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ABSTRACT: Copper is trafficked to cellular destinations by homeostatic pro-
teins that also prevent adverse reactivity of the metal. The copper metallocha-
perone HAH1 (human Atx1) binds Cu(I) via a CXXC motif on loop1/R1 of a
βRββRβ ferredoxin-like structure. A similar fold constitutes each of the six
metal-binding domains (MBDs) of the two P-type ATPases (Menkes and
Wilson disease proteins), the destination for copper bound to HAH1. In this
work we have investigated the influence of pH on copper trafficking between
HAH1 and the first MBD of the Menkes protein (MNK1). Cu(I) affinities of
5.6� 1017 and 3.6� 1017 M-1 have been determined at pH 7.0 for HAH1 and
MNK1, respectively, from competition titrations with the chromophoric Cu(I) ligand bathocuproine disulfonate. The mutation of Lys60
on loop5 of HAH1 to Ala (the corresponding residue is Phe67 in MNK1) results in a 3-fold lowering of the affinity for Cu(I) at pH 7.0.
The Cu(I) affinity of WTHAH1 exhibits a different pH-dependence compared to MNK1 and Lys60Ala HAH1. This arises because the
pKa of the secondCys ligand in theCXXCmotif of HAH1 is 1.5 pH units lower due to stabilization of the thiolate via a hydrogen-bonding
interactionwith the side chain of Lys60. The thermodynamic gradient forCu(I) transfer betweenHAH1 andMNK1depends on pH.The
decrease in the pKa of the Cys ligand in HAH1 can also influence the kinetics of Cu(I) transfer.

’ INTRODUCTION

Copper is an essential trace element involved in key biological
processes including electron transfer and oxygen metabolism.
Copper has to be transported to cellular destinations without
giving rise to reactive oxygen species or binding to sites for other
metals.1-11 Copper-trafficking pathways commonly involve the
metallochaperone Atx1 and copper-transporting P-type ATPases.
The structures of Atx1 and the metal-binding domains (MBDs) of
copper ATPases are alike, having ferredoxin-like (βRββRβ) folds.
The relatively simple CXXC metal-binding motif on loop 1/R1 is
highly conserved10 and binds a single Cu(I) ion via a two-coordinate
site involving the Cys residues.2,5,6,10-12 A CXXC motif is also
commonly found in proteins involved in disulfide oxidoreductase
activity,13-15 where the influence of pH on reduction potential has
been well characterized.13 Human Atx1 (HAH1) is involved in
copper-dependent interactions with the six MBDs of ATP7A and
ATP7B, also known as the Menkes and Wilson proteins, respec-
tively, which can acquire copper from HAH1.16 The Cu(I) affini-
ties of CXXC sites involved in copper homeostasis have been re-
ported,17-24 but, regardless of the likely importance of Cys ligand
protonation for copper affinity, little is known about the influence of
pH on copper trafficking. Recently, HAH1 and the MBDs of the
Menkes protein were included in a study of a number of human
copper proteins, which concluded that their relative affinities for
Cu(I) drive the metal to cellular destinations.23 In humans the
mishandling of copper is associatedwithMenkes andWilson disease,
neurodegenerative disorders, and fungal virulence.25-27

A residue on loop 5 approaches the Cu(I) site in all Atx1s and
MBDs.This residue is a Lys inHAH1 (Lys60), and other eukaryotic
Atx1s, but is typically a Tyr in the prokaryotic proteins, although a

His is found on loop 5 in certain cyanobacterial Atx1s.28 A Phe is
found in the corresponding position in most of the MBDs of
ATP7A/B [Phe67 in domain 1 of the Menkes protein (MNK1)]
and the two MBDs of the yeast homologue Ccc2.28 A range of
interactions has been observed for the Lys residue on loop 5 in
structures of eukaryotic Atx1s. The side chain amino group of
this residue is within hydrogen-bonding distance of the Sγ of
the C-terminal Cys (CysC, Cys15 in HAH1) of the CXXC
motif in the solution structure of Cu(I)- (most models) and
apo-HAH1 (somemodels).29 In crystal structures a similar hy-
drogen bond is found inAtx1 (yeast),30,31 while in theCu(I)-HAH1
homodimer this interaction is mediated by a water molecule.12 This
Lys residue has been implicated in the process of copper transfer
to MBDs.11,12,28,32

In this work we determine the Cu(I) affinities of both HAH1
and MNK1 in the pH 6 to 11 range. We also study the influence
of pH on the Cu(I) affinity of the Lys60Ala HAH1 variant. In all
cases Cu(I) affinities depend on pH below pH ∼ 10, but in a
different manner for wild type (WT)HAH1 compared toMNK1
and the Lys60Ala HAH1 variant. These effects are due to the
tuning of the pKa of one of the Cys ligands, and the data for
Lys60Ala HAH1 demonstrates that the key loop 5 residue is
responsible for this difference. The presence of Lys and Phe
respectively in this location in HAH1 and MNK1 results in their
relative affinity for Cu(I) being dependent on pH. The differing
pKa values for the Cys ligands also provide an insight into kinetic
factors that drive Cu(I) transfer.
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’MATERIALS AND METHODS

Cloning and Mutagenesis. The gene coding for MNK133 was
synthesized using a previously described method34 involving two PCR
steps, with some modifications. The first PCR reaction involved primers P1
to P4 (Table S1, Supporting Information) and an annealing temperature of
63 �C. The second PCR reaction used two amplification primers that
included theNde1 andEcoR1 restriction sites (P5 andP6 inTable S1) using
an annealing temperature of 68 �C. The resulting PCR product was purified,
digested, and cloned into the Nde1/EcoR1 sites of pET29a to give
pETMNK1. The gene coding for WT HAH1 was amplified from the
plasmid pJG4.5HAH135 and cloned into the Nde1/EcoR1 sites of pET29a
to give pETHAH1. The Lys60Ala HAH1 variant was generated using site-
directed mutagenesis (QuikChange, Stratagene) with pETHAH1 as the
template and the primers K60A1 and K60A2 (Table S1). Both strands of all
DNA constructs were confirmed by sequencing.
Protein Purification, Reduction, and Cu(I) Binding. E. coli

BL21 (DE3) transformedwith pETMNK1was grown in LBmedia at 37 �C
to an OD600 of 1.0. Cells were induced with 1 mM isopropyl β-D-thiogal-
actopyranoside, harvested after 20 h, and resuspended in 25 mM tris-
(hydroxymethyl)aminomethane (Tris) pH 8.5. Resolution of the crude
extract by anion-exchange (Q-Sepharose FF 5 mL column, GE Healthcare)
and gel filtration (Superdex 75 16/60 column, GE Healthcare) chromatog-
raphy yielded apo-MNK1 (purity >95% as judged by sodiumdodecyl sulfate
polyacrylamide gel electrophoresis gels). The apo-protein was fully reduced
by incubating overnight with 4 mM dithiothreitol (DTT), transferred to an
anaerobic chamber (Belle Technology, [O2] , 2 ppm), and desalted on a
PD10 column (GE Healthcare) equilibrated and eluted with 20 mM 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (Hepes) pH 7.0. Cu(I)-
loaded MNK1 was prepared by incubating reduced apo-protein with Cu(I)
(from a 60 mM [Cu(CH3CN)4]PF6 stock in acetonitrile) in 20 mM
Hepes pH 7.0 plus 200 mM NaCl for 20 min. All experimental procedures
involving fully reduced apo- andCu(I)-proteins were performed under strict
oxygen-free conditions, mainly in the anaerobic chamber. Similar purifica-
tion, reduction, andCu(I) loadingmethodswere used forWT andLys60Ala
HAH1, except that cells were induced for 4 h and the cell pellet was
resuspended in 25 mM Tris pH 9.5.
Determination of Protein and Copper Concentrations.

The concentrations of fully reduced apo-proteins were based on the
free thiol concentration determined with 5,50-dithiobis(2-nitrobenzoic acid)
(DTNB)36 as described previously.37 Two and three free thiols per protein
molecule were considered for MNK1 and HAH1 (WT and Lys60Ala),
respectively. Theprotein concentrations thus obtained are in good agreement
with those obtained using calculated ε280 values of 7000 and 3000M

-1 cm-1

for MNK1 and HAH1 (WT and Lys60Ala), respectively.38 Copper con-
centrations were determined by atomic absorption spectroscopy (AAS) as
described previously.37

Circular Dichroism Spectroscopy. Far-UV circular dichroism
(CD) spectra (200-250 nm) ofMNK1 andHAH1 (WT and Lys60Ala)
were recorded on a JASCO J-810 spectrometer at a protein concentra-
tion of 40-50 μM, in 50 mM buffer (vide infra), at 20 �C.
pH-Dependence of the Cu(I) Affinities and the Absorbance

at 240 nm. The buffers used for these experiments were sodium acetate
(pH 4.5-5.5), 2-(N-morpholino)ethanesulfonic acid (pH 5.5-6.8), Hepes
(pH 6.8-7.7), N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid
(pH 7.7-9.0), 2-(N-cyclohexylamino)ethanesulfonic acid (pH 9.0-10.0),
and 3-(cyclohexylamino)-1-propanesulfonic acid (Caps) (pH 10.0-11.0).
Experimentswere performed in50mMbuffer, with the ionic strength (I) kept
constant (200 mM) using NaCl, in an anaerobic cuvette (quartz; Hellma).
Cu(I) affinity constants (Kb values) were determined using competition
experiments with bathocuproine disulfonate (BCS, Aldrich, non-standardized
for purity).17 These assays were monitored by the colorimetric determination
(Perkin-Elmer λ35 UV/vis spectrophotometer) of the concentration of
[Cu(BCS)2]

3-. This was measured using an extinction coefficient at 483 nm

for [Cu(BCS)2]
3- determined by adding [Cu(CH3CN)4]PF6 (2-20 μM)

from an anaerobically prepared stock solution in a gastight syringe
(Hamilton) into buffer containing 1 mM BCS, with the copper concentra-
tion verified by AAS. The value obtained (ε483 = 12500 M-1 cm-1) is in
good agreement with literature values of 12250-13300 M-1 cm-1.17,39

The overall association constant (β) of [Cu(BCS)2]
3- is dependent on pH,

and values were calculated using themaximum β value (βmax) of 6.3� 1019

M-2, and a pKa of 5.70 for BCS
17 [β = βmax/(1þ [Hþ]/Ka)

2]. In a typical
experiment, anaerobically prepared fully reduced (checked by DTNB
assays) apo-protein (WT HAH1, Lys60Ala HAH1, and MNK1) was
titrated (using a gastight syringe) into a mixture of [Cu(BCS)2]

3- (15 μM)
in excess BCS (10-770 μM), and the decrease in [Cu(BCS)2]

3- concen-
tration due to the formation of Cu(I)-protein was monitored from the
absorbance at 483 nm. Copper affinity constants (Kb values) were obtained
by fitting data (Origin 7) to eq 1. The titration of BCS into a mixture of
Cu(I)-protein and excess apo-protein was also performed at pH 7.0 for all
three proteins, and data were fit to eq 2. Below are eqs 1 and 2;

½P� ¼ ð½Cu�- ½CuL2�Þð½L�- 2½CuL2�Þ2β
Kb½CuL2� þ ½Cu�- ½CuL2� ð1Þ

½L� ¼ 2½CuL2� þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kbð½P�- ½Cu� þ ½CuL2�Þ½CuL2�

βð½Cu�- ½CuL2�Þ

s
ð2Þ

in which [L], [P], and [Cu] represent total concentrations of BCS, protein,
and copper respectively.

The pH-dependence of Kb was fit to either a single (eq 3) or double
(eq 4) ionization model, depicted in Scheme 1, and the pKa values of the
ionizing groups (pKa1 and pKa2) and the affinity constant for the protein
in the optimum ionization state (Kb

max) were obtained.

Kb ¼ Kb
max

1þ ½H þ �
Ka1

ð3Þ

Kb ¼ Kb
max

1þ ½H þ �
Ka1

þ ½H þ �2
Ka1Ka2

ð4Þ

To determine the pKa values of Cys residues from the pH-depen-
dence of the extinction coefficient at 240 nm (ε240),

40,41 fully reduced
apo-proteins (15-25 μM)were prepared in 50mMbuffer (I = 200mM,
NaCl) in the pH range 4.5-11.0. The data were fit to eq 5, in which ε0 is
the extinction coefficient of PH2 and Δε2 and Δε1 represent the
difference between the extinction coefficients of PH and PH2, and P
and PH, respectively.

ε240 ¼
ε0

½H þ �2
Ka1Ka2

þ ðε0 þΔε2Þ ½H
þ �

Ka1
þ ðε0 þΔε2 þΔε1Þ

1þ ½H þ �
Ka1

þ ½H þ �2
Ka1Ka2

ð5Þ

As a control, and to allow the pKa of Cys41 of HAH1 to be estimated,
the influence of pH on the ε240 values of Cu(I)-HAH1 and Cu(I)-
MNK1 (22 and 13 μM, respectively) was also measured in the pH range
5 to 9.5.

’RESULTS AND DISCUSSION

Protein Purification. MNK1 elutes from a Superdex 75 gel
filtration column at 92 mL corresponding to a molecular weight
of 8.2 kDa. WT and Lys60Ala HAH1 elute from this column at
92 and 91 mL, corresponding to molecular weights of 8.2 and 8.7
kDa, respectively. Thematrix-assisted laser desorption ionization
time-of-flight mass spectrum of MNK1 has peaks at 7910 and
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8042 Da [theoretical (-Met1) 7910 Da, theoretical (full length)
8041 Da], whereas single peaks are observed for WT HAH1 at
7268 Da [theoretical (- Met1) 7271 Da] and for Lys60Ala
HAH1 at 7212 Da [theoretical (-Met1) 7213 Da]. The far-UV
CD spectra of the reduced apo-proteins are typical of folded
domains and change little in the pH range studied. Apo-MNK1 is
unstable at pH 5.5 and starts to precipitate.
Cu(I) Affinities and Their Dependence on pH. Titrations of

fully reduced apo-proteins into a solution of [Cu(BCS)2]
3- in the

presence of an excess of BCS at pH 7.0 are shown in Figure 1A.
The fits of the data to eq 1 give Kb values [Cu(I) affinity
constants] of (5.6 ( 0.1) � 1017, (1.8 ( 0.1) � 1017, and
(3.6 ( 0.3) � 1017 M-1 for WT HAH1, Lys60Ala HAH1, and
MNK1, respectively. The titration of BCS into a solution of
Cu(I)-protein in the presence of excess apo-protein was also
performed at this pH value (Figure 1B). Data were fit to eq 2,
giving Kb values of (3.3 ( 0.1) � 1017, (1.3 ( 0.1) � 1017, and
(2.5 ( 0.2) � 1017 M-1, respectively, for WT HAH1, Lys60Ala
HAH1, and MNK1. The Cu(I) affinities from the titrations for a
particular protein in the two directions agree within 30-40%,
which confirms the validity of the approach, demonstrates that
the equilibrium position was reached in these titrations, and
shows that no mixed BCS-Cu(I)-protein species are formed.
There is considerable variability in the reported Cu(I) affinities
of CXXC-containing copper trafficking proteins (Table 1).
These differences are too large in most cases to be due to
alterations in the pH values of these determinations (vide infra)
and are much more dependent on the measurement method
(this issue has recently been discussed in detail24). The direct
titration of Cu(I) into protein, analyzed by isothermal titration
calorimetry, provides much lower affinity constants for a range of
reasons.24 The differences observed with competing Cu(I)
ligands are primarily due to uncertainties in the Cu(I) affinities
of some of these ligands. For example, the β value for the
complex between Cu(I) and bicinchoninic acid determined in

two separate studies differs by approximately 2-3 orders of
magnitude.19,24 For the studies using DTT as the competing
ligand, only the 1:1 Cu(I)-DTT complex42 was considered, thus
underestimating the Cu(I) affinities, which have been referred to
as apparent rather than absolute values.23

Scheme 1

Figure 1. Cu(I) affinity determinations for WTHAH1 (2), Lys60Ala HAH1 (b), andMNK1 (9). (A) Titrations of apo-proteins into [Cu(BCS)2]
3-

(15 μM) and excess BCS (70 μM) in 50 mMHepes pH 7.0 (I = 200 mM, NaCl). The lines show fits of the data to eq 1, and the Kb values obtained are
given in the text. (B) Titrations of BCS into Cu(I)-proteins (16 μM forWT and Lys60Ala HAH1 and 15 μM forMNK1) and excess apo-protein (16, 11,
and 13 μM for WTHAH1, Lys60Ala HAH1, and MNK1, respectively) in 50 mMHepes pH 7.0 (I = 200 mM, NaCl). The lines show fits of the data to
eq 2 (Kb values are given in the text). (C) Titrations of apo-proteins into [Cu(BCS)2]

3- (15 μM) and excess BCS (370 μM forWT and Lys60Ala HAH1
and 770 μM for MNK1) in 50 mM Caps pH 10.8 (I = 200 mM, NaCl), and again the lines show fits of the data to eq 1 (Kb values in the text).

Table 1. Cu(I) Affinities of Atx1s and MBDs

protein (organism) Kb (M
-1) (pH)

HAH1 (Homo sapiens) 5.6 � 1017 (7.0)a,b

2.6 � 1017 (7.0)b24

6.0 � 1013 (7.5)c23

3.5 � 1010 (7.5)d19

2.5 � 105 (6.5)e18

Lys60Ala HAH1 (H. sapiens) 1.8 � 1017 (7.0)a,b

MNK1 (H. sapiens) 3.6 � 1017 (7.0)a,b

4.0 � 1014 (7.5)c23

MNK2, 5, and 6 (H. sapiens) 7.7 � 1013 - 3.8 � 1014 (7.5)c23

MNK3 (H. sapiens) 9.6 � 1012 (7.5)c23

Wilson protein MBDs 1-6 (H. sapiens) 2.2 � 1010 - 6.3 � 1010 (7.5)d19

2.1 � 105 - 4.7 � 106 (6.5)e18

Atx1 (Saccharomyces cerevisiae) 1.4 � 1018 - 2.4 � 1018 (8.0)b17

1016 (6.0)b21

Ccc2af (S. cerevisiae) 6.3 � 1018 - 7.1 � 1018 (8.0)b17

CopZg (Bacillus subtilis) ∼1017 (7.5)b20

CopZg (Archaeoglobus fulgidus) 6.6 � 1014 (7.5)d,h22

CopAi (A. fulgidus) >1014 (7.5)d,h22

6.8 � 1011 (7.5)d,j22

aValues obtained in the present study from titrations of apo-proteins
into [Cu(BCS)2]

3-. Data obtained from competition titrations with
bBCS, cDTT, and d bicinchoninic acid. e In some cases, values have been
obtained from the direct titration of copper monitored by isothermal
titration calorimetry. fThe first MBD of Ccc2. gBacterial Atx1. hFor the
C-terminal domain. iBacterial P-type ATPase. jFor the N-terminal domain.
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The Kb values measured for WTHAH1, Lys60Ala HAH1, and
MNK1 at pH 10.8 are (2.0 ( 0.1) � 1019, (2.4 ( 0.1) � 1019,
and (2.7 ( 0.2) � 1019 M-1, respectively (Figure 1C). The
Cu(I) affinities for the three proteins are dependent on pH, and
values have been measured in the pH range 10.8 to 6.1 (Figure 2)
from titrations of apo-proteins into [Cu(BCS)2]

3- (data could not
be compared at lower pH values because of the instability of
MNK1). A sigmoidal dependence on pH is seen in all cases, and
for WT HAH1 there is a first-order increase in Cu(I) affinity with
decreasing [Hþ] from pH 6.1 to 9.0, followed by a plateau
(Figure 2). This indicates that the deprotonation of a single residue
influences affinity in this pH range. The data were fit to a single
ionizationmodel (eq 3), which yielded aKb

max of (1.7( 0.1)� 1019

and a pKa (pKa1) of 8.5( 0.1 (Table 2), typical for a Cys residue in
aqueous solution.43 This is consistent with this pKa arising from the
N-terminal Cys (CysN, Cys12 in HAH1, vide infra) which is solvent
exposed in the solution structure of apo-HAH1.29 Lys60Ala HAH1
and MNK1 also show a first-order increase in Kb with decreasing
[Hþ] in the pH7.5 to 9.0 region, followed by a plateau at higher pH,
but below pH 7.5 the slope of the log Kb versus pH plot is greater
than 1. These data fit a model where two ionizing groups influence
Cu(I) binding (eq 4), with pKa values (pKa1 and pKa2, respectively)
of 8.9( 0.1 and 6.9 ( 0.1 for Lys60Ala HAH1 and 8.7( 0.1 and
6.7 ( 0.1 for MNK1 (Table 2).
Determination of the pKa Values of the Cys Ligands from

theAbsorbance at 240nm. MNK1 possesses only the twoCys
residues in the CXXC motif, while HAH1 has an additional Cys
(Cys41) that is not involved in metal binding, as it is >17 Å from
the CXXCmotif.12 This is consistent with the rapid reaction of all
three Cys residues of apo-HAH1withDTNB, while in the Cu(I)-
protein only one Cys exhibits fast reactivity (Figure S1, Support-
ing Information). Both HAH1 and MNK1 possess Tyr residues,

which also absorb at 240 nm, and complicate the analysis of these
data at higher pH values (a band at 293 nm, corresponding to
tyrosine phenolate44 appears above pH ∼ 9.5). Therefore, only
data below pH 9.5 were considered in the analysis of the pH
dependence of ε240. The data were fit to a two-ionization model
(eq 5), giving a low and a high pKa (pKa2 andpKa1, respectively) in all
cases (Figure 3 andTable 2). The pKa2 values are in good agreement
with those found from Cu(I) affinity measurements for Lys60Ala
HAH1 andMNK1. ForWTHAH1, pKa2 is outside of the pH range
in which Kb was measured (pKa2 < 6.1). There is a greater error in
pKa1 and the associated extinction coefficient change (Δε1), as a
plateau in absorbance is not reached up to pH 9.5. Therefore, the
pKa1 values determined from the Cu(I) affinity measurements are
more reliable, although the agreement is good between the values
determined using the two approaches (Table 2). TheΔε1 values for
WT and Lys60Ala HAH1 are both approximately twice that for
MNK1 (Table 2), which indicates that Cys41 of HAH1 also ionizes
in this pH range. This is confirmed by comparison of the influence of
pH on ε240 for Cu(I)-HAH1 andCu(I)-MNK1, as a sizable increase
is only observed in the former above pH 8 (Figure S2, Supporting
Information). From these data the pKa for Cys41 in HAH1 is
∼9 (assuming aΔε240 of 4 mM-1 cm-1, Table 2), but interference
from Tyr residues in this pH range (vide supra) prevents a more
precise determination. The Cu(I)-HAH1 data have been used to
correct the ε240 data for the apo-protein above pH8.0, and a fit to eq 5
gives pKa1 (ε240) and Δε1 values of 8.7 ( 0.1 [giving even better
agreement with the pKa1 (Kb) value] and 4.1 ( 0.3 mM-1 cm-1

respectively (Figure S3, Supporting Information).
Insight into Copper Trafficking from the pKas of the Cys

Ligands. pKa values of 9.2 and 5.5 were previously reported for
the Cys residues in the CXXC motif of the Atx1-like mercury
detoxifying protein MerP.45 These were assigned to the CysN
and CysC residues, respectively, and we favor the same assign-
ment for pKa1 and pKa2 in both HAH1 and MNK1. Our studies
demonstrate that a major contributing factor to the lower pKa2

for Cys15 (CysC) in HAH1 is the presence of Lys60, as the value
is raised by 1.5 pH units in the Lys60Ala variant to match that
found for MNK1 (Table 2). An interaction (purely electrostatic
or hydrogen bonding) between the side chains of Lys60 and
Cys15 stabilizes the thiolate in HAH1 and lowers the pKa

(Figure 4). Although conformational variability is observed for
Lys60 in solution structures of apo- and Cu(I)-HAH1, relatively
short distances (∼ 3.0-3.5 Å) are found between the Nζ and
Sγ atoms,29 as is also the case in the complex with MNK1
(Figure 4B).33 Tyr62 in the same position of the MBD of the
mercuric ion reductase MerA has recently been proposed to alter
the coordinating Cys pKa.

44 Furthermore, His61, in the corre-
sponding position on loop 5 of the Atx1 from Synechocystis

Figure 2. Plots of log Kb against pH for WT HAH1 (2), Lys60Ala
HAH1 (b), and MNK1 (9). The lines show fits of the data to eq 3 for
WTHAH1 and eq 4 for Lys60Ala HAH1 andMNK1, giving the pKa and
Kb
max values listed in Table 2.

Table 2. MaximumCu(I) Affinity Constants (Kb
max), pKa, and

Δε240 values for WT HAH1, Lys60Ala HAH1, and MNK1a

WT HAH1 Lys60Ala HAH1 MNK1

Kb
max � 10-19 (M-1) 1.7 ( 0.1 2.6 ( 0.1 2.8 ( 0.1

pKa1 (Kb) 8.5 ( 0.1 8.9 ( 0.1 8.7 ( 0.1

pKa1 (ε240) 8.9 ( 0.1 8.9 ( 0.1 9.2 ( 0.2

pKa2 (Kb) <6 6.9 ( 0.1 6.7 ( 0.1

pKa2 (ε240) 5.5 ( 0.1 7.0 ( 0.2 7.0 ( 0.1

Δε1 (mM-1 cm-1) 7.9 ( 0.5 7.7 ( 0.5 4.0 ( 0.6

Δε2 (mM-1 cm-1) 3.6 ( 0.2 3.6 ( 0.4 3.3 ( 0.2
a Subscripts 1 and 2 refer to CysN (Cys12 in HAH1 and Cys15 in
MNK1) and CysC (Cys15 in HAH1 and Cys18 inMNK1), respectively.

Figure 3. Plot of ε240 against pH for WT HAH1 (2), Lys60Ala HAH1
(b), andMNK1 (9). The lines show fits of the data to eq 5 and give the
pKa and Δε values shown in Table 2.
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PCC6803, lowers the pKa of CysC by ∼1 pH unit (A. Badarau
andC. Dennison, unpublished data). A residue on loop 5 that can
form a hydrogen bond with CysC appears to result in the
lowering of the pKa of this ligand. The presence of a Phe on
loop 5 in the MBDs of the ATPases, such as in MNK1, which
cannot make this interaction, results in CysC of their CXXC
motifs having a much higher pKa (Figure 4). In these domains,
CysC still has a lower pKa than that of CysN (as is also the case in
the Lys60Ala HAH1 variant) which could be partly due to CysC
being located toward the N-terminus of R1.45

The maximum Cu(I) affinity (Kb
max) is 2-fold lower for WT

HAH1 than for MNK1 (Table 2). The affinities are very similar
in the pH 7.0-8.0 range, but the MNK1 Cu(I) affinity is ∼5-fold
lower at pH 6.1 (Figure 2). The thermodynamic gradient for Cu(I)
transfer betweenAtx1 (yeast) and thefirstMBDofCcc2 (Ccc2a) has
been found to be shallow.5,17,46 Herein we show that the gradient
for Cu(I)-trafficking from HAH1 to the MBD changes from being
shallow at alkaline and neutral pH, to much more steep and unfavo-
rable below pH 7. The pH of the cytosol of a human cell is typically
7.0-7.4.47 However, apoptosis is associated with acidification of the
cytosol to values as low as pH 5.8,48 and several diseases where
apoptosis is dysregulated, such as cancer and neurological disorders,
are linked to copper imbalance.26,27,49 The importance of pH when
comparing Cu(I) affinities of proteins is evident, even for those shar-
ing the same fold and metal binding motif. The thiolate nucleophi-
licity series predicted from our pKa determinations is CysN (HAH1/
Atx1) ∼ CysN (MBD) > CysC (MBD) > CysC (HAH1/Atx1).50

This series is consistent with the solution structure of the HAH1-
MNK1 complex in the presence of copper,33 inwhichCysC ofHAH1
is not involved in coordinating Cu(I), indicating that it has lower
nucleophilicity than that of the other three Cys ligands (Figure 4B).
NMR studies of Atx1 (yeast) and Ccc2a (MBD) are more revealing
and again, consistent with our nucleophilicity series, show that CysN
from both proteins are essential for complex formation, with CysC of
Ccc2a being the preferred third Cu(I) ligand in the complex.51

As well as affecting the thermodynamics of Cu(I) transfer, the
acidity of the Cys ligands can influence the rate of Cu(I) exchange.
Computational studies have shown that the rate-determining step
in the Cu(I) transfer reaction between two CXXC motifs is the
rearrangement of a three-coordinate intermediate from a more
reactant-like form, where both CysN and CysC of the donor are
Cu(I) ligands, to a more product-like species at which both CysN
and CysC of the acceptor are ligands.52 This occurs via the
concerted attack of CysC of the acceptor and dissociation of CysC
of the donor. This reaction will be favored by a more nucleophilic
CysC (higher pKa) in the acceptor, and a better leaving groupCysC
(lower pKa) in the donor. The pKa values of these nonligating

thiols in the two possible three-coordinate intermediates may
differ from those determined for the apo-proteins. However,
Lys60 will still increase the acidity of CysC in HAH1, making it
a better leaving group. Interestingly, the pKa of CysC in MNK1
offers a good compromise between a high thiolate concentration
(70-85% at pH 7.4) and optimized nucleophilicity. It thus
appears that eukaryotes have evolved to lower the activation
barrier for Cu(I) transfer from the metallochaperone to the target
MBD, by employing Lys and Phe, respectively, on loop 5 in the
vicinity of CysC. Moreover, the activation energy of the reaction in
the opposite direction, i.e., Cu(I) transfer from the MBD to the
chaperone, is increased, for the same reason, which ensures
vectorial Cu(I) transfer.

’CONCLUSIONS

In this study we demonstrate that the thermodynamics of
Cu(I) transfer from HAH1 to a target domain of the Cu(I)
transporter ATP7A (MNK1) are dependent on pH and become
less favorable as the pH is decreased below 7.0. This is caused by a
decrease in the pKa of the second Cys ligand (CysC) of the
Cu(I)-binding motif of HAH1, because of an interaction, prob-
ably a hydrogen bond, with a conserved Lys on loop 5 (Lys60).
The resulting decrease in nucleophilicity of this Cys facilitates
Cu(I) release to the target MBD. These data highlight that one
advantage of using Cys rather than Met53 ligands in Cu(I)
trafficking sites is that their Cu(I) affinity and reactivity can be
controlled by modulating the pKa. In most prokaryotes, both the
Atx1 and the target MBDs have a Tyr on loop 5 in place of Lys60.
We would imagine that this residue will lower the pKa of CysC in
both proteins, which could explain the solely regulatory role
proposed for MBDs in a prokaryotic system,22 compared to
eukaryotic MBDs which are involved in both Cu(I) transfer and
regulation.16,54,55
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Figure 4. (A) Plots of log Kb against pH for WTHAH1 (2, in blue) and Lys60Ala HAH1 (b) including schematic representations of the forms of the
CXXCmotifs present in the different pH ranges. (B) The arrangement found in model 3 of the solution complex of HAH1 (slate) and MNK1 (green).
The side chains of the two Cys ligands and the residue on loop 5 are shown as stick representations with the copper ion as a red sphere and the hydrogen
bond between the Nξ atom of Lys60 and the Sγ of Cys15 shown as a dashed red line.
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