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Abstract
BACKGROUND—Menkes disease is a fatal neurodegenerative disorder of infancy caused by
diverse mutations in a copper-transport gene, ATP7A. Early treatment with copper injections may
prevent death and illness, but presymptomatic detection is hindered by the inadequate sensitivity
and specificity of diagnostic tests. Exploiting the deficiency of a copper enzyme, dopamine-β-
hydroxylase, we prospectively evaluated the diagnostic usefulness of plasma neurochemical
levels, assessed the clinical effect of early detection, and investigated the molecular bases for
treatment outcomes.

METHODS—Between May 1997 and July 2005, we measured plasma dopamine, norepinephrine,
dihydroxyphenylacetic acid, and dihydroxyphenylglycol in 81 infants at risk. In 12 newborns who
met the eligibility criteria and began copper-replacement therapy within 22 days after birth, we
tracked survival and neurodevelopment longitudinally for 1.5 to 8 years. We characterized ATP7A
mutations using yeast complementation, reverse-transcriptase–polymerase-chain-reaction analysis,
and immunohistochemical analysis.

RESULTS—Of 81 infants at risk, 46 had abnormal neurochemical findings indicating low
dopamine-β-hydroxylase activity. On the basis of longitudinal follow-up, patients were classified
as affected or unaffected by Menkes disease, and the neurochemical profiles were shown to have
high sensitivity and specificity for detecting disease. Among 12 newborns with positive screening
tests who were treated early with copper, survival at a median follow-up of 4.6 years was 92%, as
compared with 13% at a median follow-up of 1.8 years for a historical control group of 15 late-
diagnosis and late-treatment patients. Two of the 12 patients had normal neurodevelopment and
brain myelination; 1 of these patients had a mutation that complemented a Saccharomyces
cerevisiae copper-transport mutation, indicating partial ATPase activity, and the other had a
mutation that allowed some correct ATP7A splicing.

CONCLUSIONS—Neonatal diagnosis of Menkes disease by plasma neurochemical
measurements and early treatment with copper may improve clinical outcomes. Affected
newborns who have mutations that do not completely abrogate ATP7A function may be especially
responsive to early copper treatment.
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Menkes disease is an infantile-onset X-linked recessive neurodegenerative disorder caused
by deficiency or dysfunction of a copper-transporting ATPase, ATP7A.1–3 The clinical and
pathologic features of this condition reflect decreased activities of enzymes that require
copper as a cofactor, including dopamine-β-hydroxylase, cytochrome c oxidase, and lysyl
oxidase.4 Recent studies indicate that ATP7A normally responds to N-methyl-D-aspartate
receptor activation in the brain,5,6 and an impaired response probably contributes to the
neuropathology of Menkes disease. Affected infants appear healthy at birth and develop
normally for 6 to 8 weeks. Subsequently, hypotonia, seizures, and failure to thrive occur,
and death by 3 years of age is typical.

Treatment with daily copper injections may improve the outcome in Menkes disease if
commenced within days after birth7–13; however, newborn screening for this disorder is not
available, and early detection is difficult because clinical abnormalities in affected newborns
are absent or subtle.4,14 Moreover, the usual biochemical markers, low serum copper and
ceruloplasmin, are unreliable predictors in the neonatal period, since levels in healthy
newborns15 are low and overlap with those in infants with Menkes disease. Although
molecular diagnosis is available, its use is complicated by the diversity of mutation types
and the large size of ATP7A (150 kb).16

A promising test for neonatal diagnosis of Menkes disease involves measurement of the
neurochemicals dopamine, norepinephrine, dihydroxyphenylacetic acid, and
dihydroxyphenylglycol in the plasma.17 Because of decreased activity of dopamine-β-
hydroxylase, the ratio of dihydroxyphenylacetic acid to dihydroxyphenylglycol is
distinctively elevated in patients with Menkes disease.18 From the known pathways of
catecholamine synthesis and metabolism (Fig. 1), one would also predict a high ratio of
dopamine to norepinephrine.

In addition to presymptomatic diagnosis, other challenges in the treatment of Menkes
disease involve overcoming defective copper transport at two levels, the gastrointestinal
tract and the blood–brain barrier, and the potential renal toxicity of exogenous copper.4

Intraperitoneal injections of copper bypass the gastrointestinal barrier and are curative in a
mouse model of Menkes disease19; however, the neurodevelopmental outcomes after early
subcutaneous copper injections in patients vary,4,7–13 a result implying that the human blood
brain–barrier is an important hurdle. The variable outcomes after early treatment are not
well understood.11,13,20,21

In this study, we prospectively evaluated the sensitivity and specificity of plasma
neurochemical analysis for the diagnosis of Menkes disease, determined the clinical effect of
early diagnosis and treatment, and investigated the molecular bases for treatment outcomes.

METHODS
SUBJECTS

From May 1997 through July 2005, we evaluated 81 infants who were at risk for Menkes
disease because of a positive family history or suggestive clinical or biochemical findings
(Table 1). The study was approved by the institutional review boards of the National
Institute of Child Health and Human Development and the National Institute of
Neurological Disorders and Stroke. Follow-up included physical examination and
neurodevelopmental assessment, or communication with referring physicians, other health
care providers, or the infants’ parents. Twelve of the infants who met the eligibility criteria
(1 month of age or less with no neurologic symptoms) were enrolled in a clinical trial of
early copper treatment reviewed by a data and safety monitoring committee. Written
informed consent was obtained from parents. The study drug was copper histidine (Food and
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Drug Administration [FDA] Investigational New Drug 34,166; holder, S.G. Kaler; prepared
by the National Institutes of Health [NIH] Pharmaceutical Development Service), as
previously described.12 The patients visited the NIH Clinical Center approximately every 6
months for clinical and biochemical follow-up. Eight patients received treatment for 3 years;
one patient, who died during the trial, received treatment for 1.6 years; and three patients
under 3 years of age are still being treated. The dosage regimen was 250 μg by
subcutaneous injection twice daily to 1 year of age and 250 μg once daily thereafter.

In a historical control group of 15 late-diagnosis patients (mean age [±SD] at diagnosis,
163±113 days; range, 42 to 390) also treated at the NIH with the same copper regimen,
identification was based on classic clinical and biochemical findings (low serum copper and
ceruloplasmin after the age of 3 months).4 The interval from diagnosis to initiation of copper
treatment in these patients varied, depending on the time of their referral to this study. Five
patients received treatment for 3 years, and 10 died before 3 years of treatment could be
completed. The mean length of treatment for the latter patients was 12.2 months (range, 4.0
to 18.0).

ANALYSES OF PLASMA NEUROCHEMICAL VALUES AND ATP7A MUTATIONS
Analyses of plasma neurochemical values and ATP7A mutations were performed in our
laboratory as previously described16,18 under standards and conditions certified according to
the Clinical Laboratory Improvement Amendments. DNA sequencing involved ATP7A
exons and exon boundaries and was performed in both directions.

YEAST COMPLEMENTATION ASSAY
We used site-directed mutagenesis to generate the mutant ATP7A allele N1304S, as
previously described. 22 Other mutant constructs were prepared in the same fashion, and
DNA cassettes containing sequences of interest were ligated into a yeast expression vector,
MNKpYES6/CT, with fidelity confirmed by sequencing. We used wild-type and ccc2
deletion (CCC2 copper-transport deletion23) strains of Saccharomyces cerevisiae; the ccc2
deletion strain was from the Saccharomyces Genome Deletion Project.24 Transformation of
ccc2 deletion and complementation experiments were performed as previously described.22

IMMUNOHISTOCHEMICAL ANALYSIS AND CONFOCAL MICROSCOPY
Dermal fibroblasts were fixed on glass slides with 4% paraformaldehyde. Blocking was
performed with 3% goat serum at room temperature for 1 hour. Samples were incubated
with a rabbit antibody to the carboxyl terminus of mouse ATP7A and a Golgi marker, NBD
C6-ceramide (Molecular Probes), at dilutions of 1:2000 and 1:500, respectively, at 4°C
overnight, and incubated with Texas Red–labeled antirabbit IgG antibody (Molecular
Probes) at room temperature for 2 hours. Cells were viewed by a confocal microscope
(Eclipse, Nikon), and images were captured by Confocal Assistant software.

REVERSE-TRANSCRIPTASE–POLYMERASE-CHAIN-REACTION ANALYSIS
Fibroblast RNA was extracted with an RNeasy Kit (Qiagen). First-strand synthesis was
carried out with an Enhanced Avian First Strand Synthesis Kit (Sigma). Reverse-
transcriptase–polymerase-chain-reaction (RT-PCR) analysis for mRNA was carried out with
primers 5′-GAAGGATCGGTCAGCAAGTC-3′ from exon 8 (forward) and 5′-
GGTTGCCAGCACAATCAGTA-3′ from exon 10 (reverse), which generated a normal
363-bp product.
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NEUROLOGIC OUTCOME MEASURES
We obtained baseline and follow-up electroencephalograms for the 12 infants enrolled in the
early-treatment trial. Most patients underwent four or more electroencephalograms. Tracings
were considered abnormal if any of the following findings were present: background
slowing or disorganization, spike waves or polyspikes, or diffuse spike-and-slow-wave
complexes.

We obtained magnetic resonance scans of the brain using T1- and T2-weighted techniques as
well as flow-attenuated inversion recovery. Patients underwent up to three scans. We
evaluated these studies for the presence of structural brain abnormalities and progression of
white-matter myelination.

We used the Denver Developmental Screening Test II to track neurodevelopment in four
areas. These were gross motor, language, fine motor–adaptive, and personal–social.25

STUDY DESIGN AND STATISTICAL ANALYSIS
All authors vouch for the accuracy and completeness of the reported data. Frontier Science
and Technology Research Foundation performed the statistical analyses. Three paired
comparisons were made of mean neurochemical levels and ratios: all affected versus all
unaffected infants (46 and 35 infants, respectively), older (>1 month) affected versus older
unaffected infants (32 and 13 infants, respectively), and newborn (≤1 month) affected versus
newborn unaffected infants (14 and 22 infants, respectively). Group means were compared
by nonparametric Wilcoxon rank-sum tests. A two-tailed P value less than 0.05 was
considered to indicate statistical significance. Receiver-operating-characteristic (ROC)
curves were determined for plasma dopamine, plasma dihydroxyphenylacetic acid, the ratio
of dopamine to norepinephrine, and the ratio of dihydroxyphenylacetic acid to
dihydroxyphenylglycol as independent diagnostic tests for Menkes disease in the 36 at-risk
newborns (≤1 month of age at screening). Our earlier work18 suggested that ratios of
catechol levels distinguished between affected and unaffected infants as well as or better
than did levels of individual catechols. Therefore, in this study we based diagnostic
determinations on the ratios; a ratio of dihydroxyphenylacetic acid to
dihydroxyphenylglycol of 4.0 or less was predefined as a negative test result and a value of
more than 4.0 was predefined as a positive test result. The cutoff date for data acquisition in
the current study was January 15, 2007.

RESULTS
PROSPECTIVE DIAGNOSIS WITH PLASMA CATECHOLAMINE ANALYSIS

The mean plasma concentrations of dihydroxyphenylacetic acid, dopamine, norepinephrine,
and dihydroxyphenylglycol differed between infants at risk in whom the Menkes disease
phenotype did not develop (35 infants) and those subsequently determined to have Menkes
disease according to clinical, biochemical (low serum copper and ceruloplasmin at >3
months of age), or molecular criteria (46 infants) (P<0.001 for all comparisons) (Table 1). In
affected as compared with unaffected patients, dopamine and dihydroxyphenylacetic acid
levels were higher and norepinephrine and dihydroxyphenylglycol levels were lower. The
ratios of dopamine to norepinephrine and dihydroxyphenylacetic acid to
dihydroxyphenylglycol differed between affected and unaffected infants (P<0.001 for both
comparisons).

Among at-risk newborns 1 month old or less (Table 1), a scatter plot of dopamine-to-
norepinephrine versus dihydroxyphenylacetic acid–to-dihydroxyphenylglycol ratios (Fig.
1A) clearly distinguished affected from unaffected infants. ROC analyses showed a C
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statistic of 1.0 for plasma dopamine and 0.96 for plasma dihydroxyphenylacetic acid (Fig.
1B), results indicating high sensitivity and specificity.

MOLECULAR AND BIOCHEMICAL FINDINGS IN ASYMPTOMATIC NEWBORNS
Of 14 newborn infants with high ratios of both dopamine to norepinephrine and
dihydroxyphenylacetic acid to dihydroxyphenylglycol, 12 were enrolled in a clinical trial of
daily copper injections. The two nonenrolled infants were born outside the United States; the
family of one of these patients declined treatment, and the other patient received copper-
injection treatments at his local hospital. Subsequent biochemical and clinical findings
indicated the diagnosis of Menkes disease in these patients, both of whom died within the
first 2 years of life. We did not perform mutation analysis on these two infants.

Table 2 summarizes the mutations and post-treatment biochemical data for the 12 patients in
the clinical trial. We identified 10 different mutations. The serum copper levels achieved
were higher than those in infants with untreated Menkes disease26 in all but two patients
(Patients 2 and 11). All patients tested showed increased levels of urinary β2-microglobulin,
a sensitive marker of renal tubular damage.27

SURVIVAL IN INFANTS RECEIVING EARLY DIAGNOSIS AND TREATMENT
We compared survival among the cohort receiving early diagnosis and treatment (mean age
at first treatment, 10±4 days) with that among a historical control group of 15 patients with
Menkes disease also followed at the NIH Clinical Center who received a diagnosis and were
treated later in infancy (mean age at diagnosis, 163±113 days). Survival was 92% after a
median follow-up of 4.6 years among patients treated with copper early and 13% after a
median follow-up of 1.8 years among the historical control group of patients who were
treated late.

NEUROLOGIC OUTCOMES
Electroencephalographic abnormalities were detected in 7 of 12 patients (58%), although
only 2 had evidence of clinical seizures. Abnormal findings included background slowing or
disorganization, focal slowing (mainly in the posterior head region), focal spike waves or
polyspikes (predominantly in the occipital region), and diffuse spike-and-slow-wave
complexes. Distinct abnormalities on brain magnetic resonance imaging (MRI), including
cortical cerebral and cerebellar atrophy and delayed myelination, were evident in six of nine
patients studied. Two patients (Patients 5 and 8) had normal serial brain MRI scans.

We noted a range of neurodevelopmental outcomes in the early-treatment cohort (Fig. 2).
Two patients had completely normal neurodevelopment during the 3-year treatment period
and beyond. At their present ages (7 and 5 years), they have normal neurologic function, are
bright and active children, and do not require special education. The mutations associated
with these outcomes are IVS9,DS,+6T→G (Patient 5) and G666R (Patient 8). An unrelated
patient with the G666R mutation (Patient 4) had a less successful clinical response (Fig.
2A), although his neurodevelopmental achievements clearly exceed those attained by his
deceased maternal relative. At his present age (8 years), he rides a tricycle, walks with
support, and is very socially interactive. He showed no distinctive electroencephalographic
or brain MRI abnormalities (data not shown). In contrast, patients with large or small
deletions that disrupt the ATP7A translational reading frame (Patients 1, 2, 3, 6, 7, 9, 11, and
12) and one with a mutation that introduces a premature termination (or nonsense) codon
(Patient 10) had less dramatic responses to early treatment, and one died (Patient 1).
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CHARACTERIZATION OF MUTATIONS
To further address the variability in response to early copper treatment among these patients,
we characterized several representative mutations. These included deletion of exon 1
(Patient 2), deletion of exons 20 to 23 (Patient 12), the missense mutation G666R (Patients 4
and 8), and the IVS9 splice-junction alteration (Patient 5). We did not characterize Q1385X
(Patient 10), since the predicted consequence of this nonsense mutation is similar to that of
deletion of exons 20 to 23.

RT-PCR experiments using fibroblast RNA from Patient 5 and his profoundly impaired
older brother disclosed that the major effect of IVS9,DS,+6 T→G is skipping of exon 9
(Fig. 3A). Exon 9 contains 226 bp of the ATP7A sequence, which encode the first two
transmembrane segments in the gene product.9 In addition to this mutant transcript, we
detected a small quantity of the properly spliced transcript in both patients.

We used a yeast complementation assay22 to study the effects of deletion of exons 20 to 23
and G666R on ATP7A function. The results indicated that G666R partially complemented
the S. cerevisiae copper-transport knockout ccc2 deletion, indicating some residual
functional copper-transport capacity in this mutant allele (Fig. 3B). In contrast, the mutant
allele with deletion of exons 20 to 23 failed to complement ccc2 deletion, implying absence
of any residual copper-transport function. Transformation of ccc2 deletion with a mutant
allele (N1304S) previously noted to have residual copper ATPase activity22 and with an
empty vector, as positive and negative controls, respectively, gave the expected results (Fig.
3B).

Exon 1 of ATP7A is noncoding; deletion of this exon may include the ATP7A promoter and
thus eliminate expression of the gene.28 We used immunohistochemical analysis and
confocal microscopy to evaluate ATP7A expression in cultured fibroblasts from Patient 2,
who had an exon 1 deletion, and found no detectable signal (Fig. 3C).

DISCUSSION
Infants with Menkes disease who began copper treatment within the neonatal period had
better survival than infants who began treatment later. To identify candidates for treatment,
we exploited the copper dependence of dopamine-β-hydroxylase by measuring plasma
catecholamine levels in infants at risk. Our results indicate that this approach has high
sensitivity and specificity for diagnosing Menkes disease prospectively, including during its
brief presymptomatic stage.

Copper is incorporated into dopamine-β-hydroxylase apoenzyme within the trans-Golgi
compartment of noradrenergic neurons, a process mediated by ATP7A. In patients with
congenital absence of dopamine-β-hydroxylase, the ratio of dihydroxyphenylacetic acid to
dihydroxyphenylglycol is greater than 1000:1 and the ratio of dopamine to norepinephrine is
approximately 50:1.18 Our results indicate that small but highly consistent elevations in both
of these ratios are characteristic of Menkes disease.

We and others have reported isolated cases of Menkes disease in which early treatment with
injected copper was associated with variable clinical success7–13 or with failure.9,28 On the
basis of the correlations between molecular findings and clinical success presented here, we
suggest that the response to early copper treatment depends on the ATP7A genotype and
that optimal outcomes occur only in patients with mutations that permit some residual
copper transport. The normal neurodevelopmental outcomes in Patients 5 and 8 may reflect
the combined effect of the correction of serum copper levels (Table 2) and the capacity for
residual copper-transport activity associated with IVS9,DS,+6T→G and G666R,
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respectively. We speculate that this activity was sufficient for delivery of copper across the
blood–brain barrier.

Patient 4, who also had the G666R mutation, showed some delay in all neurodevelopmental
spheres at 36 months of age (Fig. 2), although his clinical outcome was better than that of
most members of this cohort and better than that of his maternal uncle, who received a
diagnosis later. Although compliance with the experimental treatment appeared to be
excellent, this infant entered the trial at 22 days of age, 8 to 17 days later than all other
participants. This later initiation of treatment may explain the less successful treatment
outcome.

We found no evidence for residual copper transport in patients with ATP7A deletions that
disrupt the translational reading frame, and the nine infants with Menkes disease who had
these mutations did not achieve normal neurodevelopment, despite early treatment.
However, these patients had better survival and a lower incidence of clinical seizures (two of
nine infants, or 22%) than would be expected among those with untreated Menkes disease,4

perhaps as a result of their access to early diagnosis and treatment. The mechanisms
underlying these improvements in patients with complete loss-of-function mutations remain
unclear.

More than 3 years of copper-replacement therapy for patients with Menkes disease may not
be necessary or desirable. We chose a 3-year treatment period on the basis of the expected
nephrotoxicity of the study drug and the knowledge that brain myelination is typically
completed by 24 months of age. We found evidence of renal tubular damage associated with
copper treatment in all patients tested, although this damage appears to be reversible. For
example, in Patient 5, the urinary concentration of β2-microglobulin reached 28.0 mg per
liter (2373.0 nmol per liter) during treatment and declined to a normal level of 0.1 mg per
liter (8.4 nmol per liter) 3 years after cessation of treatment.

Patients who completed the trial have shown no declines in neurologic or cognitive skills
after termination of treatment. This is also the case for a patient we previously reported on12

who remains alive and well at the age of 13 years with no neurologic or cognitive
impairments 10 years after cessation of treatment.

The enhanced survival and improved outcomes associated with early diagnosis have
implications regarding screening newborns for Menkes disease by measuring the blood
levels of one or more of the neurochemicals measured in our study. These compounds can
be detected by high-throughput tandem mass spectrometry techniques,29,30 and evaluation
of their levels in dried blood spots obtained from newborns at risk could assess the
suitability of this approach for mass screening.

Advances in understanding the clinical, biochemical, and molecular aspects of Menkes
disease have outpaced progress in the design of therapies effective for all patients with this
diagnosis. Since optimal response to copper-injection treatment appears to occur only in
patients who are identified in the newborn period and whose mutations permit residual
copper-transport activity, additional approaches, including ATP7A gene transfer, are
relevant future considerations.
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Figure 1. Diagnostic Value of Plasma Neurochemicals for Neonatal Detection of Menkes Disease
Panel A is a scatter plot of the ratio of plasma dopamine to norepinephrine versus the ratio
of plasma dihydroxyphenylacetic acid to dihydroxyphenylglycol in 36 newborns at risk.
Partial deficiency of dopamine-β-hydroxylase in Menkes disease18 predicts a buildup of
proximal metabolites in the normal catecholamine biosynthetic pathway and decreased
levels of the distal metabolites. The ratios of dopamine to norepinephrine and of
dihydroxyphenylacetic acid to dihydroxyphenylglycol reflect these alterations and
distinguish the 14 affected infants from the 22 unaffected infants. The normal pathway of
catecholamine biosynthesis is shown below the graph. Panel B shows a receiver-operating-
characteristic (ROC) curve for plasma dihydroxyphenylacetic acid in 36 newborns at risk for
Menkes disease. ROC curves show the relationship between true positive and false positive
rates for a test across various threshold values used to diagnose a condition. The upper
curve, plotted by the locally weighted scatter-plot smoothing technique, represents the
sensitivity and specificity for the diagnosis of Menkes disease when different cutoff values
for dihydroxyphenylacetic acid are applied. The area under the curve (C statistic) for the
ROC shown is 0.96. The diagonal line indicates where the curve would rest if a test were
completely unreliable (area under the curve, 0.5). The C statistic for plasma dopamine levels
in this sample was 1.0 (data not shown).
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Figure 2. Neurodevelopmental Outcomes in Patients Who Received a Diagnosis of Menkes
Disease as Newborns
Clinical neurodevelopmental outcomes at 36 months of age are shown for Patients 1 to 9
(Panel A). Patient 1 died at 19 months of age. The current neurodevelopmental levels are
shown for Patients 10, 11, and 12 at less than 36 months of age (Panel B). The horizontal
green lines show the normal level of development for the patient’s age. Del denotes deletion,
and ex exon.

Kaler et al. Page 11

N Engl J Med. Author manuscript; available in PMC 2012 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Characterization of ATP7A Mutations in an Early-Treatment Cohort of Patients with
Menkes Disease
Panel A shows reverse-transcriptase–polymerase-chain-reaction analysis of fibroblast
mRNA in a treatment-responsive patient with an IVS9,DS,+6T→G mutation. The patient
(II-3 in the pedigree), shown at the age of 32 months, and his older, profoundly disabled
brother (II-2), who did not receive an early diagnosis or treatment, both manifested a large
quantity of a mutant transcript lacking exon 9, a smaller quantity of the properly spliced
363-bp transcript, and a heteroduplex of both species showing delayed electrophoretic
migration. In the pedigree, squares indicate males, circles indicate females, and the diamond
indicates four miscarriages. Solid symbols denote affected family members, open symbols
unaffected family members, and hatch marks a known carrier of the mutation. In Panel B, a
yeast complementation assay distinguishes ATP7A alleles. The plating pattern (clockwise
from the 12 o’clock position) includes the yeast copper-transport mutant ccc2 deletion; ccc2
deletion transformed with the normal (wild-type) ATP7A allele; ccc2 deletion mock-
transformed with an empty vector; ccc2 deletion transformed with a mutant ATP7A allele
harboring deletion of exons 20 to 23; ccc2 deletion transformed with a mutant ATP7A
allele, G666R; and ccc2 deletion transformed with the mutant ATP7A allele, N1304S
(associated with typical occipital-horn syndrome, a mild variant of Menkes disease, and
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used as a positive control22). Yeast strains were plated on four different mediums: normal
yeast extract–peptone–dextrose (YPD), synthetic yeast nitrogen base (YNB) supplemented
with copper (“copper-sufficient” medium), YNB supplemented with iron (“iron-sufficient”
medium), and copper- and iron-limited YNB. All strains grew on YPD, copper-sufficient,
and iron-sufficient mediums (data not shown), whereas only the wild type, G666R, and
N1304S grew on the copper- and iron-limited medium, indicating copper-transport activity
associated with these alleles. The wild-type allele shows the most robust growth. The allele
with the deletion of exons 20 to 23 failed to complement the knockout strain, indicating no
residual copper-transport activity. Panel C shows confocal microscopical images of
fibroblasts from a normal male infant and from Patient 2 (deletion of exon 1) stained with a
C-terminal antibody to murine ATP7A (red) and the Golgi marker NBD C6-ceramide
(green). In normal control fibroblasts (wild type), there is direct overlap between the ATP7A
and Golgi signals (Merge panel), whereas in the cells with the deletion of exon 1, there is no
visible ATP7A signal. Del denotes deletion, and ex exon.
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