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FIG. 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 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-CtBP1-S and the PIDLSKK peptide, shown
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solved by molecular replacement methods using the t-CtBP1-S
structure as a starting model (PDB entry code 1HKU) and
refined to a 2.85-A resolution (Rp,e, = 22.7% and Ry, =
27.5%, respectively) (Table 1) (8). Crystallized t-CtBP1-S ap-
pears as a tight dimer, built across a twofold crystallographic
symmetry axis, with major packing interactions based on
pairing of two nucleotide-binding domains of each mono-
mer, as observed for other t-CtBP1-S crystal forms (Fig. SA and
B) (30).

The crystal structure of the protein-RRTGAPPAL com-
plex shows that the consensus peptide binds at a surface
cleft mainly defined by the loop connecting helix aC to
strand BA, and by helices oF and oG, of the nucleotide-
binding domain (Fig. 5A and C). The bound peptide adopts
an extended conformation, antiparallel to the aG helix,
burying 146 AZof protein surface. Binding of the exogenous
peptide is supported by docking of its R1, R2, T3 side chains
into a surface groove lined by CtBP residues Y129, A159,
El164, 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 the P6 and P7 residues (Fig. 5C). Interestingly,
all protein residues involved in peptide binding/recognition
are conserved within the CtBP family, except for the con-
servative substitution of H218—Q in the CtBP2 sequence.

An overlay of t-CtBP1-S and t-CtBP1-S/peptide complex
3D structures yields a root-means-square deviation of 0.45
A, indicating that binding of the consensus peptide RRT
GAPPAL is not associated with significant tertiary/quater-
nary structure modifications. Only local side chain confor-
mational changes are induced by peptide binding. Among
these, we notice the substitution of the R245 guanidino
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), al-
though 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. SA and B). It is worth
noting, however, 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 of the RRT binding site of the opposite
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subunit (about 30 A apart). Considering the close proximity
of the ®®°PLNLS®° and 7*?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. S5A and B).

Confirmation of structural results using mutagenesis. To
confirm the inferred location of the RRTGAPPAL binding
site, two CtBP1-S residues building up the peptide recogni-
tion cleft, E164 and D220, were selected for mutation to
alanine. Mutations were also made in the corresponding
residues in CtBP2: E181A and D237A. CtBP derivatives
containing each mutation or the two mutations together
were generated. In addition, CtBP proteins containing de-
fective 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 suf-
ficient 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 muta-
tions either in the RRT motif contact region or in the
PXDLS binding cleft retained the ability to contact
ZNF217; however, when both regions were mutated, bind-
ing 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. 6A). Coimmu-
noprecipitation experiments were then performed and vali-
dated the yeast two-hybrid assay results (Fig. 6B). A sum-
mary 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 (AS8E 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.
Since CtBP cannot bind to DNA directly, the conventional
Gal4DBD fusion strategy that is widely used to assess CtBP
repression activity was employed (11, 20, 42). The cDNA
encoding wild-type CtBP or CtBP with a mutation(s) in the
PXDLS motif binding cleft (AS8E), in the RRT motif binding
cleft (E181A D237A), or at both clefts was fused to a cDNA
encoding Gal4DBD. These constructs were transfected into
COS-1 cells and were shown to be expressed at equivalent
levels (Fig. 7A). Their ability to repress transcription of the
firefly luciferase reporter driven by a core TK promoter with
five Gal4 binding sites or a LexA-VP16 activated E1B pro-

in blue (PDB entry code 1HL3) (prepared with MOLSCRIPT [21] and Raster3D [27]). B. CPK representation of the t-CtBP1-S dimer. In this
space-filling 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-CtBP1-S
nucleotide-binding domain. Salt bridges (black lines) between R1 and D220 and between R2 and E164 are highlighted. The 2Fo-Fc electron density

map at 2.85-A resolution is shown as a blue grid.
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FIG. 6. Mutagenesis confirms the RRT contact residues of
CtBP. A. Gal4AD-hZNF217 was examined for its ability to interact
with the Gal4DBD-CtBP2 wild type or with a PXDLS motif binding
cleft (AS8E) mutant, the newly identified RRT motif binding cleft
(E181A D237A) mutant, or with CtBP2 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 or with a PXDLS motif binding cleft (A5S8E) or RRT motif
binding cleft (E181A D237A) mutant or with a construct with muta-
tions in both clefts in coimmunoprecipitation 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 anti-FLAg («FLAG) antibody. Expression of each of the FLAG-
fused or YFP-fused proteins is shown in the top two panels (5% input).
FLAG-ZNF217 immunoprecipitated by the anti-FLAG antibody and
the resulting coimmunopreciptated YFP-CtBP2 are shown in the bot-
tom two panels (IP: « FLAG). C. A summary diagram combining the
results of interaction studies between ZNF217 and wild-type or mutant
CtBP. o YFP, anti-YFP antibody; WB, Western blot.
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moter with five Gal4 binding sites and two LexA binding sites
was examined (Fig. 7B 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 with murine embryonic fibroblasts de-
rived from CtBP1~'~ CtBP2~'~ double-knockout murine em-
bryos (16). Wild-type CtBP2 and AS8E and E181A D237A mu-
tants all exhibited strong repression activity in these CtBP ™/~ cells
(Fig. 7D), although the mutants showed a slight reduction in
repression. In summary, these results suggest that ZNF217 con-
tact 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 transcrip-
tion. 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
arole 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. Cotransfection 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 E1B
promoter driving a luciferase reporter gene (Fig. 8C).

We also sought to test a natural CtBP-dependent promoter and
chose the E-cadherin promoter, since it has previously been
shown to be a CtBP target gene (12, 13, 39). We transfected a
ZNF217-encoding plasmid together with the E-cadherin pro-
moter 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 with the viral promoters used
above. We also noted that no repression was observed with
other promoters, such as the cytomegalovirus 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 the RRT motif (ARRT) were expressed at equiv-
alent levels in COS-1 cells (Fig. 8A).

To further assess the contribution of CtBP to ZNF217
repression activity, we repeated the experiments with
CtBP™/~ and double-knockout cells (Fig. 8E). When trans-
fected into CtBP*'~ control cells, ZNF217 represses the
E-cadherin promoter. Again, this repression activity appears

1sanb AQ 6T0OZ ‘02 J8qwaAoN uo /Bio°wse qowy//:diuy woly papeojumod


http://mcb.asm.org/

VoL. 26, 2006 CHARACTERIZATION OF A NEW CtBP INTERACTION MOTIF 8169

A <
- %)
a

[\ Al
] E o Eﬁ 0_2
B o o oy B
19} s} (&) 0a O
> &£ & E EY
=) s s 35 xH
£ © TOH ©~ TJO
o) S OC< w O<

—_— s |« e6 kD
B. C.

Gal4 /_\ basal Gal4 /_\
—

DBD ; DBD i
expression LexA- —— expression
| | VP16
e N 1 |
5 x Gal4 Thymidine Kinase - - - 1 |
. Firefly luciferase 2 x LexA 5xGal4d  Adenovirus E1B - -
sites (TK) gene promoter reporter sites sites early promoter Flref:g;%ﬂﬁrase
0.010 1 3.5-
2 i o 3.01
= 0.008 =1
; ; 2.5 1
@ 0.006 - g 20
2 2
S 0.004 1 g 1.5
m £ 107
0.002 4
v 05/
0.000 - 0.0 -
no reporter Gal4 Gal4 Gal4 Gal4 reporter activated Gal4 Gal4 Gal4 Gal4
reporter mCtBP2 mCtBP2 mCtBP2 mCtBP2 mCtBP2 mCtBP2 mCtBP2 mCtBP2
A58E E181A/ A58E/ A58E E181A/ AS58E/
D237A E181A/ D237A E181A/
D237A D237A

Gal4 /_\ . basal

DED > .
expression

5x Gal4 Thymidine Kinase - -
sites (TK) gene promoter Firefly luciferase
reporter

3.5

K=} 3.0 1

g

2 2.5 O CtBP --

© |

g 1.5

T 1.0

a
0.54
0.0 = o |

reporter Gal4 Gal4 Gal4
mCtBP2 mCtBP2 mCtBP2
A58E  E181A/
D237A

FIG. 7. CtBP repression activity does not depend on its ability to bind ZNF217. A. Western blotting was performed to examine the expression level
of Gal4DBD-fused CtBP2 wild type or ASSE, E181A D237A, or AS8E E181A D237A mutant in transiently transfected COS-1 cells. B and C.
Gal4dDBD-CtBP2 constructs were tested for their abilities 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 E1B promoter in COS-1 cells following transient transfection (n = 4; *
standard deviation; representative experiment). D. Gal4dDBD-CtBP2 constructs were tested for their abilities to repress basal firefly luciferase reporter
gene expression from the TK promoter in CtBP~/~ cells following transient transfection (n = 2; = standard deviation; representative experiment).

to be mediated in part by CtBP, since the double mutant ZNF217 leads to significant repression even in the CtBP~/~
(ADL ARTT) shows reduced repression. When tested with cells. Double-mutant ZNF217 retains equivalent repression
CtBP~/~ cells, the E-cadherin reporter is derepressed and activity in these cells (Fig. 8E). Taken together, the results
shows high activity (Fig. 8E). Significantly, cotransfection of ~ suggest that recruitment of CtBP enhances repression but
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FIG. 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 the FLAG-fused hZNF217 wild type and an ADL ARRT mutant in transiently transfected COS-1
cells. B to 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; * standard deviation; representative experiment), (C) LexA-VP16 activated firefly luciferase reporter gene
expression from the E1B promoter in COS-1 cells (n = 4; *+ standard deviation; representative experiment), (D) basal firefly luciferase reporter
gene expression from the E-cadherin promoter in HEK293 cells (n = 2; range of values; representative experiment), or (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.

that ZNF217 contacts additional partners that can mediate
repression in the absence of CtBP.

DISCUSSION

We have shown that the zinc finger oncoprotein ZNF217
interacts with CtBP, utilizing both a conventional PXDLS mo-
tif (localizing to a binding cleft in the CtBP substrate-binding
domain (30) and a distinct RRT motif, which 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 10%), 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.
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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
an increased copy number of ZNF217 contributes to tumori-
genesis could be through altering gene expression, for exam-
ple, via increased repression of tumor suppressor gene pro-
moters. 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 to 3
(46) and also has been reported to possess histone methyl-
transferase 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-cad-
herin promoter and the mechanism through which it may be
recruited to the promoter in vivo are still under investiga-
tion.

Interestingly, ZNF217 and ZNF516 (recorded as KIA(0222)
have been found to be present in a number of repression
complexes (14, 24, 48), including the CtBP-associated repres-
sion 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 pro-
tein 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 repres-
sion (6). 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.

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 con-
tain PXDLS and RRT motifs. We have shown that mutation of
these motifs in ZNF217 reduces its ability to repress transcrip-
tion. These results suggest that one mechanism by which the
ZNF217 oncogene may contribute to tumorigenesis is through
CtBP-associated repression of transcription.
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