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ABSTRACT: X-linked hypohidrotic ectodermal dysplasia
(XLHED), which is characterized by hypodontia, hypotrichosis, and
hypohidrosis, is caused by mutations in EDI, the gene encoding
ectodysplasin-A (EDA). This protein belongs to the tumor necrosis
factor ligand superfamily. We analyzed ED! in two Japanese patients
with XLHED. In patient 1, we identified a 4-nucleotide insertion,
¢.119-120insTGTG, in exon 1, which led to a frameshift mutation
starting from that point (p.L40fsX100). The patient’s mother was
heterozygous for this mutation. In patient 2, we identified a novel
missense mutation, ¢.1141G>C, in exon 9, which led to a substitu-
tion of glycine with arginine in the TNFL domain of EDA
(p-G381R). This patient’s mother and siblings showed neither symp-
toms nor £D] mutations, so this mutation was believed to be a de
novo mutation in maternal germline cells. According to molecular
simulation analysis of protein structure and electrostatic surface,
p-G381R increases the distance between K375 in monomer A and
K327 in monomer B, which suggests an alteration of overall structure
of EDA. Thus, we identified two novel mutations, p.L40fsX100 and
p.G381R, in ED! of two XLHED patients. Simulation analysis
suggested that the p.G381R mutation hampers binding of EDA to its
receptor via alteration of overall EDA structure. (Pediatr Res 65:
453-457, 2009)

ypohidrotic ectodermal dysplasia (HED) is a congenital

disorder characterized by the impaired development of

teeth (hypodontia), hair (hypotrichosis), and eccrine sweat

glands (hypohidrosis) (1). Most HED patients have shown an

X-linked inheritance pattern, although a minority of patients
had an autosomal dominant or recessive trait (2,3).

The EDI gene responsible for XLHED was mapped to
chromosome Xq12-q13 and was identified by positional clon-
ing (4). EDI encodes the protein ectodysplasin-A (EDA) that
belongs to the tumor necrosis factor ligand (TNFL) superfam-
ily (5,6). EDA consists of a small N-terminal intracellular
domain, a transmembrane domain, and a larger C-terminal
extracellular domain containing a furin-cleavage site, a colla-
gen-like domain, and a TNFL domain. The collagen-like
domain has been believed to be necessary for trimerization of
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EDA proteins (7). However, it is not known whether the
collagen-like domain is solely responsible for the trimeriza-
tion: constructs of EDA-A1 and EDA-A2 lacking the collagen-
like region can pack in the crystals as dimers of trimers (8). The
TNFL domain has the ability to interact with the EDA receptor
(EDAR) and X-linked ectodysplasin-A2 receptor. (XEDAR) (9).

EDA-A1 and EDA-A2 are the longest EDA isoforms, but
they differ by only an insertion/deletion of two amino acids
(E308, V309) as determined by alternative splicing of EDI
pre-mRNA. This insertion/deletion functions to regulate
receptor-binding specificity, such that EDA-A1 binds
EDAR, whereas EDA-A2 binds XEDAR (10). EDAR in-
teracts with its adapter EDAR-associated death domain
(EDARADD) to build an intracellular complex and activate
the nuclear factor-«B pathway, which is essential for the
proper development of ectodermal derivatives (3,11,12).
EDAR and EDARADD are the genes responsible for the
autosomal forms of HED (2,3,13).

Crystal structure analysis has provided a new understanding
of EDA-A1 and EDA-A2. For example, higher-order assem-
bly of the EDA trimers has been clarified. The crystallo-
graphic asymmetric unit of both EDA-A1 and EDA-A2 crys-
tals contains more than one copy of the biologically relevant
trimer. The EDA-A1 asymmetric unit comprises four trimers,
and the EDA-A2 asymmetric unit comprises two trimers.
Ligation of trimers into higher-order assemblies may increase
receptor affinity by avidity or may change the geometry of the
ligand-receptor complex (8).

Many mutations in EDI in various countries have been
reported (14—-17). In Japan, several mutations have been
identified in XLHED patients (18-20). Affected males
showed most or all of the typical phenotypes of XLHED.
However, only a few studies have reported the relationship
between nucleotide substitution and protein structure
(8,21,22).

In this study, we analyzed the EDI gene in two unrelated
Japanese patients with XILHED, and we identified two novel

Abbreviations: DHPLC, denaturing high-performance liquid chromatogra-
phy; EDA, ectodysplasin-A; HED, hypohidrotic ectodermal dysplasia;
TNFL, tumor necrosis factor ligand; XLHED, X-linked HED
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mutations: p.L40fsX100 and p.G381R. The former was inher-
ited from the mother, and the latter was a de novo mutation
occurred in maternal germline cells. Our molecular simulation
analysis of EDA suggested that the p.G381R mutation ham-
pers the binding of EDA to its receptor via alteration of the
overall structure of EDA.

PATIENTS AND METHODS

Patients. Two Japanese patients with XLHED were enrolled in this
study. Informed consent was obtained from the parents before DNA
sampling. This study was approved by the Kobe University ethical com-
mittee. One hundred healthy Japanese adults volunteered to participate in
the study as control subjects.

Patient 1 was a 1-y-5-mo-old boy of unrelated parents in family A (Fig.
2A). He had no siblings. The mother was healthy from her appearance; she
had no abnormal features and no missing permanent teeth. The patient was
initially diagnosed with HED on the basis of his sparse, thin hair; lack of
eyebrows and eyelashes; and characteristic facial appearance, including a
prominent forehead and saddle nose. The qualitative sweating test with starch
and iodine produced almost no response in the patient. The mother showed a
slight decrease in sweat response, but she did not undergo further quantitative
analysis. Histologic examination of the skin biopsy specimen showed com-
plete lack of hair follicles, eccrine sweat glands, and sebaceous glands, which
corresponded to the characteristic findings of HED (Fig. 1A). XLHED was
diagnosed on the basis of molecular analysis of EDI.

Patient 2 was an 8-mo-old twin boy of unrelated parents in family B (Fig.
3A). His elder sister, twin brother, and parents were healthy and showed no
dysmorphologic features. He was referred to a city hospital because of

Figure 1. Histologic examination of the skin biopsy specimen. (A) Patient 1.
H&E staining. Scale bar, 0.5 mm. (B) Patient 2. H&E staining. Scale bar, 0.5
mm. Both patients showed complete lack of hair follicles, eccrine sweat
glands, and sebaceous glands.

recurrent episodes of high temperature. The diagnosis of HED was based on
his thin skin, sparse hair; lack of eyebrows; no teeth; and characteristic facial
features, including a full forehead and saddle nose. The acetylcholine test
demonstrated no sweat response in the patient. Histologic examination of the
skin biopsy specimen revealed complete lack of hair follicles, eccrine sweat
glands, and sebaceous glands (Fig. 1B). XLHED was diagnosed on the basis
of molecular analysis of EDI.

DNA extraction. Genomic DNA was extracted from 2-5 mL of whole
blood from each individual by using a DNA extraction kit (SepaGene; Sanko
Junyaku, Tokyo, Japan), according to the manufacturer’s instructions. The
extracted DNA samples were stored at —20°C until analysis.

Polymerase chain reaction. PCR was carried out by using a PC 701
thermal cycler (Astec, Tokyo, Japan). Table 1 shows the primer sequences for
ED] analysis.

Denaturing HPLC (DHPLC). To screen for a mutation in EDJ, DHPLC
analysis was performed according to our previous reports (23,24). Hybrid-
ization of the PCR product mixture of the test DNA with nucleotide substi-
tution and reference DNA without nucleotide substitution produced a hetero-
duplex peak in the DHPLC chart. The appearance of this heteroduplex peak
suggested the presence of a nucleotide substitution in the PCR-amplified
fragment. The DHPLC conditions, including column temperatures (Table 1),
were determined empirically to maximize resolution of the heteroduplex and
homoduplex peaks.

DNA sequencing. To identify and confirm the mutation, direct sequencing
analysis was performed with a BigDye Terminator V3.0 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA) and a genetic analyzer (ABI Prism
310; Applied Biosystems), with DNA Sequencing Analysis Software (Ap-
plied Biosystems).

Skewed X-chromosome inactivation assay. To determine the X-chromo-
some inactivation status of the mother of family A, a manifested carrier of
XLHED, we quantified the activated and inactivated CpG dinucleotides in
exon 1 of the androgen receptor gene (AR) by the method described in our
previous report (25). To explain briefly, unmethylated (activated) and
methylated (inactivated) alleles were measured via a combination of DNA
digestion by Hpall and PCR amplification of digested and nondigested
products. Hpall digested unmethylated CpG but not methylated CpG. PCR
amplified only nondigested products, i.e. the inactivated allele. The degree
of inactivation skewing to one allele was calculated according to the
formula presented by Lau et al. (26).

Parentage testing. To confirm that all siblings in family B were born to the
same parents, parentage testing was performed. Fifteen additional loci on 13
chromosomes were genotyped in all family members by using AmpFLSTR PCR
Amplification Kits (Applied Biosystems). The loci tested were D3S1358, vWA,
D16S539, D2S1338, D8S1179, D21S11, D18S51, D19S433, THol, FGA,
D5S818, D13S317, D7S820, TPOX, and CSF1PO. Genomic DNA was amplified
in a standard PCR reaction, and alleles were analyzed via the ABI PRISM 310
Genetic Analyzer with GeneScan and Genotyper software programs (Applied
Biosystems).

Molecular simulation analysis of the protein structure and the electro-
static surface. The three-dimensional structures of EDA-Al and EDA-A2
were derived from Protein Data Bank (accession numbers: EDA-A1, 1RJ7;
EDA-A2, 1RJ8). The hydrogen atoms in these model structures were added
by means of PyMOL software (27). Following preparation of p.G38IR
mutants of EDA-A1 and EDA-A2 by means of SWISS-MODEL and Swiss-
PDB Viewer (28), the mutant coordinates were optimized by using the
MINIMIZE program of the TINKER software package (29) with the AMBER99
force field parameter. The minimizations were executed for root mean square
(RMS) gradient values of 0.01 kcal/mol/A. Then, the molecular structure and
electrostatic surface were analyzed by using PyMOL software with the APBS
(Adaptive Poisson-Boltzmann Solver) plugin (30).

Table 1. Primer sets used for amplification of the ED1 gene and DHPLC temperature

Primers Fragment Annealing DHPLC
name Forward (5'->3") Reverse (5'->3") size (bp) temp. (°C) temp (°C)
EDI1-1A TGAACGGCTGAGGCAGACG TCCGAGCGCAACTCTAGGTA 262 66 62.8
EDI-1B GCCTGCTCTTCCTGGGTTT GCCCCTACTAGGTGACTCA 298 58 62.1
ED1-3 TGTTGGCTATGACTGAGTGG GCCCTACCAAGAAGGTAGTT 248 56 54.0
ED1-4 CTGTGAGACTCCCTCAAATT ATAACAGACAGACAATGCTGA 257 60 56.4
ED1-5 TGGGCAACAGAGCAGGACT ACCCACTCCTGCTCTCCTA 306 70 60.4
EDI-6 GAATAAAGCTCAGACAGGGC AATCTCCGGGGTGTTCTCAT 273 62 58.1
ED1-7 AGGATGGAAACATGGGACTG AGGGCATGATGGAGCAAAGA 276 62 583
EDI1-8 CTGTTGCCTCGATTATTCTG TGCACCGGATCTGCATTCT 242 56 56.9
EDI1-9 CACCCTCTCTTTCCTCTCTT TTAGAGGTTCTGGGAGTCCT 373 60 61.6
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Figure 2. Family A with XLHED. (A) Pedigree. (B) DHPLC screening and direct DNA sequencing of ED/ exon 1. The patient carried a c.119-120insTGTG
in ED1 exon 1, which made a premature stop codon at amino acid 100 (p.L40fsX100). His mother was heterozygous for the mutation. Arrows indicate the TGTG
insertion. (C) X-chromosome inactivation assay. The 310-bp band was from the normal allele, and the 280-bp band was from the affected allele. In patient 1,
no amplification of the 280-bp band was obtained, because the patient X-chromosome is not methylated. In his mother, with Hpall treatment produced a higher
intensity 310-bp band compared with the 280-bp band, which suggests that the normal allele was mainly inactivated by methylation. The degree of skewed

X-chromosome inactivation toward the normal allele was calculated as 80%.

RESULTS
Patient 1 and Family A

Identification of a novel insertion mutation. A heterodu-
plex peak in the DHPLC chart for ED/ exon 1 suggested the
presence of a mutation in the patient and his mother (Fig. 2B).
Direct sequencing showed that the patient had a 4-bp insertion
between nucleotides 119 and 120 of EDI exon 1 (c.119-
120insTGTG) (Fig. 2B). The mother was heterozygous for the
mutation. The insertion ¢.119-120insTGTG led to a frameshift
mutation starting from that point and would result in trunca-
tion of the protein at amino acid 100 (p.L40fsX100).

Determination of skewed X-chromosome inactivation.
Figure 2C shows the result of the skewed X-chromosome
inactivation assay. The affected allele of patient 1 was di-
gested completely by Hpall treatment, and no amplification of
the 280-bp band of the affected allele was observed. For his
mother, two bands, the 310-bp band from the normal allele
and the 280-bp band from the affected allele, were obtained
with and without Hpall treatment. Without Hpall treatment,
the 310-bp and 280-bp bands manifested the same intensity.
However, with Hpall treatment, the 310-bp band had a much
higher intensity compared with the 280-bp band, which sug-
gests that the normal allele was mainly inactivated by meth-
ylation. The degree of skewed X-chromosome inactivation
toward the normal allele was calculated to be 80%, i.e. only
20% of the activated X-chromosome was normal.

Patient 2 and Family B

Identification of a novel missense mutation. A heterodu-
plex peak in the DHPLC chart for ED/ exon 9 suggested the
presence of a mutation in the patient (Fig. 3B). Direct DNA
sequencing showed that the patient had a G-to-C transversion
at nucleotide 1141 (Fig. 3C). This ¢.1141G>C transversion
led to substitution of glycine with arginine at amino acid 381
(p-G381R) in the TNFL domain. p.G381R likely affects the
binding of EDA to its receptor; the glycine residue at amino
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Figure 3. Family B with XLHED. (A) Pedigree. (B) DHPLC screening of
ED] exon 9. DHPLC demonstrated a heteroduplex peak for patient 2 but not
other family members. (C) Direct DNA sequencing of EDI exon 9. The
patient carried a ¢.1141G>C in ED/ exon 9, which led to substitution of
glycine with arginine at amino acid 381 (p.G381R). The arrow indicates the
c.1141G>C. (D) Amino acid sequence alignments of EDA and its closest
relatives in the H-strand of the TNFL domain. Bold letters mean conserved
amino acids. The glycine at amino acid 381 in EDA is highly conserved
among the TNFL superfamily.
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acid 381 is highly conserved among TNFL domains in TNFL
superfamily members (Fig. 3D).

DHPLC did not detect the index transversion in family
members. The transversion in the patient may be a maternal
germline mutation, because parentage testing verified the re-
lationships among family members with a cumulative likeli-
hood ratio of more than 99.99% (data not shown).

To test the possibility that c.1141G>C in EDI was a
polymorphism, we screened 100 Japanese control subjects for
the transversion. None carried this transversion, which sug-
gests that it is not a polymorphism but is instead a disease-
causing mutation.

Molecular structure and electrostatic surface of G38IR
mutants. To investigate whether p.G381R could alter the
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Figure 4. Effect of the p.G381R mutation on the electrostatic surface of
EDA-A1 and EDA-A2. (A) Electrostatic surfaces of wild-type EDA-A1 (leff)
and p.G381R-mutant EDA-A1 (right), with predicted receptor binding sites
(vellow boxes). As shown in the enlargements of the upper yellow boxed
areas, the p.G381R mutation increased the distance between K375 in mono-
mer A and K327 in monomer B. (B) Electrostatic surfaces of wild-type
EDA-A2 (left) and p.G381R-mutant EDA-A?2 (right), with predicted receptor
binding sites (yellow boxes). As shown in the enlargements of the upper boxed
areas, similar to EDA-A1, the p.G381R mutation increased the distance
between K375 in monomer A and K327 in monomer B.

overall structure of EDA, the electrostatic surface and the
molecular structure were analyzed by using wild type and
simulated mutant molecules. Figure 4A and B show the mo-
lecular surfaces of wild-type and p.G381R-mutated EDA col-
ored according to the calculated electrostatic surface potential.
Blue indicates positive (maximum + 10 kT/e), white indicates
neutral, and red indicates negative (minimum —10 kT/e). The
EDA surface contains the putative receptor-binding site along
the monomer—-monomer interface. The relatively large recep-
tor interaction areas (upper and lower yellow boxes in Fig. 44
and B) include dispersed binding determinant parts. The mu-
tation alters the positively charged area in the receptor binding
sites (upper yellow boxes in Fig. 44 and B) of EDA. In
wild-type isoforms, K375 in monomer A and K327 in mono-
mer B are adjacent, whereas in p.G381R-mutant isoforms, the
two amino acids are separated by a considerable distance.

DISCUSSION

Mutations. We identified two novel mutations in ED/ in
two Japanese patients with XLHED. Patient 1 carried a new
4-bp insertion, ¢.119-120insTGTG, which led to a frameshift
mutation starting from amino acid 40 and made a stop codon

at amino acid 100 in EDA (p.L40fsX100). The truncated EDA
would lack part of the collagen-like domain and the whole
TNFL domain. The collagen-like domain is crucial for trim-
erization of EDA, and the TNFL domain is required for
binding of EDA to its receptor (7). However, it is not known
whether the collagen-like domain is solely responsible for the
trimerization, as described in the Introduction section. Schnei-
der et al. (9) also reported that in-frame deletions in collagen-
like domain do not affect the ability of EDA to trimerize nor
to further multimerize, suggesting that the collagen-like do-
main may serve additional functions. Thus, the 4-bp insertion
may disrupt the functions of the EDA protein because of the
loss two important functional domains. Patient 2 carried a
novel missense mutation, ¢.1141G>C, which led to the sub-
stitution of glycine with arginine at amino acid 381 in EDA
(p.G381R). The mutation is located in the TNFL domain of
the EDA protein. Several mutations in the TNFL domain have
previously been reported (8,9,22). Schneider et al. (9) showed
that all missense mutations in the TNFL domain resulted in
abolished or impaired binding of EDA to its receptors.

Inheritance traits. The mother of patient 1 had no symp-
toms except for slightly decreased sweating, with X-chromo-
some inactivation being skewed mainly toward the normal
allele in blood cells. Carriers who are heterozygous for an
XLHED mutation may have variable clinical features
(14,17,31,32). Lexner et al. (17) reported that in two female
carriers with pronounced clinical symptoms, the normal allele
in their blood cells was mainly inactivated. Martinez et al.
(31) suggested that skewed X-chromosome inactivation in
blood cells can explain symptomatic differences among fe-
male carriers. However, the finding for our family A were not
consistent with such reports. Our result suggests that X-chro-
mosome inactivation is different in skin from blood cells:
ectodermal and mesodermal tissues may differ with regard to
factors related to X-chromosome inactivation. It also leads us
to the idea that unlike the inference in previous reports,
skewed X-chromosome inactivation in blood cells does not
predict the clinical situation in the carrier status of XLHED.

The p.G381R mutation in patient 2 was a germline muta-
tion. The recurrence risk of the germline mutation may depend
on the proportions of germ cells with and without the mutation
(24). The possibility of mutation recurrence in the next male
sibling of a patient should be explained to parents during
genetic counseling, even though the disease-causing mutation
was identified as a de novo mutation and the risk of recurrence
of the disease cannot be exactly determined.

Protein structure. The p.G381R mutation in patient 2 re-
placed the small amino acid, glycine, with a larger one,
arginine, that could not be accommodated structurally. Hy-
mowitz et al. (8) divided the disease-causing mutations that
affect the TNFL domain of EDA into three groups: 1) muta-
tions that probably affect the overall structure of EDA, 2)
mutations that affect the receptor binding site, and 3) muta-
tions whose effect is uncertain but that may define a novel
interaction site. It is most reasonable to expect that p.G381R
belongs to the first group and may affect EDA function via
alteration of overall EDA structure. Our simulation data of-
fered some evidence for this hypothesis. The mutation in-



NOVEL MUTATIONS IN EDI CAUSING XLHED

creased the distance between K375 in monomer A and K327
in monomer B, which resulted in a drastic change in the
electrostatic surface and surface conformation of the receptor
binding site (upper boxes in Fig. 44 and B).

The question then arises: how does this p.G381R-induced
alteration in structure affect EDA function? One possible
explanation is that the electrostatic and structural changes in
the surface caused by the mutation may hamper receptor
binding. It should be noted that the mutation produced a large
alteration in the “upper box” part of the receptor-binding site
and a small alteration in the “lower box” part. This finding
suggests' that these parts of the receptor-binding site play
different roles, that is, maintaining binding affinity and pro-
viding the receptor specificity, respectively. Another possible
explanation is that unexpected physiochemical changes re-
lated to p.G381R may have a negative effect on receptor
binding or assembly of the three monomers. An additional
possibility is that the mutation alters the solubility or folding
properties of EDA, which are related to its secretion by cells.

In conclusion, we found two novel mutations, one a frame-
shift (p.L40fsX100) and one a missense (p.G381R), in EDI
and discussed their inheritance trait in two unrelated families
with XLHED. Molecular simulation analysis of the structure
of the EDA protein suggested that the missense mutation
hampers the binding of EDA into its receptor via alteration of
the overall structure of EDA.
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Reduction in QSART and vasoactive
intestinal polypeptide expression in the
skin of Parkinson’s disease patients and
its relation to dyshidrosis

Background: With regards to dyshidrosis in Parkinson’s disease
(PD), there is no established and consistent view on the occurrence
sites, frequency and etiology, although there have been several reports
on hypohidrosis of the limbs and sudoresis on the face/cervical region.
Methods: Hydrosis in the forearms of PD patients and healthy
individuals were compared by quantitative sudomotor axon reflex test
(QSART). The expression of various neuropeptides and o-synuclein
was examined with immunohistochemical staining.

Results: There was a significant reduction in QSART of PD patients
but not of healthy controls. Reduced expression of vasoactive intestinal
polypeptide (VIP) was also detected in the sweat glands of PD patients.
Conclusion: Reduction in QSART and VIP expression in the sweat
glands might be involved in the dyshidrosis of PD patients.
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N, Watanabe D, Yoshida M, Ibi T, Sahashi K, Hashizume Y,
Matsumoto Y. Reduction in quantitative sudomotor axon reflex test
and vasoactive intestinal polypeptide expression in the skin of
Parkinson’s disease patients and its relation to dyshidrosis.
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Although dyshidrosis is widely known as one of the
autonomic disorders in Parkinson’s disease (PD), the
frequency of the disorder varies among investigators’
reports. Appenzeller et al.! and Aminoff et al.? found
10 disorders (53%) of 19 patients and 6 (54%) of 11
patients, respectively. Sandroni et al.® reported
dyshidrosis in less than 40% of 35 PD patients.
Thaisetthawatkul et al.* reported that PD patients
had the mildest degree of the disorder. However,
Kihara et al.’ failed to show significant changes in
hydrosis of PD patients. The varied frequency of
incidence and intensity of dyshidrosis might be
because of difference in techniques used or in disease
stages of PD patients.

Sweat production is regulated by autonomic neural
system, and the dyshidrosis in PD is suggested to be
caused by autonomic neural disturbance, especially
sympathetic nervous system.® Sweat gland is inner-
vated by cholinergic sympathetic neurons.” The
sympathetic nerve-dependent sweat production can
be analyzed by a quantitative sudomotor axon reflex
tests (QSART).2 Immunohistochemical studies have
identified a number of possible peptide neuromodula-
tors (e.g. vasoactive intestinal polypeptide, VIP) in and
around cholinergic sudomotor nerve terminals and
eccrine sweat glands.®!° In this study, we examined
dyshidrosis of PD patients with QSART on sympa-

thetic nerve functions. We also examined the
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expression of neuropeptides and o-synuclein, which

affect sympathetic nerve functions, in the sweat glands
of the patients with immunohistochemical staining.

Materials and methods
Subijects

Twelve PD patients who were under the care of the
Department of Neurological Medicine in Aichi
Medical University Hospital were the subjects. Of
these, six patients were males (mean age 69.8 years)
and six were females (mean age 69.7 years). The mean
disease duration was 103.3 months. The control group
consisted of six patients without a skin rash on the
forearm, three males (mean age 66 years) and three
females (mean age 67 years), who are under the care
of the Department of Dermatology in the hospital.
In addition, autopsy samples from three patients (two
males and one female with a mean age of 72.8 years),
who were pathologically diagnosed for having PD or
diffuse Lewy body disease from 1995 to 2003 in the
Institute for Aging, were utilized for staining of the
sympathetic ganglia. All experiments were carried out
under the consent of the patients and healthy controls.

Quantitative sudomotor axon reflex test

QSART was used to examine the integrity of post-
ganglionic sympathetic cholinergic innervation of
sweat glands.” Sweat production is measured in an
adjacent area by the increase in relative humidity in an
airtight chamber. Briefly, 10% acetylcholine was made
to infiltrate the measurement site on the right forearm
by iontophoresis for 5 min at 1 mA electric current,
and the amount for the axon reflex sweating was
quantified by using the capsule ventilation technique.
This was recorded for 10 min as the axon reflex-
mediated sweat response. Amount of perspiration
(mg/10 min) is expressed as the mean 3= SD. The
statistical significance of differences was determined by
unpaired Student’s #test. A p < 0.05 vs. control
subjects was considered statistically significant.

Immunohistochemistry

Among 12 patients who were subjected to QSART,
3-mm punch biopsy specimens were obtained from
the forearm flexor surface of 11 patients consented
to this procedure. The specimens were fixed with
formalin and stained with hematoxylin and eosin.
They were also stained immunohistochemically with
antibodies against the following antigens: neuron-
specific enolase (NSE), protein gene product 9.5
(PGP9.5), choline acetyltransferase (ChAT), calcito-
nine gene-related peptide (CGRP) and VIP. After
deparaffinization, the specimens were treated with
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Table 1. The list of antibodies used for immunohistochemical studies

Antibody Source Dilution used
NSE Dako 1:200
PGP9.5 Dako 1:100
ChAT Chemicon (CA, USA) 1:100
CGRP Sigma (Mi, USA) 1:100

VIP Sigma (Mi, USA) 1:100
a-Syn Santa Cruz (CA, USA) 1:200
p-o-Syn Wako (Osaka, Japan) 1:2000

o-Syn, a-synuclein; CGRP, P-o-Syn, phosphorylated o-synuclein; calcitonine
gene-related peptide; ChAT, choline acetyltransferase; NSE, neuron-specific
enolase; PGP, protein gene product; VIP, vasoactive intestinal polypeptide.

30% hydrogen peroxide, reacted with each primary
antibody (Table 1) at 4°C for 24 h and stained using
the labeled streptavidin-biotin method (DAKO,
Glostrup, Denmark) according to manufacturer’s
protocol. Nuclei were stained with Mayer’s hematox-
ylin. Three to five sweat gland secretory portions per
specimen were observed under a microscope and the
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Fig. 1. Quantitative sudomotor axon reflex test. Axon reflex
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staining was scored as negative (—), weak positive (%)
or positive (+) based on the number of positive cells.”
Formalin-fixed and paraffin-embedded sections (9 pm)
of the autopsied sympathetic ganglia of the three PD
patients and three control patients were immunobhis-
tochemically stained with anti-a-synuclein antibody
and anti-phosphorylated a-synuclein antibody. Simi-
lar staining was also performed with the 4-pum skin
sections.

Results
Quantitative sudomotor axon reflex test

QSART was carried out in 12 PD patients and six
healthy controls (Fig. 1). Reduction in QSART was
observed in 7 of 12 PD patients. The axon reflex
sweating on the upper limbs of PD patients was

significantly low compared with the case of the control
subjects (p < 0.05).

Histology of the sweat glands

The histology of the sweat glands of PD patients and
healthy controls was observed under a microscope.
Neither the atrophy of the sweat gland secretory
portions nor the constriction of the ducts was observed
in PD patients (data not shown). There was no
histological difference in the sweat glands between PD
patients and the healthy controls.

Expression of neuropeptides in the sweat glands

The expression of various neuropeptides was exam-
ined immunohistochemically in the sweat glands of PD
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Table 2. Comparison of the reduction in QSQRT and VIP expression

Patient Sex QSART perspiration (mg/10 min) VIP staining
1 F 0.06 =
2 M 0.13 %+
3 F 0.15 =
4 M 0.15 -
5 F 0.25 +
6 M 0.32 =
7 M 0.43 -
8 F 0.54 +
9 F 0.76 —

10 F 0.78 -

11 M 1.00 =

—, negative; &, 1-4 positive cells; +, more than five positive cells;
F, female; M, male; QSART, quantitative sudomotor axon reflex test;
VIP, vasoactive intestinal polypeptide.

patients (Fig. 2). In the NSE and PGP9.5 staining, both
PD and control specimens showed a nerve fiber
distribution pattern, which surrounds the sweat gland
secretory portion in a ring shape (Fig. 2A-D). The
sweat gland secretory portions in PD patients and
control samples were positively stained with ChAT and
CGRP staining and there was no significant difference
in those staining patterns. However, no VIP expression
was detected in 8 of 11 PD specimens (Fig. 2E—H), and
reduced VIP expression was detected at nerve fibers
around the sweat gland secretory portionin 3 of 11 PD
specimens. In addition, there was no statistical
correlation between the reduction score of QSART
and the reduction intensity of VIP staining in PD
patients. The relationship between intensities of VIP
staining and QSART levels is shown in Table 2.

Accumulation of a-synuclein

The expression of a-synuclein was examined immuno-
histochemically in thoracic sympathetic ganglion and

Thoracic sympathetic

sweat glands of PD patients. Nerve cells and nerve cell
bodies of the sympathetic ganglia in the PD autopsy spec-
imens were positively stained with antl—phosphorylated
a-synuclein antibody (Fig. 3A) and anti-ai-synuclein
antibody (data not shown). However, no positive staining
was observed in skin specimens collected from the
forearms of the 11 PD patients and autopsied control
patients (Fig. 3B-D). The summary of the immunohis-
tochemical stainings is shown in Table 3.

Discussion

In this study, we show the reduction in QSART and VIP
expression in the sweat glands of PD patients. The
reduction in QSART and VIP expression might be
involved in the dyshidrosis of PD patients. QSART is
a sympathetic nerve-dependent hidrosis testing method
devised by Low et al., which was judged to be excellent
in objectivity and reproducibility by the American
Academy of Neurology.'" The reduction in QSART
suggests the involvement of altered sympathetic nerve
function in the dyshidrosis of PD patients. This study
shows the reduced sweating function on the forearm in
6 of 12 PD patients. There are already several reports
on the dyshidrosis of PD patients,"® although the
frequency and intensity varied in those reports.
Reduced VIP expression is seen in the nerves
distributed around the secretory portion of the PD
specimens. VIP is normally expressed in the dermal
vessels and the nerves around the sweat gland secretory
portion and plays an important role in hidrosis along
with acetylcholine.!? Using eccrine sweat glands
separated from a Rhesus monkey’s palm, Sato et al.'?
reported that VIP induces eccrine perspiration and
that it accumulates cyclic adenosine mono-phosphate

ganglion Skin (sweat gland)
LT :’ 4 N " . ; i
PR e, ’ -+ % .t B
e et by \, AFH »
: AL AR % by T
g4 gt W ALY 3
¥ 3" one Y o - * % Temert
B ¥ it “ :4'{" s, ¥ ) f‘..: :-f X ';1""5":'\, »;
v k2 F ot | - - 3 . -
0 v : 3 ad o o Wy ’ ’9_:.‘.." A s ‘.ﬁof".‘\' .1.
o 3 iae L3 ’ ¥ »":N"A 0 i T s
v, U448 Pl i o b T el e T
Gl B B TR BRI T e gt e
e 1 o ' T S LS
L '.—‘ , & 'Q '-‘Ua' re
& 13 Y ' PR T F PR ES S e
, SRR el BERLEW TN
- A " w Sy 2 .
T e SELET f L8
g ~ - t ANE L
P y - bl i i
¢ - . T E Rb e .
4 %o oy ' 3 | * ek ey
L] ot
N .'.l' B - » 4
3 x . 3 4 d e
At y
p— - . -
S K ! - < Yo §
=l Pt o o 4y &5
S ,. . o e N S A e
O Bt 4 it ! ] . g
A . % e ? Fig 3. A-D) Expression of o-synuclein in the
’ i € & sweat glands was examined with immunohisto-
- 3 é - 0 g - 5 v . .
- : g o, S5 chemical staining, Original magnification X400.
;
§ “ aon PD, Parkinson’s disease.

—103—



Table 3. The summary of immunohistochemical staining

Dyshidrosis in Parkinson’s disease

Neuropeptide
Tissue NSE PGP ChAT  CGRP  VIP a-Syn p-oi-Syn
Control Skin + + + + + - -
Thoracic sympathetic ganglion - -
Parkinson’s disease Skin + + + + —~ (311 1) 8/11: —) - -
Thoracic sympathetic ganglion + +

«-Syn, a-synuclein; P-o-Syn, phosphorylated o-synuclein; CGRP, calcitonine gene-related peptide; ChAT, choline acetyltransferase; PGP, protein gene

product; NSE, neuron-specific enolase; VIP, vasoactive intestinal polypeptide.

(AMP) in the secretory cells and increases the secretion
of sweat. Moreover, Tainio'* confirmed that VIP
activates adenylate cyclase even without synergy from
acetylcholine in the human sweat glands and promotes
cyclic adenosine mono-phosphate (cAMP) production
from adenosine tri-phosphate (ATP). Further, the
relationship between dyshidrosis and reduced VIP
expression is known in several diseases.'>!® Based on
those findings, the reduced VIP expression in the sweat
glands of PD patients might be related to the altered
sympathetic nerve function, assessed by QSART.

The appearance of Lewy bodies in the sympathetic
nervous system leads to autonomic nervous system
dysfunction.!’”!® No deposit of o-synuclein was
observed in the sweat glands of PD patients, although
it was observed in the nerve cells and neurites of the
thoracic sympathetic ganglia. In this study, we could not
obtain the evidence on the dysfunction of sympathetic
nerves in the sweat glands by a-synuclein. However,
a possibility is not excluded that the accumulation of
a-synuclein in the thoracic sympathetic ganglia might
play a role on the dyshidrosis in PD.

Neither the atrophy of the sweat gland secretory
portions nor the constriction of the ducts was seen in the
sweat glands of PD patients. There was no significant
difference in the histology of the sweat glands between
PD patients and healthy controls. Therefore, the
dyshidrosis of PD might be responsible for functional
disorder of the perspiration nerve. It is also supported
by the reduction in QSART and VIP expression.
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Vasopressin-regulated water reabsorption through the water
channel aquaporin-2 (AQP2) in renal collecting ducts main-
tains body water homeostasis. Vasopressin activates PKA,
which phosphorylates AQP2, and this phosphorylation event is
required to increase the water permeability and water reab-
sorption of the collecting duct cells. It has been established
that the phosphorylation of AQP2 induces its apical mem-
brane insertion, rendering the cell water-permeable. However,
whether this phosphorylation regulates the water permeability
of this channel still remains unclear. To clarify the role of
AQP2 phosphorylation in water permeability, we expressed
recombinant human AQP2 in Escherichia coli, purified it, and
reconstituted it into proteoliposomes. AQP2 proteins not re-
constituted into liposomes were removed by fractionating on
density step gradients. AQP2-reconstituted liposomes were
then extruded through polycarbonate filters to obtain unila-
mellar vesicles. PKA phosphorylation significantly increased
the osmotic water permeability of AQP2-reconstituted lipo-
somes. We then examined the roles of AQP2 phosphorylation
at Ser-256 and Ser-261 in the regulation of water permeability
using phosphorylation mutants reconstituted into proteolipo-
somes. The water permeability of the non-phosphorylation-
mimicking mutant S256A-AQP2 and non-phosphorylated
WT-AQP2 was similar, and that of the phosphorylation-mim-
icking mutant S256D-AQP2 and phosphorylated WT-AQP2
was similar. The water permeability of S261A-AQP2 and
$261D-AQP2 was similar to that of non-phosphorylated WT-
AQP2. This study shows that PKA phosphorylation of AQP2
at Ser-256 enhances its water permeability.

Body water homeostasis is essential for the survival of
mammals and is regulated by the renal collecting duct. Key
components in the regulation of collecting duct water perme-
ability are the vasopressin receptor and the water channel
aquaporin-2 (AQP2)? (1-6). Mutations in the vasopressin V,
receptor and AQP2 cause congenital nephrogenic diabetes
insipidus, a disease characterized by a massive loss of water
through the kidney (7, 8). The binding of the antidiuretic hor-
mone vasopressin to vasopressin V, receptors on renal princi-
pal cells stimulates cAMP synthesis via activation of adenylate
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cyclase. The subsequent activation of PKA leads to phosphor-
ylation of AQP2 at Ser-256, and this phosphorylation event is
required to increase the water permeability and water reab-
sorption of renal principal cells. It has been established that
the phosphorylation of AQP2 induces its apical membrane
insertion, rendering the cell water-permeable. We showed
recently that AQP2 binds to a multiprotein “motor” complex
and that phosphorylation-dependent reciprocal interaction
with G-actin and tropomyosin 5b directs AQP2 to the apical
membrane (9 -13). However, whether this phosphorylation
regulates the water permeability of individual AQP2 proteins
still remains unclear.

Kuwahara et al. (14) showed that cAMP stimulation in-
creased the water permeability of AQP2 expressed in Xenopus
oocytes, although this stimulation did not increase the
amount of AQP2 on the oocyte membrane. This finding sug-
gests that cAMP-mediated phosphorylation of AQP2 in-
creases the water permeability of individual AQP2 proteins.
On the other hand, Lande et al. (15) purified endosomes de-
rived from the apical membrane of rat inner medullary col-
lecting duct cells that were highly enriched for AQP2 and
showed that their water permeability was not changed by
AQP2 phosphorylation. However, it was not excluded that
other proteins contained in oocytes or endosomes prepared
from inner medullary collecting duct cells may have affected
these responses. For example, basal phosphorylation levels of
AQP2 determined by endogenous kinase or phosphatase ac-
tivities may affect the results in these experimental systems.
To clarify whether the water permeability of AQP2 is regu-
lated by its phosphorylation event alone, an experimental sys-
tem that does not contain other regulatory proteins is
required.

In this study, we performed large-scale expression of full-
length recombinant human AQP2, purified it, reconstituted it
into proteoliposomes, and examined the protein function.
Here, we show the direct evidence that the water permeability
of AQP2 is regulated by its phosphorylation at Ser-256 by
PKA.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant AQP2—Hu-
man AQP2 cDNA was subcloned into pET32 (Novagen, Mad-
ison, WI) to generate His-tagged thioredoxin (Trx)-fused
AQP2 (AQP2/Trx). AQP2 mutants were generated by PCR
using a QuikChange II site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) and the following sense primers: I, 5'-
GTGCGACGGCGGCAGGCGGTGGAGCTGCACTCG-3';
11, 5'-GTGCGACGGCGGCAGGACGTGGAGCTGCACTCG-
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311, 5'-TCGGTGGAGCTGCACGCGCCGCAGAGCCTG-
CCA-351V, 5'-TCGGTGGAGCTGCACGACCCGCAGAG-
CCTGCCA-3;V, 5'-CTGCACTCGCCGCAGGCGCTGCC-
ACGGGGTACC-3"; VI, 5'-GCGGTGGAGCTGCACGCGC-
CGCAGAGCCTGCCA-3'; VIL 5'-CTGCACGCGCCGCAG-
GCGCTGCCACGGGGTACC-3'; and VIII, 5'-CTGCCACG-
GGGTGCGAAGGCCTGAAAGCTT-3'. The S256A and
$256D mutants were generated from WT-AQP2 using prim-
ers L and II, respectively. The S261A and S261D mutants were
generated from WT-AQP2 using primers IIl and IV, respec-
tively. The S256A/S261A/S264A mutant was generated using
primer VII from S256A/S261A, which was generated from
S256A using primer VI. The S256A/S261A/S264A/T269A
mutant was generated from S256A/S261A/S264A using
primer VIIL. The S256A/S261A/T269A mutant was generated
from S256A/S261A using primer VIIL The S256A/S264A/
T269A mutant was generated using primer VIII from S256A/
S264A, which was generated from S256A using primer V. The
S261A/S264A/T269A mutant was generated using primer
VIII from S261A/S264A, which was generated from S261A
using primer VII.

WT-AQP2/Trx and Mutants were expressed in Escherichia
coli BL21 (Novagen) by induction with 1 mu isopropyl-B-p-
thiogalactopyranoside for 4 h at 30 °C. The bacterial pellets
were incubated with lysozyme, sonicated, and centrifuged at
10,000 X g. For AQP2 purification, the pellets were sus-
pended with 6 M urea in PBS and centrifuged. The superna-
tants were diluted to a concentration of 2 M urea and applied
to a column of TALON resin (Clontech). The column was
washed and eluted by buffer A (50 mm K-HEPES (pH 7.6), 100
mm KCl, and 10 mm MgCl,) containing 2% octyl glucoside
and 150 mMm imidazole. AQP2 purification was confirmed by
Coomassie Blue staining, silver staining, and immunoblotting
using anti-AQP2 antibody, which was generated against a
synthetic peptide corresponding to 15 C-terminal amino acid
residues (positions 257-271) of AQP2 (12, 16). For PKA
phosphorylation, AQP2 protein was added with 1 mm ATP
and 200,000 units/ml cAMP-dependent PKA (New England
Biolabs, Beverly, MA) and incubated at 30 °C for 1 h. The
phosphorylation was confirmed by immunoblotting using
antibodies for AQP2 phosphorylated at Ser-256 (12, 17). Anti-
bodies for AQP2 phosphorylated at Ser-256 were generated
against a synthetic peptide corresponding to amino acids
253-262 of human AQP2, with the addition of a cysteine resi-
due at the C terminus and a glycine residue at the N terminus,
which was phosphorylated at Ser-256, as described previously
(18, 19).

Measurement of the Sites and Efficiency of Phosphorylation
by PKA in Recombinant Human AQP2—The phosphorylation
sites and efficiency were measured as described previously
(20, 21) with the following modifications. A synthetic phos-
phopeptide corresponding to the C terminus of AQP2 (resi-
dues 231-271) that was phosphorylated at Ser-256 was used
as a standard. As shown in Fig. 3D, WT-AQP2 and mutant
proteins and the phosphopeptide standard were immuno-
blotted using antibodies for phosphoserine (Sigma) to exam-
ine their phosphorylation efficiencies. A dot blot was pre-
pared by spotting 25 pmol (2 ul) of each AQP2 protein and
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the phosphopeptide standard onto a nitrocellulose mem-
brane. The membrane was then processed as for Western blot
analysis. Coomassie Blue staining was performed to confirm
that the loaded molar amounts were equal among WT-AQP2
and mutant proteins.

Reconstitution of Recombinant AQP2 into Liposomes—Lip-
ids (Sigma) were mixed in chloroform/methanol (2:1, v/v) to
yield phosphatidylcholine (molar ratio of 1) and cholesterol
(molar ratio of 1.6). After drying under N, gas, they were re-
suspended in buffer A containing 2% octyl glucoside to a total
lipid concentration of 7.5 mM, mixed with an equal volume of
recombinant AQP2 (0.7 mg/ml), and dialyzed against 50 mm
Tris-HCI (pH 7.5) and 10 mm MgCl,. The proteoliposomes
were overlaid with step gradients of 30 and 40% OptiPrep
(Axis-Shield, Oslo, Norway) and centrifuged using an SW41Ti
rotor (Beckman Coulter, Fullerton, CA) at 39,000 rpm for 4 h.
The proteoliposomes were collected at the 0—-30% interface
and extruded through polycarbonate filters with 50-nm pores
using a LiposoFast extruder (Avestin, Ottawa, Canada) to ob-
tain unilamellar vesicles (22).

Measurement of Osmotic Water Permeability—The
stopped-flow experiments were performed on an Applied
Photophysics SX18.MV stopped-flow apparatus. The proteo-
liposomes suspended in 50 mm Tris-HCI (pH 7.5) containing
1 mm DTT were abruptly mixed with 50 mm Tris-HCI (pH
7.5) containing 600 mmM mannitol, and the liposomes were
imposed with a 300 mum inwardly directed osmotic gradient.
To inhibit the water transport of AQP2, AQP2-incorporated
liposomes (AQP2-liposomes) were treated with 1 mm HgCl,
for 15 min. A decrease in the liposome volume due to osmotic
water efflux driven by the osmotic gradient was monitored as
the time-dependent increase in 90° scattered light intensity
monitored at 466 nm. The data were fitted to a double expo-
nential function. The osmotic water permeability (P) was cal-
culated from the initial rate of volume change by the relation
dW(9)/dt = PrSAV-V(Osm,,,, — Osm,,), where V(2) is lipo-
some volume at time ¢, SAV is initial surface area to volume
ratio (calculated from the liposome diameter examined by
electron microscopy), Vi is the molar volume of water (18 X
1072 liters/mol), and Osm,,, — Osm,, is the difference in
external and internal osmolarity.

Statistical Analysis—All values are expressed as means =+
S.E. Data were analyzed by one-way analysis of variance, fol-
lowed by the Bonferroni test for multiple comparisons, and
» < 0.05 was considered to be statistically significant. All sta-
tistical procedures were carried out using SPSS Version 11.5
(SPSS Inc., Chicago, IL).

RESULTS

Expression and Purification of Recombinant WT-AQP2 and
Mutants—To examine the regulation of the water permeabil-
ity of AQP2 by its phosphorylation without the effects of
other regulatory proteins, we performed large-scale expres-
sion of full-length recombinant human AQP?2 fused to Trx
and purified it (Fig. 14). A single band corresponding to the
theoretical size of 49 kDa was recognized by both Coomassie
Blue staining and immunoblotting using anti-AQP2 antibody,
confirming that the purified recombinant protein preparation
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FIGURE 1. Purification of recombinant WT-AQP2 and mutants. Full-
length human WT-AQP2 (A), S256A-AQP2 (B), $256D-AQP2 (C), S261A-AQP2
(D), and $261D-AQP2 (F) were fused to Trx; expressed in E. coli BL21; purified
using a TALON metal affinity column; separated by SDS-PAGE; and sub-
jected to Coomassie Blue staining (left panels) and immunoblotting using
anti-AQP2 antibody (right panels). Lanes f1-f5 indicate consecutive serial
elution fractions (5 X 500 wl) of 1 ml of the TALON matrix column.

was indeed AQP2. To further confirm the purity of this pro-
tein, silver staining was performed (Fig. 24). There were faint
nonspecific protein bands. Densitometric analysis showed
that the purity of AQP2 protein was >95%. To examine the
roles of phosphorylation at Ser-256 and Ser-261, we also ex-
pressed and purified mutants mimicking the phosphorylated
(5256D and $261D) and non-phosphorylated (S256A and
S261A) states. In addition to Ser-256, phosphorylation at Ser-
261 is also regulated by vasopressin, and its roles have been
examined (17, 23-25). Coomassie Blue staining and immuno-
blotting using anti-AQP2 antibody showed the purification of
these mutants (Fig. 1, B~E). Silver staining further confirmed
that these mutant proteins were of high purity (Fig. 2, B—E).

Phosphorylation of AQP2 by PKA—WT-AQP2 was then
subjected to in vitro PKA phosphorylation. Immunoblotting
for total AQP2 and phosphorylated AQP2 confirmed AQP2
phosphorylation (Fig. 3, A and B).

We then examined the sites and efficiencies of phosphory-
lation of recombinant human AQP2 by PKA (Fig. 3, C and D).
Recent phosphoproteome analyses have shown that three
other sites are also phosphorylated in addition to Ser-256,
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FIGURE 2. Silver staining of recombinant WT-AQP2 and mutants. Puri-
fied WT-AQP2 (A), S256A-AQP2 (B), S256D-AQP2 (C), S261A-AQP2 (D), and
$261D-AQP2 (F) were separated by SDS-PAGE and subjected to silver stain-
ing. Lanes f1-f5 indicate consecutive serial elution fractions (5 X 500 ul),
and 35 ul from each fraction was loaded.

although Ser-256 is phosphorylated predominantly in rat re-
nal inner medullary collecting duct cells (20, 23). Ser-256
phosphorylation is most likely mediated by PKA (3, 26),
whereas the kinases acting at the other sites have not been
reported. To confirm the sites phosphorylated by PKA in re-
combinant human AQP2, we expressed and purified non-
phosphorylation-mimicking mutants at plausible phosphory-
lation sites: Ser-256, Ser-261, Ser-264, and Thr-269.
Coomassie Blue staining of 25 pmol each of WT-AQP2 and
mutants, with or without phosphorylation by PKA, is shown
in Fig. 3C. The band densities were equal, confirming that the
loaded molar amounts were equal. In the immunoblot for
phosphoserine, the signal of WT-AQP2 phosphorylated

by PKA was similar to that of an equimolar amount of phos-
phopeptide, indicating that almost all WT-AQP2 was phos-
phorylated (Fig. 3D). Furthermore, the signal of the phosphor-
ylated S261A/S264A/T269A-AQP2 mutant, in which

Ser-256 was intact, was equal to those of phosphorylated WT-
AQP?2 and the phosphopeptide. On the other hand, positive
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FIGURE 3. In vitro phosphorylation of AQP2 by PKA. A and B, WT-AQP2 with or without phosphorylation was immunoblotted using anti-AQP2 antibody
(A) and anti-phosphorylated AQP2 antibody (B). Anti-AQP2 antibody was generated against a synthetic peptide corresponding to 15 C-terminal amino acid
residues (positions 257-271) of AQP2. Anti-phosphorylated AQP2 antibody was generated against a synthetic peptide corresponding to amino acids 253~
262 of AQP2 with phosphorylation at Ser-256. Details are provided under “Experimental Procedures.” C and D, sites and efficiency of phosphorylation by
PKA in AQP2. C, WT-AQP2 and mutant proteins (25 pmol each), with or without phosphorylation by PKA, were analyzed by SDS-PAGE and Coomassie Blue
staining. D, WT-AQP2 and mutant proteins (25 pmol each), with or without phosphorylation by PKA, and the phosphopeptide standard were subjected to

dot blot analysis using antibodies for phosphoserine.

signals were not detected for any mutants that included the
5256 A mutation. These findings indicate that only Ser-256 in
recombinant AQP2 is phosphorylated by PKA.
Reconstitution of AQP2 into Liposomes—WT-AQP2 and
mutants were reconstituted into proteoliposomes as de-
scribed under “Experimental Procedures.” Proteins that were
not reconstituted into liposomes were removed by fractionat-
ing on OptiPrep step gradients (Fig. 44). The proteolipo-
somes were extruded through polycarbonate filters to obtain

unilamellar vesicles (22). The size of the proteoliposomes was -

examined by negative stain electron microscopy (Fig. 4B). The
diameter was similar in different kinds of liposomes: lipo-
somes without protein reconstitution, 185 * 4 nm; Trx-
liposomes, 193 = 5 nm; non-phosphorylated WT-AQP2-lipo-
somes, 200 = 4 nm; phosphorylated WT-AQP2-liposomes,

40780 JOURNAL OF BIOLOGICAL CHEMISTRY

199 * 5 nm; S256A-AQP2-liposomes, 189 * 4 nm; S256D-
AQP2-liposomes, 190 = 4 nm; S261A-AQP2-liposomes,
200 * 4 nm; and S261D-AQP2-liposomes, 196 * 6 nm.

PKA Phosphorylation of AQP2 Enhances Its Water
Permeability—We then examined the Pof WT-AQP2-lipo-
somes, Trx-liposomes, and liposomes without protein recon-
stitution (Fig. 5). The P,of non-phosphorylated WT-AQP2-
liposomes was significantly greater than that of the control
substances, which were Trx-liposomes and liposomes without
protein incorporation. Treatment of WT-AQP2-liposomes
with HgCl, significantly decreased their P,to the control lev-
els. This finding indicates that the increased Prof AQP2-lipo-
somes is mediated by the AQP2 function of water transport.
PKA phosphorylation significantly increased the water per-
meability of WT-AQP2-liposomes. These findings indicate
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FIGURE 4. Reconstitution of AQP2 into liposomes. A, WT-AQP2 reconsti-
tuted in proteoliposomes was fractionated on OptiPrep step gradients, sep-
arated by SDS-PAGE, and immunoblotted using anti-AQP2 antibody. The
OptiPrep concentrations in each fraction were 0% (f1), 0-30% interface (),
30% (f3), and 40% (f4). Proteoliposomes existed in the 0-30% OptiPrep in-
terface. B, negative stain electron microscopy of liposome without protein
incorporation, Trx-liposome, non-phosphorylated WT-AQP2-liposome (NP-
AQP2-liposome), phosphorylated WT-AQP2-liposome (P-AQP2-liposome),
$256A-AQP2-liposome, $256D-AQP2-liposome, S261A-AQP2-liposome, and
$261D-AQP2-liposome, which were derived from the f2 fraction. Scale

bars = 200 nm.
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that the water permeability of AQP2 is enhanced by its
phosphorylation.

Phosphorylation of AQP2 at Ser-256 Is Essential for PKA
Regulation of Its Water Permeability—We then examined the
role of AQP2 phosphorylation in the regulation of Pusing
phosphorylation mutants of AQP2 reconstituted into proteo-
liposomes (Fig. 6). The Pof non-phosphorylation-mimicking
mutant S256A-AQP2-liposomes was similar to that of non-
phosphorylated WT-AQP2-liposomes. On the other hand,
the Prof phosphorylation-mimicking mutant S256D-AQP2-
liposomes was significantly increased up to the levels of phos-
phorylated WT-AQP2-liposomes. PKA phosphorylation did
not alter the P,of either $256A-AQP2 or 5256D-AQP2. These
findings indicate that phosphorylation of AQP2 at Ser-256 is

~essential for PKA regulation of its water permeability and that

phosphorylation at other sites in AQP2 is not involved in this
regulation. Furthermore, the P;values of both S261A and
$261D mutants were similar to those of non-phosphorylated

“WT-AQP2, indicating that phosphorylation at Ser-261 has no

effect on Pf

. DISCUSSION

This study provides direct evidence for the regulation of
the water transport activity of AQP2 by phosphorylation.
AQP2-regulated water reabsorption in kidney collecting
ducts is a key event for the maintenance of body water bal-
ance. In addition to the intracellular translocation of AQP2
to the luminal membrane, our findings indicate that the
water transport activity of individual AQP2 proteins is im-
portant for the regulation of water reabsorption in kidney
collecting ducts.

To date, several groups have examined the role of phosphor-
ylation in P, Kuwahara et al. (14) examined the phosphoryla-
tion and Pfof AQP2 expressed in Xenopus oocytes. They
showed that PKA phosphorylated AQP2 at Ser-256. cAMP
stimulation increased the P,of oocytes expressing AQP2, al-
though this stimulation did not increase the amount of AQP2
on the oocyte surface, which was examined by immunoblot-
ting of AQP?2 using oocyte membranes. This finding sug-
gested that the P,of individual AQP2 proteins was increased
by cAMP-mediated phosphorylation of AQP2. However, the
possibility of phosphorylation-induced translocation of AQP2
could not be excluded in this experimental system. Recently,
Moeller et al. (27) also examined the role of phosphorylation
using AQP2 expressed in Xenopus oocytes. To evaluate the P,
of a single channel, P, relative to the plasma membrane abun-

~»dance was compared among WT-AQP2 and mutants. Both

the Prand plasma membrane abundance of the non-phosphor-
ylation-mimicking mutant S256A-AQP2 were decreased com-
pared with those of WT-AQP2, resulting in the P relative to
the plasma membrane abundance being similar. This finding
suggested that a lack of phosphorylation at this site had no
effect on individual' AQP2 proteins. However, the methods
determining the plasma membrane abundance were semi-
quantitative, and this study could not exclude the possibility
that the P,of individual AQP2 proteins was altered by this
mutation. On the other hand, Lande et al. (15) purified endo-
somes derived from the apical membrane of rat inner medul-
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FIGURE 5. PKA phosphorylation of AQP2 enhances its water permeability. A, stopped-flow analysis. Proteoliposomes or liposomes without protein in-
corporation were abruptly imposed to an inwardly directed osmotic gradient, and the vesicle shrinkage was monitored by measuring the increase in scat-
tered light. The dots are measured values, and the solid lines are their fitted curves. Red, phosphorylated WT-AQP2-liposome; dark blue, non-phosphorylated
WT-AQP2-liposome; green, non-phosphorylated WT-AQP2-liposome treated with HgCl,; light blue, Trx-liposome; black, liposome without protein incorpora-
tion. B, summary of osmotic water permeability (P,). Data represent means = S.E. from 15-20 independent experiments. ¥, p < 0.001 versus Trx-liposome; **,

p < 0.001 versus non-phosphorylated AQP2-liposome.

lary collecting duct cells that were highly enriched for AQP2.
These endosomes contained endogenous PKA and phospha-
tase activities that could phosphorylate and dephosphorylate
AQP2. Therefore, these authors prepared two kinds of sam-
ples to detect the effect of phosphorylation on Py For phos-
phorylated AQP2, AQP2-endosomes were incubated with
exogenous PKA catalytic subunit and ATP to maximize the
phosphorylation levels. For non-phosphorylated AQP2, the
above phosphorylated sample was then incubated with ex-
ogenous alkaline phosphatase, which was shown to remove
95% of the phosphate from AQP2. There was no significant
difference in P;between these two samples, suggesting that
the P.of AQP2 is not changed by its phosphorylation.
However, the phosphorylation levels of AQP2-endosomes
incubated with exogenous PKA and ATP progressively de-
creased over 20 min, which might have been caused by en-
dogenous phosphatase activities. It is possible that the dif-
ferences in P, may have been underestimated due to the
existence of endogenous PKA, phosphatase, and other reg-
ulatory proteins in AQP2-endosomes. Our experimental
system using recombinant AQP2 reconstituted into lipo-
somes did not contain any other proteins, and thus, the
potential effects of other regulatory proteins were ex-
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cluded. This provides direct evidence that phosphorylation
of AQP2 regulates its water permeability.

In this study, it is possible that not all AQP2 proteins were
reconstituted in liposomes with the proper orientation and
topology, which may have caused underestimation of their
water transport activity. However, significant water transport
via AQP2 was observed, demonstrating functional reconstitu-
tion into liposomes, as shown in Fig. 5. Moreover, the effects
of PKA phosphorylation and mutations of AQP2 on P,were
clearly observed (Figs. 5 and 6).

There is increasing evidence that aquaporins are gated (28).
The spinach aquaporin SoPIP2;1 is gated by phosphorylation
at Ser-115 and Ser-274 (29). Structural studies using electron
diffraction (30) and x-ray crystallography (31) proposed the
molecular mechanism of this gating. In the closed conforma-
tion, loop D caps the pore of this channel from the cytoplasm,
preventing the water passage. In the open conformation, loop
D is displaced, thereby unblocking the cytoplasmic entrance
of the water pore. Molecular dynamic simulations indicate
that Ser-115 phosphorylation triggers this movement of loop
D (31). Furthermore, x-ray structural analysis of phosphoryla-
tion mutants suggests that phosphorylation at Ser-188 may
also produce an open channel, which was supported by an
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FIGURE 6. Phosphorylation of AQP2 at Ser-256 is essential for PKA regulation of its water permeability. A, stopped-flow analysis of phosphorylation
mutants of AQP2 reconstituted into liposomes. Light blue, S256D-AQP2-liposome; red, PKA-phosphorylated S256D-AQP2-liposome; black, S256A-AQP2-
liposome; green, PKA-phosphorylated S256A-AQP2-liposome; dark blue, S261D-AQP2-liposome; orange, S261A-AQP2-liposome. B, summary of P Data rep-
resent means = S.E. from 15-25 independent experiments. *, p < 0.001 versus S256A-AQP2-liposome.

increased water transport activity of this mutant and also mo-
lecular dynamics simulations (32). These simulations have
revealed interactions between phosphorylated Ser-188 and
Lys-270 of the C terminus that lead to a conformational
change in loop D and channel opening. This finding also indi-
cates an important role for the C terminus of aquaporin in the
gating mechanism.

AQP4 is the predominant water channel in the mammalian
brain, and its water permeability is also regulated by its phos-
phorylation. The water permeability of AQP4 is decreased by
its phosphorylation at Ser-180 by protein kinase C (33) and is
enhanced by phosphorylation at Ser-111 by protein kinase G
(34). Electron crystallography of double-layered, two-dimen-
sional crystals suggests a mechanism that phosphorylated Ser-
180 may bind to the C-terminal domain, which blocks the
cytoplasmic entrance of this water channel (35).

The yeast aquaporin Aqy1 has also been shown to be a gated
channel by x-ray structural analysis at 1.15 A (36). The extended
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N terminus caps the water channel entrance. Furthermore, mo-
lecular dynamics simulations and functional studies have sug-
gested that its water transport activity is regulated by mechano-
sensitivity and Ser-107 phosphorylation (36).

We have shown here that the water transport activity of
AQP2 is regulated by phosphorylation at Ser-256, which is
located in the cytoplasmic C-terminal domain. Although a
crystal structure of AQP2 has not been reported to date, we
speculate that this phosphorylation induces conformational
changes in the C terminus that are important for channel gat-
ing. Structural analysis is required to further characterize the
molecular details of AQP2 gating.
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Effects of
nonsedative
antihistamines on

productivity of
patients with pruritic
skin diseases

H. Murota,* S. Kitaba, M. Tani,
M. Wataya-Kaneda, |. Katayama

Keywords: antihistamine; itch; quality of
life; skin diseases; WPAI-AS.

The symptoms associated with allergic
diseases are recognized to exert a nega-
tive social and economic impact on
patients as a result of impairments in
work productivity (1, 2). Similar nega-
tive effects are experienced by patients

with skin diseases such as chronic idio-
pathic urticaria, psoriasis, and chronic
hand dermatitis

3-5). How- N

-5) Impaired work pro-

ever, the conse- . .
ductivity in patients

quences of

with pruritic skin
diseases is improved
significantly by
nonsedative
antihistamines.

pruritic skin
diseases on
productivity at
work, in the
classroom, and
in daily activi-
ties are not fully understood. We
assessed the impact of pruritic skin dis-
ease (e.g., dermatitis/eczema, urticaria,
atopic dermatitis (AD), pruritus cutane-
ous) — as well as the effect of antihista-
mine therapy — on work, classroom, and
daily productivity. In addition, we eval-
uated the effects of antihistamines on
the intensity of itch and patient’s quality
of life (QOL).

The study design was approved by
the Institutional Review Board, and
patients with pruritic skin diseases
(n = 206; male : female = 93 : 113;
mean age = SD: 52 + 20 years) gave
informed consent to participate in this
study. Participants received no medical
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attention during the week before study
initiation. The selection of therapy for
each patient — i.e., oral antihistamines
versus external medicine (e.g., steroid
ointments, tacrolimus ointments, and
certain moisturizers) — was left to the
physician’s discretion (open-label trial).
The antihistamines fexofenadine
(n = 72) and loratadine (n = 2), for
which the package insert contained no
cautionary statement regarding sedative
actions, were categorized as ‘nonseda-
tive’. All other antihistamines were
classified as ‘sedative’. The effects of
pruritic skin diseases on QOL were
measured using the Skindex-16
instrument, and the magnitude of the
itch sensation was assessed using a
visual analog scale (VAS) (0-100).
Work, classroom, and daily productiv-
ity were assessed by means of the
Work Productivity-Activity Impair-
ment-Allergy Specific (WPAI-AS)
instrument (6). These instruments were
self-administered by patients before
(baseline) and 1 month after treatment
initiation.

Based on the average baseline
WPAI-AS scores for different diseases,

w

Skindex-16 score (aberrant unit)
improvement

Non-  Sedative External
sedative AH medicine
AH
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improvement

Non-  Sedative External
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Figure 1 The impact of antihistamines on (A) itch visual analog scale, (B) skindex-16 score,
(C) overall work productivity impairment, and (D) daily activity productivity impairment. The
data for baseline (dark gray bars) and post-treatment assessment (light gray bars) are shown
as mean = SD. **Statistically significant improvement compared to baseline assessment
(P < 0.001, one-sample ttest). AH, antihistamines.
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pruritic skin diseases produced impair-
ments in overall productivity in the
workplace, classroom, and daily

life activity of 39.3 £ 26.5%,

45.0 = 28.9%, and 42.3 + 25.1%,
respectively. No significant differences
between disease groups were identified
at baseline. Patients in this study
were treated for 1 month with oral
antihistamines, with the exception of
11 patients who received only with
topical medications. Nonsedative anti-
histamines were given to 74 patients,
and the remaining 121 patients were
treated with sedative antihistamines.
The effects of these treatments on the
intensity of itch, the Skindex-16 QOL
score, overall work productivity, and
daily activity productivity are shown in
Fig. 1. As expected, itch intensity was
reduced significantly by antihistamine
therapy, while external medicines

were ineffective (Fig. 1A). The effects
of nonsedative and sedative antihista-
mines on itch intensity were similar
(Fig. 1A). The effects of all treatments
on the Skindex-16 QOL measure

were similar to those for the itch
VAS, with significant improvement
from all antihistamines, but not

for topical medications (Fig. 1B).

As anticipated, impairments in over-
all work productivity and daily
activity productivity were reduced
significantly by nonsedative antihista-
mines, whereas sedative antihistamines
failed to improve either measure

(Fig. 1C,D).

Our results indicated that pruritic
skin diseases negatively impact
WPAI-AS scores at baseline. Sedative
antihistamines fail to reduce work
productivity impairment, despite
decreasing itch VAS and Skindex-16
measures. Thus, clinicians should be
aware of the potential to overestimate
the benefits of sedative antihistamines
on work productivity if they rely
solely on patient intensity of itch and
QOL values. In conclusion, this report
highlights benefits in patient productiv-
ity as a new goal in the treatment of
pruritic skin diseases and provides a
rationale for shifting the choice of
treatment to nonsedative antihista-
mines.
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Maize: a new occu-
pational allergen in

the pharmaceutical
industry

C.-M. Maniu, U. Faupel, G. Siebenhaar,
N. Hunzelmann*

Keywords: excipient; maize; maize starch;
occupational allergy.

Maize is part of contemporary nutrition
and can be found in breakfast cereal,
snacks, pastries, tortilla chips, polenta
and many other
foods. More-
over, maize Maize starch should
flour and starch be considered as a
are often added potential

to processed occupational

food, and allergen in tablet
starch is a manufacturing.
widespread

excipient of

tablets. Allergic reactions to maize have
previously been reported in southern
Europe and Mexico where maize is
commonly ingested. The major food
allergen of maize, Zea m 14 is a heat-
resistant lipid transfer protein and
has a molecular weight of 9 kDa (1).
Three other potential allergens have
been detected: a 16-kDa a-amylase
trypsin inhibitor, a thioredoxin
named Zea m 25 (2) and a not yet
characterized 50-kDa protein that
belongs to the so-called reduced
soluble protein fraction of the corn
endosperm (3).

A 19-year-old girl, apprentice of a
pharmaceutical company, noticed an
erythematous itching rash on both hands
and the face associated with dyspnea
everyday 2 hours after starting work in
tablet manufacturing. She was not
known for any kind of seasonal or
perennial allergic rhinoconjunctivitis,
food or drug allergy, or atopic
dermatitis.

Her company produces tablets of
acetylsalicylic acid (ASA), nifedipin,
acarbose, ciprofloxacin and moxifloxa-
cin. Main excipients of these tablets are
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