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Abstract

A transition of G to A at nucleotide position 279 in exon 1 of the
vasopressin gene has been identified in patients with familial
central diabetes insipidus. The mutation predicts an amino acid
substitution of Thr (ACG) for Ala (GCG) at the COOH ter-
minus of the signal peptide in preprovasopressin (preproVP).
Translation in vitro of wild-type and mutant mRNAs produced
19-kD preproVPs. When translated in the presence of canine
pancreatic rough microsomes, wild-type preproVP was con-
verted to a 21-kD protein, whereas the mutant mRNA pro-
duced proteins of 21 kD and 23 kD. NH,-terminal amino acid
sequence analysis revealed that the 21-kD proteins from the
wild-type and the mutant were proVPs generated by the proteo-
Iytic cleavage of the 19-residue signal peptide and the addition
of carbohydrate. Accordingly, mutant preproVP was cleaved at
the correct site after Thr-19, but the efficiency of cleavage by
signal peptidase was < 25% that observed for the wild-type
preproVP, resulting in the formation of a predominant glycosy-
lated but uncleaved 23-kD product. These data suggest that
inefficient processing of preproVP produced by the mutant al-
lele is possibly involved in the pathogenesis of diabetes insipi-
dus in the affected individuals. (J. Clin. Invest. 1993. 91:2565-
2571.) Key words: direct sequencing ¢ cell-free translation « sig-
nal peptide ¢ provasopressin « amino acid sequence analysis

Introduction

Preprovasopressin (preproVP)! is encoded by the VP gene on
chromosome 20 (1). Exon 1 of the VP gene encodes the puta-
tive signal peptide, VP, and the NH,-terminal region of neuro-
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physin II (NP). Exon 2 gives rise to the central region of NP
and exon 3 accounts for the COOH-terminal region of NP and
glycoprotein (2). ProVP is generated by the removal of the
signal peptide from preproVP and the addition of carbohydrate
to its glycoprotein domain in magnocellular neurons in the
hypothalamus. Additional posttranslational processing occurs
within neurosecretory vesicles during transport of the precur-
sor proteins to axon terminals in the posterior pituitary, yield-
ing VP, NP, and glycoprotein (3).

Central diabetes insipidus (CDI ) results from decreased lev-
els of VP in plasma. One of its categories, familial CDI, is
usually transmitted as an autosomal dominant trait (4-6). We
have previously reported a mutation in exon 2 of the VP gene
in patients with familial CDI (6). According to the mutation,
an amino acid substitution in the NP domain of preproVP was
predicted. In a separate pedigree of familial CDI, we have now
identified a mutation in exon 1 of the VP gene that leads to an
amino acid substitution at the COOH terminus (—1 position)
of the secretory signal peptide in preproVP.

Normally, the preprohormone is recognized by signal pep-
tidase and its signal peptide is cleaved during cotranslational
translocation, releasing the prohormone into the lumen of the
endoplasmic reticulum. Signal peptides typically consist of
three domains, including a positively charged NH, terminus, a
hydrophobic core, and a polar COOH-terminal region (7, 8).
Their structural features are critical for the translocation of
secretory proteins and their cleavage by signal peptidase
(9, 10).

To date, there are only two examples of naturally occurring
mutations within the signal peptide that result in human dis-
eases other than familial CDI (11-13). An amino acid substi-
tution within the hydrophobic core of the signal peptide of
preproparathyroid hormone has been linked to a form of famil-
ial hypoparathyroidism (11). Similarly, a severe bleeding
diathesis results from a substitution at the —3 position of the
signal peptide of coagulation Factor Xg, pomingo (12, 13). In
each case, the alteration of the signal peptide structure results
in the failure to secrete the affected protein.

The mutation identified in the this study occurs at the —1
position of preproVP, the COOH-terminal residue, that imme-
diately precedes the signal peptidase cleavage site. We have
established the linkage of this mutation with five patients with
familial CDI and analyzed the effect of the amino acid substitu-
tion on the biosynthesis of VP.

Methods

Materials. Restriction enzymes, reverse transcriptase, and bacterio-
phage T4 DNA polymerase were purchased from either Boehringer
Mannheim Corp., Indianapolis, IN, or Takara Shuzo Co. Ltd., Kyoto,
Japan. The Sequenase kit used for DNA sequencing was from United
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States Biochemical Corp., Cleveland, OH. The oligonucleotide-di-
rected in vitro mutagenesis system, [**S]dCTP, and [*H]Phe were ob-
tained from Amersham Corp., Arlington Heights, IL. Escherichia coli
XL1-Blue, pBluescript I SK+ phagemid vector,and mCAP™ mRNA
capping kit were from Stratagene Inc., La Jolla, CA. Rabbit reticulo-
cyte lysate and canine pancreatic rough microsomes were purchased
from Promega Corp., Madison, WI. Polyvinylidene difluoride (PVDF)
membrane (ProBlott) was from Applied Biosystems, Inc., Foster City,
CA. Oligonucleotides were synthesized using a DNA synthesizer
(model 391A; Applied Biosystems, Inc.). Antibodies directed against
rat neurophysin are a gift from Dr. Alan G. Robinson, Department of
Medicine, University of Pittsburgh School of Medicine, Pittsburgh,
PA (14).

Subjects. In a Japanese pedigree of familial CDI (Fig. 1), seven
subjects spanning four generations were supposed to be affected by this
disorder, because they each presented histories of symptoms of DI in-
cluding polyuria, polydipsia, and thirst since their childhood. Upon
initial examination, the basal urine osmolalities of affected subjects I,
11, and III were 87, 94, and 88 mOsm/ kg, respectively. Based upon the
impaired response of their urine osmolalities to water deprivation and
good response to exogeneously administered VP, they were diagnosed
as CDL. 8 yr after the initial diagnosis, infusion tests with 5% hypertonic
saline were performed to evaluate the severity of DI (Fig. 2). The basal
plasma levels of VP in subjects I, II, and III were 0.2, 0.6, and 0.6
pg/ml, respectively. After stimulation by hypertonic saline, plasma
osmolalities sufficiently increased, but the VP levels were 0.6, 0.5, and
0.6 pg/ml in subjects I, II, and III, respectively. DI of all three patients
has been controlled by administration of 1-desamino-8-D-arginine va-
sopressin. Clinical data concerning the severity of DI in affected sub-
jects V and VII are not available. Unaffected subjects IV, VI, and VIII
have not reported symptoms of DI. Peripheral blood specimens were
obtained for extraction of genomic DNA from five affected subjects (I,
11, I11, V, and VII), three unaffected subjects (IV, VI, and VIII), and 50
unrelated normal Japanese subjects. Informed consent was obtained
from all subjects studied.

Direct sequencing of VP gene. Amplification of the VP gene from
genomic DNA by PCR and direct sequencing of the amplified double-
stranded DNA were performed as previously described (6).

Restriction enzyme analysis. PCR-amplified fragments of the VP
gene were digested with PmaClI and Accll according to the manufac-
turer’s instructions and the digests were analyzed on 8% polyacryl-
amide gels.

Preparation of wild-type VP ¢cDNA. The first strand cDNA was
synthesized using primer A by reverse transcriptase from the mRNA
extracted from the tissues of a VP-producing tumor associated with
inappropriate secretion of antidiuretic hormone (Fig. 3). The VP-pro-
ducing tumor used was an undifferentiated esophageal carcinoma
whose VP content was 59.6 ng/g dried tissue wt. The double-stranded
c¢DNA was then amplified by PCR using primers A and B according to
the conditions previously described (6). Primer A (GGCGGAGCTC-
TATTGTCCGTGCTGCAGGGGCGGGCG; nucleotide [nt] num-
bering is according to the previous report [2] 2322 — 2287) is located
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Figure 2. Relationship between plasma VP levels and plasma osmo-
lalities during infusion of 5% hypertonic saline. Three affected sub-
jects (1, IL, and III) in a pedigree of familial CDI are diagnosed as
complete DI.

in the 3'-untranslated region and primer B (ACAGTCTAGACAA-
GCAGTGCTGCATACGGGGTCCAC; nt 175 — 210)is in the 5'-un-
translated region. Primers A and B were designed to generate Sacl
(GAGCTC) and Xbal (TCTAGA) sites at each end of the amplified
double-stranded cDNA, respectively. After digestion by Xbal and Sacl,
the cDNA was inserted into Xbal- and Sacl-digested bacteriophage
M13 mpl8 vector and E. coli IM101 cells were transformed by the
ligated materials. Plaques containing phage with cDNA inserts were
identified by restriction enzyme analysis using Xbal and Sacl and con-
firmed by the dideoxy-mediated chain termination method (15).

mRNA s 3

l Reverse transcription

5' 3
First strand cONA
primer A
l PCR-amplification
primer B
Double-stranded cDNA - .
primer A
|UTISP|V” NP I GP rUT |
& 594bp 3
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Figure 3. Strategy for preparation of human wild-type VP cDNA. The
first strand cDNA is synthesized by reverse transcriptase using primer
A (see Methods for primer sequences). The double-stranded cDNA

is amplified by PCR using primers A and B. As primers A and B lo-
cated in untranslated regions are designed to generate Sacl and Xbal
sites, respectively, digestion of the double-stranded cDNA by the en-
zymes yields a 594-bp fragment. The cDNA encodes the signal pep-
tide (SP), VP (V), tripeptide bridge (-Gly-Lys-Arg-), neurophysin II
(NP), and glycoprotein (GP), in this order.



Preparation of mutant VP cDNA. An M13 mp18 vector containing
the mutant cDNA was synthesized from the single-stranded M13
mpl8 vector containing wild-type cDNA by the oligonucleotide-
directed in vitro mutagenesis system (16).

Preparation of templates for transcription in vitro. Wild-type and
mutant cDNAs prepared by Xbal and Sacl digestion of replicative
forms of M13 mp18 vector were ligated into Xbal- and Sacl-digested
pBluescript 11 SK+ vectors before transformation of E. coli XL1-Blue
cells. Colonies containing appropriate plasmids were selected by restric-
tion enzyme analysis (Xbal and Sacl; Sacl; and PmaCl). After large-
scale preparation, CsCl banding was carried out twice. The purified
plasmids were linearized by cleavage with Sacl. The protruding 3'-ter-
mini produced by digestion with Sacl were filled in by treating with
bacteriophage T4 DNA polymerase.

Transcription in vitro. As cDNA inserts are located downstream of
a T7 RNA transcription promoter, transcription in vitro was per-
formed using T7 RNA polymerase and reagents provided in the cap-
ping kit. To confirm the quality of synthesized, capped mRNAs, they
were analyzed by denaturing acrylamide gel electrophoresis.

Translation in vitro. Wild-type and mutant capped mRNAs were
translated in vitro by nuclease-treated rabbit reticulocyte lysate con-
taining [*H]Phe in the absence or presence of increasing amounts of
canine pancreatic rough microsomes (17). Translation reactions were
carried out at 30°C for 60 min. After translation reactions, translation
products were immunoprecipitated with anti-rat neurophysin antibod-
ies. Immunoprecipitates were analyzed by SDS PAGE using 15% acryl-
amide gels (18) and the amount of translation product was quantified
by scanning the band density of the autoradiograms using a laser densi-
tometer (Ultrascan XL; LKB Instruments, Inc., Gaithersburg, MD).

NH yterminal amino acid sequence analysis. For NH,-terminal
amino acid sequence analysis of [ *H ] Phe-labeled preproVP processing
products, the contents of microsomal vesicles were recovered by sedi-
mentation at 109,000 g,, in a tabletop ultracentrifuge (model TL100;
Beckman Instruments, Inc., Fullerton, CA) after cell-free protein syn-
thesis in the presence of canine pancreatic rough microsomes. The
proteins were separated by SDS PAGE in 15% acrylamide gels and
electrophoretically transferred to PVDF membranes. Labeled proteins
were detected by autoradiography of the PVDF blots. The excised
PVDF bands were subjected to automated sequential Edman degrada-
tion using an automated protein sequencer (model 475; Applied Bio-
systems, Inc.) (19). Amino acid derivatives produced by each se-
quencer cycle were analyzed for content of tritium by liquid scintilla-
tion counting.

Results

Identification of the mutation. In five affected subjects (I, II,
II1, V, and VII), two bands of G and A were detected at nucleo-

Figure 4. Direct se-
quence analysis of
PCR-amplified VP
gene. In five affected
subjects, two bands of
G and A were detected
at nucleotide position
279. This mutation is a
G — A transition and
the affected subjects are
heterozygous for the
mutation. According to
the mutation, an amino
acid substitution of Ala
(GCG) to Thr (ACG) is
anticipated at the — | position of the signal peptide in preproVP. The
sequencing data from affected subject I are shown.
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Figure 5. Restriction enzyme analysis of the VP gene. (A4) Restriction
sites of a 345-bp fragment including the mutation site amplified by
PCR using primers C and D are shown. PmaClI (P) digestion of am-
plified DNA from the mutant allele results in fragments of 243 and
102 bp. Amplified DNA from normal allele should not be digested.
Accll (A4) digestion of amplified DNA from the mutant allele yields
fragments of 267 and 78 bp, whereas that from the normal allele pro-
duces three fragments of 164, 103, and 78 bp. (B) Polyacrylamide
gel electrophoresis (8% acrylamide gel) of undigested (U) and di-
gested (P and A4) fragments is shown. Three affected subjects (I, 11,
and III) have both the mutant and normal alleles, whereas an unaf-
fected subject (IV) and a normal subject do not have the fragments
specific for the mutant allele.

tide position 279 in exon 1 of the VP gene. The sequencing data
from affected subject I are shown in Fig. 4. In each case, the
mutation was a G — A transition and the affected subjects
were heterozygous for the mutation. Three unaffected subjects
(IV, VI, and VIII) did not possess the mutation (data not
shown). The heterozygosity of the affected subjects was com-
patible with an autosomal dominant mode of inheritance ob-
served in the family (Fig. 1).

The mutation introduced a restriction site for PmaClI (C-
GCGTG — CACGTG) and abolished a site for Accll (C-
GCG — CACG). As shown in Fig. 5 4, a 345-bp fragment
including the mutation site was amplified by PCR using primer
C (TGCCTGAATCACTGCTGACCGCTGGGGACC; nt 38—
67) and primer D (GCTATGGCTGCCCTGAGATGGCCC-
ACAGTG:; nt 382 — 353) and was subjected to digestion by
the restriction enzymes. It was anticipated that PmaCl diges-
tion of amplified DNA from the mutant allele would result in
fragments of 243 and 102 bp, whereas that from the normal
allele should not be digested. Accll digestion of amplified DNA
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from the mutant allele was expected to yield fragments of 267
and 78 bp, whereas that from the normal allele should produce
fragments of 164, 103, and 78 bp. Therefore, the 243- and
102-bp fragments from PmaCl digestion and the 267-bp frag-
ment from Accll digestion were used as markers for the mutant
allele. Judging from this method, affected subjects I, I, III, V,
and VII had both the mutant and the normal alleles. Unaf-
fected subjects IV, VI, and VIII and 50 unrelated normal Japa-
nese subjects did not have the fragments specific for the mutant
allele. Results of three affected subjects (I, II, and III), one
unaffected subject (IV), and one normal subject are shown in
Fig. 5 B.

Although the wild-type VP cDNA was synthesized from
mRNAs of a VP-producing tumor, its nucleotide sequence was
identical to the human VP cDNA sequence (20) and that de-
duced from the previous reports of human VP genomic se-
quence (2, 6). To synthesize a cDNA encoding the mutant
form of preproVP, a mutagenic oligonucleotide (GCCTTC-
TCCTCCACGTGCTACTTCC; nt 267 — 291) was used. The
correct introduction of the mutation was verified and spurious
mutations were ruled out by DNA sequence analysis of the
mutagenized cDNA insert.

As expected from the construction of pBluescript II vectors
containing wild-type and mutant cDNAs, their digestions re-
sulted in fragments of 2,936 and 594 bp (Xbal and Sacl) and
3,530 bp (Sacl). The vector containing the mutant cDNA was
cut by PmacClI to yield a 3,530-bp fragment, whereas that con-
taining the wild-type cDNA was not cut by this enzyme (data
not shown). As synthesized, capped mRNAs were visualized as
single bands on denaturing acrylamide gels (data not shown),
they were not degraded and were presumed to be suitable for
translation in vitro.

Cotranslational processing of wild-type and mutant pre-
proVPs. The initial stages of the protein secretory pathway can
be reconstituted using cell-free translation of mRNAs in the
presence of rough endoplasmic microsomes (vesicular frag-
ments of the endoplasmic reticulum that form spontaneously
upon cell homogenization). These microsomes contain func-
tional systems for translocation across the lipid bilayer, proteo-
lytic processing, and core glycosylation of nascent secretory
proteins produced by cell-free protein synthesis (17).
Currently available evidence shows that the microsomal signal
peptidase is a highly conserved enzyme found in eukaryotic
species from yeast to higher mammals (21, 22). When eukary-
otic microsomal signal peptidases from different species have
been compared, their substrate specificities have been found to
be essentially indistinguishable. For example, analysis of the
cleavage of mutated model signal peptides by purified hen ovi-
duct signal peptidase and canine pancreatic microsomal signal
peptidase revealed no differences in specificity of cleavage (23,
24). Therefore, it is reasonable to expect that canine pancreatic
microsomal signal peptidase is an accurate model system for
examining the effects of naturally occurring mutations on the
processing of human secretory proteins.

Consistent with results of cell-free translation of poly(A)*
RNA from human hypothalami (20) and bovine hypothalami
(25), translation of wild-type and mutant VP mRNAs in the
absence of microsomes each yielded preproVP, a 19-kD prod-
uct that was immunoprecipitable with anti-rat neurophysin
antibodies (Fig. 6). When cell-free protein synthesis was per-
formed in the presence of increasing amounts of microsomes
(0.2, 0.5, and 1.0 U; one unit is defined as one microliter of a
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Figure 6. Cotranslational processing assays with wild-type and mutant
preproVPs. Wild-type and mutant mRNAs encoding preproVP were
synthesized by transcription of their respective cDNAs in vitro. The
transcribed mRNAs were translated at 30°C for 60 min in a rabbit
reticulocyte lysate cell-free protein synthesis system in the absence
or presence of 0.2, 0.5, or 1.0 U of canine pancreatic rough micro-
somes. The reaction products were immunoprecipitated with anti-rat
neurophysin antibodies and separated by SDS PAGE in 15% acryl-
amide gels. The upper panels show the autoradiograms of the dried
gels obtained for the wild-type mRNAs (/eft) and mutant mRNAs
(right). The estimated molecular masses of the protein bands are in-
dicated by the arrows. The autoradiograms were quantified by scan-
ning densitometry and the density of each band was plotted as a per-
centage of the total radioactivity in each lane as follows: 19-kD prod-
ucts (open squares); 21-kD products (filled squares); 23-kD products
(filled triangles); sum of 21- and 23-kD products (filled circles).

microsome suspension having an A,g,m = 50; [17]), the wild-
type mRNA produced a single, immunoprecipitable 21-kD
protein product (Fig. 6). The amount of 21-kD protein pro-
duced was directly related to the concentration of microsomes
present in the translation mixture and 100% processing was
observed in the presence of 1.0 U of microsomes. Upon centrif-
ugation at 109,000 g,,, the 21-kD protein sedimented with the
microsomes (data not shown) indicating that these molecules
were translocated into the interior of the vesicles during synthe-
sis (23).

To identify the 21-kD translation product, amino acid se-
quence analysis was performed using the radiosequencing
method described in Methods. [*H]Phe was released only at
cycle 3 in the first 20 cycles of Edman degradation (Fig. 7, top
panel). This pattern of release of [)H ] Phe is consistent with the
NH,-terminal sequence of proVP arising from cleavage of pre-
proVP by signal peptidase at the normal site after Ala-19 (2, 6,
20). The increase in molecular weight of proVP (2 kD) upon
translation in the presence of microsomes is most likely the
result of the removal of the 19-residue signal peptide (2 kD)
and the addition of core glycosylation at the single Asn-linked
glycosylation site of preproVP as demonstrated previously with
bovine proVP (25).

In contrast to the results obtained with the wild-type con-
struct, translation of the mutant mRNA yielded a major prod-
uct at 23 kD in addition to a minor product at 21 kD (Fig. 6).
The 23-kD product was the principal protein made at each
concentration of microsomes used and represented 69% of the
immunoreactive products produced at the highest concentra-
tion of microsomes tested. As with the wild-type mRNA, both
translation products were recovered with the microsome pellet
after centrifugation at 109,000 g,, indicating that both higher
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Figure 7. Amino acid sequence analysis of translation products. Cell-
free protein synthesis reactions programmed with either wild-type or
mutant mRNAs were performed in the presence of canine pancreas
rough microsomes and [*H]Phe. The translation products were sedi-
mented by centrifugation at 109,000 g,,, solubilized with SDS sample
buffer and subjected to SDS PAGE in 15% acrylamide gels. After
electrophoresis, the proteins were transferred electrophoretically to
PVDF membranes and the protein bands were detected by autoradi-
ography and excised from the PVDF membrane. The excised bands
were directly subjected to automated amino acid sequence analysis
(19). The tritium content of the amino acid derivatives released by
each cycle of Edman degradation was determined by liquid scintilla-
tion counting and plotted versus the amino acid position. The amino
acid sequences of preproVP and proVP are indicated at the top of the
figure. ( Top panel) Wild-type 21-kD band; (middle panel) mutant
21- and 23-kD bands sequenced together; (bottom panel) mutant 23-
kD band.

molecular mass forms had become associated with the micro-
somal vesicles (data not shown).

It proved to be impossible to obtain amino acid sequence
analysis data representing either of 21- and 23-kD bands alone
because of their very close electrophoretic migration. To opti-
mize the amounts of each processed form present and to maxi-
mize the resolution of each, translations were performed with
< 0.5 U of microsomes present (see Fig. 6). This approach
produced a lower total yield of *H incorporated into the pro-
cessed mutant bands compared to the wild-type, but we were
able to obtain useful sequence data. Although we were unable
to directly determine the sequence of the mutant 21-kD pro-
tein in the absence of the 23-kD protein, [*H ] Phe was released
at cycles 3, 10, and 16, when both bands were purposely se-
quenced together (Fig. 7, middle panel). This pattern is consis-

tent with the amino acid sequence of a mixture of proVP and
preproVP (2, 6, 20). When the more abundant 23-kD band
was independently sequenced by carefully cutting the upper
portion of the doublet from the PVDF blot, the peak of
[3H]Phe at cycle 3 was significantly reduced (Fig. 7, bottom
panel) allowing us to conclude that the peak observed at cycle 3
was contributed by the 21-kD product. Taking account of the
relative increase in molecular mass compared to preproVP, we
concluded that the 21-kD product was proVP identical to the
wild-type proVP and that the 23-kD product was uncleaved,
glycosylated preproVP.

It is important to point out that the large difference in the
yield of [*H ] Phe in each sequencer analysis (compare panels in
Fig. 7) is the result of the methods of sample preparation as
described above and not due to any difference in the relative
efficiency of translation of the two mRNAs. In 11 different
cell-free translation reactions, the incorporation of [**S]Cys (6
reactions), [3H]Pro (1 reaction), and [*H]Phe (4 reactions)
into wild-type and mutant preproVPs was consistently very
similar when equal concentrations of wild-type and mutant
mRNAs were used (data not shown). Thus, we conclude that
there is no significant difference in translation efficiency of
these two mRNAs in vitro.

Accordingly, the translation of the mutant VP mRNA in
the presence of microsomes resulted in translocation of the
preproVP into the vesicles and efficient glycosylation of the
precursor. However, cleavage of the mutant preproVP by sig-
nal peptidase was inefficient as < 25% of the translocated mole-
cules were cleaved under these conditions (Fig. 6). Although
cleavage was inefficient, the small amount of preproVP pro-
cessed by signal peptidase was cleaved at the normal site after
Thr-19.

Discussion

We have identified a G — A transition at nucleotide position
279 in exon 1 of the VP gene in patients with familial CDI. This
mutation was segregated between five affected subjects and
three unaffected subjects in the family and was not detected in
normal Japanese subjects studied. These results strongly sug-
gested that this mutation was responsible for the deficiency of
VP in the affected subjects. The mutation causes the substitu-
tion of Thr (ACG) for Ala (GCG) at the —1 position, the
COOH terminus, of the signal peptide of preproVP.

Mutations associated with familial CDI which have been
reported up to the present are in exon 2 encoding the NP do-
main within the VP gene. We have previously reported an
amino acid substitution of Ser for Gly at position 57 in the NP
domain (6). The results of that study strongly suggested that a
single amino acid replacement in that region of preproVP
could be a cause for DI and that this domain is critical for VP
secretion. This speculation was strengthened by a recent report
in which a substitution of Val for Gly at position 17 in the NP
domain was described in a Dutch family with autosomal domi-
nant CDI (26).

In contrast to these previous reports, the mutation identi-
fied in the present study predicted an amino acid substitution
at the COOH terminus of the signal peptide, immediately pre-
ceding the VP domain. Because this mutation would not be
expected to be present in the mature secreted products, we
postulated that its effect must be exerted on the initial stage of
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precursor synthesis. Studies with model secretory proteins in
vitro have revealed different effects that can result from alter-
ation of the amino acid sequences of signal peptide (27).
Amino acid substitutions within the signal peptide can block
targeting to the endoplasmic reticulum, translocation across
the bilayer, cleavage by signal peptidase, or may have no mea-
surable effect.

Only two other cases have been reported in which naturally
occurring mutations within signal peptides have been shown to
result in human disease. A form of familial hypoparathyroid-
ism is associated with the substitution of Arg for Cys within the
hydrophobic core of the signal peptide of preproparathyroid
hormone (11). This mutation at amino acid position —8
blocks targeting and/ or cleavage by signal peptidase of the na-
scent preproparathyroid hormone and thus blocks secretion of
the mature hormone. In the second example, a severe bleeding
diathesis is caused by the substitution of Arg for Gly at amino
acid position —3 of the signal peptide of coagulation Factor X
(12). The afflicted patient has a severe deficiency of Factor X
which is caused by the failure of signal peptidase to cleave the
mutant Factor Xg,nio pomingo ( 13). Targeting and translocation
of the Factor X into the endoplasmic reticulum are unaffected
but the precursor of Factor X remains in an intracellular com-
partment and is not secreted.

Two mutations within human proteins have been identi-
fied that cause signal peptidase to cleave at alternate sites but
without apparent pathological effect on the function of the af-
fected proteins (28, 29). Antithrombin Dublin has a mutation
at the —3 position of the signal peptide that results in substitu-
tion of Glu for the normally occurring Val (28). The effect of
this mutation is to redirect cleavage by signal peptidase to a site
two amino acid residues toward the COOH terminus from the
normal site leading to secretion of antithrombin that lacks its
first two amino acids. There is no apparent clinical significance
resulting from this mutation. Similarly, albumin Redhill is a
glycoprotein variant of human serum albumin in which a sub-
stitution of Cys for Arg at the penultimate position of the “pro”
peptide (not the signal peptide) apparently redirects cleavage
by signal peptidase to a new site five residues toward the nor-
mal NH, terminus of mature albumin (29). This cleavage
leaves an NH,-terminal Arg residue that is normally removed
during intracellular processing before secretion of albumin.
Consequently, the albumin of affected individuals has an addi-
tional Arg at the NH, terminus. As with antithrombin Dublin,
there is no known pathological condition associated with the
albumin Redhill mutation. These naturally occurring muta-
tions demonstrate that alterations of the amino acid sequences
of signal peptides may be more common than previously
thought and that, in some instances, they can have significant
effects that result in diseases.

This study is the first example of a naturally occurring sub-
stitution at the —1 position of a signal peptide that results in a
human disease. DNA sequence analysis revealed a substitution
of Thr for Ala at the —1 position of the signal peptide. Initial
inspection of the amino acid sequence of the signal peptide of
the mutant preproVP did not suggest an obvious reason why
this substitution should cause a problem. Amino acids at the
—1 position are very important for establishing a good context
for effective cleavage by signal peptidase and amino acids with
small, neutral side chains are preferred at the —1 and —3 amino
acid positions (30). A compilation of 161 unique eukaryotic

2570  Ito, Oiso, Murase, Kondo, Saito, Chinzei, Racchi, and Lively

signal peptide sequences revealed six naturally occurring pro-
teins with Thr at the —1 position, so Thr is permissible in the
context of some signal peptide sequences (30). However, ac-
cording to a study of systematic substitutions of Ala at the —1
position of preproapolipoprotein with 13 amino acids (31),
some differences were observed between the cleavage sites ex-
perimentally determined and those theoretically predicted
based upon rules of von Heijne (30). It was also shown that
inefficient signal peptidase cleavages occurred, even if the sub-
stituted amino acids were supposed to be preferable at the —1
position (e.g., Thr, Gly, Ser).

The results of our examination revealed that Thr at the —1
position of preproVP is an unfavorable residue in the context
of this signal peptide sequence. Cell-free translation in the pres-
ence of microsomes resulted in glycosylation of the majority of
the proteins synthesized as inferred from the increase in molec-
ular weight. Since core glycosylation of secretory proteins must
occur within the lumen of the endoplasmic reticulum and since
the products of cell-free protein synthesis obtained in these
experiments could be sedimented with microsomal vesicles, we
concluded that the mutant preproVP had been effectively tar-
geted to the interior of the vesicles. However, the mutation
significantly reduced the efficiency of cleavage by signal pepti-
dase because the major product that accumulated in the co-
translational assays was uncleaved, glycosylated preproVP.
Fewer than 25% of the translocated preproVP molecules were
cleaved by signal peptidase, yielding proVP. When signal pepti-
dase cleavage occurred, it was at the normal site.

The potential fate of the uncleaved, glycosylated preproVP
molecules was not addressed by this study but it is likely that
these hormone precursors will remain anchored to the lipid
bilayer of the endoplasmic reticulum via the uncleaved signal
peptide and will not proceed through the secretory pathway for
further processing. In the similar case of Factor Xs,no pomingo>
the uncleaved precursor protein remains in an intracellular
compartment where it does not undergo further specific pro-
teolysis but is slowly degraded (13). The aberrant, membrane-
bound preproVP may be degraded by the proteolysis system in
the endoplasmic reticulum which degrades proteins that fail to
fold correctly or that fail to correctly assemble into native oligo-
meric complexes. Abnormal proteins retained in the endoplas-
mic reticulum are usually degraded (32).

Even if the mutant allele produced no VP at all, one would
expect the normal allele to produce sufficient VP to prevent DI.
In Brattleboro rats, where inheritance of DI displays an autoso-
mal recessive mode, elimination of one VP allele does not re-
sult in overt DI (33). DI occurs in rats homozygous for the
mutation. However, patients examined in this study have only
one defective VP allele yet they represented complete DI. Ac-
cordingly, it appears unlikely that inefficiency of cleavage of
the mutant preproVP alone can directly explain a VP defi-
ciency severe enough to result in complete DI in this pedigree
unless production of the abnormal, uncleaved preproVP has
some further negative effect. Such a negative effect could result
if the uncleaved precursor is not rapidly degraded and remains
associated with the endoplasmic reticulum. Continued synthe-
sis of this aberrant membrane-bound protein could ultimately
interfere with normal synthesis and targeting of other secretory
and membrane proteins, including normal VP precursor. Such
a mechanism could ultimately lead to destruction of the cell.
This degradative mechanism is consistent with the observation



that the clinical symptoms of familial CDI do not become ap-
parent in the affected individuals until several months to years
after birth (4-6), as we have observed in this pedigree.

In conclusion, a mutation that results in the substitution of
Thr for Ala at the —1 position of the signal peptide of preproVP
has been identified which cosegregates with clinical DI in a
pedigree of familial CDI. Cell-free analysis of this mutant secre-
tory protein has demonstrated the molecular effect of the mu-
tation. Targeting and translocation of the nascent preproVP to
the endoplasmic reticulum are not measurably affected
whereas cleavage by signal peptidase is impaired. The precise
mechanism by which inefficient cleavage of preproVP contrib-
utes to the pathogenesis of DI remains to be studied.
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