chemical modification of 
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azurin found that only a non-ligating histidine was modified, presumably due to low solvent 

accessibility of the ligating histidines [54].

Azurin was treated with 400 equivalents of DEPC at pH 8.0, and the reaction was observed 

using both UV–visible spectroscopy and visible CD spectroscopy. After the addition of 

DEPC, UV–visible absorbance increased at 240 nm (Fig. 10c). The change occurred within 

the first 2 min of reaction and corresponded to one modified histidine, most likely His83 

based on its large solvent accessibility (43.6%) (Table 3). The CD spectrum from 300 to 700 

nm underwent minimal change after the addition of DEPC (Fig. 10d). We also created 

mutants of azurin to remove the non-ligating histidines (H35A/H83A) and to increase 

solvent accessibility of the histidine ligand His117 (F114A). The F114A mutation removes a 

bulky phenylalanine residue blocking solvent access to the metal center. A triple mutant 

(H35A/H83A/F114A) was also created to probe the effect of these mutations in 

combination. Even though it increases the solvent accessibility of the ligating histidine 

somewhat, F114A also only had one histidine modified, suggesting that the same non-

ligating histidine is modified in both F114A and wild-type azurin (Fig. 10e). The UV–

visible absorbance at 240 nm increased slightly in the double and triple mutants that lacked 

non-ligating histidines, but this can be attributed to the presence of DEPC in solution, 

suggesting that no histidine modification occurs in these mutants (Fig. 10f).

Discussion

As the initial electron acceptor in CytcO, the CuA site plays a central role in cellular 

respiration. To quickly and efficiently transfer electrons from cytochrome c to heme a/b, the 

reduction potential and reorganization energy of this dinuclear metal center must be tightly 

controlled, and both the primary metal ligands and the overall protein matrix likely 

contribute to this regulation [18–20]. This study used diethyl pyrocarbonate as a chemical 

modifier to demonstrate that a histidine ligating the CuA site in TtCuA can undergo the 

transient proton exchange necessary for chemical modification. Spectroscopic results 

indicate that one ligating histidine and both non-ligating histidines are modified by DEPC 

near pH 7.0. Modification of this ligating histidine alters the electronic structure of the 

dinuclear center, as evidenced by changes to the CD spectrum in the visible region, and 

raises the reduction potential by over 70 mV. The modified ligating histidine is mostly likely 

His157, which is the more solvent-exposed ligating histidine in holo TtCuA and sits at the 

interface of the inner membrane and the periplasmic space within CytcO. Therefore, His157 

is ideally situated to exchange protons with the solvent and react with DEPC.

Ligating histidine modification was observed spectroscopically in both CuA proteins and an 

increase in reduction potential was observed for TtCuA. The upshift in potential of 73 mV 

following DEPC modification is consistent with introduction of the electron-withdrawing 

carboethoxy group onto the ligating His157 of the active site. The DEPC-modification must 

serve to pull electron density from the copper cluster, making reduction more favorable, 

resulting in the higher observed potential. On the other hand, DEPC is polar, and the 

presence of a polar group like the DEPC-adduct would favor the greater charge magnitude of 

oxidized TtCuA, for which the net charge of the two copper atoms and two thiolate ligands is 

+1 compared to 0 for reduced CuA. However, the influence of DEPC polarity will be offset 
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by the decrease in accessibility of His157 to the more polar solvent (water) following this 

modification. Despite the increase in eduction potential, the protein remained oxidized, 

unlike in truncTtRp where ligating histidine modification is accompanied by reduction of the 

metal center [17]. The spectroscopic changes and reduction potential increase resulting from 

DEPC modification of TtCuA suggest that His157 is a reactive ligating histidine.

There is significant spectroscopic evidence for modification of a ligating histidine, but 

modification of tyrosines and lysines may contribute to the altered CD spectra of TtCuA and 

H40A/H117A through structural alterations of the proteins. As primary amines, lysines are 

often the most reactive residues toward DEPC [55]; however, all lysines in TtCuA are 

located approximately 20 Å or further from the metal center, making lysine modification 

highly unlikely to influence metal center properties except through large-scale 

conformational changes. Large conformational changes are not observed as the far UV-CD 

spectrum of TtCuA only shifts slightly after the addition of DEPC (data not shown), 

effectively ruling out lysine modification as the cause of the visible CD spectral changes and 

the increase in reduction potential. The pH-dependent decrease in absorbance at 280 nm 

observed in the UV–visible spectra of both CuA proteins and both Sco proteins is indicative 

of tyrosine modification [15, 56]. This decrease in absorbance at 280 nm was also seen in an 

experiment where free tyrosine was mixed with DEPC and monitored by UV–visible 

spectroscopy (data not shown and Ref. [15]).

Decreasing the equivalents of DEPC used reveals the degree of histidine reactivity. With 

fewer DEPC molecules available to react with protein residues, only the most accessible and 

reactive amino acids are likely to form a DEPC adduct. In both TtCuA and H40A/H117A, 

complete DEPC-histidine adduct formation is observed using less than 10 equivalents of 

DEPC. In the wild-type protein, the maximum spectral change is only achieved using 400 

equivalents of DEPC, but just 5 equivalents of DEPC are needed to induce the largest 

spectral changes at 240 nm for the H40A/H117A mutant. For both TtCuA and H40A/

H117A, the same changes to the visible CD spectrum that occur when using 400 equivalents 

of DEPC are also observed with only 5 equivalents of DEPC. These CD results indicate that 

the ligating histidine is reactive toward as few as 5 equivalents of DEPC, and, therefore, the 

reactive ligating histidine is one of the most reactive residues in the protein. It is not 

unprecedented that a ligating histidine is one of the residues most susceptible to DEPC 

modification. Analysis of the Thermus thermophilus Rieske protein using mass spectrometry 

showed that the ligating histidine His154 is one of the first amino acids modified by DEPC 

[55]. Together these cases indicate that ligating histidines can be extremely reactive toward 

DEPC, comparable even to non-ligating histidines and lysines.

A complication to the DEPC-modification of histidines is that the DEPC-histidine adduct 

hydrolyzes over time [15, 43]. The results of the visible CD experiments at pH 6.0 and 8.0 

indicate that the DEPC-histidine adduct on the ligating histidine in TtCuA is also removed 

over the course of 48 h at room temperature. The data are corroborated by electrochemical 

evidence showing that the 73-mV increase in reduction potential induced by DEPC 

modification begins reversing after 24 h of reaction. There was less loss observed using the 

voltammetric measurements, likely because the incubation of the modified proteins was 

done at 5 °C instead of room temperature.
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Our spectroscopic data suggest that one ligating histidine (His157) is modified by DEPC and 

that the extent of modification increases with increasing pH. Considering the literature on 

TtCuA, it should be noted that the Nδ atom on each ligating histidine participates in a 

coordinate covalent bond to a copper ion and remains bound at all pH values [13]. Because 

the Nδ atom is unavailable to act as a nucleophile, the Nε atom must be reacting with DEPC. 

The ligating histidines in TtCuA have a pKa greater than 12 for the neutral to imidazolate 

transition [13], so for experiments at pH 5–9, only a tiny fraction of Nε atoms are 

deprotonated and available to react. However, we still observe modification of a ligating 

histidine in this pH range. To explain this reactivity, we propose that a fast kinetic exchange 

of protons between Nε of His157 and the solvent allows a transiently deprotonated nitrogen 

to react with available DEPC, overcoming the thermodynamic un-favorability of the 

reaction. Previous 1H-NMR characterization of TtCuA supports fast exchange of the NεH 

proton on His157 [13], allowing for reactive ligating histidines at physiologically relevant 

pH values. Thus we propose that DEPC modification of a ligating histidine in TtCuA is 

kinetically controlled, in contrast to the thermodynamically favorable mechanism of 

modification in truncTtRp, which is facilitated by the lowered pKa values of its ligating 

histidines and its corresponding pH-dependent reduction potential [17, 57, 58].

The mechanisms of DEPC modification of ligating histidines in TtCuA and truncTtRp are 

likely different, but the DEPC experiments using TtSco and azurin indicate that not every 

ligating histidine in a metalloprotein is reactive toward DEPC. This result implies that there 

are specific factors that tune the reactivity of the ligating histidines in metal centers. Solvent 

exposure is necessary to provide DEPC with physical access to the ligating histidines, but 

the degree of exposure required remains unknown. The ligating His157 in TtCuA has a 

solvent exposure of nearly 23% (in the holo form) and the two ligating histidines in 

truncTtRp have solvent exposure between 20 and 50%, based on GetArea [33] calculations 

on the respective crystal structures. The ligating His117 in azurin is only 5% exposed, 

whereas His139 in apo TtSco has 13% exposure. However, the accessibility of His139 likely 

decreases significantly upon metal binding, based on a similar analysis for known structures 

of other Sco proteins. From this information, it appears that ligating histidines in TtSco and 

azurin may not be sufficiently solvent-exposed for modification by DEPC. We also 

examined a mutant of azurin, F114A, which increases the solvent accessibility of a ligating 

histidine up to 9.7%, but without any improvement in reactivity. However, apo TtCuA has all 

four of its histidines modified, including His114, which is only 3% solvent exposed in the 

apo form (determined using the same treatment). This result indicates that a rather low 

solvent exposure is sufficient for reactivity and/or perhaps that these calculations do not 

always reflect the true solvent accessibility of ligating histidines. If the threshold is indeed 

so low, then F114A azurin, if not wild-type azurin and TtSco, would potentially contain a 

ligating histidine with sufficient solvent-accessibility for DEPC modification. In light of 

these findings, reactivity may require a combination of greater solvent accessibility of the 

histidine ligand and an optimal electronic environment, as possibly provided by the 

dinuclear metal centers found in both TtRieske and TtCuA.

Our finding that the ligating histidines in both TtRieske and TtCuA are reactive with DEPC 

suggests that these histidines can undergo at least transient proton exchange on time scales 

appropriate for chemical reactivity. Since both truncTtRp and TtCuA are primarily electron 
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transfer proteins, this suggests a probable functional significance in connecting proton 

exchange events with electron transfer. For TtCuA, this leads back to a hypothesis that the 

reactive ligating histidine may be involved in proton-coupled electron (PCET) transfer in 

CytcO. CytcO couples electron transfer to proton uptake to the catalytic site and proton 

translocation across the membrane [1, 2]. Proton translocation requires a series of sites 

within CytcO through which protons move stepwise in response to electron transfer [1, 2]. 

While most literature studies focus on the mechanism of proton uptake to the catalytic site 

and an unspecified proton-loading site, release of protons on the P-side is even less well 

understood. In the past, the possible importance of the CuA site to proton pumping has been 

proposed [59, 60]. On the other hand, it was later shown that His260 in Rhodobacter 
sphaeroides CuA (equivalent to His157 in TtCuA) is not essential to proton pumping in 

CytcO [5]. That work found that proton pumping persisted for a mutant that lacked His260, 

though with a drastic decrease relative to its electron transfer activity. We would suggest that 

the apparent proton lability of this ligating histidine could still facilitate proton translocation, 

whereas absence of the histidine would decrease efficiency or promote an alternate pathway. 

Others have suggested that a ligating histidine plays a large role in proton-coupled electron 

transfer by acting to regulate changes in the center’s valence state and the transfer of 

electrons to heme a/b, though these hypotheses rest on results obtained from CuA azurin 

[11]. Still, the rapid exchange of protons at a ligating histidine of the TtCuA center, as 

observed in 1H-NMR studies [13, 61] and probed here using DEPC modification, may 

contribute to proton translocation in cytochrome c oxidase and such a theory can be 

reconciled with previous literature results if there exists more than one exit pathway [62, 

63]. Alternatively, proton exchange at His157 could facilitate switching between different 

electronic ground states at the CuA site to promote directional electron transfer [64].

Azurin is an electron transport protein that can interact with a variety of enzymes in vitro, 

although its exact role in vivo is still uncertain [65]. While it has not been demonstrated that 

PCET plays a direct role in the function of azurin, the effect of pH on non-ligating histidines 

near its active site has been shown to induce conformational changes that may determine its 

binding targets [65, 66]. Azurin has also been used as a model to study PCET by 

photoinduced oxidation of aromatic amino acid residues using metal-labeled azurin 

constructs [67]. There is even more uncertainty about the role for Sco than for azurin. Sco 

from Bacillus subtilis has been shown to behave like a redox protein with the ligating 

histidine stabilizing the Cu(II) metal bound form [68], but has not been linked to PCET.

Taken together, all of the data presented in this report show that one ligating histidine is 

modified by DEPC in TtCuA which causes an increase of more than 70 mV to the reduction 

potential. The adduct is spontaneously removed after 24–72 h at room temperature. While 

both truncTtRp [17] and TtCuA contain a reactive ligating histidine, ligating histidines are 

not modified by DEPC in TtSco and azurin, indicating that not all ligating histidines are 

necessarily reactive toward small molecules like DEPC. We hypothesize that the reactivity 

of a ligating histidine in TtCuA specifically arises from rapid exchange of protons with the 

solvent, which allows it to react with DEPC. Thus, these reactive ligating histidines may 

have functional significance including suitability for proton translocation.
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Fig. 1. 
TtCuA protein, metal center, and DEPC reaction scheme. The Thermus thermophilus CuA 

protein ribbon diagram (2CUA) (bottom, left) with ligands and all histidines shown as sticks. 

The CuA metal center (top, left) and the reaction between DEPC and the more solvent 

exposed histidine (157) is indicated (bottom, right)
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Fig. 2. 
DEPC modification of a TtCuA in purple and b H40A/H117A in pink, monitored by UV–

visible spectroscopy at pH 7.0. UV–visible difference spectra were recorded from 200 to 

800 nm for 40 min. Earlier scans are darker in color, and later scans are lighter in color. The 

arrows indicate the characteristic increase in absorbance at 240 nm due to the formation of 

the DEPC-histidine adduct and changes in the charge transfer bands. Each graph is 

representative of a triplicate run. Inset is the raw data before subtraction of the initial 

spectrum (green). Plot of change in absorbance at 240 nm for c TtCuA and d H40A/H117A 

after addition of DEPC at pH 5.0 (red), pH 6. (orange), pH 7.0 (green), pH 8.0 (blue), and 

pH 9.0 (purple). Error bars are ± 1 standard deviation of triplicate measurements. Lines 

drawn are to guide the eye only
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Fig. 3. 
Overlaid CD spectra of H40A/H117A reacted with DEPC over 40 min at a pH 5.0, b pH 6.0, 

c pH 7.0, d pH 8.0, and e pH 9.0. Initial scans without addition of DEPC are in green. 

Earlier scans are darker in color, and later scans get lighter in color. Arrows indicate 

direction of change. Each set of spectra is representative of triplicate runs. f The average 

change in mDeg at 440 nm plotted over time at pH 5.0 (red), pH 6.0 (orange), pH 7.0 

(green), pH 8.0 (blue), and pH 9.0 (purple). Error bars are ± 1 standard deviation
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Fig. 4. 
a UV–visible absorbance difference at 240 nm after the addition of 1 (red), 3 (orange), 5 

(yellow), 10 (green), 20 (sky blue), 100 (dark blue), or 400 (purple) equivalents of DEPC to 

40 μM TtCuA at pH 8.0. b UV–visible absorbance difference at 240 nm after the addition of 

1–400 equivalents of DEPC to 40 μM H40A/H117A at pH 8.0. Error bars are ± 1 standard 

deviation. Lines drawn are to guide the eye only. c Saturation curves, with fitting, for the 

number of modified histidines as the concentration of DEPC increases. TtCuA is in purple 

and H40A/H117A is in pink
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Fig. 5. 
Changes to the CD spectra of TtCuA at pH 8.0 upon the addition of a 1, c 5, or e 400 

equivalents of DEPC and H40A/H117A after adding b 1, d 5, or f 400 equivalents of DEPC. 

Spectra were taken every 2 min for 40 min after the addition of DEPC. The initial spectrum 

is in green. Earlier spectra are darker in color and later spectra are lighter in color
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Fig. 6. 
a Change to the CD spectrum of 200 μM TtCuA at pH 8.0 up to 48 h after the addition of 

400 equivalents of DEPC. Only some transitions are reversible including the increase at 440 

nm and the redshift at 530 nm. b Plot of optical rotation at 440 nm over 48 h
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Fig. 7. 
a Cyclic voltammetry of 160 μM CuA (solid line) and 140 μM DEPC-modified CuA 

(dashed) at 0.1 V/s in 25 mM sodium phosphate, pH 8.0. b One minute after mixing CuA 

with 20 equivalents of DEPC. Solid arrows denote approximate peak positions for 

unmodified CuA and dashed arrows denote the positions for DEPC-modified CuA. c Freshly 

prepared DEPC-modified CuA (solid line), then after 24 h (dotted line) and 72 h at 5 °C 

(dashed line)
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Fig. 8. 
X-band CW EPR spectra of the wide-type TtCuA (a) and the double-mutant (DM) H40A/

H117A (b) with and without the addition of 400 equivalents of DEPC. Experimental 

parameters: temperature = 15 K; microwave frequency = 9.38 GHz; microwave power = 

0.02 mW (no saturation); conversion time = 40 ms; modulation amplitude = 0.5 mT; 

modulation frequency = 100 kHz
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Fig. 9. 
a Ribbon diagram of TtSco, b proposed metal binding site of the Sco protein. c UV–visible 

difference spectra of holo TtSco, e UV–visible difference spectra of holo H6A/H00A at pH 

7.0 after addition of 400 equivalents of DEPC. All scans were taken from 200 to 800 nm 

every 2 min for 40 min. d CD spectra of 100 μM holo TtSco, f CD spectra of 100 μM holo 

H6A/H100A, after the addition of 400 equivalents of DEPC. A scan from 250 to 750 nm 

was taken every 2 min for 2 h. The initial scan before the addition of modifier is in blue. 

Earlier scans are darker in color and later scans are lighter in color
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Fig. 10. 
a Ribbon diagram of azurin, b metal site of azurin, c UV–visible difference spectra of wild-

type azurin at pH 8.0 after the addition of 400 equivalents of DEPC. d CD spectra of 100 

μM azurin before (red) and after the addition of 400 equivalents of DEPC. A scan from 250 

to 750 nm was taken every 2 min for 2 h. Earlier scans are darker in color and later scans are 

lighter in color. UV–visible difference spectra of e F114A azurin and f H35A/H83A/F114A 

at pH 8.0 after the addition of 400 equivalents of DEPC. For all UV–visible experiments, a 
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scan was taken from 200 to 800 nm every 2 min for 40 min. Earlier scans are darker in color 

and later scans are lighter in color
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Table 2

Estimated number of modified histidines for each protein
a

Protein PH

5.0 6.0 7.0 8.0 9.0

No. His No. His No. His No. His No. His

Holo TtCuA
b 2.7 2.6 2.9 2.9 2.4

Apo TtCuA − − 4.0 − −

H40A/H117A 0.7 0.9 1.0 0.7 0.8

TtSco − − 1.0 − −

H6A/H100A
d − −

0.4
c − −

Azurin − − − 1.0 −

F114A − − − 1.0 −

H35A/H83A − − −
0.1

c −

H35A/H83A/F114A − − −
0.2

c −

a
Determined from a triplicate experiment using the change in absorbance at 240 nm 40 min after addition of DEPC. The error on the absorbance 

measurements is 0.001–0.01, and the error on the calculated histidines is higher

b
There is some apo protein found in the holo TtCuA samples, as determined by recent ESI-TOF experiments. Thus, the estimated number of 

modified histidines may be somewhat overestimated for this sample

c
Average from two replicate experiments

d
Calculated from the maximum absorbance at 247 nm
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Table 3

Calculated percentage solvent accessibilities of histidines using GetArea
a

Protein Residue Solvent accessibility

Apo Holo

TtCuA His40
–
b

70.5
c

His114 2.9 (1.3–3.8) 0

His117 25.7 (7.3–38.7) 22.9 (19.8–26)

His157 94.5 (73.8–100) 22.5 (21.8–23.1)

TtSco His6 55.8 (16.4–88.9) –

His100 8.7 (2.3–30.6) –

His139 12.6 (1.8–29) –

Azurin His35 – 0

His46 – 0

His83 – 52.3

His117 – 5

F114A Az His35 – 0

His46 – 0

His83 – 43.6 (40.4–49)

His117 – 7.4 (5.9–9.7)

TtRieske
d His134 – 23.2 (23.1–23.3)

His154 – 50.8 (50.7–50.8)

a
If more than one chain exists in the file, the solvent accessibility is given as an average and range

b
Not available in the structure

c
Only modeled in chain B

d
Data from chain A [38]
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