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Abstract

Copper proteins have the capacity to serve as both redox active catalysts and purely electron 

transfer centers. A longstanding question in this field is how the function of histidine ligated Cu 

centers are modulated by δ vs ε-nitrogen ligation of the imidazole. Evaluating the impact of these 

coordination modes on structure and function by comparative analysis of deposited crystal 

structures is confounded by factors such as differing protein folds and disparate secondary 

coordination spheres that make direct comparison of these isomers difficult. Here, we present a 

series of de novo designed proteins using the noncanonical amino acids 1-methyl-histidine and 3-

methyl-histidine to create Cu nitrite reductases where δ- or ε-nitrogen ligation is enforced by the 

opposite nitrogen’s methylation as a means of directly comparing these two ligation states in the 

same protein fold. We find that ε-nitrogen ligation allows for a better nitrite reduction catalyst, 

displaying 2 orders of magnitude higher activity than the δ-nitrogen ligated construct. Methylation 

of the δ nitrogen, combined with a secondary sphere mutation we have previously published, has 

produced a new record for efficiency within a homogeneous aqueous system, improving by 1 order 

of magnitude the previously published most efficient construct. Furthermore, we have measured 

Michaelis–Menten kinetics on these highly active constructs, revealing that the remaining barriers 

to matching the catalytic efficiency (kcat/KM) of native Cu nitrite reductase involve both substrate 

binding (KM) and catalysis (kcat).
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INTRODUCTION

Copper is an essential metal for life whose relatively easily accessed redox chemistry fulfills 

roles ranging from electron transfer (ET), oxygen binding and activation, and nitrite or 

nitrous oxide reduction.1–3 This wide range of functionality also comes with a wide range of 

coordination environments, resulting in three predominant classifications of copper proteins. 

Type 1 copper proteins are typified by blue copper proteins such as plastocyanin with high 

intensity low energy ligand-to-metal charge-transfer (LMCT) bands and compressed 

hyperfine coupling constant due to a uniquely covalent Cu–S bond from Cys ligation.4–10 

Type 1 (T1) copper proteins largely function as electron transfer centers though some 

research indicates their involvement in nitric oxide sensing.11–13 Type 3 (T3) copper proteins 

contain dinuclear coupled copper centers, each ligated by three His residues and commonly 

function as oxygen binders or activators.1,14 Type 2 (T2) copper proteins, the focus of this 

work, were first grouped due to their lack of unique spectroscopic features, having “normal” 

copper EPR spectra and lacking intense electronic absorption features.1,15 T2 copper centers 

are often His3 coordinated but include all mononuclear Cu sites lacking a ligated sulfur. 

Perhaps due to this variety in ligation, T2 copper centers have been found to encompass a 

large variety of functions.3,14,15

Our lab is particularly interested in investigating the structural component of differing 

functions within T2 copper centers. These extremes of function within T2 Cu sites are well 

exemplified by comparing Cu only nitrite reductase (CuNiR) and peptidylglycine alpha-

hydroxylating monooxygenase (PHM; Figure 1).16–18 While both enzymes contain T2 Cu 

sites with His3 coordination, their function differs drastically. CuNiR’s T2 site is capable of 

reducing nitrite via electron transfer from a T1 Cu site,19,20 while PHM’s His3 T2 site (CuH) 

acts to transfer electrons to the CuM active site.21 Examination of CuNiR and PHM crystal 

structures through databases such as MetalPDB indicates that the differences between these 

two constructs arise from variations in histidine ligation, namely that the His residues of 

PHM bind through the Nδ nitrogen while those of CuNiR bind through Nε.22 A previous 

study comparing crystal structures of metalloproteins deposited in the PDB led to the 

hypothesis that metal ligation through Nδ, which is more often seen in electron transfer sites 

such as T1 copper proteins, may increase the stability of the coordination sphere and 

decrease reorganization energy, while Nε ligation, found largely in metalloprotein active 

sites, allows for greater flexibility and improved catalytic efficiency.23 It is also possible that 

more direct differences such as the greater basicity of the Nε position may be the origin for 

this disparity in functionality.24
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Directly comparing the native proteins in question is difficult or even impossible due to large 

structural differences between CuNiR and PHM (Figure 1). Previously, our lab has shown 

that a Cu(His)3 active site can be designed within the TRI system of three stranded coiled 

coil (3SCC) peptides.25 Using this construct and the noncanonical amino acids δmHis and 

εmHis (histidine methylated at the δ- or ε-nitrogen respectively, depicted in Figure 2) we 

have explored the effect of Nδ or Nε ligation within variations of this de novo protein system 

to circumvent the complications that come with making such comparisons within native 

systems. This is the first systematic study of the effect of tris-Nδ vs tris-Nε ligation on the 

structural and electronic properties of both Cu(I) and Cu(II) within a single protein scaffold. 

Through a variety of spectroscopic techniques we determine that enforcing Nδ or Nε ligation 

affects the coordination number of the complex as well as the NiR activity increases 100-

fold in δNmetHis compared to εNmetHis. It is difficult to disentangle the electronic and 

structural changes of Nδ or Nε ligation. One would expect not only electronic differences 

between Nδ or Nε ligation, but steric differences that lead to the observed change in 

coordination geometry. However, previous studies indicate that coordination number of the 

Cu(I) complex of our constructs is unlikely to cause an activity change and we are thus 

confident that this activity enhancement is due to Nδ or Nε electronic differences.

While methylated histidine-like Cu ligands have been utilized extensively in small molecule 

studies, their use in protein design has been limited to studying the incorporation of δ or ε-

methylated histidine in amyloid-β to investigate whether bridging His ligands between two 

Cu(II) ions were a factor in fibril formation.26–28 While lower neurotoxicity was observed 

for both delta and epsilon methylated Histidine, it was also found that methylated His 

amyloid-β peptides have higher efficiency in hydrogen peroxide generation than standard 

amyloid-β. This was explained by the bridging His of amyloid-β acting as an inhibitor to 

H2O2 production.

The only example of native mHis bound to Cu can be found in the polysaccharide 

monooxygenase (PMO) family of enzymes secreted by several varieties of fungi.29–32 The 

unique copper binding site of this protein family contains not only a mHis but also a 

“histidine brace” motif due to binding of both the N-terminal mHis residue’s amine and side 

chain. The purpose of including a mHis residue in the binding site is currently unknown; 

however, based on the results of the amyloid-β study referenced above, this may serve to 

increase the efficiency of the enzyme as compared to a His derivative.

We have previously employed a variety of strategies to maximize the catalytic efficiency of 

nitrite reduction in a series of functional de novo CuNiR catalysts. Toward this end, our 

approach has included mutations to outer sphere residues with little effect on NiR activity 

and second coordination sphere mutations which successfully increased our system’s 

efficiency to the highest for any aqueous model of CuNiR.33,34 The latter study used 

mutations of the hydrophobic layers above or below the CuHis3 binding site to Asp or Ala to 

enhance NiR efficiency up to 75 times. In the present work we demonstrate that Cu(I)

(TRIW-δmH)3 displays an increased efficiency of 300 times that of Cu(I)(TRIW-H)3 (Table 

1). TRIδmHis L19A was created to test if these two strategies could be combined and 

whether their effects on activity were additive. Finally, Michaelis Menten kinetic studies 

were performed for Cu(I)(TRIW-δmH)3 and Cu(I)(TRIW-δmH L19A)3 to explore the activity 
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enhancement of these constructs relative to Cu(I)(TRIW-H L19A)3. These studies not only 

further our understanding of how one could improve de novo CuNiR catalysts but have 

produced the most efficient nitrite reductase model within an aqueous medium with a pseudo 

first order rate constant of 0.32 s−1, an enhancement from our first model of over 700-fold.

METHODS

Peptide Synthesis.

Fmoc protected amino acids and MBHA rink amide resin were purchased from 

Novabiochem except Fmoc-1-methyl-L-histidine and Fmoc-3-methyl-L-histidine which were 

purchased from Millipore. Hydroxybenzotriazole (HOBt) and 2-(1H-benzotriazol-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were purchased from Anaspec 

while diisopropylethylamine (DIEA), acetic anhydride, and pyridine were purchased from 

Aldrich and piperadine was bought from Sigma. N,N-Dimethylformamide (DMF) was 

obtained from Fisher Scientific. All peptides in this study were synthesized on a Biotage 

Initiator + Alstra microwave peptide synthesizer using standard protocols and purified by 

reverse-phase HPLC on a C18 column at a flow rate of 20 mL/min using a linear gradient 

varying from 0.1% trifluoroacetic acid (TFA) in water to 0.1% TFA in 9:1 CH3CN/H2O as 

previously reported.35 Peptides were characterized by electrospray mass spectrometry. 

Peptide concentrations were determined based on the tryptophan absorbance at 280 nm (ε = 

5500 M−1 cm−1). Amino acids sequences of all peptides used within this study are detailed 

in Table 1.

UV–vis and EPR Spectroscopy.

Electronic absorption data were collected on a Cary 100 UV–vis Spectrometer. Electron 

paramagnetic resonance (EPR) spectra were collected using a Bruker EMXE 200 EPR 

cooled to 100 K.

X-ray Absorption Spectroscopy.

Cu(I) samples were prepared as follows. Tetrakis(acetonitrile)Cu(I)hexafluorophosphate (1 

mM) was added to a 4.5 mM peptide (1.5 mM 3SCC trimer) in 50 mM MES buffer at pH 

5.9 with 50% glycerol (added as a glassing agent) in the glovebox maintained in anaerobic 

conditions. Sample solutions were then loaded into a sample cell and frozen in liquid 

nitrogen. 0.5 mM excess apo peptide trimer was included to ensure the free Cu(I) 

concentration was minimal (<0.01%).

Cu(II) samples were prepared with 1 mM Cu(II)Cl2 and 4.5 mM peptide (1.5 mM 3SCC 

trimer) in 50 mM MES buffer at pH 5.9 in aerobic conditions. Samples were then 

lyophilized before transferring to sample cells. During collection the Cu edge energy and 1s 

→ 4p transition of Cu(I)peptide were monitored. We estimate that no more than 10% of the 

sample was photoreduced by the final scan included in fitting.

Measurements were carried out at Stanford Synchrotron Radiation Lightsource (SSRL) 

beamlines 7–3 and 9–3. A Si(220) double-crystal monochromator was employed to select 

the incident energy, and a flat Rh-coated mirror was used for harmonic rejection. Samples 
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were maintained below 10 K with an Oxford Instruments liquid helium cryostat. 

Fluorescence detected measurements were performed using either a 30- or 100-element 

Canberra Ge detector array (for beamlines 7–3 or 9–3 respectively) normalized to incident 

intensity measured with a N2 filled ion chamber. Data were measured using steps of 0.25 eV 

in the XANES region (1 s integration time) and 0.05 Å−1 in the EXAFS region to k = 13.5 Å
−1 (1–20 s integration, k3 weighted). Energies were calibrated by assigning the lowest energy 

inflection point of a copper metal foil to 8980.3 eV. The threshold energy, E0, was defined as 

8990 eV based on fits of model compounds; this was used to convert data to k-space, and the 

background was removed using a 3-region cubic spline. XANES data were normalized using 

MBACK.36 For analysis of the 1s → 3d transitions (Figure 4), the data were fitted with an 

arctan background + a pseudo-Voigt peak to model the rising edge and the 1s → 3d peak, 

and this fitted background was then subtracted from the data.

Single- and multiple-scattering path fitting of EXAFS data were performed using 

EXAFSPAK37 with ab initio amplitude and phase parameters calculated using FEFF 9.0.38 

An initial model of Cu-imidazole coordination was built based on the average Cu–N bond 

distances determined by single-scattering fitting of EXAFS data, with the imidazole bond-

lengths and angles taken as the average of all Cu-imidazole structures contained in the 

Cambridge Structural Database. All significant non-H paths, defined as those having an 

amplitude greater than 4% of the Cu–N amplitude, from this model were then loaded into 

EXAFSPAK and modeled as a rigid ligand. Initial estimates of the Debye–Waller factors for 

each Cu-imidazole shell were taken from calculations by Dimakis and Bunker.39 The Cu–N 

distance and Debye–Waller factor were allowed to vary, with the distance and Debye–Waller 

factor for the other paths calculated based on the Cu–N values. Thus, the long distance 

scatterering from the Cu-Imid was modeled while only varying two independent variables.

Kd Determinations.

Cu(I) binding constants were determined by UV–visible titration of the peptide with Cu(I) in 

the presence of disodiumcuproinedisulfonate (Na2BCS) as a competitive chelator in 50 mM 

MES buffer pH 5.9 using a logβ2 of 19.8 for the formation of Cu(I)(BCS)2.40 Cu(II) binding 

constants were determined by direct titration of the peptide with Cu(II) while monitoring 

Trp fluorescence quenching in 50 mM MES pH 5.9 buffer. Redox potentials for TRIW-δmH 

and TRIW-εmH were calculated based on the Nernst equation and the Cu(I)/(II) binding 

constants for those peptides at pH 5.9.

NiR Activity.

NiR activity was measured by UV–visible spectroscopy using previously published 

procedures monitoring ascorbate oxidation.25 Pseudo first order rate constants were 

determined in solutions containing ~30 mM nitrite, ~1.2 mM ascorbate and varying 

metallopeptide catalyst. For cases in which the initial rates were sufficiently high, the initial 

rate of the metallopeptide-catalyzed reduction of nitrite by ascorbate was determined at 

varying nitrite concentrations and the data were fit to the Michaelis–Menten equation to 

obtain Vmax, kcat, and KM.34
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RESULTS

Cu(II) Absorption and EPR Spectroscopy.

Absorption spectra were obtained at pH 5.8 for a series of solutions containing 300 μM 

Cu(II)Cl2 and 300 μM (TRIW-δmH)3 or (TRIW-εmH)3 (Table 2). Electron paramagnetic 

resonance spectra were obtained for Cu(II)(TRIW-H)3, Cu(II)-(TRIW-δmH)3 and Cu(II)

(TRIW-εmH)3 at pH 5.8 and fit using the program Spincount.41 The A‖ measured for the 

new constructs matches closely with our previously reported TRIW-H, and is comparable to 

other His3 coordinated Cu(II) systems. The fit g-tensors indicate axial symmetry around the 

copper center.

Cu(II) X-ray Absorption Spectroscopy.

X-ray absorption spectra (XAS) were collected for Cu(II)(TRIW-H)3, Cu(II)-(TRIW-δmH)3, 

and Cu(II)(TRIW-εmH)3 to compare the electronic and geometric structures of these three 

constructs (Table 3). In almost every case (including the Cu(I) spectra discussed below) the 

fitted Debye–Waller factors are somewhat larger than seen in small model compounds. This 

is typical of our findings for de novo designed peptides and may reflect a small degree of 

disorder in the metal sites. The average nearest-neighbor bond-length for the Cu(II) is 1.93–

1.95 Å. This distance, which is well-defined and does not depend on the details of the fitting, 

is consistent with ligation by four oxygen or nitrogen-containing ligands. However, all three 

constructs exhibit long distance scatterers indicative of His ligation, and in all cases at least 

two imidazole ligands were required in order to account for the outer shell scattering. 

Unfortunately, it is difficult to definitively distinguish between two and three imidazoles. For 

TRIW-H and TRIW-δmH, fits using Cu(imid)3O were somewhat better, while for TRIW-

εmH a model using Cu(imid)2O2 gave somewhat better fits. This is consistent with the 

observation that the Fourier transform of the TRIW-εmH EXAFS has noticeably weaker 

outer-shell scattering than is seen for the other samples (Figure S2). Fitting parameters for 

all models attempted are included in the Supporting Information.

The 1s → 3d transition of Cu(II), presenting as a small local maximum at 8979 eV, was 

analyzed to investigate geometric differences between constructs as determined by the 

relative intensity of this peak which arises from 3d-4p mixing.42,43 Comparing Cu(II)

(TRIW-H)3, Cu(II)(TRIW-δmH)3, and Cu(II)(TRIW-εmH)3 we find that TRIW-H and TRIW-

δmH have very similar peak intensities while TRIW-εmH has a higher intensity (Figures 3 

and S3).

Cu(I) X-ray Absorption Spectroscopy.

XAS data were collected on Cu(I)(TRIW-δmH)3, Cu(I)(TRIW-εmH)3, and Cu(I)(TRIW-δmH 

L19A)3 and compared to our previously published measurements of Cu(I)(TRIW-H)3. 

EXAFS data for the three new constructs all exhibited long distance scatterers indicative of 

His ligation and all could be reasonably fit using either Cu(imid)2 or Cu(imid)3 models. For 

TRIW-εmH and TRIW-δmH L19A the fit quality was nearly identical for 2 or 3 coordinate 

models, while for TRIW- δmH the 2-coordinate model gave a noticeably poorer fit. Although 

EXAFS fit quality alone cannot unambiguously differentiate between these models, the 

invariance of the Cu(imid) distance regardless of model employed leaves us confident in the 
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determined Cu–N distances (Table 4); the smaller average Cu–N distance for TRIW-εmH 

and TRIW-δmH L19A is consistent with a lower average coordination number for these sites. 

Fitting parameters for all models attempted are included in Table S1 of the Supporting 

Information.

The 1s → 4p transition of Cu(I), presenting as a local maximum at 8982–8985 eV, was 

analyzed to investigate coordination number differences between constructs as determined 

by the intensity of this peak with higher peak intensities being indicative of lower 

coordination number.44 Figure 4 shows a comparison of Cu(I)(TRIW-H)3, Cu(I)-(TRIW-

δmH)3, Cu(I)(TRIW-εmH)3, and Cu(I)(TRIW-δmH L19A)3. Upon closer examination we find 

that the four constructs can be divided into two groups with TRIW-H and TRIW-δmH having 

almost identical peak intensity, while TRIW-εmH and TRIW-δmH L19A are similarly 

matching. Interestingly, while the L19A mutation of TRIW-δmH shifts the 1s → 4p 

transition to higher energy relative to TRIW-H (in a similar way as reported for L19A) the 

intensity of the peak does not increase to the same degree.34 This suggests that there is less 

of a shift to a two coordinate species when His23 is methylated.44

Cu(I/II) Binding Constants and Redox Potential.

Cu(I) and Cu(II) Kd’s were determined for (TRIW-δmH)3 and (TRIW-εmH)3 and compared 

to the original (TRIW-H)3 model construct (Table 5). The Cu(I) binding constants were 

surprisingly insensitive both to nitrogen methylation and mode of His coordination. Cu(II) 

binding constants were more sensitive, with binding affinities decreasing by up to 2 orders 

of magnitude going from (TRIW-H)3 and (TRIW-εmH)3 to (TRIW-δmH)3. This decrease in 

the Cu(II) KD for (TRIδmH)3 leads to a concomitant increase in the calculated redox 

potential while the redox potential of Cu(TRIW-εmH)3 is identical to that of Cu(TRIW-H)3.

Kinetic Analysis of NiR Activity.

Previously published protocols were used to determine the pseudo first order rate constants 

for Cu(I)(TRIW-εmH)3−, Cu(I)(TRIW-δmH)3−, and Cu(I)(TRIW-δmH L19A)3-catalyzed 

reduction of nitrite by ascorbate under a standard set of conditions.25,34 Cu(I)-(TRIW-δmH)3 

and Cu(I)(TRIW-δmH L19A)3 performed efficiently enough that Michaelis—Menten kinetic 

analyses were pursued. Parameters from these kinetic analyses and those of some previously 

published TRIW-H based constructs are compared to other model constructs and native 

CuNiR enzymes below (Table 6).

DISCUSSION

We have previously reported on efficient nitrite reductase activity in de novo designed 3SCC 

scaffolds by incorporating copper into the (TRI-L2WL23H)3 [hereafter designated (TRIW-

H)3]. Our initial studies demonstrated that this copper protein was a remarkably robust 

catalytic model of CuNiR, completing over 1000 turnovers without a measurable decrease in 

activity.25 We have since proceeded to systematically modify this system to enhance activity. 

We began by changing the surface charge of the coiled-coils outside the direct first and 

second coordination sphere of the copper center. These studies successfully tuned the redox 

potential of the bound copper by up to 100 mV; however, they led only to modest changes in 
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reaction rate (a range of a factor of 4) and none led to enhanced activity compared to the 

original construct.33 Our next study investigated the influence of steric constraints in the 

metal’s second coordination sphere, leading to further modifications which increased the 

NiR first order rate constant up to 75-fold compared to the original (TRIW-H)3 construct.34 

We have now moved our attention to the primary coordination sphere of the metal with the 

objective of testing the effects of histidine δ- or ε-nitrogen coordination (enforced by 

methylation of ε- or δ-nitrogen atoms) on the electronic and geometric structure, redox 

potential, and catalytic activity of the copper center. These changes in coordination, 

developed within a well-defined scaffold, influence the chemistry of the Cu site through both 

electronic effects (e.g., inductive effects) and by steric. In doing so, we have directly 

interrogated the influence of copper–histidine coordination isomers on the physical and 

enzymatic properties of a Cu active site in a well understood protein environment.

As a ligand, N-methyl histidine provides numerous alterations to the physical properties of 

the imidazole side chain compared to standard L-histidine. The obvious first change is that 

imidazole has three protonation forms: imidazolium, imidazole, and imidazolate. The first 

and last species occur at very low and very high pH, respectively, but can be emulated in a 

protein environment through hydrogen bond donors and acceptors in the metal’s second 

coordination sphere. Upon alkylation, the imidazolate form can no longer exist, nor can local 

H-bonding residues perturb the protonation state of the bound ligand. The second obvious 

change is that a methyl group is much more electron donating than a simple proton. 

Therefore, one can consider εmH and δmH substitution leading to a more electron rich 

ligand. However, the consequence of this additional electron density is not straightforward to 

interpret. This is because the two nitrogen atom lone pairs of the imidazole have different 

degrees of σ versus π character. As an example, one may consider the pKas for imidazole 

and N-methylated imidazole, which leads to a −0.21 pKa shift upon addition of the alkyl 

group. At the same time, the observed pKas for histidine, εmH, and δmH are 6.03, 5.91, and 

6.52, respectively.24 Thus, alkylation can either increase or decrease the acidity of the 

imidazole ring relative to the parent histidine. When the pKa values for the histidine are 

corrected to give microscopic constants specifically reflecting the acidities of the 

εHHistidine and δHHistidine species (which measure the dissociation of protons at either the 

δ or ε positions) it was found that the pKas were 6.12 and 6.73, respectively.24 This means 

that the σ donor capacity of the two nitrogen atoms of imidazole itself are markedly 

different. It is for this reason that the two histidine imidazole nitrogen atoms have been 

referred to as pyrrole (δ) and pyridine (ε) like nitrogens. These differences in ligating 

character and basicity should lead to different positions within the spectrochemical series for 

each coordination mode, altered binding affinities for Cu(I)/Cu(II), and modulation of the 

metal reduction potential.

Besides electronic effects, N-methylation imposes steric constraints within the protein 

interior. The first consideration is how the protein scaffold accommodates the more bulky 

methyl group in the active site. The second issue is that the δ- and ε-nitrogen positions 

correspond to the 1 and 3 positions of a 5 membered ring (which is attached to the backbone 

at the 5 position). Thus, the length and angle of coordination of these two types of nitrogen 

ligands with Cu are considerably different. Finally, as the methyl group cannot hydrogen 

bond, stabilizing interactions with second coordination sphere ligands that may orient the 
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imidazole within the active site are largely removed. Therefore, one must consider a myriad 

of both electronic and steric perturbations to interpret fully changes observed through side 

chain methylation. It is our proposition that understanding the impact of these changes is 

best completed within a minimal, well-defined scaffold as is provided by de novo design.

The N-methyl histidine modified compounds εmH and δmH have been used in enzyme 

design previously as a proximal ligand to heme in order to create de novo heme models of 

deoxymyoglobin or to increase the peroxidase activity of myoglobin.48,49 Examples also 

exist where N-methylated derivatives serve as a substitute for the His ligands within the 

zinc-containing metalloenzyme mannose-6-phosphate isomerase (ManA) to create 

organisms which were dependent on supplementation due to this noncanonical amino acid 

substitution.50 In addition, a few examples of natural proteins, which contain methylated His 

ligated to Cu, are deposited to the PDB.29–31 While the amyloid-β peptide study discussed 

in the Introduction did compare εmH and δmH substitution, this was done within the context 

of fibril formation and not as an investigation of the electronic and structural differences that 

result from these changes. Thus, an exploration of the structural and electronic effects of 

either Nδ or Nε nitrogen methylation on copper coordination as it relates to the tautomeric 

preferences of native copper enzymes, and the impact of these modifications on a catalytic 

reaction is warranted. In this study we have used TRI-L2WL23εmH (TRIW-εmH) and TRI-

L2WL23δmH (TRIW-δmH) derivatives to address these issues.

Structural and Spectroscopic Perturbations Resulting from Histidine N-Methylation.

Cu(II) Geometry.—Combining the results from electronic absorption, EPR, and XAS 

spectroscopies we can evaluate the geometric and electronic changes that occur at the metal 

center upon histidine methylation. Furthermore, we can assess whether Cu(II)-(TRIW-δmH)3 

impacts these properties differently than Cu(II)(TRIW-εmH)3. The energy of the d–d 

transition of Cu(II) complexes has been shown to be dependent on the identity of the ligands 

around the Cu(II) and we have previously used this as evidence that Cu(II)(TRIW-H)3 binds 

Cu(II) using all three available His residues.25,51 If we follow the spectrochemical series as 

imidazole > pyridine > pyrrole, then one would expect TRIW-H to have the highest energy d

—d transitions if the imidazoles in TRIW-H bind to Cu via the ε-nitrogen, while TRIW-δmH 

would have the highest energy if the binding in TRIW-H was via the δ-nitrogen. In either 

case, TRIW-εmH is expected to have the lowest d–d transition energy. It is therefore not 

surprising that this series shows a progressive shift to lower energy moving from Cu(II)

(TRIW-H)3 (643 nm, 15 550 cm−1, ε = 135 M−1 cm−1) to Cu(II)(TRIW-δmH)3 (670 nm, 

14925 cm−1, ε = 67 M−1 cm−1) to Cu(II)(TRIW-εmH)3 (700 nm, 14 286 cm−1, ε = 78 M−1 

cm−1) (Table 2). This trend follows the estimated basicity of the δ and ε nitrogen atoms of 

the three employed ligands εNHistidine, 6.73; δmHistidine, 6.52; and εmHistidine, 5.91) 

possibly suggesting that σ basicity is dominant and supporting a model in which the TRIW-

H peptide coordinates to Cu via the ε-nitrogen. Ligation of Cu by the ε-nitrogen is 

consistent with Zn(II) ligation seen in the crystal structure (Hg(II)S[Zn-(II)N(H2O)]

(CSL9CL23H)3
+).52 Our lab has also been unsuccessful in attempts to model 3-coordinate 

δ-nitrogen ligation of a metal by a His3 site within a 3SCC. These data, however, are the first 

empirical evidence for this assignment with Cu(II).
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The explanation provided in the previous paragraph is potentially complicated by two other 

factors. First, the δmH and εmH substitutions remove hydrogen bonding that could alter the 

unsubstituted imidazole ligand field. Second, if Cu(II)(TRIW-εmH)3 does indeed have a 

CuN2O2 coordination environment, as suggested by the EXAFS (Table 3), the replacement 

of histidine with a weaker-field water ligand could account for part of the red-shift seen for 

the TRIW-εmH d–d transition. With these caveats in mind we still tentatively conclude from 

the data that the Cu(II)(TRIW-δmH)3 more closely mimics the original Cu(II)(TRIW-H)3 

than Cu(II)-(TRIW-εmH)3 does. This conclusion simplifies analyzing other comparative 

parameters such as Cu(II) binding constants and NiR activity.52 Taken together, Figure 5 

provides our best interpretation of the Cu(II) structure in these systems.

Further clues as to the geometric differences between these three constructs can be 

elucidated from interpretation of EPR and XANES spectroscopies. These data again show 

that Cu(II)(TRIW-εmH)3 differs from Cu(II)(TRIW-H)3 and Cu(II)(TRIW-δmH)3, with a 

more compressed hyperfine coupling constant (Table 2) and an increased 1s → 3d intensity 

(Figure 3). Both observations are consistent with Cu(II)(TRIW-εmH)3 having a geometry of 

somewhat more tetrahedral nature than the two other constructs. The fits to the EXAFS data 

(Table 3) are also consistent with a change from N3O to N2O2 for Cu(II)(TRIW-εmH)3. This 

could occur as a consequence of steric effects: either three methyl groups on the Nε nitrogen 

being unable to fit at the active site or copper being unable to complex three Nδ nitrogen 

atoms within a 3SCC.

Cu(I) Geometry.—Similar to the previous comparison of the structures of the Cu(II) 

peptides, XAS shows that the geometry of Cu(I)(TRIW-δmH)3 is indistinguishable from that 

of Cu(I)(TRIW-H)3 while Cu(I)(TRIW-εmH)3 differs from both (Table 4). As predicted by a 

previous comparative study on deposited crystal structures,23 coordination of Cu through the 

delta nitrogen of His is more prone to be two coordinate than with the epsilon nitrogen. The 

shorter bond length, as determined by EXAFS (1.89 Å compared to 1.94 Å), and increased 

1s → 4p transition intensity within the XANES region of Cu(I)(TRIW-εmH)3 are consistent 

with an equilibrium that favors bis-coordinate for this species to a greater extent than Cu(I)

(TRIW-δmH)3 or Cu(I)(TRIW-H)3 (Figure 4).44 The Debye–Waller factors of these three 

constructs show that Cu(I)(TRIW-εmH)3 is in a more disordered state than Cu(I)(TRIW-

δmH)3 or Cu(I)(TRIW-H)3. This is likely because the δ nitrogen derivative is a mixture of 2 

and 3 coordinate structures while the other two constructs seem to fit well within the 

expected values of 3 coordinate Cu(I)His3 complexes. That Cu(I)(TRIW-εmH)3 exists in an 

equilibrium between two and three coordinate rather than purely two coordinate may be a 

consequence of our choice of a 3SCC as our scaffold. Metalated TRI family peptides have 

had several examples in which higher coordination numbers are enforced such as the case of 

HgS3.35,53 Recently, we reported that the mutation of L19A above the His layer in Cu(I)-

(TRIW-H)3 relieved the steric constraints imposed on histidine movement at the active site, 

allowing for a two coordinate construct. It appears that Cu(I) prefers the two coordinate 

structure in all of these designed peptides when sufficient space is available for the third 

imidazole to remain unbound.34,35,53 Thus, one could argue that Cu(I)-(TRIW-εmH)3 would 

be fully two coordinate if not for the preferences inherent in the scaffold. The resulting 

mixed coordination would then increase the disorder of this coordination, which is 
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consistent with our current results. Finally, the observation, from both EXAFS and XANES, 

that the Cu(I)(TRIW-εmH)3 site is different from the Cu(I)-(TRIW-H)3 and Cu(I)(TRIW-

δmH)3 sites is consistent with the hypothesis that it is not possible to form a Cu(His)3 site 

when histidine is coordinated via Nδ within a 3SCC, as was also seen with Cu(II) 

coordination. These data thus suggest that Cu(I)(TRIW-H)3 is likely bound to Cu(I) via the 

Nε nitrogen of His. Our model structures for the Cu(I) forms are shown in Figure 6.

Given that the Cu(I)(TRIW-H L19A)3 converts to a partially 2-coordinate Cu(I), we can next 

compare the changes seen between Cu(I)(TRIW-δmH)3 and Cu(I)(TRIW-δmH L19A)3. 

Interestingly, although the type of changes seen are similar in both cases, with a slightly 

shorter Cu–N distance and the exact same shift in 1s → 4p transition energy, the intensity of 

this transition for the Cu(I)(TRIW-δmH L19A)3 construct is much smaller than Cu(I)(TRIW-

H L19A)3, suggesting that the 3 coordinate–2 coordinate equilibrium does not shift to the 

same degree as it does in the case of unmodified histidine (Figure 7). This is likely due to 

the steric bulk of the methyl group on the δ nitrogen inhibiting the movement of one 

histidine away from the copper atom. That L19A mutation of TRIW-δmH increases NiR 

efficiency, though to a lesser degree than in the case of TRIW-H, while increasing the 1s → 
4p transition energy serves as further evidence of the link between these two observables.

Cu(I/II) Thermodynamics: Binding Equilibria and Reduction Potentials.—Given 

that spectroscopic evidence suggests (TRIW-H)3 binds copper in both oxidation states via 

the Nε nitrogen (vida supra), we can use a comparison of binding constants for Cu(I) and 

Cu(II) to (TRIH)3, (TRIδmH)3, and (TRIεmH)3 to investigate the effects of histidine 

methylation, and therefore Cu–Nδ or Cu–Nε ligation, on the stabilities of these systems. The 

data in Table 5 show that while the Cu(I) Kds for all three constructs are relatively similar, in 

the range 2–6 pM, the Cu(II) Kd for (TRIδmH)3 differs by 2 orders of magnitude from the 

other 3SCCs. These results are surprising in at least two ways. First, two of the three Cu(I) 

compounds are three coordinate, whereas the third is in an equilibrium biased toward two 

coordinate, yet all binding constants are within a factor of 3 and essentially within the errors 

of the determinations. So, the cuprous binding affinities are invariant to modifications such 

as the number of ligands, the basicity of the ligands, the presence or absence of methyl 

groups, the bonding of Nε or Nδ nitrogen atoms or the polyhedral preferences (alternatively, 

differences due to these factors may fortuitously cancel). Second, the 3.3 μM value for 

Cu(II)-(TRIδmH)3 compares to 40 nM for the other two Cu(II) constructs. At first 

examination this appears odd since, as previously mentioned, spectroscopic evidence 

indicates that Cu(II)(TRIW-H)3 binds to the same Nε nitrogen as Cu(II)(TRIδmH)3. Thus, 

the coordination environment and relative ligand basicity for these two peptides are expected 

to be very similar, whereas the Cu(I)(TRIW-εmH)3 has imidazoles that are the least basic of 

the three and may, in addition, have one fewer bound histidine. We can only conclude that 

the difference between Cu(II)(TRIW-H)3 and Cu(II)(TRIδmH)3 is due to methylation of the 

His rather than the type of nitrogen coordination or geometry. The simplest model is that 

while a tris imidazole structure can still form, the methyl groups of Cu(II)(TRIδmH)3 are 

disposed to cause severe steric clashes that diminish the copper affinity. It may also be that 

H-bonding, unavailable in the methylated derivative, may stabilize Cu(II)(TRIW-H)3. 
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Previous studies support this possibility as mutations of surface carboxylates suggested that 

hydrogen bonding influenced the reduction potentials significantly.33

It is interesting that the amyloid-β study of Tickler et al. did not observe any difference 

between EPR spectra of Cu(II)-amyloid-β(δmH) compared to Cu(II)-amyloid-β(εmH).28 

This discrepancy likely arises from the geometric differences we hypothesize for Cu(II)

(TRIW-δmH)3 versus Cu(II)-(TRIW-εmH)3. The more confined space within the 3SCC 

environment limits whether the same geometry can be adopted by all methylated derivatives. 

We also find an opposite trend for the KD’s determined for methylated His forms of 

amyloid-β for Cu(II). In that system, tighter Cu(II) binding was observed for amyloid-β and 

amyloid-β(δmH) than amyloid-β(εmH), while we find that methylation itself leads to a looser 

KD for Cu(II) by 2 orders of magnitude and (TRIW-εmH)3 exhibits tighter binding than 

(TRIW-δmH)3 by 2 orders of magnitude. Again, this may be a consequence of the differing 

secondary structures adopted by TRI peptide and amyloid-β.

The consequence of invariant cuprous affinities and divergent cupric affinities is that the 

calculated reduction potential for Cu(II)(TRIδmH)3 is significantly more positive than for the 

other nitrite reductase mimics. Table 5 shows that the reduction potential for Cu(II)

(TRIWδmH)3 is 130 mV more positive than observed for the other two peptides. This 

directly reflects the weaker Cu(II) affinity and suggests this protein is the most likely to be 

in the reduced state. Not surprisingly, it is also the construct with the highest Cu(I) affinity, 

even though the two-coordinate form seen in Cu(I)(TRIW-εmH)3 might have been predicted 

to be the preferred coordination geometry. Below we discuss the implications of these 

thermodynamic parameters on the nitrite reductase activity.

Effect of N-Methylation on Nitrite Reductase Catalysis.

Based on either first order rate constants or kcat, the TRI family nitrite reductases are the 

most active artificial complexes for the conversion of nitrite to NO in homogeneous aqueous 

solution. Figure 8 illustrates the over 1000 fold range of first order rate constants seen across 

these proteins. Clearly, modification of the surface residues, shown in blue, had minor 

influence on activities, despite spreading the reduction potentials over a range greater than 

130 mV. In contrast, second coordination sphere modifications, shown in green, led to 

significant rate enhancements, with k values nearly 100-fold higher than the original TRIW-

H construct. In the present studies, we see that modification of the properties of the first 

coordination sphere histidine by methylation leads to the most significant increases in 

activities. Most interesting, combining one of the best second coordination sphere mutations 

(TRIW-L19A, 75-fold enhancement) with the best alkylated derivative (TRIWδmH, 260-

fold), only led to a modest increase in rate (TRIWL19AδmH 640-fold or ~2.5-fold better 

than TRIWδmH).

Probably the most interesting observation from this comparison of rate data is that 

methylation of the delta nitrogen leads to much greater rate enhancements (260-fold) as 

compared to methylation of the epsilon nitrogen (2.6-fold). Since both TRIW-H and TRIW-

δmH bind to Cu in both oxidation states through the Nε, this comparison provides a direct 

reflection of methylation on catalytic activity. An inductive-like effect has been previously 

hypothesized to account for the difference in activity of pyrazole containing small molecule 
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models of CuNiR and those containing more electron-rich imidazole ligands.54,55 This was 

hypothesized to be linked to the Cu(II)(NO2) HOMO having increased energy with more 

electron-rich ligands. It is possible that similar inductive effects could be relevant here 

between Cu(I)(TRIH)3 and Cu(I)(TRIδmH)3.

Because we cannot evaluate directly the TRIW-H Nδ isomer, we do not know whether we 

can apply the above 260-fold factor to assess TRIW-H Nδ isomer rates; however, it is rather 

likely that Cu–Nδ coordination in general leads to far diminished catalysis. This is 

emphasized by the 2 orders of magnitude difference in rates between the two N-methylated 

isomers probed here; consistent with hypotheses on the differing roles of Nδ or Nε nitrogen 

ligation to Cu, but this is the first time such a difference has been quantified.23 This 

comparison is not perfect, however, due to the differing coordination numbers of Cu(I)

(TRIWδmH)3 (3 coordinate) and Cu(I)(TRIW-εmH)3 (mix of 2 and 3 coordinate) which 

complicates the comparison. Previous results with secondary sphere mutations to Cu(I)

(TRIW-H)3 above or below the His plane have shown that several Cu(I)(TRIW-H)3 

constructs with coordination numbers of two or three have similar activities.34 Further, 

comparing the activities of Cu(I)-(TRIW-εmH)3 with Cu(I)(TRIWδmH L19A)3, which have 

the same coordination number according to XANES analysis (Figure 4), shows a similar 

enhancement of Cu–Nε ligation compared to Cu–Nδ as was observed between Cu(I)-

(TRIWδmH)3 and Cu(I)(TRIW-εmH)3. These results leave us confident that the differing 

coordination number does not account for the 2 orders of magnitude enhancement in NiR 

activity between Cu(I)(TRIWδmH)3 and Cu(I)(TRIW-εmH)3.

We previously have shown, using surface modifications of TRIW-H, that nitrite reductase 

activity was not dependent on the reduction potential of the copper center in these 3SCCs.33 

With the present derivatives, the Cu(II)(TRIWδmH)3 has a 130 mV more positive reduction 

potential than either Cu(II)(TRIWH)3 or Cu(II)(TRIWεmH)3. This 2 orders of magnitude 

difference (based on the Cu(II) Kd) is close to what is observed for the 2 orders of 

magnitude increase in rate; however, given that other derivatives, such as TRIW-EH, have 

reduction potentials even more positive (+587 mV) with rates nearly 500 times slower than 

Cu(I)(TRIWδmH)3, it is unlikely that the catalytic enhancement is due to this 

thermodynamic difference. Furthermore, making the reduction potential more positive 

should slow the catalytic reaction, not enhance it. Therefore, we conclude that electron 

transfer is not rate limiting in any of the 3SCC derivatives. This conclusion fits with the 

rapid reduction of Cu(II) by ascorbate, but now also addresses the Cu(I) reoxidation reaction 

as well.25

Finally, with the improved nitrite reductase activity of Cu(I)(TRIWδmH)3 and Cu(I)

(TRIWδmH L19A)3, Michaelis–Menten kinetics were investigated to probe further the cause 

of the improved catalytic efficiencies of these constructs. Having quantitative values for kcat, 

KM, and kcat/KM allows us to separate binding effects from catalytic effects incurred by each 

modification of the 3SCC. Having these Michaelis values also allows us to compare 

activities more easily to other reported catalysts for NiR activity (Table 6). It is instructive to 

first compare these new systems to native enzymes.
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For homogeneous aqueous soluble systems, even using Michaelis Menten kinetics criteria 

for maximal rate (kcat) or catalytic efficiency (kcat/KM), the TRI peptides remain the most 

efficient synthetic copper catalysts for nitrite reduction. That said, they are extremely 

humble as compared to either of the reported native enzymes. Based on kcat/KM, the best 

TRI peptide is nearly 400 000-fold less efficient than the best Cu nitrite reductase. The 

present kinetic analysis reveals that the lower efficiency is due both to factors that influence 

the maximal rate of catalysis and factors controlling substrate access and binding. The ratio 

of kcat values between the AfCuNiR and Cu(TRIWL19δmH)3 is approximately 400, whereas 

the ratio of KM values is just shy of 3 orders of magnitude (~900). Considering that no effort 

has yet been made to include the critical Asp98 acid base catalyst at the active site which is 

required for proper proton transfer, the similarity in maximal rates between the native 

enzyme and the designed systems is actually quite respectable. We previously sought to 

incorporate an Asp in a second coordination sphere position, but the enforced symmetry of 

the TRI system means that three Asp residues were simultaneously above the CuHis3 layer.
34 All evidence points to these carboxylic acid side chains interacting with each other rather 

than interacting with nitrite. Thus, to achieve this goal may require development of scaffolds 

that allow asymmetric modification of the 3SCC. Work to transplant the TRIW-H binding 

site into such a scaffold is underway.

The best small inorganic molecule untethered to an electrode has a kcat value nearly 30 000-

fold lower than our optimized construct and more than 10 000 000-fold lower than the 

enzyme.45 Where the present synthetic protein catalysts fall short is in the KM values, 

suggesting that substrate recognition and access is the primary limiting feature of the 3SCC 

scaffold. Previous mutation studies on CuNiR from Alcaligenes xylosoxidans found that 

mutation of the secondary sphere amino acids Asp98 or His255 both decreased the kcat and 

increased the KM by as much as 2 orders of magnitude.56 Thus, the most logical step 

forward to improve CuNiR catalytic efficiency further within the TRI 3SCC system is to 

incorporate similar residues to interact with the bound substrate and improve both KM and 

kcat at the same time. However, the data in Table 6 indicate that optimization of maximal rate 

versus substrate recognition with the TRI peptides may be to some extent uncoupled. For 

example, the entirety of the increase in catalytic efficiency between Cu(TRIWδmH)3 and 

Cu(TRIWL19AδmH)3 can be assigned to a lower KM for the second peptide. In contrast, the 

11-fold enhancement in catalytic efficiency between Cu-(TRIWL19AδmH)3 and Cu(TRIWH 

L19A)3 is predominantly due to a kcat effect. This suggests that future modifications of these 

systems to optimize catalytic efficiency may be able to fine-tune one parameter 

independently of the other.

CONCLUSION

The present studies have used methylation of a coordinated histidine to make significant 

advances in the understanding of designed redox active metalloenzymes. In addition to 

isolating an enzyme with a 10-fold enhancement in catalytic efficiency from what had 

previously been reported, we have dissected the basis for these changes through kinetic 

analysis. Furthermore, by selective methylation of Nε or Nδ nitrogen atoms, we have been 

able to assign the binding mode of copper in the unmethylated histidine protein and to 

compare the differences in physical properties associated with the coordination of pyrrole 
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versus pyridine like imidazole nitrogens. We have found that in these systems, the Nε 
binding mode appears to be preferred and this complexation leads to the most active 

catalysts. For the first time, one can assess directly the rate for an enzymatic reaction where 

the scaffold remains unperturbed but the Cu is bound to Nε or Nδ nitrogen atoms. In this 

case, the Nε form is 100-fold faster than the Nδ protein.

Using the peptides Cu(TRIWL19AδmH)3 and Cu(TRIWH L19A)3, we observed that 

methylation of imidazole leads to a 10-fold increase in catalytic efficiency. This appears to 

be a consequence primarily of electronic features and not due to steric constraints associated 

with the more bulky methyl group. In contrast, by comparing Cu(TRIWL19AδmH)3 and Cu-

(TRIWδmH)3, more space in the second coordination sphere of the peptides affects the KM 

for the reaction without impacting kcat. We also can conclude that the rate limiting processes 

here are not dependent on the reduction potentials of the systems.

Directing copper coordination modes using N-methyl histidines can impact the 

spectroscopy, binding affinities, and reduction potential for the system. We have 

demonstrated how it is possible to exploit these perturbations to enhance catalysis and also 

probe structure and mechanism. Finally, these results suggest that other noncoded amino 

acids could be used to alter the chemistry of these systems.
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Figure 1. 
Pymol representations of (left) Cu nitrite reductase (PDB: 4YSE) compared to those of 

(right) peptidylglycine alpha-hydroxylating monooxygenase (PHM; PDB: 1PHM).
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Figure 2. 
Chemical structures of (left) histidine, (middle) δmHis (N(pros)-methyl-L-histidine), or 3-

methyl-L-histidine, and (right) εmHis (N(tau)-methyl-L-histidine or 1-methyl-L-histidine).
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Figure 3. 
Isolated 1s → 3d region of the Cu(II) XANES at pH 5.8 of the mHis constructs reported 

compared to that of TRIW-H.
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Figure 4. 
Cu(I) XANES at pH 5.8 of all constructs reported compared to that of TRIW-H.
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Figure 5. 
Models of the metal binding sites of (A) Cu(II)-(TRIW-δmH)3 and (B) Cu(I)(TRIW-εmH)3. 

Models were made using the program pymol and based on the Zn(II)(His)3 site of 

Hg(II)S[Zn(II)N(H2O)](CSL9CL23H)3
+ [PDB 3PBJ] as well as spectroscopic analysis of 

Cu(II)(TRIW-δmH)3 or Cu(II)-(TRIW-εmH)3.
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Figure 6. 
Models of the metal binding sites of (A) Cu(I)-(TRIW-δmH)3 and (B) Cu(I)(TRIW-εmH)3. 

Models were made using the program pymol and based off the Zn(II)(His)3 site of 

Hg(II)S[Zn(II)N(H2O)](CSL9CL23H)3
+ [PDB 3PBJ] as well as spectroscopic analysis of 

Cu(II)(TRIW-δmH)3 or Cu(II)-(TRIW-εmH)3.
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Figure 7. 
Cu(I) XANES at pH 5.8 of Cu(I)(TRIWδmH)3 and Cu(I)(TRIWδmH L19A)3 compared to 

previously published data for Cu(I)(TRIW-H)3 and Cu(I)(TRIW-H L19A)3 from refs 25 and 

34, respectively.
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Figure 8. 
Pseudo first order rate constants of the original TRIW-H construct (red) reported in ref 25 

compared to the current manuscripts results (magenta) and previously published mutation 

series of either helical interface residues (blue) reported in ref 33 or interior residues (green) 

reported in ref 34
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Table 2.

Cu(II) Spectroscopic Parameters at pH 5.8

construct λmax (nm) ελ (M−1 cm−1) gx, gy, gz A‖

TRIW-H 643 135 2.064, 2.028, 2.271 167

TRIW-δmH 670 67 2.045, 2.047, 2.282 167

TRIW-εmH 700 78 2.046, 2.034, 2.296 151
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Table 4.

Cu(I) EXAFS Fitting Parameters

Cu–N

construct model R (Å) σ2 × 10−3 (Å2)

TRIW-H25 3 Cu-His 1.93 9

TRIW-δmH 2 Cu-His 1.93 5.5

3 Cu-His 1.94 7.2

TRIW-δmH L19A 2 Cu-His 1.89 8.1

3 Cu-His 1.89 10.4

TRIW-εmH 2 Cu-His 1.895 9.3

3 Cu-His 1.895 11.8
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Table 5.

Equilibrium Cu Binding Constants at pH 5.9

construct Cu(I) Kd (pM) Cu(II) Kd (μM) redox potential (mV vs NHE)

(TRIW-H)3 3.1 ± 0.7 0.040 ± 0.008 400 ± 10

(TRIW-δmH)3 1.7 ± 0.2 3.3 ± 1.0 530 ± 10

(TRIW-εmH)3 5.8 ± 3.2 0.04 ± 0.02 390 ± 30
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