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   Abstract  

  Sin3, a global transcription regulator, acts as a 
molecular scaffold for complex assembly and 
also as a molecular adapter bridging HDAC 
(histone deacetylase complex) with an aston-
ishingly large and diverse group of DNA-
binding transcription factors and 
chromatin-binding proteins. Most of the pro-
tein-protein interactions are achieved through 
six conserved domains of Sin3 that include 
four paired amphipathic helices (PAH 1–4), 
one histone deacetylase interaction domain 
(HID) and one highly conserved region (HCR). 
These PAH domains, though, are structurally 
homologous to one another having different 
amino acid sequences which result in differen-
tial protein-protein interactions. The PAH 
domains also show conformational fl exibility 
under different physiological conditions such 
as pH and temperature and conformational 
heterogeneity upon  interaction with different 
proteins. Interaction with large groups of tran-
scription factors and co-repressor complexes is 
also possible due to the fact that Sin3 shows 
structural modifi cation such as phosphoryla-
tion, myristoylation, ubiquitination, and 
SUMOylation as well as structural allostery 
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upon interaction with proteins. Till now, only 
N-terminal region of Sin3 has been character-
ized, which makes it more important to charac-
terize C-terminal region of Sin3 so as to fi nd 
and understand its interacting partners and 
their role in Sin3-mediated gene regulation. 
Future studies should also be directed towards 
understanding the regulation of Sin3 protein 
under different physiological conditions and 
modulation of its biological activity.  

  Keywords  

  Sin3 complex   •   Protein-protein interaction   • 
  Allosteric regulation   •   Post- translation modifi -
cation   •   Co-repressor   •   Ubiquitination  

1.1         Introduction 

 Sin3, a global transcription regulator, helps to 
regulate many biological functions including 
nucleosome remodelling, DNA methylation, cell 
proliferation and apoptosis. Sin3 does not bind to 
DNA but is a scaffold protein that helps the tran-
scription of various genes by interacting with dif-
ferent transcription factors, forming Sin3 complex 
(Grzenda et al.  2009 ). The core complex of Sin3 
consists of eight components in humans: Sin3, 
SAP18, SAP30, HDAC1, HDAC2, RbAp46, 
RbAp48 and SDS3 (McDonel et al.  2009 ). 
Presence of different sub-complexes has also 
been reported in different organisms; these sub-
complexes contain additional components besides 
the components present in a core complex. Sin3 
interacts with numerous transcriptional factors 
through its six distinct yet conserved domains that 
include the four imperfect repeats of paired 
amphipathic helices (PAH 1–4), histone deacety-
lase interaction domain (HID) and highly con-
served region (HCR) (Grzenda et al.  2009 ). These 
PAH domains, though distinct in sequence, are 
structurally homologous to one another and rec-
ognize unique sets of proteins. NMR and X-ray 
crystallographic studies of individual PAH 
domains as well as PAH domains complexed with 
DNA-binding domains and co-repressor complex 
revealed that each PAH domain folds in a distinct 
way to interact with the proteins. There are a 

 number of other factors which are responsible for 
making PAH domains an ideal region of Sin3 for 
interacting with large numbers of transcription 
factors. Presence of different splice variants and 
isoforms of Sin3 in humans and various other 
organisms further increases the fl exibility of Sin3 
protein to recruit a large set of proteins (Ayer et al. 
 1995 ). Interaction of Sin3 with the proteins indi-
rectly via co-repressor complex adds another level 
of complexity to Sin3 functions. Post-translation 
modifi cations of Sin3 such as phosphorylation, 
myristoylation, ubiquitination and SUMOylation 
help in maintaining protein- protein stability and 
proper regulation of genes. Structural variation in 
domains of Sin3 and allosteric regulation of Sin3 
further increase the fl exibility and conformational 
heterogeneity of Sin3 protein, making it an ideal 
regulator of gene expression.  

1.2     Sin3 Complex 

 Sin3 is a large protein which is thought to func-
tion as a molecular scaffold due to presence of 
several protein-protein interaction domains. It 
helps in the assembly of co-repressor complex 
and as a molecular adapter to bridge components 
of the complex with DNA-bound repressors 
(Sheeba et al.  2007 ; Silverstein and Ekwall 
 2005 ). Chromatographic data of components of 
Sin3 complex suggested that there are different 
Sin3 complexes and these are variable in their 
structural components. Certain proteins are found 
to be conserved between them and thus referred 
to as “core complex” while some have additional 
proteins. The mammalian Sin3 complex analo-
gous to Sin3/RPD3 complex of yeast comprises 
of at least seven polypeptides besides Sin3, 
including HDACs HDAC1 and HDAC2, two 
histone- binding proteins RbAp46 and RbAp48 
(Rb-associated polypeptides) and three Sin3- 
associated polypeptides SAP18, SAP30 and 
SAP45/Sds3. Human family with sequence simi-
larity 60 member A (FAM60A) protein, a new 
member of Sin3 core complex, has been discov-
ered recently (Smith et al.  2012 ). Other protein 
components might vary between different sub- 
complexes. p33 ING1b  is one such example as it is 
thought to associate with only certain species of 
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Sin3/HDAC complex (Campos et al.  2004 ). 
Similarly, Sin3A, an isoform of Sin3 present in 
mammals, contains fi ve extra polypeptides 
besides components of core complex which 
includes three SAP polypeptides SAP25, 
SAP130, SAP180 and one RBP1 (Rb-binding 
protein 1) protein (Xie et al.  2011 ). In the years 
following the elucidation of the core complex, a 
number of other associated proteins were uncov-
ered, including BRMS1, CpG methylated bind-
ing protein (MeCP2) and ING1/2 (Grzenda et al. 
 2009 ; Nan et al.  1998 ; Zhang et al.  2014 ). The 
ability to support different compositions within 
the complex may be yet another way to expand 
the functional fl exibility of Sin3 complex. 

 In the core complex, Sin3 is the platform for 
protein interaction, most importantly the enzy-
matic activity of HDAC1 and HDAC2. RbAp46 
and RbAp48 are able to bind histone H4 and H2A 
and might thus function in stabilizing the interac-
tion between co-repressor complex and chroma-
tin. HDAC1 and HDAC2 bind to conserved HID 
region on Sin3 and provide the enzymatic activity 
to the complex. RbAp46 and RbAp48 that bind to 
nucleosomal histones are involved in chromatin 
modelling such as histone acetylation, nucleo-
some remodelling and nucleosomal assembly 
(Spencer and Davie  1999 ). Sin3- associated pro-
teins (SAP) provide structural support and stabi-
lize the complex. Brief functions of different 
components of Sin3 complex present in different 
organisms are listed in Table  1.1 .

1.3        Structural Overview 

 The basic structure of Sin3 is evolutionary con-
served from yeast to mammals. It contains four 
paired α-helices known as PAH (paired amphipa-
thic helix) domains separated by less conserved 
amino acids forming the spacer region. There are 
also two other conserved protein interaction 
domains, HID (histone interacting domain) 
located between PAH3 and PAH4 regions and 
HCR (highly conserved region) situated 
C-terminally to PAH4 (Fig.  1.1 ). The PAH 
domains are meant for protein-protein interac-
tion; HID interacts with HDACs and many other 
components of Sin3/HDAC complex and HCR, 

recently identifi ed as another protein interacting 
domain (Grzenda et al.  2009 ). The current evi-
dence advocates Sin3 as a modular protein where 
PAH1-3 are earmarked for interactions with dif-
ferent transcription factors while the HID and 
PAH4 domains primarily serve scaffolding func-
tion by interacting with other components/sub- 
units of the repressor complex. PAH1-3 domains 
form pre-folded binding modules on full-length 
Sin3, like a beads-on-a-string model (Le 
Guezennec et al.  2006 ). Unlike the other PAH 
domains, PAH4 most likely does not fold as a 
four-helix bundle but instead adapts a distinct 
fold (van Ingen et al.  2006 ). Out of the four Sin3 
PAH domains, the tertiary structures of only 
mSin3A and mSin3B PAH1 and PAH2 domains 
have been determined by NMR and X-ray 
 crystallography (Kumar et al.  2011 ; Nomura 
et al.  2005 ; Sahu et al.  2008 ). The fundamental 
structures of both PAH1 and PAH2 are similar; 
however, the helices formed in PAH1 are shorter 
than that of PAH2 (Sahu et al.  2008 ). The Sin3A 
PAH2 domain homodimerizes and exists in 
unfolded state, but Sin3B PAH2 domain is mono-
meric and is fully folded while PAH1 exists in 
homodimeric form in both isoforms. Thus, PAH2 
domain shows conformational heterogeneity in 
two isoforms of Sin3 (Kumar et al.  2011 ). 
Structures of PAH1, PAH2 and PAH3 complex 
with SID domain of interacting partners have 
also been determined by NMR and X-ray crystal-
lography (Sahu et al.  2008 ; Swanson et al.  2004 ). 
PAH2 domains of mSin3A and mSin3B hold a 
wedged four-helix bundle structure associated 
with the Sin3-interacting domain (SID) of Mad1, 
a transcription factor involved in cell prolifera-
tion and differentiation in mammalian cells. 
PAH2 domain complex with the Mad1 SID 
adopts an amphipathic α- helix whereas PAH1 
holds a rather globular four-helix bundle struc-
ture with a semi-ordered C-terminal tail on inter-
action with the NRSF/REST repressor domain 
(Nomura et al.  2005 ). Solution structure of PAH3 
and SAP30 complex showed that PAH3 forms a 
canonical hydrophobic cleft and a discrete surface 
formed largely by the PAH3 α2, α3 and α3′ heli-
ces. Sin3 interaction domain (SID) of SAP30 
binds to PAH3 via a tripartite structural motif, 
including a C-terminal helix that targets the 
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   Table 1.1    Components present in Sin3 core complex in different organisms   

 Component of Sin3 
complex  Functions  References 

 Sin3  Act as a molecular scaffold to provide a platform for the 
assembly of numerous transcription factors and co-repressor 
complex and also as a molecular adapter bridging 
components of the complex with DNA-bound repressors 

 Binda et al. ( 2006 ) 

 HDAC1/2 (Histone 
deacetylase complex) 

 Constitute the major catalytic subunits of Sin3/HDAC 
complexes and provide enzymatic activity resulting in 
deacetylation of both histones H3 and H4 

 He et al. ( 2009 ) 

 RbAp46/48 
(Retinoblastoma-
associated proteins) 

 Rb-associated proteins can interact with histone H4 and 
H2A and thus are predicted to help stabilize the interaction 
between the Sin3/HDAC complex and histone H4 and target 
the Sin3/HDAC to nucleosome and thus stabilize the 
interaction of core- complex with chromatin 

 Grzenda et al. ( 2009 ) 

 FAM60A  Newest member of Sin3 core complex. Interact with 
HDAC1/2 and stabilize the core complex. It also helps in 
repressor of TGF-beta signalling and cell migration 

 Smith et al. ( 2012 ) 

 SAP18  Ubiquitously expressed in all mouse tissues tested and 
interacts directly with both mammalian Sin3 and HDAC1. 
Besides stabilization function of the Sin3 core complex it 
also has been discovered to interact with GAGA factor in 
drosophila and Chick hairy 1 in mammal to carry out 
transcription regulation 

 Sheeba et al. ( 2007 ) 

 SAP25  Besides stabilizing Sin3 core complex, it is also involved in 
transcription repression mediated by Sin3A in mammals by 
interacting with different transcription factors 

 Shiio et al. ( 2006 ) 

 SAP30  Proteins of the SAP30 family (SAP30 proteins) have a 
functional nucleolar localization signal and they are able to 
target Sin3A to the nucleolus in mammals, also interact with 
transcription factor and co-repressor to bring transcription 
regulation. Interacts directly with Rb-associated 
polypeptides and with HDAC1and help in stabilization of 
core complex 

 Viiri et al. ( 2009 ) 

 SAP45/SDS3  Important for the integrity and catalytic activity of the Sin3/
HDAC core complex 

 Grzenda et al. ( 2009 ) 

 SAP130  Besides stabilization of Sin3A core complex, it can also 
interact with mSin3A- and HDAC-independent 
co-repressors and transcription factors 

 Fleischer et al. ( 2003 ) 

 SAP180  Involved in stabilizing the mSin3A complex on DNA and in 
mediating interactions between mSin3A and HDAC-
independent co-repressors 

 Fleischer et al. ( 2003 ) 

 RPB1  Repressor for the key tumor suppressor gene Rb; functions 
in senescence and development and cell cycle. Interacts 
directly with SAP30 thus helps in stabilizing SAP30 
assembly in Sin3 complex 

 Xie et al. ( 2011 ) 

 p33 ING1b   Like RBP1, it also directly interacts with SAP30 and helps 
in stabilization SAP30 on Sin3 core complex. Interactions 
between p33ING1b and Sin3A are also required for the 
antiproliferative function of cell 

 Kuzmichev et al. 
( 2002 ) 

 BRMS1  Suppresses metastasis of multiple human and murine cancer 
cells without inhibiting tumorigenicity. Directly bind to 
SAP30 of Sin3A core complex in mammals, helps in 
maintaining of the core complex 

 Meehan et al. ( 2004 ) 

(continued)

T. Hasan and D. Saluja



7

canonical PAH hydrophobic cleft while two other 
helices and an N-terminal extension target a dis-
crete surface of the PAH3 domain formed by α 
helices (α2, α3 and α3′) (Xie et al.  2011 ).

   In spite of substantial structural homology and 
similarity between PAH1 and PAH2 domains of 
Sin3 in various organisms, the two domains rec-
ognize different sequence motifs, thereby 
enabling differential target specifi city. However, 
PAH3 domains share relatively low levels of 
sequence identity with PAH1 and PAH2 domains 
(25 and 16 %, respectively), yet these domains 
are structurally homologous to one another (Xie 
et al.  2011 ). Recent studies from our lab have 
shown that the three PAH domains, although 
showing homology in the tertiary structure, 
respond differentially to the environmental sig-
nals (pH and temperature). We found that PAH2 
and PAH3 domains of Sin3B largely exist in 
unfolded state and are thermodynamically unsta-
ble in nuclear pH condition with respect to physi-
ological pH while the structural identity of PAH1 
remains unaltered at both the pH values (Tauheed 
Hasan et al.  2015 ). Based on these studies, we 
assume that there exists a fl exibility and confor-
mational heterogeneity in structure of Sin3 which 

provides additional new surfaces for protein- 
protein interactions.  

1.4     Isoforms of Sin3 

 The basic protein structure of Sin3 is highly con-
served among eukaryotes from yeast to mammals 
and has a varied number of isoforms (Fig.  1.2 ). 
 Saccharomyces cerevisiae  has only one isoform 
of Sin3 while  Schizosaccharomyces pombe  has 
three isoforms Pst1, Pst2 and Pst3, each encoded 
by a separate gene. Study on three paralogues of 
fi ssion yeast ( Sch. Pombe ) revealed that these iso-
forms have originated due to gene duplication. 
Pst1 is most closely related to Sin3 of budding 
yeast ( S. cerevisiae ), suggesting that gene dupli-
cation occurred early in the evolution process. 
Pst2 appears to have arisen from Pst1 gene dupli-
cation during evolution of fi ssion yeast. Pst3 
seems to have arisen from duplication very early 
in evolution (Benedik et al.  1999 ). In Drosophila, 
three isoforms of Sin3 (Sin3 187, Sin3 190 and 
Sin3 220) are reported, which are produced by 
alternate splicing, having different C-terminals. 
Sin3 220 is expressed in proliferating cells 

Table 1.1 (continued)

 Component of Sin3 
complex  Functions  References 

 ING1/ING2  Directly binds to SAP30 of Sin3 core complex in mammals, 
helps in maintaining of the core complex. Together with 
p33ING1b function to repress cell proliferation and import 
of proteins in nucleus 

 Grzenda et al. ( 2009 ) 

 MeCP2  Methy-CpG-binding protein involved in the long-term 
repression of genes during mammalian development in 
Sin3A. Interact directly with HDAC1 of Sin3 core complex 
helps in stabilizing the interaction between HDAC1 and 
HID domain 

 Nan et al. ( 1998 ) 

N-terminal

P1 P2 P3 P4HID HCR

C-terminal

1536 a.a.

  Fig. 1.1    The yeast Sin3 protein: Contains 1,536 amino 
acids and has six regions that are highly conserved 
throughout evolution. The PAH (paired amphipathic helix) 
domains appear to be protein-interaction domains, sepa-
rated by spacer. The HID (Histone interacting domain) 

region between PAH3 and PAH4 interacts with HDACs 
and many of the other core components of the Sin3/ HDAC 
complex. The HCR (Highly conserved region) was 
recently identifi ed as another protein- interaction domain 
that resides on C-terminal region of Sin3 protein       
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whereas Sin3 187 is expressed in differentiated 
tissues. The adult females and embryos contain 
Sin3 190. Thus, each isoform expresses in differ-
ent cells and tissues and regulates different sets of 
genes and therefore can perform non-overlapping 
functions. Multiple Sin3 isoforms have also been 
reported in three species of mosquitoes which are 
conserved at splice sites and have a similar pro-
tein sequence to that of Drosophila Sin3 187 and 
Sin3 220 (Sharma et al.  2008 ).

   In mammals, two isoforms of Sin3 are pres-
ent, Sin3A and Sin3B, which are encoded by two 
separate genes (Ayer et al.  1995 ). These isoforms 
are results of gene duplication. The mouse Sin3A 
is more closely related to human Sin3A than to 
mouse Sin3B. Mammalian Sin3A and Sin3B 
proteins are approximately 57 % identical 
throughout the length of their polypeptide chains 
with the highest degree of homology localized in 
the PAH and HID suggesting that the duplication 
of Sin3 in mammals occurred before speciation 
(Alland et al.  1997 ; Silverstein and Ekwall  2005 ; 
Yang et al.  2000 ). The two isoforms also differ in 
the length of their polypeptide chain. Sin3B has a 
shorter amino acid tail prior to PAH1 with respect 
to Sin3A. Both Sin3A and Sin3B are widely 
expressed, frequently within the same cells and 
tissues, and interact with common as well as dis-
tinct transcriptional repressors and complexes. 
Splice variants of both the isoforms have also 
been reported in mice and humans. One example 
is mouse Sin3B SF  (Sin3 B short form), in which 
the fi rst 327 amino acids are identical to those 
present in long-form mSin3B (Sin3B LF)  but are 
followed by a unique 19-residue stretch in the 
C-terminus, resulting in a truncated mSin3B with 

intact PAH1/2 domains but lacking the remainder 
of the C-terminus portion, including PAH3 and 
HID. It is envisaged that the splice variant forms 
perform differential function in same types of 
cells and tissues. Sin3B SF  provides a more attenu-
ated and reversible type of regulation on the basal 
transcriptional apparatus, while mSin3B LF  acts as 
a nucleosomal condenser to provide more effec-
tive multi-level gene repression (Alland et al. 
 1997 ; Nair and Burley  2006 ).  Xenopus  Sin3 has 
one isoform which shows homology to Sin3A, 
revealing duplication of genes before divergence 
to vertebrates (Silverstein and Ekwall  2005 ). 
Isoform of Sin3 in  C. elegans  shows a unique 
structural hierarchy, having only one PAH 
domain in contrast to four PAH domains of 
Sin3 in other eukaryotes. This PAH domain 
shows 50 % sequence similarity with PAH1 
domain of mammalian Sin3A. Thus, PAH domain 
of  C. Elegans  is structurally and functionally 
more evolved than Sin3 of higher organisms 
(Wysocka et al.  2003 ). 

 Purifi cation and characterization of the com-
ponents of the Sin3 complex by our group have 
shown that these isoforms contain different sub-
sets of protein on their core complex. The differ-
ent complexes show some common sub-unit 
whereas other sub-units are specifi c to each com-
plex (Table  1.2 ). The mechanism of regulation of 
genes is also different in these complexes. For 
example, in yeast ( S. cerevisae ), two distinct 
complexes, large Rpd3L and small Rpd3S, are 
present. Although sub-units such as Sin3, Rpd3 
and Ume1 are shared by both the complexes, 
Dep1, Pho23, Rxt1, Rxt2, Sds3 and Sap30 are 
specifi cally present in Rpd3L complex while 

Sin3 Isoforms

Yeast Drosophila Mosquito mammals

sin3Bsin3Asin3 220sin3 220 sin3187sin3187 sin3190s-pombes-cerevisae

Rpd3L Rpd3S pst1 pst2 pst3

  Fig. 1.2    Isoforms of Sin3 so far reported in eukaryotes       
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Rco1 and Eaf3 are unique sub-units of Rpd3S 
complex (Keogh et al.  2005 ). The mechanism of 
repression for each complex is also distinct; the 
Rpd3L complex represses gene expression by 
binding to the promoter through DNA-binding 
factors or other co-repressors. In contrast, the 
Rpd3S-mediated trans-repression is complex and 
involves recognition of methylated H3K36 by 
chromo-domain of Eaf3 and subsequent recruit-
ment of core complex. This in turn brings about 
deacetylation of nucleosomes of the transcribed 
genes. Furthermore, during transcription elonga-
tion, Rpd3S complex enhances histone deacety-
lation thereby preventing transcription initiation 
from the intragenic cryptic promoters (Li et al. 
 2007 ). A similar repression mechanism has also 
been observed in  S. pombe , wherein Pst1 and 
Pst2 form two distinct complexes (Complex I and 
Complex II). Complex I contains Pst1 and Sds3, 
and complex II encompasses Pst2, Alp13, Cph1 
and Cph2 as distinct subunits whereas Clr6 and 
Prw1 are common to both the complexes (Nicolas 
et al.  2007 ). Likewise in Drosophila, Sin3 187 
and Sin3 220 isoforms form two discrete com-
plexes that are localized on distinct regions of 
polytene chromosome (Spain et al.  2010 ). 
Recently, a homologue of Rpd3S complex com-
prising of Sin3B, HDAC1, Mrg15 and Pf1 was 
reported in mammals. This complex mediates 
restoration of repressed chromatin structure at 
specifi c actively transcribing loci approximately 
1 kb downstream of transcription start site (Jelinic 
et al.  2011 ). The above-mentioned examples of 
unique regulatory functions for each Sin3 iso-
form justify the concept of gene duplication to 
achieve complete functional plasticity during 
evolution.

1.5        Functional Aspect of Sin3A 
and Sin3B 

 Human Sin3A (hSin3A) is more homologous to 
mouse Sin3A (mSin3A), suggesting that diver-
gence of Sin3A and Sin3B from Sin3 gene 
occurred before speciation during evolution 

(Halleck et al.  1995 ; Silverstein and Ekwall 
 2005 ). Interestingly, both Sin3A and Sin3B are 
expressed ubiquitously and are often present in 
same types of cells and tissues (Silverstein and 
Ekwall  2005 ). Since both Sin3A and Sin3B are 
evolutionary conserved, at least some of the 
functional aspects of each isoform must be spe-
cifi c and unique. Differential expression and 
interaction with distinct protein components 
would provide extensive fl exibility both during 
embryonic development and normal cellular 
homeostasis. Studies have indicated that Sin3A 
is essential in early embryonic development of 
eukaryotes whereas Sin3B is essential for late 
embryonic development (Brunmeir et al.  2009 ; 
McDonel et al.  2009 ). It is also reported that 
Sin3A and Sin3B target similar as well as unique 
sets of genes. DNA-binding transcription fac-
tors like KLF, Mad1, REST and ESET are 
observed to interact with both isoforms. On the 
one hand, transcription regulators SMRT and 
MeCP2 associate with mSin3A while the master 
regulator of MHC II, CIITA mediates IFN-γ 
induced repression of collagen type I gene tran-
scription via HDAC2/Sin3B (Kong et al.  2009 ; 
Nagy et al.  1997 ; Nan et al.  1998 ). Sin3B was 
associated with repression of subsets of E2F tar-
get genes while both Sin3A and Sin3B interact 
with p53 and regulate its target gene repression. 
Sin3B also plays an essential role in promoting 
the cell cycle via the E2F–Rb pathway (Bansal 
et al.  2011 ; Blais and Dynlacht  2007 ; Kadamb 
et al.  2013 ). In fact, Sin3B-defi cient mice con-
fi rmed the role of mSin3B in cell cycle exit con-
trol and repression of E2F target genes  in vivo , 
along with a role in the differentiation of eryth-
rocytes and chondrocytes. Sin3B is upregulated 
during oncogenic stress signalled by Ras over-
expression and that expression of Sin3B was 
required for cellular senescence (David et al. 
 2008 ). In contrast, removal of Sin3A did not 
affect cell cycle progression; it instead pro-
moted apoptosis of breast cancer cells MCF7. 
These observations reinforce the idea that each 
isoform of Sin3 has several unique targets in the 
cell (Hurst  2013 ).  
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1.6     Sin3-Protein Interactions 

 Sin3 targets chromatin either through direct 
interaction with DNA-binding transcription fac-
tors or indirectly through another adaptor mole-
cule, known as co-repressor complex. A large 
number of transcription factors interact with Sin3 
through its six conserved domains that include 
the four PAH1-4, HID and HCR. NMR and crys-
tallographic structural data available so far for 
Sin3 suggest that N-terminal region of Sin3, 
which includes PAH1-3 domains of Sin3, shows 
conformational heterogeneity whereas the struc-
ture of C-terminal region of Sin3 (HID, PAH4 
and HCR) is highly stable. This may be one of 
the reasons due to which PAH1-3 regions of Sin3 
can interact with a large number of transcription 
factors, whereas very few transcription factors 
interact with C-terminal region of Sin3. Other 
factors such as difference in sequence of PAH 
domains, recognition of different SID domains 
(Sin3 interacting domain) by PAH domains, etc. 
make each PAH domain a unique region, capable 
of interacting with diverse transcription factors 
and co-repressors to regulate transcription. Thus, 
Sin3 acts as a master scaffold to provide a plat-
form for the assembly of numerous transcription 
factors and co-repressors. Besides this, multiple 
domains within Sin3 serve as excellent protein- 
binding interfaces which in turn make Sin3 to be 
suitable for multiple protein interactions. 

1.6.1     Interaction with DNA-Binding 
Proteins 

 The PAH domains of Sin3 are specialized for 
interaction with DNA-binding domains. These 
PAH domains are structurally homologous to one 
another, yet they recognize different sets of tran-
scription factors or DNA-binding proteins due to 
the fact that these PAH domains have different 
amino acid sequences which recognize different 
sequence motifs of transcription factors to bring 
out transcription repression. Figure  1.3  shows 
CLUSTAL-Omega-guided multiple sequence 
alignment of PAH1, PAH2 and PAH3 of Sin3.

   Majority of proteins so far identifi ed to inter-
act with sin3 interact with its PAH2 domain. 
Although PAH2 domain is the closest relative of 
the PAH1 domain having 30 % sequence identity 
and 54 % sequence similarity, only a few inter-
acting partners are known to interact with 
PAH1 in contrast to PAH2, suggesting dissimilar 
modes of engaging targets. However, PAH3 
domains share relatively low levels of sequence 
identity with the PAH1 and PAH2 domains hav-
ing 25 % sequence identity and 45 % sequence 
similarity with PAH1 and 16 % sequence identity 
and 48 % sequence similarity with PAH2 domains 
respectively, yet it recognizes larger sets of pro-
teins than PAH1 (Le Guezennec et al.  2006 ; 
Moehren et al.  2004 ; Sahu et al.  2008 ). Previous 
studies have also shown that PAH1 amino acid 
residues Val7, Leu14 and Lys39 play an impor-
tant role in the specifi city between PAH1 and 
SID domains whereas PAH2 residues Phe7, 
Val14 and Gln39 are important in determining 
the specifi city between PAH2 and SID domains 
(Le Guezennec et al.  2006 ). Similar observations 
are lacking for PAH3 domains. Mutation in these 
amino acid sequences may decrease in binding 
specifi city of SID (Sin3 interacting domain) 
domains. 

 Moreover, each PAH domain of Sin3 recog-
nizes different sequence motifs on DNA-binding 
proteins of Sin3 which is also known as SID 
domain (Sin3 interacting domain). Initial 
attempts to identify a SID consensus sequence 
for Mad family members in PAH2 revealed the 
following degenerate sequence: 
φφZZφφXAAXXφnXXn with X for any non- 
proline residues, φ for bulky hydrophobic resi-
dues and n for negatively charged residues. Other 
studies have reported the SID of SP1-like mem-
bers with PAH2 as φφXAAXXφ. Similarly in 
case of PAH1, LXXLL consensus sequence was 
identifi ed as SID of SAP25, a component of the 
Sin3 complex. Thus by performing a yeast two- 
hybrid screening of a peptide aptamer library, a 
small repertoire of peptides interacting specifi -
cally either with PAH1 or PAH2 domain of 
mSin3B was identifi ed, which is listed in Table 
 1.3  (Le Guezennec et al.  2006 ).
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   Structural fl exibility and conformational het-
erogeneity of PAH domains are also two of the 
major factors which help in recruiting different 
sets of DNA-binding proteins onto the PAH 
domains of Sin3. NMR and X-ray crystallo-
graphic structures of PAH1 and PAH2 have 
shown that these are structurally independent and 
fold in a different way to interact with the SID 
domains of the peptides (Guezennec  2006 ; 
Swanson et al.  2004 ). In the complex, PAH1 
holds a left-handed four-helix bundle structure 
followed by a semi-ordered C-terminal tail; how-
ever, PAH2 domain adopts a wedge-shaped heli-
cal conformation in the complex engaging the 
cleft through a non-polar surface (Nomura et al. 
 2005 ). Essentially, the architecture of the four 
helices of PAH1 is similar to the corresponding 
structure of the PAH2 domains, except that they 
are shorter (Zhang et al.  2001 ). There also exists 
a structural heterogeneity in orientation of PAH 
domains on binding with different transcription 
factors. Mad1 and HBP1 trans-repression domain 
binds through a helical structure to the hydropho-
bic cleft of mSin3A PAH2, but the HBP1 helix 
binds PAH2 in a reversed orientation relative to 
Mad1 (Swanson et al.  2004 ). 

 Presence of different isoforms and splice vari-
ants of Sin3 in various organisms further add to 
the structural complexity and heterogeneity of 
PAH domains to interact with diverse binding 
partners. Though PAH2 domains of both mSin3A 
and Sin3B proteins interact with their targets in 
an analogous manner, the non-interactive forms 
of these two paralogues differ in their structure. 
The PAH2 domain of apo-mSin3A homodimer-
izes and exists in unfolded state, but apo-mSin3B 
PAH2 domain is monomeric and is fully folded 
(Kadamb et al.  2013 ). 

 Structures of PAH3 complex with SAP30 
have been recently characterized, which suggests 
that PAH3 domain also forms a four-helix struc-
ture similar to PAH1 and PAH2 domains of Sin3 
on interaction with SID domain of SAP30 (Xie 
et al.  2011 ). However, the individual structure of 
PAH3 domain is yet to be characterized by NMR 
and X-ray crystallography. Recent study from 
our lab suggests that PAH3 and PAH2 domains of 
Sin3B largely exist in unfolded state whereas 
PAH1 exists in folded state in nuclear pH condi-
tions. The fl exibility in the structure of PAH2 and 
PAH3 at nuclear pH condition allows them to 
interact with large numbers of binding partners 

PAH3

*$ # ## ##*# * **#*##$##$#**$

VIRRVSQLFHEHPDLIVGFNAFLP
SELLQLVSPFLGKFPELFAQFKSFLG

PEIYRSFLEILHTYQKEQLNTRGRPFRGMSEEEVFTEVANLFRGQEDLLSEFGQFLP
PATYNGFLEIMKEFKSQSIDTPG
QEVYENFLRCIALFNQELVSG

PAH1
PAH2

  Fig. 1.3    CLUSTAL O (1.2.1) Multiple sequence alignment of PAH1, PAH2 and PAH3 of  Homo sapiens  in Sin3B. 
*represent identical amino acids whereas # and $ represents similar and non-polar amino acids respectively       

   Table 1.3    Peptide aptamer library binding to PAH1 and PAH2 domains of Sin3B (Le Guezennec et al.  2006 )   

 Sequence binding to the PAH1 domain of mSin3B  Sequence binding to the PAH2 domain of mSin3B 

 1. EGDWLFFVLLVGLL a   1. NLGLLVLGSVCTFRLGLL a  

 2. LACRCWRCVHTRVRLLW a   2. VDSAWAALLSVACCSLWGLV 

 3. VDVYGSFGLLWCFECFVSEC  3. EGCVVVDWAAWVLVGYAAGW 

 4. LWLLSEVSSVYGT a   4. MPSSLNFGSFMGASLWGPLVIAFFLRFRRTGLFLLWVV a  

 5. SLALYASIWLLAEHWPQGLI  5. WWAWLSVKLGHSGDWLVSLF 

 6. WSLTWVPLYVLTMCAYWRSL  6. VVFLCFLDSLSCAVDAAGDD 

 7. DRLSCFWCWWLVFLTHHAAG  7. GVFFVFLLWTSMPSAESTSM 

 8. AAMGSAEFEALVALLFLCEE  8. SSPYCSSRWKILSF a  

 9. FYLWMLSRGGSGPMLLQIVL 

 10. CMWLMGHSMRLILIWCACMT 

 11. VEHCDFCCTVAALVLMSRES 

   a Indicates a truncated peptide  
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(Tauheed Hasan et al.  2015 ). Transcription fac-
tors have also been reported to interact with two 
different regions of Sin3 thus giving the next 
level of complexity in the interaction of proteins. 
Table  1.7  shows proteins interacting with two dif-
ferent regions of proteins. 

 Few transcription factors have also been 
shown to interact with regions of Sin3 not pre-
dicted to form amphipathic helices such as HCR, 
HID and PAH4. The PAH4 domain of Sin3 is 
highly conserved throughout in the length of their 
polypeptide in different organisms and exists in a 
folded state and thus does not show any structural 
heterogeneity (Cowley et al.  2004 ; Kadamb et al. 
 2013 ). Only one interacting partner has been 
known so far in case of PAH4 domain. Like 
PAH4 domain, HID and HCR regions of Sin3 are 
also highly conserved in different organisms. 
Thus, it is believed that N- terminal of Sin3, 
which includes PAH1-3, is involved in interact-
ing with different DNA-binding transcription 
factors, whereas C-terminal part which includes 
HID, PAH4 and HCR is involved in the scaffold-
ing function of Sin3 by serving as interaction site 
for other subunits of the co-repressor complex. 

 The fi rst transcription factor characterized as 
interacting with Sin3 was Mad1. The Mad1 
repressor belongs to a family of four proteins 
(Mad1, Mxi1, Mad3 and Mad4) that are thought 
to antagonize the transcriptional activation, 
proliferation- promoting and transformation func-
tions of the oncoprotein Myc and thereby acts as 
tumour suppressor (Pang et al.  2003 ). Solution 
structures of the PAH2 domain complexed to the 
Sin3 interacting domain (SID) of Mad1 showed 
that the complex is folded as a ‘wedged helical 
bundle’, in which the PAH2 domain adopts a 
four-helix bundle conformation in which the 
α-helix of the SID is inserted (Brubaker et al. 
 2000 ). Till now, numerous binding partners have 
been discovered that interact with Sin3 for tran-
scription regulation. A brief list of the proteins 
interacting with different domains of Sin3 are 
given in Tables  1.4 ,  1.5 ,  1.6 ,  1.7  and  1.8 .

       Earlier, Sin3 was thought to be a transcription 
repressor, but many transcription factors are able 
to positively regulate gene expression. The fi rst 
report of Sin3 as an activator was published in the 

1990s wherein it was found to activate GAM3, a 
gene encoding an extracellular glucoamylase in 
yeast, through interaction with STA1 (transcrip-
tion factor) (Yoshimoto et al.  1992 ). Another 
interesting example is the heat stress-induced 
Sin3-mediated gene activation (CTT1, ALD3, 
PNS1 and TPS1) (Ruiz-Roig et al.  2010 ). Further 
studies are required to understand the mechanism 
of Sin3-mediated gene regulation.  

1.6.2     Interaction of Proteins 
with Members of Sin3 Core 
Complex and Co-repressor 
Complex 

 Other targeting peptides interact with Sin3 in a 
more indirect manner to bring transcription regu-
lation. They may interact through one or several 
members of the core complex, or indirectly via 

   Table 1.4    List of some of the proteins interacting with 
PAH1 domain of Sin3   

 Transcription 
factors  Function  References 

 PLZF  Restrict proliferation and 
differentiation of core 
blood derived myeloid 
progenitors to maintain a 
balance between 
progenitor and mature 
cell compartments in 
mammals 

 Guidez 
et al. ( 1998 ) 

 Opi1  Repressor of 
phospholipid 
biosynthesis in  S. 
cerevisiae  

 Wagner 
et al. ( 2001 ) 

 Myt1  Regulate a critical 
transition point in 
oligodendrocyte lineage 
development by 
modulating 
oligodendrocyte 
progenitor proliferation 
relative to terminal 
differentiation and 
up-regulation of myelin 
gene transcription in 
mammals 

 (Romm 
et al. ( 2005 ) 

 HCF1  Repressor of cell 
proliferation in 
metazoans 

 Wysocka 
et al. ( 2003 ) 
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special adapter molecules called co-repressors. 
Sin3-associated proteins (SAPs) are important 
members of core complex that play a vital role in 

interaction with DNA-binding proteins. Binding 
with transcription factors results in conforma-
tional change and altered binding of SAP with 
PAH domains of Sin3 and consequent tethering 
of SAP onto the promoter of DNA. Since SAP 
also directly binds to HDAC, the SAP-Sin3- 
HDAC complexed with DNA results in histone 
deacetylation and thus repression of the genes 
(Zhang et al.  1998 ). The fi rst member of SAP 
protein discovered to interact with transcription 
factors is SAP30, which specifi cally interacts 
with Sin3A isoform (Laherty et al.  1998 ). SAP 
30 interacts with transcription factors such as 
papillomavirus binding factor (PBF), a nuclear- 
cytoplasmic shuttling factor which represses the 
cell growth. On interaction with PBF, SAP 30 is 
recruited on PAH3 domain of Sin3A to bring 
about transcription regulation (Sichtig et al. 
 2007 ). Solution structure of SAP30-PAH3 com-
plex revealed that SID domain of SAP30 binds to 
PAH3 via a tripartite structural motif, including a 
C-terminal helix that targets the canonical PAH 
hydrophobic cleft while two other helices and an 
N-terminal extension target a discrete surface 
formed largely by the PAH3 α2, α3 and α3′ heli-
ces (Xie et al.  2011 ). SAP protein is also recruited 

    Table 1.5    List of important proteins interacting with 
PAH2 domain of Sin3   

 Factors  Function  References 

 Mnt  Novel Max- interacting 
protein is coexpressed 
with Myc in 
proliferating cells and 
mediates repression at 
Myc binding sites in 
mammals 

 Hurlin et al. 
( 1997 ) 

 MDL-1  Homologue of 
vertebrate MAD protein 
involved in  C. elegans  
cell proliferation and 
differentiation 

 Yuan et al. 
( 1998 ) 

 Rox  Novel protein expressed 
in quiescent cells of 
mammals that 
heterodimerizes with 
Max, binds a non-
canonical E box and 
acts as a transcriptional 
repressor 

 Meroni et al. 
( 1997 ) 

 TGIF  A protein required for 
normal craniofacial 
development in 
mammals 

 Hui Ng and 
Bird ( 2000 ) 

 Ume6  Negatively regulates 
meiosis- specifi c genes 
in  S. cerevisiae  

 Kadosh and 
Struhl ( 1997 ) 

 REST/NRSF  Repression of neuronal 
genes in non-neuronal 
tissues in yeast and 
mammals 

 Coulson 
( 2005 ) 

 Sp1-like 
transcription 
factors 

 Family of repressor 
proteins which regulate 
mammalian cell 
homeostasis 

 Kaczynski 
et al. ( 2003 ) 

 HBP1  Transcriptional 
repression of a cell 
cycle inhibitor and 
regulator of 
differentiation in 
mammals. Present only 
in Sin3A 

 Swanson 
et al. ( 2004 ) 

 Foxk1  Important transcription 
factor in the myogenic 
progenitors in mammals 

 Shi and 
Garry ( 2012 ) 

 TIS7  Regulates epithelial cell 
polarity in mouse 
mammary glands in 
mammals. Present only 
in Sin3B 

 Vietor et al. 
( 2002 ) 

    Table 1.6    List of some of the proteins known to interact 
with PAH3 domain of Sin3   

 Factors  Function  References 

 AF1  Domains of the Androgen 
Receptor Interact with 
Distinct Regions of SRC1 
and negatively regulates the 
transcriptional activities of 
hPR-A and hPR-B 

 Nawaz et al. 
( 1994 ) 

 HAP1  RNA polymerase II core 
promoter proximal region 
sequence-specifi c DNA 
binding transcription factor 
activity involved in positive 
regulation of transcription 

 Nawaz et al. 
( 1994 ) 

 ETO  acute myeloid leukaemia, 
represses transcription 

 Hug and 
Lazar ( 2004 ) 

 AML1  Acute myeloid leukemia1 
repress hematopoietic genes 

 Wang et al. 
( 1999 ) 

 Elk-1  MAPK-inducible 
transcription factor involved 
in the up-regulation of 
immediate-early genes in 
response to growth factor and 
their subsequent repression 

 Silverstein 
and Ekwall 
( 2005 ) 
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directly by PAH domains onto the promoter of 
transcription regulation machinery to bring about 
transcription regulation. For example, SAP30 
and SAP25 of core complex function as DNA- 
binding proteins that specifi cally bind to the pro-
moter region of genes. Solution NMR structure 
of SAP25 and PAH1 domain shows that SAP25, 
highly unstructured, except for portions of the 
SID interacting segments, adopts a helical con-
formation. SAP25 binds through an amphipathic 
helix to a predominantly hydrophobic cleft on the 
surface of PAH1 (Sahu et al.  2008 ). Thus, SAP25 
and SAP30 adopt a different fold to get recruited 
by PAH1 and PAH3 domains of Sin3 to bring 

about transcription regulation. Other members of 
the Sin3 complex recruited directly or indirectly 
by different PAH domains of Sin3 are listed in 
Table  1.9 .

   Co-repressors typically serve as link between 
the DNA-binding proteins and Sin3/HDAC 
 complex. However, co-repressors may augment 
transcriptional silencing through their intrinsic 
repressor activities, or even by recruiting 
 auxiliary functionality. Nevertheless, addition of 
co- repressor to Sin3/HDAC complex alters the 
properties of the complex, sometimes drastically. 
The best studied co-repressors are associated 
with nuclear receptors: nuclear receptor 

    Table 1.7    List of the proteins interacting with more than one domain or regions of Sin3   

 Factors  Interaction surface on Sin3  Function  References 

 Ume6p  PAH2:PAH3  DNA binding protein that repress early 
meiotic gene (EMG) in  S. cerevisae  

 Goldmark et al. ( 2000 ) 

 Ume6p  PAH3:PAH4  DNA binding protein that activate early 
meiotic gene (EMG) in  S. cerevisae  

 Goldmark et al. ( 2000 ) 

 Pf1  PAH1:PAH2  Links Sin complex with groucho/TLE 
complex to globally repress gene 
expression in mammals. 

 Yochum and Ayer ( 2001 ) 

 MeCP2  PAH3:HID  Methyl-CpG-binding protein involved in 
the long-term repression of genes during 
mammalian development. Interacts only 
with Sin3A 

 Grzenda et al. ( 2009 ) 

 Ebp1  PAH4:HID  Inhibits the proliferation and induces the 
differentiation of human breast and prostate 
cancer cell lines in mammals. Interact 
selectively with Sin3A 

 Zhang et al. ( 2005 ) 

 P53  PAH2:PAH3  Tumor suppressor protein that governs 
apoptosis and cell cycle in mammals 

 Grzenda et al. ( 2009 ) 

    Table 1.8    List of the proteins interacting with the regions that do form amphipathic helixes   

 Factors 
 Interaction surface 
on Sin3  Function  References 

 OGT  PAH4  An O-GlcNAc transferase 
repressor in mammals 

 Grzenda et al. ( 2009 ) 

 DPE2(DNA polymerase 
epsilon) 

 HID  DNA polymerase epsilon is 
essential for cell viability and 
chromosomal DNA replication in 
budding yeast, also involved in 
DNA repair and cell-cycle in 
mammals 

 Grzenda et al. ( 2009 ) 

 Alien  HCR  Repressor for nuclear hormone 
receptors in mammals 

 Moehren et al. ( 2004 ) 
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 co- repressor (N-CoR) and neural restrictive 
silencer factor (NRSF)/repressor element 1 
silencing transcription factor (REST). These co-
repressors provide a link between the Sin3/ 
HDAC complex and nuclear receptors, a family 
of transcription factors that regulate gene expres-
sion in a ligand- dependent manner. Nuclear 
receptors recruit HAT and HDAC complexes in a 
context- dependent manner and thus facilitate 
both gene activation and repression without dis-
sociating from the DNA (Alland et al.  1997 ; 
Nomura et al.  2005 ; Torchia et al.  1998 ). Thus, 
by simply changing its interaction partners, a 
transcription factor is able to modulate the tran-
scriptional activity of genes. 

 In mammals, the N-terminal repressor domain 
of NRSF/REST interacts with PAH1 domain of 
Sin3B and represses neuronal gene expression in 
non-neuronal tissues. The NMR structures of the 
complex suggest that PAH1 holds left-handed, 
four-helix bundles with a semi-ordered 
C-terminal tail associated with a hydrophobic 
short α-helix of NRSF/REST. The NRSF/REST 
short helix is sandwiched between α1 and α2 
helices of PAH1 and positioned at an angle of 

about 55° relative to the α2 helix. While in case 
of nuclear hormone receptor co-repressor 
(N-CoR), the vital structure of the four helices of 
PAH1 is similar to that of corresponding  structure 
of the PAH1-NRFS/REST domains, but the affi n-
ity of binding of N-CoR to the PAH1 domain is 
low. One of the reasons could be that C-terminal 
region of N-CoR contains fewer hydrophobic 
amino acid residues than the NRSF/REST helix 
(Nomura et al.  2005 ; Wolffe  1997 ). Thus, for 
strong binding to a repressor, PAH1 preferen-
tially requires a short α-helix with a large number 
of hydrophobic amino acid residues within the 
repressor. The conformation fl exibility in struc-
ture of PAH domains binds co-repressors with 
different binding affi nities thereby providing 
additional fl exibility for regulating the promoter 
activity. For some transcription factors, special 
adapters have been developed that can mediate or 
stabilize the contact between these proteins and 
Sin3/HDAC. For instance, the adapter molecule 
RBP1 interacts with the nuclear phosphoprotein 
Rb and also serves to recruit Sin3/HDAC by 
interacting with the core component SAP30 and 
Rb protein (Lai et al.  2001 ).   

   Table 1.9    List of factors recruited by some of the members of the Sin3 complex with different PAH domains of Sin3   

 Factors  Interaction surface on Sin3  Function  References 

 GAGA  SAP18:PAH2  Contribute to the regulation of homeotic 
gene expression in drosophila 

 Espinas et al. ( 2000 ) 

 Chick hairy 1  SAP18:PAH2  Responsible for somatogenesis in 
mammals 

 Sheeba et al. ( 2007 ) 

 PBF  SAP30:PAH3  Nuclear-cytoplasmic shuttling factor with 
the ability to inhibit cell growth in 
mammals 

 Sichtig et al. ( 2007 ) 

 SAP30  PAH3  Proteins of the SAP30 family (SAP30 
proteins) have a functional nucleolar 
localization signal and they are able to 
target Sin3A to the nucleolus in mammals 

 Xie et al. ( 2011 ) 

 SAP25  PAH1  Involved in transcription repression 
mediated by Sin3A in mammals 

 Shiio et al. ( 2006 ) 

 SMRTER  PAH1  Drosophila co-repressor for the nuclear 
hormone receptor 

 Shi and Garry ( 2012 ) 

 REST/NRSF  PAH1  Repression of neuronal genes in non-
neuronal tissues in yeast and mammals 

 Nomura et al. ( 2005 ) 

 N-CoR  PAH1; PAH3-N-terminal 
HID, N-terminal SAP30 

 Co-repressor for nuclear hormone 
receptors 

 Laherty et al. ( 1998 ) 
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1.7     Altered Structure of Sin3 
Protein 

1.7.1     Alteration in Structure 
Due to Post-Translation 
Modifi cation of Sin3 Protein 

 The Sin3/HDAC co-repressor complex can be 
recruited by a large number of DNA-binding 
transcription factors or co-repressors, thereby 
requiring a precise and coordinated mechanism 
to achieve specifi c and timely regulation of tran-
scription. Although poorly investigated, post- 
translational modifi cations in Sin3 protein play a 
very important role in fi ne-tuning of its regula-
tion. Sin3 protein contains several potential sites 
for post-translation modifi cations such as phos-
phorylation, myristoylation, ubiquitination and 
SUMOylation (Bansal et al.  2011 ). 

1.7.1.1     Phosphorylation 
 Protein phosphorylation is a post-translational 
modifi cation of proteins in which a serine, threo-
nine or a tyrosine residue is phosphorylated by a 
protein kinase by the addition of a covalently 
bound phosphate group. Sin3 phosphorylation by 
tyrosine kinase at key tyrosine residue helps to 
regulate protein stability through PAH domain- 
mediated protein-protein interactions (Bansal 
et al.  2011 ). For example, under normal condi-
tions, levels of p53 (tumor suppressor protein) 
are tightly regulated by MDM2-mediated degra-
dation. However, in case of cellular stress such as 
DNA damage, the levels of p53 increase signifi -
cantly due to its stable interaction with phosphor-
ylated sin3A. Interaction of p53 with Sin3A 
effectively masks the MDM2-binding motif and 
protects p53 from proteasome-mediated degrada-
tion in a manner independent of MDM2 (Bansal 
et al.  2011 ; Honda et al.  1997 ). Thus, under con-
ditions of cellular and/or genotoxic stress, phos-
phorylation of Sin3A can mediate stabilization of 
its interacting partner proteins.  

1.7.1.2     Myristoylation 
 Myristoylation is an irreversible protein lipidation 
modifi cation where a myristoyl group, derived 
from myristic acid, is covalently attached by an 

amide bond to the alpha-amino group of an 
N-terminal glycine residue. Myristic acid is a 
14-carbon saturated fatty acid (14:0) with the sys-
tematic name of  n -Tetradecanoic acid (Farazi 
et al.  2001 ). In  Saccharomyces cerevisiae , myris-
toylation status of Sin3 is used for regulation of 
Opi1 transcription factor which regulates biosyn-
thesis of phospholipids. During glucose starva-
tion, Sin3 gets myristoylated and recruits Opi1 
transcription factors, which results in activation of 
Ino2p and Ino4p genes. Ino2p and Ino4p are basic 
helix–loop–helix (bHLH) transcription factors 
that form heterodimeric complexes which bind to 
inositol-choline response elements (ICRE, also 
known as UASINO). In presence of inositol, bind-
ing of Ino2p and Ino4p represses the biosynthesis 
of phospholipid (Chen et al.  2007 ). Thus, 
 Saccharomyces cerevisiae  can overcome glucose 
starvation by minimizing energy utilization by 
shutting down phospholipid biosynthesis.  

1.7.1.3     Ubiquitination 
 Ubiquitination, a post-translational modifi cation 
where ubiquitin (a small regulatory protein that 
has been found in almost all tissues of eukaryotic 
organisms) is attached to a substrate protein. The 
addition of ubiquitin can affect proteins in many 
ways: it can signal for their degradation via the 
proteasome, alter their cellular location, affect 
their activity and promote or prevent protein 
interactions (Peng et al.  2003 ). Ubiquitination is 
carried out in three main steps: activation, conju-
gation and ligation, performed by ubiquitin- 
activating enzymes (E1s), ubiquitin-conjugating 
enzymes (E2s) and ubiquitin ligases (E3s), 
respectively (Kadamb et al.  2013 ). The result of 
this sequential cascade binds ubiquitin to lysine 
residues on the protein substrate via an isopep-
tide bond or to the amino group of the N-terminus 
via a peptide bond. 

 Sin3 protein gets attached to a novel ubiquitin 
ligase, RING fi nger protein 220 (RNF220), and 
gets transported to cytoplasm where proteosomal 
degradation takes place. Although the mecha-
nism is not clear, it is postulated that RNF220 
acts as an E3 ubiquitin ligase for Sin3B and can 
promote its ubiquitination (Kong et al.  2010 ). 
Sin3 protein is thought to be a nuclear protein 
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where it brings about transcriptional regulation 
of various genes. Thus, not only can ubiquitina-
tion of Sin3 protein alter gene regulation, but its 
movement to cytoplasm may provide it with 
novel functions inside the cell.  

1.7.1.4     SUMOylation 
 SUMOylation is a post-translational modifi ca-
tion involved in various cellular processes, such 
as nuclear-cytosolic transport, transcriptional 
regulation, apoptosis, protein stability, response 
to stress and progression through the cell cycle. 
SUMOylation is directed by an enzymatic cas-
cade analogous to that involved in ubiquitination. 
In contrast to ubiquitin, SUMO ( S mall  Ubiquitin- 
like    Mo difi er) is not used to tag proteins for 
 degradation. Mature SUMO is produced when 
the last four amino acids of the C-terminus have 
been cleaved off to allow formation of an isopep-
tide bond between the C-terminal glycine residue 
of SUMO and an acceptor lysine on the target 
protein (Pungaliya et al.  2007 ). 

 Recent studies indicated that SUMOylation of 
Sin3 helps in stabilization of interaction between 
retinoblastoma-binding protein 1 (RBP1) and 
SAP 30 in Sin3/HDAC complex. RBP1 is a cel-
lular protein that interacts with the pocket of reti-
noblastoma protein (pRB) and appears to be an 
important factor in the repression of E2F- 
dependent transcription by RB family of pro-
teins. pRB appears to function principally as a 
transcriptional repressor that blocks E2F- 
dependent transcription, thus regulating entry 
into the S phase of the cell cycle (Binda et al. 
 2006 ). This cellular proliferation pathway is 
deregulated in a vast majority of cancers. Thus, 
Sin3 SUMOylation may play an important role in 
suppression of cell proliferation.   

1.7.2     Modifi cation of Sin3 Structure 
Due to Protein-Protein 
Interaction 

 The Sin3 has a dual role, functioning not only as 
a molecular scaffold for complex assembly but 
also as a molecular adapter, bridging HDACs 
with an astonishingly large and diverse group of 

DNA-binding transcription factors and 
chromatin- binding proteins. Most of the protein- 
protein interactions are achieved through six con-
served domains of Sin3 that include four paired 
amphipathic helices (PAH 1–4), one HID and one 
highly conserved region (HCR). However, most 
of them interact with PAH domains of Sin3, espe-
cially with PAH2 and PAH3. Although there is a 
high degree of similarity between the PAH 
domains, yet PAH domains recognize different 
sequence motifs thereby exhibiting high degrees 
of specifi city for their target. The PAH domains 
mediate specifi c protein–protein interactions, 
most likely through their independent associa-
tions with various repressors. Upon interaction 
with the transcription factors, these PAH domains 
adopt diverse conformational folds that help PAH 
domain to recruit different binding partners. Of 
the four Sin3 PAH domains, the tertiary struc-
tures of only PAH1 and PAH2 domains have been 
determined by NMR. 

 The second copy of the PAH domain (PAH2) 
is the site for interactions with numerous factors 
of which some are listed in Table  1.5 . Structural 
studies have revealed that the PAH2 domain of 
mammalian Sin3 exhibits conformational hetero-
geneity that enables it to interact with diverse 
protein targets. PAH2 domain of mSin3B protein 
interacts with its targets in a manner similar to 
that of mSin3A, but these two paralogues differ 
in their non-interactive forms. The apo-mSin3A 
PAH2 domain homodimerizes and exists in 
unfolded state, but apo-mSin3B PAH2 domain is 
monomeric and is fully folded (Kadamb et al. 
 2013 ). Solution structures of the PAH2 domain 
complexed to the Sin3 interacting domain (SID) 
of Mad1 have shown that the complex is folded 
as a ‘wedged helical bundle’, in which the PAH2 
domain adopts a four-helix bundle conformation 
into which the α- helix of the SID is inserted (van 
Ingen et al.  2006 ). However, the HMG box- 
containing repressor HBP1, which targets several 
cell cycle-specifi c and differentiation-specifi c 
genes, was shown to interact with the PAH2 
domain. The structure of this complex showed a 
reversed orientation of the SID relative to the 
Mad1 complex, while maintaining the overall 
fold. The reversal of this helix orientation is 
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 correlated with a reversal in the SID sequence 
motif (Swanson et al.  2004 ). Furthermore, molec-
ular dynamic simulation has suggested that 
TIEG2 SID binds PAH2 in a different orientation 
than the Mad SID, suggesting multiple ways to 
interact with PAH2 domain. 

 By contrast, less is known about the mode of 
interaction and recruitment of the Sin3 proteins 
via the PAH1 domain. The solution structures of 
the apo-mSin3A PAH1 domain adopts the 
canonical left-handed four-helix bundle fold 
while the SAP25 SID in the mSin3A PAH1 
complex is largely unstructured, except for 
some segments that adopt a helical conforma-
tion (Sahu et al.  2008 ). However, PAH1 holds a 
rather globular four-helix bundle structure with 
a semi-ordered C-terminal tail on interaction 
associated with the NRSF/REST repressor 
domain (Nomura et al.  2005 ). Although the 
PAH2 domain is the closest relative of the PAH1 
domain, the domains exhibit distinct patterns of 
sequence conservation, suggesting dissimilar 
modes of engaging targets. 

 However, the folded structure of PAH3 and 
PAH4 domains of Sin3 has not been solved yet. 
More recently, some of the interacting partners of 
PAH3 domain have been identifi ed (see Table 
 1.6 ), suggesting that PAH3 domain of Sin3 also 
exhibits conformational plasticity upon interact-
ing with proteins. Till now, only one interacting 
partner of PAH4 has been identifi ed (Table  1.8 ), 
suggesting that this domain may not exhibit con-
formational fl exibility. Thus, structural and 
dynamic plasticity in Sin3 PAH domains, upon 
protein –protein interaction, helps Sin3 to inter-
act with large numbers of transcription factors.   

1.8     Structural Allostery 

 Structural allostery refers to the biological phe-
nomenon where ligand/effector binding or ener-
getic perturbation at one molecular site results in 
structure or activity changes at a second distinct 
site. The site where the effector binds is termed 
as the allosteric site and is different from the pro-
tein’s active site. Allosteric sites allow effectors 
to bind to the protein, often resulting in a confor-

mational change. Effectors that enhance the pro-
tein’s activity are referred to as allosteric 
activators, whereas those that decrease the activ-
ity of proteins are called allosteric inhibitors 
(Hilser et al.  2012 ). 

 Allostery in the structure of Sin3 protein helps 
to recruit unique sets of proteins onto different 
sub-domains of Sin3 to bring transcription regu-
lation. As discussed earlier in this chapter, Sin3 
acts as a scaffold, which provides platforms to 
various proteins and complexes to coordinate the 
transcription regulation of diverse genes. 
Structural allostery in Sin3 shows two types of 
modulation as under. 

1.8.1     Allosteric Modulation 

 Allosteric modulation of a receptor results from 
the binding of allosteric modulators at a different 
site (a ‘regulatory site’) from that of the endoge-
nous ligand (an ‘active site’) and enhances or 
inhibits the effects of the endogenous ligand. 
Under normal circumstances, it acts by causing a 
conformational change in a receptor molecule, 
which results in a change in the binding affi nity 
of the ligand (Fig.  1.4 ) (del Sol et al.  2009 ; Hilser 
et al.  2012 ).

1.8.1.1       Positive Modulation 
 Positive allosteric modulation (also known as 
 allosteric activation) occurs when the binding of 
one ligand enhances the attraction between sub-
strate molecules and other binding sites (Fig.  1.4a ) 
(Hilser et al.  2012 ). HDAC1 (histone deacetylase 
complex 1) and HDAC2 (histone deacetylase 
complex 2) bind to the highly conserved HID 
region of Sin3, bring allosteric change in the struc-
ture of PAH2 domain of Sin3B and form a ternary 
complex. The ternary complex interacts with Mad/
Myc proteins (allosteric activation) that is able to 
direct trichostatin A (TSA, a HDAC inhibitor) sen-
sitive repression to luciferase under the control of 
a Myc-binding element (Nan et al.  1998 ).  

1.8.1.2    Negative Modulation 
 Negative allosteric modulation (also known as 
allosteric inhibition) occurs when the binding of 
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one ligand decreases the affi nity for substrate at 
other active sites (Fig.  1.4b ) (Hilser et al.  2012 ). 
Sin3/HDAC complex undergoes an allosteric con-
formational shift upon binding with reduced nico-
tinamide adenine dinucleotide (NADH) which in 
turn regulates the interaction of CtBP (C-terminal-
binding protein) with REST co- repressor com-
plex. High NADH levels cause CtBP to interact 
weakly with REST (negative modulation or allo-
steric inhibition, resulting in de-repression of 
transcription. However, low NADH levels allow 
CtBP to bind strongly with REST co-repressor 
complex and shut down transcription. Since the 
bulk of nuclear NADH is thought to be in equilib-
rium with cytoplasmic NADH and is derived in 
large part through glycolysis, lower rates of gly-
colysis result in reduced NADH, increased CtBP 
binding to REST and more repression of REST 
target genes (Chinnadurai  2002 ; Ooi and Wood 
 2007 ). This mechanism was exploited to control 
pro-epileptic gene expression in the kindling 
model using glycolytic inhibitors. 

 Structural allostery in Sin3 also helps in 
 governing protein-protein interaction stability 
by which they can carry gene regulation. 
Phosphorylation of Sin3 by tyrosine kinase at key 
tyrosine residues induces conformational change 
in the structure of PAH2 domain. Upon phosphor-
ylation, PAH2 domain forms α-helical pocket 
which interacts with SID domain of p53 (tumor 
suppressor protein). This interaction between SID 
domain of p53 and Sin3 complex alleviates prote-
asome-mediated degradation in a manner inde-
pendent of MDM2 (Zilfou et al.  2001 ). 

 Similarly, NRSF/REST is a Kruppel-type zinc 
fi nger protein that mediates transcriptional repres-
sion through the association of its C-terminal 
repressor domain (RD-2) with CoREST/HDAC 
complex and N-terminal repressor domain (RD-
1) with Sin3/HDAC complex. The N-terminal 
domain of NRSF/REST is folded into a unique 
hydrophobic α-helix which on interaction with 
Sin3 induces allosteric modifi cation in unstruc-
tured C-terminal region of PAH1 domain such 
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  Fig. 1.4    Models showing Allosteric regulation of proteins       
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that the latter adopts a left-handed four-helix 
 bundle structure. This in turn stabilizes the  binding 
of PAH1 to RD-2 domain of NRSF/REST. Both 
RD-1 and RD-2 interact directly with TATA-
binding protein (TBP) via a chromatin- 
independent mechanism (Nomura et al.  2005 ). 
Several neurological diseases such as Down syn-
drome, medullo-blastoma and Huntington’s dis-
ease are related with dysregulation of NRSF/
REST and its target genes (Song et al.  2014 ).    

1.9     Conclusion 

 Sin3 plays dual roles as a scaffold protein as well 
as adapter protein both in higher and lower 
eukaryotes. Due to the conformational diversity 
and structural fl exibility of its different sub- 
domains, it is able to recruit a large number of 
DNA-binding proteins and co-repressor com-
plexes. Various processes such as allosteric regu-
lation, protein-protein interactions and 
post-translation modifi cations contribute towards 
allosteric structure and conformational diversity 
of Sin3. The fl exible nature of Sin3 structure 
helps to interact with various proteins and facili-
tates regulation of diverse cellular processes 
inside the cell such as growth, differentiation and 
senescence as well as oncogenic transformation 
in pathological conditions.  

1.10     Future Prospective 

 In spite of active research on the structure of Sin3 
protein, the NMR structure of only PAH1 and 
PAH2 domains have been solved. Sin3 is able to 
recruit a large number of transcription factors and 
co-repressors due to fl exible natures of different 
sub-domains. It will be imperative to decipher the 
function of different motifs present in the 
C-terminal regions of Sin3 so as to characterize 
and understand its interacting partners and their 
role in Sin3-mediated gene regulation. Future 
studies should also be directed towards under-
standing the regulation of Sin3 protein under dif-
ferent physiological conditions and modulation 
of its biological activity.     
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