during this process. Application of a large
imaging force (applied vertical force >100
nN) to a selected region of a living cell
produced a hole in the cell without jeopar-
dizing cell viability (Fig. 4C). This “nano-
surgery” experiment was readily reproduc-
ible. The hole may result from fusion of the
two bilayers under pressure from the AFM
tip and cannot be taken as direct evidence of
a single bilayer penetration mechanism.
Nonetheless, these data show that a living
cell can withstand severe perturbation of the
plasma membrane by the scanning tip, a
quality that may prove very useful in future
studies of living cells by the AFM.

Although the AFM is considered a sur-
face probe, it is capable of imaging subsur-
face features such as F-actin within living
cells. The AFM can collect 3-D data and is
capable of higher resolution imaging than
conventional optical microscopes on many
surfaces. If this resolving capability can be
realized with living cells, the AFM should
prove a powerful tool for the investigation
of dynamic interactions between cell sur-
face and subsurface structures, a critical step
in many signal transduction pathways.
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Multiple Zinc Finger Forms Resulting from
Developmentally Regulated Alternative Splicing
of a Transcription Factor Gene

Tien Hsu, Joseph A. Gogos, Susan A. Kirsh,* Fotis C. Kafatost

Transcripts encoding the Drosophila putative transcription factor CF2 are subject to de-
velopmentally regulated alternative splicing, and they encode protein isoforms that differ
in the number of zinc fingers. One testis-specific RNA encodes an isoform that includes
three zinc fingers and a frame-shifted segment. Two other transcripts encode isoforms with
six and seven zinc fingers which bind to distinct promoters and DNA target sequences.
Thus, because of alternative splicing, a single gene appears to encode distinct DNA-
binding proteins, each capable of regulating different gene sets in different tissues and

developmental periods.

Transcription factors can serve as devel-
opmental switches, that is, they turn spe-
cific sets of genes on or off at appropriate
locations and at different times during
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development (I). Transcription factors
cannot be regulated only by transcription,
because such regulation would require an
infinity of factors. Their posttranscription-
al modulation occurs by alternative splic-
ing (2), intracellular compartmentaliza-
tion (3), interaction with inhibitors (4),
translational regulation (5), or posttrans-
lational modification such as phosphoryla-
tion (6). We now present evidence that
posttranscriptional regulation of a Cys,-
His, zinc finger factor can occur by alter-
native splicing within the DNA-binding

+To whom correspondence should be addressed. domain, thus utilizing the modularity of

Fig. 1. Nucleotide sequence of the CF2 gene coding strand and derived amino acid sequences.
Exon sequences are numbered consecutively from the first of three mRNA 5’ ends () detected by
primer extension (8). In the 5’ untranscribed region, the TATA box (ATATA) and a partial match to
the CF2-| protein binding consensus (TATATTATA) are shown in upper case; bold lower case
indicates nucleotides flanking the consensus, which are encompassed in CF2-| protein footprints
(Fig. 3B). Portions of the intron sequences near the splice junctions are shown in lower case but not
numbered. (y—) indicates splice donor and (—y) splice acceptor sites. Possible zinc finger motifs
in the peptide sequences are underlined, and designations (f1, f2) on the left mark their beginnings.
The additional line of peptide sequence (italicized) from position 1505 on is the frame-shifted CF2-11l
peptide. Arrows above the nucleotide sequence indicate the oligonucleotide primers used in PCR
reactions (Fig. 2, C and D). Underlined residues in the 3’ untranslated region indicate possible
polyadenylation signals, which are consistent with the 3’ ends of cDNA clones (vertical arrow
heads) and the results of S1 protection assays (8). The designations for amino acid residues are in
the standard single-letter code: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and.Y, Tyr.
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REPORTS

aaattatcagcttatgaaagtatcccgatgatcgcagaaacgatagacccgataaatttggaaatagaagaactcctaatatcgaaagetttgettacaatttttataac
gttaagttaaagtTATATTATActttaatttgcatacttagaaaacgttttatttgtcatattttaggaaaaggcagaaaaATATAtcgttagtcaaggegttgecacatcegtcagttcet

AGAGCGACGTTGCCATCGTAGTTTCGATGCCGTAATCGAGTACTTTTTGTTGTAGT TGTACATT TTTCGCCAAAAATAATAATAAAAGTGAAAAATTTTTTTTGTTAATATACGTTTTAT
TTGTTGTACAAAGGAGAAAAAIGTTATTAAACTGATTGGCCGCCCCAGCATTTTCGTGACCCCCGCTCCAAATACAACAAAATCGAACGGCCGCCAGCAACAACAA&GE;caqtaaatat
tcagtgcgctggtaagaaagat....... intron 1, ~380 bp ...... .cat‘.acatthcttqtqqccqcctqtaar.tatqatttttattactcctqc:}CGCCTATCGCCTTC

TTTAACCGCCAATTGCTCCTGCTCCTGCCCACTAACCAAGTCAAACCAAAAGAAGCGATTACTCTCCAAGCGCCAGCGGAAGTGAAATGATAAAGTCCACCACGAATCCACAGGAACAGC
M I K S TTNUPOQE Q

GTCTGCCACGCCCCGAGGATCAGTCGCCAGCGCCGCCGCCGCCGCCCCCCTCCTCAGCCACCACCTCCACCGCCGCCCCAGCCACGCCCACGCACCAAGTGGCCACCGTGATAGCCAACA
R L P RPEDAOQSUZPA AZPU®PZPPZPUPS SATTS ST AAPA ATUZ PTHA QVA ATV VTIA AN

‘TGGACACCCTGAAGACAGCCTTTCTGCCCAATCTCAGCATGGACCCCAATGTGCACGTGTCGCCGCACTATTGTCCCATGTGTCACCAGCAGTTTGAGCGACCGCAGCACGTCGCGGATC
M D TLI KT ATFULUPNILSMDUPNVIHVYV S PHYCPMCHQQFEU RUPUO QHVAD

ACATGCAGCTGTGCCACGGGATCACGCTGAACGCCCAGGGAGCCATTGCCACGCTGGACGGCGGTCATCCGCAGGCACAGCAGCACCCCAAGCTCAGCCACCCCTGCTTCAATTGTGATG
HMQLCHGITTULNA AQGA ATIA ATTULDGGHZPO QAOQQHZ?PI KTILSHZPTCT FNTCTD

AAARAGTTTGGCAACGCCGTCGATTTAGACGAACACCATCGGCTGGCCCATCAGACCAAATGCACGCAGTGCGGCTCCATTGCCCGCCTTCCTGTCCCGCTGCCTTATGTGCAGCATCTAT
E K F GNAVDILDEUHUHRTILAHROQTZ PATFULSI RTCILMTC CSTIYSGTIHSA ATOQQOQ

GGCATCCACTCGGCCACCCAGCAGCCCAACGAGTATGCACCACCGCCATGCTGGCTGCCGGACAGCAGGGCTTTATGGAACAGCAGGAGGCGGCGGTGACGCCCGACGATCAGCTGCCGG
P NQ Y KCTQCG S I CTTA AMTLA AARAGA QQGT FMEU QQEA AAVTZ®PDUDUOGQTLT?P

CAATGGCGCCCCGTGATATGAGACTGACGCCCGAGGAGCAGCACCATCAGCAGCAACTGCAGGCGGAGCACCACCATCAGCAACAGCACCAACAACAACAACAGCAGCAGCAGCAGCAGC
A MAPRDMRPBRILTUPETEUGQHHOQQQLOQAZEHUHUHAOQQQHQQQQQQQQ QO

AGGAATCGCTGGAGCAGCAGCAGCGTGAAATGCAGGAGCAGGCGCAACAGCAGCAGGTGCACCATCACCAGCAGGATCAGGATCTCGCCGGCGACCAGGTGGCGCTGAAGGTGCCACCAC
Q E S L EQ QQREMOQEAGQAQQQQV HHHQQDQDULAGDU QVATLTE KTV VUEP?P

TCACCGTCAAGCTARACAAGAACGCCAARCGGTGGCGCCATTGTGTCGCATCCGCAGGTCATTATCAAGGAGGAGCCACTCAGCCTGAGCGACAGTGGTGATGTTGTCAACTCTGTGCCTG
L T V KL NI KN ANGGA ATIUVS HPOQVITII KTETEZPTULS ST LSUDSSGDUV VNS VEP
24 >
TCTATGCCATACAAGCCAATCCCGGTGTACCCGCTCCGGCCAGT TCGGGTGTGCTAGTCGGCACACAAACGGTACCTGCCGATCTGGCGCACAAGATCCGGCACARATGTCCGGATTGTC
V YA I QANUPGVPAUPA ASSGVYVY LV GGTOQTVU?PADTULA AHIKTIURIUHIEKTECZEPDSC
{to 1506 or 1685)
CAAAGACCTTCAAGACGCCCGGCACGCTGGCCATGCACCGCAAGATACACACAGGCGAAGCAGAgtaaatccattttatatgcatecttactgactgggtattceggcaatgatagetact
P KTV F KTU&PGTILAMUHERIEKTIIHTGE A D(to 1506)
E(to 1685)
ggacagcgactttaaaagctctagtcgagtaactggeatttgatgateottteceeeeccccscccscacascases INLXON 2, ~740 DP ccccccacccccaccccncacacnse

cccactctctectctcectctetcectetetctectgtatctttttectectececgtttectgegeggtattttgtgaatatgaatatgaataattgttaactctcgaatctcactcteccgaaacgeaa
v— (to 1685)

ctccqaézaeGCCACGCCCAAAGAACGCCCCTACACGTGCTCCTACTGCGGCAAGTCCTTCACTCAAICGAATACACTAAAACAGCACACTCGCAIACATACABGTGAGAAACCATTTAG
A TP KE RUPYTO GCSYOCGIK S F TQsS NTULI K QHTRTIUHBTGEI KT PTFR

(to 1685)
ATGTGGCTATTGTGGCAGGGCGTTCACTGTTAAGGATTACCTGAACAAACATTITAACGACTCACACGGQtgagaagcaatatttttcaaatcaattcagtcagt caatcagctctcaate
€C G Y CGRATFTUVI KDZYTU LNI KU HTLTTHT

eseccccaccscccccasse iNtron 3, ~1140 DD ccecccuccccccccccccnces .ar.qtqctaaccgaqtatcccaacttr.cr.ccqtttcqccaathtqgctqttctqc;;v

GAGAGAAGCCGTTCCACTGCGGTTACTGCGAGAAGTCCTTCAGCGTGAAGGACTATCTGACCAAGCACATACGGACGCACACCGGCGAGAAGCCGTACACCTGTCCGTATTGCGACARGC
G E KP F HCGYCEI KS ST F SV KDYULTI KU HTIU RTU HTGEI KZPYTT CZ®P?PYSCTDK

R E AV P L RLLREUV L QREGLSD QAU HTDAHRREAVHL SV LROQA

GCTTCACGCAGCGCAGCGCCCTCACTGTGCACACGACCAAGCTGCATCCGCTCTABGGAAGGCCGGGCGGTGGCCGCCAGTTACCCGTTCCTGCCCCAGCCGCTCCTCCTCCTCCTACTC
R F T QR S AULTVHTTI KTULHZPL

L H A A QRPHOCAHDOQAASALGI X AGRMWUPU®PVTITRSCUP SR S S s s Y s
53

ATCCTCCAAATCCTTCTGGTCCTGGTGCGCCGCCGCCGTTGTCCGCCGACACGGATACAGATCCCAAGAAGCCATCTGCGGCGGCTGCGGCATCGGCTTAGGACGAACTGCAGCGGAAAC
S S K S FH# S W CAAAUVVRR RUBHGYRSOQEH- AITCSGS GT CGTIGILGRTAATET

GGGATGAGCAAACCAATAAATGAAAGACCATT TCAAAGACGAGACACACTCACGTAGACGGGAGTTATGCAACTGCAGCGGATGCAACAACTGCAACCAACGACTGGCAARATCTCTTCGC
G

AGTGCTGCTAGATTAAATTACTAAAT TAGATACATACCTTCAGT TCGGTTAACACAGAAGCAGAAGCAGAAACAGAGTTGTACTAAATTAGCATACAGTTCGTAGAATGTTTAAGTTATT
GCAATCGATTTTTGATTCTTATTACTAT TTGGTTATGTAGATGT TTTGCAATTTTTAT TTTTTATACACCTATGTATATCGTATATAATATT TTGTTATTCTATGAGATTTTATATGGTG
ACTCCATAGCGCACACTCACTTACGCGCGGCGCTATACAGACACACACACAAACACACACACACCCAAAACTACACACAACACACATATATTATTTATAAAGAGAGAGAAAATATTTTTA
CTCATATACTITGTGGCAATATTATTTT TATTACTTCCTTAAATTGTTTGTAAATGTTACTGAAAGCAGCAAAACAAARAGAAAAAGGTAAACTCATGTCTACGCGCAAAACTTAAATTA

v
TTTTIATARATTATACATCTATTTTATTCGAACTCAARACAACACAARATTATTTATTTT TACGTGARAGAACGTTTTTCAAAATT TCGACTCGTAGCGGAAATGACARAGGACCAATAC
GARATTTAGTCATTTCTCAATTATTTGCACACGAGCAGGATCTCGT TTGTTTTGGCTT TAAAATTTATTTACTTTTAATTAACTAAATGATCTAATCATTTTAGCTTGTTTTTATTGATG
AATGTTAACCATTGTTTATTTTTTAAATTATTTARATTGAAAGCGCTGCTTTTGTTTGTTAAACTAAACTAAACTAAACAGTGAGATTGTATAAAACT TTAAAAAARAAAGGAARAACGA
ARAACATAACTAAGAAATTAATTTTACAAAAT TTGCATTTTTTAACGCARAACARAAAGTATTTAAGGCAAATCGAAATGAGAAATCTACGCTAAACGCAACACAGCTTTATGCGCCARA
CTAGAAGATTAAAAAAAAATTAACATAACGATCTACACAATTGATACTTTTGATAAAAAGAAAGCTTCAAGTTGTTTT TGTAATATATATAAATATGGATTGATCATTTTTACGACTACT
TAAACGCGTTTTTTTAAACCGAGCAAATGATTACTTGCAAGAGTTGTATCGTACTAAAATCGACTAAAACTTAAACTAAAACTGTAGCAAAACCAAAACCATGTACATTTTTATAACATA
GTGTTATATAATTATAAAGTATGCAAATATATAAACCTGTATCTAATATTAATGCATAATACACTCAAACAAAT TGTCTACCTAATGGCACATAGACAAGCAACAAACGATGCGCAGCGC

v
ATGTAAAACCAAAATAAATTCTAAGTACTAAACTATTGTAATTCTTTAAGTT TTAAATAAACCGTGAAGAGTTGACGATCARAAGCARACAGCAARACGCTAAATGCAGCaaaaaaaaaa
gaaacgcctaactaaccgcaa
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DNA recognition by each zinc finger.

The chorion transcription factor CF2
was isolated as a potential transcriptional
regulator of a chorion (eggshell) gene of

and is a zinc finger
protein (7). As would be expected, immuno-
cytochemistry with a CF2 antibody reveals
that, consistent with its proposed function,
CF2 is present in the nuclei of follicle cells,
which surround the oocyte and produce the
chorion (8). Localized CF2 is not detected in
the early embryo but appears during later
embryonic stages in epidermal nuclei of all
thoracic and abdominal segments (8). It is
unknown if any of four embryonic lethal
complementation groups mapping at 25A5-8
correspond to the CF2 locus (9).

The original CF2 clone isolated from a
cDNA library derived from embryos is incom-
plete but includes a COOH-terminal, puta-
tive DNA binding domain of four Cys,-His,

ent chorion gene promoters from both Dro-
sophila and silkmoths (7, 10). To further
characterize CF2 structure and function, we
isolated additional cDNA clones from cDNA
libraries derived from embryonic and ovarian
tissues. In addition, an approximately 16-kb
genomic fragment, encompassing the cDNA
sequences and 10 kb of 5’ flanking DNA, was
isolated and characterized from a Drosophila
wild-type (Oregon-R) library isogenic for the
dpen bw second chromosomes (Fig. 1).

Two polyadenylated CF2 RNA species,
2.65 and 3.6 kb, are detected throughout
development, but most abundantly in egg
chambers (7). Northern (RNA) hybridiza-
tions indicate that both RNA species share
sequences at their 5 ends but differ at the
3’ ends (8). Comparative polymerase chain
reaction (PCR) mapping of cDNA and
genomic DNA (8), combined with direct
sequencing of genomic clones, shows that

there are no introns within the 3’ untrans-
lated region. On the basis of cDNA se-

zinc finger motifs (7). This incomplete CF2
protein can bind specifically to several differ-
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Fig. 2. (A) CF2 genomic structure and alternative splicing events. The scale shows distances
from the transcription start site (Fig. 1). Rectangles, protein-encoding regions; stippled num-
bered boxes, zinc finger motifs; hatched boxes, frame-shifted peptide of CF2-lll. Roman
numerals indicate the isoforms that are generated by each alternative splicing event. (B) Amino
acid sequence comparison of the CF2 zinc fingers and preceding linker sequences. The
distances between fingers 1 and 2, and fingers 2 and 3, are indicated. Conserved residues found
in most zinc finger proteins are aligned by vertical lines (solid in the finger region, dashed in the
linker). Amino acid residues implicated in DNA recognition are indicated with asterisks and
boldface (72, 13). (C) Regions amplified by PCR from the three CF2 RNA forms. The introns are
not shown in scale. Two short opposing arrows (No. 24 and No. 5§3) mark the two oligonucleotide
primers that were used in the PCR reactions (D). Four short solid lines (Nos. 32, 38, 41, and 70)
indicate the four oligonucleotide probes used for identifying CF2 RNA forms (16) (Fig. 2D).
Primer No. 70 encompasses the splice junction that generates CF2-11l RNA,; therefore, forms | and
Il could not be detected by this probe under our hybridization conditions. (D) Detection of CF2
mRNA forms by PCR (16). Total RNA was prepared as previously described (717). PCR primers
flanking the CF2 COOH-terminal zinc finger domain are indicated in Figs. 1 and (C), and primers
specific for the rp49 gene were included to provide an internal control (76). The PCR products
were fractionated by gel electrophoresis and were Southern (DNA) blotted with RNA form-
specific oligonucleotide detection probes (76) (C). The RNA samples used are indicated on the
top of each lane, and the detection probes are shown on the left. Interpretation of the CF2 RNAs
detected is indicated on the right.
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quence information, Northern blots, and
S1 protection assays (8), it appears that the
3.6-kb transcript ends after two AATAAA
motifs, approximately 1.73 kb downstream
of the protein termination codon; and the
2.65-kb transcript is truncated at the 3’
end, after a modified TATAAA motif ap-
proximately 0.82 kb downstream of the
termination codon (Fig. 1). Three closely
spaced RNA 5’ ends were mapped by prim-
er extension to lie approximately 70 nucle-
otides upstream of the longest cDNA clone
(Fig. 1). A single intron, intron 1, inter-
rupts the 5’ untranslated region (Figs. 1 and
2A), and two other introns are found in the
protein-encoding region (below).

Near the NH,-terminus and in the middle
of the protein, the CF2 coding region con-
tains proline-rich and glutamine-rich seg-
ments (Fig. 1). These features are encoun-
tered frequently in transcription factors and
may correspond to activation domains (11).
Two zinc fingers are located near the NH,-
terminus (fingers 1 and 2, Fig. 2, A and B), in
addition to the four zinc finger motifs (fingers
3, 4, 5, and 6) previously identified near the
COOH-terminus (7). The significance of fin-
gers 1 and 2 is unclear, because the DNA
recognition properties of CF2 are unaltered by
their presence or absence (12). On the other
hand, binding-site selection experiments (12)
have failed to identify a recognized sequence
for figure 3. Thus, the first three zinc fingers
do not appear to contribute to specific DNA
sequence recognition, perhaps because the
long and presumably flexible linker sequences
separating them (29, 219, and 14 amino acids
between fingers 1 and 2, 2 and 3, and 3 and 4,
respectively; Fig. 2B) may prevent formation
of a continuous DNA recognition domain.
Because individual fingers are not expected to
have a strong enough interaction with DNA
to impart specificity (12, 13), fingers 1, 2, and
3 might serve as “DNA-holding” structures,
stabilizing the specific protein-DNA interac-
tions that are dictated by the COOH-termi-
nal finger domain.

The COOH-terminal zinc finger region is
interrupted by two moderately sized introns
(about 0.74 and 1.2 kb). Intron 2 lies be-
tween 3 and 4, whereas intron 3 is between
fingers 4 and 5 (Figs. 1 and 2A). This creates
the potential for alternative splice acceptor
selection that would produce two CF2 RNA
isoforms, each encoding different numbers of
zinc fingers. In addition, the sequence of the
proximal end of intron 3 suggests that it may
encode an additional zinc finger downstream
of finger 4, followed by an alternative splice
donor consensus sequence (Figs. 1 and 2A).
This would create an additional protein iso-
form, with an extra zinc finger inserted be-
tween fingers 4 and 5. Indeed, RNA splice
variants consistent with the existence of all
three of these isoforms were detected by PCR
analysis and by c¢DNA cloning. These



mRNAs proved to be developmentally regu-
lated (Fig. 2D).

A pair of oligonucleotide primers flank-
ing the COOH-terminal finger domain (oli-
gonucleotides 24 and 53; Figs. 1 and 2C)
were used to amplify (by PCR) CF2 RNA
sequences from various developmental stag-
es and tissues. The PCR products were size
fractionated by gel electrophoresis and
Southern (DNA) blotted with specific oli-
gonucleotide probes, revealing three dis-
tinct RNA spliced forms that were named
CF2-I, CF2-1I, and CF2-IIl in order of
decreasing sizes (Fig. 2D). Fragments am-
plified by PCR representing all three forms
were cloned and at least two isolates for
each form were sequenced. Their primary
structures confirmed the splice junctions
predicted by genomic sequencing, estab-
lishing that these PCR products were not
artefactual. Both form I and II RNAs splice
out the second intron but splice the third
intron from two alternative splice donors
(Fig. 2, A and C). The CF2-II mRNA uses
the upstream splice donor and consequently
encodes a DNA binding domain consisting
of fingers 4, 5, and 6. The CF2-I mRNA
uses the downstream splice donor, thereby
adding another zinc finger motif between
fingers 4 and 5. We have named this addi-
tional finger 5', because it resembles finger
5 in residues that are thought to be critical
for DNA recognition (13) (Fig. 2B). De-
velopmental analysis of the PCR products
(Fig. 2D) led to the following observations.
(i) Embryos contain almost exclusively
CF2-11 RNA. This RNA is present before
hour 9 of embroynic development, al-
though the protein is not detectable until
hour 13 (stage 15). These data suggest that
translational control (8) may exist. It is not
known whether the early RNA is maternal
or zygotic in origin. (ii) No CF2 RNA is

Fig. 3. (A) Differential binding specificities of two CF2 A A L
protein isoforms (719). Partially purified bacterial extracts SSaE e
containing either CF2- or CF2-ll were used to bind i
synthetic double-stranded oligonucleotides containing

the target sequences indicated at the top of each lane b

e

detectable in larvae. (iii) In pupae, CF2
RNA reappears; both form I and form II
RNAs are present; form III RNA is barely
detectable. (iv) Although the PCR tech-
nique is not necessarily quantitative, it
appears that in the adult somatic tissue
(after removal of the gonads), and especial-
ly in the male, CF2-I is enhanced relative
to CF2-II. No form III RNA is detectable in
the adult somatic tissues. (v) The gonads
show distinctive CF2 mRNA composition.
The ovary and staged egg chambers contain
form II RNA. In contrast, the testis con-
tains form III RNA.

The splicing event that generates CF2-III
RNA connects the finger 3 coding region to
the region that encodes fingers 5 and 6 (Fig.
2, A and C), thus bypassing the exon that
encodes fingers 4 and 5’. This splicing event
puts the acceptor sequence out of frame and
consequently, the CF2-III RNA encodes a
polypeptide that also lacks fingers 5 and 6.
Instead, it contains a novel 122-residue pep-
tide encoded by mRNA sequences down-
stream of the splice junction; the last 64 of
these amino acid residues are encoded by
nucleotides beyond the termination codon of
forms I and II (Figs. 1 and 2C). The predicted
sequence of this frame-shifted peptide does
not resemble any protein in the databases and
does not contain recognizable DNA-binding
motifs. In any case, its prevalence and speci-
ficity in the testis suggests that this RNA form
is not simply a by-product of unusual splicing.

Prior to this study, all of our CF2 cDNA
clones had been obtained from cDNA li-
braries derived from embryonic and ovarian
tissues, and they correspond to form II
RNA (7, 14). Subsequently, libraries de-
rived from adult males and testis were used
to isolate form I and III ¢cDNA clones.
These clones confirmed the splicing pat-
tern inferred from the PCR products,

(20). The free (f) and bound (b) oligonucleotides are
indicated. The additional bound species (b*) found in the

CF2-1 binding reaction, which shows properties similar to

b* -

b, may correspond to a breakdown product of the CF2-1

fusion protein. (B) Different promoter specificities of the
CF2 isoforms. The 5" end-labeled DNA fragments of
either the CF2 promoter (*2P-labeled at —145 of the

- -

CF2-1 CF2-1I

coding strand) or the s15 promoter (*2P-labeled at —13 of
the noncoding strand) were used in DNase | protection assays (27). The protein preparations

used are indicated at the top, and the promoter fragments at the bottom. Gel electrophoresis

and the preparation of Maxam-Gilbert sequencing ladders (G+A and T+C lanes) were
performed by standard procedures (78). The negative control extract for CF2-1 [-(MBP)]
included partially purified maltose-binding protein, which corresponds to the NH_-terminal half
of the CF2-1 fusion protein (79); the negative control extract for CF2-1| [-(reverse)] was prepared
with the use of an inverted CF2-1l fragment in the expression vector (7). The protected coding

strand sequences that match the consensus CF2 binding sites are shown; uppercase letters
are those identical to the consensus. The TATA elements of both promoters (thick lines) are also

protected by CF2-Il.
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including the frameshift in form III (8).

The differences in the COOH-terminal
half of the protein isoforms predicted from
these cDNAs have important functional im-
plications. It is not yet known if CF2-III has
sequence-specific DNA-binding activity. In
vitro binding experiments indicate that pro-
tein isoforms I and II recognize different DNA
sequences (Fig. 3A), suggesting that in vivo
these isoforms regulate distinct genes.

We present evidence (12) that, as in zinc
finger proteins Zif268 and Krox-20 (13),
each finger of the COOH-terminal domain
of isoform CF-II recognizes a contiguous
nucleotide triplet in an antiparallel manner.
The optimal trinucleotide targets are GTA
for finger 6, TAT for finger 5, and ATA for
finger 4, and the consensus binding site for
isoform II is GTA.TAT.ATA (dots delimit
each nucleotide triplet recognized by one
zinc finger). Indeed, CF2-II protein shows a
strong affinity for this predicted site in vitro
(Fig. 3A). Accordingly, CF2-II protein binds
tightly to a nearly perfect consensus site
(GTg.TAT.ATA) in the s15 chorion pro-
moter, whereas CF2-I binds hardly at all (Fig.
3B). Note that in choriogenic follicles, CF2-
II RNA is the abundant form (Fig. 2D).

In contrast, the CF2-I protein isoform
binds to a distinct consensus sequence,
GTA.TAT.TAT.ATA (Fig. 3A). The in-
ternal duplication of TAT in this sequence
was predictable because the extra finger 5’
has the same critical residues implicated in
DNA recognition as finger 5 (Fig. 2B). A
candidate target for the CF2-I protein is the
CF2 promoter itself. A possible recognition
sequence tTA.TAT.TAT.Act, similar to
the form I consensus, GTA.TAT.TAT.-
ATA, lies approximately —100 relative to
the CF2 transcription initiation site (Fig. 1).
DNase I (deoxyribonuclease) protection as-
says confirmed that protein isoform I binds
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strongly to this site, but that isoform II binds
only poorly (Fig. 3B). The appearance of
CF2-1 RNA after the larval period coincides
with the renewal of CF2 transcription (Fig.
2D). It may be that one function of isoform
I is to autoregulate CF2 expression during
the pupal and adult stages. In addition, the
CF2-1I isoform also binds to the TATA box
region of both the s15 and the CF2 promot-
ers (Fig. 3B). The significance of this TATA
binding is not known.

Recently, a few examples of alternative
splicing resulting in altered binding speci-
ficities of zinc finger proteins have been
documented, notably for the Drosophila
Broad-complex and tramtrack genes, and the
human Wilms tumor gene, wtl. However,
in these cases, the alternative splicing
events result either in the replacement of
entire zinc finger domains consisting of two
or more fingers (22) or in the creation of
different lengths of linker sequence between
fingers (23). Therefore they are not analo-
gous to the type of alternative splicing
reported here. The only known case anala-
gous to CF2 splicing may be the splicing of
murine proto-oncogene Evi-1, for which the
impact of alternative splicing on DNA
binding is unknown (24).

Our data and that of Gogos et al. (12)
support the concept of the modularity of
zinc finger motifs in the formation of DNA
binding domains. In the regulation of CF2,
this modularity is exploited in vivo during
development to generate alternatively
spliced RNAs that encode protein isoforms
differing in the number of zinc fingers and
DNA binding specificities. One of the al-
ternative splicing events is accompanied by
a frameshift, which radically decreases the
number of zinc finger motifs in the protein.
Such in vivo modulations of zinc finger
motifs may be a general and efficient mech-
anism for controlling posttranscriptionally
the spectrum of regulatory processes that
are served by a single transcriptional regu-
latory gene.
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