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Transcriptional Repression Mediated by the WT1
Wilms Tumor Gene Product

STEPHEN L. MADDEN, DONNA M. COOK, JENNIFER F. MORRIS,
ANDREA GASHLER, VIKAS P. SUKHATME, FRANK J. RAUSCHER IIT*

The wt1 gene, a putative tumor suppressor gene located at the Wilms tumor (WT)
locus on chromosome 11p13, encodes a zinc finger—containing protein that binds to
the same DNA sequence as EGR-1, a mitogen-inducible immediate-early gene product
that activates transcription. The transcriptional regulatory potential of WT1 has not
been demonstrated. In transient transfection assays, the WT1 protein functioned as a
repressor of transcription when bound to the EGR-1 site. The repression function was
mapped to the glutamine- and proline-rich NH,-terminus of WT1; fusion of this
domain to the zinc finger region of EGR-1 converted EGR-1 into a transcriptional

repressor.

HE SEARCH FOR THE WILMS TUMOR

(WT) gene on chromosome 11pl3

has yielded a complementary DNA
(cDNA) clone (WT1) that has characteris-
tics of a tumor suppressor gene (1, 2). The
wt1 gene is mutated or deleted in a subset of
sporadic and hereditary Wilms tumors (2, 3)
and is expressed in the condensing mesen-
chyme, renal vesicle, and glomerular epithe-
lium of developing kidney, suggesting that
WT1 functions in normal kidney differenti-
ation (4). The wt1 gene encodes a protein
that contains four zinc fingers and a gluta-
mine- and proline-rich NH,-terminus,
structural motifs associated with sequence-
specific binding to DNA, and transcription-
al regulatory functions (5).

The wt1-encoded protein recognizes the
same DNA sequence element (5'-CGC-
CCCCGC-3') as the EGR-1 protein, a tran-
scription factor that contains three zinc fin-
gers and shares >65% amino acid sequence
similarity with WT1 in the zinc finger
region (6). After induction by a variety of
cell surface stimuli, EGR-1 (also known as
NGFI-A, T1S-8, Krox 24, and zif268) (7,
8) rapidly accumulates in the nucleus,
binds to the EGR site, and activates the
transcription of target genes whose prod-
ucts are required for mitogenesis and dif-
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ferentiation (9, 10). The proteins encoded
by all members of the EGR family are
positive activators of transcription when
bound to their cognate sequence in target
genes (9, 10).

To determine the function of WT1 in
transcriptional regulation when it is bound
to the EGR site, transient transfection assays
were carried out with expression vectors
(Fig. 1A) that contained the full-length cod-
ing region of wt! (CMV-WT1) and egr-1
(CMV-EGR-1) under the control of the
cytomegalovirus immediate-early promoter
(11). As controls, stop codons were intro-
duced into the coding regions of each gene
to generate the plasmids CMV-WT1 (TGA)
and CMV-EGR-1 (TGA). Of the two re-
porter plasmids used in these experiments
(Fig. 1A), the first contained three synthetic
EGR binding sites upstream of the minimal
c-fos promoter (10) linked to the chloram-
phenicol acetyltransferase (CAT) gene
(p3XEBS-CAT), whereas the second con-
tained 1 kb of the murine EGR-1 promoter
(12) upstream of the CAT gene (pEGR-
1.1.2-CAT).

Analysis of CAT activity (13-15) in NIH
3T3 fibroblasts cotransfected with the
expression and reporter plasmids revealed
the expected stimulation of the p3XEBS-
CAT vector by CMV-EGR-1 (10), but not
by the control CMV-EGR-1 (TGA) (Fig.
1B). However, the basal level of transcrip-
tion was reduced in cells cotransfected with
CMV-WT1 and p3XEBS-CAT (Fig. 1B).
Neither CMV-EGR-1 nor CMV-WT1 af-
fected a CAT reporter plasmid that lacked

EGR binding sites (16).

To determine whether WT1 inhibited the
ability of EGR-1 to activate p3XEBS-CAT,
varying ratios of the CMV-WT1 and CMV-
EGR-1 plasmids were cotransfected with
p3XEBS-CAT (Fig. 1B). At a 1:1 ratio of
CMV-WT1 and CMV-EGR-1, activation
by EGR-1 was reduced, and at a 2:1 ratio,
activation by EGR-1 was abolished. Thus,
WT1 repressed both basal and EGR-1-
induced transcription from p3XEBS-CAT.
The same experiments performed in human
embryonic kidney—derived 293 cells re-
vealed transcriptional activation of the
p3XEBS-CAT reporter plasmid by CMV-
EGR-1 and repression by CMV-WT1 (Fig.
1B).

The p3XEBS-CAT reporter plasmid con-
tains EGR binding sites in an artificial pro-
moter context and exhibits a low basal level
of transcriptional activity (Fig. 1B). This
low basal level made it difficult to assess the
potency of WT1 as a transcriptional repres-
sor in cotransfection assays (Fig. 1B). To
circumvent this problem, we used the
pEGR-1.1.2 promoter, which contains sev-
eral EGR binding sites of varying affinities
as well as other genetic regulatory elements
(12) in their natural context. The WT1
vector efficiently repressed the normal, high
basal levels of transcriptional activity of
pEGR-1.1.2-CAT in NIH 3T3 cells (Fig.
1C), independent of whether the cells were
incubated in high (10%) or low (0.5%)
serum after transfection (16).

The WT1 mRNA transcript is subject to
alternative splicing (1, 2, 17) (Fig. 2A), in
one case resulting in the insertion of lysine,
threonine, and serine (KTS) between the
third and fourth zinc fingers. A WT1 pro-
tein that contains this insertion does not
bind to the EGR-1 site (Fig. 2B) (6). A
second alternative splice results in the inser-
tion of 17 amino acids in the region imme-
diately NH,-terminal to the zinc finger
domain (1, 17) and does not affect DNA
binding activity (Fig. 2B). To determine
the effect of these amino acid insertions on
the ability of WT1 to repress transcription,
the four possible combinations of the
spliced variants were produced by site-
directed mutagenesis (18), tested for DNA
binding activity (Fig. 2B) (19) and expres-
sion in COS-1 cells (Fig. 2, legend), and
assayed for repression by cotransfection
with pEGR-1.1.2-CAT (Fig. 2C). The
proteins that contained the KTS insertion
(WT1-KTS, WT1-17AA-KTS) did not re-
press transcription of the reporter plasmid
(Fig. 2C) or bind to the EGR-1 site (Fig.
2B). However, repression was observed in
the absence (WT1) or the presence (WT1-
17AA) of the 17-amino acid insertion.
Thus, binding to the EGR-1 site is re-
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Fig. 1. Regulation of transcrip-
tion from EGR-1 binding site—
CAT reporter plasmids by
EGR-1 and WTI1. (A) Expres-
sion vectors for use in transient
transfection assays contained the
full-length protein coding re-
gions of human WT1 (11) or
murine EGR-1 (10), the cytome-
galovirus immediate-early pro-
moter, and SV-40 polyadenyla-
tion signals  (25). The
approximate locations of the
EGR-1 binding sites and other
regulatory elements are shown.
(B) Calcium phosphate-mediat-
ed transfections were performed
in murine NIH 3T3 fibroblasts
or human embryonic kidney 293
cells (13, 14). Each dish of cells
was transfected with p3XEBS-

867

pEgr-1.1.2-CAT [

N EGR-1 sies

CAT (2 pg), the indicated 3 AP-sies
expression plasmid (5 pg), and a = CarGboes
B-galactosidase expression vector

(1 pg) as an internal control for
transfection efficiency (15). The

total amount of CMV vector in each transfection mixture was kept constant at
20 p.g by addition of CMV vector alone. When the EGR-1 and WT1 plasmids
were mixed (WT1:EGR-1) the amount of EGR-1plasmid was kept constant at
5 pg and the WT1 plasmid concentration was 5 pg (1:1), 10 pg (2:1),and 15
ng (3:1). Forty-eight hours after transfection, cell extracts were prepared

quired for repression by WT1 and repres-
sion appears to be unaltered by the 17-
amino acid insertion.

To localize the domains of WT1 required
for repression, a set of proteins truncated at
their NH,- and COOH-termini was pre-
pared (18) and tested for DNA binding
activity (Fig. 2B), expression in COS-1 cells
(comparable amounts of protein were not-
ed; see legend to Fig. 2), and effect on

transcription in cotransfection assays (Fig.
2C). The two proteins that contained NH,-
terminal deletons (WT1,179-429 and
WT1,294-429) did not repress transcrip-
tion even though each contained an intact
DNA binding domain and bound to the
EGR-1 site in vitro (Fig. 2B). A protein that
contained a COOH-terminal truncation
(WT1,1-364) that deleted the last two zinc
fingers did not bind to the EGR-1 site (Fig.

B Reporter: p3XEBS-CAT

NIH-3T3 cells 293 cells
T g = 1 T 1
E 3 J
g & -
A e HoaE
S5l > TR, s
g M) FlE 4

64 55 a2

" 30 12 1.5
C PEgr-1.1.2-CAT

CMV-WT1

ug 0 "6 W16 20

and aliquots [normalized for transfection efficiency via assay of B-galactosidase
activity (26)] were used for determination of CAT activity (13, 14). (C) The
EGR-1.1.2-CAT plasmid (0.5 pg) was transfected into NIH 3T3 cells with the
indicated amounts of CMV-WT]1 plasmid. The total amount of CMV vector
remained constant at 20 ug in each transfected dish.

2B) and did not repress transcription. Dele-
tion of amino acids 179 to 294 in the
NH,-terminal proline- and glutamine-rich
region created a protein that bound to the
EGR-1 site but did not repress transcrip-
tion. These results (summarized in Fig. 2A)
suggest that the DNA binding domain of
WT1 is necessary but not sufficient for tran-
scriptional repression and that the gluta-
mine- and proline-rich NH,-terminus of

Fig. 2. Analysis of the domains of the 5 DNA il 3
WT1 protein required for transcriptional 1 20 w0 P binding - %’ ;
repression. (A) A schematic representation ~ wn [ B— - PENE ; el
of the four possible WT1 proteins that 1 = = e
result from alternative mRNA splicing. "™ — = S E e
Rep, transcriptional repression. Each ami- o\ 1 %“ i

no acid insertion, KTS at position 390, : YAMsSSIIWTEGOM K73 4

and VAAGSSSSVKWTEGQSN at posi-  wri-imaakrs C Zhin - b

tion 248, was introduced separately or m o= >

together into the coding region of WT1 by ~ Wr.1me42 LT iNe

site-directed mutagenesis (18, 27). Abbre- | “ Soper :

viations for the amino acid residues are A, . .

Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, wriase [ g - -

Gly; H, His; I, Ile; K, Lys; L, Leu; M, 1 n i 5

Met; N, Asn; P, Pro; Q, Gln; R, Arg; S,  wrnurezse l:___ oz S

Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

The truncation and internal deletion mutants were generated by PCR-mediated mutagenesis (27). After
DNA sequence analysis, each mutated gene was subcloned into pGEM-7Zf* and CMV vectors. The

mutated wt! genes were stably expressed in COS-1 cells. Lysates from transfected, [**S]methionine-
labeled cells were analyzed by immunoprecipitation with antiserum to WT1 (11). The immunoprecipi-
tated proteins were resolved by SDS—polyacrylamide gel electrophoresis. (B) The DNA binding activity
of each protein was determined by gel retardation assays with proteins produced by in vitro translation
in rabbit reticulocyte lysates (28). The WT1,294-429 and EGR-1,334-543 proteins were produced in
Escherichia coli and purified with nickel chelate affinity chromatography (6), and 50 ng of each purified z
protein were used per lane. The open arrows indicate EGR-1-DNA complexes. The filled arrows
indicate WT1-DNA complexes. Data for WT1,179-429 are not shown. (C) The effect of deletions and
insertions in WT1 on transcription from pEGR-1.1.2-CAT in NIH 3T3 cells. Each dish received 0.5
pg of the reporter plasmid and 15 pg of CMV expression vector containing the indicated gene. Data
for the internal deletion (WT1[179-294]) are not shown. Transfections were repeated four times with

comparable results (15).
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Fig. 3. Transcriptional regulatory functions of
chimeric proteins formed between EGR-1 and
WT1. (A) Schematic representation of the chi-
meric proteins. Rep, repression; Act, activation.
The chimeras were generated by PCR-mediated
gene fusion techniques (27) with the region that
contained all of the amino acids NH,-terminal to
the first cysteine of the first zinc finger in each
protein (amino acids 1 to 337 for EGR-1 and
amino acids 1 to 307 for WT1). This region was
fused to the heterologous zinc finger region (ami-
no acids 307 to 429 for WT1 and amino acids
337 to 427 for EGR-1) (20). A vector expressing
only the zinc finger region of EGR-1 was also
constructed (EGR-1[324-427]). After DNA se-
quence analysis of the chimeras, proper expression
of each protein was tested by transient transfec-
tion in COS-1 cells (see legend to Fig. 2) (11).
(B) The chimeric genes were cloned into the
CMV expression vector and their repression and
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4 27
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activation potentials were determined with the pEGR-1.1.2-CAT and p3XEBS-CAT plasmids in NIH

3T3 cells.

WT1 contains a discrete domain that medi-
ates transcriptional repression. To deter-
mine whether this domain could repress
transcription when fused to a heterologous
DNA binding domain, we constructed chi-
meric proteins and tested their ability to
repress transcription (18). We first estab-
lished that the isolated zinc finger regions
(20) of WT1 and EGR-1 bound to the EGR
site with high affinity (Fig. 2B) but did not
repress transcription (Figs. 2C and 3B). The
chimeras were generated by fusing the NH,-
terminal 307 amino acids of WT1 to the
EGR-1 zinc finger region (WT1-EGR) or
the NH,-terminal 337 amino acids of
EGR-1 to the WTI1 zinc finger region
(EGR-WT1) (Fig. 3A). Each chimera was
tested for expression in COS-1 cells (com-
parable amounts of protein were observed)
and displayed DNA binding activity identi-
cal to their wild-type counterparts (21). The
EGR-WT1 fusion protein activated tran-
scription from both the p3XEBS-CAT and
the pEGR-1.1.2-CAT reporter plasmids
(Fig. 3B). Thus, the NH,-terminus of
EGR-1 contains an activation domain that
can be transferred to a heterologous protein.
In contrast, the WT1-EGR chimera re-
pressed transcription from both reporter
plasmids. Thus, the 307-amino acid, pro-
line- and glutamine-rich segment of WT1
displays a repressor function when fused to
the EGR-1 zinc finger region.

Among the members of the EGR family
of proteins, defined as proteins that recog-
nize a common DNA sequence, WT1 is the
only repressor of transcription. It has been
hypothesized that the pattern of gene
expression initiated by growth factor-induc-
ible, short-lived transcription factors (such
as EGR-1) may be altered by developmen-
tally regulated, tissue-specific transcription
factors that bind to the same recognition
sequence (22). Because it can antagonize
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transcriptional activation mediated by each
of the EGR proteins (16), WT1 may func-
tion by antagonizing the actions of an in-
ducible, immediate-early gene in vivo. WT1
may inhibit cell proliferation and thus ini-
tiate a tissue-specific program of gene
expression. Clarification of the physiological
function of WTIl-mediated repression
awaits identification of relevant target genes
active during kidney development.

The mechanism of repression by WT1 is
still unclear. Simple competition between
the endogenous activator (EGR-1) and a
transfected nonactivator (WT1) at a single
DNA binding site is unlikely to be the
primary mechanism, as the zinc finger do-
main alone is unable to repress transcription
even though it binds DNA. The hybrid
protein experiments support this view, be-
cause fusion of the NH,-terminus of WT1
to the EGR-1 zinc finger domain generated
a repressor, not simply a nonactivator. We
have also shown that fusion of the WT1
NH,-terminus to the DNA binding domain
of yeast GAL4 (Gal4 1-147, a molecule that
does not repress transcription by itself) also
creates a transcriptional repressor (21). Both
EGR-1 and WT1 have glutamine- and pro-
line-rich NH,-termini similar to known
transcriptional activation domains (23), yet
each protein has opposite effects on tran-
scription. One explanation may be that each
protein exerts its effect by interacting in a
fundamentally different way with the basal
transcriptional machinery.

It is not known whether wt1 is frequently
inactivated in Wilms tumor patients. Be-
cause the majority of Wilms tumors exam-
ined to date contain apparently normal WT1
mRNA transcripts (1-4), the mutations that
inactivate the gene may be small deletions or
point mutations within the protein coding
region. Assays based on the biochemical
functions of the WT1 protein should help to

identify these mutations. Because the do-
main encoding the repression function is
distinct from the DNA binding domain, a
mutation in either may serve to inactivate
the protein. Evidence suggesting that the
DNA binding domain of WT1 is inactivated
in tumors (2) raises the possibility that its
transcriptional repression function is also
inactivated. Mutations that render the tu-
mor suppressor gene encoding p53 transfor-
mation-competent disrupt its transcriptional
activation function (24). Whether the loss of
WT1-mediated repression leads to neoplas-
tic cell growth is not known.

REFERENCES AND NOTES

1. K. M. Call ez al., Cell 60, 509 (1990); M. Gessler et
al., Nature 343, 744 (1990); E. A. Rose et al., Cell
60, 495 (1990).

. D. A. Haber et al., Cell 61, 1257 (1990).

. C.C. T. Tonet al., Genomics 10, 293 (1991); J. K.
Cowell et al., Oncogene 6, 595 (1991); B. Royer-
Porkora et al., Genes Chromosomes Cancer 3, 89
(1991); V. Huff et al., Am. J. Hum. Genet. 48, 997
(1991).

. K. Pritchard-Jones et al., Nature 346, 194 (1990).

. P.J. Mitchell and R. Tjian, Science 245, 371 (1989).

. E. J. Rauscher Il et al., ibid. 250, 1259 (1990).

. V. P. Sukhatme, J. Am. Soc. Neph. 1, 859 (1990).

. H. R. Herschman, Trends Biochem. Sci. 14, 455
(1989).

. P. Lemaire et al., Mol. Cell. Biol. 10, 3456 (1990).

. S. Patwardhan et al., Oncogene 6, 917 (1991).

. A detailed description of the construction of full-
length WT1 expression vectors, production and
characterization of the antisera to WT1, transfection
and immunoprecipitation from COS-1 cells, and
biochemical characterization of the WT1 protein
will be published elsewhere (J. F. Morris, S. L.
Madden, O. E. Tournay, D. M. Cook, V. P.
Sukhatme, F. J. Rauscher, Oncogene, in press). Brief-
ly, we used the WT33 cDNA clone of WT1 [K. M.
Callet al., Cell 60, 509 (1990)], which is missing 84
amino acids of the NH,-terminus including the
initiator methionine, as a starting point for construc-
ton of a full-length coding region. The missing
segment of the gene including the initiator methio-
nine (1, 2, 17) and a Kozak consensus sequence was
synthesized from synthetic oligonucleotides with
overlap-extension polymerase chain reaction (PCR)
(6), and the synthetic segment was fused to the
WT33 gene at a unique Bst XI restriction site in
WT33. After cloning, both strands of the synthetic
region were sequenced. Full-length WT1 was pro-
duced by in vitro transcription—translation in rabbit
reticulocyte lysates and was shown to bind to the
EGR-1 sequence with high affinity. The completed
wtl gene was cloned into the pCB6 vector (25),
which contains the cytomegalovirus immediate-early
promoter. A PCR error in one of the clones resulted
in the introduction of a TGA stop codon at amino
acid 12 in the coding sequence. This clone was used
to generate the control plasmid CMV-WT1 (TGA).
Polyclonal rabbit antisera were raised to two sepa-
rate regions of the protein that were expressed and
purified from Escherichia coli. One region encom-
passed amino acids 85 to 173 (anti-WT91) and the
other encompassed amino acids 294 to 429 (anti-
WTZE) (6).

12. C.-H. Tsai-Morris et al., Nucleic Acids Res. 16, 8835
(1988); D. Gius et al., Mol. Cell. Biol. 10, 4243
(1990).

13. The cells used for transfection (murine NIH 3T3
fibroblasts and human embryonic kidney-derived
293 cells) were grown in Delbecco’s modified Ea-
gle’s medium (DMEM) plus calf serum (10%). The
cells were seeded in 100-mm dishes and transfected
by the calcium phosphate-mediated coprecipitation
technique (14), with a total of 25 ug of plasmid
DNA. An internal control plasmid [pON260 (26)]
that contained the B-galactosidase gene driven by

w N

00N OV

—
O \O

SCIENCE, VOL. 253



the CMV-IE promoter was added (1 pg) to each
transfection cocktail. Forty-eight hours after transfec-
tion, cell extracts were prepared and assayed for B-ga-
lactosidase activity (26). Appropriately normalized
amounts of cell extract were used for CAT assays (14).
After autoradiographic exposure, the thin-layer chro-
motography ) plates were scanned, and percent
conversion values were calculated.

14. C. Gorman, L. F. Moffat, B. Howard, Mol. Cell.
Biol. 2, 1044 (1982).

15. Each transfection experiment was performed in du-
plicate at least four times. The percent conversion
values shown represent the average of duplicates in a
representative experiment. The variation among ex-
periments was <10%. The transfection efficiency (as
measured by B-galactosidase activity in cell extracts)
varied <10% among all plates in a particular exper-
iment. We have detected no toxic or growth inhib-
itory effects (as measured by reductions in B-galac-
tosidase activity or cell number) as a result of
expressing WT1 or EGR-1 in transient assays.

16. D. M. Cook and F. J. Rauscher III, unpublished
data.

17. A. J. Buckler et al., Mol. Cell. Biol. 11, 1707
(1991).

18. The insertion of 3— and 17-amino acid segments
into the WT1 coding sequence and the construction
of chimeric wt1-egr-1 genes was accomplished with
sequential PCR-mediated mutagenesis (27). The
amino acid sequence of the 17-amino acid insertion
was taken from the LK15 clone of WT1 [M. Gessler
et al., Nature 343, 744 (1990)]. After each round of
PCR, the complete coding region of the gene was
sequenced to guard against Taq polymerase-in-
duced errors. Two of the deletion mutants of WT1
were created with unique Bam HI (WT1,179-429)
and Xmn I (WT1,1-364) restriction sites in the
WT33 coding sequence (1). The WT1,294-429
deletion corresponded to the previously described
WTZEF protein (6) and included the six histidine
residues at the NH,-terminus. The internally deleted
protein WT1(179-294) was created by first cleaving
the WT1 and WTZF (6) genes at unique Bam HI
sites. The restriction sites were blunted by filling in
with the large fragment of DNA polymerase, and
the gene fragments were fused in a blunt-end liga-
tion reaction. The fusion of WT1 and WTZF in this
manner regenerated the proper frame of translation
and resulted in the introduction of one additional
arginine residue at the site of fusion. Each gene was
cloned into pPGEM7Zf+ vector and used to generate
synthetic RNA by in vitro transcription. The RNAs
were used to program rabbit reticulocyte lysates.
The DNA binding activity of each protein was
assessed by gel retardation assays with a 32P-labeled
oligonucleotide probe that contained an EGR bind-
ing site (6, 28).

19. The full-length WT1 and EGR-1 proteins dis-
played identical apparent affinity for the EGR
binding site when measured in vitro by gel retar-
dation assays. No detectable association was ob-
served between EGR-1 and WT1 in coimmuno-
precipitation assays (21).

20. For generating chimeric proteins we defined the zinc
finger region of WT1 as extending from amino acid
307 to the natural stop codon at position 429. This
stop codon occurs 11 amino acids after the last zinc
finger in WT1. To ensure that this same number of
amino acids was present after the last zinc finger in
EGR-1, a stop codon was introduced at amino acid
position 427 in the EGR-1 coding sequence (the
natural stop codon in egr-1 occurs 117 amino acids
COOH-terminal to the last zinc finger). Thus, the
EGR-1 zinc finger region we used for preparing
chimeric proteins spanned amino acids 337 to 427.
The zinc finger regions of these two proteins dis-
played identical affinities and DNA binding specific-
ities for the EGR sequence (Fig. 2B).

21. S. L. Madden and F. J. Rauscher III, unpublished
data.

22. J. I. Morgan and T. Curran, Trends Neurosci. 12,
459 (1989).

23. N.Mermod, E. A. O’Neill, T. J. Kelly, R. Tjian, Cell
58, 741 (1989); A. J. Courey and R. Tjian, ibid. 55,
887 (1988).

24. S. Fields and S. K. Jang, Science 249, 1046 (1990);
L. Raycroft, H. Wu, G. Lozano, ibid., p. 1049.

25. S. Andersson et al., J. Biol. Chem. 264, 8222 (1989).

27 SEPTEMBER 1991

26. R. R. Spaete and E. S. Mocarski, J. Virol. 56, 136
(1985).

27. S.N. Ho et al., Gene 77, 51 (1989).

28. F.]. Rauscher I, P. J. Voulalas, B. R. Franza, Jr.,
T. Curran, Genes Dev. 2, 1687 (1988).

29. We thank T. Curran and G. Rovera for encourage-
ment and many helpful discussions; P. Reddy and
S. Shore for NIH 3T3 cells; R. Ricciardi for 293
cells; D. Housman for the WT'33 cDNA clone; and
B. Knowles, R. Weinmann, and G. Rovera for

critically reviewing the manuscript. Supported by
grants from the USPHS [CA-23413, CA-52009
(E.J.R.), CA-0917-15 (J.F.M.)], core grant (CA-
10817), the W. W. Smith Charitable Trust
(E.J.R.), and the Hansen Memorial Trust (F.J.R.).
V.P.S. is supported by the Howard Hughes Med-
ical Institute. F.J.R. is a Pew Scholar in the
Biomedical Sciences.

14 May 1991; accepted 16 August 1991

The Roles of the Subunits in the Function of the

Calcium Channel

DAFNA SINGER, MARTIN BIEL, ILANA LOTAN, VEIT FLOCKERZI,
Franz HOFMANN, NATHAN DAscAL*

Dihydropyridine-sensitive voltage-dependent L-type calcium channels are critical to
excitation-secretion and excitation-contraction coupling. The channel molecule is a
complex of the main, pore-forming subunit o, and four additional subunits: o, 3, B,
and v (o, and & are encoded by a single messenger RNA). The o, subunit messenger
RNA alone directs expression of functional calcium channels in Xenopus oocytes, and
coexpression of the a,/3 and B subunits enhances the amplitude of the current. The o,
3, and -y subunits also have pronounced effects on its macroscopic characteristics, such
as kinetics, voltage dependence of activation and inactivation, and enhancement by a
dihydropyridine agonist. In some cases, specific modulatory functions can be assigned
to individual subunits, whereas in other cases the different subunits appear to act in
concert to modulate the properties of the channel.

HE DIHYDROPYRIDINE (DHP)-SEN-

.sitive Ca®>* channel protein of the

skeletal muscle (SM) consists of five
subunits, o, a,, 3, B, and vy (1). The a,
subunit contains the binding site for DHPs
and other classical organic Ca®>* channel
blockers (2), is the pore-forming subunit
(1-4), and is indispensable for the function
of the channel (5-8). A single a,/38 mRNA
encodes the precursor protein a,/d, which is
proteolysed into the 3 and a, subunits,
linked by disulfide bonds (1, 9). The cDNAs
of the a,/d, B, and vy subunits have been
cloned from SM (10-13). Identical or ho-
mologous proteins are found in brain (o,/d,
B), smooth muscle (a,/d, ), and heart
(ax/3, B) (6, 10-15). Functional Ca*>* chan-
nels can be expressed in Xenopus oocytes
injected with RNA of the «, subunits from
heart, smooth muscle, and brain (6-8); co-
expression of SM a,/d and B with cardiac
and brain a, subunit enhances the expressed
Ca?* currents, whereas the y subunit is
without effect (6, 8). The electrophysiolog-
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ical properties of the channel have been
reported to be unaffected by the auxiliary
subunits (6, 8). We have investigated this
problem by coexpressing the Ca?* channel
subunits in various combinations in Xenopus
oocytes and examining the macroscopic
characteristics of the current through the
emerging Ca®* channels.

cRNAs of cardiac o, subunit and of SM
a,/3, B, and -y subunits were synthesized in
vitro and injected into Xenopus oocytes (16).
After cRNA injection (4 to 5 days), we
measured currents using the two-electrode
voltage-clamp method, usually in a solution
containing 40 mM BaCl, (16), because
Ba?* results in a larger current through the
Ca?* channel.

Uninjected oocytes displayed a small en-
dogenous Ba®* current, I, (Table 1), that
was insensitive to the DHP agonist (—) Bay
K 8644 (Bay K) (17). A small, Bay K—sen-
sitive Iy, was observed in oocytes injected
with the cRNA of the a, subunit alone (0 to
—50 nA) (Fig. 1). Coexpression in the o,/
or B subunit with a, consistently enhanced
the expressed currents, and coexpression of
both a,/3 and B with a; caused more than
additive increase in the amplitude of Ig,
(Table 1). The v subunit did not have a
consistent effect on the amplitude of Iy,
(Table 1). Since the auxiliary subunits sim-
ilarly enhance the expression of a brain Ca**
channel (6), this phenomenon may be com-
mon to a variety of Ca®>* channels.
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