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Characterization of a new CtBP interaction motif

ABSTRACT

Numerous transcription factors recruit C-terminal binding protein (CtBP) co-repressors. We
show that the large zinc-finger protein ZNF217 contacts CtBP. ZNF217 is encoded by an
oncogene frequently amplified in tumours. ZNF217 contains a typical Pro-X-Asp-Leu-Ser
(PXDLS) motif that binds in CtBP's PXDLS-binding cleft. However, ZNF217 also contains
a second motif Arg-Arg-Thr (RRT) that binds a separate surface on CtBP. The crystal
structure of CtBP bound to a RRTGAPPAL peptide shows that it contacts a surface crevice,
distinct from the PXDLS binding cleft. Interestingly, both PXDLS and RRT motifs are also
found in other zinc-finger proteins, such as RIZ. Finally, we show that ZNF217 represses
several promoters, including one from a known CtBP target gene, and mutations preventing
ZNF217's contact with CtBP reduce repression. These results identify a new CtBP
interaction motif and establish ZNF217 as transcriptional repressor protein that functions, at

least in part, by associating with CtBP.
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Characterization of a new CtBP interaction motif

INTRODUCTION

The C-terminal Binding Proteins (CtBPs) are multi-functional proteins implicated in gene
regulation, Golgi maintenance and synaptic ribbon formation (3, 7, 41, 43). They function
in gene regulation as transcriptional co-repressors. CtBPs interact with the repression
domains of sequence-specific DNA-binding proteins (transcription factors) and recruit a
repressor complex that contains histone modifying enzymes, such as histone deacetylases 1
and 2, the histone methyltransferase G9a, and the histone demethylase LSDI1 (38-40).
Approximately 30 transcription factors that recruit CtBP to gene regulatory elements have
been identified. These transcription factors come from diverse families and include proteins
with zinc-finger, homeodomain, Ets and Sox type DNA-binding domains. They are united,
however, by the fact that they typically contain a Pro-X-Asp-Leu-Ser (PXDLS) or related

motif in their repression domains through which they contact CtBP (3, 43).

Crystallographic studies have shown that CtBP is composed of a nucleotide-binding
domain, that exhibits homology to dehydrogenase enzymes and includes an extensive
dimerization interface and NADH binding motif, and a substrate-binding domain, formed
by the N-terminus and part of the C-terminal region (22, 30). The X-ray crystal structure
shows that the substrate-binding domain forms CtBP's PXDLS-peptide binding cleft (30).
In addition, CtBP contains 80 C-terminal residues recently shown to be intrinsically

unstructured (31).

Although the mechanism through which CtBP is recruited by PXDLS partners is well

understood, the other CtBP protein contacts remain to be characterized. In an effort to
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Characterization of a new CtBP interaction motif

identify other important contact sites on CtBP, we constructed a CtBP protein with a
‘filled” PXDLS cleft. This protein was generated from a fusion gene encoding the well-
characterized PXDLS motif found in the transcription factor Basic Kriippel-like Factor
(BKLF/KLF3) (42) linked to the 3’ end of the murine CtBP2 gene. The resulting fusion
protein thereby contains a C-terminal tail carrying a PXDLS motif and, since the C-
terminus of CtBP is flexible and structurally located near CtBP's PXDLS-binding cleft, we
expect this tail to be able to fill the cleft. Indeed, we have found that the linked PXDLS tail
does block the binding of additional PXDLS motif partners (data not shown). Importantly,
a similar fusion protein, incorporating a point mutation in the PXDLS sequence, does not
interfere with the binding of exogenous PXDLS motif partners, arguing against the
possibility that the fusion tail is non-specifically impeding access to the PXDLS binding

cleft (data not shown).

We used this fusion protein in yeast two-hybrid screens and identified murine Znf217 as a
protein partner of CtBP2 that does not depend on the PXDLS cleft for association. Murine
Znf217 has not previously been described but, based on homology (Fig. 1) and synteny
(10), it appears to be the orthologue of human ZNF217, a recognized oncogene implicated
in numerous cancers, most notably breast and colon cancer (47). The human ZNF217 gene
resides on the long arm of chromosome 20, at position q13.2 (5). This region is amplified in
up to 40% of breast and 60% of colon cancers (35, 47). The amplification has been shown
to correlate with increased ZNF217 protein and poor prognosis. Furthermore, it has been
found that over-expression of ZNF217 promotes the immortalization of breast epithelial

cells (32), although the precise mechanism through which ZNF217 drives immortalization



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

Characterization of a new CtBP interaction motif

is not known. Interestingly, human ZNF217 has been found to be present in a number of
repression complexes (14, 24, 48), including the CtBP-associated repression complex (39).

However, the mechanism through which ZNF217 functions remains unknown.

Here we show that murine and human ZNF217 directly interact with CtBP. We find that
ZNF217 contains a PXDLS motif that binds the CtBP cleft, but also contains a motif that
binds elsewhere on CtBP. We map this second motif within ZNF217 to the sequence
RRTGCPPAL. Co-crystallization of CtBP with an RRTGAPPAL peptide reveals the

location of the second peptide binding site on CtBP.

We demonstrate that ZNF217 represses transcription driven by a number of promoters, and
mutations that prevent it from contacting CtBP impair its ability to repress transcription.
This suggests that ZNF217 functions in gene repression by recruiting CtBP and its

associated repression complex.

Our results further indicate that other zinc-finger proteins like RIZ and ZNF516, that also
contain a PXDLS and the novel RRT motif, may play direct roles in gene repression
through contacting CtBP. We suggest that over-expression of ZNF217 may contribute to

tumorigenesis through initiating changes in gene expression profiles.
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MATERIALS AND METHODS

Plasmid constructs

Full length murine CtBP2 was amplified by PCR and the product was cloned into Xma
I/Sal T pGBT9 (Clontech) vector. This resulting construct, pPGBT9-mCtBP2, was used as
wild type CtBP2 in the yeast two-hybrid experiments described throughout this manuscript.
Secondly, murine BKLF 30-75, containing the S'PVDLT® motif, was amplified by PCR
and cloned into the Not 1/Sal 1 sites of pGBT9-mCtBP2. The resulting yeast two-hybrid
constructs expressed BKLF 30-75 fused to the C-terminus of CtBP2. The pGBT9-mCtBP2-
BKLF 30-75 construct is referred to as “cleft-filled” CtBP2 throughout this manuscript.
The “control ADL fusion”, which contains a DL to AS mutation in the PVDLT motif in the
BKLF 30-75 portion of the fusion, was generated from the pGBT9-mCtBP2-BKLF 30-75
construct by overlap PCR mutagenesis. The mCtBP2, mCtBP2-BKLF 30-75 and mCtBP2-
BKLF 30-75 ADL inserts were subcloned into the Xma 1/Sal 1 sites of pGADI10(new)
(derived from pGADI10 from Clontech) vector to allow them to be expressed in the yeast

two-hybrid system as both Gal4AD and Gal4DBD fusions.

AS8E, V72R, E181A and D237A mutations were introduced into mCtBP2 by overlap PCR
mutagenesis. Bgl Il and Sal 1 digested mutant inserts were ligated into the BamH 1/Sal 1
sites of pGBT9 and pGADI10(new) vectors to generate pGBT9-mCtBP2-A58E, pGBTY-
mCtBP2-V72R, pGADI10(new)-mCtBP2-A58E, pGADI10(new)-mCtBP2-V72R, pGBT9-

mCtBP2-E181A/D237A and pGBT9-mCtBP2 ASSE/E181A/D237A.
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Characterization of a new CtBP interaction motif

The Gal4DBD (147 amino acids) was amplified by PCR using appropriate primers and was
ligated into the Pst I/Not 1 sites of pMT3 (derived from pMT2) vector to generate pMT3-
Gal4 without a stop codon. A separate pMT3-Gal4 with a stop codon was generated to act
as a control in mammalian repression assays. Secondly, wild type mCtBP2, mCtBP2-AS8E,
mCtBP2-E181A/D237A and mCtBP2-AS8E/E181A/D237A mutant inserts were re-
amplified by PCR using appropriate primers and cloned into the Not I/Sal 1 sites of pMT3-
Gal4 without stop, 3" of the Gal4 gene to generate pMT3-Gal4-mCtBP2, pMT3-Gal4-
mCtBP2-A58E, pMT3-Gal4d-mCtBP2-E181A/D237A  and  pMT3-Gal4-mCtBP2-

AS8E/E181A/D237A.

pMT3-YFP was generated by ligating a Nsi I/Not I YFP PCR fragment from pEYFP-C1
vector (Clontech) into Pst I/Not 1 sites of pMT3 vector (derived from pMT2). mCtBP2,
mCtBP2-A58E, mCtBP2-E181A/D237A and mCtBP2-AS8E/E181A/D237A were re-
amplified by PCR using appropriate primers and cloned into Not 1/Sal 1 sites of pMT3-

YFP. pMT2-HA-mCtBP2 has been previously described (44).

pGAD10-mZnf217 530-932 was isolated from MEL cDNA library with the pGBT9-
mCtBP2-BKLF 30-75 bait protein. The NL = AS mutation (ADL) was introduced into the
putative PXDLS motif, 68OPLNLS(’M, in the pGAD10-mZnf217 530-932 construct using
overlap PCR site directed mutagenesis. The mZnf217 530-932 and mZnf217 530-932 ADL
inserts were liberated from the pGAD10 vector by digestion with BamH I and Bg/ Il and

were ligated into the BamH 1 site of pGBT9(new) vector.
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Characterization of a new CtBP interaction motif

Regions of mZnf217 corresponding to amino acids 548-617, 660-715, 753-794, 869-911
and 686-737 were amplified from pGADI10-mZnf217 530-932 template. Regions of
mZnf217 corresponding to amino acids 660-715 ADL, 548-715 ADL, 753-911, 660-794
ADL, 548-794 ADL, 660-911 ADL, 548-911 ADL, 548-775 ADL, 548-750 ADL, 548-725
ADL, 700-911, 725-911 and 730-760 were amplified from the pGAD10-mZnf217 ADL
template. PCR products were cloned into the Xma 1/BamH 1 sites of pGBT9 vector to allow
expression of Gal4dDBD fusions in yeast. The region of mZnf217 encoding amino acids
700-790 was amplified from pGAD10-mZnf217 530-932 template and the PCR product

was cloned into the BamH 1/Pst I sites of pGBT9 vector.

Triple and single alanine scanning mutations (shown in Fig. 2D) were introduced into

pGBT9-mZnf217 700-790 using overlap PCR mutagenesis.

Full length human ZNF217 (1-1048) was amplified by PCR from pLXSN-ZNF217 (32)
and cloned into the EcoR I site of pGAD10 vector to produce pGAD10-hZNF217 1-1048.
An NL > AS mutation (ADL) was introduced into the ***PLNLS*" motif of pGADI10-
hZNF217 1-1048 using overlap PCR mutagenesis to generate pGAD10-hZNF217 1-1048
ADL. An RRT > AAA mutation (ARRT) was introduced into the "*RRTGCPPAL’®
motif of pPGAD10-hZNF217 1-1048 and pGAD10-hZNF217 1-1048 ADL by overlap PCR
mutagenesis to produce pGAD10-hZNF217 1-1048 ARRT and pGAD10-hZNF217 1-1048

ADL ARRT.
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Characterization of a new CtBP interaction motif

hZNF217 1-1048, 1-1048 ADL, 1-1048 ARRT, 1-1048 ADL ARRT inserts were subcloned
into the EcoR 1 site of pMT3-FLAGb vector to generate hZNF217 expression constructs

with the FLAG sequence fused to the N-terminus.

Segments of hRIZ1 (amino acids 661-820 containing "> RRTSSPPSS’*), mRizl (amino
acids 772-931 containing “"RRTSSPPSS*®) and hZNF516 (amino acids 2381-2580
containing *2GRTGPPPAL*™") were amplified from human genomic DNA, murine
genomic DNA, K562 (human) cDNA library and MEL (murine) cDNA library by PCR and
were cloned into the EcoR I/BamH 1 sites of pGBT9 vector. RRT/GRT->AAA mutations
were introduced into the putative RRT motifs of hRIZ1 661-820, mRizl 772-931 and
hZNF516 2381-2580 using overlap PCR mutagenesis to generate pGBT9-hRIZ1 661-820

ARRT, pGBT9-mRiz1 772-931 ARRT and pGBT9-hZNF516 AGRT.

Details of primers used in plasmid construction are available on request. The identities of

the inserts in each construct were confirmed by automated DNA sequencing.

The firefly luciferase reporter vector pGL2-(Gal4)s-(LexA),-E1B-Luc and LexA-VP16
mammalian expression plasmid pCMV-LexA (1-202)-VP16 (410-490) were generous gifts
from Luke Gaudreau and Mark Ptashne (The Sloan—Kettering Institute, New York, NY). A
second firefly luciferase reporter vector containing 5xGal4 binding sites and the TK
promoter, pGL2-(Gal4)s-TK-Luc, has been described previously (33). pGL3-human E-

cadherin (-427/+53)-luciferase reporter vector was a gift from Stephen Sugrue (Department
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Characterization of a new CtBP interaction motif

of Anatomy and Cell Biology, Harvard Medical School) and has been previously described

(1).

Yeast two-hybrid screen and assays

Yeast two-hybrid screens were performed with pGBT9-mCtBP2 BKLF 30-75 as bait and
murine erythroleukaemia cell (MEL) and human K562 cell cDNA libraries as described
previously (42). For yeast two-hybrid assays, test proteins were expressed in HF7c yeast as
either Gal4dDBD or Gal4AD fusions. Transformant colonies were selected on Leu/Trp
deficient plates and patched onto His/Leu/Trp deficient plates. Growth was scored

following 72 hours incubation.

Mammalian cell culture

COS-1 and HEK?293 cells were cultured as described previously (1, 34) and transfected,
using the transfection reagent FuGENEG6 (Roche Diagnostics) following the manufacturer's
instructions. CtBP1""CtBP2"" (CtBP+/-) and CtBP1”CtBP2” (CtBP-/-) cells were a gift

from J. Hildebrand and were cultured and transfected as described previously (16).

Co-immunopreciptation experiments

To examine interactions between mCtBP2 and hZNF217 mutants, duplicate 100 mm plates
of COS-1 cells were transfected with combinations of 1 pg of pMT2-HA-mCtBP2 and 3 pg
of pMT3-FLAGb-hZNF217 wt, ADL mutant, ARRT mutant and double ADL ARRT
mutant DNA. 48 h following transfection, cells were harvested, duplicates pooled and

whole cell protein extracts were prepared (in 50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-

10
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Characterization of a new CtBP interaction motif

40, 0.2 mM PMSF, 1 pg/mL aprotinin and 1 pg/mL leupeptin, total volume 500 pL). For
the input lanes 20 pL of each extract (10% of the amount used in immunoprecipitation) was
mixed with SDS loading dye, boiled and run on an 8% SDS-PAGE gel.
Immunoprecipitation was performed with 200 pL of each extract, 10 puL of protein G beads
and 7.5 pg of either mouse monoclonal aHA (12CAS Roche Corporation) or mouse
monoclonal aFLAG (Sigma) antibodies to immunoprecipitate HA-mCtBP2 or FLAG-
hZNF217 respectively. Following washes, beads were mixed with SDS loading dye, boiled
and run on 8% SDS-PAGE gels. Proteins in SDS-PAGE gels were blotted onto
nitrocellulose membranes (Western Blot) and immuno-detected with 10 ug of both aHA Ab
and aFLAG Ab in 10 mL TBST to detect HA-mCtBP2 and FLAG-hZNF217 respectively.
A sheep anti-mouse HRP conjugated secondary Ab (Amersham Bioscience) was used and
bands were detected with a Western Lightning Chemiluminescence Reagent Plus (Perkin
Elmer Life Sciences) and X-ray film (Eastman Kodak Company). The exposures show the

results of a representative experiment.

To examine interactions between hZNF217 and mCtBP2 mutants, 100 mm petri dishes of
COS-1 cells were transiently transfected with combinations of 3 pg pMT3-FLAGb-
hZNF217 and 250 ng of either pMT3-YFP-mCtBP2, pMT3-YFP-mCtBP2 AS8E, pMT3-
YFP-mCtBP2 EI181A/D237A or pMT3-YFP-mCtBP2 ASSE/E181A/D237A. Protein
extracts, immunoprecipitation and Western blots were performed as described in the above
co-immunoprecipitation methods except that immunoprecipitations were conducted with 10
pg of aHA antibody only and Western blots were immuno-detected using aHA and

monoclonal mouse aYFP (BD Living Colors, JL-8, Clontech) antibodies.

11
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Characterization of a new CtBP interaction motif

Western blots for assessment of protein expression levels

Western blots were performed to confirm equivalent expression of the Gal4-mCtBP2 and
FLAG-hZNF217 proteins. 100 mm petri dishes of COS-1 cells were transiently transfected
with 4 pg pMT3 alone, pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2 AS58E, pMT3-Gal4-
mCtBP2 E181A/D237A or pMT3-Gal4-mCtBP2 AS8E/E181A/D237A or 3 pg pMT3
alone, pMT3-FLAGb-hZNF217 or pMT3-FLAGb-hZNF217 ADL ARRT. Cells were
incubated for 48 hours following the transfection before cells were harvested and nuclear
extracts prepared. Equal amounts of each nuclear extract were run on a 12% SDS PAGE
gel, and Western Blots were performed as described above. The Gal4-mCtBP2 was
visualized using a mouse monoclonal aCtBP2 antibody (BD Biosciences). The FLAG-

hZNF217 was visualized using a mouse monoclonal aFLAG antibody.

Mammalian cell repression assays

To examine CtBP repression of reporter gene expression, 6 well plates of COS-1 cells or
CtBP+/- and CtBP-/- cells were transiently transfected. To examine repression of basal
expression, the following plasmids were used: 3 pg pGL2-(Gal4)5-TK-Luc reporter, and 50
ng of either pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2-A58E, pMT3-Gal4-mCtBP2-
E181A/D237A or pMT3-Gal4-mCtBP2-A58E/E181A/D237A. To examine repression of
activated expression, the following plasmids were used: 3 pg pGL2-(Gal4)5-(LexA)2-E1B-
Luc reporter, 1 ng pCMV-LexA (1-202)-VP16 (410-490) expression vector and 50 ng of
either  pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2-AS58E, pMT3-Gal4-mCtBP2-
E181A/D237A or pMT3-Gal4-mCtBP2-A58E/E181A/D237A. In both experiments, 10 ng

of the Renilla (R) luciferase vector pRL-Luc (Promega) was co-transfected to allow the

12
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firefly (FF) luciferase measurements to be corrected to control for transfection efficiency.
Luciferase activity was measured 48 h post-transfection in a Turner Designs model TD
20/20 luminometer using the dual-luciferase reporter assay system (Promega). Results

shown are averaged FF/R luciferase ratios from 4 replicates of a representative experiment.

To examine ZNF217 repression of reporter gene expression, 6 well plates of COS-1 cells
were transiently transfected. To examine repression of basal expression, the following
plasmids were used: 3 pg pGL2-(Gal4)5-TK-Luc reporter, and 150 ng of either pMT3-
FLAGb-hZNF217 or pMT3-FLAGb-hZNF217 ADL ARRT. To examine repression of
activated expression, the following plasmids were used: 3 pg pGL2-(Gal4)5-(LexA)2-E1B-
Luc reporter, 1 pg pCMV-LexA (1-202)-VP16 (410-490) expression vector and 150 ng of
either pMT3-FLAGb-hZNF217 or pMT3-FLAGb-hZNF217 ADL ARRT. FF luciferase
activity was measured as described above. Results shown are averaged FF luciferase ratios

from 4 replicates of a representative experiment.

To examine ZNF217 repression of the E-cadherin promoter, 6 well plates of HEK293 cells
or CtBP+/- and CtBP-/- cells were transiently transfected with 1 pg of pGL3-E-cad-Luc
and 1 pg of various pMT3-FLAG-hZNF217 wild type and mutant derivatives and 10 ng of
pRL-Luc. 48 h post transfection, FF and R luciferase activities were quantified as described
above. Results shown are averaged FF/R luciferase ratios from 2 replicates of a

representative experiment.

Crystallization, structure determination and refinement

13
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t-CtBP1-S, bearing a His tag at its N-terminus, was expressed in E. coli and purified as
described previously (29). Vapor-diffusion co-crystallization experiments on the
protein/peptide complex were performed after overnight incubation of t-CtBP1-S (at 10
mg/ml concentration) with 10 mM RRTGAPPAL peptide. Bipyramidal-shaped crystals of
the t-CtBP1-S/peptide complex grew in a few days using a crystallization solution
containing 1.8-2.1 M ammonium formate, 100 mM HEPES, pH 7.5. The crystals belong to
the space group P6422, with unit cell parameters: a = b = 89.3 A, ¢ = 162.7 A, one
molecule per asymmetric unit. A full diffraction data set was collected at 2.85 A resolution
using synchrotron radiation (ID14-EH3 beamline, ESRF, Grenoble, France). All diffraction

data were processed using MOSFLM and SCALA (9, 25) (see Table I).

The RRTGAPPAL peptide was prepared on an Applied Biosystems mod 433A synthesizer
according to standard Fmoc (9-fluorenylmethoxycarbonyl) solid-phase synthesis. After
purification by preparative RP-HPLC, it was shown to be >95% homogeneous by analytical
RP-HPLC. Its identity and molecular weight were confirmed by electrospray ionization
mass spectrometry (Finnigan LCQ Advantage) (m/z, found 938.3; calcd. for C4oH7;N;501;

938.097).

The structure of the t-CtBP1-S/peptide complex was determined by molecular replacement
using the program MolRep (4, 45). The crystal structure of t-CtBP1-S (PDB entry-code
1HKU) (30) was used as search model. The structure was then refined using the program
REFMAC (28) (rigid body and restrained refinement). After a few cycles of refinement,

2Fo-Fc electron density maps showed structural details that allowed unambiguous

14
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modeling of the peptide, with the exception of the C-terminal A-L residues, for which poor
density was available. As in the case of t-CtBP1-S structure (30), a NAD(H) molecule was
found, likely the result of specific uploading during t-CtBP1-S expression/purification (30),
tightly bound at the nucleotide-binding domain. The final model contains 331 t-CtBP1-S
residues (15-345), 19 water and 1 formate molecules, 1 NAD(H), and 1 RRTGAPPAL
peptide molecule (Rgeror = 22.7% and Rgee = 27.5%, respectively), with ideal

stereochemical parameters (Table I) (8, 23).

Coordinates and structure factors have been deposited with the Protein Data Bank (2) with

accession codes 2ZHU?2 and r2HU?2sf, respectively.

15
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RESULTS

Identification of Znf217 as a CtBP partner protein

The CtBP2/BKLF fusion protein, containing residues 30-75 of murine BKLF
(encompassing its well-characterized PVDLT CtBP contact site) extending from the CtBP2
C-terminus, was used as a bait in yeast two-hybrid screens. Several positive clones were
isolated, including previously reported CtBP partners, Ubc9 (18, 26), HIPK2 (49) and the
related protein HIPK1. One clone encoding residues 530 to 932 of murine Znf217 was
recovered. This isolate was tested for its ability to interact with normal full length CtBP2 in
yeast two-hybrid assays, as both prey and bait (Fig. 2A). Yeast growth was observed in

both experiments suggesting that Znf217 is a direct binding partner of CtBP2.

Defining the contact regions in Znf217

We next mapped the domains of Znf217 that contact CtBP2. Znf217 contains 8 classical
zinc-fingers. The original cDNA fragment we recovered encodes amino acids 530 to 932
and includes zinc-finger 7. Inspection of this fragment revealed that it also contained the
motif PLNLS just upstream of zinc-finger 7. The PLNLS sequence fits the general

consensus for PXDLS motifs (3, 43) and is conserved in human ZNF217 (Fig. 1).

First, experiments were carried out to confirm that this PLNLS motif was functional and
could slot into the CtBP PXDLS peptide binding cleft. Residues 660 to 715 of Znf217 were
amplified and tested for their ability to bind CtBP2 in the yeast two-hybrid assay system.
The PLNLS was mutated to PLASS, as the substitution of the central two residues, often

DL (but here NL) and referred to as the ADL mutation, is known to disrupt binding to the
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CtBP PXDLS peptide binding cleft (36, 37). In addition, CtBP derivatives that contain
defective PXDLS peptide binding clefts were also tested. Two previously described
mutations in the cleft AS8E and V72R (30), as well as the ‘cleft-filled’ mutant, were also
tested for their ability to bind the Znf217 PXDLS motif (Fig. 2B). The fragment containing
the PLNLS motif was able to interact with wild type CtBP2, the mutation in this motif
prevented binding, and the CtBP2 derivatives with defective clefts could not bind this

fragment. In summary, Znf217 contains a functional PXDLS motif, as shown in Fig. 1.

Our screen was designed to identify CtBP partners that did not rely on PXDLS motifs for
associating with CtBP. To determine if Znf217 did require the PXDLS motif for binding to
CtBP, its PLNLS motif was mutated, in the context of a longer fragment of Znf217,
residues 530 to 932. We found that this Znf217 fragment retained the ability to interact with
CtBP (Fig. 2B). This fragment also retained the ability to bind to the CtBP cleft mutants,
AS8E and V72R, and the ‘cleft-filled’ derivative in both orientations in yeast (only one
orientation is shown). This result confirmed our expectation that Znf217 was a partner
protein that did not rely solely on the CtBP PXDLS peptide binding cleft for contact, and

suggested that Znf217 contained a second CtBP contact motif.

We next used deletion analyses on Znf217 fragments containing a mutated PLNLS motif to
define the second contact motif (Fig. 2C), and localized it to the region downstream of
zinc-finger 7. Further alanine scanning experiments demonstrate that the second contact
surface in Znf217 comprises the motif RRTGCPPAL (Fig. 2D). We term this an RRT

motif.
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We next carried out experiments with full length human ZNF217 and full length CtBP2 to
verify the interaction. Full length ZNF217 mutants with defective PXDLS (ADL) or RRT
(RRTGCPPAL->AAAGCPPAL, ARRT) motifs were generated, as well as a double mutant
that contained mutations in both motifs. These three mutants were first tested in the yeast
two-hybrid assay system. As expected the wild type full length ZNF217 interacted with
wild type CtBP2. Additionally, both the single mutants retained the ability to interact.
However, the double mutant showed very little CtBP binding (Fig. 3A). This result
suggests that the PXDLS and RRT motifs in ZNF217 are the major determinants through

which it contacts CtBP2.

We then sought to test whether the protein interactions also occurred in the context of
mammalian cells. Epitope tagged FLAG-ZNF217 and HA-CtBP2 were transfected into
COS-1 cells and their interaction was monitored using immunoprecipitation. As shown in
Fig. 3B, when ZNF217 was recovered with Flag antibody, CtBP2 was efficiently retained
as revealed by Western blotting against HA. The PXDLS and RRT ZNF217 mutants and
the double mutants were also tested. Both the single ZNF217 mutants bound some CtBP2
(though slightly less than wild type), but the double mutant did not associate with
detectable CtBP2. The converse experiment (immunoprecipitating with anti-HA and
Western blotting with anti-Flag) was also carried out with similar results, except that in this
orientation the reduction in binding brought about by the single mutations was more
striking, possibly because the immunoprecipitation or detection of associated proteins by
Western blotting was somewhat less efficient in this orientation. Nevertheless, these results

confirm the inferences from the yeast two-hybrid assays that full length CtBP2 associates
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with full length ZNF217, and that the two motifs, the PXDLS and the RRT motifs, are

primarily responsible for the association (Fig. 3C).

RRT motifs occur in several CtBP partner proteins

We searched protein databases to determine whether RRT motifs occur in other proteins.
Similar motifs were identified in ZNF516 and RIZ. Both proteins also contained
recognizable PXDLS motifs within their sequences (Fig. 4A). We did not identify proteins
that contained clear RRT motifs in the absence of the PXDLS motif. Although little is
known about ZNF516, it is notable that it was found to co-purify in the repression complex
that associates with CtBP in HeLa cells (reported under the name KIA0222) (39). RIZ is a
well-studied 8 zinc-finger protein that contains a PR/SET domain and has been reported to
possess histone methyltransferase activity (17). It contains two PXDLS motifs and has
previously been inferred to be a CtBP partner, although the sites and functional effects of
CtBP contact have not been described (15). RIZ also contains two potential RRT motifs.

These motifs are conserved in the human and murine forms of RIZ.

In order to test whether the RRT motifs that had been identified by bioinformatics
screening were able to physically interact with CtBP, segments of RIZ and ZNF516 were
tested for binding to CtBP2 using the yeast two-hybrid system. It was found that the
ZNF516 motif and one (but not the other, data not shown) of the RRT motifs in RIZ were
able to interact with CtBP (Fig. 4A). Mutations of the RRT sequence abolished the

interaction (Fig. 4B), as summarized in Fig. 4C.
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Defining the regions in CtBP that contact the RRT motif using X-ray crystallography

To shed more light on the structural bases of the CtBP-ZNF217 interaction,
crystallographic evidence was sought on the location of the RRTGCPPAL peptide
recognition site on CtBP. To avoid aggregation during crystallization, mutants with the
peptide’s C residue altered to A or S were tested in yeast two-hybrid assays for binding to
CtBP2 (Fig. 2D). Both A and S are tolerated at this amino acid position, so an
RRTGAPPAL peptide was synthesized. Co-crystallization experiments were performed by
incubating the synthetic peptide with a truncated form of the CtBP1-S isoform (or the
short-CtBP1 splice isoform, previously known as CtBP3/BARS). This truncated CtBP1-S
(t-CtBP1-S), devoid of 80 C-terminal residues, was successfully used in the past to identify
the PXDLS consensus binding site (30). The protein-RRTGAPPAL complex 3D structure
was solved by molecular replacement methods using the t-CtBP1-S structure as a starting
model (PDB entry-code 1HKU), and refined to 2.85 A resolution (Rfactor = 22.7% and Ree
= 27.5%, respectively; Table I) (8). The crystallized t-CtBP1-S appears as a tight dimer,
built across a 2-fold crystallographic symmetry axis, with major packing interactions based
on pairing of two nucleotide-binding domains of each monomer, as observed for other t-

CtBP1-S crystal forms (Fig. 5 A, B; (30)).

The crystal structure of the protein-RRTGAPPAL complex shows that the consensus peptide
binds at a surface cleft mainly defined by the loop connecting helix aC to strand BA, and by
helices aF and oG, of the nucleotide-binding domain (Fig. 5 A, C). The bound peptide
adopts an extended conformation, antiparallel to the aG helix, burying 146 A* of protein

surface. Binding of the exogenous peptide is supported by docking of its R1, R2, T3 side-
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chains into a surface groove lined by CtBP residues Y129, A159, E164, H218, D220, R245,
Q246, G247, A248, F249, and R274 (Fig. 5C). The rest of the peptide lies at the protein
surface, and shows a kink at residues P6-P7, that locates the peptide C-terminal part next to
the last turn of helix aG. The main stabilizing peptide-protein interactions involve two salt
bridges (R1-D220, and R2-E164), hydrogen bonds in the residue pairs R1-H217, R2-G247,
T3-D220, T3-R245, G4-Q246, and G4-Q246, and intermolecular van der Waals contacts at
P6 and P7 residues (Fig. 5C). Interestingly, all protein residues involved in peptide-
binding/recognition are conserved within the CtBP family, except for the conservative

substitution of H218>Q in the CtBP2 sequence.

Overlay of t-CtBP1-S and t-CtBP1-S/peptide complex 3D-structures yields a r.m.s.
deviation of 0.45 A, indicating that binding of the consensus peptide RRTGAPPAL is not
associated with significant tertiary/quaternary structure modifications. Only local side chain
conformational changes are induced by peptide binding. Among these, we notice the
substitution of the R245 guanidinio group of t-CtBP1-S with the guanidino head of R1,
from the peptide, which thus replaces the intramolecular salt bridge R245-D220 with the
intermolecular R1-D220 ion pair. The consensus RRTGAPPAL binding site has no direct
contact with the NAD(H) binding region (about 27 A apart), although both are hosted in the
nucleotide-binding domain, nor with the previously identified PXDLS binding site (about
53 A apart). The latter is localized at the N-terminal region of the substrate-binding domain,
and on the opposite face of the t-CtBP1-S subunit (Fig. 5 A, B). It is, however, worth
noting that in the t-CtBP1-S dimeric assembly, where the two substrate-binding domains lie

at opposite poles, the PXDLS binding site of one subunit is located on the same dimer face
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of the RRT binding site of the opposite subunit (about 30 A apart). Considering the close
proximity of the 8pLNLS® and *RRTGCPPAL’™ motifs in the ZNF217 sequence (only
61 amino acids apart), it is possible for ZNF217 to bind across the CtBP dimer, accessing

the PXDLS and RRT binding sites on distinct CtBP subunits, respectively (Fig. 5 A, B).

Confirmation of the structural results using mutagenesis

To confirm the inferred location of the RRTGAPPAL binding site, two CtBP1-S residues
building up the peptide recognition cleft, E164 and D220, were selected for mutation to
alanine. Mutations were also made in the corresponding residues in CtBP2: EI81A and
D237A. CtBP derivatives containing each mutation, and the two mutations together were
generated. In addition, CtBP proteins containing defective PXDLS-binding clefts were
further mutated so that they also carried these additional mutations in the putative RRT
binding sites. This panel of CtBP mutants was first tested for interaction with ZNF217
using the yeast two-hybrid system (Fig. 6A). Each of the mutations in the CtBP2 and
CtBP1-S RRT motif binding clefts was individually sufficient to abrogate binding (only the
results from double mutation of two of the amino acids in this cleft for CtBP2 are shown).
As expected the CtBP mutants bearing mutations in either the RRT motif contact region or
in the PXDLS binding cleft retained the ability to contact ZNF217, however, when both
regions were mutated binding was abrogated. Each of the CtBP mutants retained the ability
to dimerize with wild type CtBP indicating that these proteins are expressed and properly
folded in yeast. This result is consistent with the structural data and confirms the inference

that ZNF217 does contact residues E181 and D237 of CtBP2 through its RRT motif (Fig.
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6A). Co-immunoprecipitation experiments were then performed and validated the yeast

two-hybrid assay results (Fig. 6B). A summary of the interactions is shown in Fig. 6C.

Mutations in the PXDLS and RRT motif binding clefts of CtBP have little effect on its
ability to repress transcription

Having generated a CtBP mutant (ASS8E/E181A/D237A) that was unable to bind to
ZNF217, we sought to assess the effect of this mutation on the ability of CtBP to repress
transcription. As CtBP cannot bind to DNA directly, the conventional Gal4-DNA-binding
domain (Gal4DBD) fusion strategy that is widely used to assess CtBP repression activity
was employed (11, 20, 42). The cDNAs encoding wild type CtBP and CtBP with mutations
in the PXDLS motif binding cleft (AS8E), in the RRT motif binding cleft (E181A/D237A),
and at both clefts, were fused to a cDNA encoding the Gal4dDBD. These constructs were
transfected into COS-1 cells and were shown to be expressed at equivalent levels (Fig. 7
A). Their ability to repress transcription of the firefly luciferase reporter driven by a core
TK promoter with 5 Gal4 binding sites, and a LexA-VP16 activated E1B promoter with 5
Gal4 binding sites and 2 LexA binding sites was examined (Fig. 7 B and C). The mutation
in the PXDLS binding cleft (AS8E) had a modest effect on the ability of CtBP to repress,
but additional mutations in the RRT binding cleft (E181A/D237A), or the RRT cleft
mutations alone had no discernible effect on activity. To exclude the possibility that the
mutant proteins were retaining repression activity by virtue of their ability to dimerize with
wild type endogenous CtBP, we repeated the experiments in murine embryonic fibroblasts
derived from CtBP1”/CtBP2” double knockout murine embryos (16). Wild type CtBP2,

AS8E and E181A/D237A mutants all exhibited strong repression activity in these CtBP-/-
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cells (Fig. 7D) although the mutants showed a slight reduction in repression. In summary,
these results suggest that ZNF217 contact does not make a major contribution to repression

by CtBP.

ZNF217 is a transcriptional repressor and mutations in the PXDLS and RRT motifs
of ZNF217 reduce this activity

We next examined whether ZNF217 is able to repress transcription. We also tested ZNF217
mutants that cannot bind to CtBP in these assays. The molecular mechanism through which
ZNF217 operates has not been determined, but the finding that it associates directly with
CtBP2 suggested that it may play a role in gene repression. We therefore examined its

activity on a number of test promoters.

We first tested the ability of ZNF217 to repress the Gal4 site linked TK promoter. Co-
transfection of a plasmid encoding wild type ZNF217 resulted in significant repression. We
then tested the mutant derivatives of ZNF217. Mutation of both the PXDLS and RRT
motifs in ZNF217 significantly reduced repression (Fig. 8B). Taken together these results
suggest that ZNF217 can act as a repressor of transcription and that it in part utilizes CtBP
to mediate repression. The residual repression observed indicates that it may also have
additional mechanisms through which it can repress gene expression. Similar results were
obtained when ZNF217 and the mutant were tested against a second promoter containing
LexA and Gal4 sites upstream of the Adenovirus EIB promoter driving a luciferase

reporter gene (Fig. 8C).
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We also sought to test a natural CtBP dependent promoter and chose the E-cadherin
promoter, as it has previously shown to be a CtBP target gene (12, 13, 39). We transfected
a ZNF217 encoding plasmid together with the E-cadherin promoter driving a luciferase
reporter gene and observed that ZNF217 significantly repressed expression of the reporter
gene. We also tested the PXDLS mutant, the RRT mutant, and the double mutant. We
found that each single mutation modestly reduced repression and that the double mutation
more significantly reduced repression (Fig. 8D). These results were similar to those
obtained on the viral promoters used above. We also noted that no repression was observed
on other promoters, such as the CMV-promoter driven Renilla reporter plasmid, showing
that ZNF217 does not non-specifically repress all promoters (data not shown). Wild type
ZNF217, and ZNF217 with mutations in both the PXDLS motif (ADL) and RRT motif

(ARRT), were expressed at equivalent levels in COS-1 cells (Fig. 8A).

To further assess the contribution of CtBP to ZNF217 repression activity, we repeated the
experiments in CtBP+/- and double knockout cells (Fig. 8E). When transfected into
CtBP+/- control cells, ZNF217 represses the E-cadherin promoter. Again, this repression
activity appears to be mediated in part by CtBP, since the double mutant (ADL ARTT)
shows reduced repression. When tested in CtBP-/- cells, the E-cadherin reporter is de-
repressed and shows high activity (Fig. 8E). Significantly, co-transfection of ZNF217 leads
to significant repression even in the CtBP-/- cells. The double mutant ZNF217 retains
equivalent repression activity in these cells (Fig. 8E). Taken together the results suggest
that recruitment of CtBP enhances repression but that ZNF217 contacts additional partners

that can mediate repression in the absence of CtBP.
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DISCUSSION

We have shown that the zinc-finger oncoprotein ZNF217 interacts with CtBP utilizing both
a conventional PXDLS motif (localizing to a binding cleft in the CtBP substrate-binding
domain (30)), and a distinct RRT motif, that binds at a newly defined surface cleft in the
CtBP nucleotide-binding domain (Fig. 5). The two peptide recognition sites are physically
well separated (53 A), being roughly at opposite poles of the CtBP subunit. Moreover,
based on geometrical considerations, the two sites do not appear to support simultaneous
contacts with the same ZNF217 molecule within one CtBP subunit. Rather ZNF217 may
bind across the CtBP dimer, contacting surfaces of both substrate- and nucleotide-binding
domains from the two protein subunits, thus recognizing both PXDLS and RRT binding

sites on distinct CtBP subunits.

ZNF217 is implicated in human cancers and has been shown to contribute to the
immortalization of breast epithelial cells in culture (32). Our work suggests that one
mechanism by which increased copy number of ZNF217 contributes to tumorigenesis could
be through altering gene expression, for example, via increased repression of tumour
suppressor gene promoters. We also show that the ability of ZNF217 to repress

transcription is partially dependent on its ability to bind to CtBP.

Having established that ZNF217 represses transcription, future research will focus on the
full mechanisms by which it mediates repression. It is known that the protein RIZ, which
also contains zinc-fingers, and PXDLS and RRT motifs, can bind GC-rich sites in DNA

through its zinc-fingers 1-3 (46) and also has been reported to possess histone
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methyltransferase activity (19). By analogy, ZNF217 may be a sequence-specific DNA-
binding protein that recruits CtBP to silence specific genes and the residual repression
activity observed when it is unable to recruit CtBP may reflect an additional repression
mechanism. However, to date we have not detected direct DNA-binding by ZNF217 (data
not shown). The relationship between ZNF217 and the E-cadherin promoter and the
mechanism through which it may be recruited to the promoter in vivo is still under

investigation.

Interestingly, ZNF217 and ZNF516 (recorded as KIA0222) have been found to be present
in a number of repression complexes (14, 24, 48), including the CtBP-associated repression
complex that exists in HeLa cells (39), consistent with our data that these proteins directly
contact CtBP. Relatively few typical sequence-specific transcription factors have been
found in these repression complexes. One known DNA-binding protein that has been found
in the CtBP repressor complex is the large zinc-finger homeodomain transcription factor
ZEB (39). It is possible that ZNF217, RIZ and ZEB can function as conventional
transcription factors and also display additional activities allowing them to contribute
directly to gene repression. However, our observation that mutations in CtBP that prevent it
from binding ZNF217 had little effect on its ability to repress transcription argues against
ZNF217 being an essential effector protein in the CtBP repression complex. It should be
noted that a slight loss of repression was apparent when the CtBP mutants were tested in
CtBP-/- cells (Fig. 7D) so it is possible that ZNF217 makes some contribution to
repression. But taken together the results indicate that ZNF217 is not a critical effector of

CtBP activity at least in the promoter and cellular contexts tested.
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In summary, we have shown that ZNF217 is a direct partner protein contacting CtBP
through the known PXDLS motif, but also through a second RRT motif that binds a novel
peptide-recognition groove. Other large zinc-finger proteins also contain PXDLS and RRT
motifs. We have shown that mutation of these motifs in ZNF217 reduces its ability to
repress transcription. These results suggest that one mechanism through which the ZNF217
oncogene may contribute to tumorigenesis is through CtBP-associated repression of

transcription.
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FIGURE LEGENDS

Figure 1

The human and murine ZNF217 protein sequences show significant homology.

The sequences of full length human ZNF217 (NM_006526) and murine Znf217
(NM_001033299) proteins are shown. The zinc-finger regions (1-8) are underlined with
solid grey lines. The conserved PXDLS motifs and RRT motifs are underlined with grey
dashed lines. Residues 530 (lysine) and 932 (glycine) of mZnf217, the first and last amino

acids of the yeast two-hybrid screen isolate, are indicated with asterisks.

Figure 2

Znf217 interacts with CtBP2 and the non-PXDLS interaction site was mapped to the
motif RRTGXPPXL

A. Yeast two-hybrid assays were performed to examine the interactions between mZnf217
530-932 and CtBP2. These assays were performed with each of the two test proteins fused
to the C-terminus of either Gal4AD or Gal4DBD. Growth on -His-Leu-Trp plates
(pictured) indicates that the two test proteins interact.

B. The PXDLS motifs in Znf217 530-932 and 660-715 were mutated and both wild type
and mutant proteins were tested for binding to wild type CtBP and CtBP with mutations in
the PXDLS cleft. Interaction with wild type CtBP (and the BKLF 30-75 ADL control
protein) only indicates binding which is dependent on a PXDLS motif. Interaction with
both wild type and mutant CtBPs indicates binding which is not dependent on a PXDLS

motif.
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C. Deletion mapping was performed to determine the minimal portion of murine Znf217
capable of interacting with CtBP in a PXDLS motif independent manner. The Gal4DBD-
Znf217 proteins are depicted schematically and results of yeast two-hybrid assays with
these proteins and Gal4AD-CtBP are shown as either plus (for growth of yeast) or minus. A
ADL mutation (NL-AS in the PLNLS motif) was introduced into many of the mZnf217
proteins so that only non-PXDLS binding was being examined, and is indicated. The
minimal region of mZnf217 required for interaction with CtBP, amino acids 730-760, is
indicated by a grey column.

D. Both single and triple mutations were introduced into amino acids 740-760 of
Gal4DBD-Znf217 700-790. The mutations in each of the constructs are highlighted within
the sequence of Znf217 amino acids 740-760. The results of yeast two-hybrid assays with
these mutant Gal4dDBD-mZnf217 proteins and Gal4AD-CtBP are shown as either plusses
(for relative growth of yeast) or minus. The consensus motif suggested, RRTGXPPXL, is

shown below.

Figure 3

Mutation of the PXDLS and RRT motifs of ZNF217 reduce the ability to bind to CtBP
and the double mutant has a severe reduction in binding

A. Gal4AD fused wild type hZNF217 and hZNF217 with mutations in the PLNLS motif
(ADL), RRTGCPPAL motif (ARRT) and both motifs (ADL ARRT) were examined for
their ability to interact with Gal4DBD fused wild type and cleft filled (CtBP2-BKLF 30-75)

CtBP in yeast two-hybrid assays.
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B. Fusion proteins of FLAG and wild type hZNF217 or hZNF217 with mutations in the
PLNLS motif motif (ADL), RRTGCPPAL motif (ARRT) and both motifs (ADL ARRT)
were examined for their ability to interact with HA-CtBP2 in co-immunoprecipitation
experiments. COS-1 cells were transfected with the expression vectors indicated and whole
cell extracts were immunoprecipitated (IP) separately with both the aFLAG and aHA
antibodies. Expression of each of the FLAG fused and HA fused proteins are shown in the
top two panels (10% input). FLAG-ZNF217 immunoprecipitated by the aFLAG antibody
and the resulting co-immunopreciptated HA-CtBP2 is shown in the middle two panels (IP:
oFLAG). HA-CtBP2 immunopreciptated by the oHA antibody and the resulting co-
immunoprecipitated FLAG-hZNF217 is shown in the bottom two panels (IP: aHA).

C. A summary diagram combining the results of interaction studies between CtBP and wild

type or mutant ZNF217.

Figure 4

RRT motifs are also found in RIZ and ZNF516 and are capable of mediating binding
to CtBP

A. mZnf217, hRIZ1, mRizl and hZNF516 are large zinc-finger proteins which possess
both PXDLS motifs and putative RRT motifs. The features of each protein are shown. The
predicted zinc-fingers are shown as arches and numbered, the consensus PXDLS motifs are
indicated by hollow rectangles and the motifs are outlined above in black and the putative
RRT motifs are indicated by grey filled rectangles and the motifs are outlined above in
grey. The PR/SET domains in the RIZ proteins are indicated by wide grey rectangles. The

portion of each protein, containing the putative RRT motif, which was tested for interaction
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with CtBP is indicated below each sequence as a black bar with the numbers of the flanking
amino acids indicated.

B. Segments of ZNF516 and both murine and human RIZ1 with and without mutations in
the putative RRT motifs fused to Gal4DBD were tested for their ability to bind to wild type
and cleft mutant CtBP fused to Gal4AD in yeast two-hybrid assays.

C. An alignment is shown of the RRT motifs that have been shown to mediate binding to
CtBP. Amino acids within the sequences which are identical to the amino acids in the
mZnf217 RRT motif are boxed in grey. The consensus combines information obtained
from validated natural RRT motifs and also from mutagenesis studies. The height of each
amino acid at each position is representative of the relative frequency in the naturally
occurring RRT motif proteins and the tolerance for various amino acids as determined by

mutational analysis.

Figure 5

X-ray crystal structure of the RRTGAPPAL peptide bound to t-CtBP1-S

A. Ribbon diagram of the t-CtBP1-S dimer. The protein subunits composing the dimer are
shown in green and red. The substrate- and the nucleotide-binding domains of each subunit
are labeled as SBD and NBD, respectively. The bound NAD(H) and RRTGAPPAL-peptide
molecules are shown in ball-and-stick representations (black and magenta, respectively).
The PXDLS binding site is reported from the crystal structure of the complex formed by t-
CtBPI1-S and the PIDLSKK peptide, shown in blue (PDB entry-code 1HL3). (Prepared

with MOLSCRIPT (21), and Raster3D (27)).
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B. CPK representation of the t-CtBP1-S dimer. In this space filing representation, the
molecular complex displayed in panel A has been rotated by about 90° around the vertical
axis. In this view the location of the PXDLS and RRTGAPPAL binding sites belonging to
different subunits, that fall on the same face of the dimeric assembly, are clearly depicted.

C. Consensus peptide binding site. Stereo view of the consensus RRTGAPPAL peptide
(yellow) bound to the t-CtBPI1-S nucleotide-binding domain. Salt bridges (black lines)
between R1-D220 and between R2-E164 are highlighted. The 2Fo-Fc electron density map

at 2.85 A resolution is shown as a blue grid.

Figure 6

Mutagenesis confirms the RRT contact residues of CtBP

A. Gal4AD-hZNF217 was examined for its ability to interact with Gal4DBD-CtBP2 wild
type and with mutations in the PXDLS motif binding cleft (A58E), the newly identified
RRT motif binding cleft (E181A/D237A) and with mutations in both clefts, in yeast two-
hybrid assays. Interactions between the Gal4dDBD CtBP2 mutants and with Gal4AD wild
type CtBP were also examined as a positive control for the expression and folding of the
CtBP2 mutants in yeast.

B. The ability of FLAG-hZNF217 to interact with YFP-CtBP2 wild type and with
mutations in the PXDLS motif binding cleft (A5S8E), the RRT motif binding cleft
(E181A/D237A) and in both clefts in co-immunoprecipitation experiments. COS-1 cells
were transfected with the expression vectors indicated above each lane and whole cell
extracts of those cells were immunoprecipitated (IP) with aFLAG antibody. Expression of

each of the FLAG fused and YFP fused proteins are shown in the top two panels (5%
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input). FLAG-ZNF217 immunoprecipitated by the aFLAG antibody and the resulting co-
immunopreciptated YFP-CtBP2 is shown in the bottom two panels (IP: aFLAG).
C. A summary diagram combining the results of interaction studies between ZNF217 and

wild type or mutant CtBP.

Figure 7

CtBP repression activity does not depend on its ability to bind ZNF217

A. A Western blot was performed to examine the expression levels of Gal4DBD fused
CtBP2 wild type and AS8E, E181A/D237A and AS8E/E181A/D237A mutants in
transiently transfected COS-1 cells.

B-C. Gal4dDBD-CtBP2 constructs were tested for their ability to repress (B) basal firefly
luciferase reporter gene expression from the TK promoter or (C) LexA-VP16 activated
firefly luciferase reporter gene expression from the EIB promoter, in COS-1 cells
following transient transfection (n=4, £SD, representative experiment).

D. Gal4dDBD-CtBP2 constructs were tested for their ability to repress basal firefly
luciferase reporter gene expression from the TK promoter in CtBP-/- cells following

transient transfection (n=2, £SD, representative experiment).

Figure 8

ZNF217 represses gene transcription and this effect is partially dependent on its
ability to bind to CtBP

A. A Western blot was performed to examine the expression levels of FLAG fused

hZNF217 wild type and ADL ARRT mutant in transiently transfected COS-1 cells.
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B-E. FLAG-hZNF217 constructs were tested for their ability to repress (B) firefly
luciferase reporter gene expression from the TK promoter in COS-1 cells (n=4, £SD,
representative experiment), (C) LexA-VP16 activated firefly luciferase reporter gene
expression from the E1B promoter in COS-1 cells (n=4, £SD, representative experiment),
(D) basal firefly luciferase reporter gene expression from the E-cadherin promoter in
HEK?293 cells (n=2, range of values, representative experiment), (E) basal firefly luciferase
reporter gene expression from the E-cadherin promoter in CtBP+/- and CtBP-/- cells (n=2,

range of values, representative experiment), following transient transfection.
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t-CtBP1-S:NAD(H)/RRTGAPPAL

Data collection statistics"
Space group

Unit cell dimensions (A)
Resolution (A)
Completeness (%)
Multiplicity

Rinerge(%)

I/o(D)

Refinement statistics and model quality

Riactor (%)

Reee” (%)

No. of residues

No. of waters

No. of formate anion
rmsd bond lengths‘]1 (10\)

rmsd bond angles (°)

P6422

a=b=89.3, c=162.7

2.85
99.8 (100)
9.3(9.5)
9.4 (39.9)
21.1 (4.6)

22.7
27.5
33149 (peptide)
19
1
0.006
0.95

“Values in parentheses are for the highest resolution shell.

bRmerge = 2hXi IThi — < Ih >|/ZhZi Thi.

“Riree €stimation is based on 10% of data withheld for cross-validation.

“The quality of the final model was assessed using the program PROCHECK (23).
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