
interesting to determine whether the Bras-
sica oleracea var. botrytis API gene is also 
nonfunctional. Additional experiments, 
such as complementation of the cauliflower 
phenotype in botrytis, will further define the 
role of BobCAL in this crop plant. 
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Autosomal recessive lamellar ichthyosis 
(LI) is a congenital disorder of keratiniza-
tion [MIM (Mendelian Inheritance in 
Man) 242100, estimated incidence 
1:250,000]. Neonates are often born en­
cased in a tough and inelastic film-like 
membrane that fissures easily, resulting in a 
high risk of sepsis and dehydration. Within 
2 weeks the membrane sheds, revealing a 
lifelong disfiguring disease characterized by 
generalized large scales and variable redness 
of the skin (I). The renewal rate of prolif­
erative basal keratinocytes is strongly en­
hanced in affected individuals, and this is 
manifested as thickened epidermis and in­
creased nail and hair growth (2). The ge­
netic origin of LI is unknown, and the 
absence of biological or molecular markers 
has contributed to disagreements on classi­
fication of the disease (I). 

Transglutaminases (TGs) are a super-
family of enzymes that catalyze transamida-
tion of glutamine residues, a reaction asso-
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ciated with a wide variety of physiological 
processes such as blood clotting, cytoplas­
mic coagulation in apoptosis, keratiniza-
tion, hair follicle formation, fertilization, 
and dimerization of interleukin-2 in nerves 
(3). The keratinocyte form of TG (TGK) 
mediates Ne-(7-glutamyl)lysine cross-
linkage (4) during formation of the corni-
fied cell envelope (CE), a distinct and 
highly insoluble structure of 15-nm thick­
ness that replaces the plasma membrane 
(PM) in terminally differentiating kerati­
nocytes (5). This process involves the se­
quential cross-linking of CE precursor pro­
teins such as involucrin; small, proline-
rich proteins; and loricrin on the inner 
side of the PM (5). Simultaneously, the 
PM is replaced by H-hydroxyacyl-sphin-
gosine lipids covalently bound to the outer 
surface of the protein CE (5). TGK is 
mostly expressed on the PM in upper spi­
nous and granular cell layers of stratified 
squamous epithelia (4). About 5 to 10% of 
TGK activity is found in the cytoplasmic 
fraction and may account for the final 
steps of CE cross-linkage (4). TGK activ­
ity requires a catalytic thiol center in the 
enzyme and is sensitive to Ca 2 + (3). The 
human TGK gene has at least two se­
quence variants, contains 15 exons, and is 
located on chromosome H q l l (TGMI 
locus) (6). 

In previous work, we observed that af­
fected individuals in two families with LI 

Mutations of Keratinocyte Transglutaminase in 
Lamellar Ichthyosis 
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(LI-1, -2) did not express TGK and showed 
increased cytoplasmic expression of involu- 
crin and loricrin (7). Thus, we speculated 
that alterations of TGK in LI might alter 
the cross-linkage of loricrin and involucrin, 
resulting in an abnormal CE. To investigate 
TGK function in LI, we performed linkage 
analysis in three families (LI-1, -2, -3) using 
a microsatellite located within the TGMl 
locus on chromosome 14q11 (8). Although 
the families were too small to prove linkage, 
we confirmed that TGK was a strong can- 
didate gene. All families showed a perfect 
match of alleles with two obligate carrier 
parents and recessive inheritance of LI 
without recombination (Fig. 1). 

Keratinocyte cultures were established 
from the five affected ~robands in these 
families. The cells were grown in the pres- 
ence of high Ca2+ concentrations, a condi- 
tion normally associated with high levels of 
involucrin and TGK expression. Mem- 
brane-bound TGK activity (9) was reduced 
to 0.8 to 2.8% of normal in all affected 
probands (Table 1). LI-3.7 and LI-3.8 ex- 
hibited an increased ratio of cytosolic to 
membrane-bound activity. Immunohisto- 
chemical studies revealed increased cyto- 
plasmic staining of TGK in LI-3 (1 0). Im- 
munoblot analysis of cytoplasmic and 
membrane extracts from differentiating 
keratinocytes (I 1 ) revealed no detectable 
TGK in probands of LI-1 and LI-2, and 
TGK of normal size (92 kD) in LI-3 that 
was more abundant in the cytoplasmic 
fraction (Fig. 2A). 

We also investigated the three families 
by Northern (RNA) blot analysis (Fig. 2B) 
(1 2). In patient LI-1.5, no TGK transcripts 
were detected in total RNA from cultured 
keratinocytes or from a biopsy. Both pa- 
tients from family LI-2 showed 2.9- and 
2-kb TGK transcripts when the blots were 
hybridized with probes from the 3' noncod- 
ing end or the middle of the TGK comple- 
mentary DNA (cDNA) (3'NC and DH36) 
and transcripts of 2.9 and 1.0 kb when the 
probe was from the 5' end of the cDNA 
(DH42). TGK mRNA of normal size (2.7 
kb) was detected in the affected individuals 
of LI-3. 

In   rob and LI-1.5, single-strand confor- 
mation polymorphism (SSCP) and se- 
quence analysis of polymerase chain reac- 
tion (PCR) products (13) showed a ho- 
mozygous deletion of a T at position +4640 
(6) in exon 8 of the TGK gene (Fig. 3A). 
This change leads to a shift in the reading 
frame and a truncated protein of 442 amino 
acids that still contains the active site but 
not the putative Ca2+-binding region (3). 
This mutation also strongly reduced the 
level of normal transcripts {detectable only 
by reverse transcriptasePCR (RT-PCR)] 
(10, 14) as reported for nonsense and 
frameshift mutations in other genes (15). 

Fig. 1. Pedigrees of the LI families. 

iUcq@A ~ ~ 1 . 2  
yx Clinically, ed LI, the and nonetythrodermic LI-2.10, LI-1.5 and LI-3.7, LI-2.9 and variant exhibit- LI-3.8 of 

~ ~ 3 . 5  ~ 3 . 6  the etythrodermic. The results of 
the microsatellite analysis (8) are 

LI-1.3 u1 .4  LI-1.5 shown as numbers below each in- 
1 6  616 

6'4 U-3.7 LI.3.8 dividual. Marker alleles in parenthe- 
ys 518 ses indicate the possibility that the 

patients of LI-1 and LI-2 inherited a 
large deletion of the paternal allele 

I I I I  I I I I I at the TGMl locus. 

Table 1. TG activity in keratinocytes from LI families. Activity is presented as disintegrations per minute 
per milligram of protein (9). Results are given as the mean 2 SD from two different cell passages 
measured in duplicate. Only one cell passage was measured for LI-1.5 because this cell line was 
nonviable after first passage. 

Activity (X 1 0-4, 
Sam~le 

Cytosolic Membrane Cytosolic:membrane 

LI-1.5 0.33 4.0 0.08 
LI-2.9 0.72 + 0.1 6.3 2 1.0 0.1 1 
LI-2.10 1.1 + 0.3 6.5 2 3.0 0.1 7 
LI-3.7 1.95 + 0.4 5.0 2 1 .O 0.39 
LI-3.8 1.90 2 1.4 1.82 1.0 1 .OO 
N1 29.3 5 2.4 247 2 57 0.1 1 
N2* 19.2 5 3.2 221 2 97 0.09 

'N1 and N2, healthy controls. 

Fig. 2. (A) lmmunoblot of cytosolic A - 
.4 T a l c  

(lanes 1, 3, 5, 7, 9, and 11) and 
membrane (lanes 2,4,6,8,10, and 
12) extracts from patients LI-1.5 97- 
(lanes 1 and 2), LI-2.10 (lanes 3 and 
4), LI-2.9 (lanes 5 and 6), LI-3.7 68- 
(lanes 7 and 8), LI-3.8 (lanes 9 and 
lo), and unaffected individual (lanes 1 2  3 4  5 6  7 8  9 1 0 1 1 1 2  
11 and 12). Protein (40 pg) from 
each extract was run on a 10% B 

DH36 s i 
SDS-polyacrylamide gel as in (4). and 
Antibodv B.C1 (4) and the ECL kit 3'NC Y * 4- 

(hersham) we; used for immu- 
nodetection. Note abundant pro- MI~C,~" 

tein in cytosolic fractions of LI-3.7 4- 

and LI-318. Molecular sizes are indi- 1 2 3 4 5  6 7  8 9 1 0  
cated at left (in kilodaltons). (B) 
Northern blot analysis of total RNA (13 pg) from LI patients isolated from skin biopsy (lane 1) or cell 
cultures (lanes 2 to 10) with different cDNA probes (12). Lanes 1 and 2, LI-1.5; lane 3, LI-3.8; lane 4, 
LI-3.7; lanes 5 and 8, unaffected individual; lanes 6 and 9, LI-2.10; lanes 7 and 10, LI-2.9. Arrows show 
position of 18s ribosomal RNA. 

Affected individuals of LI-2 showed a 
homozygous A to G change at position 
+3366 (6, 13) that converted the canoni- 
cal splice acceptor sequence 5'-CCTCCT- 
T C C U - 3 '  of intron 5 in the wild-type 
allele into the sequence 5'-CCTCCTTC- 
C E - 3 '  (Fig. 3B). The cDNA products 
(14) obtained from LI-2.9 and LI-2.10 
RNA showed the same A to G change 
found in genomic DNA and contained the 
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complete intron 5 sequence inserted into 
the normal transcript. This inclusion of in- 
tron 5 leads to a shift in the reading frame 
and creates a premature stop codon up- 
stream of the sequences coding for the ac- 
tive site of the TGK enzyme. Retention of 
intron 5 explains the slightly larger band 
observed in Northern blot analysis of LI-2.9 
and LI-2.10. A similar finding was reported 
for an A to G mutation in the 3' splice site 



Fig. 3. Sequence analysis 
of the TGK gene in LI fam- 
ilies. Normal, sequence 
obtained from an affected 
individual; Patient, se- 
quence from an unaffect- 
ed person. The nucleotide 
and amino acid se- 
quences have been num- 
bered as in (6). (A) Ho- 
mozygous deletion of a T 
(indicated by an asterisk) 
at position +4640 in af- 
fected individual of LI-1. 
(B) Homozygous A to G 
substitution at position 
+3366 in LI-2.9 and 
-2.1 0. (C) Heterozygous C 
to A change at +950 in af- 
fected individuals of LI-3. 
(D) Heterozygous C to T 
substitution at + 1399 in 
affected individuals of LI-3. 
(E) Heterozygous G to A 
substitution at +3459 in 
affected individuals of LI-3. 
Single-letter abbreviations 
for the amino acid residues 
are as follows: C, Cys; D, 
Asp; F, Phe; G, Gly; I ,  Ile; 
Q, Gln; R, Arg; S, Ser; V, Val; 
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W, Trp; and Y, Tyr. 

of intron 3 in the ApoE gene in familial 
apoE deficiency (16). The 2- and 1-kb 
mRNAs seen on Northern blots might arise 
when there is correct cleavage at the 5' 
splice site of intron 5 without excision of 
the intron. Neither of their translation 
products is likely to be functional. 

Both affected probands of the LI-3 fam- 
ily exhibited three mutations of the TGK 
gene (13). The first mutation involves a C 
to A transversion at position +950 (6) 
(exon 2, inherited from father) changing 
Ser42 to Tyr (Fig. 3C). This residue may be 
a site for phosphorylation (1 7) and is five 
amino acids upstream of the Cys cluster 
thought to be the membrane anchor region 
of TGK (18). Mutational analysis has 
shown that regions adjacent to the Cys 
cluster are also important for membrane 
attachment of TGK (19). This might ex- 
plain the increased ratio of cytosolic to 
membrane TGK activity and protein in 
these patients (Table 1 and Fig. 2A). The 
second (exon 3, inherited from father) and 
third mutations (exon 6, inherited from 
mother) were a C to T change at position 
+ 1399 (6) (Fig. 3D) and a G to A change 
at position +3459 (Fig. 3E), leading to 
replacement of Arg'42 with Cys and Arg323 
with Gln, respectively. Both Arg residues 
are located within regions highly conserved 
in all TG sequences (20). 

Analysis of the mutations in all family 
members of LI-1, -2, and -3 (21) showed a 
perfect match with the observed inheri- 
tance of microsatellite marker alleles (Fig. 

1). Screening of genomic DNA samples 
from 50 randomly selected healthy individ- 
uals revealed no carriers for the mutations 
found in families LI-1 and LI-3. One het- 
erozygous carrier of the A to G mutation at 
+3366 was detected in 300 randomly se- 
lected healthy individuals. This frequency 
predicts a risk for homozygosity of 1 in 
360,000, but might be lower. No DNA was 
available from the fathers LI-1.2 and LI-2.2. 
Thus, we cannot formally exclude in these 
kindreds either uniparental isodisomy of the 
maternal allele or a very large deletion of 
the paternal allele at the TGMl locus. 

The correlation of TGK activity loss with 
the mutations identified in these LI patients 
suggests that faulty TGK causes a thickened 
epidermis and scales. Thus, intact cross-link- 
age of precursor proteins forming mature CE 
contributes to the maintenance of a func- 
tional epidermis. The pathological keratini- 
zation in LI might also arise as a result of 
abnormal covalent binding of S1-hydroxya- 
cyl-sphingosine lipids on the outer surface of 
cornified cell envelopes. Several mutations 
have been reported to cause reduced trans- 
glutaminase activity in congenital deficiency 
of coagulation factor XIIIa (22), suggesting 
that other mutations will be discovered in 
conserved regions of TGK. 

Note added in proof: Since the submission 
of this work, Russell et al. reported complete 
linkage of lamellar ichthyosis in 13 families 
with several markers mapping to chromo- 
some 14qll [Am. J. Hum. Genet. 55, 1146 
(1994)l. 
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motor tasks (I). Such differences have been 
linked to sex hormones (2). In the domain 
of emotional regulation, men are more like­
ly to express affect instrumentally, such as 
through physical aggression, whereas wom­
en use symbolic mediation, such as through 
vocal means (3). Women also have a higher 
incidence of depression (4) and outperform 
men in emotional discrimination tasks (5). 
In the human brain, sex differences have 
been found in the size and morphology of 
the corpus callosum (6), preoptic anterior 
hypothalamic areas (7), the bed nucleus of 
the stria terminalis volume (8), sylvian fis­
sure morphology (9), the percentage of cor­

tical gray matter tissue, and cerebral blood 
flow (CBF) rate (10). 

Theories on brain regulation of human 
behavior are based primarily on animal 
experiments, clinical-pathologic correla­
tions, and neurobehavioral studies in 
healthy persons (11). Studies indicate that 
emotional processing is primarily regulat­
ed by the limbic system and closely related 
areas (12), and cognitive functions have 
been linked to neocortical association ar­
eas (13). Furthermore, the cerebral hemi­
spheres differ in cognitive and perhaps in 
emotional processing, with the left spe­
cialized for verbal analytic cognition and 
the right for spatial processing (14). There 
is also evidence for right hemisphere pre­
dominance in emotional processing (15). 

Neuroimaging permits in vivo studies of 
brain anatomy and physiology pertinent to 
these issues. Neuroanatomic studies have 
suggested larger volumes of tissue in left 
cortical regions implicated- in language 
(16)> whereas few systematic asymmetries 
have been reported in neurophysiologic im­
aging studies (17). We examined the re­
gional topography of physiologic activity in 
healthy young adults using positron emis­
sion tomography (PET). Our purpose was to 
evaluate sex differences in the distribution 
of cerebral metabolism in limbic regions 
and to investigate systematic asymmetries 
that may help us to understand aspects of 
functional hemispheric specialization. 

We studied 61 healthy right-handed vol­
unteers (37 men and 24 women) recruited 
by advertising. The mean age ± SD was 
27.3 ± 6.5 years for men and 27.7 ± 7.4 for 
women, and the mean years of education ± 
SD were 14.4 ± 2.0 and 14.9 ± 2.1, respec­
tively. Participants underwent comprehen­
sive medical, neurologic, and psychiatric 
screenings (18). Informed consent was ob­
tained after the nature and possible conse­
quences of the study were explained. 

Subjects were scanned after an overnight 
fast. A radial artery line and a contralateral 
antebrachium venous line were kept patent 
with physiological saline. Approximately 
185 megabequerels (5 mCi) of 18F-labeled 
2-fluoro-2-deoxy-D-glucose (FDG) were ad­
ministered intravenously while subjects lay 
in a quiet, dimly lit room with eyes open and 
ears unoccluded. Subjects were instructed to 
stay quiet and relaxed without either exert­
ing mental effort or falling asleep (19). For 
determination of the input function, arterial 
samples were obtained over 90 min. Activity 
of 18F in 250-(xl aliquots was measured in a 
dose calibrator after a 3- to 4-hour decay 
interval. Image acquisition began 40 min 
after isotope administration with the sub­
jects positioned in a custom-molded, head 
holder of rigid foam that was aligned by two 
laser beams situated at right angles. The 
PENN-PET scanner (20) has a fixed gantry, 
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Positron emission tomography was used to evaluate the regional distribution of cerebral 
glucose metabolism in 61 healthy adults at rest. Although the profile of metabolic activity 
was similar for men and women, some sex differences and hemispheric asymmetries were 
detectable. Men had relatively higher metabolism than women in temporal-limbic regions 
and cerebellum and relatively lower metabolism in cingulate regions. In both sexes, 
metabolism was relatively higher in left association cortices and the cingulate region and 
in right ventro-temporal limbic regions and their projections. These results are consistent 
with the hypothesis that differences in cognitive and emotional processing have biological 
substrates. 
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