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ABSTRACT

Murine a-fetoprotein was synthesized in a wheat germ cell
free system in the presence of radioactive amino acids under
the direction of a-fetoprotein messenger RNA isolated from
mouse yolk sacs. The radiolabeled a-fetoprotein was isolated
by immunoabsorption, and the amino acid residues at the NH2
terminus were determined by radioactive sequencing tech
niques. In a comparison to the NH2-terminal sequence of cm
culating a-fetoprotein, the in vitro-synthesized a-fetoprotein
was found to contain an extra peptide 20 amino acids long
linked at the NH2terminus, the sequence of which is:

â€”20 â€”15 â€”10 â€”5
Ser Ser

Met Met Lys x lIe x Pro Leu lIe Leu Leu X His x lIe Phe x Lys
Ala Ala

The molecular size, the hydrophobic nature, and the other
properties of the peptide are consistent with the â€˜â€˜leader'â€˜or
â€ẫ€˜signal' â€ p̃iece found in the precursors of many other secretory

proteins. This suggests that a-fetoprotein, the synthesis of
which is limited primarily to fetal development, is produced in
the form of the precursor as are secretory proteins in the adult
tissues.

INTRODUCTION

AFP5 is a glycoprotein with a molecular weight of approxi
mately 70,000 which is produced by the yolk sac, liver, and
gastrointestinal tract of the fetus and secreted into the blood
(3, 7, 29). The concentration of AFP in fetal serum amounts to
several mg/mI, representing approximately one-third of the
total serum proteins (7, 8). In contrast to the fetus, nonpregnant
adult mammals have extremely low circulating AFP levels,
which are only one-millionth that of the fetus and undetectable
without the use of radioimmunoassays (11, 12, 30). This large
difference in AFP levels between fetal and normal adult sera
suggests that there must be an efficient system for the reduc
tion of AFP synthesis in the adult. In contrast to normal adults,
individuals with primary livencancer, teratoma, or certain other
cancers often show significant increases in the serum level of
AFP (28). AFP can thus serve as a diagnostic marker for the
detection of tumors. Additionally, the monitoring of AFP levels
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during pregnancy has proved useful in the prenatal diagnosis
of neural tube defects and other fetal abnormalities (5, 14, 19).
AFP has been isolated from several mammalian species (13,
28) and amino acid sequences have been partially determined
for AFP's from humans (1, 31 , 41), rats (25), and mice (26).

A number of protein destined for extracellular transport have
been shown to be synthesized as precursor proteins (prepro
teins) that differ from the exported protein by the presence of
a metabolically short-lived amino-terminal extension (â€œsignalâ€•
or â€˜â€˜leader'â€˜piece) consisting of 15 to 27 amino acid residues
(for reviews, see Refs. 9, 15, 22, and 36). BIobel and Dobber
stein (4) have postulated that the leader piece directs the
attachment of ribosomes synthesizing the preprotein to the
endoplasmic reticulum. The leader piece is enzymatically re
moved when the nascent peptide emerges into the lumen of
the endoplasmic reticulum. It has been shown that all secretory
proteins thus far studied, with the exception of ovalbumin (23),
are initially synthesized in the form of preproteins.

The primary objective of this study was to determine if the
oncofetal protein, AFP, is synthesized in a preprotein form as
are normal adult proteins. We translated the mRNA of murine
AFP in a wheat germ cell-free system and determined the NH2-
terminal amino acid sequence of the translation products. We
found that the AFP synthesized in vitro contained an extra
peptide 20 amino acids long which had features in common
with leader pieces of adult secretory proteins.

MATERIALS AND METHODS

Preparation of AFP mRNA. The details of the preparation
and characterization of mouse AFP mRNA are described else
where (17). The yolk sac was removed from ICR mice at 14 to
16 days of pregnancy and homogenized with 1 part of TMKH
supplemented with 0.25 M sucrose and 1 part of high-speed
supernatant of adult mouse liver (10). This homogenate was
centrifuged at 7000 x g for 10 mm. To the supernatant, one
ninth volume of 10% sodium deoxycholate-1 0% Triton X-100
was added, and the polysomes were recovered by the sucrose
cushion method (20, 38).

Polysomes synthesizing AFP were fractionated by the mdi
nect immunoprecipitation method (21 , 33, 35, 39). The poly
some preparation, 100 to 200 A2soat 10 to 20A2soper ml, was
supplemented with one-fifth amount of the high-speed super
natant of adult mouse liver and incubated for 45 mm at 0Â°with
rabbit anti-munine AFP (10), 60 to 120 @sg/mI,purified by
affinity chromatography (18). The monospecificity of the anti
body preparations used was determined by double immunodif
fusion and immunoelectrophoresis (10). An excess amount of
sheep anti-rabbit IgG was then added, and the mixture was
further incubated for 60 mm at 0Â°.The resultant immunocom
plex was recovered by centrifugation in a swinging bucket rotor
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(16,000 x g for 30 mm) through a discontinuous sucrose
gradient (5.5 ml of 0.5 M sucrose and 11 ml of 1.0 M sucrose
in TMKH supplemented with 1% sodium deoxycholate and 1%
Triton X-100). The pellet was resuspended in 5 ml of TMKH
and resedimented through a sucrose gradient as described
above.

RNA was extracted from the immunoprecipitated polysomes
by the phenol-chloroform method (24). In wheat germ extracts,
this RNA directed the incorporation of [3H]Ieucine into hot
tnichloroacetic acid-precipitable material, 95% of which re
acted with rabbit anti-munine AFP.

Synthesis of AFP in Wheat Germ Cell-free Translation
System. Wheat germ extracts were prepared according to
Roberts and Paterson (27) with some modifications. The re
action mixture for protein synthesis contained the following per
ml: 200 ,iI of wheat germ extract; 10 @smolof 4-(2-hydroxyethyl)-
1-piperazineethansulfonic acid, pH 7.6; 1 @.tmolof ATP; 0.3
@smoIof GTP; 8 @zmoIof phosphocreatine; 50 @sgof creatine
phosphokinase; 4 A2soof RNA; 1.5 @tmoIof MgCI2;0.5 j@moIof
spermidine; 55 @tmolof KCI; 6 mmol of f@-mercaptoethanoI;
0.25 mmol of dithiothreitol; 50 @tCiof [3H]Ieucine (60 Ci/mmol;
Amensham, Arlington Heights, Ill.) or 43 @Ciof [35S]methionine
(945 Ci/mmol; Amersham); and 25 @zmoleach of the 19 other
amino acids. Experiments were also conducted using a mixture
of 15 3H-labeled amino acids (120 @iCi;algal hydrolysate; TRK:
440; Amersham) and 5 other nonradioactive amino acids. The
reaction mixture was incubated at 27Â°for 2 hr.

Isolation of Cell-free AFP Products by Immunoabsorptlon.
The -y-globulin fraction of a monospecific goat anti-murine AFP
was prepared by Na2SO4 precipitation (34) and coupled to
Sepharose 4B activated with CNBr according to the method of
Watabe (40). This was added to a reaction mixture of protein
synthesis (at a ratio of 0. 1 ml to 70 @tl)and incubated for 2 hr
at 4Â°.The slurry was then packed in a column and washed
with 30 ml of 150 mM NaCI-10 m@iTnis, pH 7.4.

The bound AFP was then eluted with 8 M urea containing
1% fJ-mercaptoethanol. Lysozyme (15 mg) was added to the
eluate, and the solution was dialyzed extensively against water
and then against 0.5 M NH4HCO3.A precipitate, which con
tamed 99% of radioactivity, was recovered by centnifugation,
washed with acetone, and lyophilized.

Relative Specific Activity Determination. The specificactiv
ities of the labeled amino acids relative to leucine within the
3H-labeled pre-AFP were determined after hydrolysis of the
labeled pre-AFP and carrier lysozyme with 6 N HCI for 20 hr at
110Â°.The radioactive profile of the amino acids released was
determined in the same manner that was used for the hydro
lyzed sequencer samples (described below), except that cold
carrier amino acids were omitted. In this instance, we relied on
the amino acid profile generated by the hydrolyzed lysozyme
to drive the fraction collector.

Amino Acid Sequence Determination. Automated Edman
degradation (6) was done with a Beckman 890C sequencer
(Beckman Instruments, Palo Alto, Calif.) using a modification
of the fast dimethylallylamine program (No. 102974) described
by Peters et al. (26). All procedures for sequencer sample
loading, handling, and back hydrolysis with HI were essentially
those described by Smithies et al. (37). Sequencer reagents
and solvents were obtained from Pierce Chemical Company
(Rockford, III.). After the sequencer sample containing the

labeled pre-AFP and carrier lysozyme was applied to the
â€ẫ€˜cup,' â€˜ 1 00 mg of hepanin were added to the cup to decrease

protein losses during the sequencer nuns.6 Prior to the first
cycle of Edman degradation, one or more blank cycles without
the addition of phenylisothiocyanate were performed to remove
any noncovalently bound radioactive counts. Prior to the back
hydrolysis of the individual sequencer samples, the samples
were redissolved in chlorobutane, and 5% of the sample was
removed for radioactive counting. The remaining sample was
dried and back hydrolyzed with HI.

The determination of radioactivity in each amino acid of the
sequencer samples and in the 6 N HCI-hydrolyzed 3H-labeled
pre-AFP was performed on a system similar to that of McKean
et al. (16). The system consisted of a Beckman 121 amino acid
analyzer that had been rebuilt to specifications of a Beckman
121M but used fluorescent detection with O-phthalaldehyde
(2) instead of nmnhydrin.The signal from the flow fluorometer
(Gilson Spectaglo, 35-id flow cell; Gilson Medical Electronics,
Middleton, Wis.) was supplied in parallel to the amino acid
analyzer strip chart recorder and a Beckman Systems AA
Integrator/Data Reduction System. An interface unit ((Model
127) fraction synchronizer; Beckman Instruments) continu
ously monitored the Systems AA detectors for both peak and
slope and signalled a fraction collector to change after an
appropriate time delay. With this system, 99.1 % of [â€˜4C]Ieucmne
dpm mixed with cold carrier amino acids was collected under
the leucine peak. For radioactive amino acid sequencing, the
sample loading buffer contained cold carrier amino acids such
that each 50-psIsample containing the radioactive sequencer
sample would also contain 1 nmol of each of the cold amino
acids. The cold carrier amino acids served to drive the fraction
collector and provide similar quenching for the corresponding
amino acids in subsequent sequence steps. The fractions
collected from each sequencer step, typically 45/chromato
gram, were counted in a Beckman LS-9000 liquid scintillation
counter using a cocktail containing 0.4% (w/v) Omnifluor (New
England Nuclear, Boston, Mass.) and 15% (v/v) BBS-3 solu
bilizer (Beckman) in xylene. The counts were corrected for
variation in quenching and converted to dpm by the Beckman
single-label dpm program.

RESULTS

Fig. 1 shows a sodium dodecyl sulfate-polyacrylamide gel
pattern of the AFP product synthesized in the wheat germ cell
free system under the direction of RNA extracted from immu
noprecipitated AFP-synthesizing polysomes. We noted that
approximately 90% of the radioactivity comigrated with the
mature circulating AFP used as a marker (migration position
shown by horizontal arrow). The mature AFP contains approx
imately 4% carbohydrate, whereas the cell-free translation
product is presumed to lack the carbohydrate moiety. The
common migration observed, therefore, might indicate that AFP
polypeptides synthesized in vitro could be longer than those in
the mature AFP.

The synthesis of several smaller polypeptides was also ob
served on the gel. Since these products were precipitated by
specific antibodies, it is likely that they represented incomplete

a D. M. Gibson, personal communication.
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Fig. 1. Analysis of cell-free translation products recovered by immunoabsorp

tion on 10% sodium dodecyl sulfate-polyacrylamide gels with visualization by
fluorography. Horizontal arrow, migration position of mature murine AFP which
was visualized by staining: 0, origin: vertical arrow, direction of migration: +,
anode.

AFP molecules. Premature termination of protein synthesis in
vitro, particularly when large mRNA is used, has been com
monly observed. These molecules would have the same amino
acid sequence at the NH2 terminus and, therefore, would not
affect the sequencing analysis.

Chart 1 shows the distribution of [35S]methionmnein AFP
synthesized in vitro. The major portion of the 355radioactivity
was recovered in the first step of sequence analysis. A signifi
cant level of 355 radioactivity was also found in the second
step, which suggests the presence of a minor polypeptide with
the NH2-terminal sequence of Metâ€”Met.

Another experiment performed with an in vitro translation
product which was labeled solely with [3H]leucine also sug

5 10 15 @0 25 30

SEQUENCE POSITION

Chart 1. Recovery of [35Sjmethioninedpm versus sequence position. Auto
mated Edman degradation was performed on [35S]methionine-labeledcell-free
translation products produced under the direction of murine AFP mRNA. The
noncovalently attached radioactivity was removed prior to sequencing by per
forming 2 cycles of Edman degradation without the use of phenylisothiocyanate.
The counts thus obtained are indicated by 0 and 0'. The yield of the NH2
terminus,assuming2 methioninesin the leaderpieceand 12 methioninesin
murine AFP (13, 40), was calculated to be 59%.

gested the presence of a major polypeptide sequence having
leucine residues at positions 10, 12, 13, and 23, and a minor
polypeptide having leucine residues at positions 9, 11, 12, and
22.

Chart 2 shows the individual radioactive profiles obtained
when cell-free AFP labeled with a mixture of 15 tnitiated amino
acids was subjected to automated Edman degradation. From
these results, and taking the possible presence of one major
and one minor sequence into consideration, we deduced the
amino acid sequence of AFP synthesized in vitro (Table 1). In
a comparison with the NH2-terminal sequence of the mature
circulating AFP (26), the in vitro AFP product contained an NH2
terminus extension 20 amino acids long (residues â€”20 to â€”1).
The evidence for this deduction is based on the identity of the
observed sequence of pre-AFP to residues 1 to 8 of mature
AFP. The absence of detectable label in pre-AFP at position 6
is not unexpected, inasmuch as only 0.2% of the incorporated
radioactivity was recovered in Asx.7 Not all of the amino acids
in the extra peptide were identified. Five positions were not
assigned due to the absence of radioactivity (15 of 20 amino

7 Unpublished data.
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158AFP
(32):SerThrLeuHisGluAsnGInPhePre-AFP:Met

Met Lys x lIe XAla Pro SecAlaSec Leu lIeLeu Leu x His XlIe Phe X LyeSerThrLeuHisGIxXGIxPheâ€”20â€”15â€”10-â€˜5â€”1158

Tbt Chart 2. IndivIdual recovery of 3H-amlnoacid dpm ver
sus sequence position. Automated Edman degradation
was performed on cell-free products labeled with a mix
ture of 3H-aminoacids, and the radioactivity of each amino
acid was determined after back hydrolysis and amino acid
analysis with fraction collectIon: 388,000 3H dpm were
loaded for automated Edman degradation; the repetitive
yield calculated from the Isoleucine residues was 98.2%.

Amino Acid Sequence of Murine Pre-AFP

, /

S.C

Pb.

Table 1

Comparison of NH2-terminalamino acid sequences of murine AFP and pre-murine AFP

acids in the cell-free translation system were labeled). Positions
â€” 1 2 and â€” 1 3 were assigned either alanine or senine. This is

because the HI back hydrolysis used converts senine and
cysteine into alanine. Cysteine can be ruled out because it was
not labeled, but the distinction between alanine and senine
cannot be made at present.

DISCUSSION

Secreted proteins from adults have been shown to be syn
thesized in a precursor form with an extra peptide linked at the
NH2terminus.These preproteinsare thenprocessedand pack
aged for extracellular transport. Whether similar mechanisms
exist for the synthesis and secretion of proteins in fetal tissues
has not been determined.

The present results show that AFP synthesized in vitro con
tamed 20 extra amino acid residues at the NH2 terminus

constituting 3.4% of the total AFP molecule. The presence of
the 20-residue leader piece is responsible for the similar mi
gration positions observed in acrylamide gels for the in vitro
translation product and circulating AFP. The latter contains 4%
carbohydrate but lacks the amino-terminal extension. The AFP
amino-terminal peptide is similar to the leader pieces of other
proteins in that it begins with methionine or a doublet of
methionine and it is highly hydrophobic. In addition, it contained

â€”11â€”10â€”9â€”8
a tetrapeptide sequence, Leu lIe Leu Leu, which is similar
to the tetrapeptide sequences present in certain leader pieces,
Leu (Leu/IIe) x Leu. This hydrophobic tetrapeptide sequence
is usually 8 to 10 residues from the NH2terminus of the mature
protein and may be involved in the site determination for the
enzymatic cleavage of the leader piece from the preprotein.
Unlike most of the leader sequences except bovine pregrowth
hormone (15), pre-AFP has a proline near the NH2 terminus
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(residue â€”14). Although we were unable to identify all the
amino acid residues in the extra peptide, the above evidence
strongly suggests that AFP is initially synthesized in the form of
preprotein.

This is the first example where the leader piece sequence
has been determined for an oncofetal protein. It is likely that
the leader piece of pre-AFP plays a role in the secretion of
AFP, as has been postulated for other proteins (4). Since it has
been shown that certain hepatomas synthesize AFP within the
cell but do not secrete it into the serum (32), it would be of
interest to examine whether newly synthesized AFP molecules
in these tumors lack or contain a modified leader sequence.
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