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Requirement for Activin A and Transforming Growth
Factor—B1 Pro-Regions in Homodimer Assembly

ALANE M. GRAY AND ANTHONY J. MASON*

Many proteins are initially synthesized as part of a large precursor. The role of the pro-
region in the biosynthesis of transforming growth factor—B1 (TGF-B1) and activin A,
two structurally related disulfide-linked homodimers synthesized as large precursors,
was studied. Vectors that expressed either the pro-region or the mature regions of
these molecules were used in complementation experiments, only when the pro-region
was coexpressed with the mature region did intracellular dimerization and secretion of
biologically active homodimers occur. The pro-regions of activin A and TGF-B1,
therefore, aid the folding, disulfide bond formation, and export of their respective

homodimers.

ctiviN A AND TGF-B1 are mem-
bers of a group of structurally relat-
ed proteins that are involved in dif-
ferentiation and have endocrine effects (1).
This family consists of disulfide-linked ho-
modimers derived from a large precursor
that contains a hydrophobic signal se-
quence. The pro-regions of 290 (activin A)
and 250 amino acids (TGF-B1) are linked
by basic cleavage sites to the mature regions
of 116 (activin A) and 112 amino acids
(TGE-B1) (2, 3). We investigated the poten-
tial role of the pro-regions in the biosynthe-
sis of both of these molecules.
Human 293S cells transfected with the
expression plasmid pActA, which encodes
the complete activin A precursor, secrete

Department of Developmental Biology, Genentech,
Inc., South San Francisco, CA 94080.

¥To whom correspondence should be addressed.

Table 1. Bioactivity of activin A and TGF-B1

both a 25-kD disulfide-linked homodimer
that comprises the COOH-terminal 116
amino acids of the activin A precursor and a
protein of between 39.5 and 43.5 kD that
corresponds to the activin A pro-region (4)
(Fig. 1A and lanes 1 on Fig. 2, A and B). To
independently express the pro-region and
mature regions of the activin A precursor,
we constructed the vectors pPTH-A and
pProA (Fig. 1A). The vector pPTH-A,
which contains the DNA sequence of the
mature region of activin A fused in frame
with a synthetic DNA sequence encoding
the 31—amino acid prepro-region of human
parathyroid hormone (PTH) (5) (Fig. 1B),
was designed to determine whether the ma-
ture activin A sequences can fold correctly
when expressed with a heterologous prepro-
region. The prepro-PTH sequence has a
well-characterized signal sequence and the
six—amino acid basic pro-region is similar to

secreted from 293S cells. Serum-free conditioned

medium (2.5 ml) was collected after 48 hours from confluent 60-mm dishes of transfected 2938 cells.
Bioactive activin A was measured in vitro by the induction of release of the pituitary hormone FSH
from monolayers of rat pituitary cells (9). Conditioned media were assayed for FSH content by ELISA.
Activin A was measured directly in conditioned media by a MAb-based ELISA. Data are averages of
three experiments. Bioactive TGF-B1 was determined in a mink lung cell growth inhibition assay (10)
after heat-activation of samples for 5 min at 75°C. TGF-B1 was measured by ELISA of conditioned

medium after heat activation. UD, undetectable.

Activin A (ng/48 hours)

TGF-B1 (ng/48 hours)

Plasmid Plasmid
Bioactive ELISA Bioactive ELISA
Act A 950 730 TBE-B (SBR) 1069 1190
PTH-A UD UD PTH-TGF 2 UD
ProA UD UD ProTGF 1 UD
PTH-A + ProA 83 65 PTH-TGF + ProTGF 25 26
Vector UD UD Vector 3 UD
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Fig. 1. (A) Schematic A
representation of the ac-
tivin A and TGF-gl
coding regions con-
tained in cytomegalovi-
rus expression plasmids
(11). The plasmid pActA
contains the complete
coding sequence for the
activin A precursor,
which consists of a pre-
signal sequence (striped
box), a pro-region (gray
box), and a mature re-
gion (open box). The
plasmid pProA contains
the coding sequences for
the prepro-region of the
activin A precursor, and
includes five consecutive
Arg residues followed by
an additional five amino
acids before a TGA stop
codon. Expression plas-
mid pPTH-A contains a
synthetic DNA fragment
encoding  the  pre-
(striped box) and pro-
(black box) regions of human PTH B
fused in frame to the coding se-
quences for the 116 amino acids of
mature activin A. The plasmid
pTGE-B (SBB) contains the DNA
sequence encoding the complete
pre- (striped box), pro- (gray box),
and mature regions of TGF-Bl
(open box), whereas plasmid pProTGF contains the sequences for the prepro-region of TGF-B1 that
terminates at Ser>’®, which normally precedes the basic cleavage sites in the TGF-B1 precursor. The
plasmid pPTH-TGF contains the mature sequences of TGF-B1 fused to the sequence encoding the
prepro-region of human PTH. The positions of all restriction sites used for constructing these plasmids
arc represented by standard nomenclature. Plasmids were constructed with the use of standard
techniques (12). (B) Protein sequence for the prepro-peptide of human PTH. The position at which the
signal peptide is cleaved is represented by an arrow (5).

Prepro-sequence Mature protein

Clal EcoRl
pACtA -

Xba | Hinc Il

Sall Bsml

pProA

L 1GA
EcoRl Xbal sall

-----

pPTH-A

Eco RI

Apa | Ban Il BamHI Sal |
pTGF-B (SBB) H

EcoRI

-l

pProTGF

L7aa
EcoRI Ban |l BamHI Sall

PRTGE N\

1 10 20 30
MIPAKDMAKVMIVLAICFLTKSDGKSVKKR

Signal cleavage site

Ta e R g
it bl i $2U8 458 8 178 9 10 :
12345

Fig. 2. (A) Fluorography of an SDS-polyacrylamide gel of **S-labeled total secreted proteins from
transfected 293S cells. Lane 1, pActA; lane 2, pPTH-A; lane 3, pProA; lane 4, pPTH-A and pProA;
lane 5, pRKS5 vector control; lane 6, pTGF- (SBB); lane 7, pPTH-TGF; lane 8, pProTGF; lane 9,
pPTH-TGF and pProTGF; and lane 10, pRKS vector control. Molecular mass markers are indicated in
kilodaltons. (B) Fluorography of an SDS-polyacrylamide gel of activin A and TGF-B1 immunoprecipi-
tations. Lanes 1 to 5 are immunoprecipitations with an activin A polyclonal antibody (290B) of the
same cell supernatants shown in (A), lanes 1 to 5. Lanes 6 to 10 are the samples shown in lanes 6 to 10
in (A) immunoprecipitated with TGF-p1-specific MAb 2G7. Molecular mass markers are indicated in
kilodaltons (C) SDS-polyacrylamide gel of activin A MAb 309 immunoprecipitation of cell lysates.
Lane 2, pActA cell lysate; lane 3, pPTH-A cell lysate; and lane 4, pPTH-A and pProA cell lysate. Lane 1
is total secreted proteins from pActA-transfected cells. Molecular mass markers are indicated in
kilodaltons. DNA transfections of 293S cells (13, 14) metabolic labeling and immunoprecipitations
were performed by standard techniques (15).
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the five arginines in the activin A precursor
at the junction between the pro- and mature
regions. The plasmid pProA directs the
expression of the prepro-region of the acti-
vin A precursor.

Cell supernatants from cells transfected
with pPTH-A did not contain any detect-
able activin A monomers or dimers as
judged by immunoprecipitation with a goat
polyclonal antibody to activin A (290B)
(Fig. 2B, lane 2). In contrast, the pro-region
of the activin A precursor was secreted
within 20 min when it was expressed inde-
pendently of the mature region (Fig. 2A,
lane 3) (6). Cells cotransfected with equi-
molar amounts of plasmid pPTH-A and
pProA secreted small quantities of the 25-
kD activin A dimer in addition to the activin
pro-region (Fig. 2A, lane 4). The secreted
dimer was recognized by activin A antibod-
ies (Fig. 2B, lane 4) and was biologically
active in an activin bioassay (Table 1).
Quantification by both bioassay and ELISA
show that pPTH-A plus pProA-transfected
cells secreted ~9% of the activin A secreted
from pActA-transfected cells (Table 1).
Immunoprecipitation of cell lysates with a
dimer-specific activin A monoclonal anti-
body (MAb 309) shows that dimerization
occurred intracellularly in the pActA- and
pPTH-A plus pProA-transfected cells (Fig.
2C, lanes 2 and 4), but no dimers were
detected in pPTH-A cell lysates (Fig. 2C,
lane 3). These data show that intracellular
dimer formation was dependent on the pres-
ence of the activin A pro-molecule.

What is the fate of the activin A protein in
pPTH-A~transfected cells? Because no spe-
cific proteins were precipitated from pPTH-
A lysates in the presence of MAb 309 (Fig.
2C, lane 3), we attempted immunoprecipi-
tations with the 290B polyclonal antiserum.
Only when immunoprecipitations were re-
duced before electrophoresis was a promi-
nent band ~1 kD larger than activin A
monomer detected (6). This indicates that
activin A monomers synthesized in pPTH-
A-—transfected cells are translocated success-
fully, retain the six—amino acid pro-PTH
sequence, and form large disulfide-linked
aggregates ecither with themselves or other
proteins. Activin A disulfide-linked aggre-
gates were also present in cells transfected
with both pPTH-A and pProA, suggesting
that activin A monomers unable to interact
with a pro-region molecule aggregate in the
endoplasmic reticulum (6).

To establish whether these results could
be extended to other members of the TGF-
superfamily, we constructed a similar set of
expression vectors using the coding se-
quences for the TGF-B1 precursor (Fig.
1A). Analogous transfection experiments
with these plasmids showed that, whereas
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no TGF-B1 dimers are secreted from cells
transfected with the plasmid pPTH-TGF
(Fig. 2B, lane 7), cotransfection of pPTH-
TGF and pProTGF results in secretion of
biologically active TGF-B1 dimers (Fig. 2B,
lane 9, and Table 1). As judged by bioac-
tivity and ELISA, ~2.4% of the amount
of TGF-B1 present in supernatants from
pIGF-B—transfected cells was present in
supernatants  from pPTH-TGF and
pProTGF-transfected cells (Table 1). The
reasons for the lower efficiency of dimer
rescue by the proTGF-B sequence as com-
pared with the results obtained with the
activin A constructions are not understood.

No activin A dimers were secreted from
cells transfected with pPTH-A and
pProTGF, but activin A dimers were detect-
ed in transfection experiments with a vector
containing the proTGF-B1 sequences fused
to the mature activin A sequences (6). It
would therefore appear that the proTGF-g1
sequences can substitute, albeit at a low
efficiency, for the activin A pro-sequences.
This result suggests that sequences in the
pro-region responsible for mature region—
pro-region interaction may be conserved
between activin A and TGF-B1. The pro-
region of TGF-B1 has been shown to con-
tain one or more binding sites for the ma-
ture homodimers since the pro-regions and
mature regions are secreted from cells as a
large noncovalently linked latent complex
(7). Tt is tempting to speculate that the
binding site or sites responsible for the
formation of the TGF-B1 noncovalent com-
plex are also used by the pro-region as it aids
the dimerization of the mature regions.

The results of the complementation ex-
periments presented here demonstrate that
the pro-regions of activin A and TGF-B1 are
essential for the folding and assembly of
activin A and TGF-B1 dimers. The ability of
an independently expressed pro-region to
aid in the folding of a mature protein has
been previously reported for a number of
proteases (8).
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Imaging and Manipulating Molecules on a Zeolite
Surface with an Atomic Force Microscope

A. L. WEISENHORN, J. E. Mac DouaalL, S. A. C. GouLp, S. D. Cox,
W. S. WisE, J. MassIg, P. MavaLp, V. B. ErLiNGgs, G. D. Stucky,

P. K. HaNsMA

The adsorption of neutral molecules and ions on the surfaces of zeolites was observed
in real time with an atomic force microscope (AFM). Direct imaging of the surface of
the zeolite clinoptilolite was possible by using a diluted tert-butyl ammonium chloride
solution as a medium. Images of the crystal in different liquids revealed that molecules
could be bound to the surface in different ways; neutral molecules of tert-butanol
formed an ordered array, whereas tert-butyl ammonium ions formed clusters. These
absorbed molecules were not rearranged by the AFM tip when used in an imaging
mode. However, when a sufficiently large force was applied, the tip of the AFM could
rearrarige the fert-butyl ammonium ijons on the zeolite surface. This demonstration of
molecular manipulation suggests new applications, including biosensors and lithogra-

phy.

EOLITES ARE CRYSTALLINE ALU-

minosilicates that have a regular

pore or channel structure on the
order of atomic dimensions (1). Introducing
aluminum atoms into a silica network yields
a negative charge per Al atom so that cations
are required to balance the charge. These
cations are loosely bound to framework
oxygen atoms and can be readily exchanged
for other cations in most cases. Zeolites with

the appropriate combination of molecularly
sized holes and cation exchange ability have
found a great number of uses in the chemical
industry. For example, acid zeolite Y cata-
lysts are used to crack crude oil (2), ZSM-5
(a high silica content zeolite) is used to
convert methanol to gasoline (3), zeolite A
is used as a water softener in homes (4), and
clinoptilolite is used for waste-water treat-
ment to remove ammonium and phosphate
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