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Transcriptional repressors often employ multiple activities, but the molecular mechanisms and physiolog-
ical relevance of this functional diversity remain obscure. The Drosophila melanogaster Knirps repressor uses
CtBP corepressor-dependent and -independent pathways. To separately analyze the components of Knirps
repression activity, we elucidated the specific repression properties of CtBP and of Knirps subdomains. Like
Knirps, CtBP represses adjacent transcriptional activators; but unlike Knirps, CtBP is unable to repress basal
promoter elements. We determined that the ability of CtBP to recapitulate only a subset of Knirps activities
is due to a quantitative, rather than qualitative, deficiency in repression activity. The CtBP-dependent portion
of Knirps synergizes with the CtBP-independent repression activity to potently repress promoter elements from
enhancer- or promoter-proximal positions. This result indicates that multiple repression activities are com-
bined to exceed critical thresholds on target genes. CtBP mutant proteins unable to bind NAD fail to interact
with DNA-bound factors. We show that DNA-binding Gal4-CtBP fusion proteins also require NAD binding for
activity, indicating that NAD plays a role in repression at a step subsequent to CtBP recruitment to the

promoter.

Transcriptional repression is an essential feature of gene
regulation widely utilized in development and other biological
processes. Repression is effected by a variety of transcription
factors and cofactors, which utilize different pathways to me-
diate their function. Repression mechanisms include direct
competition between repressors and activators, interactions of
the repressors with the basal transcriptional machinery, and
recruitment of different chromatin modification activities (7, 9,
22,25). When and how these distinct mechanisms of repression
are employed remains poorly understood.

A variety of transcriptional repressors have been demon-
strated to possess multiple repression activities. In a few cases,
the distinct repression activities appear to block specific types
of transcriptional activators. For example, the mammalian Zeb
protein represses the muscle-specific activator MEF2C via a
CtBP (C-terminal binding protein)-dependent domain and c-
Ets, c-Myb, and other activators via a CtBP-independent ac-
tivity (28). In other cases, such as that with the NRSF repres-
sor, different repression activities have been found to be
utilized at distinct promoters (19). Multiple repression activi-
ties might also be invoked to increase the overall level of
repression activity at a given promoter, much as activators have
been suggested to contact multiple promoter and cofactor tar-
gets to synergistically potentiate transcription.

A broad functional distinction between Drosophila melano-
gaster transcriptional repressors based on their range of repres-
sion activity has been made (9). Short-range repressors (e.g.,
Knirps, Giant, Snail, and Kriippel) are active when bound close
(=100 bp) to activators within enhancers, and in experimental
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settings, these proteins can directly repress basal promoter
elements over the same distances (2, 11, 15). The local activity
of the repressor proteins permits functional autonomy of dif-
ferent enhancers in complex promoters, with short-range re-
pressors acting on the element only to which they are directly
bound (34). Long-range repressors (e.g., Hairy, Engrailed) can
function over distances of greater than 1 kbp and are able to
repress several enhancer elements simultaneously (4). The dif-
ferent activities of each class of repressors probably reflect
distinct mechanisms employed; however, the molecular events
that differentiate one type of repression from the other are not
well understood. Similar differences in the ranges of repression
are likely to exist for repressors of other metazoans, although
this issue has not been thoroughly explored outside of Dro-
sophila.

A common property of short-range transcriptional repres-
sors is their interaction with the evolutionarily conserved core-
pressor CtBP. This transcription factor was originally identi-
fied in human cells through its interaction with the adenovirus
E1A oncoprotein (5, 32, 43). CtBP proteins are homologous to
NAD-dependent D-hydroxyacid dehydrogenases and possess
very similar overall structures to these enzymes, as revealed by
crystallographic studies (16, 21). CtBP proteins, like the ho-
mologous dehydrogenases, are homodimers, with each CtBP
subunit consisting of a nucleotide-binding domain (which binds
NAD/NADH) and a substrate-binding domain. This latter re-
gion interacts with peptides containing a PXDLS sequence
motif found in many CtBP interacting transcription factors (21,
42). Key residues required for catalytic activity in NAD-depen-
dent p-hydroxyacid dehydrogenases are absolutely conserved
in CtBP proteins. These include the residues involved in NAD/
NADH binding (GXGXXGX ;D) and the catalytic triad of
the active site (H, E, and R). Recent studies have shown that
CtBP has a weak dehydrogenase activity in vitro, although the



5954 SUTRIAS-GRAU AND ARNOSTI

physiological substrates of CtBP as well as the significance of
this enzymatic activity in transcriptional repression remain un-
known (3, 16).

CtBP is recruited to promoter elements through interactions
with repressors containing a PXDLS motif, where it mediates
repression through mechanisms not currently understood.
CtBP itself interacts with chromatin-modifying factors, includ-
ing histone deacetylases and histone methyltransferases (33,
39, 40). Thus, the major activity of CtBP might be to serve as
a bridging molecule, recruiting chromatin- or factor-modifying
enzymes to the promoter. Alternatively, or in addition, its
dehydrogenase activity might provide an additional mode of
transcriptional repression. Dehydrogenase activities have not
yet been linked to transcriptional repression, but a coactivator
complex of the Oct-1 transcription factor has been found to
utilize a dehydrogenase enzyme for the activation of the his-
tone H2B promoter (46). CtBP might also possess an alterna-
tive enzymatic activity similar to that of the NAD-dependent
Sir2 repressor protein, which requires NAD as a substrate to
mediate the deacetylation of histones (20).

CtBP protein is found not only in the nucleus but also in the
cytoplasm, where it is thought to participate in other cellular
processes. CtBP was identified in the Golgi structure as a
protein ribosylated after treatment with the fungal toxin brefel-
din A. CtBP is reported to possess an acylation activity in-
volved in Golgi fission, converting lysophosphatidic acid to
phosphatidic acid, increasing membrane curvature during
Golgi fission (36, 44). Subcellular localization of mammalian
CtBP can be influenced by the expression of CtBP-binding
partners as well as by sumoylation, a process regulated by the
Polycomb protein PC2 (14, 18, 29).

In addition to CtBP-dependent activity, Knirps and other
short-range repressors possess additional repressor activities.
Short-range repressors are capable of directly competing with
transcriptional activators having overlapping binding sites, and
they also possess CtBP-independent repression activities that
do not require direct competition. Recent work has established
that certain enhancers are not effectively repressed if CtBP-
dependent pathways are blocked, while the CtBP-independent
activity is by itself sufficient to repress other cis regulatory
elements (15, 17, 22, 38). It is not known whether the differ-
ence in CtBP sensitivity of certain enhancers reflects mecha-
nistic differences in transcriptional activation pathways or,
rather, quantitative differences in the levels of transcriptional
repression activity required. Consistent with a quantitative
model, the CtBP-dependent and CtBP-independent repression
activities of Knirps have been found to exhibit striking func-
tional similarities in cell culture assays, indicating that they
might utilize similar mechanisms of repression (31).

Here, we examine the functional properties of CtBP itself as
a short-range repressor as well as Knirps subdomains that are
CtBP dependent or CtBP independent, employing transcrip-
tion assays with transgenic embryos, where target genes em-
bedded in the native chromosomal milieu are acted upon by
endogenous activators. We find that the range of CtBP activity
is similar to that seen for short-range repressors, but CtBP is
unable to recapitulate the full spectrum of activities exhibited
by Knirps. A comparison of the CtBP-dependent and -inde-
pendent activities of Knirps reveals that CtBP makes a quan-
titative contribution to Knirps activity levels. An analysis of
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CtBP mutants suggests that NAD binding plays a key role in
CtBP-mediated repression, possibly independent of a dehydro-
genase activity.

MATERIALS AND METHODS

The following oligonucleotides were used in the preparation of the reporter
genes and Gal4 chimeric repressor genes: DA44 (5’ACGTGGATACGATTA-
AGTATGCATG3'), DA45 (5'GTACTGCACCTATGCTAATTCATAC3'),
DAG65 (5'TCCATGATAAACGCGTGCTAGACTATTGCAGGTACTGATCG
AATGCCTCTGCATG3'), DA66 (5'GTACAGGTACTATTTGCGCACGATC
TGATAACGTCCATGACTAGCTTACGGAGAC3'), DA217 (5'GCTGGCA
AGCCACGTTTGGTGG3'), DA228 (5'CGGGGTACCGCTGCCGCTGCAG
CGGCTTCTGCTGCCGATGCCGCT3'), DA243 (5'GGGTCGGTACCCTGC
CCCCACACCTCCTCTTCCCAGGCTAC3'), DA414 (5'GGGGAATCTAGA
CTAACTAATTACTACTTGTCATCGTCATCCTTGTAATCAGCGGCCGC
CGGCGCCTCCGTTGACTCGGCC3'), DA415 (5'GGGGAATCTAGACTA
ACTAATTACTACTTGTCATCGTCATCCTTGTAATCAGCGGCCGCCTT
TTCTTGATTTGATATCATT3'), DA418 (5'GGCCGCTGATTACAAGGAT
GACGATGACAAGGC3'), DA419 (5'GGCCGCCTTGTCATCGTCATCCTT
GTAATCAGC3'"), DA420 (5'ACGGAGTACTGTCCTCCGGAATTCCGGA
GGACTGTCCTCCGCATG 3"), DA421 (5'CGGAGGACAGTCCTCCGGAA
TTCCGGAGGACAGTACTCCGTCATG3'), DA428 (5'GGGTCGGTACCA
TGGACAAAAATCTGATGATGCCGAAGCGTTCGCGCATCGATGTC
3"), DA448 (5'CGCGTCGCTGAAGAAGGCGGCTTGCGGTGTGCAAAT
CAGATTTGGGGC3'), DA452 (5'GATTTGCACACCGCAAGCCGCCTT
CTTCAGCGACGCGTCCGCAACG3'), DA515 (5"ACTCGCATATGTTGAGC
ATATGTTTTGGGGGATTTTCCCAAATCGAGGGAAAACCCAAGCATG3'),
DAS516 (S'CTTGGGTTTTCCCTCGATTTGGGAAAATCCCCCAAAACA
TATGCTCAACATATGCGAGTCATG3'), DAS75 (5" GGGTCGGTACCG
GATCCCGCTACGGACGTCGC3'), DA576 (5'GGGTCGGTACCCACCA
CCATCATCAGCAGCAGCAGCAGCAGCAGGTGCCGCGTC3'), DA578
(5'GGGGAATCTAGACTAACTAATTACTACTTGTCATCGTCATCCTT
GTAATCAGCGGCCGCGGGCGACAAGCTCTGCATCTTG3'), DA579
(5'GGGGAATCTAGACTAACTAATTACTACTTGTCATCGTCATCCTT
GTAATCAGCGGCCGCTCCTTCTTGAGCGGAAACGG3'), DASS0 (5'G
GGGAATCTAGACTAACTAATTACTACTTGTCATCGTCATCCTTGTA
ATCAGCGGCCGCCACCTCCACTTCTTGATCCTC3'), DAS81 (5'GGGG
AATCTAGACTAACTAATTACTACTTGTCATCGTCATCCTTGTAATC
AGCGGCCGCGACACACACGAATATTCCCCTCA3'), DA623 (5'CTACCAA
TGCGGGCCAGTGCCACCAGACCCAAGGTGTCGCCGCGG3'), DA624 (5
CCTTGGGTCTGGTGGCACTGGCCCGCATTGGTAGCGCCGTGGCCC3'),
DA633 (5'GGGTCGGTACCCATAGGCCGACTAGTGGATC3'), DA634 (5’
GGGTCGGTACCAAGCTTGCATGACGGAGTAC3'), and T3 (5'ATTAAC
CCTCACTAAAG 3').

Construction of lacZ reporter genes. (i) CRTU(—55). The CRTU vector is
based on the gt-55 lacZ reporter gene, a CAPLZ-based transposition vector that
contains rhomboid and twist enhancer elements driving expression of a lacZ
reporter from the transposase basal promoter, as described previously (11). To
create CRTU(—55), gr-55 was digested with Sphl to remove the Giant binding
sites located at —55 bp from the transcription start site, and the annealed DA420
and DA421 oligonucleotides containing two upstream activation sequence
(UAS) binding sites (underlined areas in the DA420 sequence) were introduced.
To create CRT4U(—55) and CRT6U(—55), CRTU(—55) containing the Sphl
site 5’ of the UAS sites was digested with Sphl, and one or two additional copies
of the DA420-DA421 oligonucleotide were inserted.

(i) CtdU(—55). Oligonucleotides DA515 and DAS516, containing two Twist
(boldface type) and two Dorsal (underlined type) binding sites, were introduced
into the Sphl site of C4PLZ, retaining the 3" Sphl site. The vector created was
digested with Sphl, and the DA420-DA421 fragment containing two UAS sites
was introduced to generate CtdU(—55).

(iii) CRTtdU(—55). CRTU(—55) was digested with Sphl, cleaving 5’ of the
two UAS sites, and the DA515-DA516 oligonucleotide containing Twist and
Dorsal sites was introduced, generating CRTtdU(—55).

(iv) Ctd(spacer)U(—55) derivatives and CtdU(—130) and Ctd(spacer)U(—
130) derivatives. A 55-bp spacer (DA65-DA66 fragment) was introduced at the
Sphl site into CtdU(—55) between the Dorsal/Twist activator sites and the
2xUAS site. Clones with single, double, and triple insertions generated
Ctd(55)U(—55), Ctd(110)U(—55), and Ctd(165)U(—55), respectively. Oligonu-
cleotides DA633 and DA634 were used to amplify fragments containing the
Dorsal/Twist(spacer) 2xUAS sequences by PCR using CtdU(—55),
Ctd(55)U(—55), Ctd(110)U(—55), and Ctd(165)U(—55) as templates. The frag-
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ments obtained were digested with Kpnl and introduced into C4PLZ into its
Kpnl site, generating CtdU(—130), Ctd(55)U(—130), Ctd(110)U(—130), and
Ctd(165)U(—130).

Construction of the Gal4-dCtBP fusion proteins. The cDNA of the longer
479-amino-acid isoform of Drosophila CtBP (dCtBP) (dCtBP;) was obtained
from Y. Nibu and sequenced to verify the sequence of the 3’ region, which has
not been previously reported. This cDNA is derived from an mRNA that differs
from that of the shorter 383-amino-acid isoform of dCtBP (dCtBPg) by an
alternative splicing event, which involves a splice donor site within codon 373
(glycine) being joined to a coding sequence represented by two exons 3’ of the
annotated CtBP gene (first exon, beginning with leucine codon, CG 8850538-
8850770; second exon, CG 8851129-8851210). CtBP, coding sequence was PCR
amplified from pGEX-5X-3-dCtBP;_ (a gift from Y. Nibu) by using the oligonu-
cleotides DA217 and DA414 as primers. The reverse primer DA414 introduces
a Notl site after the last codon of dCtBP; followed by a FLAG epitope tag with
the sequence DYKDDDDK, four stop codons in three different reading frames,
and an Xbal restriction site. The fragment generated by PCR was cloned be-
tween the Kpnl and Xbal sites of pBS(SK+)-NotI™, a pBluescript (SK+) de-
rivative where the NotI site had been previously removed by mung bean nuclease
treatment. A second FLAG epitope tag coding a sequence comprised of DA418
and DA419 was inserted in the Notl site. The double FLAG-tagged dCtBPy
(dCtBP, -FF) was then excised from pBS(SK+)NotI™ with KpnI and Xbal and
inserted into pKreg by using the same restriction sites (described in reference
23), which contain the cDNA coding for residues 1 to 93 of Gal4. DA428 and
DAA415 primers were used to obtain the dCtBPg cDNA from pGEX-5X-3-
dCtBPg (from Y. Nibu) by PCR, and the double FLAG-tagged gene was con-
structed in a fashion similar to that for dCtBP; .

dCtBP;, mutants. Single- or double-point mutations were introduced into
dCtBP; -FF to generate the dCtBP; -FF-H315Q and dCtBP; -FF-G181A, G183A
mutants. The mutations were generated by QuikChange site-directed mutagen-
esis (Stratagene) with the primers DA448 and DA452 for the H315Q mutant
and the primers DA623 and DA624 for the G181A, G183A mutant, with
pBS(SK+)NotI—dCtBP; -FF used as a template. The DNA fragments encoding
the CtBP mutants were excised by Kpnl/Xbal digestion and introduced into
pKreg Kpnl/Xbal sites.

Construction of Gal4-Knirps fusion proteins. cDNAs encoding Knirps resi-
dues 75 to 429, 75 to 330, 139 to 330, and 202 to 358 were obtained by PCR using
pTwiggy-Kni75-429 (15) as a template. The pair of oligonucleotides used in each
case is as follows: DAS75-DAS581 (Kni75-429), DA575-DA579 (Kni75-330),
DA576-DA579 (Knil39-330), and DA228-DAS580 (Kni202-358). All reverse
primers introduce a Notl site after the Knirps coding sequence, followed by
a FLAG tag sequence, four stop codons, and a Xbal site, similarly to the
primers used to amplify dCtBP;. The different cDNAs were introduced into
pBS(SK+)NotI™ in order to introduce a second FLAG sequence, as described
above with regard to dCtBP;, and were then cloned into pKreg as Kpnl/Xbal
fragments. A Knirps cDNA with mutations in the dCtBP-binding motif (PMDL
to AAAA) was obtained from pTwiggy-Kni75-429mut (15) by PCR using DA575
and DAS5S81. The fragment was inserted into pBS(SK+)NotI™ and digested with
Notl, which released a fragment encompassing residues 330 to 429. After ligation of
a FLAG sequence with NotI cohesive ends, the released fragment was reinserted 5’
of the FLAG epitope sequence to regenerate Kni75-429APMDL-FF. A Kpnl/Xbal
fragment was released from pBS(SK+)NotI -Kni75-429APMDL-FF and ligated
into pKreg. The cDNA encoding Knirps 189-330 was obtained by PCR from pBS-
(SK+)NotI~-Kni139-330-FF with primers DA243 and T3. The fragment of DNA
was digested with Kpnl/Xbal and cloned into pKreg in the same restriction sites.

P-element transformation, RNA in situ hybridization of embryos, and anti-
body staining. All the P-element transformation vectors containing the reporter
genes and the chimeric proteins were introduced into the Drosophila germ line
by injection of yw®” embryos as described previously (35). For each gene con-
struct, at least three separate lines were tested, and similar results were obtained.
RNA in situ hybridization experiments were performed as described previously
(35) by using digoxigenin-UTP-labeled antisense RNA probes to lacZ. Embryos
were fixed for antibody staining as described previously (35), and FLAG-tagged
proteins were detected with antibody staining with M2 anti-FLAG-tag antibody
(Sigma) by using an Elite PK-62000 Universal Vectastain ABC kit (Vector
Laboratories, Inc.).

RESULTS

CtBP, and CtBPg demonstrate similar repression activities.
In Drosophila, there are at least three alternatively spliced
transcripts of CtBP, predicted to produce proteins of 383, 386,
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and 479 amino acids in length, the longest form being a prod-
uct of alternative splicing to two 3’ exons (23, 24, 27). Consis-
tent with the presence of these transcripts, proteins of approx-
imately 42 and 50 kDa are detected in embryo extracts by using
a-CtBP polyclonal antibodies (P. Struffi, unpublished data).
All forms of the protein share the highly conserved “dehydro-
genase domain” also found in vertebrate CtBP proteins. The
longer version of CtBP contains a nonconserved C-terminal
extension of unknown function, which might be of regulatory
importance. We have designated the 479-amino-acid isoform
CtBP, and the 383-amino-acid isoform CtBPg (Fig. 1A).

The CtBP corepressor is itself capable of mediating repres-
sion in cell culture assays and in the Drosophila embryo when
tethered to the DNA via heterologous DNA-binding domains
(6, 15, 16, 23, 24, 26, 42). To study the context dependence of
CtBP repression, we created a series of P-element-based re-
porter gene targets that allowed us to test the repressor prop-
erties of CtBP in the native chromatin environment. Previous
reports suggested that CtBPg might possess weaker repression
activity than CtBP,, but these assays were conducted with
different reporters, making a direct comparison difficult (23,
24). To directly compare the relative effectiveness of the
CtBP, and CtBPg proteins, the Gal4 DNA-binding domain
was fused to double FLAG epitope-tagged CtBP; and CtBPg,
and proteins were expressed in a central domain of blastoderm
embryos by using a Kriippel promoter element (Fig. 1B). The
Gal4-CtBP proteins were assayed on lacZ reporter transgenes
containing Gal4-binding UAS sites, allowing direct recruit-
ment of Gal4-CtBP to the promoter. CtBP, and CtBPg were
found to be equally effective at repressing a rhomboid enhancer
containing internal Gal4 binding sites (Fig. 1C to E). The
proteins did not inhibit an adjacent even-skipped stripe 3 ele-
ment, indicating that they both exhibited short-range repres-
sion activity. As shown in Fig. 7, these proteins were expressed
at similar levels and exhibited similar activity on other reporter
transgenes, indicating that the presence or absence of the C-
terminal extension does not affect repression activity in this
assay.

CtBP is unable to mediate short-range repression from a
promoter-proximal position. Knirps and other short-range re-
pressors are found to potently repress transcription when
bound proximally to basal promoter elements, interfering with
multiple enhancers that are located far beyond the previously
identified range of short-range repression (~100 bp). Under
these circumstances, when the repressor sites are moved ap-
proximately 100 bp farther away from the transcription start
site, repression is strongly attenuated or lost, suggesting that
short-range repressors might be targeting the basal transcrip-
tional machinery (2, 11, 15).

Endogenous Knirps protein bound to its cognate sites lo-
cated at —55 bp mediated robust repression of a lacZ reporter
gene, CRTK(—55), that was activated by the rhomboid and
twist enhancer elements (Fig. 2A) (15). However, the Gal4-
CtBP, protein (Fig. 2B) and the Gal4-CtBPg protein (data not
shown) were virtually inactive when similarly positioned adja-
cent to the basal promoter in the CRTU(—55) reporter gene.
Weak repression was detected in only a very small number of
embryos (~3%) (Fig. 2C). This result indicates that CtBP
alone is incapable of recapitulating the full spectrum of Knirps
activity. Many transcriptional activators show strong synergistic
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dCtEP; MDEKNLMMPERSRIDVKGNFANGPLQARPLVALLDGRDCSIEMPILKDVATVAFCDAQSTSEIHEKVLNEAVGALMWHTIILTKEDLEKFKALRIIVRIGS 100
dCtBP; MDKNLMMPKRSRIDVKGNFANGPLOARPLVALLDGRDCSIEMPILKDVATVAFCDAQSTSEIHEKVLNEAVGALMWHTIILTKEDLEKFKALRIIVRIGS 100
dCtEPs;: MDENLMMPKRSRIDVKGNFANGPLOARPLVALLDGRDCSIEMPILKDVATVAFCDAQSTSEIHEKVLNEAVGALMWHTIILTKEDLEKFKALRIIVRIGS 100
hCtEP1 MGSSHLLNKGLPLGVRPPIMNGPLHPRPLVALLDGRDCTVEMPILKDVATVAFCDAQSTQEIHEKVLNEAVGALMYHTITLTREDLEKFKALRIIVRIGS 100
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dCtBP, GTDNIDVKAAGELGIAVCNVPGYGVEEVADTTMCLILNLY RRTYWLANMVREGKKFTGPEQVREAAHGCARIRGDTLGLVG 2 200

dCtBP. GTDNIDVEAAGELGIAVCHNVPGYGVEEVADTTMCLILNLY RRTYWLANMVREGKKFTGPEQVREAAHGCARIRGDTLGL 200

dCtBP;. GIDNIDVEAAGELGIAVCHVPGYGVEEVADTTMCLILNLYRRTYWLANMVREGKKFTGPEQVREAARHGCARIRGDTLGL 200

hCtBP1 GFDNIDIKSAGDLGIAVCNVPAASVEETADSTLCHILNLYRRATWLHOALREGTRVQOSVEQIREVASGAARIRGETLGII 200

HmGDH  GFDHIDLDACKARGIKVGNAPHGVTVATAEIAMLLLLGSARRAGEGEKMIRT-RSWPGWEPLELVGE---KLDNKTLGIYGFE 174

210 220 230 240 250 260 270 2B0 290 300
dCtBP, I PYLPDGIDKSLGLTRVY-TLODLLFQSDCVSLHCTLNEHNHHLINEFTIKQMRPGAFLVNT. LVDDETLALALKQGRIRAAALDVHENEPYNV 299
dCtBP; I PYLPDGIDKSLGLTRVY-TLODLLFQSDCVSLHCTLNEHNHHLINEFTIKOMRPGAFLVNT. LVDDETLALALKQGRIRAARALDVHENEPYN- 298
dCtBPs. I PYLPDGIDKSLGLTRVY-TLODLLFQSDCVSLHCTLNEHNHHLINEFTIKOMRPGAFLVNT. LVDDE TLALALKOGRIRAAALDVHENEPYNV 299
hCtEP1 PYLSDGVERALGLORVS-TLODLLFHSDCVTLHCGLNEHNHHL INDFTVKOMROGAFLVNT. LVDEKALAQALKEGRIRGAALDVHESEPFSF 299
HmGDH DYFDTHRASSSDEASYQATFHDSLDSLLSVSQFFSLNAPSTPETRYFFNKATIKSLPQGAIVVNT. DLVDNELVVAALEAGRLAYAGFDVFAGEP-NI 273

310 Y 320 330 340 350 360 370 3B0 390 400
dCtBP, FQGALKDAPNLI FSDASATELREMAATEIRRAIVGNIPDVLRNCVNKEYFMRTPPAARAGGVAAAVY PEGLNGGYYTGALHHRAHSTTPHDGP 399
dCtBPs --GALKDAPNLI FSDASATELREMAATE IRRAIVGNIPDVLRNCVNKEYFMRTPPAARAGGVAAAVY PEGKLOMISNQEK 383
dCtEPs: FQGALKDAPNLI FSDASATELREMAATEIRRAIVGNIPDVLRNCVNKEYFMRTPPAAAAGGVAASVYPEGKLOMISNQEK 386
hCtEP1 SQGPLEDAPNLI SEQASIEMREEAARE IRRAITGRIPD SLKNCVNKDHL - -TAATHWASMDPAVVHPELNGAAYRYPP---GVVGVAPTGIP 394
HmGDH NEG-YYDLPNTF IGSAATQAREDMAHQA-NDLIDALFGGADMSYALA 322

410 420 430 440 450 460 470 480
dCtBP, HSTTNLGSTVGGGPTTVAQAAAAAVARAARAAALLPSPVPSHLSPOVGGLPLGIPLSAPDPNNHLSSS IKTEVKAESTEAP 479
hCtEP1 AAVEGIVPSAMSLSHGLPPVAHPPHAPSPGOTVKPEADRDHASDOL 440

2xUAS  2xUAS 2xUAS  2xUAS
X LacZ = LacZ

Krenhancer Gal4-CtBP-Flag, Stripe 3  rhomboid Stripe 3 rhomboid

el

Gal4-CtBP, Gal4-CtBPg

FIG. 1. CtBP protein sequences and functional assays in the Drosophila embryo. (A) Sequence alignment of CtBP proteins from D. melano-
gaster (the three dCtBP splice forms are designated L, S, and S’), hCtBP1, and the apoenzyme form of D-glycerate dehydrogenase from
Hyphomicrobium methylovorum (HmGDH). Conserved residues in CtBP proteins, as well as those residues conserved in D-glycerate dehydroge-
nase, are indicated in yellow. Residues involved in NAD binding and the catalytic triad are displayed in green and red, respectively. Arrowheads
indicate residues that were altered in the mutant forms of Gal4-CtBP, tested and shown in Fig. 7. (B) In vivo repression assay. Flies expressing
Gal4-CtBP; or Gal4-CtBPg under the control of the Kriippel enhancer were crossed with flies containing the integrated eve stripe 3/rhomboid lacZ
reporter transgene. Reporter gene expression was visualized in embryos by in situ hybridization with a lacZ antisense RNA probe. (C) Expression
pattern of the unrepressed eve stripe 3/rhomboid lacZ reporter gene. (D and E) CtBP, (D) and CtBPg (E) exhibit similar levels of repression
activity of the rhomboid enhancer (indicated by brackets). eve stripe 3 expression is unaffected, consistent with short-range repression. In this and
subsequent figures, lateral or ventrolateral views of embryos are shown, anterior to left.
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FIG. 2. CtBP, unlike Knirps, fails to effectively repress from a promoter-proximal context. Knirps effectively represses transcription from a basal
promoter when located —55 bp from the transcription start site (A). In the same context, Gal4-CtBP; shows no activity (B). Rarely, some embryos
exhibited weak repression (C). Increasing the number of Gal4 binding sites in the promoter to 4xUAS or 6xUAS does not significantly enhance
repression (D and E). Brackets indicate the positions where endogenous Knirps (A) and Gal4-CtBP (B to D) are expressed in the embryos.

effects as the number of binding sites is increased. Repressors
also can exhibit such effects. Repression by the Giant protein
activity is enhanced by increasing the number of binding sites
adjacent to a promoter (11). Therefore, we attempted to in-
crease the quantity of Gal4-CtBP, protein bound to the pro-
moter by increasing the number of Gal4 binding sites from 2 to
4 [CRT4U(—55)] or 6 [CRT6U(—55)]. However, Gal4-CtBP

repression activity was not markedly improved with these ele-
ments (Fig. 2D and E).

CtBP represses when situated proximally to transcriptional
activators. From the experiments shown above, we knew that
Gal4-CtBP proteins were expressed and active in inhibiting the
rhomboid regulatory element (Fig. 1D and E). However, the
reporter genes tested (shown in Fig. 2) were not sensitive to
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FIG. 3. CtBP repression is dependent on the presence of adjacent activators. (A) Expression pattern of the CtdU(—55) reporter containing two
Twist and two Dorsal binding sites immediately 5" of the UAS sites situated at —55 bp. (B) Gal4-CtBP, effectively represses transcription from
the CtdU(—55) reporter, creating an unstained central gap (bracket). (C) Gal4-CtBP, does not repress transcription of the CRTU(—55) transgene
in embryos at stages 6 and later in development. In the embryo shown (stage 8), staining posterior to the bracket is similar to that within the central
domain, where Gal4-CtBP is expressed. (D) In embryos of similar age containing a reporter with proximal Twist and Dorsal sites in addition to
the distal activator sites [CRTtdU(—55)], Gal4-CtBP,_ strongly represses Twist and Dorsal activities (bracket), leaving residual expression in the

central region of the embryo, similar to that shown in panel C.

repression, although they too are activated by Dorsal and Twist
proteins. One potential difference between the two types of
reporter transgenes is the distance of the Gal4 binding sites to
the activators. In the case where we observe repression (Fig. 1),
the most proximal Dorsal sites in the rhomboid enhancer are
within 50 bp of the Gal4 binding sites, while the closest Dorsal
site is >100 bp from the repressor sites shown in Fig. 2. We
therefore created CtdU(—55), a lacZ reporter containing dual
Twist/Dorsal binding sites immediately 5’ of the Gal4 binding
sites. This transgene is driven in a robust ventral pattern (Fig.

3A), and in this situation, strong inhibition is seen by Gal4-
CtBP, (Fig. 3B). Gal4-CtBPg was also active, as shown in Fig.
7. We conclude, therefore, that the position of the Gal4 bind-
ing sites near the basal promoter is permissive for Gal4-CtBP-
mediated repression, as long as activators are located proxi-
mally to them. As demonstrated below, this repression is not
due merely to steric hindrance or direct competition, for re-
pression is maintained when repressor sites are moved 55 bp
away, and inactive proteins fused to Gal4 do not repress.
Because CtBP repression is enhanced by its immediate prox-
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imity to activators, we tested whether we could reverse the lack
of CtBP activity observed in the CRTU(—55) reporter (Fig.
2B) by introducing additional proximal activator binding sites
in this reporter. In the new reporter created, termed
CRTtdU(—55), we introduced the Twist/Dorsal activator bind-
ing sites in the same position as in CtdU(—55) and compared
the effect of CtBP-mediated repression on both of these re-
porter genes. Older germband-extended embryos containing
the CRTU(—55) reporter, with only distal activator sites, ex-
hibited weak lacZ expression that was not repressed by Gal4-
CtBP, (Fig. 3C). The composite reporter CRTtdU (—55),
which has activator binding sites arranged in both proximal and
distal positions, showed no repression by both Gal4-CtBP, and
Gal4-CtBPg in early blastoderm embryos (data not shown), but
in older germband-extended embryos, attenuation of lacZ ex-
pression in central regions was evident in the presence of
Gal4-CtBP,_(Fig. 3D) and Gal4-CtBPg (data not shown). This
result suggests that the proximal activator sites may be selec-
tively repressed, leaving a level of signal typical of the more
distal enhancer elements (Fig. 3D). This pattern of expression
indicates that the two isoforms of the CtBP protein are capable
of acting on local clusters of activators without directly repress-
ing the basal promoter, as further experiments substantiate
(see Materials and Methods).

Repression by Gal4-CtBP is dependent on proximity to ac-
tivators, not to the basal promoter. The activity of Gal4-CtBP
shown on target genes containing adjacent activator sites sug-
gests that this protein might be “quenching” the activators, that
is, inhibiting their activity or their binding to DNA. To pre-
cisely determine the range of action of CtBP on neighboring
activators, and to test whether the repression seen in the ex-
periments shown in Fig. 3 depends on the proximity to activa-
tors or the basal promoter in a similar manner to short-range
repressors, we used a series of reporter genes with variable
spacing between activators and CtBP and between CtBP and
the basal promoter. In the first series, the distance between
CtBP and the promoter is maintained at —55 bp, while Twist/
Dorsal binding sites are moved 55, 110, or 165 bp from the
repressor by introducing 1, 2, or 3 copies of a 55-mer oligonu-
cleotide between the activator binding sites and the UAS (Fig.
4A to H). This spacer DNA was used previously to study
distance requirements for Giant and Knirps in a different pro-
moter configuration (11, 15). In the second group, we tested
activator distance dependence in a setting where CtBP is lo-
cated at a more distal position, i.e., —130 bp from the tran-
scription start site (Fig. 41 to P). This represents a distance
where Knirps and Giant short-range repressors were found to
be unable to effectively repress a basal promoter element (2,
11, 15). In these genes, Twist/Dorsal binding sites are located
adjacent to or 55, 110, and 165 bp upstream of CtBP using the
same 55-mer oligonucleotide.

In a promoter-proximal position (—55 bp), Gal4-CtBP; me-
diates effective repression when activators are immediately
adjacent or within 55 bp (Fig. 4E and F). The insertion of
additional spacers, moving Twist/Dorsal activators 110 and 165
bp from the Gal4-CtBP binding sites, led to an unexpected
striping in the expression pattern of the reporter gene (Fig. 4C
and D), possibly due to the binding of pair-rule repressors to
the inserted spacer sequences. However, individual portions of
the expression pattern (Fig. 4) lie clearly in the central domain
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of the embryo where the Gal4-CtBP repressor is being ex-
pressed, allowing us to assay for repression in these regions.
With these reporter genes, CtBP repression activity was
strongly attenuated or absent, generally showing the same pat-
tern as that of the reporter gene by itself (Fig. 4G and H).

With CtBP situated at a more distal position (—130 bp),
where direct promoter-proximal effects are expected to be
minimized, clear repression was again evident when activators
were located within 55 bp (Fig. 4; compare panels I and J with
M and N). No repression activity was detected when activators
were moved 110 or 165 bp from the CtBP sites. Again, a strong
striping in the reporter gene necessitated careful examination
and comparison of the central stripes of expression (Fig. 4K, L,
O, and P). Overall, similar patterns of repression are observed
when Gal4-CtBP,_is situated at both —55 and —130 bp from
the transcription start site, suggesting that proximity to the
activators, but not to the basal promoter, specifies CtBP; ac-
tivity. These observations indicate that when CtBP is assayed
out of its normal context (not as a component of a complex
with DNA-bound transcriptional repressors that recruit it to
the promoter), CtBP repression activity is dependent on the
immediate proximity of activators.

Both CtBP-dependent and CtBP-independent repression
activities contribute to Knirps promoter repression activity.
Knirps effectively represses transcription within enhancer ele-
ments and when situated adjacent to a basal promoter (Fig.
2A). Because the Knirps protein contains both CtBP-depen-
dent and CtBP-independent repression activities, and CtBP
itself fails to repress in the same context where Knirps is active
(Fig. 2B), we postulated that Knirps might utilize its CtBP-
independent activity to repress in a basal promoter context. To
test this hypothesis, we assayed the CtBP-dependent and -in-
dependent domains of Knirps on the same reporters that were
used to test Gal4-CtBP. Transgenic flies expressing Gal4-
Knirps proteins representing either the CtBP-independent ac-
tivity (Kni75-429APMDL, Kni75-330, and Knil39-330), the
CtBP-dependent activity (Kni202-358), or the full-length re-
pression domain (Kni75-429) were analyzed. A negative con-
trol included a portion of Knirps previously shown to be inac-
tive (Knil189-330).

The Gal4-Kni75-429 protein, containing the full-length re-
pression domain, was able to repress the transcription of re-
porter genes containing adjacent activator binding sites as well
as distal enhancer elements from a promoter-proximal posi-
tion, [reporters CtdU(—55) and CRTU(-55), respectively],
similar to the activity of the endogenous Knirps protein (Fig.
5F and K). In contrast, neither the CtBP-dependent nor the
CtBP-independent domains by themselves were effective in
blocking the activity of the rhomboid and twist enhancer ele-
ments in the CRTU(—55) reporter (Fig. SL to N) although
these repressors were active on the CtdU(—55) reporter with
adjacent activator sites (Fig. 5G to I). Consistent with its en-
compassing the same CtBP-independent repression region of
Knirps, Kni75-330 activity was similar to that of the minimal
CtBP-independent domain Knil39-330 in all the reporters
tested (data not shown).

Repression of the rhomboid and twist enhancer elements by
the Knirps subdomains in the context of the CRTU(—55)
reporter was more effective when the number of Gal4 binding
sites was increased from 2 to 4 or 6 (CRT4U and CRT6U re-
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FIG. 4. Proximity to activators, but not to the basal promoter, is critical for CtBP repression activity. CtBP dependence on activators was tested
on reporters containing two Twist and two Dorsal binding sites, where spacer DNAs (55, 110, and 165 bp) were introduced to move activator
binding sites further 5" of the two UAS sites. The activity of CtBP on this set of reporters was analyzed in both promoter-proximal (short-range)
and promoter-distal (out of short-range) positions. (A to D and I to L) The embryos shown represent the expression pattern of the unrepressed
reporter genes. (E, F, M, and N) CtBP-mediated repression is evident when activators sites are within 55 bp. (G, H, O, and P) Repression is absent
when activators are 110 bp (G and O) or 165 bp (H and P) away from CtBP. Brackets indicate the region of the embryo where CtBP is expressed.
Arrowheads show the central stripes of lacZ expression, which are not repressed by CtBP.

porter genes), suggesting a quantitative rather than qualitative
deficiency (Fig. 5P to W). Repression by the subdomains, though,
was still inferior to that of the full-length repression domain,
judging by the frequency and extent of observed repression. In-
terestingly, the activity of the full-length repression domain which
had been mutated to eliminate the CtBP binding motif, while
weaker than the wild-type domain, was more effective than the
minimal CtBP-independent repression domains, perhaps because
this protein still retains some affinity for CtBP.

The portion of Knirps used as a negative control, Knil89-
330, was previously shown to be inactive when assayed on a
reporter containing even-skipped stripe enhancers (15) and, as
expected, was inactive on CRTU. However, we observed oc-

casional weak repression of the CtdU(—55) reporter (Fig. 5J),
indicating that the protein may retain some residual activ-
ity, although at a very low level compared to those of the
other Knirps constructs. This result also suggests that the
CtdU(—55) reporter is particularly poised for repression. In
other cases, proteins that were able to mediate some repres-
sion from multiple sites of the CRTU reporter were very active
on the CtdU(—55) reporter; therefore, because of the poor
activity on this reporter, we did not test the Kni189-330 con-
struct on further CRTU reporter genes.

Differences in repression activity might reflect intrinsic ac-
tivities of the proteins, or the differences might be a function of
expression levels; therefore, we analyzed the expression levels
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FIG. 5. Combined CtBP-dependent and CtBP-independent activities of Knirps mediate enhanced repression. (Top) Diagrams of the Gal4-Knirps
repression domains analyzed are shown; the different regions that contain CtBP-independent (orange) and CtBP-dependent (yellow) repression activities
or both (blue) are highlighted. Gal4-Kni189-330 (light orange) contains a portion of the CtBP-independent domain used as a negative control. The red
box indicates the position of Knirps CtBP-binding motif (PMDL motif), which is mutated in Kni75-429APMDL (PMDL—AAAA) and is shown as a
white box. All constructs contain a double FLAG epitope tag at their C terminus. (A to E) Embryos expressing each of the Gal4-Knirps proteins indicated
on their right were assayed for levels of protein by immunostaining with M2 anti-FLAG antibody. (F to W) Repression activities of Gal4-Knirps repressor
genes containing proximal or distal activator sites. The full-length repression domain of Knirps as well as the individual repression domains were effective
at mediating repression of the CtdU(—55) lacZ reporter containing proximal Twist and Dorsal activator sites (F to I). The full-length Knirps repression
domain was effective, but the individual CtBP-dependent and CtBP-independent domains were ineffective, at repressing the CRTU(—55) reporter
containing two UAS binding sites and distal Twist and Dorsal activator sites (K to N). Increasing the number of repressor binding sites from 2 to 4 or
6 within the CRTU lacZ reporter enhances repression by the weak CtBP-dependent and -independent domains (P to W). A portion of Knirps used as
a negative control exhibited occasional weak activity on the CtdU(—55) reporter but not on CRTU(—55) (J and O). Activators are represented as green
ovals and boxes, and repressors are represented as red ovals.

of the Gal4-Knirps chimeras in the embryos (Fig. 5A to E). sion; in fact, these proteins were expressed at considerably
The staining intensities of the proteins indicated that the lower levels than the individual subdomains (Fig. 5, compare A
greater potency of the Knirps full-length repression domain and B with C to E). A similar inverse relation between activity
(75-429) was not a function of higher levels of protein expres- and expression levels was noted in a cell culture system ex-



5962 SUTRIAS-GRAU AND ARNOSTI

CtdU(-130)

Kni
139-330
B

Kni
202-358

Ctd(55)U(-130)

MoL. CELL. BIOL.

Ctd(110)U(-130) Ctd(165)U(-130)

M_mz\-_r_amzu_rmz-_r'

130

110 165

FIG. 6. Knirps CtBP-dependent and CtBP-independent repression domains exhibit similar ranges of action. Gal4-Knirps proteins bound to
UAS sites located at —130 bp were assayed for their ability to repress a lacZ reporter containing Dorsal and Twist activators at variable distances
5" of the repressors. (A, D, G, and J) Reporter gene expression in unrepressed embryos. (B, E, H, and K) Repression activity of the Knirps minimal
CtBP-independent domain 139-330. (C, F, I, and L) Repression activity of the Knirps minimal CtBP-dependent domain 202-358. Similar to the
case with Gal4-CtBP, strong repression was noted only with activators located adjacent to or 55 bp from repressors but not at 110 or 165 bp, as
expected for short-range activity. Brackets indicate the region of expression of the Gal4-Knirps proteins; arrowheads indicate the stripes of
expression observed in the central regions for repression of 110- and 165-bp spacing constructs.

pressing Tet-Knirps fusion proteins (31). mRNA levels from
the different Gal4-Knirps genes were found to be similar by in
situ hybridization analysis (data not shown), indicating lower
translation levels or more rapid protein turnover of the Gal4-
Kni75-429 and Gal4-Kni75-429APMDL proteins.

In conclusion, neither individual repression domain showed
preferential activity in a promoter-proximal position; rather,
both domains demonstrated a restricted activity similar to that
seen with Gal4-CtBP. These data contradict our original hy-
pothesis that the CtBP-independent activity might explain the
effectiveness of Knirps in a promoter-proximal position and
suggest instead that the combination of the two activities pro-
vides a quantitatively superior level of repression required for
effective regulation of some cis elements. This conclusion is
supported by the ability of the CtBP-independent activity of
Knirps to repress enhancers normally requiring CtBP when
expressed at higher-than-normal levels (37).

Short-range repression mediated by the distinct Knirps
subdomains. Previous studies have indicated that short-range
repressors work over distances reaching approximately 100 bp
to repress enhancers and basal promoters. The relevant dis-
tances have often been unclear, however, because assays have
relied on elements with widely spaced activators and, in some
cases, multiple repressor binding sites, making it difficult to
determine which distances were relevant. To determine repres-
sion effectiveness on templates with more clearly defined acti-
vator-repressor positions, we tested the Knirps 139-330 and
Knirps 202-358 subdomains on the lacZ reporters (shown in
Fig. 41 to L) where repressor binding sites are situated at —130

bp and activators are located immediately 5’ or 55, 110, or 165
bp from the repressor binding sites (Fig. 6). Both CtBP-depen-
dent and CtBP-independent portions of Knirps exhibited the
same distance dependence seen with Gal4-CtBP. Repression
was clearly observed with activators immediately adjacent to or
within 55 bp of the repressors (Fig. 6A to F), and no repression
was observed with more distally located activators (Fig. 6G to
L). Recent studies have indicated that CtBP-dependent and
-independent repression domains of Knirps exhibit similar
properties on transiently transfected target genes in cell cul-
ture assays, possibly indicating a common mechanism of re-
pression (31). The similar repressor activities of these domains
on chromatinized reporter genes in transgenic embryos, both
with respect to promoter context (Fig. 5) and activator prox-
imity (Fig. 6), provide a further indication that the CtBP-
dependent and -independent domains may act through similar
repression pathways.

Mutation in the NAD binding domain of CtBP, but not in
the catalytic site, abolishes transcriptional repression activity.
Previous work suggested that NAD binding to CtBP promotes
multimerization of the protein in vitro (3) and permits inter-
action with the PXDLS-containing protein E1A, perhaps by
facilitating a conformational change in the protein (16, 45).
Mutations that interfere with NAD/NADH binding prevent
CtBP from repressing a reporter gene activated by Gal4-E1A
in cell culture, presumably because CtBP is not recruited to
the promoter (16). A single glycine-to-glutamate point mu-
tation of G183, the central glycine of the NAD binding motif
(GxGxxG), interferes with NAD interaction, but it does not
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FIG. 7. NAD binding is critical for repression by Gal4-CtBP, while the conserved histidine of the dehydrogenase active site is dispensable. The
repression activities of Gal4-CtBP,, Gal4-CtBPg, Gal4-CtBP,-GA (G181A and G183A), and Gal4-CtBP,-HQ (H315Q), were assayed on the
CtdU(—55) lacZ reporter. (A) The wild-type CtBP protein mediates robust repression activity in central regions of the embryo. (C) The mutation
affecting NAD binding (G181 and G183) abolishes repression activity. (E) The mutation of the conserved histidine of CtBP does not affect
repression. (G) Gal4-CtBPg effectively represses transcription of this reporter gene. (B, D, F, and H) Protein expression levels in central regions
of the embryo were assayed by immunostaining with the M2 anti-FLAG antibody. At least four different lines of each CtBP mutant were analyzed

for repression activity, and similar results were obtained in all cases.

prevent CtBP interaction with the C-terminal region of E1A in
glutathione S-transferase pull-down assays (21). In addition,
when the same G183 is mutated to alanine, the mutant Gal4-
CtBP protein can still repress transcription of a reporter acti-
vated by the simian virus 40 enhancer, as assayed in transient
transfection assays performed in CtBP-knockout cells (10).
Thus, at least in this context, NAD binding by CtBP appears to
be dispensable for repression, but those previous studies did
not address the question of whether NAD binding might be
important for CtBP function on genes in their native chroma-
tin environment. Therefore, we tested the repressor activity of
a mutant form of Gal4-CtBP, containing alanine substitutions
in two key glycine residues (G181A and G183A) (Fig. 1A),
previously shown to be critical for NAD binding (21). This
mutant form of CtBP was transcriptionally inactive compared
to the wild-type protein (Fig. 7A and C). Its level of expression
was comparable to that of the wild-type protein, indicating that

a loss of activity in the NAD binding-defective mutant was not
due to protein instability (Fig. 7 B and D).

A mutation that substitutes the catalytic histidine in D-lac-
tate dehydrogenase destroys its enzymatic activity (41), and
mutation of the conserved histidine in CtBP similarly abolishes
its weak in vitro dehydrogenase activity (3). However, transient
transfection assays in cell culture had not revealed any effect
on CtBP repression when this residue was mutated, suggesting
that CtBP may not require a dehydrogenase activity to mediate
transcriptional repression (26, 42). We tested a mutant form of
Gal4-CtBP; with a point mutation in the catalytic histidine
(H315Q) (Fig. 1A). Consistent with the previous observations,
this mutant protein was fully functional for repression (Fig.
7E) and was expressed at levels similar to those of the wild-
type protein (Fig. 7 B and F). As in previous assays that tested
mutant forms of CtBP in the presence of wild-type endogenous
protein, we cannot rule out heterodimerization between mu-
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tant and wild-type forms of the protein, but such putative
heterodimerization is clearly not able to rescue the activity of
the NAD-binding mutant protein. As previously noted for the
stripe3/rhomboid reporter, both CtBP, and CtBPg isoforms
exhibited similar levels of repression activity in the CtdU(—55)
reporter and were expressed at comparable levels (Fig. 7A, B,
G, and H).

DISCUSSION

Quantitative role of CtBP in the multiple Knirps repression
activities. Knirps and other short-range repressors appear to
be capable of mediating repression in at least three ways. One
route of repression may consist of direct competition between
repressors and activators with overlapping binding sites, as has
been demonstrated for Knirps and Kriippel (13, 22). Although
these experiments involved synthetic reporter genes, not com-
plete endogenous regulatory regions, the close apposition of
repressor and activator sites in native enhancers such as the
even-skipped stripe 2 module indicates that competition might
also be a factor in the regulation of endogenous elements. A
clearly established second mode is the recruitment of the CtBP
corepressor. In the absence of the CtBP protein or CtBP-
binding capability of the repressor, Knirps, Kriippel, and other
proteins are severely compromised in their ability to repress,
and on some promoters or cis-regulatory elements, repression
is abolished. This observation had led to the view that the only
role of Knirps and Kriippel is to recruit CtBP. In this study, we
show that Knirps subdomains, as does CtBP itself (Fig. 2, 3,
and 4), can exhibit intermediate levels of activity that are
sufficient for repression of some genes but not others; thus, the
apparent complete dependence on CtBP for repression reflects
repression activity dropping below a critical threshold rather
than being totally absent. Finally, in addition to competition
and CtBP recruitment, short-range repressors also possess
CtBP-independent repression activities. Although this path has
been suggested to involve only competition for DNA-binding
sites, it is clear that the N-terminal region of Knirps contains
an additional CtBP-independent repression activity that is not
dependent on directly overlapping binding sites, as we have
shown in this study and in previous work.

CtBP should be more realistically viewed as a major con-
tributor to the complete spectrum of Knirps repression activ-
ities. Our experiments suggest that CtBP contributes quan-
titatively to the total repression output, allowing effective
repression of particularly active cis-regulatory elements, while
the CtBP-independent activity alone can suffice on less active
elements. The combination of both repression domains makes
a particularly potent repressor, demonstrating that both activ-
ities can be simultaneously mobilized at a single gene to effect
repression, as shown in Fig. 5. On genes with a high ratio of
activator sites to repressor sites, or in regions of the embryo
where high activator concentrations saturate existing sites,
both CtBP-dependent and CtBP-independent activities would
be required (37). A similar situation exists for the Giant short-
range repressor. CtBP-independent repression activity of Gi-
ant suffices for the repression of Kriippel in regions of limiting
Bicoid activator concentration, while CtBP-dependent repres-
sion is required where Bicoid is more abundant (38).

MoL. CELL. BIOL.

Knirps repression activities: mechanisms and distances.
The similarities in ranges of action of both CtBP-dependent
and -independent domains of Knirps as well as Gal4-CtBP
itself (Fig. 4 and 6) suggest that these short-range repression
activities might utilize similar molecular mechanisms of tran-
scriptional repression, for example, targeting the same ele-
ments of chromatin. Such modifications might interfere with
activator access to the DNA, resulting in a local inhibition. The
weaker repression domains alone, including Gal4-CtBP itself,
would still be effective against adjacent activator sites, which
are apparently more sensitive to short-range activity. Endoge-
nous Knirps protein or Gal4 fusion proteins containing both
repression activities are also able to interfere with basal pro-
moter function, suggesting that this context is a more demand-
ing one for repressors, perhaps because basal factors are less
sensitive to chromatin-mediated effects. Increasing the number
of repressor binding sites allows even the weaker repressors to
demonstrate some level of basal promoter repression, suggest-
ing that the repression of activators and basal promoters might
use similar mechanisms (Fig. 5). It is notable that the CtBP-
dependent portion of Knirps is somewhat more potent than
Gal4-CtBP itself (Fig. 2 and 5), possibly because this portion of
Knirps is able to recruit CtBP in a more appropriate confor-
mation or to interact with additional cofactors. We cannot
distinguish at this level whether the same or different steps in
the molecular process of repression are affected by each do-
main. The combination of the CtBP-dependent and CtBP-
independent repressor domains, present in the full-length pro-
tein, produces higher levels of activity than the multimerization
of the same type of domain. This synergy in repression suggests
that the separate domains might also target separate processes
during gene activation. However, because both domains act on
similar distances (Fig. 6), both may be regulating the same
process through common mechanisms. Additional mechanistic
work will be required to determine if qualitative differences
also distinguish the activity of the distinct repression domains
and which molecular steps are regulated in each case.

The exact distance over which short-range repressors can
interfere with activators has not been previously mapped be-
cause earlier distance dependence studies relied on the repres-
sion of groups of widely spaced activators, where relevant
activator-repressor distances were not known. Other studies
tested spacing from the start of transcription, potentially a less
physiologically relevant situation, where it wasn’t known from
which element of the promoter the relevant distance should be
measured. Our higher-resolution definition of distance re-
quirements for Knirps repressor activity will serve a useful
purpose for bioinformatic analysis of cis-regulatory sequences
that are targeted by short-range repressors, allowing models to
incorporate not only the presently utilized parameters of bind-
ing site density and affinity but also relevant activator-repressor
spacing constraints.

Repression activity of CtBP isoforms. The two isoforms of
Drosophila CtBP that were analyzed (CtBP, and CtBPg) con-
tain the conserved dehydrogenase domain and have similar
repressor activities when tested as Gal4 fusion proteins, and
both proteins are coexpressed during development. The pos-
sible significance of these different isoforms of the protein in
Drosophila is not yet established. Vertebrate CtBPs encoded by
distinct genes have been found to possess functional differ-
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ences. Human CtBP1 (hCtBP1), but not hCtBP2, is sumoy-
lated, a modification that results in nuclear localization of
hCtBP1 (18). The mouse CtBPI and CtBP2 genes are differ-
entially regulated during embryonic development, and knock-
out mutants have different phenotypes, although some redun-
dancy seems to exist between the two genes (12). Specific
functions of CtBP, and CtBPg might be similarly regulated by
distinct modifications or interactions involving the distinct C-
terminal regions.

Role of NAD binding in CtBP repression activity: a catalytic
role for CtBP? Repression by CtBP might be mediated by
associated corepressors, with CtBP functioning as a tethering
molecule to deliver histone deacetylases, histone methyl trans-
ferases, and other transcription factors to the promoter (33).
Alternatively, the protein might itself utilize a catalytic activity
to modify chromatin or other factors and directly affect repres-
sion, possibly via the NAD-dependent dehydrogenase activity
identified in vitro or by using NAD as a cofactor for histone
deacetylation, similarly to the activity of Sir2 repressor proteins
(20). The absolute conservation of catalytic residues in the
presumptive active site in metazoan CtBPs speaks strongly for
a catalytic function in some cellular process but not necessarily
in transcription. For instance, CtBP is also found in the cyto-
plasm, where it has been suggested to function as an acyl
transferase in the Golgi structure (44). In regard to its nuclear
context, however, functional assays do not support a direct role
for the active-site histidine of CtBP in transcriptional repres-
sion. Mutations affecting the catalytic histidine, analogous to
those used to inactivate p-hydroxy acid dehydrogenases, do not
inactivate chimeric CtBP proteins assayed for repression activ-
ity in cell culture assays (10, 26, 42). The histidine-to-glutamine
mutant protein that we tested on chromosomally integrated
reporter genes is similarly still functional for repression (Fig.
7). Our experiments cannot exclude the possibility that effects
of the mutation were masked by heterodimerization with en-
dogenous wild-type CtBP protein in the embryo. However, a
CtBP protein mutated in its catalytic histidine retained the
ability to repress endogenous target genes in CtBP knockout
cells, showing that even in the absence of endogenous wild-
type protein, the mutant protein can mediate its repressor
function (10).

Extensive mutagenesis of CtBP affecting multiple residues in
the catalytic site, dimerization interface, or NAD-binding sur-
face results in a loss of interaction with the E1A C-terminal
domain and, consequently, in the loss of repression of Gal4-
E1A activated reporters (16). A limitation to these experi-
ments was that in this study, there was no differentiation of
effects of promoter targeting from repression activity. Relevant
to this point, we observed a complete loss of transcriptional
repression when two conserved glycines in the NAD-binding
surface were mutated to alanine, within the context of Gal4-
CtBP (Fig. 7). Mutations of the same glycine residues in ho-
mologous CtBP proteins have been shown to inhibit NAD
binding (16, 21). Protein expression as assayed by antibody
staining is not affected by this mutation, nor is it likely that the
activity of the heterologous Gal4 DNA-binding domain would
be sensitive to these point mutations in CtBP. In addition, a
triple mutant containing substitutions of the conserved glycine
residues is stable (16). Therefore, the lack of repression activity
is very likely linked to a functional defect of some sort.
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The inactivity of our Gal4-CtBP NAD binding mutant con-
trasts with results obtained from a recent study in which a
Gal4-CtBP G183A mutant was found to retain function (10).
The double mutant we tested might more effectively disrupt
NAD binding, or the transient transfection might represent a
more permissive environment for repression, than the chromo-
somally integrated genes tested in our study.

From our results, it is evident that NAD binding is also
required for CtBP-mediated repression after its recruitment to
the DNA. This requirement may reflect either an NAD-medi-
ated enzymatic activity that is invoked during repression or
NAD-induced allosteric changes in the protein that affect ho-
modimerization or the recruiting of cofactors. Contrary to the
previous results linking NAD binding to the ability of CtBP to
contact the E1A protein, a recent report mapped the PXDLS
binding motif to a region of CtBP located far from the NAD
binding cleft. This study provided evidence that mutations that
inhibit NAD binding do not necessarily prevent binding to the
C-terminal region of the E1A protein (21). Therefore, the
compromised activity of these mutant proteins that are unable
to bind NAD might result from defective dimerization or co-
factor recruiting, which would also be consistent with our re-
sults that NAD binding is critical at a step following CtBP
recruitment to the DNA.

Goodman and colleagues provided evidence for a differen-
tial interaction of CtBP with NAD compared to that with
NADH, suggesting that CtBP might function as a nuclear re-
dox sensor, directly coupling oxidative states to gene regulation
(8, 45). However, a marked difference in the binding of NAD
to CtBP versus that of NADH to CtBP has not been observed
in other in vitro studies (3, 16, 15). A similar redox-sensitive
transcriptional switch mechanism has been proposed from
studies of the Clock and c-Jun transcription factors as well as
a recently described Oct-1 dehydrogenase coactivator protein
(1, 30, 46). Therefore, whether NAD plays a role in allostery or
in catalysis, it is possible that the CtBP contribution to short-
range repression activity might be similarly regulated, resulting
in a redox-responsive modulation of repression by Knirps and
other factors.
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