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“Metals and life” exam 
Datum: October 27th, 2014 

Tijd: 2-5 pm 
Zaal: C2 

Docent: Dr. Sylvestre Bonnet 
 
Voorzie het 1e blad van naam, adres, email, jaar van aankomst en nummer collegekaart. 
Schrijf op de andere losse bladen alleen de naam. Bij het tentamen is het gebruik van de syllabus of 
mobiele telefoon niet toegestaan. Voor elke vraag is de waardering aangegeven. 
 
On page 1, write your name, address, e-mail, year of enrolment and the number of the college card.  
At the following pages not your name. It is not allowed to use the syllabus or a cell phone during 
the examination. For each question the rating is given. 
 
When a justification is asked it counts at least as many points as the answer itself. The number of 
points per question is indicative and may be re-evaluated. 
 
Important advice: do not lose time on questions you can’t do. First answer the questions you can 
answer, and then spend time on the more difficult ones. 
 

 
Periodical classification of the elements with molar masses. 
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Electronegativities of the elements. 

 
Selection of ionic radii (in pm). 

 
 
 

Inorganic biochemistry of copper (8 points) 
 
 
Copper is a transition metal with two possible redox states, Cu(II) and Cu(I). In nearly all 
organisms copper is involved in many biological processes. For example copper serves as a 
protection against oxidative stress; it can contribute to the transport of other metals such as iron; or 
it is involved in cell growth, respiration, or blood clotting. Copper homeostasis is thus very 
important, and copper dishomeostasis leads to serious diseases.  
 
In the intestines the main transport mechanism for copper ions present in food involves CTR1, a 
transmembrane protein located in the membrane of enterocytes. After crossing the membrane the 
Cu ions are transported in the cytosol by copper chapperones such as Atx1 or Ccs. Atx1 either 
brings copper to the Golgi apparatus where proteins needing copper are folded and receive their 
metal load, or to copper export pump such as ATP7A that will excrete the copper ions into the 
blood stream. Another copper chaperone, Ccs, transports copper ions from CTR1 to cytosolic 
superoxide dismutase (SOD1, also called Cu-Zn SOD). In the blood copper is transported in a 
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bound form; in humans two proteins, albumin and ceruloplasmin, fulfill this function; a small 
fraction of histidine-bound copper is also present. Copper is transported to the liver where it enters 
hepatocytes again via CTR1. Once in hepatocytes, copper ions are either used for the synthesis of 
copper-containing proteins, or pumped out by the efflux pump ATP7B, upon which excess copper 
is excreted into the bile. 

1) Give two reasons why copper ions need a transmembrane protein to cross membranes. (0,25 
point) 

2) What is the biochemical function of superoxide dismutase, and which role does zinc ad 
copper play in this protein? (0,25 point) 

3) What differentiates, biologically and chemically speaking, SOD1 from SOD2 and SOD3? 
(0,25 point)  

There is a single, low-resolution (7 Å) X-ray structure of the human copper transporter CTR1, 
which shows a trimeric structure with a conical pore in its central 3-fold axis (Figure 1, left). 
Electron microscopy data on a 2D crystal of the protein in a supported membrane confirm the pore 
structure with a 6 Å resolution (Figure 1, right). The pore is made of 9 transmembrane alpha 
helices, thus each monomer has 3 transmembrane helices. The extracellular side of the pore has a 
diameter of ~8 Å while the intracellular end is much wider with an aqueous cavity measuring 22 Å. 
The surface of the central pore of CTR1 shows multiple methionine residues in close proximity. In 
particular MXXXM motives can be found near the extracellular end on the second transmembrane 
strand. Mutants where the extracellular methionines M150 and M154 where changed resulted in 
greatly reduced copper uptake. In the yeast Saccharomyces cerevisiae, which contains next to the 
CTR1 copper transporter a plasma membrane reductase, Frep1, I t was shown that 50-70% of the 
uptake of 64Cu depends on the presence of the Frep1 reductase. Still in yeast, it was also shown that 
ascorbate suppresses the dependence of 64Cu uptake on plasma membrane reductase activity. Ag+ 
ions inhibit copper transport via CTR1, whereas Zn2+ and Cd2+ do not. In contrast to transporters 
such as the divalent metal transporter 1 (DMT1), which transports Fe2+, Mn2+, Zn2+ and other 
divalent metal ions, CTR1 is specific for copper. Finally, no ATP-binding domain could be 
identified in the sequence of CTR1. 

4) In which oxidation state is copper transporter by CTR1? Give at least 3 chemical arguments. 
(0,25 point)  

5) Next to Atx1 or Ccs cite at least two biological ligands that are expressed at high 
concentrations in the cytosol and could coordinate/transport copper ions in the same 
oxidation state. Which ones? (0,25 point) 

6) For most transmembrane transporters an internal repeat in the primary amino acid sequence 
corresponds to a pseudo two-fold symmetry within each monomer. A pathway for substrates 
is usually formed along the axis of pseudo twofold symmetry of the protein. In the few 
examples where a pseudo two-fold symmetry is not present in the 3D structure (the Na+/H+ 
antiporter NhaA, the Ca2+ ATPase, or the glutamate transporter homologue Glt) an 
independent pathway for substrates is still formed within the monomer of the protein. In 
contrast, the function of the CTR1 copper transporter depends on the trimeric organization 
of CTR1 and differs from the design of canonical transporters. Give at least two chemical 
properties that fundamentally differentiate Ca2+ and Cu2+ ions. (0,25 point) 

7) Why can’t CTR1 be a high-flux channel like Ca2+ ATPase? (0,25 point) 
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Figure 1. Left: The three dimensional structure of CTR1 from an X-ray crystal structure. A a side 
view. B Top view from the extracellular side. C D E cross secions trough the membrane domain 
making the conical structure clearly visible, with C being the extracellular side D the middle of the 
bilayer and E the Intracellular side. 

CTR1 contains three well-defined structural domains: the N-terminal extracellular domain, a 
transmembrane domain, and the C-terminal cytosolic domain. 
 
The wild type (WT) variant of N-terminal hydrophilic domain CTR1_N was expressed in bacteria, 
as well as three mutations MutA, MutB, and MutC. The mutations consisted in replacing 
methionine by alanine residues, as indicated in Figure 2. Titration of [Cu(CH3CN)4](PF6) into the 
WT, MutA, and MutB variants of CTR1_N led to the appearance of a peak at 265 nm in the 
difference UV-vis spectra (Figure 3), which is consistent with S!Cu charge transfer transitions. 
This band was not observable when copper was added into MutC (Figure 3). The copper-bound 
form of the protein is hereafter written CuCTR1_N. 
 

8) According to the data how many copper ions bind to the wild type, MutA, MutB, and MutC 
variants of CTR1_N? Justify. (0,25 point) 

9) From the data how many mutations must be done to abolish the protein capability of 
extracting Cu from [Cu(BCA)2]3-? (0,25 point) 

10) What is the average contribution of the N-terminal domain of CTR1 to the coordination 
sphere of each copper ion during copper uptake? Justify. (0,25 point) 

  



MAL 2014-2015 Chemical Biology – Master program Leiden University 

 5/10  

 
Figure 2. Protein sequences of the wild type and mutant CTR1_N. M and A represent Methionine 
and Alanine residues. 

 

  
Figure 3. A: Difference UV-visible absorption spectra of CTR1_N titrated with 
[Cu(CH3CN)4](PF6). Top right and bottom: UV-visible spectra of MutA, MutB, and MutC proteins 
titrated with [Cu(CH3CN)4](PF6). Inserts: Plots of absorbance at 265 nm versus Cu/protein ratio. 
Conditions: [Cu]=1.6 mM, 50 mM MES/Tris buffer, pH 8.5.  

 
Figure 4. (A) UV_vis spectra of [Cu(CH3CN)4](PF6) (27 µM), ascorbate (0.8 mM) and BCA (84 
µM), with the addition of CTR1_N variants. (B) Titration of CTR1_N variants into 27 µM 
[Cu(CH3CN)4](PF6), 84 µM BCA and 0.8 mM ascorbate. Experiments were carried out in 20 mM 
MES/Tris buffer, pH 8.0, at 25 oC. 
 

CREATED USING THE RSC ARTICLE TEMPLATE (VER. 3.0) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

  
Fig. S1 Protein sequences of the wild-type and mutant hCTR1_N. The two methionine-rich motifs are highlighted in yellow. Met and 
Ala residues in these motifs are shown as blue and red, respectively.
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Kinetics and thermodynamics of metal binding to the
N-terminus of a human copper transporter, hCTR1†

Xiubo Du,ab Hongyan Li,a Xinghao Wang,a Qiong Liu,b Jiazuan Nib and
Hongzhe Sun*a

The N-terminus of hCTR1 was demonstrated to bind three Cu+ ions
tightly (log K = 14.92) and reversibly via its Met-rich motifs. Ag+

binds to the protein with the same stoichiometry but much lower
affinities than Cu+. The protein also coordinates two Cu2+ ions
through its ATCUN motif and His-rich motif with lower affinity. This
study provides an insight into the selectivity of the transporter.

Copper is essential for life but is also toxic in excess,1 therefore
its homeostasis is tightly regulated in all eukaryotic organisms.
In humans, copper is acquired from the extracellular environ-
ment via a plasma membrane transporter, hCTR1.2 Structural
characterization showed that hCTR1 assembles as a homo-
trimer through its tail-to-tail packing in the plasma membrane
to form a central pore through which Cu+ ions were suggested
to move across the membrane via concentration gradient.3

The extracellular N-terminus of hCTR1 has two Met-rich
motifs, arranged as 7MXMXXM and 41MMMXM. Previous stu-
dies have revealed that deletion of the Met motifs eliminated
the ability of hCTR1-mediated cellular uptake of copper.4

Moreover, we have demonstrated that the extracellular domain
of hCTR1 binds cisplatin, carboplatin and nedaplatin via its
Met residues, and such binding may play a significant role in
the activation and transport of these Pt-based anti-cancer
drugs.5,6 In spite of the importance of the N-terminus of hCTR1
in the uptake of Cu+ and cisplatin, detailed characterization of
its interaction with Cu+ is lacking. In this communication, we
report the interaction of the N-terminus of hCTR1 (namely
hCTR1_N) with Cu+ and compared with that of Ag+ and Cu2+.

hCTR1_N as well as its variants, MutA, MutB and MutC
(in which the methionine residues in the first, the second and
both Met-rich motifs were mutated to Ala, Fig. S1, ESI†), were
overexpressed and purified as described in ESI.† Circular dichroism
(CD) spectra of apo-hCTR1_N revealed a large negative peak at

195 nm (Fig. S4, ESI†), suggesting that the apo-protein adopted
a random coil conformation. Addition of Cu+ resulted in
a positive shift in the negative band at 195 nm and the
appearance of a positive peak at 210 nm and a negative peak
at 225 nm. All these changes suggested the emergence of a
b-turn upon Cu+ binding. Titration of Cu+ into hCTR1_N led to
the appearance of a peak at 265 nm in the difference UV-vis
spectra, which is likely due to S - Cu charge transfer transi-
tions,7 suggesting that hCTR1_N coordinated Cu+ via its Met
residues. This band was not observable when Cu+ was added
into both the native and DEPC-modified MutC (Fig. S5, ESI†).
The intensity of this band increased upon further addition of
Cu+ and levelled off at a molar ratio of Cu+ to the protein of
3.0, indicative of three Cu+ ions binding to each hCTR1_N,
Fig. 1A. Similarly, as shown in Fig. S6 (ESI†), addition of Cu+

into the protein variants MutA and MutB also led to the
appearance of the absorbance at 265 nm with the intensity
increased initially but levelled off at Cu/protein molar ratios of
2.0 and 1.0, indicative of two and one Cu+ ions binding to MutA
and MutB, respectively. These results clearly suggested that the
first Met-rich motif of hCTR1_N binds one Cu+ ion whereas the
second one binds two Cu+ ions.

To determine the binding affinity of hCTR1_N to Cu+, com-
petition reactions between hCTR1_N (and its variants) and
bicinchoninic acid (BCA) were carried out as described pre-
viously.8 Complexation of Cu+ to BCA gives rise to [Cu(BCA)2]3!

Fig. 1 (A) Difference UV-visible absorption spectra of hCTR1_N titrated with
[Cu1(CH3CN)4]+. Insets: plots of titration curves plotted at 265 nm, indicative of
three Cu+ ions binding per monomer of the protein. (B) UV-visible absorption spectra
of Cu, ascorbate and BCA, with the addition of 20 molar equivalents of hCTR1_N.
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Fig. S6 UV-visible spectra of MutA and MutB proteins titrated with [Cu1(CH3CN)4]+ (1.6 mM) in 50 mM MES/Tris buffer at pH 8.5. 
Inserts: Plots of absorbance at 265 nm versus Cu/protein ratio, indicative of 2.0 and 1.0 Cu+ binding to MutA and MutB respectively. 
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Fig. S6 UV-visible spectra of MutA and MutB proteins titrated with [Cu1(CH3CN)4]+ (1.6 mM) in 50 mM MES/Tris buffer at pH 8.5. 
Inserts: Plots of absorbance at 265 nm versus Cu/protein ratio, indicative of 2.0 and 1.0 Cu+ binding to MutA and MutB respectively. 
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Fig. S5 UV-visible spectra of DEPC-WT, MutC and DEPC-MutC with the addition of 1 equiv [Cu1(CH3CN)4]+ in 50 mM MES/Tris 
buffer at pH 8.5.  

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

 
Fig. S7 (A) UV_vis spectra of Cu (27 μM), ascorbate (0.8 mM) and BCA (84 μM), with the addition of hCTR1_N variants. (B) Titration 
of hCTR1_N  variants into 27 μM Cu+, 84 μM BCA and 0.8 mM ascorbate. (C) Effects of DEPC modification on Cu+ binding to 
hCTR1_N. UV-vis  absorption  spectra  of  125  μM  Cu(BCA)2 (─),    125  μM  Cu(BCA)2 incubated with 0.5 mM hCTR1_N (─),  or  with  0.5  
mM  DEPC  modified  hCtr1_N  (─)  for  one  hour.  Experiments  were  carried  out  in  20  mM  MES/Tris  buffer,  pH  8.0,  at  25  oC. 5 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013
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To determine the binding affinity of CTR1_N to copper, competition reactions between CTR1_N 
(and its variants) and bicinchoninic acid (H2BCA, see formula on the left) were carried out. In 

aqueous solution near pH 7 complexation of [Cu(CH3CN)4](PF6) to 
H2BCA produces [Cu(BCA)2]3- with a maximum absorption at 562 nm 
(Figure 4A). The associated constant of [Cu(BCA)2]3- is β2=2.0×1017 M-2 
(log β2=17.30). Addition of CTR1_N to [Cu(BCA)2]3- led to a decrease 
and disappearance of this band (Figure 4B). 
In the following it is assumed that there are m binding sites for Cu on 

CTR1_N, and that all m binding sites are independent and equivalent. The different bonding 
equilibria are written as follows (P represent any of the CTR1_N protein variants):  

[Cu(BCA)2]3- + P  ! (CuP) + 2 BCA (constant K1) 

[Cu(BCA)2]3- + (CuP)   ! (Cu2P) + 2 BCA (constant K2) 

[Cu(BCA)2]3- + (Cui-1P)   ! (CuiP) + 2 BCA (constant Ki, 1<i<m) 

Cu+ +2 BCA2- ! [Cu(BCA)2]3- (constant β2) 

11) Express the thermodynamic constant of copper binding to CTR1_N, KCu, as a function of  
K1 and β2. (0,25 point) 

12) Let’s assume first that m=2. The fractional saturation Y is defined as the concentration of Cu 
bound to the protein, divided by the total concentration of all forms of the protein. Express 
Y first as a function [CuP], [Cu2P], and [P], and then as a function of the intrinsic binding 
constant K=K1/2=2⋅K2 and X=[BCA]2/[Cu(BCA)2], where [P], [CuP], Cu2P], and 
[Cu(BCA)2] are the concentration of P, CuP, Cu2P, and [Cu(BCA)2]3- at the equilibrium, 
respectively. (0,5 point) 

 
In general, for m equivalent sites, the equation found in question 13) can be written as !

!
= !

!
+

!
!∙!!

∙ 𝑋. For CTR1_N and its mutants the fitting of the UV-vis data is shown in Figure 4B. The 
slopes of the plot of 1/Y versus X (not shown) gave log K1 = -2.38 ± 0.04, m= 2.81 (correlation 
coefficient r=0.99) for WT, log K1 = -3.11 ± 0.05, m= 1.85 (correlation coefficient r=0.96) for 
MutA and log K1 = -2.42 ± 0.05, m= 1.08 (correlation coefficient r=0.94) for MutB. 
 

13) Are these results coherent with the answer to question 8? Explain. (0,25 point) 
14) What are the copper binding constant KCu of WT, MutA and MutB? Express them as log 

KCu. (0,25) 
 
Two kinetic experiments were also performed. First, different concentrations of excess CTR1_N 
were titrated into [Cu(BCA)2]3-

 complex solution, and the decreases in absorbance at 562 nm 
indicated the displacement of Cu from BCA by CTR1_N and the corresponding kinetic profiles are 
shown in Figure 5A. Alternatively, different concentrations of excess BCA were titrated into 
CuCTR1_N solution which led to the gradual appearance of the absorbance at 562 nm due to Cu 
release from the protein by BCA chelation. The plots of A562 as a function of time are shown in 
Figure 5B. In both cases, the trace in the kinetic profiles was well fitted to an exponential: 
𝐴!"# = 𝐴! ∙ 𝑒𝑥𝑝 −𝑘 ∙ 𝑡  for Figure 5A and 𝐴!"# = 𝐴! ∙ 1− 𝑒𝑥𝑝 −𝑘 ∙ 𝑡  for Figure 5B. The 
evolution of the rate constants k obtained from the fits and the concentrations of CTR1_N or BCA 
is shown in Figure 5C (k = 0.015 ± 0.004 s-1).  

15) Write the chemical equation of the reaction corresponding to Cu release from the protein by 
BCA chelation. Define the rate r of this reaction. What is the total order of the reaction and 
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that of CumCTR1 according to experimental data? Give the expression of r as a function of k 
and concentrations. (0,5 point) 

16) Calculate the half reaction time t1/2 of this reaction, defined as the time necessary for 50% of 
the copper to be released from the protein. Is it short or long? Why is this question relevant 
to a) the chemical analysis of the binding constants, and b) the biological function of the 
protein? (0,25 point) 

 
Figure 5. Kinetics of Cu exchange between CTR1_N and BCA. (A) Dependence of absorbance at 
562 nm on time for the reaction of 30 μM [Cu(MeCN)4](PF6) and 90 μM BCA upon the addition of 
different concentrations of human CTR1_N with the final concentrations indicated. (B) Dependence 
of absorbance at 562 nm on time for the reaction of 50 μM CuCTR1_N solution upon the addition 
of different concentrations of BCA with the final concentrations indicated. The lines represent the 
best fits of single exponential function to each trace. (C) Plots of rate constants (k), derived from 
fitting the data in (A) and (B), versus concentrations of BCA (black squares) and the protein (blue 
circles), respectively. Experiments were carried out in 50 mM MES–Tris buffer, pH 8.0, 0.8 mM 
ascorbate. 
 

 

Figure 6. Left: Electrospray ionization mass spectra of (a) apo-CTR1c and (b) CuCTR1c in 
MeOH/H2O (1:1) in a phosphate buffer containing 0.1% acetic acid. Right: Titration of apo-CTR1c 
(17 μM) in Tris/Mes buffer (20 mM; pH 8) with [Cu(CH3CN)4](PF6) (850 μM) in MeCN. (b) 
Absorbance at 265 nm versus Cu:CTR1c ratio. (c) As for (b) but TCEP (40 mM) was added after 
the addition of copper. Absorbances corrected for dilution. Dashed line in (a) was the spectrum after 
10 equiv of TCEP was added. 

This journal is c The Royal Society of Chemistry 2013 Chem. Commun., 2013, 49, 9134--9136 9135

with a maximum absorption at 562 nm, Fig. 1B, which was used
to monitor the competition reaction between the protein and
BCA. Addition of hCTR1_N to Cu(BCA)2 led to decreases in the
absorption (Fig. 1B), indicative of the translocation of Cu+ from
BCA to hCTR1_N. The capacities of hCTR1_N variants to com-
pete for Cu+ with BCA were compared. As shown in Fig. S7 (ESI†),
mutation of both Met motifs (MutC) abolished the protein
capability of extracting Cu+ from Cu(BCA)2. The intrinsic binding
constants and binding number (log KWT = 14.92, n = 2.81,
correlation coefficient r = 0.99) were calculated by fitting the
data using the Hughes–Klotz plot for the wild-type hCTR1_N,
Fig. S7-B (ESI†). Such tight binding might be essential consider-
ing the low levels of extracellular Cu+. Mutation of the first
(MutA) and second (MutB) Met motifs yielded almost identical
binding towards Cu+ (log KMutA = 14.19, n = 1.85, correlation
coefficient r = 0.96; log KMutB = 14.88, n = 1.08, r = 0.94). The
stoichiometries obtained using the Hughes–Klotz equation are
in good agreement with those obtained from UV-titration (Fig. 1A
and Fig. S6, ESI†). The binding affinity of Cu+ to hCTR1_N
determined here is comparable to those of Cu+ binding to other
Met-rich copper trafficking proteins, such as CopC and PcoC.9 It
has been shown that the cysteine residue may enhance the binding
of Cu+ to proteins. For example, very tight binding (Kd = 10!19 M) of
Cu+ to the cytosolic domain Ctr1c from yeast was found.10 Signifi-
cantly, a cysteine residue (Cys189) located at the C-terminus of
hCTR1 is likely to be involved in the Cu+ coordination with much
higher affinity than methionine.11 The differences in affinity of Cu+

binding to the N- and C-terminus of hCTR1 could facilitate the
translocation of Cu+ across the membrane.

Different from its homolog in yeast, apart from Met-rich
motifs hCTR1_N also contains two His-rich motifs (1MDHXHH
and 22HHH) with unknown function. Recently, an all-atom
structural model of hCTR1 identified several potential Cu bind-
ing sites in the extracellular part of the transporter, including
His3, His6, His23 and His33.12 To examine whether His residues
located near the Met-rich motifs facilitate Cu+ binding, hCTR1_N
was modified with diethylpyrocarbonate (DEPC) and the ability
of modified protein to compete for Cu+ with BCA was examined.
As shown in Fig. S7-C (ESI†), modified protein retained partial
capacity of the native protein to compete for Cu+, indicative of
the possible involvement of His residues in Cu+ coordination.
However, caution should be taken, since DEPC modification
might lead to steric hindrance which retarded the binding of Cu+

to Met residues. Previously, His residues have been demon-
strated to be the key elements for high affinity of a hCTR1 model
peptide towards Cu+ since substitution of all three His for Ala in
the peptide completely abolished its ability to extract Cu+ from
the Cu(BCA)2 complex even in the presence of excess of the
peptide.13 However, we found that the Met motif, instead of the
His motif, is essential for hCTR1_N to compete for Cu+ with BCA
under the conditions used. The discrepancy between a protein
and its model peptide in the metal binding properties was also
observed previously such as serum albumin.14

To investigate whether the binding of Cu+ to the protein is
reversible, two kinetic experiments were performed. First,
different concentrations of excess hCTR1_N were titrated into
Cu(BCA)2 complex solution, and the decreases in absorbance at

562 nm indicated the displacement of Cu+ from BCA by
hCTR1_N and the corresponding kinetic profiles are shown in
Fig. 2A. Alternatively, different concentrations of excess BCA were
titrated into Cu3–hCTR1_N solution which led to the gradual
appearance of the absorbance at 562 nm due to Cu+ release from
the protein by BCA chelation, and the plots of A562 as a function
of time are shown in Fig. 2B. In both cases, each trace in the
kinetic profiles was well fitted to a first order process. The linear
relationship between the first-order rate constants obtained from
the fits and the concentrations of hCTR1_N or BCA titrated
(Fig. 2C) demonstrates that the rate constants (k = 0.015 "
0.004 s!1) are independent of the protein or chelator concentra-
tions. It is noted that the exchange of Cu+ between hCTR1_N and
BCA is significantly rapid, and the equilibrium can be reached in
minutes. Such a rapid exchange between proteins and Cu+

chelators was also observed for yeast copper chaperone Atx1
and its homolog in Bacillus subtilis, CopZ.10 Given that the rates
of Cu+ exchange between the protein and chelator BCA were
neither dependent on the concentrations of BCA or the protein,
nor on the direction of reactions (Fig. 2C), the rate-determining
steps of the reactions are true first-order processes. It is
likely that the formation or breakdown of the Cu-mediated
hetero-complex, which is a first-order process, corresponds to
the rate-determining steps. Such a reversibility of Cu+ binding
to hCTR1_N is of importance as the protein functions as a
transporter.

It has been demonstrated previously that the Met-rich
motifs of hCTR1 model peptides selectively bind Cu+ and Ag+,
with no discernible affinity for divalent metal ions.15 Binding of
Ag+ or Cu2+ to apo-hCTR1_N was therefore examined by ITC for
comparison. As shown in Fig. 3A, the binding of Ag+ resulted in
large exothermic peaks, which eventually diminished to just the
heat of dilution after 10 injections. Analysis of the binding
isotherm using a single binding site model gave rise to an
approximate dissociation constant of 1.6 " 0.1 mM, and the
binding stoichiometry of 2.9 " 0.1 (Fig. 3A and Table S1, ESI†),
in good agreement with results obtained from equilibrium
dialysis (Fig. S8, ESI†). The changes in enthalpy and entropy,
i.e. DH and DS, were estimated to be !19.3 " 0.1 kcal mol!1

and !38.5 cal mol!1 K, respectively. Similarly, titration of Ag+

into MutA and MutB solutions resulted in stoichiometries of

Fig. 2 Kinetics of Cu+ exchange between hCTR1_N and BCA. (A) Dependence of
absorbance at 562 nm on time for the reaction of 30 mM [Cu(MeCN)4]PF6 and
90 mM BCA upon the addition of different concentrations of hCTR1_N with the
final concentrations indicated. (B) Dependence of absorbance at 562 nm on time
for the reaction of 50 mM Cu+

3–hCTR1_N solution upon the addition of different
concentrations of BCA with the final concentrations indicated. The lines represent
the best fits of single exponential function to each trace. (C) Plots of first order
rate constants (k), derived from fitting the data in (A) and (B), versus concentra-
tions of BCA (’) and the protein ( ), respectively. Experiments were carried out
in 50 mM MES–Tris buffer, pH 8.0, 0.8 mM ascorbate.
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The hydrophilic C-terminal domain of CTR1, called CTR1c, is in contact with the cytosol and 
features six cysteine residues, including two Cys-X-Cys motifs. Expression and isolation of the 
soluble apo-CTR1c was possible when thiol reductants such as β-mercaptoethanol or DTT were 
present throughout the isolation. Addition of CuSO4 to the growth medium after induction of 
protein expression by E. Coli led to isolation of CTR1c protein containing copper, CuCTR1c. The 
ESI mass spectrum of the apo-CTR1c and of the copper-bound samples are shown in Figure 6, left. 
Figure 6, right shows the evolution of the UV-vis spectrum of a solution of apo-CTR1c upon 
addition of [Cu(CH3CN)4](PF6) in presence of the reductant tris(2-carboxyethyl)phosphorane 
(TCEP). 
 

17) CTR1c binds Cu ions in the form of a Cun(µ-S-Cys)6 cluster. What is the value of n? Justify 
by giving two analytical arguments. (0,25 point) 

18) Is it possible to measure the binding constant based the UV-vis data shown on Figure 6 
(right)? Justify. (0,25 point) 

 
The Atx1 copper-binding chaperone binds one Cu(I) ion. When copper-loaded Atx1 is mixed with 
CTR1c, an equilibrium is attained within 5 min of mixing. The presence of physiological 
concentrations of the peptide thiol GSH (5 mM) does not affect the final equilibrium position, 
despite a reported stability constant of β2 = 1039 M-2 for binding of Cu(I) by GSH. 
 

19) Give two chemical reasons why free copper in cells is toxic. In your explanation distinguish 
clearly Cu(I) from Cu(II). (0,25 point).  

20) Give at least two roles of GSH in a cell. (0,25 point) 
21) How do you interpret the role of Atx1 in the sentence “The presence of physiological 

concentrations of the peptide thiol GSH (5 mM) does not affect the final equilibrium 
position”? (0,25 point) 

22) Genetic mutations of copper ATPases ATP7A or ATP7B lead to copper-related diseases. 
Name these two diseases and explain the difference between them. (0,25 point) 

23) Is it possible to increase copper uptake in patients deprived of a functioning ATP7A by oral 
administration of copper salts such as copper chloride, copper sulfate, or copper EDTA? 
Justify. (0,25 point) 
 

Albumin binds copper with a very high affinity in human blood and inhibits the copper uptake into 
the cells. The stability constant of Cu(II) to serum albumin at pH=7.4 is 1 pM. Ceruloplasmin-
bound copper is a bioavailable form of copper, but ceruloplasmin is rapidly degraded in the blood in 
absence of copper (in 5 h, compared to 5 days for copper-bound ceruloplasmin), so that 
ceruloplasmin levels are low in patients deprived of a functioning ATP7A.  
 

24) The administration of copper salts (copper chloride, copper sulfate, copper EDTA or copper 
albumin) by injection to patients suffering from copper deficiency has no clinical effect. Do 
you see a reason why? (0,25 point) 

25) For genetically ill patients deprived of a functioning ATP7A transporter, copper is provided 
by injection of copper bis-histidine (see X-ray structure in Figure 7). This compound is 
characterized by log β~18 Μ-2. Can copper histidine cross cell membranes? Justify. (0.25 
point). 

26) Why is the administration of copper-bis-histidine accompagnied with better clinical effects 
than for example CuCl2? Give the two chemical properties that make of copper-bis-histidine 
a bioavailable form of copper. (0,25 point) 

27) Draw a clear scheme of copper uptake and transport in humans including enterocytes, blood 
circulation, hepatocytes, and all proteins discussed in this exam. (0,5 point) 
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Figure 7. X-ray crystal structure of physiological Cu(His)2 complex. 

 
 
Many copper derivatives are considered for drug development. The interaction of two of them, 

[Cu(BCDS)2]3- and [Cu(NC)2]+ (see 
figure left; BCDS2-=bathocuproine 
disulfonic acid; 

NC=neocuproine=1,10-dimethyl-2,9,-
phenanthroline), with the HIV-1 
protease, was investigated. This 
protease, which is encoded by the 
human immunodeficiency virus-1 
(HIV-1), is essential for processing 
viral polyproteins required for the 
infectious virus. The copper complex 
represents a new approach to more 
traditional HIV-1 protease inhibitors, 
which usually are small peptides 
binding in the active site of the protein. 
CuCl2 is an inhibitor as well provided 
that a chelating reducing agent such as 

DTT or ascorbic acid be present. BCDS2- is a very strong chelator for Cu(I). A mutant of the HIV-1 
protease, C67A, C95A, was also tested in which the cysteines were replaced with alanines. Cu(I) 
alone is an inhibitor of the wild type protease with an IC50 of 1 µM, it has no effect on the mutant 
enzyme lacking cysteines. The inhibition properties of [Cu(BCDS)2]3- and BCDS2- are shown in 
Figure 8 (left).  
 

28) What are possible advantage(s) of copper complexes vs. peptides as medicinal compounds? 
(0,25 point) 

29) Is/are the [Cu(BCDS)2]3- complex and/or the BCDS2- ligand an inhibitor of the protein? 
Justify. (0,25 point) 

30) Does the nature of the ligand (NC or BCDS4-) have an influence on the IC50 of the CuL2 
complex? (0,25 point) 

 
The NCI HIV assay evaluates the ability of compounds to protect cells from the cytotoxic effects of 
HIV-1 during de novo infections. Results of the NCI HIV assay on CEM cells are shown in Figure 
8 (right). In addition to these data, it was found that low micromolar concentration of the 
neocuproine complex [Cu(NC)2]+ were toxic to CEM cells. 

902 P. Deschamps et al. / Coordination Chemistry Reviews 249 (2005) 895–909

(Nim) and the Cu–OH2 separation is 2.57 Å. The carboxy-
late groups of histidine molecules secondarily coordinate to
the copper(II) through hydrogen bonding to the axial water
molecules. This structure shows the involvement of both im-
idazole groups in trans-geometry. It is interesting to note that
the crystal structure of [Cu(II)(histamine)2](ClO4)2 has also
been determined and the structural features are very simi-
lar to 7 [70]. Four nitrogen atoms occupy the coordination
plane with two axial perchlorates. The nitrogen donor atoms
from two planar imidazole rings occupy trans-coordination
positions at 1.98 Å from the copper(II) center.
In mixed copper(II)–l-amino acid complexes, such

as [Cu(II)(l-His)(l-Thr)(H2O)]·H2O (8), [Cu(II)(l-His)(l-
Asn)(H2O)]·3H2O (9), and [Cu(II)(l-His)(l-Asn)] (10) com-
plexes, l-histidine acts as a tridentate ligand (Fig. 11)
[71–73]. The X-ray analyses of these complexes revealed
that they have the same structural features. Interestingly, the
structures 9 and 10 show different conformations of the polar
side chain of l-asparagine. For the tetrahydrated complex, the
side chain is stretched while the anhydrous complex presents
a bent side chain. Both amide groups of l-asparagine ligand
are H-bonded to adjacent complex molecules and/or water
molecules. It has been suggested that the amide nitrogen of
this polar side group may form a H-bond with the axially co-
ordinated Ocarboxyl of l-histidine ligand by rotation around
the C! C" bond and a slight deformation of the chelate ring
for the anhydrous complex [74].
During our recent efforts to elucidate the structure of

copper(II)–l-histidine species at physiological pH, first we
crystallized a novel copper(II) complex with modified l-
histidine ligand (Fig. 12) [75].

Fig. 12. X-ray crystal structure of Cu(II)A with A= 2-[(1,3-
dimethylbutylidene)-3-N(1-(1H-imidazol-4-yl)ethanoic acid)]-3-(1H-
imidazol-4-yl) propanoic acid [75].

The copper(II) ion is coordinated by a tetradentate lig-
and with the amino and imidazole imido nitrogen atoms
on one side versus imino nitrogen and carboxylate oxygen
atoms on the other side in a distorted square-planar geom-
etry. The novel ligand is obtained by the reaction between
the l-histidine molecules coordinated to copper(II) and 4-
hydroxy-4-methylpentan-2-one formed by aldol condensa-
tion of acetone. Two oxygen atoms complete the distorted
octahedral coordination sphere. The first oxygen atom is orig-
inated from carboxylate group of the first l-histidine ligand
at 2.50 Å and the other oxygen atom is provided by symme-
try. This compound presents similar structural features that
those of mixed copper(II)–amino acid complexes [75].

4.2.4.3. X-ray crystal structure of ML2. Recently, De-
schamps et al. reported the isolation and the X-ray struc-
ture determination of the physiological ML2 species [23].
Fig. 13 shows the X-ray crystal structure of ML2 (12), a
neutral five coordinate distorted square-pyramidal complex.
One of the l-histidine ligands acts as amonoanionic bidentate
form through Nam and Ocarboxyl atoms. While the other binds
in monoanionic tridentate ligand towards copper(II) center
through its Nam, Nim, and Ocarboxyl atoms. The Ocarboxyl atom
lies in an axial position.
TheX-ray structure obtained is different from all the struc-

tures suspected for copper(II)–l-histidine species at physio-
logical pH in solution to date. The important variables such
as pH and ligand-to-metal ratios were not considered some-
times in previous studies, but this aspect alone is not suffi-
cient to explain the inconclusive structural results in solution
for the last four decades. It is likely that the exact nature
of 12 was difficult to determine in solution due to the fact
that each technique allowed the identification of some struc-
tural features but not all. The strong fingerprint of the binding
Cu(II)–Nim could be misleading in many spectroscopic stud-
ies, such as CD and UV–vis analyses. The involvement of
carboxylate groups was indicated by IR studies, but the num-

Fig. 13. X-ray crystal structure of physiologicalML2 complex (12) [23].
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31) Evaluate the EC50 (Effective Concentration) value of [Cu(BCDS)2]3- for inhibition of the 

HIV-1 virus. Explain how you do. (0,25 point)  
32) Which of the two compounds, [Cu(BCDS)2]3- or [Cu(NC)2]+, have the highest therapeutic 

potential? Justify. (0,25 point) 
 
 

 
Figure 8. Left: Concentration dependence of copper chelates for inhibition of the HIV-1 protease. 
Effect of [Cu(BCDS)2]3- on the wild type (filled squares) or C67A, C95A protease (empty squares); 
effect of BCDS on wild type protease (triangles); effect of [Cu(NC)2]+ on the wild type HIV-1 
protease activity (circles). Control specific activity for the wild type and C67A, C95A mutant was 
2.3 and 3.0 µmol/min/mg, respectively. Right: dose-response curve for [Cu(BCDS)2]3- in HIV-1 
infected CEM cells. Antiviral activity is determined by the percent of protection from HIV-1 
induced cytotoxicity (circles). Cytotoxicity by [Cu(BCDS)2]3- is assessed in uninfected cells using 
the MTT assay for cell viability (square). The plotted values are the average of four determinations 
from two separate experiments ± SD.   
 
 
 
 
 
 
Part D: The PeerWise Question (0,25 bonus point) 

17-β-testosterone is a hormone present in cow milk. It has an Acceptable Daily Intake of 320 
ng/kg/day. In a certain carton of milk, 17-β-testosterone was measured to be 0.5 ppm. Given that 
the density of milk is 1 g.mL-1, is it safe for a 100 kg individual to consume 250 mL per day of that 
milk during his whole life?  

 
 

End of the exam. 
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1. A) they are positively charged and do not cross the lipophilic barrier of the membrane; B) 

free copper ions are toxic and should never appear. 
2. They are enzymes catalyzing the disproponation of superoxide ions. In the SOD1 Zn plays a 

functional role and copper a catalytic role: by switching between Cu(I) and Cu(II) is absorbs 
or gives an electron to O2·- 

3. Biologically speaking the place where they are expressed is different: SOD1 is in the 
cytosol, SOD2 is in the mitochondries, SOD3 is exported outside the cell. Chemically 
speaking SOD1 and SOD3 are based on zinc and copper, SOD2 on manganese. 

4. A) copper must be reduced to be taken up; B) the transporter is covered with sulfur-based 
methionine residues, which offer soft ligand to coordinate to the metal; the softer form of 
copper must thus bind to the protein; C) ag+ is monocationic and seem to bind to the 
protein, whereas dicationic ions such as Zn2+  or Fe2+ do not. This, copper must be 
transporter in a monocationic state. 

5. Methionine and glutathione are two widely expressed, soft, thiol-based ligands that would 
coordinate Cu(I) if it would be present in the cytosol. 

6.  Copper can accept one electron, calcium can’t. They also have very different ionic radii. 
7. Because copper cannot be free at any point during transport. It should arrive in a bound 

form, cross the membrane in a bound form, and be released in a bound form, to avoid 
generating toxic radicals. 

8. From the Cu/CTR1 ratio at saturation in Figure 3 the number of copper ion bound to WT, 
MutA, MutB, and MutC, are 3, 2, 1, and 0, respectively. 

9. 8 mutations are enough 
10. WT, MutA, MutB, and MutC, have respectively 9, 6, 4, and 1 methionine residues (first N-

terminus M does not count), which is around 3 methionine to coordinate each copper (on 
average). 

11. Cu + P ! CuP, 𝐾!" =
!"#
!" !

= 𝐾! ∙ 𝛽! 

12. 𝑋 = [𝐵𝐶𝐴]!
[𝐶𝑢𝐵𝐶𝐴!] so 𝐶𝑢𝑃 = [!]×!!

!
 and 𝐶𝑢!𝑃 = !!

!
[!]×!!
!

. Thus as the text was 

giving K=K1/2=2⋅K2 Y could be defined and calculated as follows: 𝑌 = !"# !𝟐×[!"!!]
! ! !"# !𝟏×[!"!!]

=
!![!]
! !!!!! ×!![!]!

! !!![!]! !!!! ×
!![!]
!

 =
!!
! !

!×!!×!/!
!!

!!!!! !
!!×!/!
!!

=
!!
! !

!!!

!!

!!!!! !
!!

!!

=
!!
! !!!!

!!!!
! =

!!
!!!

. Please note the factor 2 (in red) 

before [Cu2P] in the definition of Y, as there are 2 copper ions per molecule of Cu2P. For 
the same reason in the denominator the factor is one because there is only one protein per 
molecule of Cu2P. 

13. yes, as m=2,81, 1,85, and 1,08 fit with the 3, 2, 1 given in question 8. 
14. log 𝐾!" = log 𝐾! + log  (𝛽!) thus log KWT=14.92, log KMutA=14.19 and log KMutB = 

14.88 
15. CumCTR1 + 2 BCA2- ! [Cu(BCA)2]3- + Cum-1CTR1. The rate is given by 

𝑟 = − ! !"!!"#!
!"

= 𝑘 𝐶𝑢!𝐶𝑇𝑅1 . The total order of the reaction is one, as well as the order 
of the reaction in CumCTR1 as k does not depend on [BCA] or [CumCTR1] 

16. 𝑡!
!
= !" !

!
= 46 s. This time is rather short, which is important both for the experimentalist 

to perform a titration (reaction should not take more than a few minutes), and for the cell as 
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Cu is transported and must not be kinetically trapped inside the protein and move fast 
enough to other ligands (BCA is only a model of course). 

17. n=4 according to mass: 14272-14018=254 and 254/63~4 (63 is MW of copper), and 
according to UV-vis: the sloep of A265 changes at [Cu]/[CTR1c]=4. 

18. No, as the binding constant is too large and the amount of free copper cannot be calculated. 
One needs to do a competition experiment with a ligand having a known binding constant, 
like was done for CTR1_N. 

19. First, copper is one of the best metals for coordination to apo-metalloproteins, as it is above 
the Irving-Williams series. Second, it generates radicals according to the Fenton process: 
Cu(I) + 2 H+ + O2·-  !  Cu(II) + OH- + OH· 

20. To protect the cytosol against oxidative damage; to bind to unwanted heavy metal ions and 
be excreted, ie, to detoxify the cell. 

21. Atx1 protects the copper center from being bound to GSH and excreted. The protein must 
serve as a steric protection against binding. 

22. Wilson’s disease and Menkes’ disease when resp. ATP7B and ATP7A transporters are 
malfunctioning. This leads to copper accumulation and deficiency, respectively. In Wilson’s 
copper export in the bile is impaired, this leading to copper accumulation in liver. In 
Menkes’ copper export from enterocytes is impaired, thus leading to low copper uptake and 
malfunctioning copper-enzyme. 

23. No: if ATP7A is malfunctioning increasing the amount of copper in diet will not recover 
copper levels in the blood, as uptake will still be non functioning. Be careful: the question 
was about oral administration. 

24. By injection now, there is no problem of copper export by ATP7A, as copper is in the blood. 
It will be chelated by albumin though, which according to the text cannot be taken up by 
cells. Ceruloplasmin could, but its levels are low, which will not help much for uptake. The 
treatment has no effect thus. 

25. Histidine is deprotonated, there a two of them per copper(II) center, so the charge of the 
complex is 0. As a neutral compound it may cross the membrane by itself. 

26. Because the binding strength of Cu(His)2 is very large. Albumin will thus not take copper 
from the histidine adduct, and as Cu(His)2 can cross membranes it will increase copper 
uptake by cells. With other salts albumin will coordinate strongly and prevent uptake. It is 
thus the hight stability of Cu(His)2 combined to its relative lipophilicity that makes it a 
bioavailable form of copper. 

27. Scheme 
28. Peptides can be degraded by proteases, whereas copper will remain copper. 
29. Triangles stay on top, so BCDS2- is not an inhibitor. Both [Cu(BCDS)2]3- and [Cu(NC)2]+ 

are inhibitors, as the enzyme activity goes down in a dose-dependent fashion. 
30. No: based on the data available the concentration at which half of the effect compared to the 

maximum effect is reached, are the same for both complexes. It is the maximum inhibition 
that changes, but not the IC50. 

31. Usually (in anticancer research) the compound must kill cancer cells, EC50 is obtained 
when cell viability is decreased by half. Now it is a virus inhibitor, co cells viability should 
increase when there is more compound to protect the cells. Based on the graph the EC50 is 
around ~2E-5 M.  

32. The NC compound is toxic to healthy cells, so it has no therapeutic potential. The BCDS 
compound is poorly toxic to healthy (non-infected) cells (figure 8 right), and it inhibits the 
virus and protect the infected cell from dying, so it seems to be active against the infection. 

 
The PeerWise question: 
0,5 ppm compound is 0,5 µg compound per gram milk, or 0,5 mg compound per kilo milk. 
Drinking 250 mL milk per day give thus 250 g milk, thus 125 µg compound. For a 100 kg person 
the dose is 1,25 µg/kg/day, which is ~4 times the ADI, thus considered as not safe. 
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