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The activation of oncogenic C-terminal binding Protein (CtBP) transcrip-
tional activity is coupled with NAD(H) binding and homo-oligomeric assem-
bly, although the level of CtBP assembly and nucleotide binding affinity
continues to be debated. Here, we apply biophysical techniques to address
these fundamental issues for CtBP1 and CtBP2. Our ultracentrifugation
results unambiguously demonstrate that CtBP assembles into tetramers in the
presence of saturating NAD" or NADH with tetramer to dimer dissociation
constants about 100 nm. Isothermal titration calorimetry measurements of
NAD(H) binding to CtBP show dissociation constants between 30 and
500 nm, depending on the nucleotide and paralog. Given cellular levels of
NAD™, CtBP is likely to be fully saturated with NAD under physiological
concentrations suggesting that CtBP is unable to act as a sensor for NADH
levels.
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C-terminal binding proteins (CtBP1 and CtBP2) are par-
alogs that critically modulate cell fate through their
cotranscriptional activity. CtBP1 was initially identified
through its binding of the C-terminal region of aden-
ovirus EIA oncoprotein and resultant modulation of
E1A transformation capability [1,2]. Binding of CtBP to
transcription factors influences numerous cellular pro-
cesses through recruitment of chromatin remodelling
enzymes such as histone methyl transferases, demethy-
lases and deacetylases to targeted promoters [3-5].
Extensive evidence implicates the cotranscriptional
function of both CtBP paralogs in cancer. CtBP is a
global repressor of apoptotic pathways and the epithe-
lial phenotype [3] through the repression of genes such

Abbreviations

as cell cycle inhibitors, tumour suppressive proapop-
totic factors (Bik, Noxa) and cytoskeletal/cell adhesion
molecules (keratin-8, E-cadherin) [4,6]. In addition to
its role as a corepressor, CtBP also facilitates activa-
tion of cell growth and metastasis-related genes
(Tiaml, MDRI, certain Wnt target genes) that pro-
mote the epithelial-to-mesenchymal transition (EMT)
[7-10]. Consistent with its transcriptional activity,
CtBP is found to be upregulated in cancer tissues
including colorectal cancer [11], melanoma [12], meta-
static prostate cancer [13], oesophageal squamous cell
carcinoma [14], ovarian cancer [15] and breast cancer
[16,17]. Moreover, high tumour expression of CtBP is
correlated with increased mortality in breast cancer

CtBP, C-terminal binding protein; NAD, nicotinamide adenine dinucleotide.
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NAD(H) binding and assembly of CtBP

[18], ovarian cancer [15], gastric carcinoma [19] and
hepatocellular carcinoma [20]. Mouse models provide
further evidence of a strong role for CtBP in cancer
progression by showing that decreasing CtBP protein
levels with CtBP2*/~ heterozygosity result in a signifi-
cant decrease in mortality for colon cancer (4PC™"/*)
[21] and pancreatic adenocarcinoma (CKP) models
[22].

Oligomerization of transcriptional factors is an
important paradigm for the regulation of gene expres-
sion [23,24]. Although NAD(H) binding to CtBP has
been linked to oligomerization and transcriptional
activity for nearly two decades [25,26], the level of
assembly and the relative affinity of NADH vs NAD*
are key issues without consensus at present. Numerous
reports have suggested that NAD(H) triggers activa-
tion through assembly of CtBP monomers into dimers
[27-30], but others have shown evidence that NAD(H)
triggers assembly of dimers into tetramers [31-33].
Additionally, published data of the affinity of NADH
and NAD" binding to CtBP have led to conflicting
conclusions [33-35]. In particular, studies suggesting a
100-fold increased affinity of NADH over that of
NAD™" [34,35] led to the appealing hypothesis that
CtBP acts as a sensor of the cellular metabolic state,
which continues to be a highly cited conclusion.

Here, we investigate the NAD(H)-linked assembly
of CtBP through analytical ultracentrifugation and
isothermal titration calorimetry (ITC). Despite earlier
interpretations of sedimentation velocity (SV) data as
deriving from a monomer to dimer assembly [36], we
definitively show using both SV and sedimentation
equilibrium (SE) that the NAD(H) bound forms of
both CtBP1 and CtBP2 are predominantly tetrameric
in solution at micromolar concentrations. This tetra-
meric assembly is fairly stable — our SV experiments
show that the tetramer to dimer dissociation constants
for CtBP1 and CtBP2 in the presence of saturating
NADH or NAD" are around 100 nm. Our ITC data
indicate that CtBP binds to NAD* and NADH with
dissociation constants between ~30 and ~500 nwm,
depending on the nucleotide and paralog. These results
suggest that under normal cellular conditions, with
NAD™ levels > 40 pm [37-39], CtBP will be nearly
fully saturated with NAD and unable to act as a sen-
sor for NADH levels.

Experimental procedures

Expression and purification of CtBP1 and CtBP2

CtBP1 (28-440) and CtBP2 (31-445) were expressed
and purified following the protocols of earlier studies

H. Erlandsen et al.

[31,40.41]. The final step of purification was an FPLC
size exclusion column (Highloadll 16/60 Superdexll
200 preparation grade) carried out at 4 °C in buffer
(50 mm Tris : HCI pH 7.7, 300 mm NaCl, 5 mm
EDTA, 2 mm DTT) that was supplemented with either
50 pm NAD*, 5 mm AMP or no nucleotide, depending
on the experiment. Purified protein was buffer
exchanged using a PD-10 Desalting Column (Milli-
poreSigma, Burlington, MA, USA). For the standard
analytical ultracentrifugation experiments, this buffer
was 50 mm HEPES pH 7.5, 300 mm NaCl, 5 mm
EDTA, 2 mm TCEP with, or without varying amounts
of NAD* or NADH. For lower concentration SV
measurements using the peptide backbone absorption,
a buffer of 10 mm HEPES (pH 7.5), 300 mm NaCl,
5 pm NAD(H), 0.1 mm EDTA and 0.4 mm TCEP was
used to minimize the buffer absorbance at 230 nm. In
the case of ultracentrifugation and calorimetry experi-
ments requiring NAD(H)-free protein, we followed
our earlier approach [41] of using, as the final step in
purification, a size exclusion chromatography run in
the presence of 5 mm AMP to remove NAD(H). X-ray
crystal structures confirmed that this procedure
resulted in the complete removal of NAD(H) for
CtBP1 [41] and size exclusion chromatography and
light scattering indicate successful removal from
CtBP2. AMP was then removed with a PD-10 desalt-
ing column.

Analytical ultracentrifugation

Partial-specific volumes and solvent densities and vis-
cosities were determined using SEDNTERP [42]. SV
analysis was performed using two-channel aluminium-
Epon double-sector centrepieces and quartz windows.
Absorbance data were collected in a Beckman-Coulter
Optima  analytical ultracentrifuge operating at
35000 r.p.m. and 20 °C. ¢(s) distributions were calcu-
lated using SEDFIT [43].

Dissociation constants for the dimer—tetramer equi-
libria of nucleotide bound forms of CtBP1 and CtBP2
were obtained by SV analysis at 230 nm to enhance
sensitivity. The weight-average sedimentation coeffi-
cients (s,) were obtained by integration of ¢(s) distribu-
tions, and the data were fit to the following equation

o Sb [D] + 2ST[D]

=7 ID]+ 2] v

where sp and st are the sedimentation coefficients of
dimer and tetramer, respectively, and [D] and [T] are
the molar concentrations of dimer and tetramer, respec-
tively. The dimer concentration is given by
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where [P], is the total concentration of protein in dimer
equivalents. For comparison to the weight-average
analysis, the SV data were also globally fit to dimer—te-
tramer equilibrium model using SEDANAL [44]. At
the lowest accessible protein concentration of 0.3 pwm,
both CtBP1 and CtBP2 are predominantly tetrameric
in the presence of bound nucleotide and it was not fea-
sible to fit for sp. For CtBP2, this parameter was taken
as the sedimentation coefficient of the apoprotein dimer
(4.02 S), and for CtBPI1, it was taken as 3.96 S by
assuming equal frictional ratios for the two proteins.
For SV analysis of nucleotide-free CtBP1, it was neces-
sary to account for the presence of monomer in the
weight-average and global fits. Here, the sedimentation
coefficient of the monomer was taken as 2.49 S assum-
ing an equal frictional ratio for the monomer and
dimer. The s,, data were fit using numerical solutions to
the monomer—dimer—tetramer equilibria.

Sedimentation equilibrium analysis was performed
using six-channel aluminium-Epon double-sector cen-
trepieces and quartz windows. Absorbance data at
280 nm were collected in a Beckman-Coulter XL-I
analytical ultracentrifuge at 20 °C and 9500 and
11 500 r.p.m. Data were globally fit to a single ideal
species model using HeteroAnalysis [45].

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) analysis of
NAD*/NADH binding to nucleotide-free CtBP1 and
CtBP2 used protein prepared as described above.
CtBP1 and CtBP2 appear significantly less stable in
the absence of bound nucleotide. For this reason, ITC
experiments were carried out immediately upon elution
from the PD-10 column, equilibrated with 50 mm
HEPES pH 7.5, 300 mm NaCl, 5 mm EDTA, 2 mMm
TCEP, with final protein concentration at 10-50 pm.
(As our SV data demonstrated significant dissociation
of nucleotide-free CtBP1 into dimers, particularly
below a protein concentration of around 10 pm, we
attempted ITC binding experiments at protein concen-
trations below 10 pm to explore changes in apparent
binding affinity as the proportion of dimers increase.
Unfortunately, these lower concentration experiments
did not provide reproducible results.)

Isothermal titration calorimetry measurements were
performed on a Microcal ITC200 System (GE, Bos-
ton, MA, USA). For the final runs with CtBP1, 20
injections, 2 pL each, of either 0.2 mm NADH or
0.5 mmM NAD" were used for each measurement. For

NAD(H) binding and assembly of CtBP

CtBP2, 20 injections, 1.5-2 pL each, of either 0.2mm
NADH or 0.4 mm NAD"' were used for each mea-
surement. Data were fit in Origin software to a sin-
gle binding site model. Heats of ligand dilution were
obtained following binding saturation using the later
injections and subtracted for each binding experi-
ment.

Results

Assembly state of CtBP1 and CtBP2

Previous SV experiments on truncated CtBP2 (31-
364), in which the first 30 residues and the critical last
91 residues are missing, identified a predominant spe-
cies with a sedimentation coefficient of 6.0-6.7 S [36].
This species was assumed to be dimeric. An s =4.3 S
species, enhanced in the presence of mutants or an
inhibitor, was assigned as monomer. As our light scat-
tering data showing a predominantly tetrameric form
for truncated CtBP2 (31-364; as well as longer forms
of CtBP1 and CtBP2) in the presence of NADH or
NAD™ [31] was inconsistent with that interpretation,
we have carried out SV and SE analyses to resolve this
discrepancy.

Figure 1A.B shows SV c¢(s) distributions [43] for
CtBP1 (28-440) and CtBP2 (31-445), respectively, as
purified in the absence of added nucleotide. Both pro-
teins contain a dominant feature near 6 S. CtBP1 con-
tains several peaks at lower s, and CtBP2 contains a
4.1 S peak. For both proteins, as the concentration is
decreased from 40 to 2 pm, the peak near 6 S shifts
slightly to the left, indicating that it represents a reac-
tion boundary associated with a rapidly reversible self-
association. Concentration-dependent behaviour of the
3-5 S features for CtBPI is not as clear, but these fea-
tures also appear to shift to the left with decreasing
concentration. For CtBP2, the peak near 4.1 S does
not shift with concentration. Discrete fits to the data
indicate that the fraction of material sedimenting at
4.1 S increases only slightly from ~ 0.3 to ~ 0.5 as the
concentration is decreased from 40 to 2 pMm. These data
indicate that the 4.1 S peak corresponds to a discrete
species that undergoes weak self-association.

Figure 1C,D show a sedimentation velocity analysis
of the effects of NADH binding on CtBP1 and CtBP2.
Data were collected at 280 and 340 nm to selectively
monitor the protein and NADH components, respec-
tively. For both proteins, the lower s peaks disappear
upon addition of NADH, producing a single peak
near 6 S. The 340 nm data demonstrate that NADH
cosediments with CtBP1 and CtBP2 near 6 S. Based
on these results, we assign the lower s peaks to
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Fig. 1. Sedimentation velocity analysis of CtBP1 and CtBP2 self-association. (A) c(s) distribution of CtBP1 as purified [no added NAD(H); at
2, 10, 20 and 40 pm (monomer equivalents)]; (B) c(s) distributions of CtBP2 as purified (no added NAD(H); at 2, 10, 20 and 40 pwm); C) 20 pm
CtBP1 as purified (no added NAD(H)) compared to CtBP1 with 50 pm NADH at 280 and 340 nm wavelength (340 nm/NADH signal is red)
and (D) 20 pm CtBP2 as purified (no added NAD(H)) compared to CtBP2 with 50 pm NADH at 280 and 340 nm wavelength (340 nm/NADH
signal is red). All of the distributions are normalized by maximum peak height.

apoprotein and the 6 S peaks to the NADH com-
plexes.

The presence of the 6 S peak in the absence of
added nucleotide suggests that an appreciable fraction
of both CtBP1 and CtBP2 is nucleotide bound. How-
ever, the 340 nm absorbance of both proteins, as puri-
fied, is < 10% of what would be expected if the bound
nucleotide were NADH (data not shown). NADH has
absorption peaks at 340 and 260 nm, whereas NAD*
only absorbs at 260 nm. Thus, the low 340 nm absor-
bance may indicate that both proteins contain bound
NAD™ or another adenine nucleotide species capable
of inducing self-association of CtBPs.

Owing to the heterogeneity and the reversible self-
association in both paralogs, it was not feasible to fit

the SV data to obtain reliable molecular masses and
we turned to SE measurements. Data were collected
over a concentration range of 3-13 um and two rotor
speeds in the presence of 50 pm NAD(H). Within
error, the apparent molecular masses of the individual
channels remain constant over this concentration
range, indicating that the dissociation of the tetramer
is negligible and the data were globally fit to a model
of a single ideal species. Figure 2 shows a fit obtained
with CtBP2. The data fit well to this model with the
inset showing randomly distributed residuals. The
deduced molecular mass of 192.1 kDa (Table 1) corre-
sponds to the tetramer (predicted mass of 191.0 kDa).
Similarly, the best-fit molecular masses of CtBP2 in
the presence of NAD™ or CtBP1 with either nucleotide
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Fig. 2. Sedimentation equilibrium analysis
of CtBP2 self-association in the presence
of 50 um NADH. Data (open circles) were
collected at five protein concentrations
ranging from 3 to 13 um with 50 pm NADH
at two rotor speeds: 9500 r.p.m. (blue)
and 11 000 r.p.m. (red) at a wavelength of
280 nm. For clarity, the data are vertically
offset. The solid lines correspond to a
global fit of the data to a single ideal

Blue 9500 r.p.m.
Red 11000 r.p.m. §

species model. The best-fit molecular
mass is 192.1 kDa with an RMS deviation
of 0.00642 OD. The inset shows an
overlay of the fit residuals.

Table 1. Sedimentation equilibrium analysis of CtBP1 and CtBP2 in
the presence of NADH or NAD™.

Protein: Ligand Molecular mass (kDa)? RMSP

CtBP1: NAD* 176.3 (171.5, 181.2) 0.00435
CtBP1: NADH 176.1 (170.7, 181.6) 0.00530
CtBP2: NAD* 184.5 (175.9, 193.3) 0.01172
CtBP2: NADH 192.1 (186.4, 197.9) 0.00642

“The range in parentheses corresponds to the 95% confidence
intervals.; PRoot mean square deviation of the fit in absorbance
units.

also correspond to tetramer. These results agree with
our previous light scattering analysis of CtBP1 and
CtBP2 [31] and indicate that the SV feature near 6 S
populated in the presence of nucleotide is associated
with the tetramer rather than dimer, as has been previ-
ously suggested [36]. We then assign the 4.1 S feature
to dimer. Based on these assignments, the frictional
ratios of both the tetramer and the dimer are about

r’2-r ?/2 (cm?)

1.6. This high value is consistent with the presence of
substantial disordered regions. Unlike earlier SV
experiments [36], our CtBP1 and CtBP2 constructs
incorporate the full C terminus, including ~ 90 C-
terminal residues that have been shown to be intrinsi-
cally unstructured in rat CtBP [46] and show no
ordered structure in the cryoEM structure of human
CtBP2 [32].

Dissociation of CtBP tetramers

In the presence of either NADH or NAD™, both
CtBP1 and CtBP2 are predominantly tetrameric at
concentrations of 2 pm and above, but our SV results
indicate some dissociation as the concentration is low-
ered. Because the protein aromatic side chain absor-
bance at 280 nm is too weak to characterize the
dimer—tetramer equilibrium, we took advantage of the
greater peptide backbone absorption at 230 nm. Due
to buffer absorption at this wavelength, we reduced

FEBS Letters 596 (2022) 479-490 © 2022 Federation of European Biochemical Societies 483
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NAD(H) binding and assembly of CtBP

the concentrations of several components while main-
taining the same pH and NaCl concentration [10 mm
HEPES (pH 7.5), 300 mm NaCl, 5 pm NAD(H),
0.1 mm EDTA and 0.4 mm TCEP]. Under these condi-
tions, reasonable SV data were obtained down to pro-
tein concentrations as low as 300 nm. The weight-
average sedimentation coefficients (s,,) were obtained
from SV titrations from 300 nm to 5 pm, and the
resulting isotherms are displayed in Fig. 3. For both
CtBP1 and CtBP2, s, increases from ~ 5.4 to 6.1 S
over this concentration range. These data were fit to
dimer—tetramer equilibrium models to obtain Ky val-
ues, which are displayed in Table 2.

Even with the enhanced sensitivity at 230 nm, it was
not possible to reduce the concentration low enough to
allow us to fit for the sedimentation coefficient of the

CtBP1 + NAD*
6-2_'"'I""I""I""I""I'

(A)

K, =87 £ 30 nm ]

54 | ]

52 F 3

[0 ) P N N S B B
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[CtBP2 dimer] pum
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dimer. As described in Materials and Methods, the val-
ues for the dimer sedimentation coefficients were taken
from the apoprotein dimers. The fitted Kys for CtBP1
and CtBP2 in NAD" or NADH are quite similar, rang-
ing from 76 to 94 nm. The tetramer sedimentation coeffi-
cients are also close, ranging from 6.4 to 6.6 S. To
confirm this analysis, we also globally analysed SV dif-
ference curves obtained at multiple concentrations using
SEDANAL [44], again fixing the sedimentation coeffi-
cients of the dimer. An example fit for CtBP2 + NAD*
is shown in Fig. S1. As indicated in Table 1, the parame-
ters obtained by the two approaches agree fairly well.
Sedimentation velocity experiments were also per-
formed with nucleotide-free CtBP, prepared with size
exclusion in the presence of 5 mm AMP [41], as dis-
cussed in the Experimental procedures section. As

CtBP1 + NADH
6'2""I""I""I""I""I""

”n 5.65— K,=94 28 nm _
5.4:— —
52 F ]
P P N R S I R

0.5 1.0 15 2.0 2.5 3.0

[CtBP1 Dimer] pwm

CtBP2 + NADH
64 T T

62 F

s 58 F
g K,=76 £ 19 nu

56 F

54 |

52 F

5'0'....|....|....|....|....|....

0 0.5 1.0 1:5 2.0 25 3.0
[CtBP2 Dimer] um

Fig. 3. Determination of CtBP1 and CtBP2 dissociation constants: weight-average sedimentation coefficient analysis. (A) CtBP1 + NAD™; (B)
CtBP1 + NADH; (C) CtBP2 + NAD*; (D) CtBP2 + NADH. Dissociation constants were obtained by fitting isotherms of weight-average
sedimentation coefficients (s,,) to a dimer-tetramer equilibrium model. The values of sgimer Were fixed at 3.96 S (CtBP1) and 4.02 S (CtBP2),

and Serramer aNd Ky Were treated as adjustable parameters.
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Table 2. Analysis of the dimer—tetramer equilibria for CtBP1 and CtBP2 in the presence of NADH or NAD™.

Global® Weight average®
Protein: Ligand STetramer Ky (nm)© RMSDY STetramer Ky (nm)
CtBP1: NAD* 6.48 140.0 (121.5, 161.8) 0.0147 6.37 87 + 30
CtBP1: NADH 6.49 94.2 (81.8, 171.8) 0.0190 6.44 94 + 28
CtBP2: NAD* 6.64 103.1 (78.2, 132.6) 0.0119 6.60 92 + 20
CtBP2: NADH 6.70 94.7 (80.9, 109.9) 0.0156 6.54 76 £ 19

@Parameters were obtained by global analysis of sedimentation velocity data difference curves using SEDANAL [44].; PParameters were
obtained by fitting the isotherm of weight-average sedimentation coefficients as described in the Materials and Methods section.; “The
range in parentheses corresponds to the 95% confidence intervals.; “Root mean square deviation of the fit in absorbance units.
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Fig. 4. Sedimentation velocity analysis of nucleotide-free CtB1 and CtBP2. (A) c(s) distribution of CtBP1 (at 0.8, 1.6, 5 and 20 pwm); (B)
weight-average determination of CtBP1 dissociation constants; (C) c(s) distribution of CtBP2 (at 0.5, 0.8, 1.6, 5 and 20 pm); (D) weight-
average determination of CtBP2 dissociation constants. For CtBP1, the dissociation constants were obtained by fitting to a monomer—
dimer—tetramer equilibrium model, and for CtBP2, a dimer-tetramer model was employed. Ky, refers to the monomer—dimer dissociation
constant, and Ky, refers to the dimer—tetramer dissociation constant.

shown in Fig. 4, the tetrameric forms are notably less predominant 6 S feature (tetramer) at the highest con-
stable in the absence of NAD™, as would be expected. centration (20 pm) which shifts to the left as the con-
For CtBPl, the «c¢(s) distributions contain a centration is reduced. The distributions at the lowest
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Table 3. Analysis of the monomer—dimer—tetramer equilibria for CtBP1 and CtBP2 in the absence of bound nucleotide.

Global® Weight average®
Protein Kg1 (nwv)® Kgo (nm)® RMSD® Kg1 (nm) Kgo (nM)
CtBP1 968 ( 760, 1220) 3320 (2880, 3810) 0.0244 394 + 166 6820 + 2290
CtBP2 - 967 (909, 1030) 0.0248 - 611 + 189

3Parameters were obtained by global analysis of sedimentation velocity data difference curves using SEDANAL [44].; PParameters were
obtained by fitting the isotherm of weight-average sedimentation coefficients as described in the Materials and Methods section.;
°Monomer—dimer dissociation constant.; “Dimer—tetramer dissociation constant.; ®Root mean square deviation of the fit in absorbance units

concentrations contain features below 4 S, indicating
dissociation all the way to monomer. In contrast,
CtBP2 dissociates from tetramer to dimer upon dilu-
tion. Accordingly, the CtBP1 and CtBP2 data were fit
to monomer—dimer—tetramer and dimer—tetramer equi-
librium models, respectively. The Ky values obtained
by weight-average (Fig. 4B,D) and global analyses
agree reasonably well (Table 3). Including a
monomer—dimer dissociation reaction in the analysis
CtBP2 did not substantially improve the fit quality
(RMSD = 0.0238) whereas fitting the CtBP1 data to a
dimer—tetramer model resulted in substantially worse
fit (RMSD = 0.0351). For CtBP1 and CtBP2, dissocia-
tion of the nucleotide-free tetramers to dimers is
enhanced ~50- and ~8-fold, respectively, relative to
their corresponding nucleotide bound forms. For
CtBP1, dissociation of the dimer to monomer occurs
at sub-micromolar concentrations.

Binding of NADH and NAD* to CtBP

Removal of NADH from CtBP is known to be difficult
[34], which may have contributed to the wide variations
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reported for estimates of NADH and NAD™" affinity.
Here, we have used high levels of AMP to remove
NAD(H) as described previously [41]. Details are dis-
cussed in the Experimental procedures section.
Isothermal titration calorimetry experiments moni-
toring the binding of NAD* and NADH were per-
formed with freshly prepared CtBP in the absence of
any bound nucleotide. Although nucleotide-free CtBP
is substantially less stable than the nucleotide bound
form, we were able to obtain excellent ITC data for the
binding of NAD* and NADH to CtBPI at 23 °C. As
shown in Fig. 5 and Table 4, these ITC experiments
showed that CtBP1 (28-440) bound to NADH with a
measured Ky of 53 + 14 nm, whereas the binding to
NAD* was about 9-fold weaker with a Ky of
450 + 43 nMm. CtBP2 appears to be somewhat less stable
than CtBPI in the absence of bound nucleotide, but
binds NAD" substantially more tightly than does
CtBP1. For CtBP2 (31-445), NADH bound with a
measured Ky of 31 4+ 6 nm, whereas the binding to
NAD™" was nearly two-fold weaker with a Ky of
51 £ 15 nm (Fig. 5 and Table 4). Given the SV data
(Fig. 4, Table 3) showing that the CtBP2 tetramer is
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Fig. 5. Example ITC measurements of NADH and NAD* binding to CtBP1 and CtBP2 at 23 °C. (A) NADH binding to CtBP1 with 2 pL
aliquots of 0.2 mm NADH, (B) NAD™ binding to CtBP1 at with 2 uL aliquots of 0.5 mm NAD™*, (C) NADH binding to CtBP2 with 2 pL aliquots
of 0.2 mm NADH, (D) NAD* binding to CtBP2 with 1.5 pL aliquots of 0.4 mm NAD*. Full ITC results are provided in Table 4.
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Table 4. Thermodynamic parameters for NAD(H) binding to CtBP
derived from ITC experiments at 23 °C. (Reported values based on
three replicates for each condition).

AG AH TAS
Protein: Ligand Ky (nm)  (kcal-mol™")  (kcal-mol™")  (kcal-mol™")

CtBP1-NADH 53+ 14 -98+0.1 -126+02 -28+04
CtBP1-NAD* 450 £43 -86 £0.056 -129+03 -43+03
CtBP2-NADH? 31+7 =102+ 0.1 -151+04 -49+04
CtBP2-NAD* 51 +15 -99+01 -165+04 -66+05

®For the CtBP2-NADH ITC experiments, all three replicates were
from a single protein prep. For all others, the three replicates
included two different protein preps.

more stable than the CtBP1 tetramer, one possible
source of the observed higher affinity for CtBP2 is a
greater fraction of nucleotide-free CtBP2 tetramers.
Analysis of the nucleotide-free SV data suggests that
~90% of the CtBP2 is tetrameric and ~ 60% of CtBP1
is tetrameric at 40 pm (monomer equivalents) Unfortu-
nately, ITC experiments on CtBP1 below 10 pm to help
estimate the NAD(H) affinity of dimers were unsuccess-
ful. While our results support the hypothesis that
NADH binds to CtBP more tightly than does NAD?, it
is by a much smaller factor than the 100-fold difference
that had been suggested earlier [34].

Discussion

The transcriptional coregulators CtBP1 and CtBP2
have been implicated in a broad range of cancers [12—
22]. Tt has long been established that binding of NAD
(H) induces oligomerization and transcriptional activa-
tion of CtBP [25,26]. However, there are conflicting
hypotheses about the level of oligomerization [27-33]
and the relative affinity of binding NADH vs NAD*
[33-35]. These issues are key to understanding the
basis for transcriptional activation of CtBP and also
for guiding the design of inhibitors to disrupt tran-
scriptional activity in cancer. The analytical biophysi-
cal experiments presented here were designed to
address these two central issues.

Earlier SV experiments on C-terminal truncated
CtBP2 [36] revealed a predominant population with
s = 6-6.7, which was interpreted as dimeric, even in
the presence of NAD(H). However, recent data from a
variety of experimental methods suggest that binding
of NAD(H) to CtBP triggers assembly of dimers into
tetramers [31-33]. To definitively determine the level of
CtBP assembly in solution, we turned to analytical
ultracentrifugation.

For both CtBP1 and CtBP2, purified in the absence
of NAD(H), SV showed a predominant form at

NAD(H) binding and assembly of CtBP

micromolar concentrations with a sedimentation coeffi-
cient of ~ 6, in agreement with earlier studies [36]. SE
measurements unambiguously demonstrate that this
form corresponds to tetramer (Fig.2 and Table 1).
CtBP2 contains a second form at 4.1 S that is assigned
as dimer. The 4.1 S peak disappears upon addition of
NADH, indicating that this peak corresponds to
apoprotein. For both proteins, the tetrameric assembly
is fairly stable in the presence of saturating NADH or
NAD™ with dimer dissociation constants of about
100 nm. In the absence of bound NAD(H), CtBP1 and
CtBP2 tetramers are substantially weakened with dis-
sociation constants approximately 50- to 8-fold higher,
respectively (Table 3). Thus, nucleotide binding is ther-
modynamically linked to assembly of dimers into tet-
ramers. Nucleotide-free CtBP1 further dissociates to
monomer with Kq ~ 1 pM.

Our analytical ultracentrifugation results provide a
definitive proof that CtBP1 and CtBP2 assemble into
tetramers in the presence of NAD(H), which is sup-
ported by other recent studies [31-33], despite a com-
mon assumption that NAD(H) triggers a monomer to
dimer assembly. This work is, thus, complementary to
our recent finding that mutants which interfere with
dimer to tetramer assembly are transcriptionally defec-
tive for at least some oncogenic activity [32]. More-
over, our results suggest that sedimentation
experiments could be an important assay to investigate
the ability of various CtBP inhibitors [27,40,47,48] to
directly disrupt transcriptionally dependent CtBP tetra-
mer formation.

Our ITC results indicate that the Ky for binding of
NAD™ to CtBP1 is approximately 450 nm with NADH
binding approximately with 9-fold higher affinity. This
result for NAD" binding is in alignment with equilib-
rium dialysis measurements reporting a Ky of
~ 400 nM [33], and the 50 nm Ky for NADH is close to
the 66 nm Ky reported using FRET experiments [34].
In contrast, our results indicate significantly tighter
binding of NAD™ than the 8-11 um obtained by moni-
toring the loss of enhanced NADH fluorescence when
bound to CtBP1 through competition with NAD*
[34]. The nearly 100-fold greater protein concentration
for our ITC experiments compared with the earlier flu-
orescence experiments could contribute to the reported
NAD" affinity differences, since lower protein concen-
tration would favour dissociation of tetramers to
dimers and monomers with potentially lower nucleo-
tide affinity. As ITC experiments require substantially
higher protein concentrations than are likely in the
cell, this is a potential advantage of the fluorescence
approach. However, for the discrepancy between these
two approaches to result from concentration
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differences, lowered protein concentration would have
to substantially alter the NAD™" affinity but not the
NADH affinity. The similar response of CtBP
oligomerization to both NAD' and NADH shown
here and earlier [31] would appear to argue against a
strong concentration effect just for NAD*. However,
such a possibility cannot be completely discounted.
The earlier fluorescence studies [34] led to the
appealing hypothesis that CtBP can act as a sensor for
the metabolic state of a cell by sensing the concentra-
tion of NADH, as the cellular concentration of NAD*
is much higher than NADH. This hypothesis requires
that CtBP not be fully saturated by the NAD" present
in the cell nucleus, since either NAD" or NADH is
capable of triggering tetrameric assembly as shown
here. Recent measurements using fluorescent biosen-
sors suggest cytoplasmic levels of NAD™ in the range
of 40-80 pMm in four mammalian cell lines with a level
of NAD™ of ~ 110 pm in the nucleus of U20S cells
[39], values that are consistent with earlier estimates in
the range of 100-500 pm [37,38]. With cellular NAD*
concentrations > 40 um and our measured dissociation
constants more than 100-fold lower, CtBP would be
expected to be nearly fully saturated with NAD™.
Assuming that our ITC experiments at high protein
concentration reasonably reflect the affinity of CtBP
for NAD in the cellular context, these data argue
against CtBP sensing the metabolic cellular state
through changes in the concentration of NADH.
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Fig. S1. Global SV analysis of the CtBP2 dimer-te-
tramer equilibrium in the presence of NAD™.
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