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ABSTRACT: We have used site-directed mutagenesis to independently alter the Gln residues at positions ~1
and -2 of the human apoAl propeptide to Arg residues. The normal and mutated genes were placed under
the control of the mouse metallothionein 1 promoter in a bovine papilloma virus (BPV) vector which also
carries a copy of the human metallothionein 1A gene. Following transfection of mouse fibroblast C127
cells with the vectors, cell clones resistant to CdCl, were selected and analyzed for production of apoAl
mRNAs and protein. The RNA blotting analysis showed that the steady-state apoAI mRNA levels of cell
clones expressing either the normal or the mutant apoAT gene are 3—5-fold higher than that of the liver
or HepG?2 cells. Two-dimensional gel electrophoresis of radiolabeled apoAl showed that the apoAl-expressing
clones secreted mainly the proapoAl form. Furthermore, both mutant proapoAI’s differed by one positive
charge from the normal apoAl. Secretion of apoAl into the culture medium follows apparent first-order
kinetics and gives similar rate constants for the normal and mutant apoAl forms. Separation of secreted
apoAl by density gradient ultracentrifugation in the presence of human plasma or HDL shows identical
distribution of plasma and nascent (normal and mutant) apoAl. The findings indicate that in the cell system
used the modification of either of the two glutamines of the apoAl prosegment does not affect the intracellular

transport and secretion of apoAl, and its ability to associate with HDL.

Apolipoprotein Al (apoAl)! is the major protein component
of HDL and serves as a cofactor for the enzyme lecithin—
cholesterol acyltransferase (LCAT) (Fielding et al., 1972;
Soutar et al., 1975). In tissue culture, apoAl is a ligand for
the recognition of HDL by a putative receptor (Fidge &
Nestel, 1985; Hwang & Menon, 1985; Schmitz et al., 1985a,b)
and promotes efflux of cholesterol from cells (Jackson et al.,
1975).

Studies of normal human apoAl synthesis and secretion
(Zannis et al., 1980, 1983; Gordon et al., 1983) and DNA
sequence analysis of the human apoAl gene (Karathanasis et
al., 1983; Shoulders et al., 1983; Cheung & Chan, 1983) have
established that newly secreted apoAl has a six amino acid
long NH,-terminal extension (prosegment) with the sequence
Arg-His-Phe-Trp-GIn-Gln. It is interesting that both the
human (Zannis et al., 1983) and rat (Gordon et al., 1982)
apoAl prosegments terminate in a pair of Gln residues. In
contrast, the chicken apoAl propeptide contains Gln-His
(Rajavashisth et al., 1987), and most other known propeptides
contain a pair of basic amino acids at this region (Chance et

* This work was supported by grants from the National Institutes of
Health (HL33952 and HL26335). V.1.Z. is an Established Investigator
of the American Heart Association.

al., 1968; Hamilton et al., 1974; Russell & Geller, 1975;
Nakanishi et al., 1979; Kangawa & Matsuo, 1979; Patzelt et
al., 1979; Steiner et al., 1980). The latter configuration allows
these propeptides to be cleaved in secretory vesicles by trypsin
or carboxypeptidase B type proteases, whereas the apoAl
prosegment is removed in plasma by a specific calcium-de-
pendent metalloprotease which cleaves the -1 Gln—+1 Asp
bond of proapoAl (Edelstein et al., 1984; Sliwkowski &
Windmueller, 1984; Bojanovski et al., 1984).

Recent studies have suggested important roles of protein
pre- and prosegments for the structure, function, and intra-
cellular processing and transport of proteins (Folz & Gordon,
1986, 1987; Wu et al., 1986; Suttie et al., 1987; Jorgensen et
al., 1987; Blachly-Dyson & Stevens, 1987; Johnson et al., 1987;
Valls et al., 1987; Wise et al., 1988).

This study was undertaken in order to investigate the bio-
logical significance of the two Gln residues of apoAl pro-
peptide. The results indicate that in the cell system used
alteration of either of the Gln residues of the human apoAl

! Abbreviations: apoAl, apolipoprotein AI; HDL, high-density lipo-
protein; LDL, low-density lipoprotein; IDL, intermediate-density lipo-
protein; VLDL, very low density lipoprotein; SDS, sodium dodecyl sul-
fate; BPV, bovine papilloma virus; mMT-1, mouse metallothionein 1; bp,
base pair; kb, kilobase.
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FIGURE 1: Schematic representation of the various steps leading to the construction of recombinant BPV expression vectors containing the
normal (AI-N) and mutant (AI-Ma and AI-Mb) human apoAl genes. See Methods for details. The final constructs (designated pBMT-AI-N
and pBMT-AI-Ma or -Mb) also carry a copy each of the mMT-1 gene and human metallothionein 1A gene, a copy of the ampicillin-resistant
gene (ApR), and a pBR322 origin of replication (see insert). The direction of the apoAl transcription is indicated by an arrow under the restriction
map. The location of the point mutations which altered the Gln residues of the apoAl prosegment to Arg residues is indicated by an arrow

drawn on the map of the apoAl gene fragment.

prosegment does not affect the intracellular transport and
secretion of apoAl and its affinity for HDL.

MATERIALS AND METHODS

Materials

The Klenow fragment of DNA polymerase I, T4 DNA
ligase, and Sall linkers were from New England Biolabs.
Restriction enzymes were purchased either from New England
Biolabs or from Bethesda Research Laboratories (BRL).
Bacterial alkaline phosphatase was obtained from BRL.
Nitrocellulose filters were purchased from Schleicher &
Schuell. [¥S]Methionine (1200 Ci/mmol), [y-32P]ATP, and
[a-**P]dCTP (3000 Ci/mmol) were acquired from New
England Nuclear. Dulbecco’s modified Eagle’s medium (D-
MEM) and Dulbecco’s Eagle’s medium without methionine
were obtained from GIBCO. Calcium chloride (analar) was
from British Drug House (Gallard Schlessinger). The ma-
terials necessary for two-dimensional polyacrylamide gel
electrophoresis have been described previously (Zannis et al.,
1982; Zannis, 1986). Goat anti-human apoAl was a gift from
P. Herbert (Miriam Hospital, Providence, RI). IgGSorb was
purchased from the Enzyme Center (Boston, MA). The
pBMT3X vector (Krystal et al., 1986) was a gift from Dr. G.
Pavlakis of the National Cancer Institute, Frederick Cancer
Research Facility, Bethesda, MD.

Methods

Plasmid Construction and Mutagenesis. The plasmids used
in this study were constructed by standard techniques (Man-
iatis et al., 1982). The 2.2-kb PstI-Pst1 fragment (Figure 1)
containing the entire apoAl coding sequence as well as ap-
proximately 270 bp of sequences upstream of the first nu-
cleotide of the initiation codon of apoAl and 950 bp of se-

quences downstream of its poly(A) site (Karathanasis et al.,
1983; Shoulders et al., 1983) was gel purified, and the pro-
truding 3’ ends were digested by T4 DNA polymerase.
Following ligation of the fragment with Sal/l linkers, the re-
sultant mixture was subcloned into the Sall site of the pUCI19
vector to produce the pUC19AI-N vector. In addition, the
1.7-kb HindI11-Pst1 fragment of the apoAl gene (Figure 1)
was subcloned into vector M13mpl8am4 which contains an
amber mutation at position 5327 in the M13 gene 4 (Carter
et al., 1985). The single-stranded phage obtained from the
recombinant vector was used for the site-directed mutagenesis.
The oligonucleotide site-directed mutagenesis was performed
by a single-priming method as described (Carter et al., 1984,
1985) using 25-mers [dATTTCTGGCAGCGAGAT-
GAACCCCC and dGGCATTTCTGGCGGCAAGAT-
GAACC] to create mutant a (Ma) and mutant b (Mb), re-
spectively. Each oligomer contained a single base mismatch
(italicized). The primer was synthesized by the solid-phase
phosphite triester method (Caruthers, 1985) using an auto-
mated oligonucleotide synthesizer (Applied Biosystems 380-A)
and purified by two consecutive purification steps by HPLC
through a C18 column. After overnight primer extension and
ligation, the mixture was used to transform competent JM 101
cells. The cells were plated on 2XYT plates to generate
progeny plaques. Mutant phages were selected by colony
hybridization using the mutagenic oligomers as hybridization
probes. The nitrocellulose filters were baked for 2 h at 80 °C
under vacuum. After prehybridization (1 h at 67 °C) and
hybridization (1 h at 67 °C, followed by a gradual decrease
in temperature to 25 °C over a 2-3-h period) in petri dishes,
the filters were washed 3 times, each time in 100 mL of fresh
6X standard saline citrate (SSC) at 25 °C for a total of 10
min. Following autoradiography at room temperature for 3-5
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h, the filters were washed twice more at 63 and 73 °C, re-
spectively, in 100 mL of 6X SSC for 4-5 min. Between each
wash, the filters were air-dried and subjected to autoradiog-
raphy for 5-20 h. For each mutation, 10 putative mutant
phages were plaque-purified as reported (Carter et al., 1985),
and subsequently approximately 200 resultant plaques were
screened by hybridization as described above. A total of six
putative mutant phages were chosen and sequenced by the
dideoxy chain termination method (Sanger et al. 1977).
Following mutagenesis, the 0.71-kb Bg/II-Sacll fragments
(containing the mutations) were excised from the replicative
form of the recombinant M 13 phages and substituted for the
corresponding normal fragment of pUC19AI-N vector (de-
scribed above) to produce pUC19AI-Ma and pUC19AI1-Mb
vectors (Figure 1).

Expression of Normal and Mutant ApoAI Genes. (A)
Construction of Recombinant Expression Vectors. The pro-
moterless normal and mutant apoAl genes were placed under
the control of the mMT-1 promoter in the BPV expression
vector pPBMT3X described previously (Krystal et al., 1986).
This vector carriers the entire human MT1A and mouse MT-1
genes plus a genetically engineered unique Xhol restriction
site (created in place of a Bg/II site). This restriction site is
positioned 92 bp downstream of the TATA box of mMT-1
promoter and 70 bp downstream of the transcription initiation
site of the mMT-1 gene (Glanville et al., 1981). To construct
the expression vector containing the normal apoAl gene
(designated pBMT-AI-N), the 2.2-kb fragment of apoAl
(flanked by Sall linkers) was cleaved from the pUC19AI-N
vector and ligated into the Xhol site of the pBMT3X vector
(Figure 1). Similarly, the 2.2-kb fragments of apoAl con-
taining the mutations Ma and Mb were cleaved from the
corresponding pUC19AI-Ma and pUC19AI-Mb vectors and
subcloned into the pBMT3X vector to generate expression
vectors designated pBMT-AI-Ma and pBMT-AI-Mb, re-
spectively (Figure 1).

(B) Cell Transfection and Selection of Stable Cell Lines.
The method of phosphate—-DNA coprecipitation was utilized
to introduce the normal and mutant apoAl into the murine
fibroblast cell line C127 to produce permanent cell lines (Lowy
et al., 1978). The cells were maintained in log phase as
monolayer with Dulbecco’s modified Eagle’s medium (D-
MEM) supplemented with 10% fetal bovine serum in 100-
mm-diameter petri dishes. The day before the transfection,
the C127 cells were split at 1 X 10° per 100-mm dish. The
purified plasmid DNA (35 ug) and calcium chloride (0.248
M) were mixed to prepare the transfection mixture (calcium
phosphate~DNA precipitate). The mixture was added drop-
wise with air stream to an equal volume of 2X Hepes-buffered
saline (42 mM Hepex, pH 7.1,0.2 M NaCl, | mM K(l, 0.14
mM Na,HPO,, and 0.2% dextrose). Following incubation at
room temperature for 20 min, the transfection mixture was
added to the cell cultures, and the culture dishes were kept
at 37 °C for 3.5-4 h. The cell monolayers were washed with
serum-free medium and then shocked for 1 min with 1X
Hepes-buffered saline solution containing 15% glycerol.
Subsequently, the cells were quickly rinsed twice with serum-
free media and refed with D-MEM containing 10% fetal bo-
vine serum. After 48-h incubation at 37 °C, the cells were
split 1:5 and plated in D-MEM medium supplemented with
10% fetal bovine serum and 10 pM CdCl,. The cells were
refed every 3 days until discrete isolated colonies were gen-
erated, and the colonies were collected using cloning cylinders.

Northern Blotting Analysis. Nearly confluent cultures of
transfected C127 cell clones were scraped off plates and
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solubilized in guanidine isothiocyanate. Total cellular RNA
from the cells was purified by cesium chloride gradient cen-
trifugation (Chirgwin et al., 1979). RNA was subjected to
electrophoresis on 1% agarose—formaldehyde gels (Thomas,
1983), transferred onto nitrocellulose filters, and subsequently
hybridized with a radiolabeled human apoAl gene probe
(Karathanasis et al., 1983). The probe used was the 1.7-kb
HindIII-Ps:1 fragment of apoAl gene labeled by the multi-
prime DNA labeling system (Feinberg & Vogelskin, 1984).
The autoradiography was carried out for 15 h at =70 °C using
Kodak X-Omat AR film and Lightning Plus intensifying
screens (Du Pont).

Analysis of C127 Cell Clones for ApoAI Synthesis. C127
cell clones expressing the normal and mutant apoAl genes and
HepG?2 cells were grown to approximately 95% confluency in
60-mm-diameter petri dishes in D-MEM containing 10% fetal
bovine serum, 10 uM CdCl,, and 2 mM glutamine. The cell
monolayer was rinsed twice with methionine-free D-MEM
(GIBCO) supplemented with 10 uM CdCl, and 2 mM glut-
amine and preincubated in 2 mL of this medium for 1-1.5 h
at 37 °C. The cells were then incubated with 2 mL of the
same medium containing 0.25 mCi of [**S]methionine for 40
min. The cell medium and the cell lysate were collected
separately, immunoprecipitated with goat anti-human apoAl
antibody, and analyzed by one- and two-dimensional poly-
acrylamide gel electrophoresis and autoradiography as de-
scribed previously (Zannis et al., 1982, 1986). In a few in-
stances following immunoprecipitation, equal amounts (cpm)
of various combinations of normal or mutant apoAl were
mixed and analyzed similarly as described above.

Pulse-Chase Experiments:. Kinetics of Secretion of Normal
and Mutant ApoAl Forms. Monolayers of C127 cell clones
expressing the normal and mutant apoAl genes grown in
35-mm-diameter dishes were pulsed for 30 min as described
above and then chased for various times with D-MEM con-
taining 10 mM methionine and 10 uM CdCl,. The cell lysate
and the culture medium were immunoprecipitated and ana-
lyzed by SDS—polyacrylamide gel electrophoresis and auto-
radiography as described. The radioactivity bands corre-
sponding to various chase times were excised from the gels and
solubilized in 2 mL of 30% hydrogen peroxide overnight at
60 °C in scintillation vials. Following addition of 15 mL of
scintillation fluid, the samples were counted, and the data were
subjected to first-order kinetic analysis.

Density Gradient Ultracentrifugation of Nascent ApoAl.
C127 cell clones expressing the normal or mutant apoAl gene
were grown to 90% confluency in 60-mm-diameter petri dishes
and labeled without any preincubation step with 0.4 mCi of
[3*S]methionine for 5 h as described above. The cell culture
medium (2 mL) was collected and analyzed by discontinuous
KBr density gradient ultracentrifugation (Redgrave et al.,
1975; Zannis et al., 1982). For this analysis, a 2.0-mL aliquot
of the culture medium was mixed either with 250 ul. of human
serum or with 50 uI. of HDL (18 mg/mL). The mixture was
adjusted to a density of 1.21 g/mL with 0.73 g of potassium
bromide, placed in a cellulose nitrate tube, and overlaid se-
quentially with 1.75 mL of potassium bromide solution of d
= 1.15 g/mL and 3 mL each of potassium bromide solutions
of d =1.063 g/mL and d = 1.019 g/mL followed by normal
saline. The tubes were then centrifuged in a Beckman SW41
rotor at 40000 rpm for 19 h at 4 °C.

Following ultracentrifugation, 12 fractions (0.95 mL each)
were collected from the top of each gradient tube using a
Haake-Buchler Auto Densi-flow IIC pump and a Pharmacia
Frac-100 fraction collector. A refractometer was used to
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FIGURE 2: Autoradiogram of Northern blotting analysis of RNA
isolated from fetal human tissues, HepG2 cells, and C127 cell clones
expressing either the normal or the mutant apoAl genes. Lanes a—g
contain 30 ug of total RNA isolated from (a) HepG2 cells, (b) fetal
human intestine, (c) fetal human liver, (d) C127 cell clones transfected
with the pPBMT3X vector, (¢) C127 cell clones expressing the normal
apoAl gene, and (f and g) C127 cell clones expressing the mutant
Al-Ma and AI-Mb genes, respectively.

determine the density of 12 fractions similarly collected from
a blank tube. After extensive dialysis against 1 mM methi-
onine, the samples were lyophilized, dissolved in 150 uL of
SDS-polyacrylamide gel electrophoresis sample buffer
(Zannis, 1986), and analyzed by one-dimensional SDS-
polyacrylamide gel electrophoresis and autoradiography.

RESULTS

Site-Directed Mutagenesis and Expression of Normal and
Mutant ProapoAI Genes. To study the biological significance
of the apoAl prosegment, the two Gln residues in the apoAl
propeptide were independently altered to Arg residues by
site-directed mutagenesis. In the mutagenesis, the CAA codon
specifying the first Gln residue nearest to the propeptide
cleavage site and the CAG codon of the second Gln residue
were altered to CGA (mutant a = Ma) and CGG (mutant
b = Mb) codons, respectively. The presence of the mutations
was confirmed by DNA sequencing analyses (data not shown).

To express the normal and mutated apoAl genes, the 2.2-kb
Pstl-Pst] fragment containing the promoterless normal and
mutant apoAl genes was inserted into the unique Xhol site
of the pPBMT3X vector (Figure 1) to generate the recombinant
expression vectors pBMT-AI-N, pBMT-AI-Ma, and pBMT-
Al-Mb, respectively. Transfection of mouse C127 cells with
these vectors permitted selection of several cell clones resistant
to 10 uM CdCl,. These cell clones were found to produce
apoAl mRNA and protein. A representative RNA blotting
analysis of a few such clones as well as the proper controls is
shown in Figure 2. The steady-state apoAl mRNA levels of
cell clones expressing either the normal or the mutant apoAl
genes, determined by scanning densitometry, are 3-5-fold
higher than that of liver or HepG2 cells.

Synthesis and Secretion of Human ProapoAl. Effect of
Mutations at the Cleavage Site of the ApoAIl Prosegment.
C127 cells expressing the normal and mutant apoAl genes
were labeled for 40 min, and the newly synthesized apoAl
proteins were immunoprecipitated with goat anti-human apoAl
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FIGURE 3: Comparison of plasma with intracellular and secreted forms
of apoAl produced by HepG2 cells and C127 cell clones expressing
the human apoAl gene. All panels except A and F show portions
of the autoradiogram obtained following two-dimensional gel elec-
trophoretic analyses of the samples. Panels A and F are Coomassie
brilliant blue stained two-dimensional gels of HDL samples. Panels
B-E and panels G-J represent the secreted and the intracellular forms
of apoAl, respectively. Panels B and G show secreted and intracellular
forms of apoAl, respectively, produced by HepG2 cells. Similarly,
panels C and H show the secreted and intracellular forms of normal
apoAl, respectively, produced by the C127 cell clones. Panels D, E
and I, J show secreted and intracellular forms, respectively, of apoAl
produced by C127 cell clones expressing the mutant genes. The normal
and mutant (Ma and Mb) proapoAl forms are designated as forms
2, 2a, and 2b, respectively. In addition, forms 4 and 5 represent the
mature apoAl protein. Forms X, Xa, and Xb are tentatively identified
as the preproapoAl forms of the normal apoAl and that of the mutant
Al-Ma and AI-Mb, respectively.

antibody. The resultant protein samples were analyzed by one-
and two-dimensional SDS-polyacrylamide gel electrophoresis
and autoradiography as described under Methods. Figure 3
shows the isoprotein composition of intracellular and secreted
apoAl produced by cell lines expressing the normal (panels
B, C, G, and H) and mutant (panels D, E, I, and J) apoAl.
Panels B-E represent extracellular and panels G-J intracellular
forms of apoAl. Panels A and F are Coomassie brilliant blue
stained two-dimensional gels of purified HDL samples to allow
comparison of the two-dimensional pattern of the plasma and
nascent apoAl isoprotein forms. Panels B and G represent
the extracellular and intracellular forms of apoAl, respectively,
synthesized by the human hepatoma (HepG2) cells. It is
interesting that the intracellular apoAl contains both pro (Al,)
and mature (Al,) forms (panel G) whereas the secreted apoAl
consists primarily of the proapoAl form (panel B). Similarly,
the C127 cells expressing the normal or mutant apoAl genes
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produce both proapoAl and the mature apoAl form intra-
cellularly (panels H-J) and secrete mostly the proAl form
(panels C-E). However, the relative amounts of the mature
apoAl detected intracellularly and in the media increase sig-
nificantly if the HepG2 cells or C127 cell clones are labeled
overnight, suggesting a limited conversion of proapoAl to the
mature form both intracellularly and extracellularly (data not
shown). The normal and mutant C127 cell clones also produce
another form of apoAl (designated X, Xa, or Xb) which is
slightly larger in size and contains a single additional positive
charge as compared to the proapoAl form (panels C-E and
H-J). Protein X overlaps on two-dimensional gels with the
preproapoAl described previously (Zannis et al., 1983). The
X, Xa, and Xb species are detected in higher quantities in-
tracellularly than in the media (compare panels C-E with
panels H-J, respectively). The mutant forms of apoAl, Ma
(panels D and I) and Mb (panels E and J), differ from their
normal counterparts by one positive charge. This charge
difference is consistent with substitution by in vitro mutagenesis
of the Gln -2 or GlIn -1 residues of apoAl for an Arg residue.
The putative mutant preproapoAl forms Xa and Xb also differ
by one positive charge from the normal preproapoAl form
(protein X).

To compare further the normal and mutant apoAl syn-
thesized and secreted by C127 cell clones with that of the
HepG?2 cells, we analyzed equal amounts of various mixtures
of the secreted forms of these proteins by two-dimensional
polyacrylamide gel electrophoresis and autoradiography
(Figure 4). Comparison of panel A with panel B shows that
the proapoAl produced by C127 cells expressing the normal
apoAl gene overlaps on two-dimensional gels with that of
HepG2 cells. Panels C and D confirm that the apoAl pro-
duced by cell clones expressing the mutant (Ma and Mb) genes
differs by one positive charge from the normal proapoAl
produced by HepG2 cells. Finally, panel E shows that both
mutant apoAl forms (Ma and Mb) are indistinguishable by
two-dimensional polyacrylamide gel electrophoresis analysis.

Rates of Secretion of Normal and Mutant ApoAI Forms.
Kinetic analysis showed that apoAl secretion follows apparent
first-order kinetics (Figure SA,B). The t,, values obtained
were 22.7, 21.7, and 21 min for the normal AI-N, mutant
Al-Ma, and mutant AI-Mb, respectively. The corresponding
apparent first-order rate constants (k) were 3.05 X 1072 min™!
(AI-N), 3.19 X 1072 min™' (AI-Ma), and 3.30 X 1072 min™'
(AI-Mb).

Flotation Properties of Normal and Mutant ApoAI Forms.
Density gradient ultracentrifugation of the secreted apoAl in
the presence of human serum or HDL showed that the dis-
tribution of apoAl radioactivity determined by autoradiog-
raphy is identical with the distribution of plasma apoAl de-
termined by staining with Coomassie brilliant blue for both
normal and mutant apoAl (compare Figure 6A-F with Figure
6A’-F’). These findings suggest that the apoAl mutations did

not have a gross effect on the affinity of apoAl for plasma
HDL.

DiscussioN

Background. A distinct feature of human apoAl is that it
contains an N-terminal hexapeptide with the sequence Arg-
His-Phe-Trp-GIn-Gln (Cheung & Chan, 1983; Gordon et al.,
1983; Karathanasis et al., 1983; Shoulders et al., 1983; Zannis
et al., 1983). Several laboratories have described a proteolytic
activity in plasma and lymph which cleaves the =1 Gln-+1
Asp peptide bond (Bojanovski et al., 1984; Edelstein et al.,
1984; Sliwkowski & Windmueller, 1984). The in vitro
cleavage of the apoAl prosegment is slow and partial and raises
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FIGURE 4: Comparison of secreted apoAl produced by HepG2 cells
and C127 cell clones expressing either the normal or the mutant apoAl
gene. The comparison was made by two-dimensional gel electro-
phoresis and autoradiography as explained in Figure 3. (Panel A)
ApoAl secreted by HepG2 cells; panels B, C, and D show the analysis
of a mixture of equal counts (10000-15000 cpm) of apoAl immu-
noprecipitated from the culture media of HepG2 cells and cell clones
expressing the normal and the two mutant (Ma, Mb) apoAl genes,
respectively. Panel E shows the analysis of equal counts of apoAl
secreted by cell clones expressing the two mutant (AI-Ma and AI-Mb)
apoAl genes. The forms 2, 2a, 2b, X, Xa, and Xb are all defined
in the legend to Figure 3. The forms 2a,b and Xa,b represent the
mixture of mutant isoproteins produced by cell clones expressing the
corresponding genes (panel E).

questions on the importance of this cleavage for the extra-
cellular function(s) of apoAl.

Recently, research has focused on the importance of the pre-
and prosegments of several proteins for their intracellular co-
and posttranslational modifications as well as their intracellular
transport. Thus, the propeptides of preprofactor IX and vi-
tamin K dependent carboxylase may be signals which direct
the posttranslational vy-carboxylation of the mature proteins
(Jorgensen et al., 1987; Suttie et al., 1987). The amino-ter-
minal presegment of yeast carboxypeptidase Y is important
for efficient cotranslational translocation across the endo-
plasmic reticulum as well as for its efficient glycosylation
(Blachly-Dyson & Stevens, 1987). Furthermore, the prop-
eptide of the yeast carboxypeptidase Y contains the signal for
targeting the enzyme to vacuoles (Johnson et al., 1987) and
for controlling the proteolytic activity during intracellular
transport (Valls et al., 1987). The amino- and carboxy-ter-
minal peptides of type I procollagen affect the steady-state
collagen mRNA levels (Wu et al., 1986). Finally, the pro-
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FIGURE 5: Kinetics of apoAl secretion. (Panel A) Time course of
apoAl secretion. Monolayer cultures of C127 cell clones expressing
either the normal or the mutant apoAl gene were labeled with
[**S]methionine, immunoprecipitated, and analyzed by one-dimen-
sional SDS-polyacrylamide gel electrophoresis and autoradiography
as described under Methods. The figure shows the autoradiogram
obtained from this analysis. (Panel B) Kinetics of apoAl secretion.
For this analysis, protein bands shown in panel A corresponding to
chase times of 0~50 min were excised from the gel, solubilized, and
counted, and the data were analyzed in a semilogarithmic plot. The
closed circles (®), closed squares (M), and closed triangles (A) represent
358 counts for normal (AI-N) and mutant (AI-Ma and AI-Mb) apoAl
forms, respectively.

peptide of von Willebrand factor (vWF) contains the deter-
minants which mediate the assembly of vWF multimers (Wise
et al., 1988).

Folz and Gordon (1986) have recently reported that removal
of the prosegment of human apoAll affects the site of co-
translational signal peptide cleavage in vitro, whereas removal
of the apoAl prosegment affects only the rate of the signal
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FIGURE 6: One-dimensional SDS—-polyacrylamide gel electrophoretic
analysis of proteins secreted by mouse C127 cells expressing the human
apoAl gene following purification by density gradient ultracentrifu-
gation. Density gradient ultracentrifugation of the culture medium
in the presence or absence of human serum or HDL was performed
as explained under Materials and Methods. The average density
(g/mL) of the fractions analyzed was as follows: 1 =1.010;2 = 1.014;
3=1.018,4=1.032;5=1.048,6=1.072;7=1.10;8 = 1.13; 9
=1.162; 10 = 1.186. Following staining with Coomassie brilliant
blue, the gels obtained from this analysis showed the position of the
plasma apoAl (panels A-F). The corresponding autoradiograms show
the position of the nascent **S-labeled apoAl (panels A’-F’). Panels
A-C and A’-C’ show analysis in the presence of human HDL, and
panels D-F and D’-F" show analysis in the presence of human serum.
Note the distribution of plasma apoAl (panels A-F) is identical with
that of *'S-labeled nascent apoAl (panels A’-F’).

peptide cleavage (Folz & Gordon, 1987).

The unusual feature of the prosegments of human and rat
apoAl is that they terminate with two Gln residues (Cheung
& Chan, 1983; Gordon et al., 1982, 1983; Karathanasis et al.,
1983; Shoulders et al., 1983; Zannis et al., 1983) whereas the
chicken apoAl terminates with Gln-His (Rajavashisth et al.,
1987) and the prosegments of most other secretory proteins
terminate with a pair of basic amino acids (Chance et al., 1968;
Hamilton et al., 1974; Russell & Geller, 1975; Nakanishi et
al., 1979; Kangawa & Matsuo, 1979; Patzelt et al., 1979;
Steiner et al., 1980). To investigate the significance of the
Gln residues of the apoAl prosegment on the intracellular
transport and secretion of apoAl and its association with HDL,
we have altered by in vitro mutagenesis the codons specifying
residues —1 Gln and -2 Gln to codons specifying Arg residues.

Synthesis and Secretion of Normal and Mutant ApoAI by
C127 Cell Clones Expressing the Corresponding Genes. To
produce large quantities of normal and mutant apoAl, we
placed the corresponding genes under the control of the mouse
metallothionein 1 gene in a bovine papilloma virus vector which
also contains a copy of the human metallothionein 1A gene.
Following transfection with the recombinant vectors, cell clones
were selected for resistance to 10 uM Cd** and were analyzed
for synthesis of apoAl mRNA and protein. The analysis
showed that the apoAl mRNA levels of the cell clones ex-
pressing either the normal or the mutant apoAl gene were 3-5
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times higher than the mRNA levels produced by liver or
HepG?2 cells. These data indicate that the C127 clones ove-
rexpress the human apoAl gene. The size of the major apoAl
mRNA produced by C127 cell clones is slightly larger than
that of human fetal liver and HepG2 cells (Figure 2). This
size mRNA is consistent with utilization of the transcription
initiation site of the mMT-1 promoter located approximately
70 bp upstream from the Xhol site where the apoAl gene was
inserted (Figure 1). Utilization of this transcription initiation
site will imply that the mRNA synthesized by C127 cell clones
contains 70 bp of the 5’-untranslated region of the mMT-1
gene (Glanville et al., 1981) as well as the entire sequence of
the human apoAl gene. Expression of pPBMT-AI constructs
in C127 cells also produces some higher size mRNA species
which cross-hybridize with the human apoAl probe. The most
abundant of these mRNA species may represent a fusion
transcript containing the human apoAl and the mMT-1
mRNAs. Such a transcript can arise by utilization of the
polyadenylation signal of the mouse metallothionein 1 gene
which is located approximately 2 kb downstream of the Xhol
site of the pPBMT3X vector. The less abundant of these species
may represent nuclear apoAI mRNA forms which may ac-
cumulate due to the enhanced transcriptional activity of the
apoAl gene in these cells. Similar mRNA species have been
observed in cell clones expressing the human apoE gene
(Cladaras et al., 1987).

Protein analysis shows that despite the mRINA heterogeneity
the protein synthesized by the apoAl-producing clones consists
mainly of the proapoAl form. As expected, both mutant
apoAl forms differ from the normal apoAl by one positive
charge. An unexpected finding in these studies is that both
normal and mutant apoAl synthesize and secrete a protein
form which coincides on two-dimensional gels with the pre-
proapoAl. It is possible that, due to the overproduction of
apoAl mRNA in C127 cells as compared to HepG2 cells,
either the attachment of ribosomes (translating apoAI mRNA)
to the endoplasmic reticulum or the cleavage of the signal
peptide becomes rate limiting (Garoff et al., 1978). This will
result in intracellular accumulation of preproapoAl. It is
interesting that small quantities of the protein X are also
secreted into the media, suggesting that at least a small portion
of preproapoAl enters the secretory pathway. This finding
also suggests that cleavage of the signal peptide is not a
prerequisite for apoAl secretion by the C127 cells.

Substitution of Gin Residues of the Prosegment by Arg Has
No Effect on ApoAI Secretion and HDL Binding. The kinetics
of apoAl secretion were determined by pulse—chase labeling
as explained under Materials and Methods. This analysis
showed that in the cell system used mutations in the two Gln
residues of apoAl did not affect the intracellular transport and
rate of secretion of this protein. Nevertheless, the possibility
still exists that these mutations may have different effects on
an apoAl-producing cell line such as HepG2 cells. Secretion
of both normal and mutant apoAl forms follows apparent
first-order kinetics with half-lives of 22.7 min (AI-N), 21.7
min (Al-Ma), and 21 min (AI-Mb). Furthermore, flotation
of apoAl in the presence of human serum or purified HDL
showed that the distribution of the radiolabeled apoAl was
similar to that of plasma apoAl. This finding indicates that
the two Gln residues probably are not critical for the asso-
ciation of nascent apoAl with HDL.

It has been suggested that the two Gln residues may serve
as recognition sites for the extracellular protease which removes
the apoAl prosegment (Gordon et al., 1982). Studies are
under way to determine the effects of these mutations on the

ROGHANI AND ZANNIS

fidelity, efficiency, and specificity of the extracellular protease
which removes the apoAl prosegment.
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Adsorption of Cations to Phosphatidylinositol 4,5-Bisphosphate’
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ABSTRACT: We investigated the binding of physiologically and pharmacologically relevant ions to the
phosphoinositides by making 3'P NMR, electrophoretic mobility, surface potential, and calcium activity
measurements. We studied the binding of protons to phosphatidylinositol 4,5-bisphosphate (PIP,) by
measuring the effect of pH on the chemical shifts of the 3'P NMR signals from the two monoester phosphate
groups of PIP,. We studied the binding of potassium, calcium, magnesium, spermine, and gentamicin ions
to the phosphoinositides by measuring the effect of these cations on the electrophoretic mobility of mul-
tilamellar vesicles formed from mixtures of phosphatidylcholine (PC) and either phosphatidylinositol,
phosphatidylinositol 4-phosphate, or PIP,; the adsorption of these cations depends on the surface potential
of the membrane and can be described qualitatively by combining the Gouy—Chapman theory with Langmuir
adsorption isotherms. Monovalent anionic phospholipids, such as phosphatidylserine and phosphatidylinositol,
produce a negative electrostatic potential at the cytoplasmic surface of plasma membranes of erythrocytes,
platelets, and other cells. When the electrostatic potential at the surface of a PC/PIP, bilayer membrane
is =30 mV and the aqueous phase contains 0.1 M KCl at pH 7.0, PIP, binds about one hydrogen and one
potassium ion and has a net charge of about —3. Our mobility, surface potential, and electrode measurements
suggest that a negligible fraction of the PIP, molecules in a cell bind calcium ions, but a significant fraction
may bind magnesium and spermine ions.

A number of hormones, neurotransmitters, chemoattrac-
tants, and growth factors bind to receptors in the cell mem-
brane and activate, probably through a G protein (Litosh &
Fain, 1986; Williamson, 1986; Cockcroft, 1987), a specific

*This work was supported by National Science Foundation Grant
BNS 85-01456 and National Institutes of Health Grant GM 24971.

tSUNY at Stony Brook.

INIAAA.
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phospholipase C. This enzyme hydrolyzes phosphatidylinositol
4,5-bisphosphate (PIP,)! into the second messengers inositol

1 Abbreviations: Gy, galactosyl-NV-acetylgalactosaminyl(/V-acetyl-
neuraminyl)galactosylglucosylceramide; IP,, inositol 1,4,5-trisphosphate;
MOPS, 4-morpholinepropanesulfonate; PA, phosphatidic acid; PC,
phosphatidylcholine; PG, phosphatidylglycerol; PI, phosphatidylinositol;
PIP, phosphatidylinositol 4-monophosphate; PIP,, phosphatidylinositol
4,5-bisphosphate; PS, phosphatidylserine.
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