Molecular Genetics of Palmitoyl-Protein Thioesterase Deficiency in the U.S.
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Abstract

Mutations in a newly described lysosomal enzyme, palmi-
toyl-protein thioesterase (PPT), were recently shown to be
responsible for an autosomal recessive neurological disorder
prevalent in Finland, infantile neuronal ceroid lipofuscino-
sis. The disease results in blindness, motor and cognitive de-
terioration, and seizures. Characteristic inclusion bodies
(granular osmiophilic deposits [GROD]) are found in the
brain and other tissues. The vast majority of Finnish cases
are homozygous for a missense mutation (R122W) that se-
verely affects PPT enzyme activity, and the clinical course
in Finnish children is uniformly rapidly progressive and
fatal.

To define the clinical, biochemical, and molecular ge-
netic characteristics of subjects with PPT deficiency in a
broader population, we collected blood samples from U.S.
and Canadian subjects representing 32 unrelated families
with neuronal ceroid lipofuscinosis who had GROD docu-
mented morphologically. We measured PPT activity and
screened the coding region of the PPT gene for mutations.
In 29 of the families, PPT deficiency was found to be re-
sponsible for the neurodegenerative disorder, and mutations
were identified in 57 out of 58 PPT alleles. One nonsense
mutation (R151X) accounted for 40% of the alleles and was
associated with severe disease in the homozygous state. A
second mutation (T75P) accounted for 13% of the alleles
and was associated with a late onset and protracted clinical
course. A total of 19 different mutations were found, result-
ing in a broader spectrum of clinical presentations than pre-
viously seen in the Finnish population. Symptoms first ap-
peared at ages ranging from 3 mo to 9 yr, and about half of
the subjects have survived into the second or even third de-
cades of life. (J. Clin. Invest. 1998. 102:361-370.) Key
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Introduction

The neuronal ceroid lipofuscinoses (NCLs)! are a group of
progressive hereditary neurodegenerative disorders of chil-
dren that are distinguished from other neurodegenerative dis-
eases by the accumulation of autofluorescent material (“aging
pigment”) in brain and other tissues (reviewed in reference 1).
Distinct subgroups of NCL have been recognized that differ in
the age of onset of symptoms and the appearance of the stor-
age material by electron microscopy. Three major groups,
infantile (INCL), classical late infantile (LINCL), and juve-
nile (JNCL) (characterized by granular osmiophilic deposits
[GROD], curvilinear cellular inclusions, or fingerprint inclu-
sions, respectively) are well defined and are now known to be
caused by autosomal recessive mutations in the CLNI (2, 3),
CLN2 (4, 5), and CLN3 genes (6). (Fig. 1 illustrates the elec-
tron microscopic findings characteristic of these common NCL
types). CLN4 refers to a rare adult NCL (Kuf’s disease [7])
that has not been mapped to a genetic locus. A variant Finnish
late infantile form is caused by a defect in a putative mapped
CLNS5 gene (8), and other atypical forms have been described
(9). In the U.S. population, infantile, late infantile, juvenile,
and adult NCL comprise 11.3%, 36.3%, 51.1%, and 1.3% of
cases with NCL, respectively (10).

Mutations in a lysosomal enzyme, palmitoyl-protein thio-
esterase (PPT), have been shown to cause INCL in Finland,
where the disease is prevalent, as well as in two Northern Eu-
ropean subjects with a similar clinical presentation (2). PPT
functions in the removal of fatty acids from modified cysteine
residues in proteins undergoing degradation in the lysosome
(11), and cysteine-containing fatty acyl thioesters accumulate
in cells derived from INCL subjects, leading to neurodegener-
ation by an unknown mechanism (12). In Finland, a single mis-
sense mutation (A364T, R122W) in the PPT gene is causative,
the carrier frequency for the defective allele is 1 in 70, and the
mutation is associated with a complete loss of PPT function
(2). The clinical disorder in Finland is remarkably homoge-
neous. Affected Finnish infants develop normally until the age
of 6-24 mo, when visual failure, speech and motor deteriora-
tion, and seizures appear. Most subjects have no higher corti-

1. Abbreviations used in this paper: EEG, electroencephalogram;
GROD, granular osmiophilic deposits; INCL, infantile neuronal
ceroid lipofuscinosis; JNCL, juvenile neuronal ceroid lipofuscinosis;
LINCL, classical late infantile neuronal ceroid lipofuscinosis; NCL,
neuronal ceroid lipofuscinosis; PPT, palmitoyl-protein thioesterase;
SSCP, single-strand conformational polymorphism.
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Figure 1. Lysosomal storage material in buffy coat (leukocyte) preparations from subjects with various types of NCL as seen by electron micros-
copy. (A) GRODs in an INCL (CLNI —/—) subject (71,000X); (B) Curvilinear inclusions in a classical LINCL (CLN2—/—) subject (68,500X);
(C) Fingerprint profiles in a typical INCL (CLN3 —/—) subject (64,000 ); (D) Mixed granular, curvilinear, and fingerprint inclusions in a juve-

nile-onset PPT—deficient NCL subject (CLNI —/—) (108,000X).

cal activity demonstrable by an electroencephalogram (EEG)
by the age of three (13).

Two other major forms of NCL, LINCL (14, 15) and JNCL
(16), have been well described. Classical LINCL subjects
present between the ages of 2 and 4 yr with cognitive problems
and developmental delay. These individuals have inclusion
bodies that differ from those seen in the infantile type—the in-
clusions are in the form of curvilinear profiles, rather than
GROD. Recently, defects in a lysosomal protease mapping to
the CLN2 locus have been demonstrated in these patients (5).
JNCL subjects typically present between the ages of 4 and 7 yr
with visual failure, followed by a slow cognitive decline. The
JNCL cases typically show “fingerprint” inclusions by electron
microscopy and have defects in the CLN3 gene (6). The func-
tion of the CLN3 protein is unknown.

Recent evidence suggests that certain mutations in the PPT
gene may produce a less severe form of NCL when compared
to classical INCL. We recently identified three families who
had been classifed as having LINCL but who had GROD his-
tology. All three were deficient in PPT enzyme activity (17). In
addition, 10 JNCL families with GROD, most of whom were
of Scottish ancestry, were recently shown to have mutations in
the PPT gene (18).

To probe the spectrum of molecular defects in PPT and the
relationship between these defects and the clinical presenta-
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tions of the disease, we obtained blood samples from 32 sub-
jects in the Batten Disease Registry at the Institute for Basic
Research (Staten Island, NY), who carried the diagnosis of
NCL and who had electron microscopy of leukocytes or skin/
mucosa showing predominantly GROD histology. We also ex-
amined 16 classical LINCL subjects, and 12 cases referred to
us with a clinical suspicion of INCL without a firm histologic
diagnosis. We describe 19 different mutations in the PPT gene,
and show that one nonsense mutation accounts for 40% of the
alleles. Individuals homozygous for the common mutation
have classic infantile NCL. The remaining majority of subjects
with PPT deficiency are remarkably heterogeneous with re-
spect to age of onset and pace of progression.

Methods

Subjects. 32 unrelated subjects with neurological deterioration and
GROD (on electron microscopic examination of leukocytes or skin
or mucosal biopsies) were entered into the study (Tables I and II).
The histology was classified as either GROD only (23 subjects, Table
1, line 1) or GROD mixed with curvilinear or fingerprint profiles (9
subjects, Table I, line 2). In addition, a further 16 unrelated subjects
with classical LINCL, and 12 subjects with neurological disorders sug-
gestive of INCL, but with nondiagnostic or normal histopathology
were entered (Table I, lines 3 and 4) to serve as controls. All but four



Table I. Electron Microscopy Findings in Study Subjects

Infantile Late infantile Juvenile Overall
EM results Total PPT-deficient Total PPT-deficient Total PPT-deficient Total PPT-deficient
GROD 14 14 (100%) 4 4(100%) 5 5 (100%) 23 23 (100%)
GROD (mixed) — — 1 1(100%) 8 5(62%) 9 6 (67%)
Curvilinear — — 16 0(0%) — — 16 0(0%)
Nondiagnostic 12 0(0%) — — — — 12 0(0%)

subjects were registered with the Batten Disease Registry at the Insti-
tute for Basic Research (K. Wisniewski, Director) and the pathology
in all of the registered cases was reviewed by one of us (K. Wis-
niewski). Clinical data were obtained from medical record review and
interviews with physicians and parents. Two families (Nos. 28 and 29,
Table I) have been reported in detail elsewhere (18) and are pre-
sented here for comparison only. Three clinical case histories repre-
sentative of the infantile, late infantile, and juvenile presentations are
given below.

Subject 9, a patient of Robert Steiner and Richard Weleber of the
Oregon Health Sciences University in Portland, developed normally
to the age of 12 mo, when the mother noted a regression in speech
and motor function. The head circumference increased only 0.5 cm
between 10 and 23 mo. Visual difficulties were noted at 14 mo and
the patient was near blind at 20 mo. An MRI at 16 mo showed de-
layed myelination. An EEG was normal at 19 mo but she had gener-
alized seizures at age 23 mo. An electroretinogram was abnormal and
a conjunctival biopsy showed GROD in endothelial cells with occa-
sional lamellar deposits but without curvilinear or fingerprint pro-
files.

Subject 19, a patient of Mark Laney of Fort Worth, Texas, was
first referred to a child neurologist at the age of 3.5 yr because of
atypical absence seizures. A magnetic resonance imaging was normal
and the child’s IQ was estimated to be 100 despite some developmen-
tal and speech delay. An EEG showed a generalized slow spike and
wave pattern and the patient was felt to suffer from Lennox—Gastaut
syndrome. Rapid deterioration occurred after the age of four, and be-
tween the ages of four and six, she lost the ability to speak, walk, sit,
and feed herself. Electron microscopy of white cells showed some
nondiagnostic cytoplasmic vacuoles, and a rectal biopsy was negative.
A skin biopsy done at the age of six revealed GROD.

Subject 20, a patient of Roberta Pagan of Seattle, Washington,
developed normally until the age of 5 when visual problems were
noted. Difficulties in school were noted at age 7 and he was diagnosed
with a learning disability at age 10. At age 15, he is blind and requires
assistance with walking, but enjoys listening to music, telling jokes,
and meeting with friends. Two younger siblings are normal.

Preparation of crude lysates from EBV-transformed lympho-
blasts. EBV-transformed lymphoblasts were maintained in suspen-
sion culture in RPMI 1640 medium containing 10% fetal bovine se-
rum, 100 U/ml penicillin, 100 pg/ml streptomycin, and 0.25 wg/ml of
amphotericin B. Aliquots (10 ml, 5 X 107 cells) were harvested by
centrifugation, washed twice with ice-cold phosphate-buffered saline,
and resuspended in 200 pl of buffer containing 50 mM Tris-HCI, pH
7.4,150 mM NaCl, 2 mM EDTA, 1 ng/ml of pepstatin, and 1 pg/ml of
leupeptin. The cells were sonicated for two pulses of 6 s each at a set-
ting of three using a Branson probe sonifier on ice. The homogenate
was centrifuged at 100,000 g for 1 h at 4°C. The clear supernatant was
removed and the protein concentration determined using the Micro
DC protein assay (Bio-Rad Laboratories, Hercules, CA).

PPT assay and immunoblotting. PPT activity was determined in
crude soluble extracts of EBV-transformed lymphoblasts, essentially
as described previously (19), with the exception that the extracts were
incubated with 2 mM phenylmethanesulfonyl fluoride at 37°C for 40
min to reduce nonspecific thioesterase activity just before assay. As-

says were performed for 90 min at 37°C and terminated by the addi-
tion of 500 wl of cold ethanol/ether (2:1, vol/vol). Immunoblotting
was performed using anti-human PPT antibodies raised in rabbits
against purified recombinant human PPT produced in the insect cell
baculovirus system as previously described (20).

Genomic DNA isolation. White blood cells were obtained from
whole blood withdrawn in the presence of EDTA after red cell lysis.
Total cellular DNA was isolated using a model 340A nucleic acid ex-
tractor (Applied Biosystems, Foster City, CA) and stored in a buffer
containing 10 mM Tris-HCI, pH 8.0, and 1 mM EDTA.

PCR amplifications. Individual exons or portions of exons were
amplified using PCR and thermostable DNA polymerases. The loca-
tions and sequences of the oligonucleotide primer pairs are given in
Table I11. PCR reactions were performed in 20 pl reactions contain-
ing 20 ng of genomic DNA, primer (1 nM), 0.2 mM of dATP, dGTP,
and dTTP, 0.02 mM of dCTP, 0.05 pl of [*P]dCTP (~ 3,000 mCi/
mmol), 1 U of Taqg DNA polymerase, 10 mM Tris-HCI, pH 8.3, 50
mM KCI, and 1.5 mM MgCl,. Exons were amplified using a ther-
mocycler program of 35 cycles of 30 s at 94°C, 30 s at the annealing
temperature indicated in Table III, and 30 s at 72°C (5 min at 72°C at
cycle 35).

Single-stranded conformational polymorphism (SSCP) analysis.
Conformation-dependent DNA polymorphisms were detected using
polyacrylamide gels essentially as described by Orita et al. (21). Neu-
tral polyacrylamide gels containing 7% acrylamide-bisacrylamide
(29:1), 2 X TBE (22), 0.056% (wt/vol) ammonium persulfate, and
0.001% (vol/vol) N, N, N’, N’ -tetramethylethylenediamine were
used in the presence and absence of 10% glycerol. Radiolabeled PCR
products (5 wl) corresponding to each exon (or portion thereof) were
added to 15 pl of formamide-loading buffer (95% (vol/vol) form-
amide, 20 mM EDTA, 0.05% (wt/vol) each of bromophenol blue and
xylene cyanol), incubated at 100°C for 5 min, and cooled on ice. Ali-
quots (5 pl) were electrophoresed at 280 V for 16 h at room tempera-
ture or for 420 V for 16 h (glycerol-containing gels). A nondenatured
sample (1 wl) of the original amplification reaction was diluted into 5
wl of sucrose buffer (22) and loaded into an adjacent lane to deter-
mine the position of migration of the double-stranded exon DNA
fragment. Some polymorphisms were detected only in MDE®-con-
taining gels (FMC, Inc., Rockport, ME), as indicated in the legend to
Table III.

PCR from gels and sequencing. Radiolabeled bands were excised
from SSCP gels, and used directly in 40 pl PCR reactions under ex-
actly the same conditions described above except that no radiola-
beled nucleotide was added and the concentration of each deoxynu-
cleotide was 0.2 mM. Amplification products were purified by
electrophoresis in 1.5% agarose gels, purified on spin columns (Su-
pelco, Bellefonte, PA), precipitated using sodium acetate and etha-
nol, and sequenced by automated dye terminator cycle sequencing.

Results

PPT deficiency in subjects with NCL. Table I shows the clinical
diagnosis and electron microscopic findings for the patients en-
tered into the study (60 subjects). We entered 32 subjects with
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Table II. Subjects with Neuronal Ceroid Lipofuscinosis due to Palmitoyl-Protein Thioesterase Deficiency

Molecular lesion

IBR-BD* Current age
Registry no./ Age of onset or age Presenting EMP
Ref. no. Cell strain Ethnic group and sex at death symptom(s) results Type Location Mutation
Infantile NCL:
1 1465/ Swedish/ 3mo,M 7yr Seizures GROD  Missense  Exon4 A364T (R122W)
BD329 Norwegian Missense  Exon 6 G541A (V181IM)©
2 1694/ Penn Dutch 6 mo,M 2.5yr  Cognitive/Motor GROD  Nonsense Exon5 C451T (R151X)
—d Alsatian Nonsense  Exon 5 C490T (R164X)
3 1474/ Greek/Irish 6 mo, M 7.5yr  Seizures GROD  Nonsense Exon1 T29A (L10X)
BD445 Nonsense  Exon 1 T29A (L10X)
4 1547/ German 8 mo, F Syr Cognitive GROD  Nonsense Exon5 C451T (R151X)
BD483 Nonsense  Exon 5 C451T (R151X)°
5 —/ German/Eng/ 8 mo, M 7 yr¢ Motor GROD  Nonsense Exon5 C451T (R151X)
95-52¢ Polish Nonsense  Exon 5 C451T (R151X)°
6 1019/ Scot/Irish/Eng/ 8mo, F 6.5 yr Seizures GROD  Deletion Exon 4 del 398T
BD437 Germ/Swedish Nonsense  Exon 5 C451T (R151X)
7 1461/ Swedish/Dutch 12 mo, F 13 yr Motor GROD  Nonsense Exon5 C451T (R151X)
BD475 Nonsense  Exon 5 C451T (R151X)
8 1676/ Germ/Welsh/ 12 mo, M 2.5yr  Seizures/cognitive = GROD  Nonsense ExonS5 C451T (R151X)
UT17-01 NatAm/Ital Nonsense  Exon 5 C451T (R151X)°
9 —/ Germ/Welsh/ 12 mo, F 2.5yr  Cognitive/motor GROD  Nonsense ExonS5 C451T (R151X)
UTs8-01 Cherok/Ital Nonsense  Exon 5 C451T (R151X)
10 1196/ Swedish/ 12 mo, M 4 yr¢ Vision GROD  Missense  Exon2 G125A (G42E)
BD192 Norwegian Missense  Exon 4 A364T (R122W)
11 1652/ Ir/Welsh/Eng/  12mo,M 4yr Cognitive/motor GROD  Missense  Exon1 T117A (H39Q)®
UT11-01 Germ/Norweg Nonsense  Exon 5 C451T (R151X)
12 1725/ Welsh/Eng/ 12 mo, M 2.5yr  Cognitive/motor GROD  Nonsense ExonS5 C451T (R151X)
UT14-01 German/Dutch Splice site  Intron7/ T (IVS7,-2)°
Exon 8
13 1674/ Irish/English/ na., M n.a No information GROD  Missense  Exon4 A364T (R122W)
BD442 Swedish Missense  Exon 6 G550A (E184K)
14 1601/ Norw/Can/ 18 mo, F 7.5yr Seizures/cognitive = GROD  Nonsense Exon 1 T29A (L10X)
UT18-01 Cherokee Missense  Exon 3 T325G (Y109D)
Late infantile NCL:
15h 1031/ Scottish/Irish/ 18 mo, F 14 yr Seizures/cognitive = GROD  Nonsense Exon 5 C451T (R151X)
BDO076 Germ/English Nonsense  Exon 5 C451T (R151X)
16 1112/ German/Irish 18 mo, M 13 yr Cognitive GROD/ Nonsense ExonS5 C451T (R151X)
BDO052 (6)% Missense  Exon 6 G541A (V181IM)*
17 1576/ Arab/ 18 mo, M 7yr Vision/cognitive GROD  Nonsense Exon5 C490T (R164X)
C10949 Moroccan — — —
18k 1005/ Scottish/ 35y, M 13 yr Cognitive/motor GROD  Missense  Exon1 G3A (M1D)
BD004 German/Irish Missense  Exon 3 T325G (Y109D)
19 1639/ English 35yr, F 12 yr Seizures GROD  Missense  Exon5 C529G (Q177E)
UT2-01 Nonsense  Exon 9 G888A (W296X)
Juvenile NCL:
20 1400/ German/ Syr,M 15 yr Vision GROD  Missense  Exon1 G3A (M1D)
BD282 Native Amer Missense  Exon 8 T739 C (Y247H)
21 1523/ German Syr,F 19 yr Vision GROD  Nonsense Exon5 C451T (R151X)
C10316 Missense  Exon 8 G749T (G250V)©
22 1162/ French Can/ Syr,F 20 yr Vision GROD/ Missense  Exon2 A223C (T75P)
C7297 Irish CV/FP  Nonsense Exon5 C451T (R151X)
23 1428/ Nor/Germ/ 6 yr,M 17 yr Cognitive GROD/ Missense  Exon2 A223C (T75P)
BD309 Irish/English CcvV Nonsense  Exon 5 C451T (R151X)
24 1553/ Scot/It/Eng/ 6yr, F 16 yr Vision GROD  Missense  Exon 2 A223C (T75P)
C11029 Fre/FreCan Nonsense  Exon 5 C451T (R151X)
(Continued)
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Table II (Continued)

Molecular lesion

IBR-BD* Current age
Registry no./ Age of onset or age Presenting EMP
Ref. no. Cell strain Ethnic group and sex at death symptom(s) results Type Location Mutation
25 1210/ Scot/Irish/ 7yr, M 17 yr Vision GROD/  Missense Exon2  A223C (T75P)
BD037 Germ/Hung CV/FP Nonsense  ExonS5  C451T (R151X)
26 1321/ German/ 7yr,M 24 yr¢ Vision GROD/ Missense Exon2  A223C (T75P)
119934 Irish CV/FP Missense  Exon6  G541A (V181M)®
27 1419/ n.a. 7yr, F 19 yr Vision/cognitive =~ GROD/  Missense = Exon2  A223C (T75P)
160254 CV/FP Deletion Exon7  del 644A
28! 1418/ English/ 7.5yr, F 18 yr Seizures GROD Missense  Exon3  A236G (D79G)™
20105 Hispanic Nonsense  ExonS5  C451T (R151X)
29" 1357/ Scottish 7yr,F 26 yr Cognitive GROD Missense  Exon2  A223C (T75P)
UT7-01 Missense  Exon2  A223C (T75P)

a, Institute for Basic Research Batten Disease Registry (Staten Island, NY). b, Electron microscopy. GROD = granular osmiophilic deposits; CV =
curvilinear profiles; FP = fingerprint profiles. ¢, SSCP detected in MDE-containing gels only. d, PPT assay/immunoblot not performed. ¢, homozygos-
ity inferred from SSCP and Southern analysis. f, fibroblast line. g, deceased. &, Subject 3 of (17). i, Subject 5 of (17). j, Coding region normal by DNA
sequencing. k, Subject 1 of (17). /, Subject 208-11-3 of (18). m, no SSCP abnormality. , Subject 56-1I-1 of (18). n.a., not available.

GROD histology (23 with “pure” GROD and 9 with GROD
mixed with curvilinear and/or fingerprint profiles), 16 classical
LINCL subjects with curvilinear histology, and 12 subjects re-
ferred because of an initial clinical suspicion of INCL who had
nondiagnostic histopathology. We found an excellent correla-
tion between the presence of GROD and the absence of PPT
activity (Table I). Cell lines were available for 29 of the 32
GROD subjects, and 26 of these showed PPT levels that were
< 0.2 pmoles/min/mg of protein (normal range, 1-3 pmoles/
min/mg of protein). Three additional subjects, for whom cell
lines were not available (indicated in Table II) are classified as
PPT-deficient based on the finding of mutations in the PPT
coding region. Overall, PPT deficiency was found in 23 of 23
NCL probands who showed pure GROD, and six out of nine
subjects with GROD mixed with curvilinear or fingerprint in-
clusions. (The remaining three subjects, all juvenile presenta-
tions, had normal PPT activity and no mutations in PPT-cod-
ing regions identified by SSCP. One of these was subsequently
found to have a mutation in the CLN3 gene [K. Wisniewski,
unpublished data]. The basis for the neurodegeneration in the
remaining two cases is unknown).

We also assayed lymphoblasts from 16 classical LINCL
subjects for PPT activity (Table I, third row) and an additional
12 cases in which there was a clinical suspicion of INCL by a
referring neurologist (Table I, fourth row). These 12 subjects
had nondiagnostic histology (Table I, fourth row). All of these
subjects with neurological syndromes, but without GROD,
had normal PPT activity (data not shown).

PPT-deficient subjects. Table II summarizes the important
clinical, pathological, and genetic features of the 29 unrelated
PPT-deficient subjects identified in this study. Subjects were
found to be distributed among the infantile, late infantile, and
juvenile groups (Table IT), with ages of onset ranging from as
early as 3 mo to as late as 7 yr. (The latest onset among all af-
fected relatives was 9 yr, in a sibling of Subject 29). About half
(14/29, or 48%) carried the diagnosis of INCL, and were clini-
cally similar to the Finnish INCL subjects described previously
(13). 5 out of the 29 (17%) carried the diagnosis of LINCL.
Two of these (Subjects 15 and 17) presented at 18 mo (within
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the defined range of onset for infantile cases, which is up to
24 mo), but carried the late infantile diagnosis because each
had an older sibling that had presented at 24 mo of age. Sub-
ject 16 presented at 18 mo of age, but carried the diagnosis of
“late infantile” because of the finding of curvilinear bodies
(in addition to GROD) on electron microscopy and because
he demonstrated a protracted clinical course. Subject 19 pre-
sented at the age of 3.5 yr and was felt to be an unusual classi-
cal late infantile patient because seizures dominated the clin-
ical picture. 10 out of the 29 cases (34 %) carried the diagnosis
of JNCL. These cases were clinically indistinguishable from
JNCL with CLN3 mutations, with visual failure as the present-
ing symptom in most cases. These results, taken together, re-
veal the remarkable degree of clinical heterogeneity in terms
of age of onset among PPT-deficient subjects in our popula-
tion.

PPT mutations. Table II lists the molecular lesions in the
coding regions of the PPT gene in the 29 subjects analyzed,
and Fig. 2 shows these mutations in relation to their location in
the PPT gene. We identified 56 of 58 mutated alleles by SSCP
analysis, and one further allele by sequencing of each exon. In
one subject (Subject 17) only one mutated allele was detected,
despite exhaustive analysis, including sequencing of all exons
and Southern analysis. (PPT deficiency in this subject is most
likely due to a mutation that maps outside of the exons and im-
mediate flanking regions examined here). Taken together, 19
different mutations were found (including 14 not previously
reported) and these consisted of 12 amino acid substitutions,
four nonsense codons, two instances of single base-pair dele-
tions, and one splice-site mutation.

The most common mutation (a nonsense mutation) ac-
counted for ~ 40% of PPT alleles in affected individuals (Fig.
2). This mutation was C to T transition at position 451 of the
human PPT cDNA (relative to the translation start site) and
occurred at the site of a CpG dinucleotide, presumably as a
consequence of methylation-mediated deamination of cyto-
sine (23). Of the 19 mutations described in the current paper,
three others (C490T, G541A, and G550A) also occurred at
CpG dinucleotides sites. The next most common mutation
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Table I11. Oligonucleotides Used for PCR Amplification of the PPT Gene

Amplification target Oligonucleotide Location

Sequence 5’ to 3’ Annealing temperature

Exon 1 (5' portion) SH 521 5'-UTR, Exon 1
4809 Exon 1
Exon 1 (3’ portion) SH 485 Exon 1
SH 486 Intron 1
Exon 2 SH 489 Intron 1
SH 490 Intron 2
Exon 3 (5' portion) SH 491 Intron 2
SH 492 Exon 3
Exon 3 (3' portion) SH 493 Exon 3
SH 494 Intron 3
Exon 4 SH 495 Intron 3
SH 519 Intron 4
Exon 5 SH 520 Intron 4
SH 498 Intron 5
Exon 6 (5' portion) SH 573 Intron 5
SH 570 Exon 6
Exon 6 (3’ portion) SLM 8 Intron 5/Exon 6
SH 404 Intron 6
Exon 7 SH 501 Intron 6
SH 502 Intron 7
Exon 8 SH 503 Intron 7
SH 504 Intron 8
Exon 9 (5’ portion) SH 505 Intron 8
SH 506 Exon 9
Exon 9 (3' portion) SH 507 Exon 9
SH 508 3’-UTR, Exon 9

CTGGGCATCCGTTCGGATG 58°C
AGATGCTGCAGCGCCCGAGA
TGTGGCTCTTGGCTGTGGCTCTCC 55°C
ACCCTTTTAAATTTCTCACTCACT
AGTTTCCATCATTGTGTTTTGTTG 55°C
AACAGCTGTGAAGCCCCTTAC
GTCCCATCCTCTCACTTCT 55°C
ATCCCATAGCATTGTAGC
GTCAATTCCCAAGTAACAACAGT 58°C
GGTACAATATAACAAAAAGGAACG
ATACATTTCCATCTGACAGTC 55°C
GTGGGTTAGAATACAGAAAAA
GAAGGAGTGGATATTGTCAT 58°C
GTAATCTTTTCAGCTAGCCATACA
TGGGCGTACTGACTGACCTG 55°C
GTGCTTACCCGCTCCTGATTTAT
CCTACAGCCTCGTGCAAACC 60-50°C (“touchdown”)*
TCTGCCCAGGACAGTTTGGG
GGTGTTGCTGGCCTTTCTTTCA 60°C
GCATGTGGCCTAAGTAGTGTCTCA
GCTTCTTTCCTTTGCTTCT 55-45°C (“touchdown™)*
AACCTCCCAAGATAGACTCC

TTTTAATTAATTATGGCCTTTCCT
TGGGCATAAAACCATTCTTCAGAC
CTGGGGCTAAAGGAAATGGA 55°C
TCCCTGAGCTCTATTGTGAACTAT

55-45°C (“touchdown”)*

*For each of 10 cycles, the annealing temperature was decreased in one degree increments from the upper to lower temperature, and held constant at

the lower temperature for an additional 25 cycles.

(eight alleles) was an A to C transversion at position 223,
which causes a substitution of proline for threonine at amino
acid position 75. This mutation was previously reported in
Scottish juvenile-onset cases with GROD (18). The Finnish
mutation, A364T (R122W), was observed in three instances.
None of these reported Finnish descent, but all three reported
Swedish ethnicity. (This may be significant, because the Swed-
ish-speaking population is Finland’s largest ethnic minority
[24]). A G541A (V181M) mutation was observed in three al-
leles, and the remaining mutations were rare. Two previously
reported mutations, T656A (L219Q) (18) and A163T (K55X)
(2) were not observed.

Two nucleotide polymorphisms (G-83A, 6/200 alleles, and
C401T (I134T), 4/200 alleles) were identified in affected sub-
jects and/or their family members. Both of these polymor-
phisms were found associated with wild-type alleles in obligate
heterozygotes. No polymorphisms, including the two described
above, were identified through the SSCP analysis of 30 normal
control subjects.

PPT mutations and clinical expression. Fig. 3 shows the ap-
proximate age of onset of four clinical manifestations of NCL
(seizures, visual deterioration, cognitive decline, and motor
disturbances) for subjects bearing mutations in the PPT gene.
Each symbol represents one proband of an unrelated family,
and 27 families are represented. The most striking finding is
the broad range of ages at which symptoms first appeared.
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This striking heterogeneity stands in sharp contrast to Finnish
patients (essentially all R122W homozygotes), who uniformly
present before 2 yr of age. In Fig. 3, yellow circles represent
subjects bearing two nonsense or a nonsense and a frameshift
mutation. These would be expected to be among the most se-
verely affected of subjects, and as seen in Fig. 3, all of these
nonsense/frameshift subjects presented before the age of 2 yr,
with universal early deficits in cognitive and motor function,
and more variable onset of seizures and apparent visual defi-
cits.

The vast majority of the remaining subjects were com-
pound heterozygotes, and these subjects varied a great deal in
age of onset (Fig. 3). However, certain mutations were clearly
associated with a later age of onset and protracted course. The
T75P “Scottish” mutation, observed in both the homozygous
state (solid red triangles) and heterozygous state (red half-tri-
angles) was seen in seven subjects, all of whom presented at 5
yr or later with visual problems. These subjects were clinically
indistinguishable from juvenile NCL (CLN3) patients. Other
alleles seen in juvenile-onset cases were D79G (purple half-cir-
cles), Y247H (black half-triangles), and G250V (black half-
rectangles). Late infantile presentations were associated with
two missense mutations (Q177E, blue half-triangles, and
Y109D, inverted blue half-triangles). Because only one or two
affected families bearing these four mutations were identified,
their predictive value remains to be determined.
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allele were normal.

Seven families had more than one affected child. The clini-
cal presentation was quite consistent within each family, and
we found no evidence for other genes or environmental factors
that might modify the phenotype (data not shown).

Effect of mutations on PPT structure and function. To begin
to understand the effect of missense mutations on PPT enzyme
structure and function, we plotted the location of amino acid
substitutions found in selected NCL subjects (top line) in rela-
tion to the PPT sequence from several species (Fig. 4), to com-
pare these amino acid substitutions with residues in PPT that
have been conserved throughout evolution. Only those mis-
sense mutations co-inherited with a “null” allele (nonsense,
frameshift or Finnish mutation, which is a functional “null” al-
lele [20, 25]) were included in the analysis. We believe that
nonsense and frameshift mutations are unlikely to contribute
to PPT activity in these subjects, because the active-site histi-
dine is located at the extreme carboxyl terminus of the protein
(26).

Many of the mutations occurred at the location of invariant
residues (G42E, Y109D, R122W, Q177E, Y247H, and G250V)
(Fig. 4). The T75P substitution (which occurred in seven juve-
nile-onset families), is located at a position that is not well con-
served; in fact, the Arabidopsis enzyme appears to have dis-
pensed with eight residues in this region, including the
threonine at position 75. Family 29 in our series contains two
affected sisters that are both homozygous for the T75P allele,
and they have had a very mild clinical course, with ages of on-
set of 7 and 9 yr. (These sisters are still living, but are institu-
tionalized, having reached the unusual ages of 26 and 29 yr).

To begin to directly assess the effect of these amino acid
substitutions on PPT enzymatic activity, we compared enzyme
activity in lymphoblasts from normal subjects, obligate het-
erozygotes, and patients with infantile, late infantile, and juve-
nile-onset disease (Fig. 5). Normal lymphoblasts showed val-
ues for PPT enzyme activity in the range of 1.9-2.7 pmoles/
min/mg in this experiment, and the obligate heterozygotes
showed values between 0.5 and 2 pmoles/min/mg. All of the
NCL subjects with PPT mutations showed < 0.2 pmoles/min/
mg of protein, a value approximately equal to the background
of the assay. The assay was not sufficiently sensitive to distin-
guish differences between infantile and juvenile-onset sub-
jects. However, residual enzyme activity in the range of 2-4%
of normal was associated with several alleles (T75P and
Y247H) in studies of recombinant mutant enzymes expressed
in 293 and COS cells (data not shown).

Missense mutations may influence enzyme function, or
they may change enzyme protein levels through effects on en-
zyme synthesis or stability. To begin to assess the effect of var-
ious mutations on PPT protein levels, crude soluble extracts
were prepared from lymphoblasts from 26 subjects, and sub-
jected to SDS-PAGE and immunoblotting using antibodies
raised against human recombinant PPT. Unexpectedly, se-
verely reduced levels of immunoreactive enzyme protein were
consistently observed in all 26 cell lines (data not shown). A
more detailed examination of the synthesis and degradation of
each of these mutant enzymes will be needed to permit conclu-
sions to be drawn regarding the impact of individual mutations
on protein expression levels.

Discussion

In the current paper, we demonstrate that PPT deficiency in
the U.S. is a clinically and molecularly heterogeneous disease.
Nonsense mutations that inactivate both alleles of the PPT
gene (CLNI) result in INCL. These subjects resemble the
Finnish CLNI patients in clinical expression. However, a num-
ber of missense mutations in the PPT gene result in a more
slowly progressive neurodegeneration that is clinically indistin-
guishable from classical late-infantile and juvenile-onset NCL,
diseases more frequently associated with mutations in the
CLN2 and CLN3 genes. Furthermore, we show here that these
milder forms of PPT deficiency are distinguished from CLN2
and CLN3 diseases by the appearance of the storage material
by electron microscopy, as the late-onset PPT-deficient sub-
jects show inclusion bodies (GROD) that are also characteris-
tic of infantile cases (although in the late-onset PPT-deficient
patients, GROD mixed with curvilinear and/or fingerprint
profiles are often seen). Only 50% of the PPT-deficient sub-
jects presented in the infantile age range (0-2 yr), whereas
17% were classified as late-infantile (2—4 yr), and 33% were ju-
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Figure 3. Age of onset of seizures, visual, cognitive, and motor deterioration in PPT-deficient subjects. Probands from 27 independent families
are shown. Each symbol represents a subject, and the left and right halves of each symbol represent PPT alleles. The mutation associated with
each allele is indicated by color and shape as given in the legend. The scale from 0 to 4 yr of age was expanded for clarity. Subjects not exhibiting
a given symptom are listed to the extreme right, and the subject’s current age is given under the symbol.

venile (5 yr or more). Therefore, the classification of the NCLs
by age of onset is beginning to break down as a molecular def-
inition of these diseases emerges.

The current paper greatly expands the spectrum of PPT
gene mutations, for a total of 21 to date. 19 different mutations
were observed in our U.S. cohort, 14 of which have not been
described previously. One nonsense mutation, R151X, ac-
counted for 40% of disease alleles. This mutation would be ex-
pected to be very severe, and the clinical data is consistent with
this interpretation, as R151X homozygotes demonstrated rap-
idly progressive deterioration. As expected, we demonstrated
that the C451T (R151X) mutation results in undetectable lev-
els of PPT protein. Premature termination codons frequently
result in low levels of mMRNA as well, by an unknown cellular
mechanism that links mRNA processing or transport to trans-
lation (27). This mechanism is likely to be contributing to the
molecular defect in these subjects, because this allele could not
be amplified from cDNA generated from these subjects by re-
verse transcriptase (18, and our own unpublished observa-
tions). (On a practical note, given the frequency of the C451T
allele in the U.S. population, analysis of genomic DNA, as was
done here, rather than analysis of cDNA, may be the preferred
method for determining mutations in PPT-deficient subjects
for this reason). A second mutation, T75P, accounted for 13%
of the alleles and each of these subjects was a juvenile-onset
NCL patient with predominantly GROD histology. The
remaining PPT mutations were infrequently observed and
scattered throughout all nine exons of the PPT gene. Three
mutations, D79G, Y247H, and G250V, were found only in ju-

368 Dasetal

venile-onset subjects. We did not observe two other known
mutations, a Belgian mutation L.219Q (18), or a British muta-
tion K55X (2), in our U.S. subjects.

Interestingly, the T75P mutation (accounting for most of
the JNCL subjects) occurred on a nonconserved residue, and
we were able to detect a low amount (2-4%) of residual activ-
ity associated with an expressed protein bearing this mutation.
We conclude from these observations that even low levels of
enzyme activity may partially ameliorate the NCL phenotype
seen in the most severely affected patients. Therefore, one
might be more optimistic about enzyme replacement therapy
with the knowledge that high levels of enzyme activity are
probably not required.

The finding that all of our subjects showed decreased levels
of immunoreactive PPT protein in lymphoblasts was unex-
pected. This is not a previously well documented finding
among lysosomal storage diseases, and our results may be bi-
ased by the rather large number of subjects carrying nonsense
mutations. However, our observation supports the approach
taken by Lobel and colleagues (5), who recently successfully
identified the enyzme defective in late-infantile NCL using a
method that relies on detecting the absence of the defective
protein. It will be interesting to see whether there is also a pre-
ponderance of cross-reactive material-negative mutations in
late infantile NCL subjects. Perhaps mutant lysosomal enzyme
instability will be found to be a general feature of the neuronal
ceroid lipofuscinoses.

In the course of the above studies, we also identified a
small subset of juvenile-onset NCL subjects with granular his-
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Figure 4. Location of selected missense mutations in relation to invariant amino acid residues of PPT. In the top line, amino acid changes found
in NCL subjects that were co-inherited with nonsense mutations are given. The clinical phenotype (/, infantile, L, late infantile, and J, juvenile)
is indicated as a superscript above the mutated residue, and the number of subjects observed with that mutation is indicated in parentheses. In-
variant residues are shaded in black. The human, bovine, and rat PPT cDNA sequences have been published previously (3, 26). The mouse PPT
amino acid sequences were derived from the expressed sequence-tagged database using the BLAST algorithm of the NCBI, and are incomplete
at the 5’ and 3’ ends. The C. elegans and Arabidopsis coding sequences were derived directly from genomic sequences in the Genome Database
(GenBank/EMBL/DDBJ accession numbers U50313 and Z97343, respectively), using the program Genefinder of the NCBI, with the exception
that amino acids 192-232 of the Arabidopsis sequence were derived by visual inspection of the genomic sequence.

tology typical of PPT deficiency, but in whom normal enzyme
3.0 levels could be demonstrated. We hypothesize that these sub-
jects have a defect in another, perhaps novel, lysosomal en-
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