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CtBP has been implicated in the
progression of many cancers. Cryo-EM
structures show that NADH-activated
CtBP is a tetramer; mutants that disrupt
this tetrameric assembly are defective for
oncogenic activity. These results
establish the CtBP2 tetramer as
transcriptionally active and suggest
targeting the tetrameric assembly by
cancer therapeutics.
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SUMMARY

C-terminal binding proteins 1 and 2 (CtBP1 and CtBP2) are transcriptional regulators that activate or repress
many genes involved in cellular development, apoptosis, and metastasis. NADH-dependent CtBP activation
has been implicated in multiple types of cancer and poor patient prognosis. Central to understanding activa-
tion of CtBP in oncogenesis is uncovering how NADH triggers protein assembly, what level of assembly oc-
curs, and if oncogenic activity depends upon such assembly. Here, we present the cryoelectron microscopic
structures of two different constructs of CtBP2 corroborating that the native state of CtBP2 in the presence of
NADH is tetrameric. The physiological relevance of the observed tetramer was demonstrated in cell culture,
showing that CtBP tetramer-destabilizing mutants are defective for cell migration, transcriptional repression
of E-cadherin, and activation of TIAM1. Together with our cryoelectron microscopy studies, these results

highlight the tetramer as the functional oligomeric form of CtBP2.

INTRODUCTION

C-terminal binding proteins 1 and 2 (CtBP1 and CtBP2) are co-
transcriptional factors that regulate important genes in cell fate.
CtBP1 was first identified as an interacting partner of the adeno-
virus 2/5 E1A protein (Boyd et al., 1993); binding occurred at the
C-terminal region of E1A, resulting in its name. CtBPs can act as
both activators and repressors of transcription through their inter-
actions with multiple transcription factors and chromatin modifier
enzymes (Kuppuswamy et al., 2008). Although CtBP1 and
CtBP2 share over 80% amino acid sequence identity, their func-
tions are both unique and redundantly overlapping within the cell
(Hildebrand and Soriano, 2002) (Chinnadurai, 2007). Unlike
CtBP1, CtBP2 has a nuclear localization signal at its N-terminal
domain, suggesting a more critical role for the latter in transcription
(Hildebrand and Soriano, 2002; Ma et al., 2020). The transcriptional
activity of CtBPs can confer resistance to apoptosis and promote
metastasis and oncogenesis depending on their interacting part-
ners (Chinnadurai, 2009). CtBPs may be activated under condi-
tions of hypoxia where the NADH level is elevated in the cell, which
has direct implication in various forms of cancer (Di et al., 2013).
CtBP expression has been observed to be higher in colorectal can-
cer, melanoma, metastatic prostate cancer, ovarian cancer, and
breast cancer (Barroilhet et al., 2013; Deng et al., 2013; Wang
et al., 2012). CtBPs promote tumorigenesis by enhancing epithe-
lial-mesenchymal transition (EMT), metastasis, and resistance to

apoptosis by regulating the expression of genes such as CDH1,
TIAM1, and Bik, respectively (Grooteclaes et al., 2003) (Ma et al.,
2020; Paliwal et al., 2012). Furthermore, elevated levels of CtBP
in tumor tissue are correlated with poorer survival in breast cancer,
ovarian cancer, and hepatocellular carcinoma (Zheng et al., 2015;
Chawla et al., 2019). The substantial data correlating CtBPs with
cancer progression implicates CtBPs as a potential drug target.
Oligomerization is essential for CtBP transcriptional activity,
with CtBPs forming dimers (Kumar et al., 2002; Nardini et al.,
2003) and higher-order structures (Bellesis et al., 2018; Madison
et al.,, 2013). Binding of NAD(H) promotes oligomerization of
CtBP2, which is required for transcriptional activities (Kumar
et al., 2002; Zhang et al., 2002). Under conditions where the level
of NAD(H) is low, CtBP2 is mostly dimeric (Bellesis et al., 2018).
Increasing the level of NADH promotes oligomerization of
CtBP2. The activated oligomeric form of CtBP can then associate
with other transcriptional co-activators and enzymes to form the
CtBP-mediated repression complex (Shi et al., 2003). Although
previous studies have proposed dimeric CtBP as the relevant olig-
omeric state (Nardini et al., 2003, 2009; Thio et al., 2004; Bi et al.,
2018; Mani-Telang et al., 2007; Dcona et al., 2019), our studies
with multiangle light scattering and site-directed mutagenesis
have shown that the primary effect of NADH binding is to promote
the assembly of two CtBP dimers into tetramers (Bellesis et al.,
2018). This was further supported by the observation that
CtBP1 and CtBP2 exhibit similar tetrameric assemblies within
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Figure 1. Overall Structure of CtBP23,_3¢4

(A) Refined and B-factor-sharpened 3D reconstruction of CtBP33_3e4 With tetrameric architecture.

(B) Local resolution of final map.

(C) Cartoon representation of the EM model with four NADH molecules. Chains A and C are in green-cyan, chains B and D are in light blue.

See Figures ST1A-S1E, S2A, and S2B.

distinct crystal lattices used for structure determination (Hilbert
et al., 2014), resulting in a tetrameric model for CtBP.

The goal of the present study is to address three fundamental
questions about CtBPs: is NADH-bound CtBP2 a dimer or a
tetramer in solution; how is tetrameric assembly triggered by
NADH binding; and does the tetramer play a role in the onco-
genic transcriptional function of CtBP2. We have determined
the solution structures of CtBP2 by cryoelectron microscopy
(cryo-EM) at an average resolution of 3.6 A for the minimal dehy-
drogenase domain and a low-resolution reconstruction of a
construct with the full C terminus, corroborating that the native
oligomeric state of CtBP with bound NADH is tetrameric. More-
over, tetramer-destabilizing mutants substantially diminish the
impact of CtBP2, including lowering cell migration and the
expression of TIAM1 and raising the expression of CDH1 (E-cad-
herin) in HCT116; CtBP2(—/—) cells. These results strongly sup-
port a key role of the tetrameric assembly in co-transcriptional
function of CtBP2. Thus, the tetrameric structure of CtBP2 in so-
lution is validated as the functionally active form of the enzyme.

RESULTS

Overall Structure of the Minimal Dehydrogenase

Domain of CtBP2, CtBP34_364

CtBP2, a 445 residue protein, has the required truncations for
crystallographic and cryo-EM structure determination. The first

2 Structure 29, 1-10, March 4, 2021

30 residues, which contain part of the PXDLS peptide binding
motif (Bergman and Blaydes, 2006), are removed from all of
our constructs. Crystallization required the removal of the C ter-
minus (81 residues), which has been shown to be disordered
(Nardini et al., 2006). We pursued cryo-EM structure determina-
tion of CtBP231_445, wWith the full C terminus, and the CtBP31_3g4
truncation that is equivalent to the construct we crystallized (Hil-
bert et al., 2014). The CtBP234_3g4 construct yielded better data
with less preferred orientation (Figures S2B and S3D) and thus is
the focus of the detailed analysis. CtBP23;_3¢4 Was expressed in
E. coli cells and purified as reported previously (Hilbert et al.,
2014, 2015). The cryo-EM structure determination was per-
formed using both C1 and D2 symmetry, with the D2 symmetry
resulting in slightly higher resolution. Reference-free 2D classifi-
cation reveals distinct classes with different views of the parti-
cles (Figure S1). The 2D classes also indicate high stability of
the tetramer complex. Moreover, reference-free 2D classifica-
tion shows only classes of the tetramer, with no dimeric classes
(Figure S1). Three-dimensional refinement and classification in
RELION led toa3.9 A (Fourier shell correlation [FSC] = 0.143 cri-
terion) map (Figure 1), which improved with per-particle contrast
transfer function refinement to a final resolution of 3.6 A. Overall
the final EM reconstruction reveals a tetramer of CtBP2 bound to
four molecules of NADH (Figure 1C), whose subunit arrangement
is very similar to that derived from the crystallographic analysis.
Thus, the previously observed tetramer in X-ray crystallographic
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Figure 2. Overall Structure of CtBP234_445
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(A) Refined and B-factor-sharpened 3D reconstruction of CtBP34_445 With tetrameric architecture.
(B) Fitting of CtBP231_364 EM model into the CtBP23; 445 EM reconstruction. Both the construct with the truncated dehydrogenase domain and the longer

construct form stable tetramers.
See Figures S3 and S4.

experiments was not due to crystal contacts, but to the fact that
the native state of NADH-bound CtBP2 is tetrameric.

Overall Structure of CtBP2 with the Flexible C-Terminal
Tail, CtBP34_445

To tease out the role that the last 81 amino acids of CtBP2 play in
tetramer assembly and stability we determined the cryo-EM
structure of CtBP231_445 (Figures 2 and S3). Despite the data be-
ing collected under conditions identical to those of the truncated
construct, the longer construct yielded poor-quality maps that
appear to result from the preferred orientation on the EM grids
(Figure S3D) (Tan et al., 2017). We first analyzed the data without
any imposed symmetry, hoping to visualize the last 81 amino
acids, which are predicted to be highly flexible. Although some
2D and 3D classes showed extra density, this density could
not confidently be assigned to the C-terminal flexible tail (Figures
S3C and S4). Overall, the CtBP234 _445 reconstruction performed
with D2 symmetry shows tetramers similar to the truncated
construct. The first observation made by comparing the 2D clas-
ses between CtBP3q_zg4 and CtBP3qi_445 was that the former

had more side views (Figures S1 and S3B). Consequently, the
EM map for CtBP3;_445 is limited by preferred orientation of
the particles (Figure S3D). The number of particles in the final
reconstruction together with the orientation bias gave rise to a
reconstruction with an average resolution of 6—12 A. The low-
quality reconstruction in the presence of the flexible C-terminal
domain is likely attributable to a propensity to orient in the EM
grids in a small number of preferred orientations.

Comparison of CtBP23,_3¢4 With CtBP234_445

To analyze how CtBP23;_445 might deviate from the truncated
construct, a low-pass filtered map of CtBP231_354 (Figures 2B
and S5) was generated. Because of the low resolution of
CtBP234_445, We used rigid-body fitting in Chimera to create a
model for the full-length construct. The two models were then
aligned on chain A to quantify any difference or domain move-
ment. These analyses reveal, that compared with CtBP234_344,
the two chains that underwent the most rearrangement are
chains C and D (which comprise the second dimer within the
tetramer), with rotation angles of 2.7° and 2.9°, respectively

Structure 29, 1-10, March 4, 2021 3
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Table 1. Cryo-EM Data Collection, Refinement, and Validation
Statistics

CtBP231_364 CtBP231_445
Data Collection
Microscope Talos Talos
Voltage (kV) 200 300
Nominal magnification 45,000 105,000
Detector K3 Summit K3 Summit
Pixel size (A) (calibrated at 0.435 0.415
the detector)
Pixel size (,Z\) of binned and 0.87 0.83
aligned movies
Exposure time (s) 1.7 1.5
Electron exposure (e/AZ) 37 40.5
Defocus range (um) —1.5t0 -8 —1.5t0 -3
Number of micrographs 3,405 4,752
Reconstruction
Software cisTEM, cisTEM,
RELION 3.0 RELION 3.0
No. of particles picked 485,473 671,078
No. of particle post-2D 173,723 671,078
classification
Final refined particles 112,919 46,426
Symmetry imposed D2 D2
Resolution A (FSC 0.143) 3.6 6-10
Applied B factor (A2) —207 —37
Refinement
Protein residues 31-345
Map correlation coefficient 0.91
Bond length 0.011
Bond angles 0.898
Ramachandran
Outliers 0.15%
Allowed 3.66%
Favored 96.34%
Rotamers 0.41%
cis proline 16.7%
MolProbity score 2.2

(Tables 3 and 4) (Figures S5B and S5C). We hypothesize that
rotation of one chain toward the adjacent one would result in a
tighter interface and thus a stronger interaction between the
two chains. This hypothesis supports the finding that full-length
CtBP proteins formed more stable tetramers compared with a
truncated construct (Madison et al., 2013). In contrast to previ-
ous reports that the last 81 amino acids are required for CtBP2
to assemble into a stable tetramer (Madison et al., 2013), we
unambiguously demonstrate that CtBP23i_364 also forms a
tetrameric structure analogous to CtBP23;_445 (Figures 1A
and 2A).

Tetrameric Model of CtBP234_364
The final cryo-EM map of CtBP234_364 provided very clear sec-
ondary structural features (Figure S6) that permitted rigid-body
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fitting of the tetrameric crystallographic structure (Hilbert et al.,
2014)in Chimera (Pettersen et al., 2004). This fitting was followed
by multiple rounds of refinement resulting in a model with high
real-space correlation and optimized stereochemical fit (Table
1) (Figure 3). Pairwise superposition of the two structures yields
an average root-mean-square deviation (RMSD) of 0.781 A.
Ca-Ca distance map analysis (Figures 3B and S7) reveals minor
differences between the cryo-EM and crystallographic models,
mainly in loop regions, and, interestingly, a small rotation in the
substrate domain relative to the larger co-enzyme domain. Likely
due to the stability of the NADH-bound complex, comparisons of
the two structures reveal that globally these complexes are very
similar.

Interactions Stabilizing CtBP2 Tetramer

Most of the structure of CtBP2 was well resolved with the high
local resolution of the dataset. Density for nearly all the side
chains and NADH is clearly visible (Figure S6). Each CtBP mono-
mer is composed of a substrate-binding domain (31-126, 333-
361) and a co-enzyme-binding domain (131-325). The overall
tetramer with D2 symmetry structure is formed by a dimer of di-
mers (Figures 4 and 5). The most extensive interactions occur at
the dimer interface, as we reported earlier (Bellesis et al., 2018)
and show here by the PISA analysis in Table 2 of the cryo-EM
structure (Figures 5A and 5B). Each intradimer (AB and CD) bur-
ies approximately 3,000 Az, compared with the 800 A2 surface
area buried by the interdimers (AD, BC). Based on assembly
pathway analyses done on homotetramers, the first complex to
assemble is the one with the largest buried surface (Chen,
Sawyer and Regan, 2013; Villar et al., 2009) (Quintyn et al.,
2015). Consequently, the assembly pathway for NADH-bound
CtBP2 is a dimer to a tetramer.

The tetrameric interface in the electron density map could be
well resolved and side chains placed to explain the tetrameriza-
tion stability (Figures 4 and S6). The tetramer is stabilized by a set
of residues clustered near the binding pocket of NADH (Arg190,
Leu221), the hinge domains (Figure 4D) (Ser128, Ala129), and the
hydrophobic clustering of Leu221 at the interdimer interface.
Some of these residues either directly contact NADH or interact
with one another via a set of hydrogen-bonding and hydrophobic
interactions (Figure 4). Most strikingly, Arg190 participates in
hydrogen bonds with both NADH, within its subunit, and the
carbonyl oxygen of Asp215 across the interdimer interface,
strongly suggesting that the interaction of the NADH phosphate
with Arg190 orients the guanidinium group for hydrogen bonding
across the tetrameric interface (Figures 4B and S6B). Thus,
NADH appears to trigger tetrameric assembly through its inter-
action with Arg190. Another set of interactions that stabilize
the tetramer is the hydrophobic packing of the side chains of
Leu221 (Figure 4C) located at the interdimer interface. Mutations
of these residues that disrupt the tetrameric assembly (Bellesis
et al., 2018) provide an opportunity to investigate that role of
tetramer stability and CtBP transcriptional activity.

CtBP2 Tetramer-Destabilizing Mutants Are Defective in
Transcriptional Regulation and Cell Migration

Our cryo-EM results establish that the tetrameric form of
CtBP2 deduced from the crystal structure does represent
the solution tetrameric structure and is not an artifact of the
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Figure 3. Comparison of the EM and Crystal
Structures of CtBP23;_354

(A) Side-by-side comparison of the EM model and
crystal structures of CtBP23;_3g4.

(B) Structural comparison by superimposing amino
acids 31-364 of the cryo-EM and crystal structures.
(C and D) (C) The NADH molecules of both models
align perfectly. (D) The interdimer loop with the
Leu221 residues superimposes with minimal dif-
ferences depicting the stability of that region during
tetramer assembly.

(E) Most of the differences between the two struc-
tures lie in the co-factor binding domain. The RMSD
between the two structures is 0.781 A.

See Figure S7.

Both TIAM1 and CDH1 (coding for E-
cadherin) are important cancer-related
genes, with TIAM1 promoting and CDH1
repressing cancer progression and metas-
tasis. CtBP2 is a key regulator of both
genes, activating TIAM1 transcription
(Paliwal et al.,, 2012) and repressing
CDH1 (Dcona et al., 2017). To investigate
the role of the CtBP2 tetrameric assembly
in transcriptional regulation of these
genes, plasmids encoding CtBP2yr,
empty vector, and tetramer-destabilizing
mutants (S128T, A129L, R190Q, G216N,
L221Y) were transfected into HCT116;
CtBP2(—/-) cells. (Multiangle light scat-
tering [MALS] measurements demon-
strated that each of these mutants is

almost entirely dimeric, with less than 5%
assembling into tetramers under condi-
tions under which wild type is predomi-
nately tetrameric; Bellesis et al., 2018.)
Monitoring of transfected cell lysates by
CtBP2 immunoblot indicated equivalent
expression of CtBP2yr and all five mutant
proteins, as determined by densitometry of
the CtBP2 and GAPDH loading control im-

CtBP2 crystal lattice. Given the evidence correlating NADH
binding and oligomerization with activation (Madison et al.,
2013) (Bellesis et al., 2018), the stable tetrameric form of
CtBP2 identified here is likely to be functionally important.
To directly test the hypothesis that our observed tetrameric
form is the functionally active form, plasmids encoding a se-
ries of CtBP2 mutants that have previously been shown to
inhibit tetramer formation (Bellesis et al., 2018) were trans-
fected into HCT116 colon cancer cells that have had
CRISPR-mediated deletion of both CtBP2 alleles (Chawla
et al., 2018). These transfected cell populations were then
investigated for expression of two key CtBP2 transcriptional
target genes (TIAM1, CDH1) and induction of cell migratory
activity, cellular functions specifically correlated with onco-
genic activity (Dcona et al., 2017; Ma et al., 2020).

munoblots (Figure S8). Following transfec-

tion, total RNA was extracted and TIAM1
and CDH1 mRNA abundance was determined by gPCR, as
described in the STAR Methods. Transfection with pCtBP2yr,
which is known to activate TIAM1 expression, resulted in more
than a 2-fold increase in TIAM1 mRNA expression over the
empty vector control (Figure 6A). In sharp contrast, all five
tetramer-destabilizing mutants were defective for TIAM1 induc-
tion compared with CtBP2yt (p < 0.01 for comparison of TIAM
induction by CtBP2 versus each mutant). Indeed, each of
the mutants appeared to repress TIAM1 transcription below
basal levels seen with vector transfection, but the comparison
of TIAM1 expression between vector and mutant CtBP2 trans-
fection did not achieve statistical significance. For CDH1, which
is known to be repressed by CtBP2, transfection with pCtBP2\yt
resulted in a greater than 5-fold decrease in its MRNA expression
compared with the empty vector control (Figure 6B). In contrast,

Structure 29, 1-10, March 4, 2021 5




10.1016/j.str.2020.11.008

Please cite this article in press as: Jecrois et al., Cryo-EM Structure of CtBP2 Confirms Tetrameric Architecture, Structure (2020), https://doi.org/

- ¢? CellPress

Structure

A-Leu221

D-Leu221

Figure 4. Hydrophilic and Hydrophobic Interactions that Stabilize the Tetramer Interface
(A and B) (A) Representative view of CtBP23; 364 and the amino acids. (B) Zoomed-in view of the interactions between NADH (yellow), Arg190 (violet), and Asp215

(marine) across the tetramer interface.
(C) Hydrophobic packing of Leu221 stabilizing the tetramer.

(D) Representative view of key residues (Ser128, Ala129, Gly216) of the hinge region between the substrate and the co-factor-binding domains.

See Figure S6.

all five tetramer-destabilizing mutants showed less repression of
CDH1 than wild type, with four of five mutants showing statisti-
cally significant differences (p < 0.01 for comparison of CDH1 in-
duction by CtBP2\yt versus those four mutants). Thus, CtBP2
mutants that are incapable of forming tetramers are also defi-
cient in the transcriptional activation of TIAM1 and transcrip-
tional repression of CDH1.

Cellular migration is an important hallmark of oncogenesis and
CtBP2 robustly induces cell migration and invasion in cell culture
as a correlate of CtBP’s in vivo activities in promoting invasion and
metastasis (Dcona et al., 2017). To test the contribution of the
CtBP tetramer to the CtBP induction of cellular migration, a
“scratch assay” was used in which HCT116; CtBP2(—/—) cells
transfected with the vectors described above were grown to
confluence and then a scratch was made on the plate, and cells
were allowed to migrate into the scratched area, and closure of
the scratch due to cell migration was quantified after 24 h. As
shown in Figure 6C, closure of the scratch increased from a basal
value of 40% with empty vector transfection to approximately
60% with the transfection of the CtBP2\,t expression vector. All
five tetramer-destabilizing mutants exhibited defective induction
of migration compared with CtBP2y (p < 0.05). As for TIAM1 tran-
scription, certain of the mutants appeared to exert a dominant

6 Structure 29, 1-10, March 4, 2021

negative effect, driving migration below basal levels, but these dif-
ferences did not achieve statistical significance. These results,
thus, provide the first direct evidence that the tetrameric form of
CtBP2, observed in the cryo-EM reconstruction presented here,
is required for co-transcriptional activity regulating TIAM1 and
CDH1 expression and induction of cell migratory behavior.

DISCUSSION

Eukaryotic gene transcription is regulated on many levels. One
form of regulation involves recruitment of transcriptional factors
and regulators that assemble into macromolecular complexes
(Soutourina, 2018; Vilar and Saiz, 2005). Our structural analyses
on CtBP23;_354 and CtBP234_445 reveal a tetrameric assembly
for the CtBP2 protein. The observed tetramer is assembled
from two dimers, each stabilized by both hydrophilic and hydro-
phobic interactions, with an extensive interaction area of approx-
imately 3,000 A2 In contrast, the tetramer formation is mediated
by interacting loops from adjacent dimers with significantly lower
interaction area, approximately 850 A2, The model corroborates
the previous crystallographic model that predicted the tetramer
as the oligomeric state for both CtBP1 and CtBP2 (Bellesis
et al., 2018). Our Ca-Ca distance analysis reinforces that the
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Figure 5. Dimer Stabilization

(A) Cartoon representation of the dimer between chain A (light blue) and chain
B (green-cyan) with two NADH (yellow).

(B) For clarity, only the dimeric interface is shown in green-cyan and light blue.
(C) Hydrogen-bonding network at the intradimer interface of CtBP3¢_364.

EM structure is very similar to the crystal model, with no signifi-
cant domain reorientation or movement due to the protein being
in solution. As observed by Nardini and colleagues, NADH bind-
ing locks t-CTBP/BARS into a closed conformation in which the
substrate- and co-enzyme-binding domains are in close prox-
imity (Nardini et al., 2003).

Previous studies suggested that although CtBP234_364 can
form tetramers, the dimeric species would be more prevalent if

¢? CellPress

the last 80 residues are missing. In our cryo-EM analysis, the
only presented classes are tetrameric, with no dimers observed.
One likely major reason for that is the final concentration of the
cryo-EM sample was higher compared with the concentration
used for MALS and other biochemical assays, which will result
in a higher binding between the subunits.

Despite the difference in resolution, the overall EM reconstruc-
tion for both CtBP2 constructs was highly similar. The main dif-
ference lies in the orientation of the co-enzyme-binding domain
of CtBP234_445, Which has a slight interdomain rotation and
movement toward the adjacent chain. For instance, the rotation
in chain C will bring it closer to chain B, while the rotation in chain
D will bring it closer to chain A and will consequently lead to
tighter interactions. This result suggests that previous results
showing greater tetramer formation in the presence of the C-ter-
minal residues (Madison et al., 2013) may not result from specific
intersubunit interactions involving the C terminus, but rather from
an effect of the disordered C-terminal domain altering domain
orientation.

Our cryo-EM studies not only confirm the tetrameric assem-
bly, but also show that CtBP2 bound to NADH forms a stable
complex. The latter is important because of CtBP’s role in pro-
moting the assembly of higher-order complexes such as the
CtBP-mediated repression complex (Turner and Crossley,
2001) (Good et al., 2011; Sun and Fang, 2016). As the hub for as-
sembly of this complex, the tetramer stability and rigidity may be
essential for the assembly of other co-factors. Future studies of
full-length CtBP2 in complex with interacting partners may pro-
vide a detailed structural understanding of the role of the C-ter-
minal domain in both tetramer stability and assembly of CtBP-
mediated transcriptional complexes.

CtBP2 has been shown to directly repress CDH1 and acti-
vate Tiam1 to facilitate EMT and cancer progression (Di
et al.,, 2013; Paliwal et al., 2012; Dcona et al., 2017). Our
cell-based assay analysis of tetramer-destabilizing CtBP2
mutants demonstrates that tetrameric assembly is required
for transcriptional activity. As shown in Figure 6, tetramer-
destabilizing mutants abrogate induction of TIAM1 expres-
sion (Figure 6A) and reduce the repression of CDH1 (E-cad-
herin) (Figure 6B). As a result, these mutants reduce the
ability of CtBP2 to induce cell migration (Figure 6C). The
observation that tetramer-destabilizing mutants exhibit a
possible dominant negative affect by lowering TIAM1
expression or cell migration below that seen with the empty
vector control is intriguing, but the effect did not achieve
statistical significance in our experiments. Although beyond
the scope of the present work, we speculate that such a
dominant negative effect might result from CtBP2 forming
dimers with endogenous CtBP1 that are then unable to
assemble into tetramers. The results presented here provide
the first direct experimental evidence that tetramers of CtBP
play an important transcriptional role.

The co-transcriptional activators CtBP1 and CtBP2 have been
extensively studied because of their implication in various can-
cers. High expression of CtBPs in cancerous cells is linked to
poor outcomes (Bergman and Blaydes, 2006). Delineating the
relevant assembly of these proteins in the cell is of critical impor-
tance for the development of targeted therapies that act through
disruption of the CtBP tetramer.
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Table 2. PISA Analysis of CtBP23;_3¢4 Cryo-EM Structure

Dimer Interface Buried Area (AZ) AG Interface (kcal/mol) AG Dissociation Salt Bridge H Bonding Hydrophobic
AB 2,922 —41.2 36.5 17 31 -

CD 3,013 —40.6 32.1 15 39 =

AD 876 — - — 9

CB 841 - - - 13
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Figure 6. Tetramerization of CtBP2 Is Critical for Co-transcriptional
Activity

HCT116 CtBP2(—/-) cells were transfected with plasmids encoding either
wild-type (WT), CtBP2yy, or tetramer-destabilizing mutants (S128T, A129L,
R190Q, G216N, and L221Y). These mutants have been shown to be almost
entirely dimeric, with less than 5% tetrameric (Bellesis et al., 2018).

(A) gRT-PCR analysis of TIAM1 gene expression. Fold change of expression
was normalized to 18s RNA.

(B) gRT-PCR analysis of CDH1 gene expression. Fold change of expression
was normalized to 18s RNA.

(C) Quantification of area of migration after scratch assay. All assays were
repeated three times, and statistical significance was calculated using one-
way ANOVA; *p < 0. 05, **p < 0.01, **p < 0.001. See Figure S8.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

a. -CtBP2 antibody

o -GAPDH antibody

Santa Cruz Biotechnology

Santa Cruz Biotechnology

Cat# sc-5966; RRID: AB_2086774)
(discontinued)

Cat# sc-47724; RRID: AB_627678

Bacterial and Virus Strains

BL21(DE3) RIL E. coli cells Agilent 230245

DH5a. competent E. coli Thermo Scientific Cat#18258012
Chemicals, Peptides and Recombinant Proteins

NADH RPI NDO0100-5-0
Lipofectamine 2000 Thermofisher catalog# 11668027
QIAGEN RNeasy Kit QIAGEN catalog# 774104
SensiFAST cDNA Synthesis Kit Bioline catalog# BIO-65053
QuickChange Agilent 200519

SYBR green Applied Biosystems catalog# 4309155
Deposited Data

Atomic Coordinates used for molecular Hilbert et al., 2014 4LCJ

replacement

Atomic coordinates for truncated CtBP2 This study B6WKW
(CtBP231—364)

CryoEM map for full-length CtBP2 This study EMD-11015
(CtBP31-445)

CryoEM map for truncated CtBP2 This study EMD-21811

(CtBP231_364)

Experimental Models: Organisms/Strains

HCT116; CtBP2(-/-)

Chawla et al., 2018; Dcona et al., 2019

Male (Colorectal cancer)

Oligonucleotides

Forward primer for 18srRNA:
5-CGCCGCTAGAGGTGAAATTC -3’

Reverse primer for 18srRNA

5'- TGGCAAATGCTTTCGCTCTG-3’
Forward primer for TIAM1:

5'- CGCTGGAGTCGTACCTCATC-3'
Reverse primer for Tiam1:
5'-GGTCAAACACAGCCCCAAAC-3
Forward primer for CDH1:
5’-ATGCTGATGCCCCCAATACC-3’
Reverse primer for CDH1: 5’-
GCTGCTTGGCCTCAAAATCC-3’

IDT Technologies

IDT Technologies

IDT Technologies

IDT Technologies

IDT Technologies

IDT Technologies

N/A

N/A

N/A

N/A

N/A

N/A

Recombinant DNA

pcDNA 3.0 with GFP non fusion

pcDNA 3.0 with GFP non fusion CtBP2
(wild type)

pcDNA 3.0 with GFP non fusion

CtBP2 (S128T)

pcDNA 3.0 with GFP non fusion

CtBP2 (A129L)

pcDNA 3.0 with GFP non fusion

CtBP2 (R190Q)

Dcona et al. (Ref Mol. Pharm. 2019)-
Invitrogen
This study
This study

This study

This study

Discontinued

N/A

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA 3.0 with GFP non fusion This study N/A

CtBP2 (G216N)

pcDNA 3.0 with GFP non fusion This study N/A

CtBP2 (L221Y)

Software and Algorithms

Serial EM Mastronarde, 2005 https://bio3d.colorado.edu/SerialEM/
CisTEM Grant et al., 2018; Grigorieff, 2016 https://sbgrid.org/software/
Relion 3.0 Zivanov et al., 2018 https://sbgrid.org/software/
Coot (v0.8.9.2) Emsley and Cowtan, 2004 https://sbgrid.org/software/
Phenix.real_space_refine Adams et al., 2010 https://sbgrid.org/software/
Afonine et al., 2014
Molprobity Chen et al., 2010 https://sbgrid.org/software/
Chimera Pettersen et al., 2004 https://sbgrid.org/software/
Pymol (v1.8.05) Schrodinger, LLC https://pymol.org
PISA PDBe PISA https://www.ebi.ac.uk/pdbe/pisa/
ImageJ NIH https://imagej.nih.gov
Graphpad prism 5.0 https://www.graphpad.com/
SAS Version 9.4 SAS https://support.sas.com/en/software/
Other
TEM grids c-flat 1.2/1.3 (EMS) catalog# CF313-25
easiGlow glow discharger Pelco Model# 91000
Vitroblot Thermofisher N/A
Talos Arctica (200 KeV) Thermofisher N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for reagents and resources may be directed to, and will be fulfilled by the Lead Contact William E.
Royer (wiliam.royer@umassmed.edu)

Material Availability
This study did not generate new unique reagents.

Data and Code Availability
CryoEM Maps for CtBP234.364 and CtBP31.445 Were deposited to the EMDB with accession codes EMD-21811 and EMD-11015,
respectively. The Atomic coordinates for CtBP234_364 have been deposited in the PDB under ID 6WKW.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Protein Expression
CtBP231.364 and CtBP234_445 Were expressed in BL21(DE3) RIL E. coli cells grown in Research Terrific Broth.

Cell Culture

HCT116; CtBP2(-/-) (Chawla et al., 2018; Dcona et al., 2019; male, colorectal cancer) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) FBS and penicillin-streptomycin in a humidified incubator equilibrated with 5% CO, at
37°C. Cells were authenticated by examination of morphology and growth characteristics and were confirmed to be mycoplasma-
free using DAPI-staining and PCR. Additional details are provided in the Method Details section.

METHOD DETAILS
Expression of CtBP231_364 and CtBP231_445
The expression and purification procedures were adapted and optimized from earlier studies (Hilbert et al., 2014). The ligated, pu-

rified plasmid containing the desired CtBP construct was transformed into Z-competent BL21(DE3) RIL E. coli cells. A single clonal
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colony was then grown in a starter culture of LB broth overnight at 37C. The starter culture was used to inoculate between three and
six 1L cultures grown in Research Products International Terrific Broth using 50mL starter per liter. Cultures were grown at 37C while
shaking at 150RPM and induced with 1 mL 0.2 M IPTG after reaching ODgog between 0.800 and 1.00. The temperature was reduced
to 30C at the time of induction and the cells were harvested four hours later. The cells were pelleted by centrifuging for 20 minutes at
4700 RPM, and resuspended in 10 mL harvesting buffer (pH 7.6; 0.1 M NaCl; 0.05 M Tris-HCI; 0.2 mM EDTA) per liter of culture. One
tablet of EDTA-free complete Mini (Roche Diagnostics) protease inhibitor cocktail was added per liter of culture.

Purification of CtBP234.364 and CtBP234_445

Cells were thawed slowly on ice and then lysed in a Microfluidics Corporation model 1109 cell disrupter. 35 mg of Roche Diagnostics
DNase |, 500uL 2M MgCl, and 500uL 40 mM CaCl, were added per 100mL lysate. The lysate was then gently stirred at 4°C for 30 mi-
nutes. The insoluble fraction was pelleted at 19,000RPM for 45 minutes. The supernatant was then mixed with 8 mL HisPur™ Ni-NTA
Resin (Thermo Scientific), and gently stirred at 4°C for two hours to allow CtBP to bind to the resin.

The bead-supernatant mixture was placed in a BioRad Econo-Column® at 4C and the soluble fraction was allowed to flow through.
The beads were then cleaned with 40 mL wash buffer (0.0625 M Tris:HCI pH 7.4; 0.375 M NaCl; 0.05 M imidazole; 0.625 mM EDTA;
1.0 mM DTT), followed by 50 mL of wash buffer supplemented with an additional 1.7 M NaCl. Another 10 mL wash buffer was passed
over the beads before 50 mL wash buffer supplemented with 0.5% Triton-X 100 was added. An additional 10 mL of wash buffer again
followed. CtBP was eluted from the beads using 25 mL wash buffer supplemented with 250 mM imidazole. The protein was then
concentrated by centrifuging at 5000 RPM in an Amicon® Ultra-15 10K centrifugation column (Millipore). Protein concentration
was measured by UV absorbance at 280nm using an Ultraspec 2100 pro by Amersham Biosciences. The protein sample was further
purified by FPLC. The FPLC (ATKAprime plus by GE Healthcare) and size exclusion column (Highload™ 16/60 Superdex™ 200 prep
grade) were equilibrated with “FPLC Buffer” (50mM Tris:HCI pH 7.4, 300 mM NaCl, 5 mM EDTA, 2 mM DTT). The sample was pre-
pared by adding 1.5 mM NADH to the concentrated protein solution

The solution was then centrifuged at 8000RPM for six minutes at 4°C to remove any small insoluble fraction. The flow rate was set
to 1 mL/min and 62 fractions of 2 mL each were collected the appropriate fractions were concentrated in an Amicon® Ultra-15 10K
centrifugation column.

Sample preparation of CtBP234_364 and CtBP23,_445 for CryoEM

For our cryoEM studies, two microliters of purified sample at a concentration of 250nM CtBP231_364 and 500nM CtBP234_445 Was
added to glow-discharged, 200-mesh C-flat 1.2/1.3 EM grids. The sample was blotted for 4s at 4°C under 95% humidity and vitrified
in liquid ethane cooled by liquid nitrogen using the Vitroblot Mark IV.

Image Acquisition
The dataset for CtBP234_364 Were recorded on the Talos Arctica operated at 200 kV equipped with a Gatan K8 summit direct electron
detector operating in electron counting mode with -1.5 to -3um defocus. Automated data acquisition was carried out using SerialEM
(Mastronarde, 2005) at a nominal magnification of 57,000X with a pixel size of 0.435A or CtBP234_364. In total 3405 movies were re-
corded for CtBP231_364. 29 frames of movies were collected with a defocus range of -1.3 to -1.5 um at a total dose of 37 electrons
per A2

The images for CtBP231.445 were acquired on the Titan Krios (300kV) equipped with a Gatan K3 summit direct electron detector
operating in electron counting mode with -1.5 to -3um defocus. As above, automated data acquisition was carried out using SerialEM
at a nominal magnification of 105,000X and a pixel size of 0.41 SA, respectively. 4752 movies were collected for CtBP231_445 With a
total of 25 frames at a total dose of 40 electrons per A2

Data Processing

Super-resolution movie frames were binned to the physical pixel of 0.87 and 0.83 for CtBP234.364 and CtBP23,_445, respectively.
Alignment and beam-induced motion correction was done using IMOD (Kremer et al., 1996). Contrast transfer function (CTF) param-
eters were estimated with CTFFIND4, reference-free particle picking was conducted in the cisTEM software package (Grant et al.,
2018; Grigorieff, 2016). For CtBP234_364 485,473 particles were selected from 3405 micrographs and extracted with a box of 256
pixels. The 671,078 particles of CtBP234_445 from 4752 micrographs were extracted with a box of 300 pixels. For both datasets, refer-
ence-free 2D classification with no imposed symmetry was carried out to attest the quality and homogeneity of the data. Three
rounds of 2D classification were performed to further purify the CtBP234_445 data set.

3D Reconstruction of CtBP234.364

Selected 2D classes were pooled to generate an Ab initio map in C1 in cisTEM. The particle stacks, CTF parameters and ab-inition
models were transferred to RELION 3.0.2 for further processing (Zivanov et al., 2018). 3D classification yielded three classes (Fig-
ure S3), the best class was extracted and further refined to higher resolution. All 3D classification and refinement were repeated
in D2. A soft binary mask was generated and used for another round of 3D classification and refinement. Additionally we used per
particle CTF estimation as implemented in RELION 3.0.2 to generate the 3.6A map. B-factor determination was done automatically
in RELION. Reported resolutions are based on the gold-standard Fourier Shell Correlation (FSC) 0.143 criterion. Data processing and
analysis for CtBP234_445 Were performed similarly to the shorter construct. Due to the high noise level of the post-processed map,
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possibly due to over-masking, we tested different B-factor values to arrive at a decent reconstruction. The final reconstruction had an
applied B-factor of -37A2, Difference map analysis between CtBP231.445 and CiBP234.354 was done using diffmap (http://
grigoriefflab.janelia.org/diffmap)

Model Building and Refinement

Rigid body fitting was carried out in Chimera (Pettersen et al., 2004) by docking the CtBP2 tetramer model (PDB ID: 46UQ) into the
map density. As a starting model we used the crystallographic tetramer for refinement. First round of refinement and model building
were done in COOT (V0.8.9.2) (Emsley and Cowtan, 2004). The model was further refined using Phenix.real_space_refine and ste-
reochemistry was validated using phenix.molprobity (Table 1) (Adams et al., 2010) (Chen et al., 2010). Figures were generated in py-
mol and chimera. Resmap was used for local resolution estimation (Kucukelbir et al., 2014). To further parse out differences between
the two models, we performed distance map analysis by comparing Ca-Ca distance between every pair of amino acids of the EM and
crystal structures using Chimera RRdistMaps (Chen et al., 2015). Interface and assembly analyses were calculated by PISA analysis
(Krissinel and Henrick, 2007). The EM model was uploaded and analyzed on the PDBe PISA (v1.52) analysis software.

Antibodies and Immunoblot Analyses

Antibodies used in immunoblotting (IB) assay are CtBP2 antibody (discontinued by SCBT; E-16: sc-5966) and GAPDH antibody
(SCBT, sc-47724). Antibodies were used at dilutions suggested by the manufacturers. Forimmunoblot analysis, 25 g of total protein
extract was boiled at 95°C in sample buffer, followed by separation on SDS-PAGE (Novex gels, 4-12% Bis-Tris), and then transferred
onto nitrocellulose membrane (0.45-mm porosity) (GE Healthcare). The membrane was incubated for 1 to 2 hours in blocking buffer
[Tris-buffered saline, 0.1% Tween (TBS-T), 5% nonfat dry milk], followed by incubation overnight at 4°C with the primary antibody
solubilized in blocking buffer with sodium azide (0.01%). After 3X washes of 5 minutes with TBS-T, the blot was incubated with Alexa
Fluor 680 or 790 nm secondary antibodies (Invitrogen) for 1 hour in TBS-T and visualized on a Bio-Rad imager.

Transfections
Transfections were performed using a standard protocol for Lipofectamine-2000 (LP2000) (Thermo-Fisher) based plasmid delivery.
Briefly, required concentrations of plasmids and LP2000 were solubilized in 100 pL of Opti-MEM media in different tubes. After 10 mi-
nutes of incubation at room temperature, the contents from tube containing LP2000 were pipetted into the tube containing plasmid
solution to form a complex. After further incubation of 30 minutes, the complex was pipetted into the media to transfect HCT116;
CtBP2(-/-) cells.

Site-Directed Mutagenesis and PCR

The CtBP2\,t mammalian expression vector expresses full-length CtBP2 in a modified pcDNA3.0 mammalian expression vector that
also expresses GFP and puromycin acetyltransferase (PAC) as a chimeric protein (Dcona et al., 2019). A QuikChange site-directed
mutagenesis protocol was used to generate the tetramer-deficient CtBP2 mutants using the CtBP2y1 expression vector as a tem-
plate, namely, S128T, A129L, R190Q, G216N and L221Y.

RT-PCR and Real-Time RT-PCR
48 hours post-transfection with 6-8 ug of empty-vector, CtBP2yr, S128T, A129L, R190Q, G216N or L221Y plasmids into HCT116;
CtBP2(-/-) cells, total cellular RNAs were isolated from samples using QIAGEN RNeasy kit and instructions therein. Later, cDNA syn-
thesis was carried out using SensiFAST cDNA Synthesis Kit from BIOLINE. Quantitation of all gene transcripts was done by gPCR
using SYBR Green (Applied Biosystems, Foster City, CA) and an ABI 7300 (Applied Biosystems) machine. 18srRNA expression was
used as an internal control.

The primer pairs used were:

18srRNA: 5'-CGCCGCTAGAGGTGAAATTC -3’ (forward) and

5- TGGCAAATGCTTTCGCTCTG-3’ (reverse);

TIAM1: 5'- CGCTGGAGTCGTACCTCATC-3’ (forward) and

5-GGTCAAACACAGCCCCAAAC-3' (reverse)

Relative amounts of the mRNA transcripts were calculated using the AACT method and reported as fold change with respect to
empty-vector transfection(Schmittgen and Livak, 2008). The experiments were repeated N=3 times and the statistical significance
was calculated using one-way ANOVA.

In Vitro Wound-Healing Assay

HCT116; CtBP2(-/-) cells were seeded into six-well dishes at a density of 5 X 10° cells/well. The dishes were cultured as confluent
monolayers and were then transfected with 3 ug of EV, CtBP21, S128T, A129L, R190Q, G216N or L221Y expression plasmids. 24
hours post-transfection, the equivalent transfection efficiency of all plasmids was confirmed by indirect fluorescence microscopy for
GFP, and a scratch was then made once per well with a 200-ul pipette tip to create an artificial wound. Wounded cell cultures were
then incubated in the presence of DMEM after thorough, but gentle washes. The migration of cells was monitored over a duration of
24 hours as a function of how far from the scratch line the cells had progressed. The scratch closures were quantified using ImageJ
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(NIH) using wound-healing macros. The area at a time point is normalized relative to 0-hour time and reported as absolute value. The
experiments were repeated N=3 times and the statistical significance was calculated using one-way ANOVA.

QUANTIFICATION AND STATISTICAL ANALYSIS
Comparisons of means between the groups were initially conducted using a one-way ANOVA, followed by 2-group t-tests (once the
null hypothesis of equality of means in the ANOVA testing is rejected), adjusted for multiple comparisons using false discovery rates

(Benjamini and Hochberg, 1995). The software SAS (version 9.4) was used in all calculations. The exact values of n for QPCR and
Migration experiments refer to number of repeats (N=3) with standard deviation (SD) as precision measurements.

Structure 29, 1-10.e1-e5, March 4, 2021 e5




	STFODE4314_proof.pdf
	Cryo-EM Structure of CtBP2 Confirms Tetrameric Architecture
	Introduction
	Results
	Overall Structure of the Minimal Dehydrogenase Domain of CtBP2, CtBP31−364
	Overall Structure of CtBP2 with the Flexible C-Terminal Tail, CtBP31−445
	Comparison of CtBP231−364 with CtBP231−445
	Tetrameric Model of CtBP231−364
	Interactions Stabilizing CtBP2 Tetramer
	CtBP2 Tetramer-Destabilizing Mutants Are Defective in Transcriptional Regulation and Cell Migration

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Material Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Protein Expression
	Cell Culture

	Method Details
	Expression of CtBP231-364 and CtBP231-445
	Purification of CtBP231-364 and CtBP231-445
	Sample preparation of CtBP231-364 and CtBP231-445 for CryoEM
	Image Acquisition
	Data Processing
	3D Reconstruction of CtBP231-364
	Model Building and Refinement
	Antibodies and Immunoblot Analyses
	Transfections
	Site-Directed Mutagenesis and PCR
	RT-PCR and Real-Time RT-PCR
	In Vitro Wound-Healing Assay

	Quantification and Statistical Analysis




