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• We investigated the thermodynamic
properties of the intrinsic disordered
α/β-type small acid soluble protein
(SASP).

• We found a small free energy barrier
of 1 kcal/mol separating the confor-
mational ensembles at high and low
temperatures.

• Residual structures and a high degree
of plasticity were detected along the
protein chain.
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Small acid soluble proteins (SASPs) of α/β-type play a major role in the resistance of spore DNAs to external
assaults. It has been found that α/β-type SASP exhibits intrinsic disorder on isolation, but it acquires a defined
native state upon binding to DNA. This disorder to order transition is not yet understood. Other questions related
to the role of the thermodynamics and structure of the individual protein in the complex formation remain
elusive. Characterization of the unbound state of α/β-type SASP in experiments could be a challenging problem
because of the heterogeneous nature of the ensemble. Here, computer simulations can help gain more insights
into the unbound state of α/β-type SASP. In the present work, by using replica exchange molecular dynamics
(REMD), we simulated an α/β-type SASP on isolation with an implicit solvent. We found that α/β-type SASP
undergoes a continuous phase transition with a small free energy barrier, a common feature of intrinsically
disordered proteins (IDPs). Additionally, we detected the presence of residual α-helical structures at local level
and a high degree of plasticity in the chain which can contribute to the fast disorder to order transition by
reducing the fly-casting mechanism.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Small acid soluble proteins (SASPs) of α/β-type are the major
agents responsible for the resistance of spores of Bacillus and
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Clostridium to damaging factors such as heat, radiation and enzymes
[1,2]. Binding of SASPs to spore DNA alters the conformational
structure and photoreactivity of DNA [2,3], making it less sensitive
to external assaults. The binding protein also undergoes major
structural changes as revealed by circular dichroism spectroscopy
studies [2]. These studies have shown that the isolated α/β-type
SASP exhibits behaviors of an intrinsically disordered protein
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(IDP), devoid of a well-defined native state. However, when DNA is
present, it folds to adopt a conformation with a large amount of α-
helical secondary structure (~56–69%). The disorder to order transi-
tion of this binding protein is not yet understood [2].

DNA–α/β-type SASP complex was studied previously in detail
regarding its thermodynamic and kinetic properties in equilibrium [2].
However, very little is known about the structure and dynamics of the
isolated protein and its role in the complex formation. Further studies
of α/β-type SASP could provide more insights into the global binding
process based upon energetic/structural considerations.

The crystal structure of the bound state of α/β-type SASP was
obtained very recently showing a helix–turn–helix (HTH) motif [2].
Obtaining information about the unbound conformational ensemble
of α/β-type SASP can be a challenging problem in experiments because
of the difficulty associated with monitoring the rapid changes of this
heterogeneous ensemble. Here, modern computer simulations offer
a suitable set of tools to explore structures and dynamics of the un-
bound conformations of SASP.

In this work, we studied the thermodynamic and conformational
properties of the unbound state of the minor Bacillus subtilis α/β-
type SASP [4], SspCΔN11-D13K-C3, with Replica Exchange Molecular
Dynamics (REMD) simulations using an implicit solvent model [5].
In what follows, we will refer to this protein simply as α/β-type
SASP. The free energy landscape of the protein was analyzed through
theweighted histogrammethod [6–8]. In addition to this, we charac-
terized the high dimensional conformational space sampled for α/β-
type SASP by using the clustering techniques.

2. Methods

2.1. Initial configuration

The initial configuration of the α/β-type SASP B. subtilis SspCΔN11-
D13K-C3 was obtained from the crystal structure of the SASP-DNA com-
plex from Ref. [1] (PDB ID: 2Z3X). This α/β-type SASP variant is a 64
amino acid sequence engineered to bind more tightly to DNA than
does the wild type SspCwt. Seven residues from this sequence were
not reported in the final PDB structure file and therefore they were
not included in our simulation setup.

Chemistry at HARvard Macromolecular Mechanics (CHARMM)
package [9] (version c36a1) was used to perform the simulations. Cova-
lent bonds involving hydrogenswere constrained with the SHAKE algo-
rithm [10]. Electrostatic and van derWaals interactionswere computed
with the spherical atom-based cutoff method using a cutoff distance of
14 Å. Atom pairs that are separated by 1 or 2 covalent bonds are
excluded from the non-bonded interactions. The atom pairs separated
by 3 bonds (1–4 pairs) are included in the non-bonded list with a
scale factor of 1.0. The CHARMM22 [11] force field was used to de-
fine molecular mechanical parameters in the simulations. Solvent
effects were considered through the implicit solvent model Fast
Analytical Continuum Treatment of Solvation (FACTS) [5]. The di-
electric constant and the surface tension parameter were set to
1.0 and 0.015 kcal/(mol Å2), respectively.

The initial structure of the protein was minimized with 30 steps
using the adopted basis Newton–Raphson (ABNR)method [9] followed
by 50 ps of equilibration simulations at each temperature before REMD
simulations.

2.2. REMD simulations

REMD simulations were conducted with the ENSEMBLE module
in CHARMM. The simulation was carried out with R=32 replicas (1
per processor) running on 2 GHzAMDOpteron processors. The custom-
ized scale of temperatures ranging from Tmin = 250 K to Tmax = 633 K,
as shown in Table S1, was used to ensure a good sampling of the confor-
mational space. As a remark, a similar range of temperatures was
previously used in REMD simulations of proteins of similar size
[12,13]. Exchanges between local copies i and j = i + 1 and non-
local copies (see Table S2) were attempted every 1 ps according to
the Metropolis criterion with probability,

w Cold→Cnew
� �

¼ min 1; exp −βiE C j

� �
−β jE Cið Þ þ βiE Cið Þ þ β jE C j

� �h in o

ð1Þ

where E(Cq) is the configurational energy of replica q and βq = (1/
kBTq) is the inverse of temperature times the Boltzmann factor
kB = 0.0019872 kcal/mol K. Non-local moves were included in the
simulation to allow the direct exchange between configurations at
low and high temperatures.

Data productionwas performed for 24 ns REMD simulations, during
which positions and energies were collected every 1,000 and 10 steps
respectively. The final ensemble for each temperature contained
24,000 frames for subsequent data analysis.

2.3. Data analysis

Thermodynamics ofα/β-type SASPwas analyzed through the values
of the radius of gyration (Rgy), the end-to-enddistance (e-to-e) between
Cα carbons, the constant volume specific heat (Cv) and the free energy
profile [F(E)].

Specific heat Cv was computed according to the statistical mechanics
equation [8],

Cv Tð Þ ¼ bE2N−bEN2

kBT
2 ð2Þ

where the symbol bN denotes average over the ensemble at temper-
ature T and E is the configurational energy of a protein chain.

Free energy profiles where computed with the weighted histo-
gram analysis method (WHAM) [6–8]. In this method, the range of
configurational energies is discretized in bins of width Δ. In our
case, the energy range was [−1300:0] kcal/mol and Δ = 6 kcal/
mol, giving a total of 216 bins. A histogram of energies, H(E), for
each replica is updated each time an energy bin is visited during
the simulation. Energy histograms are then used to compute the
probability distribution at the temperature of interest T,

Pβ Eð Þ ¼
XR

i¼1
Hi Eð Þexp −βEð Þ

XR
j¼1

njexp f j−β jE
� � ð3Þ

where Hi(E) is the energy histogram for replica i, and β = 1/kBT is
the inverse of the desired temperature times the Boltzmann factor
kB. βj = 1/kBTj is the inverse of temperature for replica j and nj is
the total number of samples for the histogram of replica j. Because
the free energy fj (scaled by βj) is not known a priori, it has to be com-
puted self-consistently with a second equation,

exp − f j
� �

¼
X
E

Pβ Eð Þ ð4Þ

convergence is achieved when all entries of fj change less than 10−5

with respect to previous iteration step. Finally, the free energy pro-
file is computed as,

F Eð Þ ¼ −kBTlnPβ Eð Þ: ð5Þ

Error bars were computed with the standard Jackknife method
[14]. In this method, one block of data (1,000 frames in our case)
is removed at a time from the data set (initially 24,000 frames).
Then, all properties (e-to-e distance, Rgy, Cv and free energy profiles
F(E)) are computed from the reduced data set. The operation of
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ignoring consecutive blocks of data is repeated 24 times (=24000/
1000). Averages of the properties (denoted by f ) are then obtained
from these 24 subsets of data. Finally, errors are computed as,

σ ¼
ffiffiffiffiffiffiffiffiffiffiffi
N−1

p
σ f ð6Þ

where N = 24 and

σ2
f ¼ fð Þ2− f

� �2 ð7Þ

with f being the property of interest. The averages are given by

fð Þ2 ¼ 1
N

XN

i¼1

f 2i ð8Þ

f ¼ 1
N

XN

i¼1

f i: ð9Þ

Reduction of the high-dimensional space of conformations of α/β-
type SASPwas accomplishedwith the aid of principal components anal-
ysis (PCA) [15,16], the defined secondary structure of proteins (DSSP)
method [17] and the clustering algorithm Art-2 [18,19].

PCA was conducted using the root mean square deviation between
any two structures (previous alignment) to compute the initial data
matrix. After diagonalization, the eigenvalues were arranged in a de-
scending order. Only the first four eigenvalues were used to project
the data matrix in the new set of axes.

DSSP analysis, as implemented in the COOR SECmodule of CHARMM,
was used to compute the persistence of α-helix and β-sheet features
along the protein chain. The fraction of secondary structure per residue
was obtained as an average over the whole simulation time.

Characterization of the population of protein conformations at
the melting temperature Tm was achieved by using the clustering
algorithm implemented in the CLUSTER module of CHARMM. Time
series of backbone dihedral angles ϕ and ψ were employed with a
radius of 98° for pattern recognition.

3. Results and discussion

The plots of the radius of gyration and the end-to-end distance as a
function of temperature show a step-wise behavior characteristic of a fi-
nite size phase transition [20] (see Fig. 1a–b). The curve of the specific
heat, plotted in Fig. 1c, also shows a transition-like behavior signaled
Fig. 1. Thermodynamic properties showing the finite size phase transition of α/β-type
SASP: (a) radius of gyration (Rgy), (b) end-to-end distance (e-to-e) and (c) specific heat
(Cv) as a function of temperature. Themelting temperature Tm is denoted by a dotted line.
by a peak at the melting temperature Tm =513 K (marked as a dotted
line on the figure). Themelting temperature Tm iswell inside our select-
ed range of temperatures (Tmin b bTm b bTmax), allowing for efficient
capture of the crossing of conformational barriers from the folded
(T b Tm) to the unfolded (T N Tm) ensembles. Tm is still much higher
than the physiological melting temperatures of common proteins
~320 K [21–23]. This can be caused by either the protein force field or
the implicit treatment of solvent [13,12].

The radius of gyration for the lowest temperature used (Tmin)
is ~ 9.8 Å, and it increased roughly by a factor of 2 (~ 19.9 Å) for the
highest temperature (Tmax). As for the end-to-end distance, we found
that the average value for high temperatures (~46.4 Å) is approximate-
ly 2.4 times higher than the value at low temperatures (~19.1 Å), indi-
cating that, on average, the structures are relatively compact at low
temperatures. Interestingly, the average radius of gyration for high
temperatures is much smaller than the maximum value observed dur-
ing the whole simulation (~140 Å). Thus, both the radius of gyration
and the end-to-end distance parameters display a slow increasing
behavior which resembles a continuous transition from an ensemble
of unfolded to an ensemble of folded structures. This can also be
observed from the low peak and broad curve of the specific heat in
Fig. 1c. As a remark, continuous transitions are characterized by
low (or zero) free energy barriers [24].

Regarding the energetics, the free energy profile ofα/β-type SASPwas
computed at three different temperatures T = 250 K, 513 K and633 K as
shown in Fig. 2. At low temperatures (T = 250 K), only one ensemble of
conformations is populated, which is reflected in the one-basin feature of
F(E). At themelting temperature Tm (513 K),we observed the presence of
two minima associated with the unfolded and folded ensembles, which
reveal the two-state nature of the process. However, because the energy
barrier separating the two minima is small (~1.0 kcal/mol), the
overall transition proceeds continuously (down-hill) rather than
abruptly (two-state). Interestingly, small free energy barriers have
been found previously in simulations of other IDPs [25]. In fact,
small barriers seem necessary in IDPs because they allow the fast
structure interconversion [26–31]without a high energetic cost.
This fast interconversion mechanism can accelerate the folding of
α/β-type SASP upon DNA binding, explaining the fast and efficient
disorder to order transition observed in experiments. Finally, at
high temperatures (e.g. 633 K) the profile exhibits a funnel-like
shape with a single basin found for the unfolded ensemble.

The similarity of conformational ensembles at different tempera-
tures was analyzed by means of the PCA method. The four eigenvalues
with the highest variance accounted for the 99.0%, 2.0%, 1.9% and 1.6%
Fig. 2. Free energy profiles at temperatures T = 250 K, 513 K and 633 K. The inset plot
shows the barrier height of ~1 kcal/mol at the melting temperature Tm.

image of Fig.�2


Fig. 3. First principal component as a function of the RMSD. Ensembles at different
temperatures are located in the same region of the conformational space. Thus, small
jumps can drive a conformation across ensembles.
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of the total population, respectively. The first principal axis is plotted
against the rootmean square deviation (RMSD) in Fig. 3.We considered
information from other axes redundant. We observed that all the
ensembles are located in the same region of PCA-RMSD phase space
with a shift along the first principal axis from low temperatures (top)
to high temperatures (bottom). This indicates that no drastic
structural rearrangements are needed for the protein conformers to
visit various ensembles at different temperatures [32] and confirms
the result of the continuous transition and the small free energy
barrier obtained from the energetic considerations.

In what follows, we will focus on the ensemble at the melting
temperature (Tm) because at this temperature, the folded and unfolded
phases coexist. Special attentionwas paid to two helical regions of SASP,
which play a major role in the tight-binding to DNA: the first helix
(helix1) is located between residues Pro-7 and Phe-24while the second
helix (helix2) between residues Ser-34 and Met-56 [1].

The fraction of α-helical and β-sheet content per residue can be
seen in Fig. 4. The high fraction of α-helical content at some residues
indicates the presence of residual structures. In particular, residues
Gln-15 and Lys-46 have a high propensity of 50% and 43.2%, respectively,
Fig. 4. Secondary structures found in α/β-type SASP. We observed the presence of a high
local persistence of α-helical structures around residues 15 (Gln) and 46 (Lys).
to formα-helices. Ourfindings here suggest that these residues can act as
hot spots in SASP to maintain certain α-helical features in the unbound
state and may be essential for the protein to acquire the HTH structural
motif in the DNA-bound form. This can explain why a mutation at the
level of these residues can change topology of the protein [1]. It should
be noticed that the hot spots in the present context have an entropic
(conformational) origin rather than an enthalpic origin as in the hot
spots studied in Ref. [33].

Residues close to Gln-15 and Lys-46 also have a high propensity for
helical structures. A lower (but still detectable in simulations) peak
related to α-helices was detected around Thr-33 (7.8%). It should be
emphasized that even when there is a relatively high persistence of α-
helical structures at local levels the helical content averaged over the
entire chain is only ~14.3%. This fraction is presumably small for detec-
tion in experiments that measure an average signal over the chain
rather than at specific residues. As a remark, these α-helical residual
structures can help reduce the folding time and decrease the fly-
fasting mechanism [28] upon DNA binding. Additionally, preformed
structures can reduce the entropic penalty upon binding allowing
for a simple conformational shift towards a bound-state ensemble
[34]. Regarding the β-structures, the average fraction was negligible
(bb1.0%) for all residues.
Fig. 5. Representative members in the clusters found at the simulated melting tempera-
ture Tm, with the statistical weights of the clusters shown. None of the cluster was pre-
dominant. Representative members display helical motifs. Ends of helix1 and helix2 are
labeled on figure.

image of Fig.�3
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Representative members of the clusters obtained by performing a
clustering analysis of α/β-type SASP are shown in Fig. 5. The reader
can observe the presence of residual helical structures along helix1
and helix2 segments defined above.

The statistical weight was very similar for all clusters, indicating
that none of them predominated in the ensemble at the melting
temperature. Thus, the ensemble displays a high degree of plasticity
as opposite to rigid ensembles of common proteins where one or two
structures account for the ~80% of the total population [35]. Another
indicator of the high plasticity of the ensemble was the high value for
the selection pattern radius (98°) used to obtain less than ten well-
populated clusters. For lower values none of the clusters consisted
of more than 10 members.

4. Conclusions

By doing REMD simulations of the α/β-type SASP on isolation, we
were able to gainmore insight into the thermodynamics of theunbound
ensemble. We found a finite size phase transition with a continuous
character as revealed by common thermodynamics parameters. The
free energy barrier height was small (1 kcal/mol), a common feature
of IDPs. In addition to this, we found a high degree of plasticity in the
chain at the melting temperature.

We were also able to gain more insight into the binding process to
DNA: we found residual structures of helical type which can decrease
the fly-casting mechanism upon binding.
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