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ABSTRACT 30 

Numerous transcription factors recruit C-terminal binding protein (CtBP) co-repressors. We 31 

show that the large zinc-finger protein ZNF217 contacts CtBP. ZNF217 is encoded by an 32 

oncogene frequently amplified in tumours. ZNF217 contains a typical Pro-X-Asp-Leu-Ser 33 

(PXDLS) motif that binds in CtBP's PXDLS-binding cleft. However, ZNF217 also contains 34 

a second motif Arg-Arg-Thr (RRT) that binds a separate surface on CtBP. The crystal 35 

structure of CtBP bound to a RRTGAPPAL peptide shows that it contacts a surface crevice, 36 

distinct from the PXDLS binding cleft. Interestingly, both PXDLS and RRT motifs are also 37 

found in other zinc-finger proteins, such as RIZ. Finally, we show that ZNF217 represses 38 

several promoters, including one from a known CtBP target gene, and mutations preventing 39 

ZNF217's contact with CtBP reduce repression. These results identify a new CtBP 40 

interaction motif and establish ZNF217 as transcriptional repressor protein that functions, at 41 

least in part, by associating with CtBP. 42 
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INTRODUCTION 43 

The C-terminal Binding Proteins (CtBPs) are multi-functional proteins implicated in gene 44 

regulation, Golgi maintenance and synaptic ribbon formation (3, 7, 41, 43). They function 45 

in gene regulation as transcriptional co-repressors. CtBPs interact with the repression 46 

domains of sequence-specific DNA-binding proteins (transcription factors) and recruit a 47 

repressor complex that contains histone modifying enzymes, such as histone deacetylases 1 48 

and 2, the histone methyltransferase G9a, and the histone demethylase LSD1 (38-40). 49 

Approximately 30 transcription factors that recruit CtBP to gene regulatory elements have 50 

been identified. These transcription factors come from diverse families and include proteins 51 

with zinc-finger, homeodomain, Ets and Sox type DNA-binding domains. They are united, 52 

however, by the fact that they typically contain a Pro-X-Asp-Leu-Ser (PXDLS) or related 53 

motif in their repression domains through which they contact CtBP (3, 43).  54 

 55 

Crystallographic studies have shown that CtBP is composed of a nucleotide-binding 56 

domain, that exhibits homology to dehydrogenase enzymes and includes an extensive 57 

dimerization interface and NADH binding motif, and a substrate-binding domain, formed 58 

by the N-terminus and part of the C-terminal region (22, 30). The X-ray crystal structure 59 

shows that the substrate-binding domain forms CtBP's PXDLS-peptide binding cleft (30). 60 

In addition, CtBP contains 80 C-terminal residues recently shown to be intrinsically 61 

unstructured (31). 62 

 63 

Although the mechanism through which CtBP is recruited by PXDLS partners is well 64 

understood, the other CtBP protein contacts remain to be characterized. In an effort to 65 
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identify other important contact sites on CtBP, we constructed a CtBP protein with a 66 

‘filled’ PXDLS cleft. This protein was generated from a fusion gene encoding the well-67 

characterized PXDLS motif found in the transcription factor Basic Krüppel-like Factor 68 

(BKLF/KLF3) (42) linked to the 3′ end of the murine CtBP2 gene. The resulting fusion 69 

protein thereby contains a C-terminal tail carrying a PXDLS motif and, since the C-70 

terminus of CtBP is flexible and structurally located near CtBP's PXDLS-binding cleft, we 71 

expect this tail to be able to fill the cleft. Indeed, we have found that the linked PXDLS tail 72 

does block the binding of additional PXDLS motif partners (data not shown). Importantly, 73 

a similar fusion protein, incorporating a point mutation in the PXDLS sequence, does not 74 

interfere with the binding of exogenous PXDLS motif partners, arguing against the 75 

possibility that the fusion tail is non-specifically impeding access to the PXDLS binding 76 

cleft (data not shown).  77 

 78 

We used this fusion protein in yeast two-hybrid screens and identified murine Znf217 as a 79 

protein partner of CtBP2 that does not depend on the PXDLS cleft for association. Murine 80 

Znf217 has not previously been described but, based on homology (Fig. 1) and synteny 81 

(10), it appears to be the orthologue of human ZNF217, a recognized oncogene implicated 82 

in numerous cancers, most notably breast and colon cancer (47). The human ZNF217 gene 83 

resides on the long arm of chromosome 20, at position q13.2 (5). This region is amplified in 84 

up to 40% of breast and 60% of colon cancers (35, 47). The amplification has been shown 85 

to correlate with increased ZNF217 protein and poor prognosis. Furthermore, it has been 86 

found that over-expression of ZNF217 promotes the immortalization of breast epithelial 87 

cells (32), although the precise mechanism through which ZNF217 drives immortalization 88 
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is not known. Interestingly, human ZNF217 has been found to be present in a number of 89 

repression complexes (14, 24, 48), including the CtBP-associated repression complex (39). 90 

However, the mechanism through which ZNF217 functions remains unknown. 91 

 92 

Here we show that murine and human ZNF217 directly interact with CtBP. We find that 93 

ZNF217 contains a PXDLS motif that binds the CtBP cleft, but also contains a motif that 94 

binds elsewhere on CtBP. We map this second motif within ZNF217 to the sequence 95 

RRTGCPPAL. Co-crystallization of CtBP with an RRTGAPPAL peptide reveals the 96 

location of the second peptide binding site on CtBP. 97 

 98 

We demonstrate that ZNF217 represses transcription driven by a number of promoters, and 99 

mutations that prevent it from contacting CtBP impair its ability to repress transcription. 100 

This suggests that ZNF217 functions in gene repression by recruiting CtBP and its 101 

associated repression complex.  102 

 103 

Our results further indicate that other zinc-finger proteins like RIZ and ZNF516, that also 104 

contain a PXDLS and the novel RRT motif, may play direct roles in gene repression 105 

through contacting CtBP. We suggest that over-expression of ZNF217 may contribute to 106 

tumorigenesis through initiating changes in gene expression profiles. 107 

 108 



Characterization of a new CtBP interaction motif 

6 

MATERIALS AND METHODS 109 

 110 

Plasmid constructs 111 

Full length murine CtBP2 was amplified by PCR and the product was cloned into Xma 112 

I/Sal I pGBT9 (Clontech) vector. This resulting construct, pGBT9-mCtBP2, was used as 113 

wild type CtBP2 in the yeast two-hybrid experiments described throughout this manuscript. 114 

Secondly, murine BKLF 30-75, containing the 61PVDLT65 motif, was amplified by PCR 115 

and cloned into the Not I/Sal I sites of pGBT9-mCtBP2. The resulting yeast two-hybrid 116 

constructs expressed BKLF 30-75 fused to the C-terminus of CtBP2. The pGBT9-mCtBP2-117 

BKLF 30-75 construct is referred to as “cleft-filled” CtBP2 throughout this manuscript. 118 

The “control ∆DL fusion”, which contains a DL to AS mutation in the PVDLT motif in the 119 

BKLF 30-75 portion of the fusion, was generated from the pGBT9-mCtBP2-BKLF 30-75 120 

construct by overlap PCR mutagenesis. The mCtBP2, mCtBP2-BKLF 30-75 and mCtBP2-121 

BKLF 30-75 ∆DL inserts were subcloned into the Xma I/Sal I sites of pGAD10(new) 122 

(derived from pGAD10 from Clontech) vector to allow them to be expressed in the yeast 123 

two-hybrid system as both Gal4AD and Gal4DBD fusions. 124 

 125 

A58E, V72R, E181A and D237A mutations were introduced into mCtBP2 by overlap PCR 126 

mutagenesis. Bgl II and Sal I digested mutant inserts were ligated into the BamH I/Sal I 127 

sites of pGBT9 and pGAD10(new) vectors to generate pGBT9-mCtBP2-A58E, pGBT9-128 

mCtBP2-V72R, pGAD10(new)-mCtBP2-A58E, pGAD10(new)-mCtBP2-V72R, pGBT9-129 

mCtBP2-E181A/D237A and pGBT9-mCtBP2 A58E/E181A/D237A. 130 

 131 
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The Gal4DBD (147 amino acids) was amplified by PCR using appropriate primers and was 132 

ligated into the Pst I/Not I sites of pMT3 (derived from pMT2) vector to generate pMT3-133 

Gal4 without a stop codon. A separate pMT3-Gal4 with a stop codon was generated to act 134 

as a control in mammalian repression assays. Secondly, wild type mCtBP2, mCtBP2-A58E, 135 

mCtBP2-E181A/D237A and mCtBP2-A58E/E181A/D237A mutant inserts were re-136 

amplified by PCR using appropriate primers and cloned into the Not I/Sal I sites of pMT3-137 

Gal4 without stop, 3′ of the Gal4 gene to generate pMT3-Gal4-mCtBP2, pMT3-Gal4-138 

mCtBP2-A58E, pMT3-Gal4-mCtBP2-E181A/D237A and pMT3-Gal4-mCtBP2-139 

A58E/E181A/D237A. 140 

 141 

pMT3-YFP was generated by ligating a Nsi I/Not I YFP PCR fragment from pEYFP-C1 142 

vector (Clontech) into Pst I/Not I sites of pMT3 vector (derived from pMT2). mCtBP2, 143 

mCtBP2-A58E, mCtBP2-E181A/D237A and mCtBP2-A58E/E181A/D237A were re-144 

amplified by PCR using appropriate primers and cloned into Not I/Sal I sites of pMT3-145 

YFP. pMT2-HA-mCtBP2 has been previously described (44).  146 

 147 

pGAD10-mZnf217 530-932 was isolated from MEL cDNA library with the pGBT9-148 

mCtBP2-BKLF 30-75 bait protein. The NL � AS mutation (∆DL) was introduced into the 149 

putative PXDLS motif, 680PLNLS684, in the pGAD10-mZnf217 530-932 construct using 150 

overlap PCR site directed mutagenesis. The mZnf217 530-932 and mZnf217 530-932 ∆DL 151 

inserts were liberated from the pGAD10 vector by digestion with BamH I and Bgl II and 152 

were ligated into the BamH I site of pGBT9(new) vector. 153 
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Regions of mZnf217 corresponding to amino acids 548-617, 660-715, 753-794, 869-911 154 

and 686-737 were amplified from pGAD10-mZnf217 530-932 template. Regions of 155 

mZnf217 corresponding to amino acids 660-715 ∆DL, 548-715 ∆DL, 753-911, 660-794 156 

∆DL, 548-794 ∆DL, 660-911 ∆DL, 548-911 ∆DL, 548-775 ∆DL, 548-750 ∆DL, 548-725 157 

∆DL, 700-911, 725-911 and 730-760 were amplified from the pGAD10-mZnf217 ∆DL 158 

template. PCR products were cloned into the Xma I/BamH I sites of pGBT9 vector to allow 159 

expression of Gal4DBD fusions in yeast. The region of mZnf217 encoding amino acids 160 

700-790 was amplified from pGAD10-mZnf217 530-932 template and the PCR product 161 

was cloned into the BamH I/Pst I sites of pGBT9 vector. 162 

 163 

Triple and single alanine scanning mutations (shown in Fig. 2D) were introduced into 164 

pGBT9-mZnf217 700-790 using overlap PCR mutagenesis. 165 

 166 

Full length human ZNF217 (1-1048) was amplified by PCR from pLXSN-ZNF217 (32) 167 

and cloned into the EcoR I site of pGAD10 vector to produce pGAD10-hZNF217 1-1048. 168 

An NL � AS mutation (∆DL) was introduced into the 686PLNLS690 motif of pGAD10-169 

hZNF217 1-1048 using overlap PCR mutagenesis to generate pGAD10-hZNF217 1-1048 170 

∆DL. An RRT � AAA mutation (∆RRT) was introduced into the 752RRTGCPPAL760 171 

motif of pGAD10-hZNF217 1-1048 and pGAD10-hZNF217 1-1048 ∆DL by overlap PCR 172 

mutagenesis to produce pGAD10-hZNF217 1-1048 ∆RRT and pGAD10-hZNF217 1-1048 173 

∆DL ∆RRT. 174 
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hZNF217 1-1048, 1-1048 ∆DL, 1-1048 ∆RRT, 1-1048 ∆DL ∆RRT inserts were subcloned 175 

into the EcoR I site of pMT3-FLAGb vector to generate hZNF217 expression constructs 176 

with the FLAG sequence fused to the N-terminus. 177 

 178 

Segments of hRIZ1 (amino acids 661-820 containing 735RRTSSPPSS743), mRiz1 (amino 179 

acids 772-931 containing 858RRTSSPPSS866) and hZNF516 (amino acids 2381-2580 180 

containing 2442GRTGPPPAL2450) were amplified from human genomic DNA, murine 181 

genomic DNA, K562 (human) cDNA library and MEL (murine) cDNA library by PCR and 182 

were cloned into the EcoR I/BamH I sites of pGBT9 vector. RRT/GRT�AAA mutations 183 

were introduced into the putative RRT motifs of hRIZ1 661-820, mRiz1 772-931 and 184 

hZNF516 2381-2580 using overlap PCR mutagenesis to generate pGBT9-hRIZ1 661-820 185 

∆RRT, pGBT9-mRiz1 772-931 ∆RRT and pGBT9-hZNF516 ∆GRT. 186 

 187 

Details of primers used in plasmid construction are available on request. The identities of 188 

the inserts in each construct were confirmed by automated DNA sequencing. 189 

 190 

The firefly luciferase reporter vector pGL2-(Gal4)5-(LexA)2-E1B-Luc and LexA-VP16 191 

mammalian expression plasmid pCMV-LexA (1-202)-VP16 (410-490) were generous gifts 192 

from Luke Gaudreau and Mark Ptashne (The Sloan–Kettering Institute, New York, NY). A 193 

second firefly luciferase reporter vector containing 5xGal4 binding sites and the TK 194 

promoter, pGL2-(Gal4)5-TK-Luc, has been described previously (33). pGL3-human E-195 

cadherin (-427/+53)-luciferase reporter vector was a gift from Stephen Sugrue (Department 196 
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of Anatomy and Cell Biology, Harvard Medical School) and has been previously described 197 

(1). 198 

 199 

Yeast two-hybrid screen and assays 200 

Yeast two-hybrid screens were performed with pGBT9-mCtBP2 BKLF 30-75 as bait and 201 

murine erythroleukaemia cell (MEL) and human K562 cell cDNA libraries as described 202 

previously (42). For yeast two-hybrid assays, test proteins were expressed in HF7c yeast as 203 

either Gal4DBD or Gal4AD fusions. Transformant colonies were selected on Leu/Trp 204 

deficient plates and patched onto His/Leu/Trp deficient plates. Growth was scored 205 

following 72 hours incubation. 206 

 207 

Mammalian cell culture 208 

COS-1 and HEK293 cells were cultured as described previously (1, 34) and transfected, 209 

using the transfection reagent FuGENE6 (Roche Diagnostics) following the manufacturer's 210 

instructions. CtBP1
+/-

CtBP2
+/- (CtBP+/-) and CtBP1

-/-
CtBP2

-/- (CtBP-/-) cells were a gift 211 

from J. Hildebrand and were cultured and transfected as described previously (16). 212 

 213 

Co-immunopreciptation experiments 214 

To examine interactions between mCtBP2 and hZNF217 mutants, duplicate 100 mm plates 215 

of COS-1 cells were transfected with combinations of 1 µg of pMT2-HA-mCtBP2 and 3 µg 216 

of pMT3-FLAGb-hZNF217 wt, ∆DL mutant, ∆RRT mutant and double ∆DL ∆RRT 217 

mutant DNA. 48 h following transfection, cells were harvested, duplicates pooled and 218 

whole cell protein extracts were prepared (in 50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-219 
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40, 0.2 mM PMSF, 1 µg/mL aprotinin and 1 µg/mL leupeptin, total volume 500 µL). For 220 

the input lanes 20 µL of each extract (10% of the amount used in immunoprecipitation) was 221 

mixed with SDS loading dye, boiled and run on an 8% SDS-PAGE gel. 222 

Immunoprecipitation was performed with 200 µL of each extract, 10 µL of protein G beads 223 

and 7.5 µg of either mouse monoclonal αHA (12CA5 Roche Corporation) or mouse 224 

monoclonal αFLAG (Sigma) antibodies to immunoprecipitate HA-mCtBP2 or FLAG-225 

hZNF217 respectively. Following washes, beads were mixed with SDS loading dye, boiled 226 

and run on 8% SDS-PAGE gels. Proteins in SDS-PAGE gels were blotted onto 227 

nitrocellulose membranes (Western Blot) and immuno-detected with 10 µg of both αHA Ab 228 

and αFLAG Ab in 10 mL TBST to detect HA-mCtBP2 and FLAG-hZNF217 respectively. 229 

A sheep anti-mouse HRP conjugated secondary Ab (Amersham Bioscience) was used and 230 

bands were detected with a Western Lightning Chemiluminescence Reagent Plus (Perkin 231 

Elmer Life Sciences) and X-ray film (Eastman Kodak Company). The exposures show the 232 

results of a representative experiment. 233 

 234 

To examine interactions between hZNF217 and mCtBP2 mutants, 100 mm petri dishes of 235 

COS-1 cells were transiently transfected with combinations of 3 µg pMT3-FLAGb-236 

hZNF217 and 250 ng of either pMT3-YFP-mCtBP2, pMT3-YFP-mCtBP2 A58E, pMT3-237 

YFP-mCtBP2 E181A/D237A or pMT3-YFP-mCtBP2 A58E/E181A/D237A. Protein 238 

extracts, immunoprecipitation and Western blots were performed as described in the above 239 

co-immunoprecipitation methods except that immunoprecipitations were conducted with 10 240 

µg of αHA antibody only and Western blots were immuno-detected using αHA and 241 

monoclonal mouse αYFP (BD Living Colors, JL-8, Clontech) antibodies. 242 
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Western blots for assessment of protein expression levels 243 

Western blots were performed to confirm equivalent expression of the Gal4-mCtBP2 and 244 

FLAG-hZNF217 proteins. 100 mm petri dishes of COS-1 cells were transiently transfected 245 

with 4 µg pMT3 alone, pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2 A58E, pMT3-Gal4-246 

mCtBP2 E181A/D237A or pMT3-Gal4-mCtBP2 A58E/E181A/D237A or 3 µg pMT3 247 

alone, pMT3-FLAGb-hZNF217 or pMT3-FLAGb-hZNF217 ∆DL ∆RRT. Cells were 248 

incubated for 48 hours following the transfection before cells were harvested and nuclear 249 

extracts prepared. Equal amounts of each nuclear extract were run on a 12% SDS PAGE 250 

gel, and Western Blots were performed as described above. The Gal4-mCtBP2 was 251 

visualized using a mouse monoclonal αCtBP2 antibody (BD Biosciences). The FLAG-252 

hZNF217 was visualized using a mouse monoclonal αFLAG antibody. 253 

 254 

Mammalian cell repression assays 255 

To examine CtBP repression of reporter gene expression, 6 well plates of COS-1 cells or 256 

CtBP+/- and CtBP-/- cells were transiently transfected. To examine repression of basal 257 

expression, the following plasmids were used: 3 µg pGL2-(Gal4)5-TK-Luc reporter, and 50 258 

ng of either pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2-A58E, pMT3-Gal4-mCtBP2-259 

E181A/D237A or pMT3-Gal4-mCtBP2-A58E/E181A/D237A. To examine repression of 260 

activated expression, the following plasmids were used: 3 µg pGL2-(Gal4)5-(LexA)2-E1B-261 

Luc reporter, 1 µg pCMV-LexA (1-202)-VP16 (410-490) expression vector and 50 ng of 262 

either pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2-A58E, pMT3-Gal4-mCtBP2-263 

E181A/D237A or pMT3-Gal4-mCtBP2-A58E/E181A/D237A. In both experiments, 10 ng 264 

of the Renilla (R) luciferase vector pRL-Luc (Promega) was co-transfected to allow the 265 
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firefly (FF) luciferase measurements to be corrected to control for transfection efficiency. 266 

Luciferase activity was measured 48 h post-transfection in a Turner Designs model TD 267 

20/20 luminometer using the dual-luciferase reporter assay system (Promega). Results 268 

shown are averaged FF/R luciferase ratios from 4 replicates of a representative experiment.  269 

 270 

To examine ZNF217 repression of reporter gene expression, 6 well plates of COS-1 cells 271 

were transiently transfected. To examine repression of basal expression, the following 272 

plasmids were used: 3 µg pGL2-(Gal4)5-TK-Luc reporter, and 150 ng of either pMT3-273 

FLAGb-hZNF217 or pMT3-FLAGb-hZNF217 ∆DL ∆RRT. To examine repression of 274 

activated expression, the following plasmids were used: 3 µg pGL2-(Gal4)5-(LexA)2-E1B-275 

Luc reporter, 1 µg pCMV-LexA (1-202)-VP16 (410-490) expression vector and 150 ng of 276 

either pMT3-FLAGb-hZNF217 or pMT3-FLAGb-hZNF217 ∆DL ∆RRT. FF luciferase 277 

activity was measured as described above. Results shown are averaged FF luciferase ratios 278 

from 4 replicates of a representative experiment.  279 

 280 

To examine ZNF217 repression of the E-cadherin promoter, 6 well plates of HEK293 cells 281 

or CtBP+/- and CtBP-/- cells were transiently transfected with 1 µg of pGL3-E-cad-Luc 282 

and 1 µg of various pMT3-FLAG-hZNF217 wild type and mutant derivatives and 10 ng of 283 

pRL-Luc. 48 h post transfection, FF and R luciferase activities were quantified as described 284 

above. Results shown are averaged FF/R luciferase ratios from 2 replicates of a 285 

representative experiment. 286 

 287 

Crystallization, structure determination and refinement 288 
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t-CtBP1-S, bearing a His tag at its N-terminus, was expressed in E. coli and purified as 289 

described previously (29). Vapor-diffusion co-crystallization experiments on the 290 

protein/peptide complex were performed after overnight incubation of t-CtBP1-S (at 10 291 

mg/ml concentration) with 10 mM RRTGAPPAL peptide. Bipyramidal-shaped crystals of 292 

the t-CtBP1-S/peptide complex grew in a few days using a crystallization solution 293 

containing 1.8-2.1 M ammonium formate, 100 mM HEPES, pH 7.5. The crystals belong to 294 

the space group P6422, with unit cell parameters: a = b = 89.3 Å, c = 162.7 Å, one 295 

molecule per asymmetric unit. A full diffraction data set was collected at 2.85 Å resolution 296 

using synchrotron radiation (ID14-EH3 beamline, ESRF, Grenoble, France). All diffraction 297 

data were processed using MOSFLM and SCALA (9, 25) (see Table I).  298 

 299 

The RRTGAPPAL peptide was prepared on an Applied Biosystems mod 433A synthesizer 300 

according to standard Fmoc (9-fluorenylmethoxycarbonyl) solid-phase synthesis. After 301 

purification by preparative RP-HPLC, it was shown to be >95% homogeneous by analytical 302 

RP-HPLC. Its identity and molecular weight were confirmed by electrospray ionization 303 

mass spectrometry (Finnigan LCQ Advantage) (m/z, found 938.3; calcd. for C40H71N15O11 304 

938.097). 305 

 306 

The structure of the t-CtBP1-S/peptide complex was determined by molecular replacement 307 

using the program MolRep (4, 45). The crystal structure of t-CtBP1-S (PDB entry-code 308 

1HKU) (30) was used as search model. The structure was then refined using the program 309 

REFMAC (28) (rigid body and restrained refinement). After a few cycles of refinement, 310 

2Fo-Fc electron density maps showed structural details that allowed unambiguous 311 
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modeling of the peptide, with the exception of the C-terminal A-L residues, for which poor 312 

density was available. As in the case of t-CtBP1-S structure (30), a NAD(H) molecule was 313 

found, likely the result of specific uploading during t-CtBP1-S expression/purification (30), 314 

tightly bound at the nucleotide-binding domain. The final model contains 331 t-CtBP1-S 315 

residues (15-345), 19 water and 1 formate molecules, 1 NAD(H), and 1 RRTGAPPAL 316 

peptide molecule (Rfactor = 22.7% and Rfree = 27.5%, respectively), with ideal 317 

stereochemical parameters (Table I) (8, 23). 318 

 319 

Coordinates and structure factors have been deposited with the Protein Data Bank (2) with 320 

accession codes 2HU2 and r2HU2sf, respectively. 321 



Characterization of a new CtBP interaction motif 

16 

RESULTS 322 

Identification of Znf217 as a CtBP partner protein 323 

The CtBP2/BKLF fusion protein, containing residues 30-75 of murine BKLF 324 

(encompassing its well-characterized PVDLT CtBP contact site) extending from the CtBP2 325 

C-terminus, was used as a bait in yeast two-hybrid screens. Several positive clones were 326 

isolated, including previously reported CtBP partners, Ubc9 (18, 26), HIPK2 (49) and the 327 

related protein HIPK1. One clone encoding residues 530 to 932 of murine Znf217 was 328 

recovered. This isolate was tested for its ability to interact with normal full length CtBP2 in 329 

yeast two-hybrid assays, as both prey and bait (Fig. 2A). Yeast growth was observed in 330 

both experiments suggesting that Znf217 is a direct binding partner of CtBP2. 331 

 332 

Defining the contact regions in Znf217 333 

We next mapped the domains of Znf217 that contact CtBP2. Znf217 contains 8 classical 334 

zinc-fingers. The original cDNA fragment we recovered encodes amino acids 530 to 932 335 

and includes zinc-finger 7. Inspection of this fragment revealed that it also contained the 336 

motif PLNLS just upstream of zinc-finger 7. The PLNLS sequence fits the general 337 

consensus for PXDLS motifs (3, 43) and is conserved in human ZNF217 (Fig. 1).  338 

 339 

First, experiments were carried out to confirm that this PLNLS motif was functional and 340 

could slot into the CtBP PXDLS peptide binding cleft. Residues 660 to 715 of Znf217 were 341 

amplified and tested for their ability to bind CtBP2 in the yeast two-hybrid assay system. 342 

The PLNLS was mutated to PLASS, as the substitution of the central two residues, often 343 

DL (but here NL) and referred to as the ∆DL mutation, is known to disrupt binding to the 344 
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CtBP PXDLS peptide binding cleft (36, 37). In addition, CtBP derivatives that contain 345 

defective PXDLS peptide binding clefts were also tested. Two previously described 346 

mutations in the cleft A58E and V72R (30), as well as the ‘cleft-filled’ mutant, were also 347 

tested for their ability to bind the Znf217 PXDLS motif (Fig. 2B). The fragment containing 348 

the PLNLS motif was able to interact with wild type CtBP2, the mutation in this motif 349 

prevented binding, and the CtBP2 derivatives with defective clefts could not bind this 350 

fragment. In summary, Znf217 contains a functional PXDLS motif, as shown in Fig. 1. 351 

 352 

Our screen was designed to identify CtBP partners that did not rely on PXDLS motifs for 353 

associating with CtBP. To determine if Znf217 did require the PXDLS motif for binding to 354 

CtBP, its PLNLS motif was mutated, in the context of a longer fragment of Znf217, 355 

residues 530 to 932. We found that this Znf217 fragment retained the ability to interact with 356 

CtBP (Fig. 2B). This fragment also retained the ability to bind to the CtBP cleft mutants, 357 

A58E and V72R, and the ‘cleft-filled’ derivative in both orientations in yeast (only one 358 

orientation is shown). This result confirmed our expectation that Znf217 was a partner 359 

protein that did not rely solely on the CtBP PXDLS peptide binding cleft for contact, and 360 

suggested that Znf217 contained a second CtBP contact motif.  361 

 362 

We next used deletion analyses on Znf217 fragments containing a mutated PLNLS motif to 363 

define the second contact motif (Fig. 2C), and localized it to the region downstream of 364 

zinc-finger 7. Further alanine scanning experiments demonstrate that the second contact 365 

surface in Znf217 comprises the motif RRTGCPPAL (Fig. 2D). We term this an RRT 366 

motif. 367 
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We next carried out experiments with full length human ZNF217 and full length CtBP2 to 368 

verify the interaction. Full length ZNF217 mutants with defective PXDLS (∆DL) or RRT 369 

(RRTGCPPAL�AAAGCPPAL, ∆RRT) motifs were generated, as well as a double mutant 370 

that contained mutations in both motifs. These three mutants were first tested in the yeast 371 

two-hybrid assay system. As expected the wild type full length ZNF217 interacted with 372 

wild type CtBP2. Additionally, both the single mutants retained the ability to interact. 373 

However, the double mutant showed very little CtBP binding (Fig. 3A). This result 374 

suggests that the PXDLS and RRT motifs in ZNF217 are the major determinants through 375 

which it contacts CtBP2.  376 

 377 

We then sought to test whether the protein interactions also occurred in the context of 378 

mammalian cells. Epitope tagged FLAG-ZNF217 and HA-CtBP2 were transfected into 379 

COS-1 cells and their interaction was monitored using immunoprecipitation. As shown in 380 

Fig. 3B, when ZNF217 was recovered with Flag antibody, CtBP2 was efficiently retained 381 

as revealed by Western blotting against HA. The PXDLS and RRT ZNF217 mutants and 382 

the double mutants were also tested. Both the single ZNF217 mutants bound some CtBP2 383 

(though slightly less than wild type), but the double mutant did not associate with 384 

detectable CtBP2. The converse experiment (immunoprecipitating with anti-HA and 385 

Western blotting with anti-Flag) was also carried out with similar results, except that in this 386 

orientation the reduction in binding brought about by the single mutations was more 387 

striking, possibly because the immunoprecipitation or detection of associated proteins by 388 

Western blotting was somewhat less efficient in this orientation. Nevertheless, these results 389 

confirm the inferences from the yeast two-hybrid assays that full length CtBP2 associates 390 
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with full length ZNF217, and that the two motifs, the PXDLS and the RRT motifs, are 391 

primarily responsible for the association (Fig. 3C). 392 

 393 

RRT motifs occur in several CtBP partner proteins 394 

We searched protein databases to determine whether RRT motifs occur in other proteins. 395 

Similar motifs were identified in ZNF516 and RIZ. Both proteins also contained 396 

recognizable PXDLS motifs within their sequences (Fig. 4A). We did not identify proteins 397 

that contained clear RRT motifs in the absence of the PXDLS motif. Although little is 398 

known about ZNF516, it is notable that it was found to co-purify in the repression complex 399 

that associates with CtBP in HeLa cells (reported under the name KIA0222) (39). RIZ is a 400 

well-studied 8 zinc-finger protein that contains a PR/SET domain and has been reported to 401 

possess histone methyltransferase activity (17). It contains two PXDLS motifs and has 402 

previously been inferred to be a CtBP partner, although the sites and functional effects of 403 

CtBP contact have not been described (15). RIZ also contains two potential RRT motifs. 404 

These motifs are conserved in the human and murine forms of RIZ. 405 

 406 

In order to test whether the RRT motifs that had been identified by bioinformatics 407 

screening were able to physically interact with CtBP, segments of RIZ and ZNF516 were 408 

tested for binding to CtBP2 using the yeast two-hybrid system. It was found that the 409 

ZNF516 motif and one (but not the other, data not shown) of the RRT motifs in RIZ were 410 

able to interact with CtBP (Fig. 4A). Mutations of the RRT sequence abolished the 411 

interaction (Fig. 4B), as summarized in Fig. 4C. 412 

 413 
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Defining the regions in CtBP that contact the RRT motif using X-ray crystallography 414 

To shed more light on the structural bases of the CtBP-ZNF217 interaction, 415 

crystallographic evidence was sought on the location of the RRTGCPPAL peptide 416 

recognition site on CtBP. To avoid aggregation during crystallization, mutants with the 417 

peptide’s C residue altered to A or S were tested in yeast two-hybrid assays for binding to 418 

CtBP2 (Fig. 2D). Both A and S are tolerated at this amino acid position, so an 419 

RRTGAPPAL peptide was synthesized. Co-crystallization experiments were performed by 420 

incubating the synthetic peptide with a truncated form of the CtBP1-S isoform (or the 421 

short-CtBP1 splice isoform, previously known as CtBP3/BARS). This truncated CtBP1-S 422 

(t-CtBP1-S), devoid of 80 C-terminal residues, was successfully used in the past to identify 423 

the PXDLS consensus binding site (30). The protein-RRTGAPPAL complex 3D structure 424 

was solved by molecular replacement methods using the t-CtBP1-S structure as a starting 425 

model (PDB entry-code 1HKU), and refined to 2.85 Å resolution (Rfactor = 22.7% and Rfree 426 

= 27.5%, respectively; Table I) (8). The crystallized t-CtBP1-S appears as a tight dimer, 427 

built across a 2-fold crystallographic symmetry axis, with major packing interactions based 428 

on pairing of two nucleotide-binding domains of each monomer, as observed for other t-429 

CtBP1-S crystal forms (Fig. 5 A, B; (30)). 430 

 431 

The crystal structure of the protein-RRTGAPPAL complex shows that the consensus peptide 432 

binds at a surface cleft mainly defined by the loop connecting helix αC to strand βA, and by 433 

helices αF and αG, of the nucleotide-binding domain (Fig. 5 A, C). The bound peptide 434 

adopts an extended conformation, antiparallel to the αG helix, burying 146 Å2 of protein 435 

surface. Binding of the exogenous peptide is supported by docking of its R1, R2, T3 side-436 



Characterization of a new CtBP interaction motif 

21 

chains into a surface groove lined by CtBP residues Y129, A159, E164, H218, D220, R245, 437 

Q246, G247, A248, F249, and R274 (Fig. 5C). The rest of the peptide lies at the protein 438 

surface, and shows a kink at residues P6-P7, that locates the peptide C-terminal part next to 439 

the last turn of helix αG. The main stabilizing peptide-protein interactions involve two salt 440 

bridges (R1-D220, and R2-E164), hydrogen bonds in the residue pairs R1-H217, R2-G247, 441 

T3-D220, T3-R245, G4-Q246, and G4-Q246, and intermolecular van der Waals contacts at 442 

P6 and P7 residues (Fig. 5C). Interestingly, all protein residues involved in peptide-443 

binding/recognition are conserved within the CtBP family, except for the conservative 444 

substitution of H218�Q in the CtBP2 sequence. 445 

 446 

Overlay of t-CtBP1-S and t-CtBP1-S/peptide complex 3D-structures yields a r.m.s. 447 

deviation of 0.45 Å, indicating that binding of the consensus peptide RRTGAPPAL is not 448 

associated with significant tertiary/quaternary structure modifications. Only local side chain 449 

conformational changes are induced by peptide binding. Among these, we notice the 450 

substitution of the R245 guanidinio group of t-CtBP1-S with the guanidino head of R1, 451 

from the peptide, which thus replaces the intramolecular salt bridge R245-D220 with the 452 

intermolecular R1-D220 ion pair. The consensus RRTGAPPAL binding site has no direct 453 

contact with the NAD(H) binding region (about 27 Å apart), although both are hosted in the 454 

nucleotide-binding domain, nor with the previously identified PXDLS binding site (about 455 

53 Å apart). The latter is localized at the N-terminal region of the substrate-binding domain, 456 

and on the opposite face of the t-CtBP1-S subunit (Fig. 5 A, B). It is, however, worth 457 

noting that in the t-CtBP1-S dimeric assembly, where the two substrate-binding domains lie 458 

at opposite poles, the PXDLS binding site of one subunit is located on the same dimer face 459 
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of the RRT binding site of the opposite subunit (about 30 Å apart). Considering the close 460 

proximity of the 686PLNLS690 and 752RRTGCPPAL760 motifs in the ZNF217 sequence (only 461 

61 amino acids apart), it is possible for ZNF217 to bind across the CtBP dimer, accessing 462 

the PXDLS and RRT binding sites on distinct CtBP subunits, respectively (Fig. 5 A, B). 463 

 464 

Confirmation of the structural results using mutagenesis 465 

To confirm the inferred location of the RRTGAPPAL binding site, two CtBP1-S residues 466 

building up the peptide recognition cleft, E164 and D220, were selected for mutation to 467 

alanine. Mutations were also made in the corresponding residues in CtBP2: E181A and 468 

D237A. CtBP derivatives containing each mutation, and the two mutations together were 469 

generated. In addition, CtBP proteins containing defective PXDLS-binding clefts were 470 

further mutated so that they also carried these additional mutations in the putative RRT 471 

binding sites. This panel of CtBP mutants was first tested for interaction with ZNF217 472 

using the yeast two-hybrid system (Fig. 6A). Each of the mutations in the CtBP2 and 473 

CtBP1-S RRT motif binding clefts was individually sufficient to abrogate binding (only the 474 

results from double mutation of two of the amino acids in this cleft for CtBP2 are shown). 475 

As expected the CtBP mutants bearing mutations in either the RRT motif contact region or 476 

in the PXDLS binding cleft retained the ability to contact ZNF217, however, when both 477 

regions were mutated binding was abrogated. Each of the CtBP mutants retained the ability 478 

to dimerize with wild type CtBP indicating that these proteins are expressed and properly 479 

folded in yeast. This result is consistent with the structural data and confirms the inference 480 

that ZNF217 does contact residues E181 and D237 of CtBP2 through its RRT motif (Fig. 481 
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6A). Co-immunoprecipitation experiments were then performed and validated the yeast 482 

two-hybrid assay results (Fig. 6B). A summary of the interactions is shown in Fig. 6C. 483 

 484 

Mutations in the PXDLS and RRT motif binding clefts of CtBP have little effect on its 485 

ability to repress transcription 486 

Having generated a CtBP mutant (A58E/E181A/D237A) that was unable to bind to 487 

ZNF217, we sought to assess the effect of this mutation on the ability of CtBP to repress 488 

transcription. As CtBP cannot bind to DNA directly, the conventional Gal4-DNA-binding 489 

domain (Gal4DBD) fusion strategy that is widely used to assess CtBP repression activity 490 

was employed (11, 20, 42). The cDNAs encoding wild type CtBP and CtBP with mutations 491 

in the PXDLS motif binding cleft (A58E), in the RRT motif binding cleft (E181A/D237A), 492 

and at both clefts, were fused to a cDNA encoding the Gal4DBD. These constructs were 493 

transfected into COS-1 cells and were shown to be expressed at equivalent levels (Fig. 7 494 

A). Their ability to repress transcription of the firefly luciferase reporter driven by a core 495 

TK promoter with 5 Gal4 binding sites, and a LexA-VP16 activated E1B promoter with 5 496 

Gal4 binding sites and 2 LexA binding sites was examined (Fig. 7 B and C). The mutation 497 

in the PXDLS binding cleft (A58E) had a modest effect on the ability of CtBP to repress, 498 

but additional mutations in the RRT binding cleft (E181A/D237A), or the RRT cleft 499 

mutations alone had no discernible effect on activity. To exclude the possibility that the 500 

mutant proteins were retaining repression activity by virtue of their ability to dimerize with 501 

wild type endogenous CtBP, we repeated the experiments in murine embryonic fibroblasts 502 

derived from CtBP1
-/-

/CtBP2
-/- double knockout murine embryos (16). Wild type CtBP2, 503 

A58E and E181A/D237A mutants all exhibited strong repression activity in these CtBP-/- 504 
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cells (Fig. 7D) although the mutants showed a slight reduction in repression. In summary, 505 

these results suggest that ZNF217 contact does not make a major contribution to repression 506 

by CtBP. 507 

 508 

ZNF217 is a transcriptional repressor and mutations in the PXDLS and RRT motifs 509 

of ZNF217 reduce this activity 510 

We next examined whether ZNF217 is able to repress transcription. We also tested ZNF217 511 

mutants that cannot bind to CtBP in these assays. The molecular mechanism through which 512 

ZNF217 operates has not been determined, but the finding that it associates directly with 513 

CtBP2 suggested that it may play a role in gene repression. We therefore examined its 514 

activity on a number of test promoters.  515 

 516 

We first tested the ability of ZNF217 to repress the Gal4 site linked TK promoter. Co-517 

transfection of a plasmid encoding wild type ZNF217 resulted in significant repression. We 518 

then tested the mutant derivatives of ZNF217. Mutation of both the PXDLS and RRT 519 

motifs in ZNF217 significantly reduced repression (Fig. 8B). Taken together these results 520 

suggest that ZNF217 can act as a repressor of transcription and that it in part utilizes CtBP 521 

to mediate repression. The residual repression observed indicates that it may also have 522 

additional mechanisms through which it can repress gene expression. Similar results were 523 

obtained when ZNF217 and the mutant were tested against a second promoter containing 524 

LexA and Gal4 sites upstream of the Adenovirus E1B promoter driving a luciferase 525 

reporter gene (Fig. 8C). 526 

 527 
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We also sought to test a natural CtBP dependent promoter and chose the E-cadherin 528 

promoter, as it has previously shown to be a CtBP target gene (12, 13, 39). We transfected 529 

a ZNF217 encoding plasmid together with the E-cadherin promoter driving a luciferase 530 

reporter gene and observed that ZNF217 significantly repressed expression of the reporter 531 

gene. We also tested the PXDLS mutant, the RRT mutant, and the double mutant. We 532 

found that each single mutation modestly reduced repression and that the double mutation 533 

more significantly reduced repression (Fig. 8D). These results were similar to those 534 

obtained on the viral promoters used above. We also noted that no repression was observed 535 

on other promoters, such as the CMV-promoter driven Renilla reporter plasmid, showing 536 

that ZNF217 does not non-specifically repress all promoters (data not shown). Wild type 537 

ZNF217, and ZNF217 with mutations in both the PXDLS motif (∆DL) and RRT motif 538 

(∆RRT), were expressed at equivalent levels in COS-1 cells (Fig. 8A). 539 

 540 

To further assess the contribution of CtBP to ZNF217 repression activity, we repeated the 541 

experiments in CtBP+/- and double knockout cells (Fig. 8E). When transfected into 542 

CtBP+/- control cells, ZNF217 represses the E-cadherin promoter. Again, this repression 543 

activity appears to be mediated in part by CtBP, since the double mutant (∆DL ∆RTT) 544 

shows reduced repression. When tested in CtBP-/- cells, the E-cadherin reporter is de-545 

repressed and shows high activity (Fig. 8E). Significantly, co-transfection of ZNF217 leads 546 

to significant repression even in the CtBP-/- cells. The double mutant ZNF217 retains 547 

equivalent repression activity in these cells (Fig. 8E). Taken together the results suggest 548 

that recruitment of CtBP enhances repression but that ZNF217 contacts additional partners 549 

that can mediate repression in the absence of CtBP. 550 
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DISCUSSION 551 

We have shown that the zinc-finger oncoprotein ZNF217 interacts with CtBP utilizing both 552 

a conventional PXDLS motif (localizing to a binding cleft in the CtBP substrate-binding 553 

domain (30)), and a distinct RRT motif, that binds at a newly defined surface cleft in the 554 

CtBP nucleotide-binding domain (Fig. 5). The two peptide recognition sites are physically 555 

well separated (53 Å), being roughly at opposite poles of the CtBP subunit. Moreover, 556 

based on geometrical considerations, the two sites do not appear to support simultaneous 557 

contacts with the same ZNF217 molecule within one CtBP subunit. Rather ZNF217 may 558 

bind across the CtBP dimer, contacting surfaces of both substrate- and nucleotide-binding 559 

domains from the two protein subunits, thus recognizing both PXDLS and RRT binding 560 

sites on distinct CtBP subunits.  561 

 562 

ZNF217 is implicated in human cancers and has been shown to contribute to the 563 

immortalization of breast epithelial cells in culture (32). Our work suggests that one 564 

mechanism by which increased copy number of ZNF217 contributes to tumorigenesis could 565 

be through altering gene expression, for example, via increased repression of tumour 566 

suppressor gene promoters. We also show that the ability of ZNF217 to repress 567 

transcription is partially dependent on its ability to bind to CtBP.  568 

 569 

Having established that ZNF217 represses transcription, future research will focus on the 570 

full mechanisms by which it mediates repression. It is known that the protein RIZ, which 571 

also contains zinc-fingers, and PXDLS and RRT motifs, can bind GC-rich sites in DNA 572 

through its zinc-fingers 1-3 (46) and also has been reported to possess histone 573 
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methyltransferase activity (19). By analogy, ZNF217 may be a sequence-specific DNA-574 

binding protein that recruits CtBP to silence specific genes and the residual repression 575 

activity observed when it is unable to recruit CtBP may reflect an additional repression 576 

mechanism. However, to date we have not detected direct DNA-binding by ZNF217 (data 577 

not shown). The relationship between ZNF217 and the E-cadherin promoter and the 578 

mechanism through which it may be recruited to the promoter in vivo is still under 579 

investigation. 580 

 581 

Interestingly, ZNF217 and ZNF516 (recorded as KIA0222) have been found to be present 582 

in a number of repression complexes (14, 24, 48), including the CtBP-associated repression 583 

complex that exists in HeLa cells (39), consistent with our data that these proteins directly 584 

contact CtBP. Relatively few typical sequence-specific transcription factors have been 585 

found in these repression complexes. One known DNA-binding protein that has been found 586 

in the CtBP repressor complex is the large zinc-finger homeodomain transcription factor 587 

ZEB (39). It is possible that ZNF217, RIZ and ZEB can function as conventional 588 

transcription factors and also display additional activities allowing them to contribute 589 

directly to gene repression. However, our observation that mutations in CtBP that prevent it 590 

from binding ZNF217 had little effect on its ability to repress transcription argues against 591 

ZNF217 being an essential effector protein in the CtBP repression complex. It should be 592 

noted that a slight loss of repression was apparent when the CtBP mutants were tested in 593 

CtBP-/- cells (Fig. 7D) so it is possible that ZNF217 makes some contribution to 594 

repression. But taken together the results indicate that ZNF217 is not a critical effector of 595 

CtBP activity at least in the promoter and cellular contexts tested. 596 
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In summary, we have shown that ZNF217 is a direct partner protein contacting CtBP 597 

through the known PXDLS motif, but also through a second RRT motif that binds a novel 598 

peptide-recognition groove. Other large zinc-finger proteins also contain PXDLS and RRT 599 

motifs. We have shown that mutation of these motifs in ZNF217 reduces its ability to 600 

repress transcription. These results suggest that one mechanism through which the ZNF217 601 

oncogene may contribute to tumorigenesis is through CtBP-associated repression of 602 

transcription.  603 
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FIGURE LEGENDS 766 

 767 

Figure 1  768 

The human and murine ZNF217 protein sequences show significant homology.  769 

The sequences of full length human ZNF217 (NM_006526) and murine Znf217 770 

(NM_001033299) proteins are shown. The zinc-finger regions (1-8) are underlined with 771 

solid grey lines. The conserved PXDLS motifs and RRT motifs are underlined with grey 772 

dashed lines. Residues 530 (lysine) and 932 (glycine) of mZnf217, the first and last amino 773 

acids of the yeast two-hybrid screen isolate, are indicated with asterisks. 774 

 775 

Figure 2 776 

Znf217 interacts with CtBP2 and the non-PXDLS interaction site was mapped to the 777 

motif RRTGXPPXL 778 

A. Yeast two-hybrid assays were performed to examine the interactions between mZnf217 779 

530-932 and CtBP2. These assays were performed with each of the two test proteins fused 780 

to the C-terminus of either Gal4AD or Gal4DBD. Growth on -His-Leu-Trp plates 781 

(pictured) indicates that the two test proteins interact. 782 

B. The PXDLS motifs in Znf217 530-932 and 660-715 were mutated and both wild type 783 

and mutant proteins were tested for binding to wild type CtBP and CtBP with mutations in 784 

the PXDLS cleft. Interaction with wild type CtBP (and the BKLF 30-75 ∆DL control 785 

protein) only indicates binding which is dependent on a PXDLS motif. Interaction with 786 

both wild type and mutant CtBPs indicates binding which is not dependent on a PXDLS 787 

motif. 788 
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C. Deletion mapping was performed to determine the minimal portion of murine Znf217 789 

capable of interacting with CtBP in a PXDLS motif independent manner. The Gal4DBD-790 

Znf217 proteins are depicted schematically and results of yeast two-hybrid assays with 791 

these proteins and Gal4AD-CtBP are shown as either plus (for growth of yeast) or minus. A 792 

∆DL mutation (NL-AS in the PLNLS motif) was introduced into many of the mZnf217 793 

proteins so that only non-PXDLS binding was being examined, and is indicated. The 794 

minimal region of mZnf217 required for interaction with CtBP, amino acids 730-760, is 795 

indicated by a grey column. 796 

D. Both single and triple mutations were introduced into amino acids 740-760 of 797 

Gal4DBD-Znf217 700-790. The mutations in each of the constructs are highlighted within 798 

the sequence of Znf217 amino acids 740-760. The results of yeast two-hybrid assays with 799 

these mutant Gal4DBD-mZnf217 proteins and Gal4AD-CtBP are shown as either plusses 800 

(for relative growth of yeast) or minus. The consensus motif suggested, RRTGXPPXL, is 801 

shown below. 802 

 803 

Figure 3 804 

Mutation of the PXDLS and RRT motifs of ZNF217 reduce the ability to bind to CtBP 805 

and the double mutant has a severe reduction in binding 806 

A. Gal4AD fused wild type hZNF217 and hZNF217 with mutations in the PLNLS motif 807 

(∆DL), RRTGCPPAL motif (∆RRT) and both motifs (∆DL ∆RRT) were examined for 808 

their ability to interact with Gal4DBD fused wild type and cleft filled (CtBP2-BKLF 30-75) 809 

CtBP in yeast two-hybrid assays. 810 
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B. Fusion proteins of FLAG and wild type hZNF217 or hZNF217 with mutations in the 811 

PLNLS motif motif (∆DL), RRTGCPPAL motif (∆RRT) and both motifs (∆DL ∆RRT) 812 

were examined for their ability to interact with HA-CtBP2 in co-immunoprecipitation 813 

experiments. COS-1 cells were transfected with the expression vectors indicated and whole 814 

cell extracts were immunoprecipitated (IP) separately with both the αFLAG and αHA 815 

antibodies. Expression of each of the FLAG fused and HA fused proteins are shown in the 816 

top two panels (10% input). FLAG-ZNF217 immunoprecipitated by the αFLAG antibody 817 

and the resulting co-immunopreciptated HA-CtBP2 is shown in the middle two panels (IP: 818 

αFLAG). HA-CtBP2 immunopreciptated by the αHA antibody and the resulting co-819 

immunoprecipitated FLAG-hZNF217 is shown in the bottom two panels (IP: αHA). 820 

C. A summary diagram combining the results of interaction studies between CtBP and wild 821 

type or mutant ZNF217. 822 

 823 

Figure 4 824 

RRT motifs are also found in RIZ and ZNF516 and are capable of mediating binding 825 

to CtBP 826 

A. mZnf217, hRIZ1, mRiz1 and hZNF516 are large zinc-finger proteins which possess 827 

both PXDLS motifs and putative RRT motifs. The features of each protein are shown. The 828 

predicted zinc-fingers are shown as arches and numbered, the consensus PXDLS motifs are 829 

indicated by hollow rectangles and the motifs are outlined above in black and the putative 830 

RRT motifs are indicated by grey filled rectangles and the motifs are outlined above in 831 

grey. The PR/SET domains in the RIZ proteins are indicated by wide grey rectangles. The 832 

portion of each protein, containing the putative RRT motif, which was tested for interaction 833 
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with CtBP is indicated below each sequence as a black bar with the numbers of the flanking 834 

amino acids indicated. 835 

B. Segments of ZNF516 and both murine and human RIZ1 with and without mutations in 836 

the putative RRT motifs fused to Gal4DBD were tested for their ability to bind to wild type 837 

and cleft mutant CtBP fused to Gal4AD in yeast two-hybrid assays. 838 

C. An alignment is shown of the RRT motifs that have been shown to mediate binding to 839 

CtBP. Amino acids within the sequences which are identical to the amino acids in the 840 

mZnf217 RRT motif are boxed in grey. The consensus combines information obtained 841 

from validated natural RRT motifs and also from mutagenesis studies. The height of each 842 

amino acid at each position is representative of the relative frequency in the naturally 843 

occurring RRT motif proteins and the tolerance for various amino acids as determined by 844 

mutational analysis. 845 

 846 

Figure 5 847 

X-ray crystal structure of the RRTGAPPAL peptide bound to t-CtBP1-S  848 

A. Ribbon diagram of the t-CtBP1-S dimer. The protein subunits composing the dimer are 849 

shown in green and red. The substrate- and the nucleotide-binding domains of each subunit 850 

are labeled as SBD and NBD, respectively. The bound NAD(H) and RRTGAPPAL-peptide 851 

molecules are shown in ball-and-stick representations (black and magenta, respectively). 852 

The PXDLS binding site is reported from the crystal structure of the complex formed by t-853 

CtBP1-S and the PIDLSKK peptide, shown in blue (PDB entry-code 1HL3). (Prepared 854 

with MOLSCRIPT (21), and Raster3D (27)). 855 
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B. CPK representation of the t-CtBP1-S dimer. In this space filing representation, the 856 

molecular complex displayed in panel A has been rotated by about 90° around the vertical 857 

axis. In this view the location of the PXDLS and RRTGAPPAL binding sites belonging to 858 

different subunits, that fall on the same face of the dimeric assembly, are clearly depicted.  859 

C. Consensus peptide binding site. Stereo view of the consensus RRTGAPPAL peptide 860 

(yellow) bound to the t-CtBP1-S nucleotide-binding domain. Salt bridges (black lines) 861 

between R1-D220 and between R2-E164 are highlighted. The 2Fo-Fc electron density map 862 

at 2.85 Å resolution is shown as a blue grid. 863 

 864 

Figure 6 865 

Mutagenesis confirms the RRT contact residues of CtBP 866 

A. Gal4AD-hZNF217 was examined for its ability to interact with Gal4DBD-CtBP2 wild 867 

type and with mutations in the PXDLS motif binding cleft (A58E), the newly identified 868 

RRT motif binding cleft (E181A/D237A) and with mutations in both clefts, in yeast two-869 

hybrid assays. Interactions between the Gal4DBD CtBP2 mutants and with Gal4AD wild 870 

type CtBP were also examined as a positive control for the expression and folding of the 871 

CtBP2 mutants in yeast. 872 

B. The ability of FLAG-hZNF217 to interact with YFP-CtBP2 wild type and with 873 

mutations in the PXDLS motif binding cleft (A58E), the RRT motif binding cleft 874 

(E181A/D237A) and in both clefts in co-immunoprecipitation experiments. COS-1 cells 875 

were transfected with the expression vectors indicated above each lane and whole cell 876 

extracts of those cells were immunoprecipitated (IP) with αFLAG antibody. Expression of 877 

each of the FLAG fused and YFP fused proteins are shown in the top two panels (5% 878 
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input). FLAG-ZNF217 immunoprecipitated by the αFLAG antibody and the resulting co-879 

immunopreciptated YFP-CtBP2 is shown in the bottom two panels (IP: αFLAG). 880 

C. A summary diagram combining the results of interaction studies between ZNF217 and 881 

wild type or mutant CtBP. 882 

 883 

Figure 7 884 

CtBP repression activity does not depend on its ability to bind ZNF217 885 

A. A Western blot was performed to examine the expression levels of Gal4DBD fused 886 

CtBP2 wild type and A58E, E181A/D237A and A58E/E181A/D237A mutants in 887 

transiently transfected COS-1 cells. 888 

B-C. Gal4DBD-CtBP2 constructs were tested for their ability to repress (B) basal firefly 889 

luciferase reporter gene expression from the TK promoter or (C) LexA-VP16 activated 890 

firefly luciferase reporter gene expression from the E1B promoter, in COS-1 cells 891 

following transient transfection (n=4, ±SD, representative experiment). 892 

D. Gal4DBD-CtBP2 constructs were tested for their ability to repress basal firefly 893 

luciferase reporter gene expression from the TK promoter in CtBP-/- cells following 894 

transient transfection (n=2, ±SD, representative experiment). 895 

 896 

Figure 8 897 

ZNF217 represses gene transcription and this effect is partially dependent on its 898 

ability to bind to CtBP 899 

A. A Western blot was performed to examine the expression levels of FLAG fused 900 

hZNF217 wild type and ∆DL ∆RRT mutant in transiently transfected COS-1 cells. 901 
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B-E. FLAG-hZNF217 constructs were tested for their ability to repress (B) firefly 902 

luciferase reporter gene expression from the TK promoter in COS-1 cells (n=4, ±SD, 903 

representative experiment), (C) LexA-VP16 activated firefly luciferase reporter gene 904 

expression from the E1B promoter in COS-1 cells (n=4, ±SD, representative experiment), 905 

(D) basal firefly luciferase reporter gene expression from the E-cadherin promoter in 906 

HEK293 cells (n=2, range of values, representative experiment), (E) basal firefly luciferase 907 

reporter gene expression from the E-cadherin promoter in CtBP+/- and CtBP-/- cells (n=2, 908 

range of values, representative experiment), following transient transfection. 909 
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Table I. Data collection and refinement statistics  910 

 

t-CtBP1-S:NAD(H)/RRTGAPPAL 

Data collection statistics
a
 

Space group P6422 

Unit cell dimensions (Å) a=b=89.3, c=162.7 

Resolution (Å) 2.85 

Completeness (%) 99.8 (100) 

Multiplicity 9.3 (9.5) 

Rmerge
b(%) 9.4 (39.9) 

I/σ(I) 21.1 (4.6) 

Refinement statistics and model quality 

Rfactor (%) 22.7 

Rfree
c (%) 27.5 

No. of residues 331+9 (peptide) 

No. of waters  19 

No. of formate anion 1 

rmsd bond lengthsd (Å) 0.006 

rmsd bond angles (°) 0.95 

 911 

aValues in parentheses are for the highest resolution shell. 912 

bRmerge = ΣhΣi |Ihi – < Ih >|/ΣhΣi Ihi. 913 

cRfree estimation is based on 10% of data withheld for cross-validation.  914 

dThe quality of the final model was assessed using the program PROCHECK (23). 915 
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