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C-terminal binding proteins (CtBPs) are multi-functional proteins involved in nuclear transcriptional
co-repression, Golgi membrane fission, and synaptic ribbon formation. Binding of NAD(H) to CtBPs
promotes dimerization. CtBP dimers act as a scaffold for multimeric protein complex formation, thus
bridging transcriptional repressors and their targets in the nucleus. Based on size-exclusion chromatog-
raphy experiments and on the crystal structure of the NAD(H)-free G172E CtBP mutant, we show here
that absence of NAD(H) induces flexibility/backbone conformational changes at the dimerization inter-
face and at the CtBP interdomain region. The results presented shed first light on the correlation between
NAD(H)-binding and functional CtBP dimerization.

� 2009 Elsevier Inc. All rights reserved.
The C-terminal binding proteins (CtBPs), hosting CtBP1, Although the precise way CtBP recruits its partner proteins in

CtBP1-S (or short-CtBP1, also known as CtBP1/BARS, where BARS
is the acronym for Brefeldin A-ADP Ribosylated Substrate), and
CtBP2 isoforms, are multi-functional proteins implicated in gene
regulation, Golgi maintenance and synaptic ribbon formation [1–
3]. More than thirty different transcription factors have been re-
ported to recruit CtBPs to mediate transcriptional repression of
various target genes. Most of these factors interact with CtBPs
through binding motifs that closely resemble the adenovirus
E1A CtBP-binding motif PLDLS [4,5], as well as through a second
redundant motif known as the RRT motif [6]. In the nucleus
CtBPs build the structural core of a MDa repressor complex con-
taining sequence-specific DNA-binding repressors, enzymes such
as histone deacetylases, histone lysine methyl transferases and a
histone lysine-specific demethylase, and several co-repressors
[7]. Interestingly, the CtBPs have been reported to be dual-func-
tion proteins, active also in the cytosol as components of a
membrane fissioning machinery operating at different intracellu-
lar membrane traffic steps [2,8]. The control of CtBP nuclear vs
cytosolic localization involves post-translational modifications
such as phosphorylation and sumoylation [9,10].
ll rights reserved.

, brefeldin A-ADP ribosylated
wild-type; rmsd, root mean

lognesi).
the nucleus is not yet known, a key role is ascribed to the ability
of CtBP to associate into dimers, whose association mode has
been elucidated through crystal structure analyses (CtBP1,
CtBP1/BARS, and CtBP2 isoforms, all lacking about 80 C-terminal
residues, and all in complex with NAD(H)) [11–13]. CtBP is com-
posed of three domains: (i) the substrate-binding domain, pri-
marily comprising the PXDLS-binding cleft (X = any residue);
(ii) the central nucleotide-binding domain, responsible for
NAD(H)-binding and for dimerization, hosting the RRT-binding
motif; and (iii) an intrinsically unstructured C-terminal region
[6,11–13]. Association through two nucleotide-binding domains
builds the central core of the dimer, with substrate-binding
and the C-terminal domains of each monomer at opposite poles
of the assembled dimer [12,13]. The CtBP nucleotide-binding do-
main hosts a Rossmann fold, similar to D-2-hydroxyacid dehy-
drogenases, including the typical G/AxGxxG(17x)D NAD-binding
consensus motif, and a putative dehydrogenase active site con-
taining a conserved His-Glu-Arg catalytic triad [11,12]. While
the NAD+-dependent dehydrogenase activity of CtBP has been
demonstrated only marginally [11], consensus has emerged on
the role of NAD+/NADH-binding as the structural requirement
leading to a stable dimer that would act as an aggregation scaf-
fold for multimeric nuclear protein complexes [14]. Indeed,
while possibly not fully preventing formation of the CtBP di-
meric species, loss of NAD+/NADH-binding induced a dramatic
decline in homodimerization efficiency and transcriptional
repression activity both in CtBP1 and CtBP2 isoforms [15,16].
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In the present communication we show a correlation between
NAD(H)-binding and CtBP dimerization, based on size-exclusion
chromatography experiments, and we shed first light on the struc-
tural regions involved in the dimer-monomer transition by X-ray
crystallographic analysis of the NAD(H)-free Gly172 ? Glu
(G172E) mutant of a truncated form of CtBP1/BARS (t-CtBP1/BARS,
devoid of 80 C-terminal residues).
Fig. 1. (A) Size-exclusion chromatography profile for molecular weight standards.
4 mg of molecular weight standards were passed through a Sephacryl S-200
column; both molecular mass (red) and retention time (black) are indicated for
each. (B) Size-exclusion chromatography profiles of wild-type t-CtBP1/BARS
(residues 1–350, grey) and the t-CtBP1/BARS G172E mutant (black). 5 mg of each
protein were applied to the Sephacryl S-200 column, with PBS elution at 0.3 ml/min
at 4 �C. The elution patterns were detected by monitoring the absorbance at
280 nm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
Materials and methods

Protein expression and purification. His-tagged t-CtBP1/BARS
(1–350 aa) was expressed as described previously [12], while the
His-tagged t-CtBP1/BARS G172E mutant was generated from the
pET11d-His-t-CtBP1/BARS plasmid using the QuikChange Site-Di-
rected Mutagenesis Kit (Stratagene), with the following oligonucleo-
tide (only forward primer indicated) 50-CATCATTGGACTAGAGCGTG
TGGGCCAGG-30. Both of these proteins were purified as previously
described for the gel filtration analysis [17] or for the crystallization
conditions [12].

Size-exclusion chromatography. Five milligram (at about 2.2 mg/
ml) of purified t-CtBP1/BARS wild-type protein (t-CtBP1/BARS wt)
and t-CtBP1/BARS G172E mutant were dialyzed in PBS buffer and
applied to a Sephacryl S-200 High Resolution HiPrep 16/60
(Amersham Pharmacia) gel filtration column equilibrated in PBS
buffer. Fractions of 1 ml were collected using an AKTA FPLC system,
applying a flow rate of 0.3 ml/min PBS at 4 �C (Amersham Pharma-
cia). The eluted protein was detected by monitoring absorbance at
280 nm. Four mg of molecular weight standards were used: horse
myoglobin (17 kDa), chicken ovalbumin (44 kDa), bovine c-globu-
lin (158 kDa), and bovine thyroglobulin (670 kDa), purchased from
BioRad.

Crystallization, data collection and refinement. Crystallization of
the purified t-CtBP1/BARS G172E mutant was attempted using
the hanging-drop vapor diffusion setup. The protein solution, at
10 mg/ml concentration was equilibrated against 500 ll of precipi-
tant solution from Crystal Screen I and II (Hampton Research,
http://hamptonresearch.com) and from Wizard I and II (Emerald
BioSystems, http://www.jenabioscience.com), at 4 and 21 �C. No
crystal suitable for X-ray data collection could be grown in any
of the tested crystallization conditions.

Alternatively, single crystals of the G172E mutant could be
grown by using the cross-seeding technique [18]. Cross-seeding
crystallization experiments were performed using the hanging-
drop vapor diffusion setup by streak-seeding a single crystal of a
NAD(H)-bound t-CtBP1/BARS wt on crystallization droplets
containing the NAD(H)-free G172E mutant sample. The G172E pro-
tein concentration (10 mg/ml) and the crystallization solutions
were identical to those used for the crystallization of NAD(H)-
bound t-CtBP1/BARS wt (1.8–2.1 M ammonium formate, 0.1 M
HEPES, pH 7.5) [12]. Cross-seeded crystals grew in a few days. They
were then used to seed one subsequent series of experiments, thus
‘‘diluting out” the effect of the heterogeneous seeds. Such crystal
‘‘diluting” procedure was carried out twice.

The G172E crystals belong to the space group P6422, with unit
cell parameters: a = b = 89.2 Å, c = 160.3 Å, one molecule per asym-
metric unit. A full diffraction data set was collected at 3.4 Å resolu-
tion using synchrotron radiation (ID14-EH3 beamline, ESRF,
Grenoble, France). All diffraction data were processed using DENZO
and SCALEPACK [19]. The structure of the G172E mutant was
determined by molecular replacement methods using the program
MolRep [20]. The crystal structure of NAD(H)-bound t-CtBP1/BARS
(PDB entry-code 1HKU) [12] was used as search model, after delet-
ing the atomic coordinates for NAD(H). The structure was then
refined using the program REFMAC [21] (rigid body, restrained
refinement, isotropic B-factor refinement). Model building and
structure analysis was performed with COOT [22]. The program
PROCHECK [23] was used to assess the stereochemical quality of
the protein structure. Coordinates and structure factors have been
deposited with the Protein Data Bank with accession codes 3GA0
and r3GA0sf, respectively.

Results

Gel filtration analysis of the role of NAD(H)-binding in CtBP1/BARS
homodimerization

To investigate the role of NAD(H)-binding in the formation of
the t-CtBP1/BARS homodimer, we generated a t-CtBP1/BARS
mutant, where residue Gly172 in the NAD(H)-binding site is
replaced with Glu (t-CtBP1/BARS G172E), thus preventing the
binding of NAD(H), as previously demonstrated for the full-length
G172E protein [12]. The oligomerization state of t-CtBP1/BARS wt
was compared with that of the G172E mutant by gel filtration
using a Sephacryl S-200 16/60 GF column. Fig. 1 shows the elution
patterns of both the t-CtBP1/BARS G172E mutant and wt proteins.
The elution volumes on a calibrated Sephacryl S-200 16/60 column
were used to calculate the molecular mass of each protein.

We previously reported the crystal structure of t-CtBP1/BARS in
a binary complex with NAD(H) [12] in which each monomer had a
molecular mass of 39 kDa. As shown in Fig. 1B, for t-CtBP1/BARS,
the major peak eluted at 50.73 ml. This peak corresponds to the
expected dimeric species of t-CtBP1/BARS, with a molecular mass
of about 79 kDa. A significant change in the elution pattern was
seen for the t-CtBP1/BARS G172E mutant that does not bind
NAD(H). Indeed, the G172E mutation resulted in complete disrup-
tion of the dimer, with a single major peak at 58.76 ml correspond-
ing to a monomeric molecular mass of about 40 kDa (Fig. 1B).

http://hamptonresearch.com
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Table 1
Data collection and refinement statistics.

Space group P6422

Resolution (Å) 29.8–3.4
Unit cell dimensions (Å) a = 89.20, b = 89.20, c = 160.26, b = 120�
Completeness (%) 99.5 (98.9)a

<I/r (I)> 8.7 (3.1)
Average multiplicity 4.4
R-factor (%)/R-free (%)b 26.3/33.4
No. protein atoms 2609 (residues 10–346)
No. solvent molecules 1
No. ions modeled as formate 2

rms Deviation from ideality:
bond lengths (Å) 0.008
bond angles (�) 1.142

Average B value for main-chains (Å2) 58.2
Average B value for side-chains (Å2) 58.6
Average B value for all atoms (Å2) 58.4

Ramachandran plotc: residues in
most-favored and allowed regions (%) 85.0
additional allowed regions (%) 14.0
generously allowed regions (%) 1.0

a Values in parentheses are for the outer resolution shell 3.5–3.4 Å.
b R-factor =

P
hkF

obs
h j � j Fcalc

h k=
P

hk=
P

h j F
obs
h j; R-free calculated by omitting 5%

of the diffraction data.
c Data produced using the program PROCHECK [23].

Fig. 2. (A) Dimeric structure of the NAD(H)-free G172E mutant (subunit A in yellow
and subunit B in grey). The NAD(H)-bound t-CtBP1/BARS wt protein structure (red)
is superimposed to the NAD(H)-free G172E mutant subunit A. Regions of the
NAD(H)-free G172E mutant whose B-factors are higher than the wt NAD(H)-bound
t-CtBP1/BARS are shown in blue for subunit A. The substrate- and the nucleotide-
binding domains, the G172E mutation site, the dimerization interface and the
NAD(H)-binding site are labeled. (B) Stereo view of the NAD(H)-binding site in the
NAD(H)-free G172E mutant (yellow). The bound NAD(H) molecule in the corre-
sponding t-CtBP1/BARS wt protein (PDB entry-code 1HKU) is shown in green. The
position of the GxGxxG(17x)D NAD-binding consensus motif is indicated, with the
G172E mutation highlighted. Formate ions, from the mutant protein structure, are
labeled FMT. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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Crystal structure of NAD(H)-free t-CtBP1/BARS G172E mutant

The structure of the t-CtBP1/BARS G172E mutant was solved
and refined at 3.4 Å resolution, with R-factor and R-free values of
26.3% and 33.4%, respectively (Table 1). The overall G172E struc-
ture matches closely that of t-CtBP1/BARS wt (PDB entry 1HKU)
[12] (Fig. 2A). It consists of two compact a/b Rossmann domains
referred to as the nucleotide-binding (residues 1–112, 309–350)
and the substrate-binding (residues 113–308) domains, respec-
tively. The two domains are separated by a deep cleft, building
the dinucleotide-binding site. The cleft hosts the typical
G/AxGxxG(17x)D consensus motif for NAD(H)-binding, located in
the Gly170-Asp193 stretch (Fig. 2B). In the G172E mutant, the
Glu172 side-chain protrudes inside the dinucleotide-binding site,
at the site hosting the NAD(H) ribose ring in the NAD(H)-bound
t-CtBP1/BARS wt protein (Fig. 2B). As a result, the interdomain cleft
is not occupied by the dinucleotide in the G172E mutant structure.
Two electron density peaks compatible with solvent molecules
have been assigned to two formate anions (from the crystallization
medium) according to what had previously been found in the
t-CtBP1/BARS-NAD(H) complex [12]. The absence of the bound
nucleotide triggers changes in the side-chain conformation of res-
idues Arg173, Arg255, Glu284, and His304, in the NAD(H)-binding
cleft. In particular, despite the low resolution of the diffraction
data, it is evident that the salt bridge between His304 ND1 and
Glu284 OE1 atoms, found in the NAD(H)-bound wt structure, is
not present in the NAD(H)-free mutant structure, where the
Glu284 side-chain points outside of the NAD(H)-binding cleft.

The overall tertiary structure of the NAD(H)-free G172E mutant is
mostly unaffected by the mutation when compared to the NAD(H)-
bound t-CtBP1/BARS wt structure, the rms deviation being 0.50 Å for
331 Ca atom pairs (residues 15–345). However, specific differences
on the backbone structure can be localized at the b2–a2 loop
(residues 46–48, rmsd = 1.04 Å), at the aB–aC loop (residues 140–
146, rmsd = 0.94 Å), at the bA–aD loop (residues 172–173,
rmsd = 0.93 Å), at the aE region (residues 195–206, rmsd = 0.76 Å),
at the bD–aG loop (residues 229–231, rmsd = 1.10 Å), and at the bF
region (residues 281–288 and 294–297, rmsd = 1.37 Å and
rmsd = 0.76 Å, respectively) (Fig. 2A). Secondary structure in the
G172E mutant has been assigned accordingly to the t-CtBP1/BARS
wt structure [12].
Quaternary structure

The NAD(H)-free G172E mutant forms an elongated homodi-
mer in the crystal, which is structurally equivalent to that found
fort-CtBP1/BARS wt [12]. This finding was expected since a
NAD(H)-bound t-CtBP1/BARS wt crystal was used to cross-seed
the NAD(H)-free G172E sample. The dimer displays a two-fold
crystallographic symmetry, with the central core made by pair-
ing of two nucleotide-binding domains, whereas the two sub-
strate-binding domains are at opposite poles of the assembled
dimer (Fig. 2A). A mainly hydrophobic region builds the dimer
association interface, covering 2895 Å2 on each monomer, about
200 Å2 smaller than the corresponding dimeric interface in the t-
CtBP/BARS wt (3098 Å2). The dimer-packing interactions are
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based on contacts along the b3–a3 loop (residues 65–66) and
along the b5–a5 loop (residues 112–116), on antiparallel pairing
of the aA helices (residues 119–130) in the two subunits, on
swapping of the aB-loop–aC motif (residues 135–162), on con-
tacts along the bF–bG loop (residues 285–286), and on the bG–
a5 region (residues 299–317) (Fig. 2A). It is worth noting that
some regions at the dimeric interface (residues 140–146, resi-
dues 281–288 and 294–297, respectively, see above) are affected
by structural changes relative to the dimeric NAD(H)-bound wt
structure.

B-factors analysis

The average backbone B-factor (Bave) for the NAD(H)-free G172E
mutant is 58.4 Å2, about 20% higher than the corresponding value
of the NAD(H)-bound t-CtBP1/BARS wt (Bave = 48.5 Å2). This differ-
ence, in keeping with the lower resolution of the diffraction data
from G172E crystals relative to the wt crystals (3.4 vs 2.1 Å), is
however not uniformly distributed along the protein structure
(Fig. 2A). Considering the difference in resolution, a meaningful
B-factor comparison between NAD(H)-free G172E mutant and
the NAD(H)-bound wt t-CtBP1/BARS can only be achieved if
normalized backbone B-factors (for each j residue: BN,j = Bj/Bave)
are considered. As a result, positive difference peaks
DBN,j = [(BN,j)mut-(BN,j)wt]/(BN,j)wt can be identified at specific sites
of the G172E mutant. The backbone regions of the G172E mutant
that display higher average mobility than the wt protein are
localized at the b1 strand (B17–22 = 70.1 Å2, DBN,17–22 = 27.6%, B
and DBN averaged over the residue range 17–22), at the b3 strand
(B61–65 = 62.3 Å2, DBN,61–65 = 15.0%), at the b4 strand (B83–93 =
62.6 Å2, DBN,83–93 = 16.6%), at the b5 strand (B107–109 =
54.1 Å2, DBN,107–109 = 18.2%), at the bA–aD region (B170–174 =
46.9 Å2, DBN,170–174 = 21.6%), at the bD strand (B219–227 = 55.2 Å2,
DBN,219–227 = 24.1%), at the bD–aG region (B235–236 = 58.1 Å2,
DBN,235–236 = 17.9%), at the bE–aH region (B251–259 = 56.8 Å2,
DBN,251–259 = 22.5%), at the strand bF (B275–281 = 63.3 Å2,
DBN,275–281 =31.2%), and at the bG–a5 region (B302–309 = 49.6 Å2,
DBN,302–309 = 24.8%) (Fig. 2A).
Discussion

In recent years many reports have demonstrated that CtBPs
bind NAD(H), and that dinucleotide-binding affects the overall
structure of the protein, its affinity for E1A, and its transcrip-
tional functional capability [24]. The hypothesis that NAD(H)-
binding affects CtBP activity indirectly, through control of CtBP
oligomerization, has gained increasing consensus [14–16]. We
and others have shown that NAD(H)-binding promotes the sta-
bilization of a compact dimeric form of the protein, with the
substrate- and nucleotide-binding domains tightly wrapped
around the bound NAD(H) [11,12], required for providing a sta-
ble core for the formation of a multimeric repression complex
[7,14]. Mutation of the NAD(H)-binding motif (G183A/G186A)
in CtBP1 leads to a protein deficient in dimerization but still
with a detectable, albeit lower than wt, repressional activity
[15]. Similarly, the amino acid substitution at G189, in the con-
served NAD(H)-binding motif, abrogates the ability of CtBP2 to
homodimerize, being also associated with a dramatic loss of
co-repressor activity [16]. More recently, CtBP expressed in Dro-
sophila showed that a NAD+-binding mutant lacks biological
activity [25]. Furthermore, the NAD(H)-binding can be competed
by AcylCoAs. AcylCoAs bind to the NAD(H)-binding site and fa-
vor (i) a monomeric conformation of the protein, (ii) its cytosolic
localization, and (iii) the membrane fissioning activity of the
protein complex that includes the CtBP1/BARS [2,12].
While all the above data clearly indicated that the effect of
NAD(H) on the transcriptional activity of CtBP is indirect, through
dimerization [15,26], so far no structural details have been reported
on the mechanism of dimer destabilization in the apo-protein. In this
paper we showed by gel filtration experiments that t-CtBP1/BARS wt
is a dimer in the presence of NAD(H). Because the protein uploads the
dinucleotide during the expression procedure [12], we analyzed the
structure and the oligomerization state of the ligand-free protein by
using a t-CtBP1/BARS single mutant at the nucleotide-binding site
(G172E). The G172E mutation affects the typical G/AxGxxG(17x)D
consensus motif in the CtBP nucleotide-binding domain (Gly170-
Asp193, in CtBP1/BARS), and sterically impedes NAD(H)-binding
(Fig. 2B). The NAD(H)-free G172E mutant elutes in gel filtration
unequivocally as a monomer (Fig. 1B).

To shed first light on the structural regions involved in the
monomer-dimer transition triggered by NAD(H)-binding, we ana-
lyzed the crystal structure of the NAD(H)-free G172E mutant, and
compared it to the NAD(H)-bound wt protein. At first, any attempt
to crystallize the NAD(H)-free mutant failed, possibly because the
absence of the bound cofactor in the NAD(H)-binding site leaves
the substrate- and the dinucleotide-binding domains free to as-
sume different relative orientations, thus preventing crystalliza-
tion. We, therefore, applied a multi-stage cross-seeding
crystallization technique [18], using as seeds micro-crystals of the
wt NAD(H)-bound t-CtBP1/BARS [12]. This technique allowed us
to grow NAD(H)-free G172E mutant crystals isomorphous with
those of wt NAD(H)-bound t-CtBP1/BARS, thus selecting through
crystallization the NAD(H)-free G172E molecules displaying a com-
pact conformation similar to that adopted by the wt protein in
NAD(H)-binding. In this crystal form the NAD(H)-free G172E mu-
tant is ”forced” to mimic the NAD(H)-bound wt dimer [12]
(Fig. 2A); nevertheless the absence of the bound dinucleotide in-
duces alterations in the backbone of the G172E mutant structure
localized mostly at the dimerization interface and at the interdo-
main region. In the mutant NAD(H)-free structure, the absence of
the salt bridge between His304 and Glu284 triggers a different
backbone conformation in the bF region (residues 281–288), which
is at the dimeric interface and faces the aB–aC region (residues
140–146) of the opposing subunit. As a consequence, the backbone
of the aB–aC region (in the facing subunit) adopts a different con-
formation relative to the NAD(H)-bound wt structure, and loses the
polar intermolecular interaction between Gln146 side-chain and
the Gln46 side-chain of the first subunit. Overall these variations
result in a smaller dimeric interface (loss of 200 Å2) relative to
CtBP/BARS wt protein (Fig. 2A). Furthermore, the normalized B-fac-
tor distribution reveals that the absence of the NAD(H) molecule in
the dinucleotide-binding site has an influence on the flexibility of
the protein region at the interdomain interface, in particular at
the b3 strand (residues 61–65), at the bF strand (residues 275–
281), and at the bG–a5 region (residues 302–309) (Fig. 2A). Based
on these structural evidences, we conclude that the absence of
the bound nucleotide translates into backbone conformational
changes at the dimerization interface coupled to an increased flex-
ibility at the interdomain regions. These effects, likely triggered by
loss of the His304—Glu284 salt bridge in the NAD(H)-free nucleo-
tide-binding pocket, could be observed despite the fact that the
crystal growth techniques, thus the crystal lattice packing, forced
the NAD(H)-free G172E mutant to dimerize. Therefore, they are
expected to take place on a broader scale when the apo-CtBP pro-
tein is in solution, being sufficient to shift the association equilibria
towards the monomeric CtBP species, as shown by the gel filtration
analyses (Fig. 1B). It is worth noting that such a conformational
variations at the dimeric interface have never been reported for
any other CtBP1 or CtBP2 NAD(H)-bound structure, and therefore
they seem to be related only to the absence of the bound
nucleotide.
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