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Metal‑binding amino acid 
ligands commonly found 
in metalloproteins differentially 
fractionate copper isotopes
Corday R. Selden 1,2*, Kathrin Schilling 3*, Linda Godfrey 2 & Nathan Yee 2,4

Copper (Cu) is a cofactor in numerous key proteins and, thus, an essential element for life. In 
biological systems, Cu isotope abundances shift with metabolic and homeostatic state. However, 
the mechanisms underpinning these isotopic shifts remain poorly understood, hampering use of Cu 
isotopes as biomarkers. Computational predictions suggest that isotope fractionation occurs when 
proteins bind Cu, with the magnitude of this effect dependent on the identity and arrangement of 
the coordinating amino acids. This study sought to constrain equilibrium isotope fractionation values 
for Cu bound by common amino acids at protein metal‑binding sites. Free and bound metal ions 
were separated via Donnan dialysis using a cation‑permeable membrane. Isotope ratios of pre‑ and 
post‑dialysis solutions were measured by MC‑ICP‑MS following purification. Sulfur ligands (cysteine) 
preferentially bound the light isotope (63Cu) relative to water (Δ65Cucomplex‑free = − 0.48 ± 0.18‰) while 
oxygen ligands favored the heavy isotope (65Cu; + 0.26 ± 0.04‰ for glutamate and + 0.16 ± 0.10‰ for 
aspartate). Binding by nitrogen ligands (histidine) imparted no isotope effect (− 0.01 ± 0.04‰). This 
experimental work unequivocally demonstrates that amino acids differentially fractionate Cu isotopes 
and supports the hypothesis that metalloprotein biosynthesis affects the distribution of transition 
metal isotopes in biological systems.

Copper (Cu) is an essential micronutrient due to its role as a cofactor in a myriad of key proteins. Cuproproteins 
drive diverse physiological functions, including respiration (cytochrome c oxidase), superoxide scavenging (Cu/
zinc superoxide dismutase), methanotrophy (methane monooxygenase) and nitrogen cycling (nitrite reductase, 
azurin)1,2. The binding of Cu in these distinct structures controls their folding and function. The most common 
Cu-binding ligands in proteins are cysteine and histidine, which both occur in roughly two-thirds of experimen-
tally-resolved Cu-binding  sites1. Cysteine coordinates Cu with the sulfur (S) atom of a thiol while histidine ligates 
Cu with a nitrogen (N) atom in its imidazole ring. Oxygen (O) ligands are comparatively less common but still 
prevalent: glutamate and aspartate, which bind Cu with O atoms in their carboxyl side chains, occur in 7% and 
6% of Cu-binding sites, respectively. Bonds between Cu and these ligands (S, N, O) differ in their intramolecular 
vibrational frequencies and, consequently, their energy, strength, and  stability3–5.

Advances in mass  spectrometry6,7 have facilitated the use of Cu isotopes as tracers of biological  function3,8–30. 
Copper has two stable isotopes with masses of 63 and 65 amu, respectively. In animals, these isotopes are frac-
tionated among different tissue and fluid  types3. Because fractionation patterns differ with disease  state3, Cu 
isotope ratios has been proposed as diagnostic indicators of Alzheimer’s  disease20,21, breast, ovarian and colorectal 
 cancer27,28 as well as multiple diseases of the  liver9,26, 29, 31. However, development of such diagnostics is presently 
hampered by numerous confounding variables including organisms’  sex8,10,  age13,19,  diet32, and menopausal 
 state15,33.

Developing robust biomarkers for applications in human health, among other potential applications in the 
geosciences, requires a clear model of the mechanisms which drive biological Cu isotope fractionation. Previous 
studies have demonstrated significant variations in Cu isotope ratios in cuproproteins, which are hypothesized to 
be caused by differences in Cu binding site  configurations17,34. Ab initio calculations based on density functional 
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theory (DFT) predict that the identity and geometry of the coordinating amino acids at protein Cu-binding sites 
determine their relative affinity for 63Cu versus 65Cu4. Accordingly, the differential expression of structurally-
distinct proteins would influence the isotopic composition of a cell or tissue. While numerous studies have 
relied on ab initio estimates to explain variations in Cu isotope ratios measured in biological  samples8,9, 27, there 
is currently no experimental data to test or validate these theoretical predictions.

In this study,  Cu2+ isotope fractionation by amino acid ligation was quantified in laboratory experiments 
using Donnan dialysis to separate bound versus free  Cu2+ and multicollector inductively coupled plasma mass 
spectrometry (MC-ICP-MS) to measure isotope abundance. We conducted experiments with the metal-binding 
amino acids cysteine, histidine, glutamate, and aspartate. Our objective was to experimentally determine the 
(mass-dependent) isotope effects associated with  Cu2+ ligation by these amino acids and to provide direct evi-
dence that distinct protein metal-binding sites differentially fractionate Cu isotopes. The results of this work 
offer insight into the biomolecular mechanisms which underpin Cu isotope fractionation among proteins and 
at higher levels of biological systems.

Materials and methods
Chemical reagents
All reagents were prepared using ultrapure deionized water (18.2 MΩ·cm, Milli-Q, Millipore). High purity 
4-morphlineethanesulfonic (MES) hydrate (BioUltra, Sigma-Aldrich) was used to buffer reactions. Trace analysis 
quality (> 99.995%) strontium nitrate (Sr(NO3)2) was used as a background  electrolyte35,36. Ligands were reagent-
grade (> 95%) or higher: l-cysteine (reagent grade, Sigma-Aldrich), l-histidine (BioUltra [< 99.5%], Sigma-
Aldrich), l-aspartic acid (reagent grade, Sigma-Aldrich), and l-glutamic acid (reagent grade, Sigma-Aldrich). A 
Cu nitrate standard (Sigma-Aldrich) was used as the Cu source in all experiments. All solutions were prepared 
and stored in metal-free centrifuge tubes (Labcon), which were soaked for 2 days in 20% nitric acid  (HNO3) and 
rinsed with ultrapure water prior to use. Following dialysis, samples for Cu analysis were stored in clean 2 mL 
microcentrifuge tubes (2 days, 20%  HNO3) at 4 °C to minimize evaporation.

Cu ligation experiments
Copper stock solutions (100 µM) contained 10 mM Sr(NO3)2 as a background electrolyte and 5 mM MES hydrate 
as a buffer, and were adjusted to pH 6.0 using 1 M sodium hydroxide (NaOH). Copper solutions were mixed with 
either cysteine, histidine, aspartate, or glutamate and allowed to equilibrate overnight (≥ 16 h) under ambient 
laboratory conditions. All Cu ligation experiments were conducted with 100 µM amino acids except cysteine. A 
ratio of 100 µM Cu and 50 µM cysteine was used in cysteine experiments to avoid quantitative Cu binding. Limit-
ing disulfide bridging, the cysteine-Cu solution was made under anoxic conditions using  N2-purged ultrapure 
water. Previous X-ray absorption near edge structure (XANES) analyses have shown that when  Cu2+ is reacted 
with cysteine, the oxidation state of Cu remains as 2+37.

After the complexation reaction was complete, free  Cu2+ was separated from amino acid-bound  Cu2+ via an 
equilibrium Donnan dialysis procedure adapted from Nolan et al.38 and Ryan et al.36. Briefly, two solutions were 
added to opposing 1.5 ml cells in Teflon micro-equilibrium dialyzers (Harvard Apparatus): (1) a Cu solution 
containing dissolved amino acids, and (2) an acceptor solution containing 10 mM Sr(NO3)2 and 5 mM MES 
hydrate, adjusted to pH 6.0. These cells were separated by a strong-acid cation-exchange membrane (Nafion-117, 
E.I. Dupont de Nemours) which permits passage of free but not bound  Cu2+. Free  Cu2+ thus equilibrates across 
the membrane and accumulates in the acceptor solution, while bound Cu is retained in the donor solution.

Before dialysis, Teflon dialyzers were soaked overnight in 2%  HNO3 and thoroughly rinsed with ultrapure 
deionized water. Membranes were rinsed and stored in ultrapure deionized water for a minimum of 2 days. 
Immediately prior to use, membranes were pre-conditioned by two successive soaks in 10 mM Sr(NO3)2 for a 
minimum of 2 h each. The dialysis system was then assembled and, as a final pre-conditioning step, filled with 
acceptor solution adjusted to pH 6 for an additional 2 h. This solution was then removed and Cu separation was 
performed by adding the  Cu2+ donor solution and fresh acceptor solution to the opposing cell in the dialyzer. 
Dialysis was carried out for approximately 27 h. No-ligand control experiments indicated that dialysis reached 
mass and isotopic equilibrium within 1 day (Suppl. Fig. 1; Table 1). Positive control experiments performed with 
the amino acid glycine, which has no side chain, confirmed that Cu-binding by carboxyl and amine terminal 
groups was negligible under the reaction conditions (Suppl. Fig. 2). At the end of each experiment, samples 
of initial (t = 0) and final (t = f) acceptor and donor solutions were collected for analysis. All experiments were 

Table 1.  Equilibrium Cu concentrations and δ65Cua values after (27 ± 1 h) dialysis of no-ligand control i.e., 
donor solution containing 100% free Cu (mean ± 2 SE, n = 5)b. a Calculated as in Eq. (1). b Control experiments 
were conducted alongside each set of amino acid experiments; control replicates were thus performed on 
different days, each with freshly-made acceptor and Cu donor solutions. c Calculated value based on mass 
balance of final donor and acceptor δ65Cu values; error is propagated.

Solution Initial Cu (µg)
Initial δ65Cu
(‰)

Final Cu
(µg) Final δ65Cu (‰)

Donor 10.7 ± 1.4 0.88 ± 0.07 3.8 ± 0.4 0.89 ± 0.03

Acceptor Undetectable N/A 3.3 ± 0.4 0.90 ± 0.04

Total 10.7 ± 1.4 0.88 ± 0.07 7.1 ± 0.9 0.90 ± 0.08c
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replicated and no-ligand controls were run in parallel to verify that equilibrium was reached and that Cu isotope 
fractionation did not occur without amino acid complexation. Experimental trials with cysteine (each with one 
control and three replicate experiments) were carried out on two separate occasions to confirm that the results 
were reproducible.

Copper concentrations were determined for acceptor, donor and no-ligand control solutions collected before 
(t = 0) and after (t = f) Donnan dialysis using inductively coupled plasma optical emission spectrometry (ICP-
OES). Aliquots were acidified with 2%  HNO3 and analyzed on an iCAP 7400 ICP-OES (ThermoFisher) at a 
wavelength of 325 nm. Detection limits were assessed daily and ranged from 0.12 to 1.10 µM Cu (3σ, n > 5 blanks). 
The mean Cu recovery in control experiments was 66.7 ± 1.7%. We attribute this loss of Cu from solution within 
the dialysis system to adsorption onto the  membrane39. Adsorption of free  Cu2+ on the membrane did not, how-
ever, fractionate Cu isotopes; the isotopic composition of the residual dissolved Cu (δ65Cu =  + 0.90 ± 0.08‰) was 
within error of its initial Cu isotope value (+ 0.88 ± 0.07‰; Table 1). Copper recovery was greater in experiments 
with cysteine, glutamate and aspartate; however, only half of Cu was recovered during trials with histidine (Suppl. 
Table 1), which we attribute to partial adsorption of histidine-Cu complexes on the membrane.

Cu purification and isotope analysis
Sample purification and preparation for isotope analysis was performed in a clean lab under positive pressure 
inside laminar-flow clean benches, using ultrapure deionized water (Milli-Q, Millipore) and high-purity acids 
(Aristar Ultra, BDH). Copper samples were separated using AG MP-1 anion resin (100–200 µm mesh, BioRad) 
in PolyPrep columns (BioRad). Samples were stored and the Cu fraction collected in Teflon beakers, which were 
cleaned by soaking in aqua regia (3 parts HCl to 1 part  HNO3; 2 days) followed by hot 50%  HNO3 and 10% 
hydrofluoric acid (HF; 2 days). Resin was discarded after a single use, and the emptied columns were stored in 
20% hydrochloric acid (HCl).

Solution aliquots containing 15 µg Cu were transferred to acid-washed Teflon beakers and dried. Subsequently, 
100 µl concentrated hydrogen peroxide  (H2O2) was added and samples were refluxed for 15 min at ~ 150 °C to 
remove organics, then again evaporated to dryness and finally dissolved in 250 µl 6 M HCl. Copper was sepa-
rated from the sample matrix following Borrok et al.7. Briefly, PolyPrep columns (2 ml stem, 10 ml reservoir) 
were loaded with 1.5 ml of resin. Resin beds were further rinsed with 10 ml of ultrapure deionized water and 
conditioned using 3 ml 6 N HCl. Samples were then loaded on the columns and washed twice with 0.5 ml 6 N 
HCl then once with 3 ml 6 N HCl to ensure complete removal of Sr and sodium. Copper was subsequently eluted 
in 29 ml 6 N HCl and placed on a hotplate to evaporate samples to complete dryness.

Copper samples were converted to nitrate salts via addition of a few drops of concentrated  HNO3, dried, then 
redissolved in 2%  HNO3 with 0.05% HF. Sample dilutions were adjusted to match the concentration (200 µg/L 
Cu) of the bracketing Cu standard and analyzed on a multicollector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS; ThermoScientific Neptune Plus). A certified Cu wire reference material (HICU-1; National 
Research Council of Canada) was used for standard bracketing at two sample  intervals40. Instrument accuracy 
was assessed by measuring an 1838 Cu penny standard and the Cu source solution for the experiments (Suppl. 
Table 2). All values were corrected by the mean difference between HICU-1 and NIST SRM 976, which was 
measured intermittently throughout every run. Copper isotopic composition is reported relative to the NIST 
SRM 976 standard:

Contamination was assessed by examining Cu recovered from ultrapure water and acceptor solutions (1 ml), 
which were subjected to column chemistry and resuspended in 1 ml dilute  HNO3. Copper concentrations in these 
solutions averaged 2.4 (n = 3) and 4.7 (n = 4) ng  ml−1, respectively. Copper background from reagent impurities, 
sample handling and the environment did not exceed 0.5% of total Cu in our samples. Recovery and fractionation 
following column chemistry was assessed using column-cleaned initial (t = 0) Cu donor solutions, each containing 
a different amino acid and made on a different day. Average Cu recovery for these solutions was 98 ± 5% (n = 7 
columns). The mean δ65Cu of these solutions was + 0.88 ± 0.07‰ (n = 5 solutions, which were each individually 
analyzed ≥ 3 times) following column chemistry; this value is within error of the mean δ65Cu of the Cu stock 
solution, which was + 0.89 ± 0.02‰ across all instrument runs (n = 20; Suppl. Table 2). From this observation, 
we conclude that reagent impurities had a negligible effect on our experimental results.

Cu mass balance
The δ65Cu value of complexed Cu was calculated following a mass balance equation derived from Ryan et al.36:

where δ65Cufree indicates the Cu isotope abundance measured directly in the acceptor solution at t = f (also 
referred to here as δ65Cuacceptor ), and ffree indicates the relative proportion of free Cu within the system, calcu-
lated as:

(1)δ65Cu(‰) =





65Cu
63Cu sample
65Cu
63Cu SRM976

− 1



× 1000

(2)δ
65
Cucomplexed =

δ
65Cutotal − (δ65Cufree × ffree)

(1− ffree)

(3)ffree =
2×massacceptor

(massdonor +massacceptor)
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The relative isotope abundance of all dissolved Cu (δ65Cutotal) was calculated as follows:

where δ65Cutotal represents the δ65Cu of the total dissolved pool following dialysis. δ65Cuacceptor (equal to δ65Cufree 
above) and δ65Cudonor indicate the Cu isotope abundance at t = f in the acceptor and donor solutions, respectively, 
and f  indicates the fractional contribution of each chamber to the sum Cu mass at t = f:

Finally, Cu isotope separation values between complexed and free Cu were calculated as follows:

Results and discussion
Cu binding
Reaction of Cu with amino acids resulted in metal ligation and the retention of ligand-bound Cu in the chamber 
of the dialyzer which contained amino acids. Copper retention was greatest for cysteine (83.4 ± 04% [n = 3] and 
78.5 ± 3.0% [n = 3] of total dissolved  Cu2+ in two separate trials), lower for the carboxylate ligands (67.0 ± 0.6% 
[n = 3] for glutamate, 66.2 ± 0.8% [n = 3] for aspartate), and 57.6 ± 0.8% [n = 2] for histidine (Suppl. Table 1). Free 
 Cu2+ migrated across the dialysis membrane and was recovered in acceptor solutions (Suppl. Fig. 1). Free  Cu2+ 
was distributed equally between the donor and acceptor solutions at mass equilibrium, which was reached in 
approximately 24 h (Suppl. Fig. 1). Using mass balance equations (1-ffree, Eq. (3); Table 2), we calculated that 
the proportion of ligand-bound Cu was 57.1 ± 6.0% and 66.9 ± 0.8% for the two cysteine trials, respectively, 
34.1 ± 1.1% for glutamate, 32.4 ± 1.6% for aspartate, and 15.3 ± 1.6% for histidine. These values correspond to 
partition coefficients  ([Cu]free/[Cu]bound) of 0.76 ± 0.19 and 0.50 ± 0.02 for the two cysteine trials, respectively, 
1.94 ± 0.10 for glutamate, 2.10 ± 0.15 for aspartate, and 5.58 ± 0.70 for histidine (Suppl. Table 4).

Cu isotope fractionation
Copper complexation by cysteine, glutamate, and aspartate resulted in Cu isotope fractionation (Table 2; Fig. 1). 
For cysteine, mean (± 2SE) δ65Cufree (measured in acceptor solutions at t = f) exceeded mean δ65Cucomplexed (calcu-
lated as in Eq. 2) across all experiments (n = 6), with values of + 1.38 ± 0.08‰ and + 0.89 ± 0.14‰, respectively. For 
the carboxylates, the opposite trend was observed: δ65Cufree was + 0.81 ± 0.04‰ (n = 3) in glutamate experiments 
and + 0.89 ± 0.03‰ (n = 3) in aspartate experiments while corresponding δ65Cucomplexed values were + 1.07 ± 0.06‰ 

(4)δ
65
Cutotal = δ

65
Cuacceptor × facceptor + δ

65
Cudonor × fdonor

(5)fdonor =
massdonor

(massdonor +massacceptor)

(6)�Cucomplexed−free = δ65Cucomplexed − δ65Cufree

Table 2.  Cu fractionation induced by amino acids (mean ± 2 SE). a Approximate ratio of amino acids to Cu 
added to experimental donor solutions.

Ligand Dominant ligand Amino acid:Cu  ratioa # Replicate experiments ffree (%) δ65Cufree (‰) δ65Cucomplex (calculated, ‰)
Δ65Cucomplex-free (calculated, 
‰)

Cysteine S 1:2 6 38.0 ± 5.2  + 1.38 ± 0.08  + 0.89 ± 0.14 − 0.48 ± 0.18

Histidine N 1:1 2 84.0 ± 1.6  + 0.79 ± 0.07  + 0.78 ± 0.03 − 0.01 ± 0.04

Glutamate O 1:1 3 65.9 ± 1.1  + 0.81 ± 0.04  + 1.07 ± 0.06  + 0.26 ± 0.04

Aspartate O 1:1 3 67.6 ± 1.6  + 0.89 ± 0.03  + 1.05 ± 0.07  + 0.16 ± 0.10

Figure 1.  (A) Cu isotope fractionation ( �65Cu = δ65Cubound − δ65Cufree) due to ligation by cysteine (Cys), 
histidine (His), glutamate (Glu) and aspartate (Asp). Gray points represent �65Cu calculated for independent 
experiments; black points represent the mean �65Cu of replicates (± 2SE). (B–E) Molecular structures of the 
amino acids investigated in this study.
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(n = 3) and + 1.05 ± 0.07‰ (n = 3). In histidine experiments, δ65Cufree and δ65Cucomplexed were within error, with 
values of + 0.79 ± 0.08‰ (n = 2) and + 0.75 ± 0.05‰ (n = 2), respectively.

These experimental results indicate that thiol-bearing cysteine preferentially ligated 63Cu (Δ65Cucomplex-free = − 
0.48 ± 0.18‰), while glutamate and aspartate, with their carboxyl (O) side chains, favored 65Cu (Δ65Cucomplex-free 
=  + 0.26 ± 0.04 and + 0.16 ± 0.10‰, respectively; Table 2; Fig. 1). Cooper complexation by N-bearing histidine, in 
contrast, resulted in negligible isotopic fractionation (Δ65Cucomplex-free = − 0.01 ± 0.04‰). Copper concentrations 
and δ65Cu for all samples are available in Suppl. Table 3 and averaged results are available in Suppl. Table 4. We 
note that the large error associated with cysteine ligation was not driven by variability among replicates in the 
proportion of Cu bound (see above; Table 2), but by variability in the Cu isotope abundances measured in donor 
and acceptor solutions across replicate experiments (see Suppl. Table 3).

Comparison with theoretical calculations
Our experimentally-derived Cu isotope fractionation effects are consistent in directionality with mass-dependent 
equilibrium isotope fractionation. Mass-dependent isotope fractionation occurs because chemical bonds differ 
in their potential energy as a function of atomic position (i.e., in their potential energy surface). When small 
changes in atomic position lead to significant changes in potential energy, the bond may be said to have a 
“steeper” potential energy surface. Heavier isotopes concentrate in the “steeper” (more stable) chemical phase 
to minimize the overall energy of the  system41. Bonds with higher natural frequencies of fundamental vibration 
are associated with steeper potential energy surfaces (i.e., deeper potential energy wells)41 and thus have higher 
spring constants, meaning that they are more resistant to  deformation5,42. These “stiff ” bonds are short and 
strong—properties associated with lighter ligands, lower coordination numbers, and higher oxidation  states41. 
In proteins, stiff bonds are associated with ‘hard’ Lewis bases i.e., those whose electron clouds are less easily dis-
torted under an electric  field43,44. Carboxyl groups  (RO−) and water  (H2O) are hard bases; imidazole is classified 
as ‘borderline’; thiols (RSH) are ‘soft’ or easily polarized  bases45. Therefore, when Cu is in the 2+ oxidation state 
(and a borderline Lewis acid), the carboxylates (glutamate and aspartate) should evince greater preference for 
65Cu than histidine, while cysteine should accumulate 63Cu. This pattern is clearly manifest in our experimental 
results (Table 2; Fig. 1).

Though consistent in directionality, experimental evidence indicates that the magnitude of Cu isotope frac-
tionation by cysteine is less than that predicted ab initio from  DFT4. Theoretical calculations from Fujii et al.4 
predict that, relative to  H2O, Cu complexation by cysteine should fractionate the Cu isotope pool by − 1.18‰ 
(Δ65Cucomplex-free) at 25 °C. Our experimentally determined Δ65Cucomplex-free of − 0.48 ± 0.18‰ is in keeping with 
the directionally of this value. Both theory and experiment indicate cysteine favors 63Cu; however, our measured 
value is less than half the predicted DFT value. This suggests that ab initio calculations may overestimate isotope 
fractionation due to ligation by cysteine. This discrepancy between theory and experiment can be explained by 
differences in the coordination geometry assumed in the DFT model compared to the Cu-amino acid complexa-
tion that occurs in real solutions. In the DFT calculations, Fujii et al.4 assumed five-fold coordination of  Cu2+ 
bonded to  H2O molecules and a single cysteine ligand. Conversely, extended X-ray absorption fine structure 
(EXAFS) spectroscopic measurements of  Cu2+-cysteine complexes in aqueous solutions show  Cu2+ coordination 
with three sulfur atoms in the first shell at approximately 2.28 Å37. Stiffer bonds and differences in coordina-
tion numbers in the  Cu2+-cysteine that actually form in experimental systems would be expected to mute the 
predicted Cu isotope fractionation effect.

We have ruled out redox chemistry as a major cause of Cu isotope fractionation by cysteine complexation 
in our experiments. Previous XANES  studies37 have shown that the oxidation state of Cu remains as  Cu2+ upon 
binding with cysteine.  Cu2+ reaction with cysteine does not appear to produce  Cu1+-cysteine complexes, which 
can be distinguished from EXAFS  spectra37. Because previous XANES and EXAFS analyses indicate that  Cu2+ is 
not chemically reduced to  Cu1+ by cysteine, we attribute our measured Cu isotope fractionation to complexation 
to the thiol ligand rather than a redox-driven process.

In our experiments, we observed that both glutamate and aspartate favored 65Cu with Δ65Cucomplex-free values 
of + 0.26 ± 0.04 and + 0.16 ± 0.10‰ (Table 2; Fig. 1), respectively which differ from the DFT derived value for 
glutamate of − 0.11‰ relative to  H2O4. These results suggests that DFT models underestimated fractionation due 
to ligation by carboxylates. As with cysteine, this difference is likely attributable to variability in the coordination 
geometry and potentially speciation of experimental complexes relative to the simplified models used in DFT 
calculations. We note that our experimentally determined values are broadly consistent with observation of other 
organic ligands with O-binding sites. Using a similar dialysis approach, Ryan et al.36 reported Δ65Cucomplex-free 
values for O-rich ligands ranging from + 0.14 ± 0.11‰ (Suwanee River fulvic acid) to + 0.84 ± 0.30‰ (desfer-
rioxamine B—a siderophore).

For histidine, our experimental results (Table 2; Fig. 1) agreed with the ab initio  calculations4. These independ-
ent approaches both indicate that negligible isotopic fractionation occurs when Cu is bound to histidine under 
ambient conditions. Ab initio  calculations4 indicate that Δ65Cucomplex-free for the aqueous Cu-histidine complexes 
Cu(His)(H2O)4

2+ and Cu(His)(H2O)3
2+ should yield Δ65Cucomplex-free values of − 0.05‰ and − 0.08‰, respectively. 

Our measured value of − 0.01 ± 0.04‰ is close to these values.

Comparison with in vivo measurements
Though our measured magnitude of Cu isotope fractionation for cysteine was smaller than predicted by DFT, 
our data are in excellent agreement with Cu isotope ratios measured in proteins (Table 3). The Cu isotope com-
position of two structurally-distinct proteins, metallothionein and Cu,zinc (Zn) superoxide dismutase, have 
previously been measured in vivo17,34. Metallothionein binds clusters of metal ions—as many as seven bivalent 
or 20 monovalent ions—using predominantly the S residues of  cysteines46. Cu,Zn superoxide dismutase, in 
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contrast, binds only two Cu atoms in identical sites using N from histidine in a tetrahedral  configuration47. 
In human cortical tissue, metallothionein Cu is isotopically light (δ65Cu = − 0.20 ± 0.21‰) while Cu in Cu,Zn 
superoxide dismutase is isotopically heavy (δ65Cu =  + 0.41 ± 0.27‰)17. This pattern also holds true for the yeast 
Saccharomyces, with δ65Cu values for metallothionein and Cu,Zn superoxide dismutase of − 2.13‰ and − 1.60‰, 
 respectively34. With a difference of − 0.61 ± 0.34‰ (n = 5 subjects) in  humans17 and − 0.53‰ in  yeast34, the 
consistency in the relative partitioning of Cu isotopes between these proteins across biological systems is strik-
ing (note: The absolute isotopic value of the two protein pools differs across organisms and individuals due to 
variability in the dietary source of Cu48, among other factors, and are thus not comparable.) Moreover, the dif-
ference between Δ65Cucomplex-free of cysteine and histidine in our experiments, − 0.47 ± 0.18‰, is within error of 
these values. The coherence between our in vitro Cu isotope separation value and in vivo protein data suggest 
that the identity of ligating residues is a major factor dictating metal fractionation in proteins. However, as this 
study focused exclusively on  Cu2+, we cannot exclude the potential contribution of oxidation state in accounting 
for differences among proteins.

Isotope partitioning among proteins with S-rich and N-rich binding sites for Cu also manifests at the 
cellular level consistent with our experimental results: Cells and fluids enriched in 63Cu are associated with 
Cu proteins bearing S-rich binding sites. In healthy humans, for example, blood serum is enriched in 63Cu 
(δ65Cu = − 0.26 ± 0.40‰, n = 49) relative to erythrocytes (red blood cells; δ65Cu =  + 0.56 ± 0.50‰, n = 49)8. Cal-
culations based on DFT support the hypothesis that this fractionation occurs because Cu is ferried to ceruloplas-
min—the major Cu protein in blood—via an antioxidant protein (ATOX) and a chaperone protein (ATP7B). The 
isotope effect is expressed when ATOX and ATP7B bind Cu using two cysteine thiols in a linear  configuration49. 
Because the transfer of Cu from ATOX/ATP7B to ceruloplasmin is quantitative, the isotopic composition of Cu 
in the intermediaries is transferred to ceruloplasmin. Thus, 63Cu tends to accumulate in serum while red blood 
cells accumulate 65Cu8,49. Albarede et al.8 also noted that Cu,Zn superoxide dismutase is more prevalent in red 
blood cells. The difference in δ65Cu between serum and red blood cells of − 0.82 ± 0.49‰ (Table 3), is larger 
but still within error of the difference we observed between Δ65Cucomplex-free values for cysteine and histidine 
(− 0.47 ± 0.18‰; Table 3).

Medical and environmental applications
As structurally-distinct Cu-binding sites fractionate Cu isotopes among biomolecules (Table 3), patterns in 
the distribution of Cu isotopes among cells, groups of cells, and their growth environment represent potential 
biomarkers of cellular activity. For example, like many Cu proteins, both metallothionein (S ligands) and Cu,Zn 
superoxide dismutase (N ligands) play important roles in mediating oxidative  stress2: Cu,Zn superoxide dis-
mutase catalyzes the disproportionation of superoxide radicals produced during oxygen  metabolism47 while 
metallothionein is a chaperone protein involved in heavy metal  detoxification50. In humans, expression of both 
proteins changes during carcinogenesis due to their respective roles in managing reactive oxygen species and Cu 
concentrations, which can rise during growth of cancerous  tissue51. Consequently, an emerging body of research 
suggests a link between Cu isotopes and  cancer9,11,27–29,52, and other  diseases20,21,53.

Our findings support the hypothesis that changes in Cu isotope partitioning during cancer occur, in part, 
due to the expression of distinct Cu-binding  biomolecules9,27. Serum δ65Cu is significantly lower in patients of 
colorectal and breast  cancer27, as well as liver cancer (hepatocellular carcinoma)9,26 and  cirrhosis31 relative to 
healthy individuals (− 0.26 ± 0.4‰, n = 49)8, with a proposed cutoff value of < − 0.35‰ indicating increased risk 
of  mortality27. Several mechanisms have been hypothesized to explain these anomalies. Balter et al.9 ascribed 
low δ65Cu in the blood of hepatocellular carcinoma patients, which they related to increased concentrations, to 
release of metallothionein (S ligand)-bound Cu in endogenous stores. Conversely, Télouk et al.27 argued that shifts 
in serum δ65Cu of cancer patients occurs because lactate, which binds  Cu2+ with hydroxyl (O) groups in cancer 
cells, accumulates 65Cu. Our experimental findings support the assumption underlying both hypotheses—that 
S ligands favor 63Cu and O ligands favor 65Cu. However, given the complexity of Cu trafficking and the likely 
importance of considerations apart from ligand identity (e.g., oxidation state, coordination geometry/ligand 
arrangement, metal abundance) additional work probing the relative importance of these variables is necessary 
to distinguish between them.

While recent work has focused on the medical potential of isotope metallomics, the work presented here 
is also relevant for using metal isotopes to investigate microbial metabolism in the environment. Though Cu 

Table 3.  Cu isotope compositions of sulfur (S) and nitrogen (N) bonding environments across levels of 
biological complexity. a For amino acids (experimental and theoretical), this value is the difference between 
Δ65Cucysteine-free and Δ65Cuhistidine-free, where ‘free’ refers to ions in water. b Error propagated from two times the 
standard error of individual samples (experiments or subjects).

Biocomplexity level Source S-rich bonding environment N-rich bonding environment Δ65CuS-N (‰)a Reference

Amino acids Experimental Cysteine Histidine − 0.47 ± 0.18b This study

Amino acids Theoretical Cysteine Histidine − 1.13 Fujii et al.4

Proteins Human cortices (healthy and 
Alzheimer’s) Metallothionein Cu,Zn superoxide dismutase − 0.61 ± 0.34b Larner et al.17

Proteins Saccharomyces Metallothionein Cu,Zn superoxide dismutase − 0.53 Zhu et al.34

Tissues Humans (healthy) Blood serum Red blood cells − 0.82 ± 0.64b Albarède et al.8
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has received less attention, several researchers have proposed biomarkers for application in the geologic record 
based on other transition metals, including Zn to track  eukaryotes54, nickel (Ni) to trace  methanogenesis55, and 
molybdenum (Mo) to investigate nitrogen assimilation  pathways56,57. Metal isotopes are also increasingly being 
used to trace the sources, sinks, and cycling of metals in the  ocean58–60. Unlike  Zn61–63 and  Ni64, marine primary 
producers do not appear to significantly fractionate the dissolved Cu  pool58. Nevertheless, several studies have 
shown that prokaryotes can significantly fractionate Cu, with Δ65Cucells-media ranging from − 4.4‰22 to + 3.0‰18. 
Understanding why and when these biological fractionation effects occur in the environment will require fur-
ther study, including consideration of when quantitative uptake may mute isotope fractionation. However, our 
work implicates changes in the Cu proteome of microbial communities as a potential factor driving differences 
in Cu isotope ratios.

Conclusion
Here, we present the first experimental results characterizing the magnitude of Cu isotope fractionation during 
ligation by amino acids most commonly observed at protein metal-binding sites. Our work demonstrates that 
amino acids differentially fractionate Cu isotopes, with light 63Cu accumulating at the S sites of cysteine and heavy 
65Cu accumulating at O sites of glutamate and aspartate. Our findings are in keeping with the few studies that 
have successfully measured Cu isotope ratios in in vivo  proteins17,34, but differ in magnitude from computational 
estimates (Fig. 1)4, likely due to differences in coordination environment under modeled and laboratory condi-
tions. This work supports the hypothesis that metalloprotein biosynthesis affects the distribution of transition 
metal isotopes within cells and suggests that the magnitude of computed isotope separation values should be 
interpreted with caution.

Data availability
The data presented here are available within the article and its online supplementary files.

Received: 19 September 2023; Accepted: 13 January 2024

References
 1. Andreini, C., Banci, L., Bertini, I. & Rosato, A. Occurrence of copper proteins through the three domains of life: A bioinformatic 

approach. J. Proteome Res. 7, 209–216 (2008).
 2. Festa, R. A. & Thiele, D. J. Copper: an essential metal in biology. Curr. Biol. 21, R877–R883 (2011).
 3. Albarède, F. et al. Medical applications of Cu, Zn, and S isotope effects. Metallomics 8, 1056–1070 (2016).
 4. Fujii, T., Moynier, F., Blichert-Toft, J. & Albarède, F. Density functional theory estimation of isotope fractionation of Fe, Ni, Cu, 

and Zn among species relevant to geochemical and biological environments. Geochim. Cosmochim. Acta 140, 553–576 (2014).
 5. Sharp, Z. Principles of Stable Isotope Geochemistry (Open Educational Resources, 2017).
 6. Maréchal, C. N., Télouk, P. & Albarède, F. Precise analysis of copper and zinc isotopic compositions by plasma-source mass spec-

trometry. Chem. Geol. 156, 251–273 (1999).
 7. Borrok, D. M. et al. Separation of copper, iron, and zinc from complex aqueous solutions for isotopic measurement. Chem. Geol. 

242, 400–414 (2007).
 8. Albarède, F., Telouk, P., Lamboux, A., Jaouen, K. & Balter, V. Isotopic evidence of unaccounted for Fe and Cu erythropoietic 

pathways. Metallomics 3, 926–933 (2011).
 9. Balter, V. et al. Natural variations of copper and sulfur stable isotopes in blood of hepatocellular carcinoma patients. Proc. Natl. 

Acad. Sci. 112, 982–985 (2015).
 10. Boucher, R. D., Alavi, S. E., de Jong, H. N., Godfrey, L. V. & Vogel, E. R. Stable isotope evidence (Fe, Cu) suggests that sex, but not 

aging is recorded in rhesus macaque (Macaca mulatta) bone. Am. J. Phys. Anthropol. 176, 80–92 (2021).
 11. Chamel, G. et al. Retrospective evaluation of blood copper stable isotopes ratio 65Cu/63Cu as a biomarker of cancer in dogs. Vet. 

Comp. Oncol. 15, 1323–1332 (2017).
 12. Gourlan, A. T., Douay, G. & Telouk, P. Copper isotopes as possible neoplasia biomarkers in captive wild felids. Zoo Biol. 38, 371–383 

(2019).
 13. Jaouen, K. et al. Is aging recorded in blood Cu and Zn isotope compositions?. Metallomics 5, 1016–1024 (2013).
 14. Jaouen, K., Herrscher, E. & Balter, V. Copper and zinc isotope ratios in human bone and enamel. Am. J. Phys. Anthropol. 162, 

491–500 (2017).
 15. Jaouen, K. & Balter, V. Menopause effect on blood Fe and Cu isotope compositions. Am. J. Phys. Anthropol. 153, 280–285 (2014).
 16. Kazi Tani, L. S. et al. Copper isotopes and copper to zinc ratio as possible biomarkers for thyroid cancer. Front. Med. 8, 698167 

(2021).
 17. Larner, F., McLean, C. A., Halliday, A. N. & Roberts, B. R. Copper isotope compositions of superoxide dismutase and metallothio-

nein from post-mortem human frontal cortex. Inorganics 7, 86 (2019).
 18. Mathur, R. et al. Cu isotopic fractionation in the supergene environment with and without bacteria. Geochim. Cosmochim. Acta 

69, 5233–5246 (2005).
 19. Morel, J.-D. et al. The mouse metallomic landscape of aging and metabolism. Nat. Commun. 13, 607 (2022).
 20. Moynier, F., Creech, J., Dallas, J. & Le Borgne, M. Serum and brain natural copper stable isotopes in a mouse model of Alzheimer’s 

disease. Sci. Rep. 9, 11894 (2019).
 21. Moynier, F. et al. Copper and zinc isotopic excursions in the human brain affected by Alzheimer’s disease. Alzheimer’s Dement. 

Diagn. Assess. Dis. Monit. 12, e12112 (2020).
 22. Navarrete, J. U., Borrok, D. M., Viveros, M. & Ellzey, J. T. Copper isotope fractionation during surface adsorption and intracellular 

incorporation by bacteria. Geochim. Cosmochim. Acta 75, 784–799 (2011).
 23. Sauzéat, L. et al. Isotopic evidence for disrupted copper metabolism in amyotrophic lateral sclerosis. Iscience 6, 264–271 (2018).
 24. Solovyev, N. et al. Cu, Fe, and Zn isotope ratios in murine Alzheimer’s disease models suggest specific signatures of amyloidogenesis 

and tauopathy. J. Biol. Chem. 296, 100292 (2021).
 25. Sullivan, K., Kidder, J. A., Junqueira, T., Vanhaecke, F. & Leybourne, M. I. Emerging applications of high-precision Cu isotopic 

analysis by MC-ICP-MS. Sci. Total Environ. 838, 156084 (2022).
 26. Telouk, P. et al. Copper isotope evidence of oxidative stress-induced hepatic breakdown and the transition to hepatocellular car-

cinoma. Gastro Hep. Adv. 1, 480–486 (2022).
 27. Télouk, P. et al. Copper isotope effect in serum of cancer patients. A pilot study. Metallomics 7, 299–308 (2015).



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1902  | https://doi.org/10.1038/s41598-024-52091-7

www.nature.com/scientificreports/

 28. Toubhans, B. et al. Cu isotope ratios are meaningful in ovarian cancer diagnosis. J. Trace Elem. Med Biol. 62, 126611 (2020).
 29. Van Campenhout, S. et al. Lighter serum copper isotopic composition in patients with early non-alcoholic fatty liver disease. BMC. 

Res. Notes 13, 225 (2020).
 30. Wang, W. et al. Identification of two-dimensional copper signatures in human blood for bladder cancer with machine learning. 

Chem. Sci. 13, 1648–1656 (2022).
 31. Costas-Rodríguez, M. et al. Isotopic analysis of Cu in blood serum by multi-collector ICP-mass spectrometry: A new approach 

for the diagnosis and prognosis of liver cirrhosis?. Metallomics 7, 491–498 (2015).
 32. Van Heghe, L., Engström, E., Rodushkin, I., Cloquet, C. & Vanhaecke, F. Isotopic analysis of the metabolically relevant transition 

metals Cu, Fe and Zn in human blood from vegetarians and omnivores using multi-collector ICP-mass spectrometry. J. Anal. 
Atom. Spectrom. 27, 1327–1334 (2012).

 33. Van Heghe, L., Deltombe, O., Delanghe, J., Depypere, H. & Vanhaecke, F. The influence of menstrual blood loss and age on the 
isotopic composition of Cu, Fe and Zn in human whole blood. J. Anal. Atom. Spectrom. 29, 478–482 (2014).

 34. Zhu, X. et al. Mass fractionation processes of transition metal isotopes. Earth Planet. Sci. Lett. 200, 47–62 (2002).
 35. Fitch, A. & Helmke, P. A. Donnan equilibrium/graphite furnace atomic absorption estimates of soil extract complexation capaci-

ties. Anal. Chem. 61, 1295–1298 (1989).
 36. Ryan, B. M., Kirby, J. K., Degryse, F., Scheiderich, K. & McLaughlin, M. J. Copper isotope fractionation during equilibration with 

natural and synthetic ligands. Environ. Sci. Technol. 48, 8620–8626 (2014).
 37. Dokken, K. M., Parsons, J. G., McClure, J. & Gardea-Torresdey, J. L. Synthesis and structural analysis of copper (II) cysteine 

complexes. Inorganica Chim. Acta 362, 395–401 (2009).
 38. Nolan, A. L., Mclaughlin, M. J. & Mason, S. D. Chemical speciation of Zn, Cd, Cu, and Pb in pore waters of agricultural and 

contaminated soils using Donnan dialysis. Environ. Sci. Technol. 37, 90–98 (2003).
 39. Nasef, M. M. & Yahaya, A. H. Adsorption of some heavy metal ions from aqueous solutions on Nafion 117 membrane. Desalination 

249, 677–681 (2009).
 40. Sullivan, K. et al. Copper isotopic analysis in geological and biological reference materials by MC-ICP-MS. Geostandard. Geoanal. 

Res. 44, 349–362 (2020).
 41. Schauble, E. A. Applying stable isotope fractionation theory to new systems. Rev. Mineral. Geochem. 55, 65–111 (2004).
 42. Bigeleisen, J. & Mayer, M. G. Calculation of equilibrium constants for isotopic exchange reactions. J. Chem. Phys. 15, 261–267 

(1947).
 43. KaufmanKatz, A. et al. Copper-binding motifs: Structural and theoretical aspects. Helvetica Chimica Acta 86, 1320–1338 (2003).
 44. Pearson, R. G. Hard and soft acids and bases. J. Am. Chem. Soc. 85, 3533–3539 (1963).
 45. Lippard, S. & Berg, J. Principles of Bioinorganic Chemistry Vol. 411 (Univ. Sci. Books, 1994).
 46. Krizkova, S. et al. Microarray analysis of metallothioneins in human diseases—A review. J. Pharm. Biomed. Anal. 117, 464–473 

(2016).
 47. Rakhit, R. & Chakrabartty, A. Structure, folding, and misfolding of Cu, Zn superoxide dismutase in amyotrophic lateral sclerosis. 

Biochim. Biophys. Acta Mol. Basis Dis. 1762, 1025–1037 (2006).
 48. Sullivan, K. V., Moore, R. E. T & Vanhaecke, F. The influence of physiological and lifestyle factors on essential mineral element 

isotopic compositions in the human body: implications for the design of isotope metallomics research. Metallomics 15(3), mfad012 
(2023).

 49. Tennant, A., Rauk, A. & Wieser, M. E. Computational modelling of the redistribution of copper isotopes by proteins in the liver. 
Metallomics 9, 1809–1819 (2017).

 50. Capdevila, M., Bofill, R., Palacios, O. & Atrian, S. State-of-the-art of metallothioneins at the beginning of the 21st century. Coord. 
Chem. Rev. 256, 46–62 (2012).

 51. Ge, E. J. et al. Connecting copper and cancer: From transition metal signalling to metalloplasia. Nat. Rev. Cancer 22, 102–113 
(2022).

 52. Larner, F. Can we use high precision metal isotope analysis to improve our understanding of cancer?. Anal. Bioanal. Chem. 408, 
345–349 (2016).

 53. Lamboux, A. et al. The blood copper isotopic composition is a prognostic indicator of the hepatic injury in Wilson disease. Metal-
lomics 12, 1781–1790 (2020).

 54. Isson, T. T. et al. Tracking the rise of eukaryotes to ecological dominance with zinc isotopes. Geobiology 16, 341–352 (2018).
 55. Cameron, V., Vance, D., Archer, C. & House, C. H. A biomarker based on the stable isotopes of nickel. Proc. Natl. Acad. Sci. 106, 

10944–10948 (2009).
 56. Wasylenki, L. et al. Isotope fractionation during microbial metal uptake measured by MC-ICP-MS. J. Anal. Atom. Spectrom. 22, 

905–910 (2007).
 57. Zerkle, A., Scheiderich, K., Maresca, J., Liermann, L. & Brantley, S. Molybdenum isotope fractionation by cyanobacterial assimila-

tion during nitrate utilization and N2fixation. Geobiology 9, 94–106 (2011).
 58. Takano, S., Tanimizu, M., Hirata, T. & Sohrin, Y. Isotopic constraints on biogeochemical cycling of copper in the ocean. Nat. Com-

mun. 5, 5663 (2014).
 59. Thompson, C. M. & Ellwood, M. J. Dissolved copper isotope biogeochemistry in the Tasman Sea, SW Pacific Ocean. Mar. Chem. 

165, 1–9 (2014).
 60. Vance, D. et al. The copper isotope geochemistry of rivers and the oceans. Earth Planet. Sci. Lett. 274, 204–213 (2008).
 61. John, S. G., Geis, R. W., Saito, M. A. & Boyle, E. A. Zinc isotope fractionation during high-affinity and low-affinity zinc transport 

by the marine diatom Thalassiosira oceanica. Limnol. Oceanogr. 52, 2710–2714 (2007).
 62. Köbberich, M. & Vance, D. Zn isotope fractionation during uptake into marine phytoplankton: Implications for oceanic zinc 

isotopes. Chem. Geol. 523, 154–161 (2019).
 63. Samanta, M., Ellwood, M. J. & Strzepek, R. F. Zinc isotope fractionation by Emiliania huxleyi cultured across a range of free zinc 

ion concentrations. Limnol. Oceanogr. 63, 660–671 (2018).
 64. Lemaitre, N., Du, J., de Souza, G. F., Archer, C. & Vance, D. The essential bioactive role of nickel in the oceans: Evidence from 

nickel isotopes. Earth Planet. Sci. Lett. 584, 117513 (2022).

Acknowledgements
This work was supported by NASA Exobiology Grant NNX16AK02G and NASA Astrobiology Grant 
80NSSC18M0093, both awarded to NY. We thank Dr. Anirban Basu for his thoughtful comments on our experi-
mental design and Dr. Ryan Mathur for his advice on measuring Cu isotopes, as well as contributing the 1838 
Cu penny and NIST SRM 976 standards. Finally, we thank Dr. Brandon Mahan and an anonymous reviewer for 
offering constructive feedback on our manuscript; their thoughts have served to strengthen this work.

Author contributions
K.S. and N.Y. conceptualized the research question. K.S., C.S., and N.Y. designed the experiments. C.S. conducted 
the experiments. C.S. measured Cu isotopes with guidance from L.G. C.S. and K.S. analyzed the data. N.Y. 



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1902  | https://doi.org/10.1038/s41598-024-52091-7

www.nature.com/scientificreports/

supervised the research. C.S. and N.Y. drafted the manuscript. All authors participated in the editorial process 
and contributed intellectually to this work.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 52091-7.

Correspondence and requests for materials should be addressed to C.R.S. or K.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-52091-7
https://doi.org/10.1038/s41598-024-52091-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Metal-binding amino acid ligands commonly found in metalloproteins differentially fractionate copper isotopes
	Materials and methods
	Chemical reagents
	Cu ligation experiments
	Cu purification and isotope analysis
	Cu mass balance

	Results and discussion
	Cu binding
	Cu isotope fractionation
	Comparison with theoretical calculations
	Comparison with in vivo measurements
	Medical and environmental applications

	Conclusion
	References
	Acknowledgements


