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A B S T R A C T   
 

Type 1 copper proteins have a conserved ligand set of one cysteine and two histidines, with many proteins, such  
as azurin, also containing an axial methionine. While the cysteine and methionine in azurin have been replaced 
with their respective isostructural analogues of unnatural amino acids to reveal their roles in tuning electronic 
structures and functional properties, such as reduction potentials (E◦′), the histidine  ligands  have  not  been  
probed in this way. We herein report the substitution of His117 in azurin with three unnatural isostructural 
analogues, 5-nitrohistidine(Ntr), thiazolylalanine(SHis) and 1-methylhistidine(MeH) by expressed protein liga- 
tion. While UV–vis absorption and electron paramagnetic resonance spectroscopies confirm that isostructural 
replacement results in minimal structural change in the Cu(II) state, the E◦′ of these variants increases with 
increasing pKa of the δ nitrogens of the imidazole. This counter-intuitive relationship between E◦′ of the protein 
and pKa of the sidechain group suggests additional factors may play a role in tuning E◦′. 

 
 

 
1. Introduction 
 

Type 1 copper (T1Cu) proteins are a family of mononuclear copper 
proteins with a conserved metal coordination environment and similar 
spectroscopic characteristics that serve electron transfer functions. A 
primary example is azurin from Pseudomonas aeruginosa (Az) that has a 
T1Cu coordinated by one Cys and two His residues in a trigonal plane 
and an axial Met above the trigonal plane (Fig. 1). This class of T1Cu 
proteins is interesting to study because they have been shown to display 
low reorganization energy, fast electron transfer (ET) rates, and a wide 
range of reduction potentials (E◦′) to meet the needs of its redox partner 
for different ET functions [1–7]. Understanding factors that determine 
and precisely tune E◦′ can result in deeper insight into this important 
class of ET proteins and the development of better redox reagents for 
applications such as solar energy capture and bio-fuel cells [8]. Toward 
this goal, we and other groups have probed the role of hydrophobicity 
and hydrogen bond networks in the secondary coordination sphere in 
tuning E◦′ of Az beyond the natural range of T1Cu protein, with minimal 
purtubation of its primary coordination sphere [9–12]. 
In addition to understanding the roles of the secondary coordination 

sphere in tuning E◦′ of T1Cu, it is also important to probe the roles of the 

primary coordination sphere ligand. However, because site-directed 
mutagenesis is limited to the 20 natural amino acids, it is difficult to 
investigate individual factors as changing a primary coordinating ligand 
will perturb both electronic and steric effects [6]. For example, mutating 
equatorial Cys or His to other natural amino acids such as glutamate or 
glycine will generally convert Az to a type zero or type 2 copper (T2Cu) 
protein [13,14]. To overcome this limitation, we and others have used 
expressed protein ligation (EPL) [15] to replace Cys112 and Met121 in 
Az with unnatural amino acids (Fig. 1) [16–18]. For example, by 
changing Met121 to a series of its unnatural isostructural analogues, 
such as oxomethionine (OxM), selenomethionine(SeM), difluor- 
omethionine(DFM), trifluoromethionine (TFM) or norleucine (Nle), we 
have found a trend between E◦′ and the hydrophobicity of the axial 
ligand, confirming the role of the axial ligand in E◦′ tuning [19,20]. 
Similarly, an isostructural replacement of Cys112 with selenocysteine 
(SeC) results in some spectroscopic changes but has little impact on E◦′ 
[21,22]. 
While the roles of Cys112 and Met121 in tuning E◦′ and other redox 

properties such as ET rate have been investigated by replacement with 
isostructural analogues for more than a decade, replacement of the 
equatorial His ligands has yet to be reported. Histidine is a common 
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Fig. 1. Copper ligands of Az and unnatural amino acids incorporated into Az. 
Three histidine analogues in cyan were used in this study to replace His117, one 
of the equatorial histidines. Hcy: homocysteine. (For interpretation of the ref- 
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

 
ligand for metalloproteins. Due to its unique sidechain structure, fine- 
tuning its properties through natural amino acid mutagenesis is very 
difficult, if not impossible to achieve because any site-directed muta- 
genesis with another natural amino acid will result in changes in both 
geometric   and  electronic  structures.   Schultz  and  co-workers  have 
developed genetic codon expansion systems to incorporate four His 
analogues into protein [23]. Hilvert and co-workers have used Nδ- 
methylhistidine to construct an artificial metalloenzyme for carbene 
transfer reaction [24]. Despite this progress, these and other methods 
have not been applied to probe the roles of His ligand in T1Cu proteins. 
As shown in Fig. 1, His117 is an equatorial T1Cu ligand in the hy- 

drophobic patch of protein and thought to be a possible ET entry point 
[1,25]. Mutating His46 or His117 to Gly has creates a vacant coordi- 
nation site at copper. Depending on the type of exogeneous ligand, the 
mutants will be either T1 or T2 copper protein [13,26,27]. As indirect 

imidazole, 1-methylimidazole, thiazole, 5-nitroimidazole are 7.03 [29], 
7.12 [30], 2.53 [29], and 0.49 [31], respectively (Table 1). As unnatural 
amino acids with different pKa values have been used in both native and 
artificial metalloproteins to probe the ET process [32–34], we herein 
report preparation by EPL, spectroscopic characterization by UV–vis and 
electron paramagnetic resonance (EPR) and electrochemical studies by 
cyclic voltammetry (CV) of Az variants containing each of the three 
aforementioned His analogues. We have found an interesting trend be- 
tween the pKa of the δ nitrogens and their abilities to coordinate to Cu 
(II) and E◦′ of the T1Cu center. 

 
1.1. Experimental methods 
 

All natural amino acids and resins were purchased from Chem-Impex 
Int. Co. Unnatural amino acids except 4(5)-nitrohistidine were pur- 
chased from Chem-Impex or Peptech. 4(5)-nitrohistidine was synthe- 
sized by nitration of L-Histidine by nitrate acid as reported [35]. The 
yield is 62%. Other chemicals were obtained from Acros or Sigma- 
Aldrich. Protecting groups used for fluorenylmethoxycarbonyl solid- 
phase peptide synthesis (Fmoc-SPPS) were Cys(Trt), Ser(OtBu), Glu 
(OtBu), Cys(StBu), Asn(Trt), His(Trt), Lys(Boc), Thr(OtBu) (Trt trityl; 
OtBu tert-butyl ester; StBu S-tert-butylthio; Boc  tert-  
butoxycarbonyl). 
Mass spectral data was collected at the Mass Spectrometry Labora- 

tory, School of Chemical Sciences, University of Illinois by Electrospray 
Ionization (ESI) mass spectrometry using either Waters Quattro II or 
Waters ZMD Quadrupole Instrument. 
UV–vis spectra were taken on an 8453 HP diode array spectrometer 

or a Cary 5000 spectrometer. X-band EPR spectra were collected on a 
Varian E-122 spectrometer at the Illinois EPR Research Center (IERC). 
The samples were run at ~30 K using liquid He and an Air Products 
Helitran cryostat with 20% glycerol. Magnetic fields were calibrated 
with a Varian NMR gaussmeter, and the frequencies were measured with 
an EIP frequency counter. 
Peptides: The C-terminal peptides with Histidine analog (H2N- 

CysThrPheProGlyHis(MeH, SHis or Ntr)SerAlaLeuMetLysGlyThrLeu 
ThrLeuLys-COOH) were synthesized on a 0.175 mmol scale with 
Advanced ChemTech Model 90 peptide synthesizer using standard Fmoc-
based chemistry. Wang resin preloaded with Fmoc-Lys(Boc) was 
 
Table 1 
pKa of His analogues, the absorption maximum of Az mutants and their reduc- 
tion potentials.  

pKa λmax/nm Reduction potential /mV vs. NHE 

perturbation of His117 by introduction of a positive charge near His117 
can increase E◦′ [28], we hypothesized that directly modulating His117 
by replacement with its isostructural analogues could tune the proper- 
ties of the T1Cu center, including E◦′. 
To evaluate this hypothesis, we chose three isostructural analogues 

7.03 [29] 
(7.18)a 

His117MeH-Az 
7.12 [30]

 

His117SHis-Az 
2.53 [29]

 

627 352 ± 2 

630 380 ± 4 

633 313 ± 5 

of histidine for incorporation, including 5-nitrohistidine (Ntr), thiazo- 
lylalanine (SHis) and 1-methylhistidine (MeH) (Fig. 2) to replace His117 
in azurin in other to probe the role of this histidine in tuning E◦′ more 
closely. The reported andpredicted pKa values of the δ nitrogens of the 

His117Ntr-Az (0.49)a 625 276 ± 4 
 

 

a . Values calculated with the use of Advanced Chemistry Development (ACD/ 
Labs) Software V8.14 for Solaris (© 1994–2009 ACD/Labs) are shown in 
parenthesis. 

 
 

 
Fig. 2. Sidechains of histidine and its analogues used in this study. 
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pre-swelled in DMF (6 10 min, 6 mL). All Fmoc-deprotections were 
accomplished using 20% piperidine/DMF (v/v) (3 3 min, 6 mL). 
Synthesis of the peptide was completed using a five-fold excess of amino 
acids pre-activated in 0.4 M N-methylmorpholine (NMM) (6 mL) and O- 
(1H-6-chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexa- 
fluorophosphate (HCTU) (4 equiv.) for 3 min and coupled to the resin for 
45 min under N2 sparging. Amino acids were double coupled when 
necessary and the completion of the couplings were monitored by 
qualitative Kaiser test [36]. 
Peptide cleavage from the resin is achieved by incubating the resin 

with a cocktail with 92.5% (v/v) trifluoroacetic acid (TFA), 2.5% trii- 
sopropylsilane, 2.5% thioanisole, 2.5% H2O at 25 ◦C for 2 h. Preparative 
RP-HPLC was done with a Waters Delta 600 system and a DeltaPak 300 
× 19 mm prep column. Solution A was 0.1% TFA in H2O, and solution B 
was 80% acetonitrile/20% H2O with 0.1% TFA. Unless otherwise stated, 
a linear gradient of 20% to 70% B over 23 min was used for all runs. 
Expressed Protein Ligation: Expressed protein ligation is per- 

formed as described previously [17]. Cultures of E. coli BL21 (DE3) cells 
containing the NEB pTXB1 plasmid to express the azurin(1 111)-Intein- 
cellulose-binding domain fusion protein were grown in lysogeny broth 
(LB) media for 8 h at 37 ◦C and used to inoculate eight 2 L flasks of LB 
media containing 100 mg/mL ampicillin. The cells were grown at 37 ◦C 
for 16 h with shaking at 210 rpm and harvested at 9000 x g. 
The cell pellet was re-suspended in a lysis buffer containing 20 mM 4- 

(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 8.0, 
250 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.1% 
Triton-X-100 and 1 M urea (50 mL). The suspension was then lysed using 
sonication (Misonix Sonicator 4000, 0.5 in. diameter probe) for a work 
time of 6 min (6 s on, 12 s rest). Additional urea was added to bring the 
final concentration to 1.5 M and the lysate was subjected to a second 
round of sonication for 3 min work time (6 s on, 12 s off). The crude 
lysate was centrifuged at 20,000 xg for 30 min. The supernatant was 
carefully decanted, and the fusion protein bound by batch absorption to 
70 mL of chitin resin pre-equilibrated with 20 mM HEPES, pH 7.2, 250 
mM NaCl, and 1 mM EDTA (buffer 1) for 1–2 h at 4 ◦C. The chitin resin 
was then poured into a column and the column headspace was purged 
with Ar. The column was then washed with 5 column volumes of buffer 
1 by cannulation under Ar pressure. 
Ligations were initiated by the addition of the 17-mer peptide (1.02 

mM, 60 mg) and 2 Eq. tris-(2-carboxyethyl)phosphine (TCEP) (3 mM, 
30 mg) in 40 mL of degassed buffer 1 (35 mL) containing ~50 mM 
mercaptophenyl acetic acid (MPAA) (50 mM, 350 mg) to the column 
under Ar pressure via cannulation. The chitin resin was re-suspended in 
the column and the entire column was agitated gently at 4 ◦C for 64 h. 
After ligation, the column was eluted under Ar pressure and washed 
with 1 column volume of buffer 1. The eluent was centrifuged at 20,000 
xg for 30 min and the supernatant was concentrated using 10,000 
MWCO Millipore Centricon concentration spin tubes to a final volume of 
~10 mL. The concentrated protein was then exchanged into 50 mM 
ammonium acetate buffer, pH 6.35 via a short desalting column with 
Sephadex G-25 resin. 
Cu titration and anion exchange purification. The desalted sample 

was titrated with 0.1 equivalence of freshly made 1 mM CuSO4 solution 
in H2O until the ligand-to-metal charge transfer band (~625 nm) is 
saturated. The resulting solution was purified by anion exchange chro- 
matography. The holo protein came with Buffer 1 (40 mM 3-(N-Mor- 
pholino)propanesulfonic acid (MOPS), pH 6.0), and apo protein came 
after wash with buffer 2 (1 M NaCl). The holo protein was exchanged 
into 50 mM ammonium acetate pH 6.35 for further study. 
Electrochemical study: The reduction potential of each mutant was 

determined by cyclic voltammetry after verifying the WT azurin 
reduction potential using a CH Instruments 617A potentiostat equipped 
with a picoamp booster and a Faraday cage. A pyrolytic graphite edge 
(PGE) electrode was polished, and 2–3 μL of protein solution was 
applied directly to the electrode following previously described methods 
[20]. After a short incubation time, the electrode was immersed in either 

50 mM NH4OAc, 40 mM MOPS, 40 mM 2-(N-morpholino)ethanesulfonic 
acid (MES), 40 mM Tris, pH 4.0 with 100 mM NaCl, 50 mM NH4OAc, 40 
mM MOPS, 40 mM MES, 40 mM Tris, pH 7.0 with 100 mM NaCl before 
data collection. The reduction potentials were measured against Ag/ 
AgCl and converted to NHE. 

2. Results and discussion 
 

The unnatural amino acids highlighted in Fig. 1 were incorporated 
into the 117th position of Az through expressed protein ligation, as 
described previously [20,21]. The identity of metal-free apo-proteins 
were verified by the match of the calculated and measured molecular 
weights (MWs) determined by electrospray ionization mass spectrom- 
etry (Fig. S1) . 
To metallate the purified apo-proteins, the samples were titrated 

with sub-equivalents of CuSO4 and monitored by UV–vis absorption 
spectroscopy until the spectra stopped growing. As shown in Fig. 3, the 
UV–Vis spectra of holo WT-Az and the three variants, all display a strong 
absorption band at ~625 nm which has been previously assigned to a S 
(Cys)pπ → Cu d2x-y  charge transfer band [5,37]. Additionally, His117Ntr 
Az displays an absorption centered ~350 nm, due to the presence of the 
nitro group [38]. 
To further probe the electronic structures of these Az variants, we 

exchanged protein into temperature-independent pH 7 (TIP7) buffer 
[39] (30 mM HEPES, 20 mM K2HPO4, pH 7) with 20% glycerol, and 
recorded X-band electron paramagnetic resonance (EPR) spectra on a 
Varian E-122 spectrometer at ~30 K (Fig. 4). The EPR spectra were 
simulated with SIMPOW6 to resolve different species and to give g 
tensors and hyperfine splitting values (Table S1) [40]. The EPR spectra 
of all variants contain an axial species similar to that of WT-Az. The axial 
species of His117MeH, His117SHis, His117Ntr Az display A|| of 56, 59, 
68 × 10-4 cm-1, and g|| of 2.260, 2.283, 2.268, respectively, comparable 
to those of WT-Az (60 × 10-4 cm-1 and 2.253). These results, along with 
the UV–vis spectroscopic data strongly suggest that replacing the His117 
with its isostructural analogues has a minimal perturbation to the T1Cu 
characteristics. On the other hand, the EPR spectra of His117SHis-Az 
and His117Ntr-Az display another species with A|| of 177 and 181 
10-4  cm-1, respectively, which resembles the A || of the Type 2 copper 
(T2Cu) center in His117Gly Az mutant [13]. The EPR spectrum of 
His117MeH-Az is best simulated as T1Cu only, but we cannot rule out 
the existence of a small portion of T2Cu signal. Interestingly, we found 
that the proportion of the T2Cu species increases from ~0% to 70% and 
 
 

Fig. 3. UV–Vis spectra of WT-Az and the three His analogue variants. Spectra 
were collected at 298 K in 50 mM ammonium acetate buffer, pH 6.35. 
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Fig. 4. X-band EPR spectra of holo Az with histidine and histidine analogues 
incorporated. From top to bottom: His117Ntr-Az, His117SHis-Az, His117MeH- 
Az, and WT-Az. Black line: experimental spectra, red dotted line: simulated 
spectra. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

 
then 82%, as pKa values of the sidechain in His117MeH-Az, His117SHis- 
Az and His117Ntr-Az decrease. These results indicate that the more 
acidic the sidechains in these His analogues, the worse ligands they are 
for coordinating to Cu(II). This weaker coordination results in a greater 
proportion of EPR spectral features resembling those of the T2Cu re- 
ported in His117Gly Az [13]. 
To probe the effect of these His substitutions on the E◦′, cyclic vol- 

tammetry (CV) was performed using a pyrolytic graphite edge (PGE) 
electrode as described previously [20,41]. At pH 4, WT-Az displays an 
E◦′ of 352 2 mV, consistent with literature [10,41]. For His117MeH- 
Az, His117SHis-Az and His117Ntr-Az, E◦′ was determined to be 380 
± 4, 313 ± 5 and 276 ± 4 mV, respectively (Fig. S2). When plotting 
these E◦′ values against the pKa of Nδ of these variants, we found a 
positive trend (Fig. 5). When the CV data were collected at pH 7, the 
same trend was observed, but with a steeper slope. Although both T1Cu 
and T2Cu species were observed in the EPR spectra of His117SHis-Az, 
and His117Ntr-Az, we could not identify more than one set of peaks 
by CV. The EPR spectra of T2Cu species of His117SHis-Az, and 
His117Ntr-Az closely resemble that of His117Gly-Az, whose E◦′ has been 
determined to be 670 mV [42], much higher than E◦′ for either 
His117SHis-Az and His117Ntr-Az. Based on the measured values, we 
reasoned that E◦′ of His117SHis-Az and His117Ntr-Az should be 
attributed to the T1Cu rather than T2Cu species. 
The E◦′ of WT azurin is pH dependent, with an apparent pKa of 

around 7 [43]. Such pH dependence is believed to be related to the 
deprotonation of His35 and His85 of E◦′ [43,44]. In the present work, 
although Az variants with different His analogues at the 117th position 
show a similar trend at pH 4, the E◦′- pKa slope is steeper at pH 7. It 
suggests that the E◦′ could be related to the protonation state of His, as 
His and its analogues have different protonation states at pH 7, while 
they are all protonated at pH 4. 
From a theoretical perspective, ligands of a coordination complex 

Fig. 5. E◦′ of Az vs. pKa of histidine. Black square: E◦′ of Az at pH 4, red circle: 
E◦′ of Az at pH 7. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

 
with lower pKa values, which are more electron withdrawing, should 
preferably stabilize the reduced state over the oxidized state, leading to 
a higher E◦′. This trend has been tested and confirmed in inorganic 
complexes, such as copper complexes with phenanthrolines and bipyr- 
idyls as the ligands, in which the 5-nitrophenanthroline-copper complex 
with a lower pKa (less than 3.0) displayed a higher E◦′ [45]. On the other 
hand, many complexes do not follow this pKa–reduction potential trend 
as effects other than electronic properties, such as the stability of Cu(I) 
state and ligand sterics contribute more to E◦′ [46,47]. Interestingly, E◦′ 
of Az and its His analogue variants shows the opposite trend as predicted 
from the simple electron withdrawing or donating ability. The pKas used 
in the correlation are based on results obtained either experimentally or 
calculated for the free amino acids outside the protein scaffold [29–31]. 
The pKas may change when they are in azurin, but it is unlikely that the 
pKas change in the opposite direction when they are in azurin, because 
they are isostructural to each other in the same location. Assuming the 
pKas of these His analogues in azurin follow the same trend as those 
outside the protein, this observation suggests that other factors may 
determine E◦′ of these variants. While the UV–vis and EPR can be readily 
used to characterize the Cu(II) state of these variants, probing the 
electronic properties of the Cu(I) state is much harder, because they do 
not display any UV–vis or EPR spectra related to the Cu(I) state. The Cu 
(II) and Cu(I) states of WT-Az exhibit the same coordination environ- 
ment, with slightly longer distances between Cu(I) and its ligands [48]. 
As for the Az variants with His analogues studied in this work, coordi- 
nation change is more likely to occur at the Cu(I) state. It is possible that 
protonation of His analogues at the 117th position is more likely to occur 
at the Cu(I) state, causing greater disparities between the Cu(I) species 
that could lead to the unexpected trend of the E◦′- pKa. The hypothesis 
could be tested by a careful examination of structure of the reduced 
azurin using X-ray absorption spectroscopy. 

3. Conclusions 
 

In summary, the His117 of Az has been substituted by a series of 
isostructural analogues with varying δ nitrogens pKas using expressed 
protein ligation. These mutants retain T1Cu UV–vis and EPR charac- 
teristics, suggesting that isostructural replacement results in minimal 
structural changes to the Cu(II) state. The lower pKa of the δ nitrogens 
also resulted in a higher proportion of T2Cu species resembling that 
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robserved in His117Gly-Az, indicating some population lacking δ ni- 
trogen coordination due to the lower pKa. Surprisingly, we have found a 
positive trend between E◦′ and pKa at both pH 4 and pH 7, i.e., a variant 
with higher pKa also has a higher E◦′, which is opposite from theoretical 
predictions based on electron withdrawing/donating ability that is often 
associated with the pKa of the ligand. This counter-intuitive relationship 
between E◦′ of the protein and pKa of the sidechain group suggests there 
are additional factors, such as a change in coordination sphere upon 
reduction. Further studies of these and other His analogues in both 
azurin and other cupredoxins will result in deeper insight into the roles 
of histidine in metalloproteins. 
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