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Copper (Cu) is essential for development and proliferation, yet the cellular requirements for Cu in these processes are not well
defined. We report that Cu plays an unanticipated role in the mitogen-activated protein (MAP) kinase pathway. Ablation of the
Ctr1 high-affinity Cu transporter in flies and mouse cells, mutation of Ctrl, and Cu chelators all reduce the ability of the MAP
kinase kinase Mek1 to phosphorylate the MAP kinase Erk. Moreover, mice bearing a cardiac-tissue-specific knockout of Ctr1 are
deficient in Erk phosphorylation in cardiac tissue. In vitro investigations reveal that recombinant Mek1 binds two Cu atoms with
high affinity and that Cu enhances Mek1 phosphorylation of Erk in a dose-dependent fashion. Coimmunoprecipitation experi-
ments suggest that Cu is important for promoting the Mek1-Erk physical interaction that precedes the phosphorylation of Erk
by Mekl. These results demonstrate a role for Ctrl and Cu in activating a pathway well known to play a key role in normal physi-

ology and in cancer.

Copper (Cu) is a metal ion that functions as a redox-active
cofactor for a broad range of biochemical reactions, including
mitochondrial oxidative phosphorylation, protection from reac-
tive oxygen species, connective tissue maturation, iron absorp-
tion, neuropeptide biogenesis, and other processes (28, 43). Nu-
merous studies point to the essentiality of Cu for normal growth
and development, while aberrant Cu accumulation in tissues, as
manifested in Wilson’s disease patients, results in significant pa-
thologies (33, 35, 42, 47, 60, 61). However, the precise roles Cu
plays and the mechanistic processes by which Cu drives cellular
proliferation and growth are not well understood.

The Ras/mitogen-activated protein kinase (MAPK) signaling
pathway is an evolutionarily conserved pathway involved in the
control of many fundamental biological processes, including cell
proliferation, apoptosis, survival, differentiation, motility, and
metabolism (26, 30). Aberrant Ras/MAPK signaling has signifi-
cant consequences; loss of function of several components of the
Ras/MAPK signaling cascade results in lethality, whereas gain-of-
function mutations in many of the Ras/MAPK signaling compo-
nents underlie cancer (2, 12, 26, 55).

Here we identify the Ctr1 high-affinity Cu* transporter, con-
served from yeast to humans, as being important for stimulation
of the MAPK Erk in response to extracellular growth factor-me-
diated activation of the Ras signaling pathway. Moreover, genetic,
physiological, and biochemical experiments point to a direct role
for Cu in the ability of the MAPK kinase Mek1 to phosphorylate
Erk in fruit flies, cultured cells, and mice. These studies suggest
that the MAPK signaling pathway is a key cellular proliferation
pathway that is stimulated by Cu and may be a direct target of
potent cancer chemotherapeutics that function via Cu chelation.

MATERIALS AND METHODS

Drosophila melanogaster stocks and crosses. Phantom Gal4, UAS
mCD8::GFP/TM6, Tb flies were from Michael O’Connor, University of
Minnesota (44). The UAS-Ctrl1ARN4? construct was made and transgenic
lines were generated as described elsewhere (36, 53). All other stocks were
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obtained from the Bloomington Stock Center. All crosses were performed
at 25°C. All fly work, including pupal measurements, was done at the
Duke University Model Systems Unit.

Pupal length experiments. Wandering 3rd-instar larvae were placed
in separate vials according to genotype and sex for pupariation; genotyp-
ing was done on the basis of green fluorescent protein (GFP) expression
pattern, as well as the dominant marker Tubby. At pupation, individual
images were taken using a Leica MZFL III fluorescence stereomicroscope
mounted with a Qimaging Retiga Exi digital camera at the same magnifi-
cation setting. Length measurements were performed by aligning the mi-
crometer ruler image along the length of the pupal case at defined start
and end points.

Indirect immunofluorescence and scanning electron microscopy
(SEM) images. Brains from wandering 3rd-instar Drosophila larvae of the
desired genotype were dissected and fixed in 4% paraformaldehyde for 30
min. Staining of tissue was performed as described elsewhere (60). Images
were taken on a Zeiss LSM 410 confocal microscope at the Duke Univer-
sity Light Microscopy Core Facility. For SEM images, adult flies of the
desired genotype were subjected to a graded ethanol series. Flies were
given to the Duke University Shared Materials Instrumentation Facility
for critical-point drying and sputter coating. SEM images were taken at
the Duke University Shared Materials Instrumentation Facility.

S2 cell metal chelation and silver treatment. S2 cells used for the
no-treatment and insulin-only treatment conditions were left in basal
medium (Schneider’s medium with 10% fetal bovine serum) during the
preincubation. S2 cells used for the other treatment conditions were pre-
incubated for 1 h with chelator or silver as follows: 10 uM tetrathiomo-
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lybdate (TTM) and 250 uM bathocuproine disulfonate (BCS) for Cu
chelation experiments, 10 uM ferrozine, and 250 uM bathophenanthro-
line disulfonate (BPS) for iron chelation, and 10 uM silver nitrate. Cells
were stimulated with human insulin at a concentration of 25 ug/ml of
medium.

Ctr1*'* and Ctr1™'~ mouse embryonic fibroblasts (MEFs) and in-
sulin or fibroblast growth factor (FGF) stimulation experiments. Isola-
tion and culture of Ctr1™/* and Ctrl1™'~ cells were done as described
previously (34). Insulin or FGF stimulation experiments were done with
plates measuring 100 by 20 mm, with one plate per time point. Cells were
allowed to reach ~95% confluence and then serum starved for 16 to 48 h.
Recombinant human insulin (Invitrogen) was added at a final concentra-
tion of 200 nM, and recombinant human basic FGF (Invitrogen) was
added at a final concentration of 10 ng/ml, with the exception of the time
zero plate. At the appropriate time point, medium was removed, and cells
were washed with ice-cold phosphate-buffered saline (PBS), harvested,
and lysed using the phosphorylation lysis buffer described above or radio-
immunoprecipitation assay (RIPA) buffer consisting of 1% nonylphe-
noxypolyethoxylethanol (NP-40), 20 mM Tris-HCI (pH 8.0), 137 mM
sodium chloride (NaCl), 10% glycerol, 10 mM sodium orthovanadate
(Na;VO,), 50 mM sodium fluoride (NaF), 50 mM B-glycerophosphate
(B-GP), and 1X protease inhibitor cocktail (BD Biosciences).

Immunoblot assays. Protein was quantified using the Bio-Rad DC
protein assay and run on precast Criterion Tris-HCI polyacrylamide gra-
dient gels (Bio-Rad) or 10% SDS-PAGE. The primary antibodies used are
as follows: mouse anti-BRaf, mouse anti-Mek1, rabbit anti-Mek2, rabbit
anti-Erk2, mouse anti-Mek1/2, rabbit anti-p44/42 MAPK (Erk1/2), rabbit
anti-Akt, rabbit anti-phospho-Mek1/2 (Ser217/221), mouse anti-phos-
pho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), rabbit anti-phospho-
p44/42 MAPK (Erk1/2) (Thr202/Tyr204), and rabbit anti-phospho-Akt
(Thr308), which were all obtained from Cell Signaling Technology and
used at a 1:1,000 dilution; goat anti-phospho-BRaf (Thr598/Ser 601) (1:
500) and rabbit anti-CCS (anti-copper chaperone for superoxide dismu-
tase 1; FL-274) from Santa Cruz Biotechnology (1:200); rat anti-myelin
basic protein (anti-MBP; 1:500) and mouse anti-phospho-MBP from
Millipore (1:500); rabbit anti-kinase suppressor of Ras (anti-KSR) from
Abcam (1:500); mouse anti-B-actin from Sigma (1:25,000); the rabbit
anti-human Ctrl antibody, described elsewhere, was used at 1:1,000 (47).
Secondary antibodies were donkey anti-rabbit and anti-mouse antibodies
conjugated with horseradish peroxidase from GE Healthcare Life Sciences
(1:5,000) or goat anti-mouse IgG from Invitrogen (1:10,000), goat anti-
mouse IgG light chain specific from Jackson ImmunoResearch Laborato-
ries (1:5,000), goat anti-rabbit from Invitrogen (1:10,000), mouse anti-
rabbit IgG light chain specific from Jackson ImmunoResearch
Laboratories (1:5,000), goat anti-rat IgG from Zymed (1:10,000), and rab-
bit anti-goat IgG from Invitrogen (1:5,000) conjugated with horseradish
peroxidase. Metal chelate affinity purification experiments were per-
formed as described elsewhere (46).

Generation of Ctrl™/7:CMV-Ctrl and Ctrl~'~:CMV-Ctr1™'*°4
stable cell lines. The Ctrl and CtrI™'*%* coding sequences were PCR
amplified using plasmid templates described elsewhere (50) and cloned
into the pcDNA3.1(+) Zeocin vector from Invitrogen. MEFs genetically
null for Ctrl (34) were electroporated with these constructs using the
Amaxa Nucleofector kit in accordance with the manufacturer’s recom-
mendations. Stable cell lines were generated according to standard proto-
cols (Animal Tissue Culture Book), and Zeocin resistance was used as the
selective marker.

Metal pulldown experiments. Experiments were performed as previ-
ously described (46). Briefly, 100 ug of protein was used in the input lane;
500 pg of protein lysate was incubated with the glutathione (GSH)-Cu
beads. After a 1-h incubation, lysate was removed, beads were washed
several times, Laemmli buffer was added to the beads, the samples were
boiled, and the entire sample volume was loaded onto the gel.

Mouse experiments. Mice possessing the Ctrl gene flanked by loxP
elements (Ctr1°°%) were described elsewhere (47). Generation of car-
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diac-tissue-specific Ctrl conditional-knockout mice has been described
previously (29). Cardiac tissues from age-matched mice (10 days old)
were dissected after perfusion with PBS (pH 7.4) and homogenized in cell
lysis buffer (62.5 mM Tris [pH 6.8], 2% sodium dodecyl sulfate [SDS], 1
mM EDTA) containing protease inhibitor cocktail (Roche) and phospha-
tase inhibitor cocktail (Thermo Scientific). Anti-CCS antibody (Santa
Cruz) was used at a 1:2,000 dilution. Antitubulin antibody (Sigma) was
used at a 1:5,000 dilution.

Ethics statement. Protocols for animal work was approved by the
Institutional Animal Care and Usage Committee of Duke University
Medical Center.

In vitro Cu-binding experiments. The rat Mek1 coding sequence was
PCR amplified using the pPCMV-HAMek1 construct (gift of A. Catling)
and cloned into the pGex6P-1 vector from GE Healthcare Life Sciences.
The resulting plasmid, pGex6P-1Mekl, was transformed into BL21-
CodonPlus (DE3)-RIPL cells from Stratagene. Recombinant, glutathione
S-transferase (GST)-tagged Mek1 was purified by affinity chromatogra-
phy using GSH agarose beads, followed by on-column Pre Scission pro-
tease cleavage of the GST tag. Further purification was achieved using
MonoQ anion-exchange chromatography that served to remove the ma-
jority of the contaminating proteins, including cleaved GST tags that were
not retained on the GSH column. SDS-PAGE of the resulting Mekl re-
vealed a predominant single band at ~44 kDa. Protein concentrations
were determined by quantitative amino acid analysis with a Beckman
6300 analyzer after hydrolysis in 5.7 N HCl at 110°C in vacuo. Equilibrium
dialysis experiments were conducted as previously described (22). Re-
combinant Mek1 (2.5 to 10 uM in 20 mM Tris [pH 7.2]) was dialyzed,
using a dialysis tube with a 10-kDa molecular mass cutoff, against CuCl,
concentrations ranging from 0.25 to 15 uM in 20 mM Tris (pH 7.2)-100
mM NaCl overnight at 4°C with slow stirring. Cu levels associated with
Mekl1 and the dialysate were quantitated by inductively coupled plasma
mass spectroscopy after digestion with 50% HNO; at 65°C. In specific
experiments, Cu®" was introduced as a Cu®*-histidine complex to pre-
clude Cu®* hydrolysis and precipitation. Cu** binding affinity for Mek!
was estimated using competition experiments similar to that described pre-
viously with the divalent metal ligand PAR [4-(2-pyridylazo)resorcinol]
(66). The quantitative release of the 1:1 Cu®" ~/PAR complex on titration
of apo-Mek1 was monitored spectrophotometrically at 500 nm (Beckman
DU 600 spectrophotometer) in 20 mM Tris (pH 7.2)-100 mM NaCl. The
binding affinity of Cu?* for PAR was calibrated using a spectroscopically
silent ligand, EDTA, with a known affinity for Cu*t of 1.6 X 107 %°.

In vitro kinase assays and immunocomplex kinase assays. Human
Erk2 and human Mekl1 were obtained from Addgene (catalog numbers
23498 and 21208) and cloned into pGEX4T3 and pGEX6P1 from GE Life
Sciences, respectively. Recombinant GST-human Erk2 (hErk2) and GST-
human Mekl (hMekl) were purified from BL21(DE3) (New England
BioLabs) bacteria as described previously (21, 37), while unphosphoryl-
ated MBP was purchased from Millipore. Specifically, 500 ml of LB was
inoculated with BL21(DE3) bacteria transformed with pGEX4T3-hErk2
or pGEX6P1-hMekl1 and allowed to grow to an optical density at 600 nm
(ODgyp) 0f 0.6 was reached. GST-hErk2 was induced by IPTG (0.4 mM) at
37°C for 4 h, while GST-hMEK1 was induced by IPTG (1 mM) for 14 h at
25°C before collection by ultracentrifugation. GST-hErk2 and GST-
hMek1 pellets were resuspended in 50 ml of 1 X PBS-1% Triton X-100
plus a protease inhibitor tablet (Roche) and sonicated for bacterial lysis.
The soluble fraction was obtained via ultracentrifugation and incubated
with 1 ml of a 50% slurry of GSH-Sepharose 4B (GE) overnight at 4°C.
Bound GST-hErk2 and GST-hMEK1 were washed 3X with lysis buffer
and eluted from beads for 30 min at 4°C with elution buffer (100 mM
Tris-HCI [pH 8.0], 120 mM NaCl) containing 15 mM GSH. Eluted GST
proteins were dialyzed in tubing with a 12 to 14,000 molecular weight
cutoff (Spectrum Laboratories) overnight at 4°C in 2 liters of elution
buffer and subsequently concentrated using 10K Amicon Ultra centrifu-
gal filter units (Millipore). The concentration was determined using the
Bio-Rad DC protein assay. Modified versions of Mek1 and Erk2 in vitro
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FIG 1 Knockdown of CtrlA in the prothoracic gland results in a large-fly phenotype. (A) Detection of CtrlA in dissected prothoracic glands by indirect
immunofluorescence assay. The genotype is shown above each image. The prothoracic gland driver used for these experiments, phm-Gal4:: UAS-mCD8GFP, also
expresses membrane-localized GFP under the control of the Phantom promoter. Knockdown of CtrlA is indicated by arrows that show reduced plasma
membrane staining of CtrlA in the prothoracic gland. (B) Images of adult Drosophila. Flies carrying only the prothoracic gland Gal4 driver, Phantom-Gal4
(phm-Gal4), are smaller than flies with knockdown of CtrlA in the prothoracic gland (phm-Gal4:UAS-Ctr1ARN*Y), The flies shown are both females. (C)
Quantitative measurements of pupae. Comparisons of pupal length must be made within each sex, as female flies are larger than male flies. WT refers to the W'''®
stock. Genotypes are as follows. phm-Gal4/+, pupae possessing only the prothoracic gland Gal4 driver transgene; phm-Gal4:UAS-Ras”Y, pupae expressing a
dominant negative allele of Ras in the prothoracic gland; phm-Gal4:UAS-Ctr1 ARN*%, pupae with knockdown of CtrA in the prothoracic gland. * indicates a P
value of less than 0.01 when that genotype is compared to a WT fly of the same sex. n = 10 for all genotypes except phm-Gal4/+, where n = 8. The data shown
here are for transgenic stocks with UAS-CtrIA®N on the second chromosome. Similar results were obtained with flies with a UAS-Ctr1A®N*! transgene on the

third chromosome (data not shown).

kinase assays were performed as described previously (32, 37). Briefly, for
Mek1 kinase assays, 0.6 ug of GST-hERK2 and 1.4 ug of GST-Mek1 were
incubated in 180 ul of kinase buffer (25 mM Tris-HCI [pH 7.5], 20 mM
MgCl,, 2 mM dithiothreitol [DTT], 25 mM -GP, 0.5 mM Na,;VO,, 120
UM ATP) in the presence or absence of increasing amounts of CuSO,, 50
uM TTM (Sigma) in the presence of CuSO,, or 1 uM Mek inhibitor 1 in
the presence of CuSO,, (Calbiochem) at 22°C for 30 min. Reactions were
quenched with 5X Laemmli buffer, and a third of the reaction mixture
was analyzed by SDS-PAGE via subsequent Western blotting with phos-
phospecific antibodies. Briefly, for the Erk2 kinase assays, 2.0 ug of GST-
Erk2 and 1.0 g of MBP were incubated in 180 ul of kinase buffer (25 mM
HEPES [pH 8.0], 20 mM MgCl,, 1 mM DTT, 20 mM B-GP, 0.1 mM
Na;VO,, 100 mM ATP) at 30°C for 30 min. Reactions were quenched with
5X Laemmli buffer, and a third of the reaction mixture was analyzed by
SDS-PAGE via Western blotting with phosphospecific antibodies.

Immunoprecipitation. Ctr1*'* and Ctr1 '~ lysates were solubilized
with the RIPA buffer described above, and the lysates (250 ug) were in-
cubated with anti-Mekl1 antibody (1:50; Cell Signaling) overnight and
then with protein G-Sepharose 4B (GE) for 2 h. Beads were washed 3 times
in RIPA buffer. Immunoprecipitates were resolved by SDS-PAGE and
analyzed by Western blotting with anti-Mek1 (Cell Signaling) and anti-
Erk1/2 (Cell Signaling) antibodies. Equal loading was analyzed with
whole-cell extract by Western blotting with anti-Mek1 (Cell Signaling),
anti-Erk1/2 (Cell Signaling), anti-CCS (Santa Cruz), and -actin (Sigma)
antibodies.

RESULTS

Cu and the Ctrl Cu transporter in the Ras signaling pathway.
Given the broad roles for Cu in normal metazoan growth and
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development, the function of Ctr1A, the evolutionarily conserved
Drosophila homologue of the mammalian Ctr1 high-affinity Cu™
transporter (60), was explored in the fruit fly prothoracic gland, a
key organ controlling body size (45). Transgenic flies expressing a
yeast Gal4 transcription factor-inducible double-stranded RNA
hairpin molecule against Ctr1A (UAS-CtrIA®N4%) were crossed to
flies expressing phantom-Gal4 (phm-Gal4), which drives Gal4
transcription factor expression specifically in the prothoracic
gland, resulting in organ-specific reduction of plasma membrane-
localized CtrlA levels (Fig. 1A). Flies carrying both the UAS-
Ctr1A®N* and phm-Gald transgenes are larger than siblings car-
rying either transgene alone (Fig. 1B) and quantitative
measurements of pupae confirmed the increase in size observed in
adult flies with a prothoracic-gland-specific Ctr1A knockdown
(Fig. 1C). Similar results were obtained with fly stocks in which the
UAS-Ctr1A®N transgene was integrated on a different chromo-
some (data not shown), indicating that this phenotype is not due
to a locus-specific integration of the transgene.

Appropriate Ras protein signaling in the prothoracic gland is
critical for body size determination, as constitutively active Ras
mutants give rise to small flies while mutations that suppress Ras
signaling give rise to abnormally large flies (Fig. 1C) (7). Knock-
down of Ctr1A in the prothoracic gland phenocopies the large-fly
phenotype of prothoracic-gland-specific dominant negative Ras
expression, suggesting a possible interaction between Ctrl1A and
Ras signaling in the regulation of body size in Drosophila. We
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FIG 2 Knockdown of CtrlA suppresses constitutively active Ras phenotypes in both the fly eye and wing. (A) Bright-field images of adult Drosophila wings.
Expression of UAS-Ras""? using an apterous-Gal4 (ap-Gal4) driver, which drives expression in the dorsal compartment of the wing, is lethal, presumably because
apterous is also expressed in portions of the central and peripheral parts of the nervous system, while expression of both the UAS-Ras"?? and UAS-Ctrl ARN4!
transgenes yields viable adult flies with normal wings. Bright-field images of adult Drosophila wings. Shown on the far right are X 10 magnifications of the W'''8
female wing and the ap-Gal4:UAS-Ras""?, Ctr1 ARN*! female wing. Note that the wings of some of the eclosed flies had an ectopic vein in the posterior portion of
the marginal cell (arrow) in the ap-Gal4:UAS-Ras""?, Ctr1ARNA" wing. This phenotype is reminiscent of Ellipse mutants, a hyperactive allele of the epidermal
growth factor receptor upstream of Ras, that leads to ectopic vein differentiation (3). Thus, some ectopic Ras activity is visible and not suppressed in flies
expressing both the UAS-Ras""? and UAS-Ctr1A®N* transgenes in the wing. (B) SEM images of adult female Drosophila eyes, with the genotype shown above each
image. The ey-Gal4 driver line expresses UAS promoter-driven transgenes in the eye. Expression of a constitutively active isoform of Ras"'* results in a rough-eye

phenotype (top far right image). Knockdown of Ctr1A in the eye can suppress the Ras

far left images).

genetically tested this possibility by knockdown of Ctr1A in flies
expressing a constitutively active allele of Ras. While expression of
constitutively active Ras"’? in transgenic flies via the apterous-
Gal4 driver (ap-Gal4) is lethal, coexpression of the UAS-Ras""?
and UAS-Ctr1A®N transgenes via ap-Gal4 rescues this lethality.
In some wings from viable flies, ectopic veins within the posterior
compartment of the marginal cell were observed (Fig. 2A, right
panel). This phenotype is also observed in Ellipse mutants possess-
ing hyperactive alleles of the epidermal growth factor receptor that
drive increased Ras signaling (3) and indicates a partial suppres-
sion of ectopic Ras signaling by Ctrl1A knockdown. Moreover,
expression of the UAS-Ras""? transgene in the eye using eyeless-
Gal4 (ey-Gal4), which yields a rough-eye phenotype characterized
by fused ommatidia and disorganized bristles, was suppressed in
flies with simultaneous expression of UAS-Ctr1A®N" and UAS-
Ras"'* (Fig. 2B). Taken together, these data support a potential
genetic interaction between Ctr1A and Ras that occurs in multiple
Drosophila tissues.

Ctr1A knockdown suppresses developmental phenotypes as-
sociated with activated Ras, as well as phenocopies the size defect
associated with loss of Ras activity in the prothoracic gland. These
genetic interactions suggest a functional interaction with Ras or
with components of the multiple signaling pathways downstream
of Ras. Inspection of data from a genome-wide screen for regula-
tors of MAPK signaling in cultured fly S2 cells revealed a diminu-
tion of Erk phosphorylation when CtrlA was targeted by RNA
interference (17). Interestingly, in this study, knockdown of
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V!4 phenotype (bottom images; compare bottom images to top far right and

CtrlA in S2 cells resulted in downregulation of Ras pathway acti-
vation to an extent comparable to that achieved by knockdown of
canonical pathway members such as the insulin receptor or Ras.
Independently, we have confirmed that reduction of CtrlA pro-
tein levels in S2 cells results in decreased Erk phosphorylation
(data not shown). An additional study suggests a role for Xenopus
Ctrl in Ras/MAPK signaling whereby Ctrl functions in a Cu™
transport-independent manner as a scaffold protein (20). To ex-
plore whether both Ctr1 and the associated Cu™ transport func-
tion are important for Ras signaling to Erk1/2, Cu™-specific che-
lation was used to impose Cu deficiency on cultured fly S2 cells. As
shown in Fig. 3A, Cu’ chelation reduced the levels of insulin-
stimulated Erk1/2 phosphorylation without altering steady-state
Erk1/2 levels. For these and subsequent experiments, the phos-
phorylation of Erk1/2 at critical residues (threonine 202 and ty-
rosine 204 of Erkl and threonine 185 and tyrosine 187 of Erk2)
required for kinase activation was examined as a surrogate marker
of Erk1/2 activity (57). This reduction of Erk1/2 phosphorylation
by Cu chelation was not due to the chelation of all redox-active
metals, as the Fe* " -specific chelator BPS or ferrozine did not re-
duce insulin-stimulated Erk1/2 phosphorylation (Fig. 3B). More-
over, as Ag is isoelectric to Cu™ and is a competitive inhibitor of
Cu™ uptake transporters, preincubation of S2 cells with Ag clearly
diminished the levels of insulin-stimulated Erk1/2 phosphoryla-
tion (Fig. 3C).

Conservation of function of Ctrl and Cu in Erk activation in
mammals. In contrast to a report suggesting a Cu” transport-
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FIG 3 Cu chelation or competition for Ctr1A-mediated Cu™ transport com-
promises Ras/MAPK signaling in Drosophila S2 cells. (A) Cu chelation down-
regulates Ras/MAPK signaling. Cells were not pretreated (—) or pretreated
(+) with the Cu™ -specific membrane-impermeant chelator BCS as indicated.
Cells were left untreated (—) or treated (+) with insulin from 0 to 15 min, and
total protein extracts were analyzed by immunoblotting for total Erk (Erk) and
phospho-Erk (P-Erk) as shown. (B) Iron chelation with the membrane-im-
permeant Fe " -specific chelator BPS was used as described for panel A. (C)
Competition for Ctrl A-mediated transport by silver (Ag). Cells were not pre-
treated (—) or pretreated (+) with Ag and assayed as described for panels A
and B.

independent function for Ctrl in Ras/MAPK signaling (20), the
experimental results presented in Fig. 3 suggest an involvement of
Cu in Ras/MAPK signaling. To further ascertain a potential role
for Cu and the Cu™-transporting activity of Ctr1 in Ras signaling
and to determine if this functional role is conserved in mammals,
Ctr1™™* and Ctr1~'~ MEFs were evaluated for insulin-stimulated
Erk1/2 phosphorylation. Ctrl '~ MEFs have residual Ctr1-inde-
pendent Cu transport activity that accounts for ~30% of the total
Cu accumulation (34). Ctr1™* MEFs demonstrated a strong in-
sulin-stimulated Erk1/2 phosphorylation within 5 min of treat-
ment that was maintained over a 15-min time course (Fig. 4A). In
contrast, Ctr1 '~ MEFs showed only marginal insulin-stimulated
Erk1/2 phosphorylation. While Ctrl ™'~ MEFs exhibit strong re-
ductions in the activity of Cu-dependent enzymes, such as cyto-
chrome oxidase and lysyl oxidase, these activities can be partially
rescued by exogenous Cu (34). Preincubation of Ctrl~'~ MEFs
with 25 uM Cu for 1 h prior to insulin stimulation resulted in
increased insulin-stimulated Erk1/2 phosphorylation, though not
to the same levels as Ctr1 "'+ MEFs (Fig. 4A). No additional stim-
ulation was observed in Ctr1™*/" cells when Cu was added. These
results demonstrate that insulin stimulation of Erk1/2 phosphor-
ylation in mammalian cells is heavily dependent on Ctr1 and that,
in the absence of Ctr1, this defect can be partially ameliorated by
exogenous Cu.

Previous studies demonstrated that two methionine residues
located in the second transmembrane domain of Ctrl in a Met-
X;-Met motif are important for Ctr1-mediated Cu™ transport but
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FIG 4 Ctrl function in Ras/MAPK signaling is dependent upon Cu™ trans-
port activity. (A) MEFs wild type (Ctr1™*'*) or null (Ctr1 /) for Ctrl were
treated with insulin, and phospho-Erk was analyzed over time by SDS-PAGE
and immunoblotting. Total Erk1/2 was evaluated as a loading control. (B)
Ctr1™'~ cells stably expressing either wild-type human Ctr1 (Ctrl) or a trans-
port-defective mutant form of human Ctrl (Ctr1™'*°*) were analyzed for
insulin-stimulated Ras/MAPK activity in the phosphorylation of Erk. The
Ctr1M?*°A transport-defective cell line is Cu deficient, as indicated by the in-
creased levels of CCS, compared to those of the Ctrl wild-type cell line. Total
Erk1/2 was assessed as a loading control. Note that the same film exposures for
Ctrl wild-type and Ctr1™'*°* samples were used in examining protein levels;
the dotted line indicates the removal of additional, superfluous controls loaded
between wild-type and Ctr1™'*°* sample lanes.

not for oligomerization or localization to the plasma membrane
(50). To determine if the integrity of this motif is important for
insulin-stimulated Erk1/2 phosphorylation, Ctrl '~ MEFs were
stably transfected with plasmids expressing either wild-type hu-
man Ctrl or Ctrl in which the first methionine in this motif,
M150, had been altered to alanine and evaluated for insulin-stim-
ulated Erk1/2 phosphorylation (Fig. 4B). While the Ctr1 ™'~ cells
rescued with wild-type Ctrl showed robust insulin-induced
Erk1/2 phosphorylation, this was strongly reduced in MEFs stably
expressing the Cu transport-defective Ctr1™'*°* protein. Al-
though both Ctrl wild-type and Ctr1™'*°* MEFs expressed ap-
proximately equivalent amounts of Ctrl, the Ctr1™"%* cells
remained more Cu deficient, as indicated by the increased steady-
state levels of CCS, which is subject to ubiquitin-mediated prote-
olysis in the presence of elevated Cu levels and stabilized during
Cu deficiency (8). Taken together with the findings on Cu chela-
tion, Ag competition, and exogenous Cu rescue of Ctrl '~ MEFs,
these results strongly suggest that Cu and the Cu™-transporting
activity of Ctrl are important for normal activation of Erk1/2
phosphorylation in flies and mice.

Ras is a central cellular regulator that lies upstream of multiple
signaling pathways and proteins that include phosphatidylinositol
3 kinase (PI3K), RalGEF, Raf, TIAM1, and others (55). Genetic
and biochemical experiments have demonstrated the involvement
of Ctr1A in flies and Ctrl in mammals in the Ras-to-Erk signaling
pathway. If Ras represents the key intersection point for Ctrl and
Cu, then Ctrl and Cu status would be predicted to alter the activ-
ity of multiple signaling pathways that are downstream of Ras. To
test this hypothesis, we evaluated the Ras/PI3K/Akt kinase signal-
ing pathway. As shown in Fig. 5, there are no significant changes in
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FIG 5 In Ctr1™'~ cells, RassMAPK pathway signal transduction is intact
through Mek1/2 activation. CtrI™'* and Ctrl ™'~ cells were serum starved for
16 h and subsequently stimulated with FGF for the times indicated, and the
phosphorylated and total levels of B-Raf, Mek1/2, Erk1/2, and Aktl were as-
sessed by SDS-PAGE and immunoblotting of the total protein extracts.

phosphorylation at Thr308 of Akt1, which is the key residue phos-
phorylated by PDK1 in response to PI3K pathway activation (1) in
either the Ctr1™™" or the Ctr1 ™'~ cell line. These results suggest
that the Ctrl and Cu-responsive components of Ras signaling lie
downstream of Ras and do not impact the Ras/PI3K/AKT signal-
ing network.

The observation that Erk1/2 phosphorylation, but not that of
Akt, is heavily dependent on Cu transport-competent Ctrl and
adequate levels of intracellular Cu suggests that Cu may influence
the Ras/Raf/Mek/Erk signaling pathway. To further test this hy-
pothesis, the steady-state levels and phosphorylation status of
components of this pathway downstream of FGF-stimulated Ras
activation were evaluated in Ctr1™" and Ctr1™'~ cells by immu-
noblotting (Fig. 5). Activation of the main Raf kinase in MEFs,
B-Raf (14), occurred to a similar extent in both Ctr1™/* and
Ctr1~'™ cells as assessed by evaluating phosphorylation of Thr598
and Ser601 in B-Raf, two key residues that become phosphory-
lated upon Ras activation (64). Intriguingly, we observed in-
creased phosphorylation of B-Raf on Thr598 and Ser601 in un-
stimulated Ctr1~'~ MEFs. We speculate that the increase in
phosphorylation in the knockout versus wild-type MEFs is due to
the absence of active Erk1/2-mediated negative feedback on the
MAPK signaling pathway that disrupts Raf-1/B-Raf dimerization
(53a). Given the similar levels of Akt phosphorylation in Ctrl
wild-type versus Ctrl knockout cells, Ras activity is likely not af-
fected by loss of Ctrl or reductions in intracellular Cu levels. Ac-
tive Ras binds to and activates the Raf kinases that phosphorylate
and activate the serine threonine MAPK kinases Mek1 and Mek2.
Phosphorylation of Mek1 and Mek2 is observed in both Ctr1™/"
and Ctr1™'™ cells, suggesting that Raf activity is not affected by loss
of Ctr1 or reductions of intracellular Cu levels. Activated Mek1/2
phosphorylate Erkl and Erk2, and signal transduction events
downstream of Erk ultimately result in the dephosphorylation and
inactivation of Mek1/2 (31, 57). As observed previously upon in-
sulin stimulation, FGF-stimulated phosphorylation of Erk1/2 was
diminished in Ctr1~'~ cells compared to that in cells expressing
Ctrl, consistent with a defect in Erk1/2 activation (Fig. 5). Similar
effects on Ras/MAPK pathway activation were also obtained when
insulin was used as the stimulus (data not show). The results of
this study demonstrate that loss of the Ctrl Cu™ transporter or
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Ctr1+

Mek1

FIG 6 Mekl is affinity purified by Cu-chelated resins. (A) GSH resin, either
alone or preincubated and loaded with Cu, was incubated with total protein
extracts from wild-type MEFs. The levels of Mekl, GAPDH, and Erk1/2 were
assayed from the input proteins, GSH resin affinity-purified proteins, and
Cu-charged GSH resin-purified proteins by SDS-PAGE and immunoblotting.
(B) Pentadentate-chelated beads complexed with no metal, zinc, or Cu were
incubated with lysates from Ctrl ™" cells, and Mekl and the KSR1 scaffold
protein were analyzed by immunoblotting as for panel A. (C) Purified recom-
binant rat Mek1 was added to pentadentate beads that were uncharged (metal
free) or charged with zinc (Zn) or Cu, and affinity-purified Mek1 was analyzed
by SDS-PAGE and immunoblotting.

reductions in Cu accumulation result in a diminution of Erk1/2
phosphorylation without altering the upstream signatures of Raf
activation. These observations suggest that Cu may play a role in
the Ras/MAPK signaling pathway at the juncture where Mek1/2
phosphorylate Erk1/2.

Mek1 directly binds Cu. Loss of the Ctrl Cu" transporter or
reductions in Cuaccumulation result in a diminution of insulin or
FGF-stimulated Erk1/2 phosphorylation without altering the up-
stream signatures of Ras and Raf activation. These observations
suggest a defect in Mek activation of Erk via Mek-dependent phos-
phorylation when cells are Cu deficient. To test whether Mekl
itself may be a Cu-binding protein, extracts from wild-type MEFs
were incubated with beads conjugated with the metal-binding tri-
peptide GSH that was either uncharged or charged with Cu. GSH
beads alone were unable to purify Mekl, Erk1/2, or glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) from the lysate (Fig.
6A). However, when GSH beads were preloaded with Cu, Mekl,
but not Erk1/2 or GAPDH, was enriched from total cell extracts.
To further test the specificity of this metal-binding resin and the
metal specificity of Mekl binding, the broad-spectrum metal-
binding ligand pentadentate was used in affinity purification with
MEF protein extracts. As shown in Fig. 6B, while metal-free or
Zn-loaded pentadentate beads were unable to purify Mek1 pro-
tein, Mekl was partitioned from the extract with Cu®>*-loaded
pentadentate. Moreover, the Mek1/2 scaffold protein KSR1 (30)
was not bound to Cu-pentadentate, suggesting that the interac-
tion between the Cu chelate complex and Mek1 may be direct (Fig.
6B). To test for a potential direct interaction, Mek1 protein was
expressed in and purified from Escherichia coli and applied to pen-
tadentate beads for Mek1 partitioning and immunoblotting ex-
periments. As shown in Fig. 6C, recombinant Mekl1 could be ad-
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FIG 7 Recombinant Mek1 metal-binding characteristics. (A) Dialysis experiments under the indicated equilibrium conditions showing a Cu/Mek1 ratio of 2 to
3, depending on competitive or noncompetitive conditions. Competition experiments decreased the ratio by unity, suggesting the presence of a low-affinity site.
(B) Demonstration of saturation binding by equilibrium dialysis with increasing CuCl, concentrations in the dialysate using an independent set of purified rat
Mek1. Mek1 was used at concentrations of 4 to 6 M. (C) Determination of the Cu®" dissociation constant, K,, of Mek1 using the probe PAR showing overall
spectral changes of the Cu-PAR complex on Mekl titration. The inset shows the decrease at 500 nm relative to Mek1 additions for a [Cu-PAR],, 0f 3.9 uM and
a[PAR] . 0f9.3 uM. (D) Apparent K,s at pH 7.4 derived from competition titration using Cu? *-PAR. The asterisk indicates Mek1 dialyzed against a Cu®* -His

complex overnight and then dialyzed against 0.5 M NaCl and 100 mM EDTA.

sorbed onto Cu-loaded pentadentate beads but not metal free or
Zn-loaded beads. Taken together, these results strongly suggest
that Mek1 interacts directly with Cu, with the ability to discrimi-
nate between Cu and Zn.

To further investigate the nature of Cu binding to Mek1, puri-
fied recombinant Mek1 was used for in vitro Cu binding stoichi-
ometry and binding affinity experiments. As shown in Fig. 7A,
purified Mek1 protein was subjected to dialysis against several
concentrations of CuCl,, with and without the presence of com-
petitors, to determine the Cu**-to-protein binding ratio under
equilibrium conditions. Dialysis against 2 uM Cu”" increased the
bound Cu content to ~2.5 molar equivalents (mol equiv) from
the as-isolated ratio of ~0.5. To prevent metal hydrolysis by water,
Cu was also introduced as a Cu-His complex in the dialysate; this
did not alter the bound Cu content. However, the inclusion of 0.1
mM EDTA reduced the Cu content to ~1.5 mol equiv. Dialysis of
Mek1 against a 2 uM Cu®"—4 uM His complex, followed by a
subsequent dialysis step in 0.1 mM EDTA, reduced the Cu content
to approximately 2 mol equiv. Inclusion of Zn(II) and Fe(II) as
competitors in the dialysate gave a Cu/Mekl ratio of 2.1, com-
pared to 2.6 when only Cu®" was present. Taken together, these
dialysis experiments suggest the presence of specific high-affinity
Cu’"-binding sites in Mek1 and a site with low-affinity interac-
tion. In a separate series of equilibrium dialysis experiments in
which the Cu®" content was varied from 0.11 to 15 uM, the max-
imal Cu content associated with Mekl plateaued near ~2.5 mol
equiv (Fig. 7B). The hyperbolic nature of the resulting curve indi-
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cated saturation at higher CuCl, concentrations, and the maximal
ratio agreed well with that of dialysis experiments. Both sets of
experiments indicated more than one Cu binding site. Under
these same conditions, Cu** binding is observed with albumin, a
known Cu’*-binding protein, but not lysozyme or thyroglobulin
(data not shown).

To obtain a precise binding affinity, a series of ligand compe-
tition studies using PAR were conducted (66). PAR is a chromo-
genic chelator forming colored complexes with metal ions. The
affinity of the Cu®"-PAR complex (formation constant [B]) is
3.2 X10", and the equilibrium concentration of the complex is
measurable at 500 nm (extinction coefficient [g], 35,500 M !
cm™ ") with an isosbestic point at 445 nm. Bidentate PAR forms a
1:1 complex with Cu**. Titration of apo-Mekl with the Cu-PAR
complex revealed a concentration-dependent attenuation of the
Cu®"-PAR concentration, consistent with equilibration of Cu®*
from PAR to Mek1 (Fig. 7C). The initial rapid decrease at 500 nm
on increasing apo-Mek1 addition is indicative of a strong affinity
of Mekl1 for Cu®" (Fig. 7C, inset). This decrease at 500 nm was
observed until the Mek1/Cu ratio reached ~0.5, which showed
that effective competition between the PAR ligand and Mek1 was
induced.

Control titrations under the same pH and ionic strength buffer
conditions were performed with EDTA and bovine serum albu-
min (BSA) to validate the Cu”*-PAR titration study. Both EDTA
and BSA are spectrally silent, with known dissociation constants.
EDTA also served to calibrate Cu*"-PAR affinity relative to the
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FIG 8 Mekl kinase activity and association with Erk are stimulated by Cu. (A) Recombinant, GST-tagged human kinase-dead Erk2 and recombinant,
GST-tagged human Mekl were incubated with increasing amounts of CuSO, with or without TTM or Mek inhibitor 1. Mekl phosphorylation of Erk2 was
assessed by Western blotting with Erk1/2 phosphospecific antibody (n = 3). (B) Erk kinase activity in not enhanced by the addition of Cu. Recombinant
GST-hErk2 and recombinant MBP were incubated with increasing amounts of CuSO,. Erk2 phosphorylation of MBP was assessed by Western blotting with MBP
phosphospecific antibody (1 = 2). (C) Coimmunoprecipitation of Mekl and Erk1/2 in Ctr1*'* and Ctr1~/~ MEFs. Mekl immunoprecipitation (IP) from
Ctr1™* and Ctr1~/~ and binding of Erk1/2 were assessed by Western blotting with Mek1 and Erk1/2 antibodies. RalB immunoprecipitation was used as a
negative control. Cu deficiency was assessed by immunoblot analysis of CCS protein levels in whole-cell extract (WCE). Immunoblot analyses of total Mekl,

Erk1/2, and B-tubulin served as loading controls (n = 3).

reaction condition used for our experiments. Calculations of the
Cu’"-binding affinities of EDTA and BSA confirmed literature
values for both ligands (Fig. 7D). Calculations of Mek1 data re-
vealed an apparent dissociation constant of ~107'® M, suggesting
that Cu®" is avidly associated with Mek]1. Since the Cu** binding
stoichiometry is ~2.5 mol equiv, from these experiments, we can-
not resolve whether the Cu®" binding sites are equivalent.

Cu stimulates Mekl-mediated phosphorylation of Erkl in
vitro. The metal pulldown and binding studies support the iden-
tification of Mek1 as a Cu-binding protein. Additionally, Cu de-
ficiency imposed by loss of Ctr1, or through Cu chelating agents or
competitors of Cu uptake, resulted in impaired Mek1-mediated
phosphorylation of Erkl. To further explore the role Cu plays in
the stimulation of Mek1-dependent phosphorylation of Erk1/2, a
series of in vitro experiments were carried out. For these experi-
ments, purified human Mekl protein was incubated with a ki-
nase-dead isoform of hErk2 so that assessments of Erk2 phos-
phorylation mediated by Mek1 could be made in the absence of
Erk2 autophosphorylation (56). The data shown in Fig. 8A are
representative results of 3 in vitro Mek1 kinase activity assays that
yielded similar trends for Mek1 activity. When recombinant Mek1
was incubated with kinase-dead Erk2, an ~2-fold increase in Erk2
phosphorylation was observed that may have been due to residual
Cu that copurified with recombinant Mek1 protein (Fig. 7A, as-
isolated sample) compared to kinase-dead Erk2 alone, which in
and of itself still retains some autophosphorylation ability. How-
ever, Mekl kinase activity was greatly enhanced by Cu addition in
a dose-dependent manner, with Mek1 activity ~20 times greater
in the presence of 2.5 uM CuSO,. Furthermore, Mek! activity in
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the presence of 2.5 uM CuSO, was blunted by the addition of
TTM, a Cu-chelating agent. Similar in vitro kinase assays were
performed with recombinant wild-type Erk2 protein, and no ef-
fect of Cu addition on Erk2 phosphorylation of MBP, a commonly
used substrate for Erk kinase assay, was observed (Fig. 8B).

One possible mechanism of a role for Cu in stimulating Mek1
phosphorylation of Erk is enhancement of the association of the
two proteins. We examined the interaction between endogenous
Mek1 and Erk1/2 under Cu-replete (Ctr1™'* MEFs) or Cu-defi-
cient (Ctrl1~'~ MEFs) conditions using coimmunoprecipitation
experiments. While a fraction of Mek1 and Erk1/2 can be coim-
munoprecipitated in Ctr1™*'* MEFs, this interaction was signifi-
cantly reduced in Ctrl~/~ MEFs (Fig. 8C). These results suggest
that Cu stimulates the physical association of Mek1 with Erk1/2,
which could augment Mek1 phosphorylation of Erk1/2.

Physiological role for Ctrl in Erk activation in mice. The re-
sults presented here demonstrate a strong role for Cu in the Ras/
Raf/Mek/Erk signal transduction pathway in flies and cultured
cells and support direct Cu binding to Mekl. Moreover, our re-
sults suggest that a Cu transport-competent form of Ctr1 is re-
quired to provide Cu to Mekl1. To test for a potential physiological
requirement for Ctrl in Mekl function in animals, mice were
generated with cardiac-tissue-specific ablation of Ctrl expression
(Ctr1"™™" mice) as previously described (29). Protein extracts
from two control (C) and two Ctr1"™"* mutant (M) littermates
were evaluated for Erk1/2 phosphorylation by immunoblotting.
As shown in Fig. 9, hearts from the two Ctr1""™ mice were Cu
deficient, as evidenced by the increased steady-state levels of CCS
compared to those of wild-type control littermates. Moreover,
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FIG 9 Ras/MAPK signaling from mice with Ctrl-deficient hearts recapitu-
lates cell culture observations. Heart lysates from two Ctrl wild-type (Ctr1/"
flox) animals were analyzed by immunoblotting for Mekl, Mek2, phospho-
Mek1/1, Erk, phospho-Erk, CCS, and tubulin as a loading control. C indicates
an individual Ctr1®°* mouse, and M indicates an individual Ctr1""*
mouse analyzed.

cardiac tissue protein extracts from Ctr1""" mice showed a clear

reduction in Erk1/2 phosphorylation and a concomitant increase
in phospho-Mek1/2 levels compared to those of wild-type litter-
mates. The results from tissue-specific ablation of CtrI in mice
parallel those observed comparing cultured Ctr1*/* and Ctr1 ™'~
MEFs and demonstrate a clear physiological role for Ctrl in Mek-
mediated Erk phosphorylation in mammalian tissues.

DISCUSSION

Cu s essential for normal cell proliferation and differentiation, yet
the constellation of biochemical mechanisms in which it partici-
pates in these processes is not well understood. While traditionally
viewed as a structural or catalytic cofactor that stabilizes protein
folds or drives redox chemistry, Cu ions also participate in signal-
ing events through the activation of metalloregulatory transcrip-
tion factors in bacteria, fungi, and mammals (54, 58) and in other
canonical signaling pathways (13, 38). In this work, we provide
strong evidence that the Ctr1 high-affinity Cu™ transporter and
intracellular Cu play important roles in Ras/MAPK pathway acti-
vation. In both flies and mice and in cultured cells, we find that
reduction of intracellular Cu accumulation imposed by loss of
Ctrl Cu transporter protein levels or Ctrl function, results in
impaired insulin/FGF-stimulated activation of Ras/MAPK signal-
ing, as evidenced by a reduction in Erk phosphorylation. Although
the downstream Erk-dependent functions that may be altered in
response to changes in bioavailable Cu have not been evaluated in
this work, previous studies suggest that transcript levels known to
be dependent on Mek signaling are significantly increased in Cu-
treated mammalian cells (41).

Additional evidence for the stimulation of Ras/MAPK signal-
ing by Cu comes from our finding that adequate Cu levels are
important for Mek1/2-dependent phosphorylation of Erk1/2.
Moreover, the observations that purified recombinant Mekl
binds ~2 Cu atoms with high affinity and specificity and in vitro
experiments that demonstrate a Cu dose-dependent stimulation
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of Mek1 kinase activity provide strong evidence to supporta direct
role for Cu ions in Mek1 action. A similar observation of reduced
phosphorylation of Erk2 despite activating phosphorylation of
Mekl has been made in cells expressing Mek1 mutants where the
amino terminus of the protein, a domain important for Erk2 in-
teractions, was deleted (63). Hence, one possible mechanistic ex-
planation for the reduced Erk phosphorylation observed in Cu-
deficient cells and tissues could be reduced interactions between
Mekl and Erk. A corollary to this is that Cu binding may stimulate
the Mek1-Erk interaction, perhaps by stabilizing Mek1 in a con-
formation compatible with productive Erk interactions. Our
studies reported here demonstrate that Cu stimulates the kinase
activity of recombinant Mekl1 toward Erk and promotes the phys-
ical association of Mek1 with Erk in cultured cells. Further studies
are under way to identify Cu ligands within Mek1 and determine
whether the integrity of these ligands is essential for Cu-stimu-
lated Erkl phosphorylation.

The stimulation of Mek-dependent Erk phosphorylation and
the demonstration that Mek1 binds Cu with high specificity and
affinity are reminiscent of bacterial Cu-responsive two-compo-
nent gene regulatory systems in which elevated Cu levels activate
the expression of bacterial genes encoding Cu ™ -transporting ef-
flux pumps. Recently, potential histidine ligands have been pro-
posed for the periplasmic Cu-responsive Cin$ histidine kinase of
Pseudomonas putida, suggesting direct binding of Cu to the Cu-
sensing domain of the kinase, which, in turn, would phosphory-
late and activate the CinR regulatory protein (51). The nature of
potential Cu ligands in Mekl is currently unknown, as are the
mechanisms by which Cu is delivered to Mekl. While both the
CCS and Atoxl Cu chaperones deliver Cu™ to cytosolic Cu™-
binding domains, low-molecular-weight intracellular Cu ligands
could also provide Cu to Mekl (5). It is notable that Mek activity
in vitro is stimulated by Cu, but Cu may not be an absolute re-
quirement for Mek phosphorylation of Erk. In this view, flux of
intracellular Cu accumulation or mobilization may provide a
stimulatory signal for this pathway in response to other prolifer-
ative signals.

The equilibrium binding studies with Mek1 only address the
thermodynamics of the binding reaction. These studies indicate
that Mek1 directly binds ~2 atoms of Cu?* but do not address the
kinetic off rate of Cu binding. Kinetic lability in metal binding is
one basis for metalloregulation. One example is the Cu-responsive
CueR transcriptional regulator in E. coli that binds Cu™ with an
affinity of 107" M (10). A second example is the kinetic lability in
a zinc finger pair motif in the zinc metalloregulatory factor Zap1
in yeast (4). The Zap1 zinc finger pair exhibits the same thermo-
dynamic stability of zinc binding as a related zinc finger pair in the
nonregulatory DNA-binding motif in Zapl, but the two differ
markedly in kinetic lability, with the metalloregulatory finger pair
exhibiting a fast off rate in metal exchange studies. Metalloregu-
lation can be achieved either through a low-affinity metal-binding
site (for example, calcium regulation of calmodulin) or through a
kinetically labile but thermodynamically stable site. Cu modula-
tion of Mek1 function likely arises from the kinetic lability of the
metal site(s).

Our studies are in partial contrast to a previous report which
showed reduced Erk phosphorylation in FGF-stimulated Xenopus
embryos treated with morpholinos against the Xenopus Ctrl,
Xctrl (20). The authors proposed that this occurs ina Cu* trans-
port-independent fashion and that Ctrl serves as a scaffold to

Molecular and Cellular Biology


http://mcb.asm.org

regulate Mek signaling. Consistent with this report, we demon-
strate in cultured Drosophila and mouse cells, and in fly and mouse
models, that the Ctr1 high-affinity Cu™ transporter plays a signif-
icant role in signaling through growth factor receptors to the
MAPK pathway. However, our studies strongly suggest that this
Ctrl-mediated signaling occurs in a Cu-dependent manner. First,
Cu chelation, but not chelation of Fe, greatly reduced Erk phos-
phorylation. Second, Ag, a metal that is isoelectric to Cu* and
competes for entry across the plasma membrane via Ctrl, also
diminished Erk phosphorylation. Third, while insulin-stimulated
Erk phosphorylation was strongly diminished in Ctrl~/~ MEFs
compared to wild-type MEFs, exogenous Cu largely restored in-
sulin-stimulated Erk phosphorylation. Since this was observed in
the absence of Ctr1, it is likely that Cu entered Ctr1 /'~ MEFs via a
Ctrl-independent Cu uptake mechanism that has been previously
described (34). Fourth, the analysis of cells expressing a Cu™
transport-incompetent Ctrl protein strongly suggests that the
Cu™ transport activity of Ctrl is inextricably linked to the stimu-
lation of Mek activity. Finally, we show that purified recombinant
Mek1 directly and specifically binds two atoms of Cu in vitro.

Whereas the present studies demonstrate a regulatory role for
Cu ions in Mekl1 activity, previous X-ray crystallographic studies
did not identify Cu as a bound cofactor. Two considerations may
account for this discrepancy. First, the published crystal structures
of recombinant Mek1 were solved from proteins with amino-ter-
minal truncations (16, 24, 48, 59). The extents of these truncations
varied, but all removed the Erk-binding/docking domain of
Mekl1. Removal of this domain within Mekl is reported to reduce
its ability to phosphorylate Erk2 in vitro and to interact with and
stimulate activation of Erk2 in cells, while still being competent for
binding by the upstream activator Raf-1 (63). Similarly, we have
found that Mek1 from Cu-deficient cells can still be activated by
Raf but has a severely diminished capacity to phosphorylate
Erk1/2. Second, recombinant truncated Mekl protein used in
crystallography studies was expressed and purified, with the ex-
ception of one study, from bacteria. E. coli does not contain any
cuproenzymes in the cytoplasm, and Cu ions are efficiently
pumped from the cytoplasm to the periplasm, thereby restricting
the available Cu concentration in the cytoplasm (62). Thus, cu-
proenzymes expressed in E. coli are often recovered as apopro-
teins. Future studies will be aimed at identifying those amino acid
residues required for Cu binding and will include more-detailed
spectroscopic analyses, such as X-ray absorption spectroscopy,
that can provide information about the coordination chemistry of
the metal within the protein (11).

We present data to specifically support Mek1 as a Cu-binding
protein, but the data presented in this study do not address
whether Mek2 can bind Cu and how this binding might affect
Mek2 activity and Erk1/2 phosphorylation. Future studies should
investigate whether Mek2 binds Cu directly and, if so, whether
apo-Mek2 has a similar effect on Erk1/2 phosphorylation and
whether there may be residues conserved between Mekl and
Mek2 that mediate coordination of the metal. Furthermore, while
Mek2 can also phosphorylate Erk1/2, data have emerged that sup-
port a complex interactive relationship between Mekl and Mek?2
and suggest that Mek1 functions as the critical kinase modulator
of Erk signaling (9). In the absence of Mekl, Mek2 demonstrates
prolonged phosphorylation and activation that, in turn, results in
prolonged phosphorylation of Erk1/2, supporting the idea that
Mekl exerts a negative regulatory effect on Mek2 phosphorylation
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and activation. Thus, while data regarding the Cu-binding com-
petency of Mek2 are currently unavailable, a model of the role of
Cu in regulating Erk1/2 signaling via Mek1/2 proteins can be pro-
posed that is not mutually exclusive of a potential role for Cu in
the regulation of Mek2 activity: in the case where Cu could regu-
late Mek2 activity, Cu deficiency may have an effect on Mek2
activity similar to that reported here for Mek1, or it may be that Cu
deficiency, while diminishing Mek1 activity toward Erk1/2, does
not affect Mekl1 negative regulation of Mek2.

As Cuions play an important role in stimulating Ras-Mek-Erk
pathway activation, the results described here have implications
for understanding the connections between Cu availability and
cancer cell proliferation and metastasis. Cancer cells and serum
from cancer patients have been shown to have alterations in Cu
accumulation (19). Moreover, tumor growth and metastasis are
strongly dependent on angiogenesis, a process that has been dem-
onstrated to be stimulated by Cu (6, 18). For example, treatment
of endothelial cells with Cu stimulates cell migration (40) and
Cu-deficient rabbits were shown to be unable to mount strong
angiogenic responses in corneal angiogenesis assays (49, 52, 65).
Recently, Cu chelators have been investigated for efficacy in clin-
ical trials for the treatment of a range of cancers (18, 25,27). While
the specific roles of Cu in tumor cell proliferation have been sug-
gested to involve the secretion or expression of proangiogenic
growth factors, Cu, Zn, superoxide dismutase activity, and other
targets (6, 18, 39), the precise Cu-dependent mechanisms that
drive cancer cell proliferation and angiogenesis and the targets for
Cu chelating anticancer therapies have not been clearly eluci-
dated. As the MAPK pathway plays important roles in both cell
proliferation and angiogenesis (15, 30), Mek protein kinases may
be critical targets for Cu chelators as chemotherapeutic agents. In
support of this possibility, the Mek kinase inhibitor U0126 was
recently identified in a screening for compounds that affect Cu
metabolism in zebrafish (23).
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