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Abstract

Unraveling the mechanism of ceruloplasmin (Cp) is fundamentally important towards 

understanding the pathogenesis of metal-mediated diseases and metal neurotoxicity. Here we 

report that Cl−, the most abundant anion in blood plasma, is a key component of Cp catalysis. 

Based on detailed spectroscopic analyses, Cl− preferentially interacts with the partially reduced 

trinuclear Cu cluster (TNC) in Cp under physiological conditions and shifts the electron 

equilibrium distribution among the two redox active type 1 (T1) Cu sites and the TNC. This shift 

in potential enables the intramolecular electron transfer (IET) from the T1 Cu to the native 

intermediate (NI) and accelerates the IET from the T1 Cu to the TNC, resulting in faster turnover 

in Cp catalysis.

Graphical Abstract

Introduction

Human serum Cp is a glycoprotein that binds up to 95% of the circulating copper in serum.1 

Cp is an essential ferroxidase critical for iron homeostasis,2–3 and is closely associated with 

metal-mediated diseases and metal neurotoxicity. A neurodegenerative disorder resembling 
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Parkinson’s disease has been related to very low Cp levels circulating in serum.4 Mutations 

in the Cp gene lead to excess Fe accumulation in pancreas, retina and brain.5–8 Studies of 

the mutational disease aceruloplasminemia reveal that Cp promotes efficient Fe efflux such 

that individuals lacking Cp develop oxidative injury secondary to Fe accumulation and 

significant neuronal damage.9-10

Structrually, Cp belongs to a large class of copper-containing enzymes called the 

multicopper oxidases (MCOs), which couple the one-electron oxidation of various substrates 

with the four-electron reduction of O2 to H2O.11–12 The catalytic motif shared among all 

MCOs includes a minimum of four copper ions, arranged as a mononuclear T1 Cu site, 

which is the entry point of electrons from the substrates, and a TNC, which accepts the 

electrons from the T1 Cu via a Cys-His pathway and utilizes these in the four-electron 

reduction of O2 (Figure 1a).11–12 In the resting enzyme, the TNC is composed of a binuclear 

type 3 (T3) Cu pair that is antiferromagnetically coupled by an OH− bridge and a non-

bridged type 2 (T2) Cu that is ~ 3.5 A away from the T3 Cu (Figure 1a).12 Traditional three-

domain MCOs and the recently discovered two-domain small laccases all harbor four Cu 

ions.13–14 A fundamental understanding of the catalytic cycle of traditional MCOs has been 

established by the study of Rhus vernicifera laccase (RvL), a typical three-domain MCO.15 

On the other hand, Cp consists of six domains and contains six Cu ions arranged as three T1 

Cu sites and a TNC (Figure 1b), which makes it a unique and the most complex MCO. The 

TNC is located at the interface of domains 1 and 6 and each of the T1Cu is coordinated to a 

cysteine and two histidine residues from domains 2, 4 and 6. The T1 Cu in domain 6 is 

coupled to the TNC via a Cys-His pathway similar to other MCOs. The second T1 Cu in 

domain 4 is 17 A away (Figure 1b) but can rapidly transfer its electron to the first T1 Cu.16 

T1Cu in domain 2, in which the axial methionine is replaced by a leucine residue, has a high 

potential (> 1 V) and appears to remain reduced during turnover.17 The mechanistic picture 

of Cp is complicated by the presence of the two additional T1 Cu sites, and consequently far 

from being understood. Here we report the effects of Cl−, the most abundant anion present in 

blood plasma (~ 100 mM),18 on the human Cp catalytic mechanism. Based on spectroscopic 

analyses, we identify that Cl− preferentially interacts with a partially reduced TNC, resulting 

in an electron redistribution among the copper sites reflecting a change in reduction 

potentials that greatly impacts the catalytic steps. The results are well aligned with the 

functional properties of the protein in Fe metabolic processes.

Results and Discussion

Reduction Titrations of Cp without Cl−.

Anaerobic reduction titrations of fully oxidized Cp in the absence and presence of Cl− were 

performed with stoichiometric additions of Fe(II) as the reductant (Figure 2), which has an 

affinity constant of at least 1 × 105 M−1 and transfers its electron completely to the T1 Cu at 

a rate of > 1200 s-1.19 The total number of oxidized T1 Cu was quantified by the intensity of 

its S(Cys)⟶Cu ligand to metal charge transfer (LMCT) band at 610 nm. In the absence of 

Cl−, the intensity of the 610 nm band decreased by half upon addition of 1 equivalent Fe(II) 

(Figure 2a), indicating that 50 % of the two redox active T1 Cu sites were reduced (equally 

distributed, vide infra). The one-electron reduced T1 Cu sites essentially remained at the 
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same oxidation state after extended time, indicating there is no significant intramolecular 

electron transfer (IET) from the T1 Cu to the TNC. This observation is consistent with 

previous studies showing that only ~50 % of the T1 Cu was reoxidized when fully reduced 

(FR) Cp was reacted with O2.16, 20–21 The phenomenon indicated that the reduction 

potential of the T1 Cu sites is higher than those of the T2 and T3 Cu sites of the TNC in the 

absence of Cl−.

Addition of a second equivalent of Fe(II) initially reduced the remaining T1 Cu within 

seconds, but the fully reduced 2×T1 state slowly reoxidized to the 1/2(2×T1) reduced state 

under anaerobic conditions, indicating that a one-electron IET from the fully reduced T1 

Cu’s to the TNC had occurred (Figure 2a). Notably, no significant further oxidation of the 

one-electron reduced T1 Cu sites was observed. Upon addition of a third equivalent of Fe(II) 

(Figure 2a), complete T1 reduction and re-oxidation back to the one- electron reduced state 

was again observed, corroborating that the IET from the T1 Cu sites to the TNC in the 

absence of Cl− only occurs when both of the T1 Cu sites are reduced and then only one 

electron is transferred. Addition of a fourth equivalent of Fe(II) again reduced the remaining 

T1 Cu, followed by IET to the TNC which is fully reduced at this stage. Finally the T1 Cu 

sites became fully reduced upon the addition of a fifth equivalent of Fe(II).

To further investigate the electron distribution in partially reduced Cp, EPR spectra were 

also collected after the addition of l to 4 equivalents of Fe(II) (Figure S2). Intensities of the 

T1 and T2 Cu EPR features were used to determine the fraction of each Cu site in the 

oxidized state (Note: the T1 Cu fraction quantified by EPR at liquid N2 temperature is 

equivalent to T1 Cu fraction quantified by the absorption spectrum at room temperature). 

The number of non-EPR-active reduced T3 Cu (Note: T3 functions as a 2e− acceptor) was 

determined from the quantitative difference between the Fe(II) added and T1 and T2 Cu 

reduced. As shown in Figure S2 and Table S1, the amount of T1 Cu sites in the oxidized 

state was quantified to be 1.3, 1.1, 0.89 and 0.65, respectively upon the addition of 1 to 4 

equivalents of Fe(II) and allowing for IET (after 30 min), consistent with the UV-Vis spectra 

(Figure 2a) indicating that half of the T1 Cu sites were first reduced and that IET mainly 

occurred from the fully reduced 2×T1 Cu to TNC. Moreover, both T1 Cu features 

diminished to the same extent upon additions of Fe(II), indicating that both T1 Cu sites have 

equivalent reduction potentials in the absence of Cl−.16 Upon addition of 3 equivalents of 

Fe(II) the EPR spectrum revealed that most of the T3 Cu was reduced but a majority of the 

T2 Cu remained oxidized (Figure S2c), indicating that the reduction potential of T3 Cu is 

higher than that of the T2 Cu center. Thus, the reduction potential order is T1A Cu = T1B 
Cu > T3 Cu > T2 Cu in the absence of Cl−. Application of the Nernst equation to the T1 Cu 

pair indicates a reduction potential shift of −28 mV between the 1/2(2×T1) reduced state and 

the 2×T1 reduced state. Our observation that the shift was sufficient to drive the IET from 

the T1 Cu pair to the TNC indicated that the reduction potential difference between the TNC 

(T2 and T3 Cu sites) and the T1 Cu pair is within ~30 mV.

Reduction Titrations of Cp with Cl−.

To probe the effect of Cl− on Cp reduction, the same set of experiments was performed in 

the presence of 100 mM NaCl, the physiologically relevant concentration.18 Upon addition 

Tian et al. Page 3

J Am Chem Soc. Author manuscript; available in PMC 2019 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of 1 equivalent of Fe(II), half of the two T1 Cu sites was reduced first, similar to the 

behavior in the absence of Cl−. However, contrary to what was observed in the Cl− free 

condition, the one-electron reduced T1 Cu pair transferred an electron to the TNC and 

regenerated the fully oxidized T1 Cu pair (Figure 2b). A similar process was observed after 

the addition of a second equivalent of Fe(II) (Figure 2b). EPR spectra of Cp after the 

addition of these initial two equivalents of Fe(II) and allowing for IET, showed no obvious 

reduction of the T1 or T2 Cu sites (Figure S3a and S3b), corroborating the UV-Vis results 

and implying the full reduction of the T3 Cu pair. Addition of a third equivalent of Fe(II) 

reduced half of the T1 Cu intensity from both UV-Vis in Figure 2b and EPR in Figure S3c. 

However, the relative intensities of the two T1 Cu sites (which can be distinguished based on 

slightly different EPR signals) diverged at this point (Figure S3c), indicating that the two T1 

Cu sites in the presence of Cl− have different potentials. After the addition of the fourth 

equivalent of Fe(II), over 60% of the T2 Cu was still oxidized in the presence of Cl− (Figure 

S3d), while most of the T2 Cu was reduced in the absence of Cl− (Figure S2d). These results 

revealed that a physiologically relevant concentration of Cl− dramatically altered the relative 

reduction potentials of the Cu sites and led to the order: T3 Cu >> T1B Cu >T1A Cu > T2 
Cu.

Reduction Potentials.

The potentials of T1 Cu sites both in the absence and presence of Cl− (at a physiological 

concentration) were determined by poised potential titration (Table 1 and Figure S4). In the 

absence of Cl−, both T1 Cu sites had the equivalent potential, quantified to be 429 ± 7 mV 

(Figure S4). In the 100 mM NaCl containing buffer, the average potential of the two T1 Cu 

sites was determined to be 421 ± 5 mV (Figure S4). However in the presence of Cl−, the 

T1B Cu was selectively reduced over the T1A Cu upon addition of 3 equivalents of Fe(II) 

(T1A and T1B defined in Figure 3a). EPR spectral simulations revealed that 78% of T1A 

and 22% of T1B were in oxidized state, yielding a 65mV difference in reduction potential 

between the two T1 sites.

This was also supported by resonance Raman spectroscopy (rR). The rR spectra of fully 

oxidized Cp displayed bands at 340, 361, 380, 398, 411 and 425 cm−1 (Figure 4a), 

comparable to previously reported features,22 where the intensity weighted average energies 

reflect the Cu-S stretching modes of two T1 Cu sites. In the absence of Cl−, Fe(II) addition 

led to an intensity decrease of all the rR bands to the same extent (Figure 4a), consistent 

with both T1 Cu sites having the same potential, while in the presence of Cl− the three rR 

bands at 361, 398 and 411 cm−1 selectively decreased upon the addition of 3 equivalents of 

Fe(II) (Figure 4b), corroborating the non-equivalence of the two T1 Cu sites in the presence 

of Cl− as demonstrated by EPR (Figure 3A). The potentials of the T2 and T3 Cu sites in 

Table 1 were obtained by reduction titration monitored by EPR and spectrum fitting with the 

Nernst equation assuming the Cu sites were in equilibrium with each other (Figure S2 and 

Figure S3).

Spectroscopic Evidence of Cl− Binding.

From Table 1, the presence of Cl− in the buffer increased the potential of the T3 Cu by ~ 100 

mV and decreased that of the T2 Cu by ~60 mV, pointing to the possibility of Cl− binding to 
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the partially reduced TNC. To evaluate this possibility, UV-Vis, EPR and MCD spectra of 

Cp in different oxidation states in buffers without and with Cl− were compared. For fully 

oxidized Cp, no significant difference was observed upon Cl− addition (Figure S5). 

However, in the EPR spectra of the partially reduced TNC (by 3 equivalents of Fe) in the 

presence of Cl−, the lowest field parallel hyperfine line of the T2 Cu at 2725 G shifted up-

field by ~20 G (Figure 3a), indicating a change in the electronic structure of the TNC. The 

MCD spectrum of fully oxidized Cp did not change upon addition of Cl− (Figure S5c). For 

the partially reduced Cp (by 3e−), the MCD spectrum without Cl− displayed weak negative 

bands at 21700 cm−1 and 23800 cm−1, an intense negative band at 14350 cm−1 and a weak 

positive band at 12750 cm−1 (Figure 3b), similar to the spectra of fully oxidized Cp in 

Figure S5c. The bands at 12750 cm−1, 21700 cm−1 and 23800 cm−1 have been assigned as 

the T2 Cu ligand field transition, OH− π → T2 Cu and His π → T2 Cu charge transfer 

transitions, respectively.23 Addition of Cl− at this 3e− reduced state of Cp induced the 

changes of these MCD bands (Figure 3b), featuring weak positive bands at 21200 cm−1 and 

23700 cm−1 and a negative band at 12100 cm−1, corroborating the electronic structural 

changes at the TNC observed in EPR. Hence, the changes in the EPR and MCD spectra are 

ascribed to a perturbation of oxidized T2 Cu due to Cl− binding to the TNC upon reduction 

of the T3 Cu pair. A geometry optimized structure of Cl− bound to the partially reduced 

TNC was generated by DFT calculations (Figure S6). The Cl− is calculated to bridge 

between the T2 Cu site and one of the T3 Cu atoms with bond lengths of 2.4 A and 2.8 A, 

respectively but is further away from the other T3 Cu (~ 4.3 A). The geometry of the T2 Cu 

site changed from T-shaped to square-planar which would increase the energy of the dx2-y2 

orbital and result in the smaller g// value observed experimentally (the g// changes from 2.24 

to 2.22 upon Cl− binding).

The rR spectrum, which is sensitive to the perturbation of the T1 Cu coordination 

environment, showed no energy shift in going from the resting to the T3 reduced and in 

adding Cl− to both (Figure S7), indicating no significant structural change of the T1 Cu sites. 

The possible effect of an ionic strength change induced by the NaCl was evaluated by 

collecting EPR spectra of the three-electron reduced Cp under three buffer conditions: 

MOPS only, MOPS with NaCl, and MOPS with Na2SO4 matching the ionic strength of the 

second buffer (Figure S8). The EPR features of the T1 Cu sites remained the same between 

the MOPS only and MOPS-Na2SO4 buffer, but re-distributed due to the T1 Cu potential 

difference in the MOPS-NaCl buffer, excluding the involvement of ionic strength in the 

observed Cl− effect. The elimination of Cl− binding to T1Cu and an ionic strength effect 

suggest that the T1B Cu reduction potential increase reflects its perturbation by the Cl− 

binding to the partially reduced TNC via the Cys-His pathway (i.e. an allosteric effect).24 

The decrease in the reduction potential of T1A Cu likely reflects a local Cl− binding site, 

which would electrostatically lower its reduction potential. Indeed, the perturbation of T1 Cu 

sites in Cp with anions addition has been reported.25–26

Single Turnover Kinetics of Cp without and with Cl−.

The molecular mechanism of MCOs based on RvL studies is shown in Figure 5a. When the 

fully reduced MCO reacts with O2, two key intermediates are formed in the reductive 

cleavage of the O-O bond by the TNC: the peroxy intermediate (PI)27 where O2 is reduced 
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by two electrons, and the native intermediate (NI),28 in which O2 is fully reduced to the 

water level . In the absence of reductant, NI in RvL decays to the resting oxidized (RO) form 

with a rate (~ 6.6 × 10−3 s−1at 4 °C and ~ 0.05 s−1 at 25 °C),28 much slower than the 

turnover rate(> 560 s−1 at 25 °C), and thus this process is not catalytically relevant.29 

Alternatively, in the presence of reductant, NI is rapidly reduced directly to the fully reduced 

form (> 700 s−1at 4 °C).30 Therefore, NI is the catalytically relevant fully oxidized form and 

is rapidly reduced in the catalytic cycle.

We expanded these mechanistic studies to Cp and in particular evaluated the effect of 

physiologically relevant Cl− on Cp catalysis. The kinetics of the reaction of fully reduced Cp 

with O2 were measured by stopped-flow absorption under different O2 concentrations 

(Figure S9 and S10). Without or with Cl−, fully reduced Cp reacted with O2 with rates of ~2 

× 106 M–1 s–1, comparable to RvL27 The IET from T1 Cu to PI in Cp was too fast to 

measure (> 1500 s−1), effectively resulting in the four-electron reduction of O2 in one step. 

NI in Cp was trapped by rapid freeze quench (RFQ) and characterized by EPR (Figure S11). 

The same EPR spectrum of NI was observed in the absence and presence of Cl−, featuring a 

broad fast relaxing signal below 2.0 (g ~ 1.9) similar to the g ~ 1.65 feature of NI in RvL.28 

Consistent with previous findings in RvL,28 the g ~ 1.9 signal could be detected only at low 

temperature (< 20 K) and high power (> 0.1 mW).

However, NI in Cp decayed back to RO at a rate of ~ 0.50 s−1 with or without Cl− (Figure 

S11), which is two orders of magnitude faster than the NI decay rate in RvL (~ 6.6 × 10−3 

s–1).28 The IET rate between the T1 Cu site and NI in Cp was measured using Fe(II) as the 

reductant, as it rapidly reduced the T1 Cu (> 1200 s−1).19 In the absence of Cl−, no IET from 

the T1 Cu to the TNC was observed before the complete decay of NI to RO (Figure S12), 

while in the presence of Cl− the IET from the T1 Cu site to NI proceeded with a rate of ~ 

0.60 s−1 (Figure 5b), which is comparable to the decay rate of NI to RO (~ 0.50 s−1) but 

three orders of magnitude slower than the NI reduction rate in RvL (> 700 s−1).30 The IET 

from the T1 Cu to the TNC in the RO form of Cp was also measured and determined to be ~ 

1.2× 10−3 s−1 and ~ 6.6 × 10−3 s−1 in the absence and presence of Cl−, respectively (Figure 

S13). Overall, the presence of Cl− did not affect NI formation upon O-O bond cleavage but 

accelerated the IET from T1 Cu to TNC in RO reduction and enabled the IET from the T1 

Cu to NI in Cp catalysis.

Based on spectroscopic results above, the Cl− accelerated IET rate in Cp appears to derive 

from the increased potentials of the TNC in the RO and NI states promoted by Cl− binding 

to the partially reduced TNC. From Table 1, the driving forces for the IET from the T1 to T3 

Cu are ~20 mV without Cl− and ~100 mV with Cl−. The Marcus equation was then 

employed to compute the T1 to TNC IET rate ratio.31 The rate was calculated to be 

accelerated by a factor of ~5 in the presence of Cl− assuming the same reorganization 

energies (λ) and electronic-coupling matrix elements (HDA) (Table S2). This is consistent 

with our experimental values that the T1 Cu to RO IET rates were 0.0012 s−1 and 0.0066 s−1 

without and with Cl−, respectively. This approach was also used to evaluate the IET rate 

difference from the T1 Cu to NI relative to RO in the presence of Cl−. Using past results that 

the reorganization energy of RO is 0.3 eV larger than that of NI and the driving force for NI 

reduction is 7 kcal/mol higher than that of RO due to the strong proton affinity of the μ3-oxo 
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ligand in NI,32 the IET rate to NI is calculated to be ~103 that of RO (Table S3), consistent 

with our experimental observation that NI is reduced at a rate of ~0.6 s−1 (Figure 5b) and RO 

at ~0.0009 s−1 at 4 °C (Figure S13f).

Cl− Impact on the Steady-State Kinetics of Cp.

To correlate our single turnover kinetic results to enzymatic activities under physiologically 

relevant conditions, we measured the steady-state Cp oxidase activity without and with Cl− 

at pH7.0 using o-dianisidine as a substrate (widely used in biological and clinical assays for 

Cp activity).33–34 The kcat at 25 °C in the presence of Cl− was determined to be ~ 0.062 s
−1which is ten-fold faster than kcat of ~ 0.0073 s−1 in the absence of Cl− (Figures 6 and S14). 

This rate increase due to Cl− is consistent with a previous qualitative observation in Cp 

catalyzed p-phenylenediamine oxidation.35

The steady-state kinetics of Cp were simulated using the mechanistic model of RvL in 

Figure 5a and reaction rates obtained from the single turnover kinetics of Cp (Figure S15a). 

The simulated steady-state rates in the presence of Cl− were ~ 0.058 s−1 at 25 °C and ~ 

0.0079 s−1 at 4 °C, matching the experimental results of ~ 0.062 and ~ 0.008 s−1 respectively 

(Figure S15b). The simulated steady-state rate in the absence of Cl− was ~ 0.0049 s−1 at 

25 °C, comparable to the experimental result of ~ 0.0073 s-1. The simulated speciation 

revealed that the major species present at steady-state in the presence of Cl− is RO (> 99.8%, 

Figure S15c), substantiating the involvement of RO reduction in Cp catalysis. The simulated 

flux rates at the steady-state revealed that both RO and NI reduction contribute to the 

formation of fully reduced (FR) Cp at rates of ~ 0.0066 and 0.0079 s−1 respectively at 25 °C 

(Figure S15c), indicating the IET from T1 Cu to the TNC during RO and NI reduction both 

contribute to the rate determining step in Cp catalysis. The Cl− enabled IET from the T1 Cu 

to NI opens up a second catalytic cycle (FR PI NI FR) in addition to the 

FR PI NI RO FR cycle present in the Cl− free condition. Consequently, the FR 

formation rate is increased two-fold, which in combination with Cl− promoted five-fold 

increase in the rate of RO reduction (Figure 5a) results in the ten-fold increase in the overall 

turnover frequency compared to the Cl− free condition.

The ferroxidase activity of Cp has been reported in the literature but with contradictory 

values (~ 1 s−1 vs ~ 0.1 s−1) at pH 7.0 and with no Cl− effect on the lower reported rate.26, 36 

We reevaluated this Cp activity by quantifying the rate of ferric ion absorbance increase at 

315 nm vs the concentration of Cp (Figure S16).37–38 The rates obtained were 0.8 ± 0.1 s−1 

and 1.2 ± 0.2 s−1 in the absence and presence of Cl− respectively, which is consistent with 

one of the previous reports (~ 1 s−1 in the presence of Cl−).36 Notably, this ferrous oxidation 

rate in the ferroxidase assay (~ 1 s−1) is two orders of magnitude faster than the T1 Cu to 

TNC IET rate (~ 0.01 s−1) in Cp. This fast turnover rate precludes the involvement of the 

T1Cu to TNC IET process in the catalytic cycle of this assay, suggesting an alternative direct 

ET path from the ferrous ion to the TNC under these in vitro conditions. See the supporting 

information (Figure S17 and S18) for further detail on an additional Fe(II) binding site.
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Conclusions

In summary, these spectroscopic and kinetic studies show that Cl− under physiologically 

relevant conditions is bound to the partially reduced TNC (T3 reduced and T2 oxidized) in 

Cp. This increases the reduction potential of the TNC in both the RO and NI states. These 

thermodynamic changes accelerate the IET from the T1 Cu to the TNC in the reduction of 

RO and enable IET from the T1 Cu to NI in Cp catalysis, which opens up a second catalytic 

cycle (FR PI NI FR) in addition to the FR PI NI RO FR cycle present under 

the Cl− free condition. Together these result in an order of magnitude faster turnover of Cp 

compared to the Cl− free condition. Finally, the fast NI decay and slow NI reduction in Cp 

lead to a change in the rate determining step in Figure 5a with the involvement of RO 

reduction in Cp catalysis and result in the orders of magnitude slower turnover rate of Cp (< 

0.1 s−1) compared to RvL (> 560 s−1).29

Experimental Section

General.—All chemicals were purchased from Sigma-Aldrich and used without further 

purification. Water was purified on a Nanopure Diamond purifier from Barnstead to a 

resistivity of > 17 MΩ cm.

Human Cp Purification and Characterization.—Fresh human plasma is readily 

available from the Stanford Blood Center, and Cp is purified from this by the previously 

reported rapid one-step method with a yield of ~ 20 mg/deciliter.16–17 The purified Cp was 

oxidized with 20 equivalent of H2O2 to achieve its fully oxidized form and the excess H2O2 

was removed by PD-10 desalting column. The quality and function of the human Cp have 

been assessed by UV-vis, EPR and biquinoline assay (6.3 ± 0.1 Cu ions per Cp).

Ultraviolet-visible spectroscopy (UV-vis).—UV-vis spectra were recorded on a 

Hewlett-Packard HP8452A diode array UV-vis spectrophotometer in a 1 cm path length 

cuvette.

Stopped-flow Kinetics.—Stopped-flow data were obtained using an Applied 

Photophysics SX.19 stopped- flow absorption spectrophotometer equipped with a Hg/Xe 

Arc lamp and a PDA1 photodiode array detector in a purge box (Cleatech Isolation Glove 

Box 2100) equipped with an oxygen sensor (Neutronics Model 1100). Stopped-flow 

experiments were conducted at 4 °C maintained using a water/ethanol temperature bath 

(Fisher Scientific Isotemp 3016) with a cell path length of 1 cm. All solutions were freshly 

prepared in an anaerobic glovebox. Both injector ports of the stopped-flow were degassed 

with ~ 3.0 mM sodium dithionite for ~ 20 min and then washed with the degassed buffer 

thoroughly. The protein samples were loaded on the stopped-flow at concentrations of ~ 50 

μM.

Electron Paramagnetic Resonance (EPR).—X-band EPR spectra were obtained with 

a Bruker EMX spectrometer, an ER 041 XG microwave bridge, and an ER4119HS or and 

ER4116DM resonator. Sample temperatures from 77–100 K are maintained using a liquid 

nitrogen finger dewar. Temperatures on the order of 3.5–77 K are achieved using an ITC5 03 
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temperature controller with an ESR900 Continuous Flow Cryostat. The X-band EPR 

parameters were as follows: Freq. ≈ 9.6 GHz, Power ≈ 2 mW, Rec. gain = 30, Mod. Freq. = 

100 kHz, Mod. Amp. = 4.00 G. EPR spin quantitation of the paramagnetic copper content 

was performed using a 1.0 mM standard solution of CuSO4·5H2O, 2 mM HCl, and 2 M 

NaClO4. EPR simulations were performed using the EasySpin software package.39

Resonance Raman (rR).—rR samples were excited at 647.1 nm using a Coherent I90C-

K Kr+ ion laser while the sample was immersed in a liquid nitrogen cooled (77 K) EPR 

finger dewar (Wilmad). Power was ~40 mW at the sample. Data were recorded for 20 

minutes while rotating the sample to minimize photodecomposition. The spectra were 

recorded using a Spex 1877 CP triple monochromator with a 1200 groves/mm holographic 

spectrograph grating, and detected by an Andor iDus CCD cooled to −80 °C. Spectra were 

calibrated on the energy axis to citric acid.

Circular Dichroism (CD).—CD data in the near-IR (600 – 2000 nm) were collected on a 

Jasco spectropolarimeter (J730) operating with a liquid N2-cooled InSb detector.

Magnetic Circular Dichroism (MCD).—MCD spectra in the UV-Vis (300nm-900nm) 

were collected on a Jasco J810 with an S20 PMT detector. The magnetic field was supplied 

by an Oxford SM4000 7 T superconducting magnetooptical dewar. The sample temperature 

was measured with a calibrated Cernox resistor (Lakeshore Cryogenics) inserted into the 

MCD cell. The MCD sample cells consisted of two quartz disks with a 3-mm rubber spacer, 

and protein samples for MCD contained ~60 vol% of glycerol in order to form an optical-

quality glass upon freezing. The data were corrected for zero-field baseline effects induced 

by cracks in the glass by subtracting the corresponding 0 T scan.

Rapid-freeze-quench (RFQ).—RFQ-EPR samples were prepared by mixing a 0.4 mM 

fully reduced Cp solution with an oxygen saturated buffer solution (~ 2.0 mM O2) at 4 °C 

using Kintek Quench-Flow Apparatus Model RFQ-3. The sample was frozen by spraying 

into approximately −130 °C spectrophotometric grade isopentane in a Pyrex collection 

funnel attached to the EPR tube. Pre-cooled packing rods and long needles were used for 

packing the frozen powder into the base of the EPR tube while being maintained at −130 °C. 

After packing, the samples were transferred to a Dewar containing liquid nitrogen and stored 

until collection of the EPR spectra.

Reduction Potential Determinations.—Absolute reduction potentials of the T1 Cu 

were obtained by the poised potential method reported previously.16 40 μl of degassed 500 

mM K3[Fe(CN)6] stock solution was added to a 2000 μl solution of degassed 10 μM fully 

oxidized Cp in a 1cm path length anaerobic cuvette with a Teflon stopcock to yield a final 

concentration of 10 mM K3[Fe(CN)6]. A small quantity of a concentrated stock solution of 

degassed K^[Fe(CN)6] was added under stirring to yield a final concentration of 0.2, 0.5, 

1.0, 2.0, 5.0, 10, 20 and 50 mM of K4[Fe(CN)6] respectively. The absorption spectra were 

taken over time until the reaction was complete (> 30min). All sample handling was done in 

a glovebox. The redox potential of T2 and T3 Cu sites were obtained from the fitting of the 

reduction titrations with Nernst equation assuming each Cu site is in equilibrium with the 

other Cu sites. All the measurements were repeated three times to generate the error bars.
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DFT calculation.—Geometry optimized structure of chloride bound to the partially 

reduced TNC performed using Gaussian 16 40 The geometry optimization was performed 

using B3LYP functional with basis set TZVP for Cu and coordinated N/O, Cl atoms and 

TZV for the rest. The starting geometry of the TNC was adapted from the crystal structure 

of human serum ceruloplasmin (PDB: 2J5W, Res. 2.8 Å). To reflect the features of the 

crystal structure, the positions of α-C atoms that connected the side chains to the protein 

backbone were fixed. Three residues Tyr107, E112 and D995 forming hydrogen bonds to the 

coordinated His ligands were involved in the calculation.

Electron Transfer (ET) Rate Calculation.—In the context of Marcus theory first-order 

IET rates can be expressed in terms of the driving force (ΔG°), the reorganization energy (λ) 

and the electronic-coupling matrix element (HDA), which reflects the ET pathway.31 Defined 

by the Marcus Equation:

kET = 2π
ℏ 4πλkT

HDA
2 exp[−

ΔGo + λ
2

4λkT ]

Rearrangement of the Marcus equation into ratio of ET rates (HDA is assumed to be 

equivalent):

kET1
kET2

=
λ2
λ1

exp{ −
ΔG1

0 + λ1
2

4λ1kT − −
ΔG2

0 + λ2
2

4λ2kT }

The inner-sphere reorganization energies (λi) were computed as 1.2 eV for the native 

intermediate (NI) and 1.5 eV for the resting oxidized (RO) form.32 The reorganization 

energy for the T1 Cu site is 0.6 – 0.8 eV.41

Cp Oxidase Activity with Chromogenic Substrate.—Cp oxidase activity was 

measured using o-dianisidine free base as a substrate.33–34 Assays were performed at 25 °C 

or 4 °C with 0.18 μM fully oxidized Cp in 100 mM MOPS pH7.0 buffer or 25 mM MOPS 

pH7.0 buffer with 100 mM NaCl containing 19.5, 39.0, 65.0, 97.5, 130.0, 162.5, 195.0 or 

227.5 μM o-dianisidine respectively. The rate of the reaction is defined as per electron per 

Cp per second (Note o-dianiside is a 2e− donor), based on the extinction coefficient of the 

oxidized o-dianisidine at 500 nm, ε500nm = 4.83 × 103 M−1cm-1.34 All the reactions were 

repeated three times to generate the error bars. The reaction rates were plotted versus the o-

dianisidine concentration and subsequently analyzed by direct fitting to the Michaelis-

Menten equation using Origin 2019 software (OrginLab Corporation).

Cp Ferroxidase Activity.—Cp ferroxidase activity was measured using (NH4)Fe(SO4)2 

as a substrate.37–38 Assays were performed at 25 °C in 100 mM MOPS pH7.0 buffer or 25 

mM MOPS pH7.0 buffer with 100 mM NaCl. The absorption increase at 315 nm was 

monitored on the UV-Vis absorption spectra upon addition of 0.2 mM (NH4)Fe(SO4)2 

(added from a freshly anaerobically prepared 100 mM stock solution) to 2 ml air-saturated 

buffer containing 0, 0.25, 0.50, 0.75, 1.00 and 1.25 μM of Cp respectively. The absorption 
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difference of 2200 M−1cm−1 at 315 nm was used to determine the formation of Fe3+ per 

mole of Fe2+.37 The ferroxidase activity was determine by a linear fitting of Fe3+ formation 

rate vs Cp concentration. All the measurements were repeated three times to generate the 

error bars.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Crystal structure of the active site for O2 reduction in Cp; (b) The overall organization of 

the Cp, showing the six domains (domains 1, 2, 3, 4, 5 and 6 in red, orange, yellow, green, 

blue and purple respectively) and the locations of the Cu binding sites (Cu atoms in the T1 

Cu sites and the TNC in cyan and brown respectively). (PDB: 2J5W)
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Figure 2. 
Anaerobic reduction titrations of fully oxidized human Cp with Fe(II) monitored by 

absorption at 610 nm. Stoichiometric amount of Fe(II) from 10 mM (NH4)2FeSO4 stock 

solution was added into ~ 50 μM Cp solution under stirring at room temperature. The 

number of the reduced T1 Cu was determined by ε610nm = 4800 M−1cm−1 per T1 Cu site. 

(a) in MOPS pH7.0 buffer; (b) in MOPS pH7.0 buffer with 100 mM NaCl.
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Figure 3. 
Spectroscopic characterization of Cl− binding to the partially reduced TNC. (a) EPR spectra 

of Cp and Cp reduced by 3 equivalents of Fe(II) in MOPS pH 7.0 with 100 mM NaCl and 

simulated EPR trace of the T1A and T1B Cu sites; (b) MCD spectra of Cp reduced by 3 

equivalents of Fe(II) in MOPS pH7.0 buffer with and without 100 mM NaCl.
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Figure 4. 
rR spectra of Cp samples excited at 647.1 nm. (a) rR spectra of fully oxidized Cp, Cp 

reduced by 2 equivalent of Fe(II) and 3 equivalent of Fe(II) in MOPS pH7.0 buffer; (b) rR 

spectra of fully oxidized Cp, Cp reduced by 2 equivalent of Fe(II) and 3 equivalent of Fe(II) 

in MOPS pH7.0 buffer with 100 mM NaCl. All the rR samples were prepared with 0.2 mM 

Cp and the spectra were recorded for 20 minutes while rotating the sample to minimize 

photodecomposition. The intensities of rR spectra were normalized based on the ice peak at 

228 cm−1.
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Figure 5. 
Effect of Cl− on Cp catalysis. (a) General mechanism of MCO; (b) Stopped-flow 

measurement of the IET between NI and reduced T1 Cu sites of Cp in the presence of 100 

mM Cl−. 50 μM of fully reduced Cp solution containing 50 μM Fe(II) was reacted with 1.3 

mM O2 dissolved in MOPS pH7.0 buffer with 100 mM NaCl at 4 °C. The IET rate was 

measured based on the reoxidation of the 610 nm band and fitted with first-order kinetics.
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Figure 6. 
The reaction rates were plotted versus the o-dianisidine concentration and subsequently 

analyzed by direct fitting to the Michaelis-Menten equation resulting kcat ~ 0.062 s−1 and ~ 

0.0073 s−1 with and without Cl− at 25 °C respectively.
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Table 1.

Reduction Potentials of the Cu sites in Human Cp

Cu sites Potentials in the absence of Cl− at
pH7.0 (mV vs NHE)

Potentials in the presence of 100
mM NaCl at pH7.0 (mV vs NHE)

T1A Cu, T1B Cu 429, 429 392, 458

T2 Cu 394 332

T3 Cu 422 529
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