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The Menkes protein (MNK; ATP7A) is a copper-trans-
porting P-type ATPase that is defective in the copper
deficiency disorder, Menkes disease. MNK is localized in
the trans-Golgi network and transports copper to en-
zymes synthesized within secretory compartments.
However, in cells exposed to excessive copper, MNK
traffics to the plasma membrane where it functions in
copper efflux. A conserved feature of all P-type ATPases
is the formation of an acyl-phosphate intermediate,
which occurs as part of the catalytic cycle during cation
transport. In this study we investigated the effect of
mutations within conserved catalytic regions of MNK on
intracellular localization and trafficking from the ¢rans-
Golgi network (TGN). Our findings suggest that muta-
tions that block formation of the phosphorylated cata-
lytic intermediate also prevent copper-induced
relocalization of MNK from the TGN. Furthermore, mu-
tations in the phosphatase domain, which resulted in
hyperphosphorylation of MNK, caused constitutive traf-
ficking from the TGN to the plasma membrane. A similar
effect on trafficking was observed with a phosphatase
mutation in the closely related copper ATPase, ATP7B,
affected in Wilson disease. These findings suggest that
the copper-induced trafficking of the Menkes and Wil-
son disease copper ATPases is associated with the phos-
phorylated intermediate that is formed during the ca-
talysis of these pumps. Our findings describe a novel
mechanism for regulating the subcellular location of a
transport protein involving the recognition of interme-
diate conformations during catalysis.

Intracellular copper levels must be tightly controlled, as a
deficiency or excess of copper is deleterious to cell survival. The
requirement for intact cellular copper transport systems in
humans is highlighted by two genetic disorders of copper me-
tabolism, X-linked Menkes disease and autosomal recessive
Wilson disease (1). These genetic disorders are caused by mu-
tations in distinct but closely related copper-transporting
P-type ATPases, known as the Menkes protein (ATP7A or
MNK) and the Wilson protein (ATP7B or WND). P-type ATP-
ases are a family of ATP-driven cation transporters present in
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all phylae, whose various substrates include H", CaZ*, Mg2",
Na®, K*, Cd?", Pb%*, Zn%*, Ag*, and Cu* (2). These proteins
hydrolyze ATP and use the y-phosphate to form an acyl-phos-
phorylated intermediate, which is subsequently dephosphoryl-
ated by an intrinsic phosphatase activity. This cycle of phos-
phorylation and dephosphorylation provides the energy for
cation translocation across lipid bilayers (3). The MNK and
WND proteins contain the hallmark sequences for ATP bind-
ing, phosphorylation, and phosphatase reactions; however, ad-
ditional sequences have further classified MNK and WND pro-
teins as heavy metal-transporting CPx-ATPases (4). These
additional sequences include Cys-Pro-Cys (CPC) in the sixth
membrane-spanning domain, a His-Pro (HP) dipeptide in the
third cytoplasmic loop, and one or more amino-terminal metal
binding motifs containing the core sequence, Cys-X-X-Cys (see
Fig. 14) (4).

Studies in cultured cells have shown that MNK and WND
proteins are copper exporters (5, 6). The proteins differ in their
tissue distribution of expression; WND is predominantly ex-
pressed in the liver (7), whereas MNK is present in most
non-hepatic tissues (8). In Menkes patients, a defect in copper
export from intestinal cells and aberrant distribution of copper
around the body causes a systemic copper deficiency, with
symptoms including severe neurological and connective tissue
defects, impaired temperature control, and hypopigmentation
(1, 9). The WND protein is required for the export of excess
hepatic copper into the bile, and Wilson patients suffer a toxic
build-up of hepatic copper and cirrhosis of the liver (1).

Immunocytochemical studies have shown that both the
MNK and WND ATPases reside in the final compartment of
the Golgi apparatus, the trans-Golgi network (TGN)! (7, 10—
12). At this location, MNK and WND transport copper to the
lumen of secretory compartments to provide copper to various
copper-dependent enzymes (13, 14). We have shown previously
that in the presence of elevated copper the MNK protein traf-
fics to the plasma membrane, where it maintains copper home-
ostasis via copper efflux (11, 15). In hepatocytes, copper in-
duces the relocalization of WND to cytoplasmic vesicles
associated with the canalicular membrane of bile ducts (12). In
non-hepatic cell types, WND relocalizes to an undefined popu-
lation of cytoplasmic vesicles that may represent a novel copper
storage/detoxification compartment (7, 16). The copper-induced
trafficking of MNK and WND serves to shift the function of
these copper ATPases from their role in the biosynthesis of

! The abbreviations used are: TGN, trans-Golgi network; CHO,
Chinese hamster ovary; MOPS, 4-morpholinepropanesulfonic acid; Wt,
wild-type.

This paper is available on line at http://www.jbc.org
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cuproenzymes in the TGN to copper export and the prevention
of copper toxicity in post-TGN compartments. More recently,
the regulated trafficking of the zinc importer, Zrt1 (17), and the
copper importer, Ctrl (18), in response to changing levels of
their respective metal ligands, has been identified in the yeast
Saccharomyces cerevisiae. Hence, the regulated trafficking of
metal transporters is likely to be a general means by which
metal ion homeostasis is regulated in all eukaryotic cells. So far
there have been no studies on any transporter that address the
mechanisms by which metal ions are sensed and how this
information is coordinated with a trafficking response.

Previous studies have identified several disease-causing mu-
tations in MNK and WND that prevent the copper-induced
trafficking from the TGN (16, 19-23). These mutations do not
cluster within a distinct region, suggesting that the alterations
are unlikely to directly affect copper-induced trafficking per se.
Rather, we hypothesize that the trafficking of MNK and WND
is dependent on copper transport activity and that these mu-
tations indirectly prevent trafficking by affecting catalysis. The
aim of this study was to explore this potential association
between catalysis and trafficking by introducing disease-caus-
ing mutations into the MNK protein that occur in highly con-
served sequences and were either known or predicted to abolish
catalytic copper transport function. Mutations affecting the
conserved CPC and HP sequences, and the phosphorylated
aspartic acid inhibited copper-induced trafficking from the
TGN. However, mutations within the phosphatase domain re-
sulted in the constitutive relocalization of MNK to the plasma
membrane without additional copper. These constitutive traf-
ficking mutations were also associated with hyperphosphoryl-
ation of MNK. Our findings suggest that it is the formation of
the phosphorylated intermediate during MNK catalysis that
serves to trigger the exocytic trafficking of the transporter from
the TGN. These findings identify a novel mechanism underly-
ing the trafficking of a transport protein, whereby catalytic
activity regulates the distribution between subcellular
compartments.

EXPERIMENTAL PROCEDURES

Cells and Reagents—Chinese hamster ovary (CHO) cell lines were
maintained in minimum Eagle’s medium containing 10% fetal bovine
serum and supplemented with 2 mM L-proline and penicillin/streptomy-
cin in a 5% CO,, 37 °C incubator. Affinity-purified MNK antibodies
were raised in sheep against the amino-terminal copper binding domain
as described previously (24). Affinity-purified rabbit anti-WND antibod-
ies (25) were a kind gift from Dr. Svetlana Lutsenko (Oregon Health
Science University).

Mutagenesis—The Transformer mutagenesis kit (Clontech Labora-
tories) was used for all mutagenesis. The MNK mutagenic template was
pCMB129, which contains a 2.1-kb EcoRV fragment in pBluescript
KS(+) (Stratagene). Mutant clones were verified by DNA sequencing
(Applied Biosystems) and subcloned into the MNK expression construct
pCMB344, which is a modified version of pCMB117 (6), in which the
cytomegalovirus promoter has been replaced with the composite cyto-
megalovirus chicken B-actin (CAG) promoter to enhance expression
(26). The WND expression construct contained the human WND ¢cDNA
ligated into the mammalian expression plasmid, pCMB77 (6). The
TGE-AAA mutation within the WND ¢cDNA was generated using the
Transformer mutagenesis kit (Clontech) and verified by DNA
sequencing.

Transfections—CHO cells cultured in 25-cm? flasks were transfected
using LipofectAMINE 2000 and stable lines selected using G418 resist-
ance (Invitrogen) as described previously (24). MNK- and WND-positive
wells were identified for each mutant clone by immunofluorescence
microscopy, and three positive wells for each clone were expanded.
MNK clones with similar expression levels were identified by immuno-
blotting experiments and used in subsequent immunofluorescence
experiments.

Immaunofluorescence and Immunoblotting—Immunofluorescence mi-
croscopy was performed as described previously (24). In some experi-
ments, cells were cultured for 4 h in media containing 200 um CuCl,
(+Cu condition). The basal copper condition was growth media without
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additional copper (~0.5 uM copper). Alexa 594-conjugated anti-sheep
antibodies or Alexa 488-conjugated anti-rabbit antibodies (Molecular
Probes, Eugene, OR) were diluted 1:1000 and used to detect primary
antibodies. Immunoblotting was performed as described previously
(15).

Yeast Accc2 Complementation Assay—This was performed as de-
scribed previously (27). Briefly, mutant MNK ¢cDNAs were ligated into
the yeast expression vector pVT-L (27) and transformed into the
S. cerevisiae Accc2 strain, YSC1 (MAT«a ura3-52 lys2-801 ade2-101
trp1-A1 his3-A200 leu2-A1 Accc2::URA3). The yeast transformants were
grown overnight in YB medium and spotted in 10-fold serial dilutions
onto minimal medium plates supplemented with 60 uM of the copper
chelator bathocuproine disulfonic acid and 60 uM of the iron chelator
bathophenanthroline disulfonic acid and grown for 2 days at 30 °C.

Phosphorylation Assays—Phosphorylation assays were performed
using purified vesicles from yeast Accc2 transformants, as we have
described recently (27). MNK phosphorylation assays were conducted
using 20 pg of vesicle protein on ice in 20 mm MOPS buffer (pH 6.8), 150
mM NaCl, 5 mm MgCl,, 50 uM dithiothreitol, and 5 um CuCl,. Phospho-
rylation reactions proceeded for 20 s after pulsing with 1 um [y->>P]ATP
(10 Ci/mol; GeneWorks). The MNK protein was immunoprecipitated,
subjected to SDS-PAGE, and detected by autoradiography as we have
described previously (27). In some experiments, the copper chelator
bathocuproine disulphonate (1 mM), or the phosphorylation inhibitor
sodium vanadate (200 uMm), were added to reactions (27).

RESULTS

The Effect of Disease-causing Mutations on the Subcellular
Location of the MNK Protein—We began this study by investi-
gating whether copper-induced trafficking of the MNK protein
is dependent on a functional copper transporter. Our initial
strategy was to generate a series of missense mutations in
highly conserved regions of MNK predicted to be functionally
important and test their effects on subcellular location and
copper-induced trafficking. The first mutation tested was
C1000R, which was predicted to be functionally important,
because it affects the first cysteine of the conserved °°°CPC
motif, and this mutation has been shown to cause Menkes
disease (Fig. 1A) (4, 28). An equivalent mutation, C396R, in the
MNK ortholog of Enterococcus hirae, mutation of the second
cysteine of the CPC motif in the MNK ortholog of Caenorhab-
ditis elegans, and mutation of both cysteines of the CPC of the
WND protein have all been shown to inhibit copper transport
activity (29-31). The second mutation to be tested involved the
histidine-proline dipeptide, which is conserved in all CPx-ATP-
ases and located between 39 and 43 amino acids downstream of
the phosphorylated aspartic acid (Fig. 1A). We mutated this
histidine to glutamine (H1086Q) to mimic the common Wilson
disease allele H1069Q (5). Previous studies have shown that
both the H1086Q mutation in MNK and the H1069Q mutation
in WND impair copper transport (7, 32). The Menkes disease
mutation L873R (33) was the third mutation to be tested (Fig.
1A). Leucine 873 is adjacent to the 87°TGE motif, which is
known as the transduction domain or phosphatase domain and
is conserved in all P-type ATPases. Mutations in the TGE
sequence of the H*- and Ca®"-ATPases inhibit cation transport
by blocking the turnover of the phosphorylated protein and
result in accumulation of the phosphorylated enzyme (34, 35).

To test the effect of these mutations on copper-regulated
trafficking of MNK, mutant MNK constructs were transfected
into CHO cells, and stable transfectants that expressed similar
levels of the protein were identified for each mutant (Fig. 1B).
The transfected CHO cells were then used in immunofluores-
cence studies to assess localization and copper-induced traffick-
ing of each mutant MNK protein. In basal copper conditions,
the expected perinuclear distribution of the wild-type MNK
(WtMNK) was observed, consistent with its location on the
TGN (Fig. 2A4). Copper-induced trafficking of WtMNK to the
plasma membrane was observed in cells incubated for 4 h in
200 uMm copper (Fig. 2B), as we have demonstrated previously
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Fic. 1. Mutations introduced in the Menkes ATPase. A, sche-
matic illustration of the MNK protein showing the positions of amino
acids mutated in this study. Filled circles represent the six amino-
terminal copper binding sites. B, immunoblot analysis showing similar
levels of wild-type and mutant MNK proteins stably expressed in cul-
tured CHO cells.

(11). In basal copper conditions the mutant proteins, MNK-
C1000R and MNK-H1086Q, were detected in the perinuclear
region of cells (Fig. 2, C and E). As we have reported previously
for WtMNK (11), the treatment of cells with brefeldin A caused
contraction of both MNK-C1000R and MNK-H1086Q to a tight
juxtanuclear spot (data not shown), which is a specific effect of
brefeldin A on proteins of the TGN. These data suggested that
neither C1000R nor H1086Q mutations interfered with the
TGN localization of MNK. However, in elevated copper both
the MNK-C1000R and MNK-H1086Q proteins remained in the
TGN and did not traffic to the plasma membrane (Fig. 2, D and
F). Increases in the copper concentration or exposure time did
not change this perinuclear location of MNK-C1000R and
MNK-H1086Q proteins (data not shown). These observations
were consistent with the hypothesis that copper-induced traf-
ficking of MNK is dependent on a functional copper
transporter.

A surprising result was obtained when we investigated the
distribution of the MNK-L873R protein. Rather than being
TGN-localized under basal copper conditions, the L873R mu-
tant was associated predominantly with the plasma membrane
(Fig. 2G). This distribution differed from the perinuclear loca-
tion of WtMNK, C1000R, and H1086Q proteins in basal
medium and resembled that of the WtMNK protein under
elevated copper conditions (Fig. 2B). Elevated copper treat-
ment did not change the apparent distribution of the MNK-
L873R protein (Fig. 2H). The leucine 873 residue lies two
amino acids away from the 87°TGE phosphatase domain (Fig.
1A). Mutation of the TGE motif in the sarcoplasmic endoplas-
mic reticulum calcium pump causes hyperphosphorylation by

Trafficking of the MNK ATPase Requires Catalysis

WIMNK

C1000R

H1086Q

L873R

Fic. 2. Analysis of the effect of mutations on the subcellular
distribution and copper-induced trafficking of MNK. Immunoflu-
orescence microscopy was used to determine the subcellular distribu-
tion of mutant MNK proteins stably expressed in CHO cells cultured in
basal or elevated copper conditions. MNK was detected using X60 oil
objective after staining cells with affinity-purified MNK antibodies
(1:1500) followed by a fluorescent Alexa 488-labeled secondary antibody
(1:1000). Cells grown in basal media are indicated by —Cu, and +Cu
indicates cells exposed to 200 uM copper for 4 h.

inhibiting turnover of the E1-P conformation of the enzyme
(34). This information highlighted a possible connection be-
tween MNK phosphorylation and its exocytic trafficking.
Therefore, we speculated that the plasma membrane location of
the L873R mutant protein may be because of the accumulation
of the MNK-phosphorylated catalytic intermediate. To this test
hypothesis more directly, we investigated the effect of muta-
tions within the phosphorylation site and the phosphatase
domain on MNK phosphorylation and trafficking.

The Subcellular Localization of MNK with Mutations in
Phosphorylation and Phosphatase Domains—The aspartic acid
residue within the signature sequence, DKTGT, is the site of
acyl-phosphate formation in all P-type ATPases (36). Studies
involving the expression of MNK in the yeast S. cerevisiae have
shown that the aspartic acid in the DKTGT motif is essential
for copper transport (27). This yeast copper transport assay
involves expression of MNK in the Accc2 mutant, which lacks
the MNK homologue, Ccc2. In the absence of Ccc2, the Accc2
mutant is unable to grow on copper- and iron-limited medium,
because copper transport by Ccc2 to the secreted cuproenzyme,
Fet3, is essential for high affinity iron uptake. The expression
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of MNK complements the poor growth of the Accc2 mutant on
media limited in copper and iron (27, 32). Vesicle preparations
from the MNK-expressing Accc2 mutant have shown that MNK
forms an acyl-phosphate intermediate and that this is depend-
ent on the Asp1044 residue in the DKTGT motif (27). We con-
firmed these previous findings in our study by showing comple-
mentation of the Accc2 growth defect with expression of the
wild-type MNK protein (Fig. 3C) and the formation of a phos-
phorylated intermediate (Fig. 3A). As expected, the D1044E
mutation inhibited the formation of the phosphoenzyme (Fig.
3A) and failed to complement the defective growth phenotype of
the Accc2 mutant (Fig. 3C). The phosphorylation of the 87°TGE-
AAA protein was elevated relative to the WtMNK protein (Fig.
3A), consistent with the predicted role of the TGE motif in
dephosphorylation during catalysis (34, 35). Significantly, the
L873R mutant, which was constitutively located on vesicles
and at the plasma membrane (Fig. 2), also caused hyperphos-
phorylation of MNK (Fig. 3A). The hyperphosphorylation of
875TGE-AAA and L873R mutants was consistent with the pre-
dicted importance of the TGE motif in dephosphorylation of
P-type ATPase proteins. The phosphorylation of 87°TGE-AAA
and L873R mutants was inhibited by the copper chelator,
bathocuproine disulfonic acid, indicating that this phosphoryl-
ation was copper-dependent (Fig. 3B). Moreover, vanadate, a
specific inhibitor of aspartyl-phosphate formation in P-type

ATPases, impaired the phosphorylation of the TGE-AAA and
L873R mutants (Fig. 3B). These observations suggest that both
875TGE-AAA and L873R mutations caused hyperphosphoryla-
tion of MNK and that copper is required as a substrate to
initiate this process. Both the 8"*TGE-AAA and L873R mu-
tants failed to complement the growth defect of the Accc2
mutant (Fig. 3C), and this was consistent with these mutations
blocking the catalytic copper transport cycle.

We then explored the relationship between phosphorylation
and copper-induced trafficking of MNK after stably expressing
the D1044E and 8"°TGE-AAA mutant proteins in CHO cells. In
basal copper conditions, the MNK-D1044E protein was located
in the perinuclear region (Fig. 4C), as found for the wild-type
MNK protein (Fig. 4A). However, in cells exposed to 200 um
copper for 4 h, MNK-D1044E remained perinuclear (Fig. 4D).
No difference to this location was observed with increased
copper levels or exposure times (up to 400 um Cu and 72 h; data
not shown). These findings suggested that the copper-induced
trafficking of MNK requires the formation of the acyl-phos-
phate catalytic intermediate. Significantly, in basal medium
the MNK(®"°TGE-AAA) protein was constitutively located at
the plasma membrane (Fig. 4E), similar to the effect of the
L873R mutation shown earlier (Fig. 2G). No difference in dis-
tribution was observed with addition of excess copper to the
growth medium (Fig. 4F). Hence, both the 37°TGE-AAA and
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WIMNK
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TGE-AAA

TGE-AAA
+ D1044E

Fic. 4. The effect of mutations in phosphorylation and phos-
phatase sequences on the subcellular localization and copper-
induced trafficking of MNK using immunofluorescence micros-
copy. -Cu and +Cu conditions were as for Fig. 2.

L873R mutations caused constitutive relocalization of MNK
from the TGN and caused hyperphosphorylation of MNK in
vitro. This was in sharp contrast to the D1044E mutation,
which inhibited both the phosphorylation and trafficking re-
sponse of MNK. Taken together, these findings suggest that
copper-induced trafficking of MNK from the TGN to the plasma
membrane requires a catalytically active enzyme and is asso-
ciated with formation of the phosphorylated catalytic
intermediate.

Our studies showed that severe copper limitation in vitro
inhibited phosphorylation of both 3" TGE-AAA and L873R mu-
tants (Fig. 3B). To further explore the correlation between
catalysis and trafficking in vivo, we tested whether copper
limitation would prevent the plasma membrane distribution of
the 8”°TGE-AAA and L873R mutants. Reduced levels of both
mutant proteins at the plasma membrane were observed in
cells passaged several times in media depleted of copper with
chelators; however, cell viability was also compromised (data
not shown). It is important to note that in addition to inhibiting
MNK catalysis, copper depletion is also expected reduce the
activity of cytochrome ¢ oxidase, a copper-dependent enzyme
involved in generating cellular ATP. Moreover, ATP is directly
required for the MNK catalytic reaction cycle, as well as being
an indirect energy source for protein trafficking. These poten-
tial secondary effects made analysis of copper depletion on the
location of the phosphatase mutant difficult to interpret.

Trafficking of the MNK ATPase Requires Catalysis
-Cu

Wt WND

WND
TGE-AAA

FiG. 5. The effect on subcellular localization of the Wilson
disease copper ATPase containing a phosphatase domain mu-
tation, 45, TGE-AAA. Immunofluorescence microscopy was used to de-
termine the subcellular distribution of WtWND and the 3**TGE-AAA
mutant in CHO cells. The WND protein was detected using X60 oil
objective after staining fixed cells with affinity-purified WND antibod-
ies (1:5000) and an Alex488-labeled anti-rabbit secondary antibody
(1:1000). -Cu and +Cu conditions were as for Fig. 2.

Therefore, we chose a genetic approach for testing the catalysis-
dependent trafficking model. We reasoned that if the hyper-
phosphorylation of the 8”°TGE-AAA mutant triggered traffick-
ing to the plasma membrane, then a second mutation of the
aspartic acid phosphorylation site to make a double mutant
should suppress this relocalization. A double mutant contain-
ing both the D1044E and ®7°TGE-AAA mutations,
MNK(D1044E/TGE-AAA), was stably expressed in CHO cells.
The location of the MNK(D1044E/TGE-AAA) protein in cells in
basal media was exclusively perinuclear (Fig. 4G) and failed to
undergo relocalization to the plasma membrane in cells ex-
posed to elevated copper (Fig. 4H). Thus, the D1044E mutation
suppressed the 8 TGE-AAA mutation, as would be predicted if
copper-induced trafficking of MNK requires formation of a
phosphorylated catalytic intermediate.

Mutation of the Phosphatase Domain in the Wilson Disease
Copper ATPase Leads to a Constitutive Trafficking Response—
The Wilson disease copper transporting P-type ATPase (WND
or ATP7B) is located within the TGN in basal copper condi-
tions. However, the WND protein traffics to cytoplasmic vesi-
cles rather than the plasma membrane in response to elevated
copper (7, 23). To explore whether copper-induced trafficking of
the WND ATPase occurs via a similar mechanism to MNK, we
tested whether mutation of the 3°®TGE sequence of WND
would trigger a constitutive trafficking response. Immunofluo-
rescence microscopy of transfected CHO cells confirmed previ-
ous studies and showed WtWND to be located in the perinu-
clear region under basal copper conditions (Fig. 5A) and
relocalized to cytoplasmic vesicles in response to elevated cop-
per (Fig. 5B). Significantly, the WND(TGE-AAA) protein was
present in a population of cytoplasmic vesicles under basal
copper conditions (Fig. 5C), which resembled the distribution of
WtWND in cells exposed to elevated copper (Fig. 5B). There
was no change to the vesicular staining of the WND(TGE-AAA)
protein upon exposure of cells to elevated copper (Fig. 5D).
Hence, the TGE mutation in WND appeared to mimic the effect
of elevated copper on the wild-type protein and was analogous
to the plasma membrane localization observed for the TGE
mutation in MNK. Collectively, these data suggest that a sim-
ilar mechanism underlies the copper-induced trafficking of
both MNK and WND proteins, which involves the formation of
the acyl-phosphate intermediate during catalysis.
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DISCUSSION

Disease-causing mutations in MNK and WND have been
shown previously to prevent copper-induced trafficking from
the TGN. MNK trafficking-defective mutations include
A1364V in the seventh transmembrane domain (19), a deletion
of 8%°AL in second cytoplasmic loop (20), and mutations in the
amino-terminal copper binding domains (21, 22). WND traf-
ficking mutations include G943S in the fifth transmembrane
region (23), mutation of the conserved °®3CPC motif within the
sixth transmembrane domain (23), and M1356V in the eighth
transmembrane region (16). These studies indicated that mu-
tations affecting copper-induced trafficking do not appear to
cluster within a single region and thus did not reveal a single
distinct motif essential for trafficking. We hypothesized that
trafficking is coupled with catalysis of MNK and WND and that
mutations that impair copper transport activity also prevent
trafficking. To explore this hypothesis further, we introduced
three disease-associated mutations into sequences of MNK that
are highly conserved in heavy metal ATPases. The C1000R and
H1086Q mutations blocked copper-induced trafficking of MNK
from the TGN; however, L873R caused constitutive localization
of MNK at the plasma membrane under basal and elevated
copper conditions. The close proximity of the L873R mutation
to the TGE phosphatase domain provided a clue to the possible
association of copper-induced trafficking of MNK with forma-
tion of phosphorylated catalytic intermediate.

We found that mutation of the phosphorylation site of MNK
impaired both the copper-induced trafficking to the plasma
membrane and the formation of the phosphorylated interme-
diate. However, the TGE-AAA and L873R mutations resulted
in hyperphosphorylation, and this was associated with a con-
stitutive relocalization from the TGN. These findings suggest
that formation of the acyl-phosphate intermediate is required
for trafficking of MNK, and by locking the protein in the phos-
phorylated state, a constitutive trafficking response occurs
even in basal copper conditions. Moreover, the finding that the
double mutant D1044E/TGE-AAA inhibited copper-regulated
trafficking from the TGN demonstrated that the plasma mem-
brane location of the TGE-AAA mutation alone was dependent
on catalytic phosphorylation of MNK at Asp!®#*. This TGE-
AAA localization was unlikely to have arisen through protein
misfolding and secretion to the plasma membrane and was
consistent with the phosphorylation-dependent trafficking
model.

The analysis of the phosphatase mutation in the WND
ATPase provided further evidence for a link between the for-
mation of a phosphoenzyme intermediate and copper-induced
trafficking. The WND phosphatase mutation caused constitu-
tive relocalization from the TGN to a vesicular distribution in
basal medium, which appeared similar to that induced by ele-
vated copper for the wild-type WND protein. Thus, the phos-
phatase domain mutations in both MNK and WND result in
relocalization from the TGN. But rather than both proteins
trafficking to the plasma membrane, these proteins were tar-
geted to destinations that were similar to those of their respec-
tive wild-type proteins under elevated copper conditions and
suggested preservation of sorting signals for targeting MNK
and WND to the appropriate the post-TGN trafficking
pathways.

How does this model of phosphorylation-dependent traffick-
ing explain the copper-induced relocalization of MNK and
WND from the TGN? The copper-induced trafficking of MNK
and WND proteins presumably switches the function of these
ATPases from their nutritional roles in metallating secreted
cuproenzymes to protective roles in the export of excess copper
in post-Golgi compartments and the plasma membrane. Our
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studies suggest that a key aspect of this switch in function is
the catalytic cycle of the ATPase itself. It is unclear at this
stage whether exocytic sorting of MNK and WND into vesicles
at the TGN is directly coupled with formation of the phospho-
rylated intermediate or whether this sorting process involves
additional downstream conformations or modifications. More-
over, the adaptor proteins that are likely to be involved in
recognizing MNK and WND and recruiting these transporters
into vesicles have not been identified. However, the identifica-
tion of mutations in this study that either prevent or constitu-
tively induce this trafficking response provides exciting new
tools for identifying these sorting proteins.

It is important to note that the catalysis-dependent traffick-
ing model does not predict that MNK and WND will undergo
trafficking from the TGN with every catalytic cycle. Several
factors that may determine whether a catalytically active
transporter will be recruited into an exocytic vesicle include
correct localization within a distinct subcompartment of the
TGN for protein sorting or the affinity of the ATPases for
components of the protein sorting machinery. Indeed, it is
likely that a proportion of MNK and WND protein must be
retained in the TGN or earlier secretory compartments to com-
plete catalytic cycling without undergoing exocytosis to load
copper onto secreted cuproenzymes (13, 14).

The catalysis-dependent trafficking model suggests that the
steady state TGN location of MNK and WND under low copper
conditions is a reflection of the small proportion of molecules
cycling through phosphorylated catalytic intermediates. The
shift in distribution of MNK and WND from the TGN upon
exposure to elevated copper can be explained by an increase in
the proportion of catalytically active proteins and thus the
number of transporters cycling through the phosphorylated
conformation. By coupling the trafficking of the copper ATP-
ases with catalytic activity, this would allow an appropriate
equilibrium of the ATPases to be established between the TGN
and post-TGN compartments following dietary copper intake.
Moreover, this would provide autoregulation of the trafficking
response. In this scenario, the trafficking of MNK and WND
proteins to post-TGN compartments would allow the removal of
excess copper. This would then lower copper levels to the point
where catalytic turnover is insufficient to maintain a steady-
state post-TGN distribution, and the equilibrium is ultimately
shifted back to the TGN.

In summary, our findings provide the first molecular in-
sights into the mechanism by which the mammalian copper
ATPases traffic from the TGN in response to copper. The reg-
ulation of subcellular distribution of a transport protein
through a mechanism involving recognition of catalytic inter-
mediates is unlike other known regulated trafficking mecha-
nisms. It remains to be shown whether a similar strategy has
been adopted for the metal-regulated trafficking of other pro-
teins such as the zinc importer, Zrt1, and the copper importer,
Ctrl, and the prion disease protein, PrP (17, 18, 37).

Acknowledgments—We thank Dr. S. Lutsenko for the kind gift of the
WND antibody and Drs. D. Eide and E. Rogers for critical evaluation of
the manuscript and helpful discussions.

REFERENCES

. Danks, D. M. (1995) in The metabolic and Molecular Basis of Inherited Disease
(Scriver, C. R., Beaudet, A. L., Sly, W. M., and Valle, D., eds) 7th Ed., Vol.
1, pp. 2211-2235, McGraw-Hill, Inc., New York

. Axelsen, K. B., and Palmgren, M. G. (1998) JJ. Mol. Evol. 46, 84-101

. Lutsenko, S., and Kaplan, J. H. (1995) Biochemistry 34, 15607-15613

Solioz, M., and Vulpe, C. (1996) Trends Biochem. Sci. 21, 237-241

. Payne, A. S., Kelly, E. J., and Gitlin, J. D. (1998) Proc. Natl. Acad. Sci. U. S. A.
95, 10854-10859

. La Fontaine, S., Firth, S. D., Camakaris, J., Engelzou, A., Theophilos, M. B.,
Petris, M. J., Lockhart, P., Greenough, M., Brooks, H., Reddel, R. R., and
Mercer, J. F. B. (1998) J. Biol. Chem. 273, 31375-31380

7. Hung, 1. H., Suzuki, M., Yamaguchi, Y., Yuan, D. S., Klausner, R. D., and

NN -

[=2)

9002 ‘TT J12qwaidas uo UoSIpeN-UISUOISIAA JO Alisianiun 1e Bio aglmmm woly papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

46742

11.
12.

13.

14.

15.

16.
17.
18.

19.
20.

Gitlin, J. D. (1997) J. Biol. Chem. 272, 21461-21466

. Paynter, J. A, Grimes, A., Lockhart, P., and Mercer, J. F. B. (1994) FEBS Lett.

351, 186-190

. Kaler, S. G. (1996) Nat. Genet. 13, 21-22
. Yamaguchi, Y., Heiny, M. E., Suzuki, M., and Gitlin, J. D. (1996) Proc. Natl.

Acad. Sci. U. S. A. 93, 14030-14035

Petris, M. J., Mercer, J. F. B., Culvenor, J. G., Lockhart, P., Gleeson, P. A., and
Camakaris, J. (1996) EMBO J. 15, 6084-6095

Schaefer, M., Hopkins, R. G., Failla, M. L., and Gitlin, J. D. (1999) Am. J.
Physiol. 276, G639-G646

Terada, K., Nakako, T., Yang, X. L., lida, M., Aiba, N., Minamiya, Y., Nakai,
M., Sakaki, T., Miura, N., and Sugiyama, T. (1998) J. Biol. Chem. 273,
1815-1820

Petris, M. J., Strausak, D., and Mercer, J. F. B. (2000) Hum. Mol. Genet. 9,
28452851

Camakaris, J., Petris, M., Bailey, L., Shen, P., Lockhart, P., Glover, T. W.,
Barcroft, C. L., Patton, J., and Mercer, J. F. B. (1995) Hum. Mol. Genet. 4,
2117-2123

La Fontaine, S., Theophilos, M. B., Firth, S. D., Parton, R. G., and Mercer,
J. F. B. (2001) Hum. Mol. Genet. 10, 361-370

Gitan, R. S., Luo, H., Rodgers, J., Broderius, M., and Eide, D. (1998) J. Biol.
Chem. 273, 28617-28624

Ooi, C. E., Rabinowich, E., Dancis, A., Bonifacino, J. S., and Klausner, R. D.
(1996) EMBO J. 15, 3515-3523

Ambrosini, L., and Mercer, J. F. B. (1999) Hum. Mol. Genet. 8, 1547-1555

La Fontaine, S., Firth, S. D., Lockhart, P., Brooks, H., Camakaris, J., and
Mercer, J. F. B. (1999) Hum. Mol. Genet 8, 1069-1075

21.
22.
23.
24.
25.

26.
217.

28.
29.
30.

31.

Trafficking of the MNK ATPase Requires Catalysis

Goodyer, I. D., Jones, E. E., Monaco, A. P., and Francis, M. J. (1999) Hum. Mol.
Genet. 8, 1473-1478

Strausak, D., La Fontaine, S., Hill, J., Firth, S. D., Lockhart, P. J., and Mercer,
J. F. B. (1999) J. Biol. Chem. 274, 11170-11177

Forbes, J. R., and Cox, D. W. (2000) Hum. Mol. Genet. 9, 1927-1935

Petris, M. J., and Mercer, J. F. B. (1999) Hum. Mol. Genet. 8, 2107-21175

Tsivkovskii, R., Eisses, J. F., Kaplan, J. H., and Lutsenko, S. (2002) <J. Biol.
Chem. 2717, 976-983

Niwa, H., Yamamura, K., and Miyazaki, J. (1991) Gene 108, 193-199

Voskoboinik, I., Mar, J., Strausak, D., and Camakaris, J. (2001) J. Biol. Chem.
276, 2862028627

Tumer, Z., and Horn, N. (1999) Adv. Exp. Med. Biol. 448, 83-95

Forbes, J. R., and Cox, D. W. (1998) Am. J. Hum. Genet. 63, 1663-1674

Bissig, K. D., Wunderli-Ye, H., Duda, P. W., and Solioz, M. (2001) Biochem. <.
357, 217-223

Yoshimizu, T., Omote, H., Wakabayashi, T., Sambongi, Y., and Futai, M.
(1998) Biosci. Biotechnol. Biochem. 62, 1258 -1260

. Payne, A. S., and Gitlin, J. D. (1998) J. Biol. Chem. 273, 3765-3770
. Ogawa, A., Yamamoto, S., Takayanagi, M., Kogo, T., Kanazawa, M., and

Kohno, Y. (1999) J Hum Genet 44, 206—-209

. Clarke, D. M., Loo, T. W., and MacLennan, D. H. (1990) J. Biol. Chem. 265,

14088-14092

. Portillo, F., and Serrano, R. (1988) EMBO J. 7, 1793-1798
. Moller, J. V., Juul, B., and le Maire, M. (1996) Biochim. Biophys. Acta 1286,

1-51

. Pauly, P. C., and Harris, D. (1998) J. Biol. Chem. 273, 33107-33110

9002 ‘TT J12qwaidas uo UoSIpeN-UISUOISIAA JO Alisianiun 1e Bio aglmmm woly papeojumod


http://www.jbc.org

