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Abstract—Human Sin3B (hSin3B), a transcription regulator, is a scaffold protein that binds to different transcription fac-
tors and regulates transcription. It consists of six conserved domains that include four paired amphipathic helices (PAH 1-
4), histone deacetylase interaction domain (HID), and highly conserved region (HCR). Interestingly, the PAH domains of
hSin3B are significantly homologous to each other, yet each one interacts with a specific set of unique transcription factors.
Though various partners interacting with hSin3B PAH domains have been characterized, there is no structural information
available on the individual PAH domains of hSin3B. Here we characterize the structure and stability of different PAH
domains of hSin3B at both nuclear and physiological pH values by using different optical probes. We found that the native
state structure and stability of different PAH domains are different at nuclear pH where hSin3B performs its biological func-
tion. We also found that PAH2 and PAH3 behave differently at both nuclear and physiological pH in terms of native state
structure and thermodynamic stability, while the structural identity of PAH1 remains unaltered at both pH values. The study
indicates that the structural heterogeneity of different PAH domains might be responsible for having a unique set of inter-

acting transcription factors.
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Sin3, a global transcription regulator, helps to regulate
many biological functions including nucleosome remodel-
ing, DNA methylation, cell proliferation, and apoptosis
[1, 2]. Sin3 does not bind to DNA but is a scaffold protein
that helps the transcription of various genes by interacting
with different transcription factors, forming Sin3 complex.
The core complex of Sin3 consists of eight components in
humans: SIN3, HDAC1, HDAC2, RbAp46, RbAp48,
SAP30, SAP18, and SDS3 [3, 4]. Sin3 has six distinct con-
served domains that include four repeats of paired amphi-
pathic helices (PAH1-4), histone deacetylase interaction
domain (HID), and the highly conserved region (HCR)
[1]. There is a high degree of similarity between PAH1 and
PAH2 of Sin3 in various organisms, but PAH3 domains
share relatively low levels of sequence identity with the

Abbreviations: HCR, highly conserved region; HID, histone
deacetylase interaction domain; PAH, paired amphipathic
helices domain.
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PAH1 and PAH2 domains (25 and 16%, respectively), yet
these PAH domains recognize different sequence motifs,
thereby exhibiting high degree of specificity for their tar-
gets [5, 6]. In humans, two isoforms of Sin3 are present
(hSin3A and hSin3B) that are encoded by two separate
genes that are considered to be the result of gene duplica-
tion [7]. Human Sin3A and Sin3B proteins are approxi-
mately 57% identical throughout the length of their
polypeptide chains with the highest degree of homology
localized in the PAH and HID regions [8, 9].

The PAH domains of hSin3B are responsible for
interacting with different transcription factors [10-12].
Various interacting partners of PAH1, PAH2, and PAH3
have been identified in humans, and these are responsible
for carrying out different biological functions [13]. Some
data are also available in the literature about the structur-
al and functional aspects of the PAH domains [2, 14]. In
addition, atomic level structural information on Sin3 is
available in the literature, but most of the structural stud-
ies have been carried out on the PAH domains of mouse or
other species than human [6, 14-17]. Therefore, lack of
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structural information about the different PAH domains
of humans impedes systematic analysis with data coming
from interaction studies. Here we report investigation of
the differences in the structure and stability of different
PAH domains of human Sin3B at nuclear pH (6.3-6.8)
and physiological pH (7.0) using various spectroscopic
tools. We found that there is subtle variation in the struc-
ture of the PAH domains of hSin3B at nuclear pH where
Sin3 performs its biological functions. We also found that
PAH2 and PAH3 behave differently at both the nuclear
and physiological pH in terms of native state structure and
stability, while the structural identity of PAH1 remains
unaltered at both pH values. Our study suggests that the
difference in the conformation of native state structure or
structural flexibility of the PAH domains might be respon-
sible for interacting with specific binding partners.

MATERIALS AND METHODS

Cloning, expression, and purification of proteins. The
human fetal brain cDNA library was amplified according
to the instruction of the supplier (Clontech Laboratory
Inc., USA) and used for PCR amplification of various
PAH domains of hSin3B using primers for PAH1 (5'-
AGCTGCGGATCCACGTAGAAGACG-3' and 5'-TC-
TAGTCTCGAGCCGAGGGGAAGAAAAG-3"), PAH2
(5'-CATAGGGGATCCTGGAGTCCGATTC-3' and 5'-
GTGCATCTCGAGCGGCCCGTTTCCTGT-3'), and
PAH3 (5'-CAGTGGGGATCCACGGGACTCTGCAG-
3’ and 5'-ATGGAACTCGAGAAGGACAGCTCTTT-
TACC-3') with a BamHI restriction site in the forward
primer and Xhol in reverse primer. The PCR amplified
product was ligated to TA vector (Promega, USA) and
then subcloned into pGEX-5x3 expression vectors using
the restriction sites. The ligation product was transformed
into E. coli DH50. competent cells and grown overnight
on a Luria—Bertani (LB) agar plate containing ampicillin
(100 pg/ml). A recombinant clone for each PAH domain
was subjected to DNA sequencing to confirm the reading
frame and sequence. For purification of the PAH domain,
the plasmids were transformed into E. coli BL21(DE3)
competent cells, and a single colony was grown overnight
in LB medium containing 100 pg/ml ampicillin at 37°C
with shaking at 250-300 rpm [18]. Fresh culture (1 liter)
was inoculated with 10 ml of the overnight culture, and it
was vigorously agitated for 3-4 h at 250 rpm until the
0Dy, reached 0.5-0.6. Overexpression of PAH domains
was induced with 0.5 mM isopropyl-p-D-1-thiogalac-
topyranoside (IPTG) at 37°C with vigorous agitation for
4 h before harvesting the cells by centrifugation at 8000g
for 20 min at 4°C. The cell pellet was frozen and stored at
—80°C and used within one week.

Cells were lysed in buffer containing 50 mM Tris (pH
8.0) (MP Biomedicals, USA), 250 mM NaCl (G-
Biosciences, USA), 0.1% NP-40 (Sigma, USA), and 1%

BIOCHEMISTRY (Moscow) Vol. 80 No. 4 2015

425

bacterial protease inhibitor cocktail (Sigma). The cells
were lysed by giving six cycles of sonication at 60% effi-
ciency. The bacterial lysate was centrifuged at 8000g for
20 min at 4°C to remove the insoluble fraction.
Supernatant (4 ml) was mixed with 2 ml bed volume of glu-
tathione-Sepharose (GE Healthcare, USA) and incubated
for 30 min at 4°C with gentle shaking. The glutathione-
Sepharose was washed five times with 10 ml of phosphate
buffered saline (140 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, and 1.8 mM KH,PO,). Approximately 4 mg of
the fusion protein was incubated with 40 ul of Factor Xa
enzyme (1 pg/ul) (GE Healthcare) at 22°C for 16 hin 4 ml
of cleavage buffer (50 mM Tris, pH 8.0, 150 mM NacCl,
and 1 mM CacCl,) to cleave the GST tag from the fusion
protein. The suspension was centrifuged at 500g for 5 min
to pellet the resin. The supernatant contains the purified
protein and Factor Xa. Factor Xa was removed from the
protein using a HiTrap Benzamidine FF (high sub) col-
umn (GE Healthcare). This column captures the Factor
Xa, thus enabling the collection of pure protease-free pro-
tein in the eluate. Protein solutions were dialyzed exten-
sively against 0.1 M KCI at pH 7.0 in the cold (4°C) to
remove the salts and then lyophilized for later experiments.
Thermal denaturation studies. Thermal denaturation
of the protein was studied using a Jasco J-810 spectropo-
larimeter equipped with a Peltier-type temperature con-
troller at heating rate of 1°C/min. This scan rate was found
to provide adequate time for equilibration. Each sample
was heated from 20 to 85°C. The change in absorbance
with increasing temperature was followed at 222 nm.
About 500 data points of each transition curve were col-
lected. Measurements were repeated at least three times.
After denaturation, the protein sample was immediately
cooled to measure reversibility of the reaction. Each heat-
induced transition curve was analyzed for T,, (midpoint of
denaturation) and AH,, (enthalpy change at 7,,) using a
nonlinear least squares method according to the relation:

IN(D) + yp(T) exp[-AH,/R(1/T—-1/T,)]
w1 = (1)
1 + exp[-AH,/R(1/T~1/T,)]

where y(7) is the optical property at temperature 7T (K);
yn(T) and yp(T) are the optical properties of the native
and denatured protein molecules at 7 (K), respectively;
and R is the gas constant. In the analysis of the transition
curve, it was assumed that a parabolic function describes
the dependence of the optical properties of the native and
denatured protein molecules (i.e. ya(7T) = ay + bT +
exT? and yp(T) = ap + bp T + ¢, T?, where ay, by, Cx, dp,
bp, and cp are temperature-independent coefficients). A
plot of AH,, versus T,, at each pH gave the value of AC,,
the change in heat capacity at constant pressure. The
value of Gibbs free energy change at any temperature 7,
AGR(T), was estimated using the Gibbs—Helmholtz equa-
tion (Eq. (2)) with values of AH,, T, and AC,;:
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AGH(T) =AH,(T,,— T) - AC (T, = T) + InT(T/T,)]. (2)

Circular dichroism (CD) measurements. CD meas-
urements were made using a Jasco J-810 spectropo-
larimeter equipped with a Peltier-type temperature con-
troller with six accumulations. Protein concentration
used for the far UV CD measurements was 0.6 mg/ml. A
cell of 0.1-cm pathlength was used for the measurements.
The protein samples were preincubated overnight at the
desired solvent conditions. The necessary blank was sub-
tracted from each measurement. All readings were made
at 25°C. The CD instrument was routinely calibrated with
D-10-camphorsulfonic acid.

Intrinsic fluorescence measurements. Fluorescence
spectra of the protein samples were measured in a Perkin
Elmer LS 55 spectrofluorimeter in a 3-mm quartz cell
with both excitation and emission slits set at 10 nm.
Protein concentration for all the experiments was 10 uM.
For intrinsic fluorescence measurements, the excitation
wavelength was 268 nm, while the emission spectra were
recorded from 290-400 nm at 25°C. All measured spectra
have been subtracted for the contribution of blanks. For
the 1-anilino-8-naphthalene sulfonate (ANS) binding
experiments, the excitation wavelength was 360 nm, and
emission spectra were recorded from 400 to 600 nm. ANS
concentration was kept at 16-fold that of the protein con-
centration. The concentration of ANS was determined
experimentally using €, the molar absorption coefficient
value of 5000 M~!-cm™' at 350 nm [19, 20] and was filtered
before use to remove insoluble particles. Spectra were
recorded in a 5-mm quartz cell at 25°C with excitation and
emission slits of 10 nm at scanning speed of 100 nm/min
in a Perkin-Elmer LS-55 spectroluminometer. Blanks
were subtracted against corresponding samples.

RESULTS

To investigate the possibility for differences in the
thermodynamic stability of PAH domains, we first per-
formed heat-induced denaturation of the proteins at dif-
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ferent pH values (6.3, 6.5, 6.8, and 7.0) by following
changes at 0,,,, the difference in CD signal at wavelength
222 nm, for all the three PAH proteins. We chose these
pH values as the pH of the nucleus is slightly below 7.0
but higher than 6.0. In this study, pH 7.0 represents the
optimum physiological pH condition. All denaturation
curves were reversible. Figure 1 shows heat-induced
denaturation profiles of PAH1, PAH2, and PAH3 at dif-
ferent pH values. Each denaturation curve of a protein at
a given pH was analyzed for AH,, and T,, using a nonlin-
ear least squares method that involves fitting the entire
data of the transition curve to Eq. (1) with all eight free
parameters (ay, by, N, @p, bp, ¢, AH,,, and T,). The
thermodynamic parameters (AH,, and T7,) for all the
three proteins obtained at different pH values are given in
Table 1. Values of AC,, of the proteins were determined by
plotting AH,, and T, values generated at the different pH
values. The values of AC, evaluated in this manner were
1.53 and 1.54, respectively, for PAH2 and PAH3 (see
Table 1). We could not evaluate the AC, of PAH1, as there
was no significant change in the AH,, and T,, values with
change in pH. Since the estimated AC, values of PAH2
and PAH3 were identical, we used the same AC, for the
estimation of AGJ of PAHI. Values of AGS (the value of
AGp at 25°C), estimated for the different PAH domains
using Eq. (2), are also given in Table 1. Figure 2 shows
plots of AT,, (T, of the protein at pH 7.0 — T,, at other pH
values) versus pH (a-c) and AAGS (AGS of the protein at
pH 7.0 — AGy° at other pH values) versus pH (d-f). As
evident from this figure, lowering the pH does not affect
the stability of PAH1 but decreases the stability of PAH2
and PAH3 in terms of 7,, and AG°.

We then investigated the structural variations of the
different PAH domains and evaluated how the native-
state structural integrity is altered due to change in the
pH. For this, we first measured far UV CD (secondary
structure) of each of the PAH domains of hSin3B at dif-
ferent pH values (pH 6.3, 6.5, 6.8, and 7.0). It is seen in
Fig. 3 that there is a decrease in the secondary structure of
PAH2 and PAH3 in a pH-dependent manner, while the
structure of PAH1 is not significantly affected by change

Table 1. Thermodynamic parameters of the PAH domains at different pH values

pH pH 7.0 pH 6.8 pH 6.5 pH 6.3
Proteins T, AH,, AGy T AH, AGS T AH, AGS T, H, AGS AC,
PAHI1 65.7 140 12.9 65.3 133 12.0 65.5 136 12.4 65.2 131 11.7 1.53*
PAH2 64.0 119 102 | 62.2 116 9.6 60.3 113 9.0 57.5 109 8.2 1.53
PAH3 63.7 117 99 | 61.8 113 9.2 60.5 111 8.8 58.0 108 8.1 1.54

Notes: The units of 7,

m»

7-9, and 5-7%, respectively.

H,, AGp°, and AC, are °C, kcal/mol, kcal/mol, and kcal/mol, respectively. Errors in T,,, H,,, AGg, and AC, are 0.2-1, 3-6,

* The value has not been experimentally measured but based on presumptions.
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in pH. Figure 4 (a-c) shows the effect of the pH on the
tertiary structure of the different PAH domains in terms
of the environment of tyrosine residues. It is also seen in
this figure that there is an increase in the relative fluores-
cence intensity in the case of PAH2 and PAH3. However,
there is no significant change in the relative fluorescence
of PAH1 due to low pH. However, note that the peak
maxima was at ~345 nm, which is the ideal peak for tryp-
tophan, and not at ~310 nm, which should be the charac-
teristic emission peak for tyrosine. None of the PAH
domains have any tryptophan residues based on our
sequencing report and other sequence information avail-
able in PubMed. Therefore, the observed peak at
~345 nm purely originates from tyrosine. Previous reports
suggest that many proteins that lack tryptophan but have
only tyrosine(s) exhibit peak maxima at ~345 nm due to
the formation of tyrosinates (the conjugate phenolic base
of tyrosine). Tyrosinates are likely formed via an inter-
molecular proton transfer from the excited state of one or
more tyrosine residues to a suitable proton acceptor in the
polypeptide. Aspartic and glutamic acid residues are the
appropriate proton acceptors [20-23]. PAH1 and PAH3
have only one tyrosine residue, whereas PAH2 has two
tyrosine residues. Interestingly, all tyrosine residues
observed in the respective polypeptide sequence have
either an adjacent or nearby aspartate residue. Figure 4
(d-f) clearly shows that the PAH1 and PAH3 domains do
not bind to ANS, as evident from no significant increase
in ANS fluorescence intensity and shift in A,,,. However,
PAH2 shows increase in relative ANS fluorescence but no
shift in the A, indicating that there may be subtle bind-
ing of ANS. These results indicate that the different PAH
domains have conformational variations.

DISCUSSION

We have investigated the difference in the thermody-
namic stability and structural variations of the different
PAH domains of hSin3B and how alteration in pH affect
the PAH domains. Thermodynamic stabilities of the
three PAH domains were determined by measuring the
heat-induced denaturation of the proteins, for which
change in 0,,,, was monitored. At a given pH, AGS was
estimated using Eq. (2) with known values of AH,,, T,,
and AC,. However, this estimation requires a large extra-
polation. Hence, a large error may be associated with AG3
determination due to errors in the estimations of AH,,,,
T.,, and AC,. We used Becktel and Schellman’s procedure
[24] to determine the maximum and minimum errors
associated with the AGJ determination at a given solvent
condition. This procedure involves the estimation of AGJ
of proteins using the maximum and minimum fitting
parameter errors of AH, and AC, (one with maximum
error in AH,, and minimum error in AC, and the other
with minimum error in AH,, and maximum error in AC,)
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Fig. 1. Heat induced denaturation profile of PAH1 (a), PAH2 (b),
and PAH3 (c) at different pH values as indicated in the figure.

obtained from the analysis of individual denaturation
curves to yield two different AGJ values (one minimum
and one maximum). Because there were three independ-
ent measurements of AH,, and T,, of a protein at the given
pH, we obtained six values of AGJ (three maximum and
three minimum values). All of these six values were used
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to determine the average AGp and the mean error. It was
observed that the mean error associated with the AGS esti-
mation was in the range 7-9% for all the proteins.

It is seen in Table 1 that PAHI is more stable than
PAH2 and PAH3 at physiological pH in terms of 7,, and
AGp of the proteins. However, it appears that the protein
stability for each of the PAH domains is different at physio-
logical and nuclear pH values since the 7., and AGp values
are different at pH 7.0 and lower pH values (Table 1) indi-
cating that change in pH might regulate the structure and
stability of the PAH domains. Therefore, we investigated
the effect of different pH values on the PAH domains. For
this, we plotted AT, versus pH and AAGS versus pH (Fig.
2). As shown in this figure, for both PAH2 and PAH3 there
is a linear relation between the protein stability and pH (in
terms of AT,, or AAGp), i.e. protein stability decreases with
decrease in pH. However, the stability of PAH1 does not
depend on pH. Thus, protein stability is not always a func-
tion of pH for the three PAH domains. The decrease in
protein stability due to low pH in the case of PAH2 and
PAH3 might mean that the structure should also be desta-
bilized. To investigate this possibility, we measured second-
ary and tertiary structures of the proteins using far UV CD
(Fig. 3) and tyrosine fluorescence (Fig. 4, a-c) as probes,
respectively. It is seen in the figures that both the secondary
and tertiary structures of PAH2 and PAH3 decrease on
lowering pH. As expected, the structure of the PAH1 is not
at all perturbed by change in pH. Thus, our thermody-
namic and structural measurements are in agreement. The
result clearly indicates that change in pH might help to
regulate the function of hSin3B. In support to our conclu-
sion, the presence of Sin3 has been reported not only in the
nucleus, but also in cytoplasm and mitochondria [25-29].
In addition, there is different partitioning of hSin3B in
both the nuclear and cytoplasmic compartments (unpub-
lished results) under stress conditions. It has also been
reported that difference in the pH of nucleus and cyto-
plasm also plays a role in intracellular localization and
movement of various proteins between the nuclear and
cytoplasmic compartments [30]. Therefore, structural and
functional regulation of proteins by change in pH might be
a general strategy for many proteins in cells.

Sin3B is a nuclear protein and therefore it is impor-
tant to compare the structure and stability of the different
PAH domains at each of nuclear pH value. AGg values
given in Table 1 at different nuclear pH values suggest that
PAH1 is more stable than PAH2 and PAH3. Interestingly,
the stability of both PAH2 and PAH3 are nearly identical
at each of the nuclear pH values. We further investigated
if the similarity in the thermodynamic stability results in
similar structural properties in case of PAH2 and PAH3.
Table 2 shows the structural comparison of the three PAH
domains under nuclear pH conditions. It is seen in this
table that the extent of decrease in secondary structure is
higher for PAH2 than for PAH3, while there is no signif-
icant change in the secondary structure of PAH1 due to
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low pH. In agreement with this result, the tertiary struc-
ture of PAH2 (based on the relative tyrosine fluorescence)
is also a little more disordered relative to PAH3, while the
tertiary structure of PAH1 remains unaffected by change
in pH. Thus, results on secondary and tertiary measure-
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Table 2. Effect of pH on the structure of PAH domains of human Sin3B (hSin3B)
pH pH 6.8 pH 6.5 pH 6.3
% % change % change % % change | % change % % change | % change
change (relative in ANS change (relative in ANS change (relative in ANS
Protein (0y5) fluores- binding (0y27) fluores- binding (0y27) fluores- binding
cence) cence) cence)
PAH1 2.3 4.4 8.1 1.1 39 6.7 1.6 7.8 2.1
PAH2 10 21 38 14 46 45 20 100 60
PAH3 9 17 2.9 11 37 9 18 96 15

Note: Percentage change in 0,,,, relative fluorescence change, and ANS binding has been evaluated relative to the observed intensities at physio-

logical pH.

ments indicate that there is subtle variation in the struc-
ture of the PAH domains. It has been reported that desta-
bilization of the tertiary structure results in the exposure
of hydrophobic clusters (that were buried in the interior)
to the solvent [20]. We further examined the presence of
hydrophobic clusters using ANS binding assay. As evident
from Table 2, there is no binding of ANS to PAH1 and
PAH3. However, in the case of PAH2 we observed an
increase in ANS fluorescence intensity without having a
shift in emission maxima, apparently indicating poor
binding. All these data led us to believe that the confor-
mation of the different PAH domains at each nuclear pH
are different. PAH1 appears to have a very stable native
structure, which with subtle variation in pH does not
influence its structural integrity, while PAH2 and PAH3
might have relatively flexible structure. It was reported
earlier that the structural flexibility and orientation of the
PAH domains in case of mammalian Sin3B is crucial for
having different binding partners for each of the PAH
domains [5, 14, 15, 31]. Interestingly, human PAH1 that
is conformationally stable (relative to PAH2 or PAH3)
has so far been reported to have only one binding part-
ner — HCF-1. Other than human, in lower organisms
only two binding partners have been reported so far for
PAH1, SMRTER in S. cerevisiae and Opil in Drosophila
[31]. Thus, it seems that the evolutionarily lower confor-
mational flexibility has restrained PAH1 not to interact
with a large pool of transcription factors. Human PAH?2
and PAH3 that are relatively flexible in structure have
been reported to have a large number of binding partners
[13]. Taken together, the results indicate that the differ-
ence in the conformation of native structure or flexibility
of the different PAH domains could result in the recogni-
tion of different sets of binding partners.

In conclusion, our studies indicate at least two
things: (i) the native state structures and stability of the
different PAH domains is different at nuclear pH where
Sin3 functions; (ii) PAH2 and PAH3 behave differently at
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both nuclear and physiological pH in terms of native state
structure and stability, while the structure of PAHI
remains unaltered at both pH values. The study indicates
the importance of structural heterogeneity in PAH
domains in recruiting or recognizing a specific set of
binding partners. Further research should focus on iden-
tifying the functional importance of PAH1 in hSin3B, as
it represents a highly stable native structure.
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