
Proc. Natl. Acad. Sci. USA
Vol. 89, pp. 6290-6294, July 1992
Biochemistry

Identification of a structural domain that distinguishes the actions
of the type 1 and 2 isoforms of transforming growth factor f3 on
endothelial cells

(growth factors/receptors/chimeras)

SU WEN QIAN*, JAMES K. BURMESTER*t, JUNE R. MERWINt, JOSEPH A. MADRIt, MICHAEL B. SPORN*,
AND ANITA B. ROBERTS*
*Laboratory of Chemoprevention, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892; and tDepartment of Pathology, Yale
University School of Medicine, New Haven, CT 06413

Communicated by Martha Vaughan, April 9, 1992 (received for review March 11, 1992)

ABSTRACT A chimeric transforming growth factor 1
(TGF-1) molecule has been synthesized to map the amino acids
responble for the substantlafly greater activity of TGF-13
than TGF-132 on growth and migration ofendotbelial cells. This
chimera consists of a dimer of a monomeric unit composed of
amino adds 1-39 of TGF-jP2, 40-82 ofTGF-Pi, and 83-112 of
TGF-132. Structural identity of the purified recombinant pro-
tein has been confirmed by Immunobltting and NH2-termnal
sequencing. The bioloa potency of the TGF-Ih.1 2 chimera
was equal to that ofTGF-13 in inhibition ofgrowth ofboth fetal
bovine heart endothelial cels and rat epididymal fat pad
microvascular endotheflal cells. Sinflarly, the TGF-P2-1 2 chi-
mera was nearly equivalent to TGF-P3 and at least 10-fold
more active than TGF-i2 in inhibiting migration of bovine
aortic endothelial cells. These results Identify the sequence
between amino adds 40-82 as an important region within
TGF-1 that functions to specify a TGF-13- or TGF-32-lke
av.

The transforming growth factor 83s (TGF-Ps) are 25-kDa
homodimeric proteins with potent effects on growth and
differentiation (1-3). Although TGF-P1 was first identified
based on its ability to stimulate the growth of normal rat
kidney cells in soft agar (4), it is now clear that the TGF-.Bs
regulate the growth of virtually all cells. Consistent with this
has been the identification ofTGF-(3 receptors on virtually all
cells (2, 5).
Three distinct isoforms of TGF-(3 have been identified in

mammalian cells (for review, see ref. 3). All three isoforms
are disulfide-linked dimers of two 112-amino acid chains.
Each chain is synthesized as the COOH-terminal domain of
a large precursor that is synthesized and secreted in a
biologically latent form (1-3). The latent complex must be
activated before TGF-P can exert its biological effects on
cells. The three isoforms share -70%o identical amino acids
within the active TGF-/3 peptide. In addition, nine position-
ally invariant cysteine residues are found in each of the three
isoforms.
Although many cultured cells respond equally to the dif-

ferent TGF-(3 isoforms, several differences in the biological
potencies of the isoforms have been reported. Growth of
endothelial cells in monolayer (6-8) and certain hematopoi-
etic cells (9, 10) is readily inhibited by TGF-131 and TGF-P3,
whereas substantially greater concentrations of TGF-82 are
required to achieve the same inhibition. For example, the
ED5o concentration for inhibition of the growth of fetal
bovine heart endothelial (FBHE) cells is 5pM for TGF-(31 and
TGF-133 but is nearly 100 times higher for TGF-32 (7). In

contrast, TGF-#3 is 10 times more active than TGF-182, and
TGF-I31 is inactive in inducing the formation of mesoderm in
Xenopus laevis (11, 12).

Currently, nothing is known about the structure/function
relationships of TGF-(3. In particular, the regions important
in the binding ofTGF-P to its receptors remain unmapped. To
begin to investigate how TGF-/3 interacts with its receptors,
we have designed a chimeric TGF-13 and assayed it for its
ability to inhibit the growth and migration ofendothelial cells.
Here we show that the sequence between amino acids 40 and
82 of the mature TGF-( molecule specifies TGF-(31 potency
on both the growth and migration of endothelial cells.

MATERIALS AND METHODS
Cel Culture. NIH 3T3 cells were maintained in Dulbecco's

modified Eagle's medium (DMEM)/10% calf serum/1% pen-
icillin-streptomycin (GIBCO). Capillary endothelial cells de-
rived from rat epididymal fat pads (RFCs) (13) and bovine
aortic endothelial cells (BAECs) (14) were isolated and
cultured as described. MvlLu (15) and FBHE (7) growth-
inhibition assays were done by using published procedures.
RFC proliferation assays and BAEC migration assays were
done according to the methods of Merwin et al. (8).

Construction of Chimeric TGF-1 Expression Plksmid. Ex-
pression plasmid pSQneo was created by inserting the neo-
mycin marker gene [EcoRI fragment of pMMTneo (16)] into
the EcoRI site of pEV142 (17). The cDNA coding for the
TGF-P2-1 2 chimera (described below) was inserted into the
unique BamHI site, allowing expression of this cDNA from
the metallothionein promoter. The partial cDNAs for TGF-81
and TGF-P2 used to make the 2-1-2 construct were generated
by the PCR from porcine TGF-(31 cDNA (18) and simian
TGF-32 cDNA (19), as the simian TGF-32 and porcine
TGF-P2 amino acid sequences are identical.
A two-step PCR was used to mutate Cys-33 of the TGF-f31

pre-pro sequence. This Cys -* Ser mutation allows enhanced
expression of active TGF-3 dimers by reducing aberrant
disulfide-bond formation (20). In the first step, the oligonu-
cleotides 5'-GAATTCAGATCTGAGATGGjCGCCTTC-
GGGGCTGC-3' (oligonucleotide A) and 5'-TGGTCTTCGA-
GGTGGACAG-3' (oligonucleotide B) were used in PCR to
amplify the cDNA for amino acids 1-35, and the oligonucle-
otides 5'-CTGTCCACCTCGAAGACCA-3' (oligonucleotide
C) and 5'-GGTATCCAGTGCACGGCGGTGCCG-3' (oligo-
nucleotide D) were used in an additional PCR to amplify the

Abbreviations: RFC, capillary endothelial cell derived from rat
epididymal fat pad; BAEC, bovine aortic endothelial cell; FBHE,
fetal bovine heart endothelial.
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cDNA for amino acids 30-278. Because the cysteine codon
at position 33 was changed to a serine codon (underlined
nucleotides) in oligonucleotides B and C and oligonucleotide
A (underlined base) was changed to the Kozak consensus
sequence, the resulting PCR products contained the desired
modifications. In the second step, a full-length cDNA for the
complete pre-pro region was generated. In this procedure,
the previously amplified cDNAs were mixed together and
incubated through five PCR cycles (denaturing at 94TC, 1.5
min; annealing at 550C, 2 min; elongation at 720C, 3 min) in
the absence of oligonucleotide primers. During the annealing
step, the two added cDNAs (previously denatured) hybrid-
ized with each other through the complementary 19-base-pair
region of overlap, forming a full-length, partially double-
stranded product. Complete double-stranded DNA was pro-
duced during the elongation step as a result of the Taq
polymerase activity. Amplification of the full-length double-
stranded DNA was accomplished by adding oligonucleotides
A and D to the reaction mixture beginning with the sixth PCR
cycle and continuing for an additional 25 cycles. Because
oligonucleotides A and D are from the ends of the pre-pro
sequence, only the full-length, mutated cDNA was obtained.
The cDNA for the mature region of TGF-/3 was generated

by PCR with oligonucleotide primers centered around amino
acids 1, 32, 84, and 112 of the mature TGF-/3. These primers
had the sequences 5'-CGGAAGAAGCGTGCACTGGAT-
GCG-3' and 5'-TTTGGGTTCGTGGATCCATTTCCA-3'
(TGF-02, amino acids 1-32), 5'-TGGAAGTGGATCCAT-
GAACCCAAG-3' and 5'-GATGGGCAGTGGCTC-
GAGCGCCTG-3' (TGF-f1, amino acids 32-84), and 5'-
CAAGACCTCGAGCCTCTAACCATT-3' and 5'-GAAT-
TCAGATCTTGCCACTTTTCCAAGAAGT-3' (TGF-f32,
amino acids 84-112). Primers were designed such that these
three PCR fragments and the pre-pro-region cDNA could be
ligated together by using unique restriction sites at the
junctions (see Fig. 1). The PCR product coding for the
pre-pro-region of TGF-p1 had a Bgl II restriction site at its 5'
end and aApaLI site at its 3' end. The cDNA for amino acids
1-32 ofTGF-P2 had a5' ApaLI and 3' BamHI restriction site.
The cDNA for amino acids 33-84 of TGF-,81 had a 5' BamHI
site and a 3' Xho I site. The cDNA for amino acids 85-112 of
TGF-32 had a 5' Xho I site and a 3' Bgl II site. Thus, the
chimeric TGF-j was constructed by the sequential ligation of
the pre-pro-region to the 1-32 PCR product, to the 32-84 PCR
product, and to the 84-112 PCR product. Importantly, the
junction regions were designed to code for amino acids
common to both TGF-f31 and TGF-,32 and did not create any
additional amino acids. Thus, the amino acids specific to
TGF-f31 were between positions 40 and 82 of the mature
TGF-,3 protein. The plasmid pSQ1 was generated by cloning
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FIG. 1. Structure of chimeric TGF-P2-12. Chimeric TGF-P2-12
cDNA was constructed by first swapping a region of porcine TGF-,(1
cDNA (dark bars) with the corresponding region of simian TGF-,82
cDNA (open bars). The cDNA for the porcine TGF-(31 latency-
associated peptide (LAP, shaded bars), which contains a Cys-33 -*

Ser mutation, was ligated to the chimeric cDNA. The resulting
product was then ligated into the unique BamHI site of plasmid
pSQneo, generating expression plasmid pSQ1; pSQ1 was used to
express the chimeric cDNA in NIH 3T3 cells.

the chimeric cDNA PCR product into the BamHI site of
pSQneo. The TGF-,8 cDNA insert in pSQ1 was sequenced
and shown to contain the correct sequence. pSQ1 was then
used for the over-expression of TGF-832-1-2.

Expression of Recombinant TGF-32-1.2. The plasmid pSQ1
was introduced by the calcium phosphate-transfection
method into NIH 3T3 cells. After 24 hr, these cells were
switched to Dulbecco's modified Eagle's medium/10% calf
serum/1% penicillin-streptomycin/G418 at 800 ,Lg/ml and
grown until resistant colonies became visible. Twenty of
these resistant colonies were isolated, expanded, and then
assayed for TGF-f3 expression levels after induction of the
metallothionein promoter with 5AuM CdCl2. The clone with
the highest expression level was further expanded and used
to generate large quantities of expression medium.

Purification of Recombinant TGF-fP2.1-2. NIH 3T3 cells
having a high level of expression from the plasmid pSQ1 were
plated on 500-cm2 dishes (Sumitomo Bakelite, Tokyo) and
grown until confluent in 80 ml of Dulbecco's modified Eagle's
medium/10% calf serum/1% penicillin-streptomycin/G418
at 250 Ag/ml. The cells were then washed two times with
phosphate-buffered saline and changed to 60 ml of Dulbec-
co's modified Eagle's medium/0.2% calf serum/1% penicil-
lin-streptomycin/G418 at 250 Ag/ml/5,uM CdCl2 to induce
expression of the metallothionein promoter. After 72 hr the
medium was collected, assayed for TGF-13 concentration,
and then used to purify the chimeric TGF-.8.

Expression medium (1.5 liter) was dialyzed in 3500 Mr
cutoff tubing (Spectrum Medical Industries) against three
changes of 1 M acetic acid and then partially lyophilized to
reduce the volume to -10% of the original. Acetonitrile and
trifluoroacetic acid were added to the thawed concentrate to
a final concentration of 10% and 0.05%, respectively. Insol-
uble material was removed by centrifuging at 2000 x g for 10
min.
The supernatant was loaded at a flow rate of 1 ml/min onto

a semi-preparative Synchropak RP-P, C18 column (Syn-
Chrome, Lafayette, IN), which was previously equilibrated
in 10%o acetonitrile/0.05% trifluoroacetic acid (buffer A).
After extensive washing with buffer A, protein was eluted
from the column by using a gradient of 60% (vol/vol) aceto-
nitrile/0.045% trifluoroacetic acid (buffer B) at a flow rate of
0.6 ml/min (10-20%o acetonitrile over 10 min; 20-45% ace-
tonitrile over 125 min). Three-minute fractions were col-
lected. The peak of TGF-p activity was determined by using
the MvlLu growth-inhibition assay and typically eluted be-
tween fractions 29 and 36.
The pooled fractions from the C18 column were diluted with

2 vol of 1.5 M acetic acid, resulting in a final concentration
of 10o acetonitrile/1 M acetic acid. This sample was loaded
at a flow rate of 1 ml/min onto a TSK-Gel CM-2SW column
(TosoHaas, Philadelphia) previously equilibrated with 10%o
acetonitrile/1 M acetic acid (buffer C). After being washed,
protein was eluted by using a linear gradient of 10% aceto-
nitrile/1 M acetic acid/1.5 M ammonium acetate (buffer D),
so that after 170 min the composition of eluant was 20%
C/80%o D, corresponding to 1.2 M ammonium acetate. During
the gradient, the flow rate was 0.6 ml/min, and 3-min
fractions were collected. Column fractions were analyzed by
loading 5 ,ul of each fraction onto a Tricine gel (Novel
Experimental Technology, San Diego); after electrophoresis,
the proteins were identified by silver-staining (Bio-Rad).
Typically, TGF-,j elutes in fractions 26-29.
The pooled fractions from the TSK-Gel CM-2SW column

were applied directly to a Brownlee Aquapore C4 guard
column previously equilibrated in 10% acetonitrile/0.05%
trifluoroacetic acid. After being washed, proteins were eluted
by using a linear gradient of 60%o acetonitrile/0.045% tri-
fluoroacetic acid over a 60-min period. Samples (1 Al) ofeach
fraction (200 Al) were subjected to electrophoresis, and the
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proteins were stained with silver. Typically, pure TGF-#
elutes into fractions 14-17.

RESULTS
A chimeric TGF-P3 molecule (Fig. 1) was constructed to
identify a region of TGF-f31 responsible for the greater
biological activity of TGF-P1 compared with TGF-(2 in
endothelial cell growth and migration assays. This chimera
contained amino acids 1-39 of the mature region of TGF-132
linked to amino acids 40-82 of mature TGF-,B1 and amino
acids 83-112 of mature TGF-P2. Importantly, this chimera
was designed so that the junction sites between cassettes did
not create any alterations in the TGF-f31 or TGF-f32 sequences
and so that the final chimeric TGF-(3 would remain a total of
112 amino acids. Because mature, active TGF-f3 does not fold
correctly when expressed alone, the chimera was expressed
as part ofthe larger latency complex with the porcine TGF-/31
pre-pro sequence. Expression of this chimera in NIH 3T3
cells was driven by the metallothionein promoter in vector
pSQ1.
The concentration of chimeric TGF-f3 in the cell culture

medium, after induction with 5 ILM CdCl2, was determined
(data not shown). In these experiments, TGF-4 was activated
by heating the medium to 800C for 8 min, and then the medium
was assayed for its ability to inhibit growth of MvlLu cells.
Expression of the chimeric TGF-,3 was >100 ng/ml, whereas
NIH 3T3 cells transfected with the control plasmid produced
only 0.5 ng of endogenous TGF-,B per ml (data not shown).
Therefore, the concentration of the chimeric TGF-f3 repre-
sents %200 times more than the background TGF-,8 level.
A three-step purification of the chimeric molecule was

achieved by using reverse-phase chromatography, cation-
exchange chromatography, and C4 narrow-bore chromatog-
raphy. Analysis of the purified material, after silver-staining
of the products separated on a tricine gel, shows that the
chimeric TGF-3 is essentially homogeneous (Fig. 2). Thus,
results obtained during the assay of this recombinant mole-
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cule cannot be complicated by the presence of other mito-
gens. Furthermore, this material comigrates with homoge-
neous porcine TGF-f31 (R&D Systems, Minneapolis) under
nonreducing conditions. Quantitation of the purified mole-
cule was done by silver-staining serial dilutions of the protein
and comparing the band intensities to those of TGF-/3
standards (data not shown).
To ensure that the purified TGF-.8 corresponds to the

expected chimeric product and does not represent endoge-
nous TGF-/ produced by NIH 3T3 cells, both immunoblot-
ting and NH2-terminal sequencing were done. For immuno-
blotting, 100 ng each of TGF-,81, TGF-82, and the purified
protein were electrophoresed in a 12.5% gel, transferred to
nitrocellulose, and treated with antibodies specific for amino
acids 48-77 of TGF-p1, which had been shown (21) to react
with TGF-f31 but not with TGF-P2. As expected, this antibody
reacted with TGF-(31 and the purified chimeric TGF-82-1-2
protein but did not react with the control TGF-f32 (Fig. 3). The
slightly faster migration of TGF-P2-12 as compared with
TGF-P1 is consistent with the faster migration ofTGF-32 than
TGF-f31 under reducing conditions, a result that has been
reported (22). Importantly, the positive reaction with this
antibody confirms that the purified TGF-,B contains the
sequence of TGF-P, from amino acids 40-82.
To show that the purified protein contained the expected

TGF-P2 sequence at its NH2 terminus, the purified protein
was sequenced by using the Edman degradation reaction. As
predicted, the NH2-terminal sequence (20 amino acids) ex-
actly matched the sequence of TGF-p2 but did not match the
sequence of TGF-,f1 (data not shown). Positions 4, 5, 9-13,
17, and 19 of the first 20 amino acids are different in TGF-P13
and TGF-132. As expected, assignment of the cysteines at
positions 7, 15, and 16 was ambiguous because these residues
were not protected before sequencing. Taken together, the
immunoblot and sequencing results confirm that the purified
protein is the chimeric TGF-f3212.
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FIG. 2. Silver-stain of purified TGF-,B2-12. Protein was electro-
phoresed on a 10%1 Tricine gel and then silver stained. Lanes
correspond to 50 ng of TGF-,13 and 150 ng of purified chimeric
TGF-82-1-2.

FIG. 3. Immunoblot of TGF-P2 12. Protein was electrophoresed
on a 12.5% acrylamide gel under reducing conditions, transferred to
nitrocellulose, and immunoblotted by using an antibody specific for
amino acids 48-77 of TGF-,1 (21). Lanes correspond to 100 ng of
homogeneous TGF-131, 100 ng of purified chimeric TGF-,B2-1-2, and
100 ng ofhomogeneous TGF-,B2. Positions of molecular-size markers
are shown at left in kDa (kD).
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FIG. 4. Inhibition of MvlLu growth by TGF-32-1-2. MvlLu cells
were assayed for growth with TGF-(31 (e), TGF-182 (0), or the purified
chimeric TGF-,82-1-2 (A). DNA synthesis was measured as described,
and percent inhibition was calculated as percent difference between
counts of 3H (dpm) measured in cells treated with TGF-f3 compared
with nontreated cells.

When assayed for growth-inhibitory activity on MvlLu
cells, TGF-131, TGF-f32, and the chimeric TGF-,82-1 2 have
approximately equal activities (Fig. 4). This result is consis-
tent with previous ones that showed TGF-/31, -,B2, and -/3
each to have very similar biological potencies on these cells
(7, 15). Importantly, this result shows that proper folding and
full biological activity of the chimeric TGF-,B were achieved
in this recombinant system.
The TGF-,.21 2 chimera was also assayed for its ability to

inhibit growth of both FBHE cells (Fig. 5A) and RFCs (Fig.
5B) as well as for its ability to inhibit the migration ofBAECs
(Fig. SC). In all of these assays, TGF-131 is substantially more
potent than TGF-132. Importantly, the chimeric protein was
almost as active as TGF-f31 in each of these assays. TGF-j81
and the TGF-182-1-2 chimera were equivalent in inhibiting
growth of FBHE cells, whereas TGF-182 was 100-fold less
potent as a growth inhibitor (Fig. SA). Similarly, TGF-.31 and
the TGF-182-12 chimera inhibited the growth of RFCs by 35%
at 0.5 ng/ml, whereas at this same concentration, only 15%
inhibition was obtained with TGF-32 (Fig. SB). In addition,
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migration of BAECs was -20% less than the control when
the cells were treated with TGF-f31 or the TGF-32-1-2 chimera,
whereas only a 3% decrease was seen with TGF-f32 (Fig. 5C).
The different forms of TGF-/3 were assayed at equal concen-
trations for Fig. 5 B and C. The response to the different
TGF-(3 forms was dose dependent in both the RFC growth
assay and the BAEC migration assay (data not shown). From
these results, it can be concluded that there exists within the
region from amino acids 40-82 a specific amino acid or amino
acids responsible for the different potencies of TGF-,B1 and
-P2 in these assays.

DISCUSSION
To begin to investigate the structural regions of TGF-,3
required for its biological functions, we have created a
chimeric TGF-P containing amino acids 1-39 of TGF-182,
40-82 of TGF-P1, and 83-112 of TGF-132. This recombinant
chimeric protein was purified to homogeneity from condi-
tioned medium and then assayed for its ability to inhibit the
growth or migration of endothelial cells. The growth of
FBHE cells is readily inhibited by TGF-,81, whereas nearly
100 times more TGF-P2 is required to achieve the same
inhibition. Importantly, the biological potency of the TGF-
.82-1-2 chimera was equal to that ofTGF-f31 in inhibiting growth
of FBHE cells. Similarly, the chimeric TGF-,8 was as potent
as TGF-,B1 in inhibiting growth of RFCs. In addition, the
chimera was nearly equivalent to TGF-f31 and was much more
active than TGF-p2 at inhibiting migration of BAECs. Thus,
the chimera was as potent as TGF-/31 when assayed in three
different assays that clearly distinguish the biological poten-
cies of TGF-f31 and TGF-P2. Therefore, the region from
amino acids 40-82 of TGF-/31 contains the information suf-
ficient for specifying the greater biological potency ofTGF-P3
as compared with TGF-P2. Within this 42-amino acid region,
only 14 differences are found when TGF-f31 and TGF-P2
sequences are compared.
The mechanisms governing the different biological poten-

cies of the TGF-,3 isoforms are beginning to be understood.
Considerable evidence has accumulated showing that the
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FIG. 5. Inhibition of endothelial cell growth and migration by TGF-32-1-2. (A) Inhibition of FBHE cell growth. FBHE cells were assayed for
growth with porcine TGF-.81 (e), porcine TGF-/32 (o), and the purified chimeric TGF-P2-1-2 (A). Incorporation of [3H]thymidine into DNA was
measured and expressed as percent inhibition relative to that of untreated cells. (B) Inhibition of RFC growth. RFCs were assayed for growth
without added growth factors or with TGF-.31, TGF-182, or purified TGF-182-1-2 at 0.5 ng/ml. The total number of cells in each tissue culture dish
was determined by removing the cells from the plate with trypsin/EDTA and counting in a Coulter Counter. Values represent percent decrease
in cell number in dishes treated with growth factors relative to cell number in control dishes. (C) Inhibition of BAEC migration. BAECs were
assayed for inhibition of migration in response to added growth factors as described. After fixing with neutral buffered formalin and staining
with Harris hematoxylin, the net increase in surface area covered by migrating cells was determined by using an overhead projector. Percent
inhibition of migration was determined by using a computerized graphics tablet and MACMEASURE, EXCEL, and STATWORKS programs. T bars
represent SDs.

Biochemistry: Qian et al.



Proc. Nati. Acad. Sci. USA 89 (1992)

TGF-(3 isoforms have different affinities for their receptors
(23-26) and different cell-surface-binding proteins (27, 28). For
example, although TGF-(31 and (3 are much more potent than
TGF-,2 in binding to the overall population of receptors on
most cell lines, a subset of the type 1 and 2 receptors has been
detected on MvlLu cells that has a higher affinity for TGF-P2
than for TGF-.81 or TGF-.33 (7). This subset of receptors was
not detected in FBHE cells. In contrast, four additionalTGF-P
binding proteins have been identified on FBHE cells and
MG-63 human osteosarcoma cells (28); two of these binding
proteins preferentially bound TGF-p1, whereas the remaining
two proteins preferentially bound TGF-.82.
Although a2-macroglobulin, an abundant serum protein,

binds and inactivates TGF-P2 with 10-fold greater affinity
than TGF-,13 (29, 30), it has been shown that this affinity is
not the basis ofthe greater biological potency ofTGF-,31 than
TGF-P2 in the FBHE cell growth-inhibition assay (7). Im-
portantly, results from growth-inhibition assays with excess
a2-macroglobulin or in serum depleted of a2-macroglobulin
indicate that the different response to the TGF-.8 isoforms is
dictated by cell-specific determinants, such as those de-
scribed above.
Although many cells in culture respond equally to the

TGF-(3 isoforms, substantial in vivo differences in the bio-
logical potencies of the TGF-p isoforms will probably be
discovered. In fact, complex systems, such as the induction
ofmesoderm in Xenopus embryos, respond selectively to the
various TGF-(3 isoforms (11, 12), suggesting that part of the
process of adapting a single cell to sustained tissue culture
conditions may be an alteration in expression of the TGF-,B
receptors (31). As we continue to learn more about the
complex in vivo actions of TGF-,B, we will likely find addi-
tional important consequences of isoform switching.
The use of chimeric molecules, as described here, is a

practical approach to investigating the structure/function re-
lationships in closely related proteins. Although one could not
be certain that a chimeric TGF-,B molecule would fold cor-
rectly, this approach has been successful in understanding the
structure of other dimeric, disulfide-linked molecules, such as
platelet-derived growth factor (16, 32). Because this approach
produces a recombinant protein of the same size as the
endogenous molecule, it was likely that the chimeric TGF-13
would maintain biological activity, in contrast to recombinant
proteins made by using other mutagenesis techniques (33).

Further investigations into the structure/function relation-
ships of TGF-,B are warranted because of the broad clinical
applications of TGF-f3 (34). Chimeric molecules, such as the
one described here, may prove important in vivo as activators
of specific TGF-P responses separating the growth effect of
TGF-P from its gene-activation effects (35). In addition,
because certain disease processes, particularly those involv-
ing fibrosis, may be characterized by excessive and inappro-
priate actions of TGF-(8, there are also clear indications for
the development of TGF-,B antagonists. Analyses such as the
one described here will be important to use in designing
further therapeutically important analogs of TGF-,B.
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