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Abstract
Background and objectives: The cyclic adenosine monophosphate Receptor Protein of Mycobacterium tuberculosis (CRPMt) 
(Rv3676), is a global transcriptional regulator and plays a pivotal role in the survival and infection of Mycobacterium. This sign-
aling protein (CRPMt) shares several common structural and functional features with the CRP from Escherichia coli. Structurally, 
CRPMt is a homodimer that undergoes allosteric changes upon cyclic AMP binding. This binding also triggers the activation of 
several genes responsible for various physiological processes in this bacterium. Despite the importance of CRP for mycobacterial 
survival, limited information is available regarding the stability and unfolding properties of the protein. The main objective of 
this study is to study stability, unfolding and dynamics of CRPMt in terms of its structure.

Methods: In this study, we monitored the stability and unfolding of CRPMt using various biophysical and computational techniques.

Results: We experimentally studied protein unfolding in the presence of chemical denaturants [urea and guanidine hydrochlo-
ride (GdnHCl)]. The results from these chemical-induced unfolding studies suggest that CRPMt follows a two-state transition 
and that chemical-induced protein denaturation is reversible. According to circular dichroism and activity data, CRPMt structure 
and function were restored upon refolding. We also studied the stability and unfolding of the CRPMt protein against tempera-
ture variations and protease action (trypsin). Limited proteolysis experiments provide insights into the minimum domain struc-
ture requirement for CRPMt activity. Interestingly, temperature-induced CRPMt unfolding was completely different compared to 
chemical-induced unfolding. The thermal unfolding of CRPMt was found to be irreversible, leading to the formation of insoluble 
aggregates at elevated temperatures. To understand why the thermal unfolding of the protein differed from chemically induced 
unfolding, we carried out a detailed molecular dynamics simulation analysis of the protein at three different temperatures. The 
results from these molecular dynamics simulations mechanistically validate the significant differences between chemical and 

temperature-induced CRPMt unfolding.

Conclusion: Our study provides detailed insights into the sta-
bility and folding/unfolding properties of CRPMt, which could 
be useful in developing new anti-mycobacterial medicines.
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Introduction
Mycobacterium tuberculosis is highly pathogenic, and its infec-
tion causes tuberculosis, contributing to approximately 2 million 
deaths per annum.1 M. tuberculosis is a highly adaptable bacterium 
that can persist in a non-replicating state for a long time when the 
environment is unfavorable. It is a successful pathogen that can 
modulate its host immune response to survive without adversely 
affecting the host immune system.2,3 Interestingly, one-third of the 
world’s population is believed to be infected by Mycobacterium 
tuberculosis.1 Cyclic adenosine monophosphate (cAMP) is a vital 
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signaling molecule in M. tuberculosis. It also plays a crucial role in 
altering the host immune system at the time of infection.4,5 Intrigu-
ingly, the adaptability of the cAMP-binding domain has evolved in 
such a way that it can perform diverse physiological functions in 
response to a broad range of signals,6–8 with the best and the most 
studied prototype proteins of this family being c-AMP receptor 
protein (CRP) and fumarate and nitrate reduction regulatory pro-
tein (FNR) of E. coli, which are known to control genes in hypoxia 
and starvation, respectively.7

Mycobacterium tuberculosis H37Rv also has a CRP/FNR 
homolog, CRPMt (Rv3676) the protein is encoded by the gene 
rv3676.9 It is also important to note that this gene (rv3676) is pre-
sent in almost all sequenced mycobacterium genomes. It has also 
been reported that this protein is a highly branched member of the 
CRP and CooA family of proteins.7,8 Protein sequence analysis re-
vealed that CRPMt is 53% similar and 32% identical to its E. coli 
homolog.10

Similar to E. coli CRP, CRPMt also exists as a homo-dimmer. 
Structurally CRPMt carries two domains, and the cAMP-binding 
occurs at the N-terminal domain (residues 1–114) whereas the C-
terminal domain (146–223) consists of mainly the DNA-binding 
helix turn helix motif. These two domains are connected by a hinge 
region (a helix between residues 117–144 mainly anchors these 
hinge regions). This helix forms the majority of the intersubunit 
interactions. The details of domain topology are shown in Figure 
S1. However, unlike E. coli CRP, CRPMt carries three additional 
short helices and a hairpin-like structure in the N-terminal domain 
(residues 54–73) that are absent in E. coli CRP.11 Detail structural 
investigation also reveals that the N-terminal domain of CRPMt 
possesses more beta-sheet structure compared to C-terminal do-
main. Although CRPMt is a cAMP-binding transcriptional regula-
tor, it is interesting to note that cAMP-binding to CRPMt is associ-
ated with minimal structural rearrangements in comparison to E. 
coli CRP.11–13

Moreover, it has also been reported that deletion of this pro-
tein, i.e., CRPMt may lead to impaired growth in bone marrow-
derived macrophages in a laboratory medium and delayed bacte-
rial growth in a mouse model system.10,14,15 Thus, it is imperative 
to note that this global transcriptional factor, i.e., CRPMt might 
have played a significant role in the survival of this particular 
pathogenic bacterium, especially in macrophages. Although the 
physiological importance, function, and structural detail of this 
protein are well established, little is known about its stability and 
folding mechanism.

Protein folding is an essential physical process by which a nas-
cent polypeptide chain folds into proper three-dimensional function-
al forms. Though this process is of the greatest importance, how it 
is completed (protein folding and unfolding) is only partially under-
stood.16,17 Thus, a detailed study of the protein folding mechanism is 
very important.18–20 Unlike single-domain proteins, oligomeric mul-
ti-domain proteins usually fold by multiple-step processes involving 
the formation of one or more meta-stable intermediates. Thus, it is 
crucial to identify and characterize these intermediate conformations 
to understand the mechanism of protein folding. Equilibrium dena-
turation is one of the valuable methods to understand the structure, 
stabilization, and folding of a protein, and protein folding can be eas-
ily tracked by the characterization of its intermediates both in vitro 
and in vivo.21,22 Chemical denaturant such as urea or guanidinium 
chloride (GdnHCl) is commonly used for equilibrium unfolding of 
the protein and intermediate charecterization.23

In this study, we explored the structural and functional changes 
of CRPMt associated with the GdnHCl and urea-induced unfolding 

using various spectroscopic techniques such as tryptophan fluores-
cence spectroscopy, 8-anilino-1-napthalenesulphonate (ANS) flu-
orescence, and circular dichroism (CD), etc. These methods were 
used to study the changes in the tertiary and secondary structure of 
CRPMt during denaturant-induced unfolding. Size exclusion chro-
matography is further used to monitor the purity and oligomeriza-
tion state of the protein. Furthermore, the refolding of CRPMt to 
its native form and restoration of activity was also explored by the 
withdrawal of both denaturants. Restoration of the protein struc-
ture was examined by spectroscopic and gel filtration profiles of 
refolded protein. The restoration of the individual domain structure 
was verified by partial digestion of the protein with trypsin fol-
lowed by visualization of the tryptic digest fragments by running 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS−
PAGE) gel (13%). DNA binding activity of the protein was also 
examined by Electrophoretic mobility shift assay (EMSA). These 
studies confirm restoring the CRPMt structure and the activity upon 
refolding.

We further investigated the temperature-induced unfolding of 
CRPMt by measuring the light scattering of the protein. We ob-
served that the protein forms visible aggregates at higher tempera-
tures (65°C), indicating irreversible unfolding of the protein. To 
understand the effect of increasing temperature on CRPMt struc-
ture, we performed extensive molecular dynamics simulations of 
the protein under normal conditions (25°C) and compared the dy-
namics at 45°C and 65°C.

We found that destabilization of the structure occurs at specific 
regions due to high temperatures, with unfolding starting at the 
terminal region first and then at the interface. Moreover, secondary 
structural elements, hydrogen-bonding patterns, and the interface 
are significantly affected at higher temperatures. Interestingly, a 
strong correlation was observed between our experimental results 
and simulations, further validating our findings. Given that CRPMt 
is a global transcriptional regulator, it could potentially be used as 
a drug target. In this proteomics era, understanding the structure-
function relationships of target proteins is crucial for designing 
target-specific drugs.

Materials and methods

Materials
8-anilino-1-napthalenesulphonate (ANS) and glutaraldehyde were 
purchased from Sigma Chemical Company, USA. Analytical gel-
filtration column (SuperdexTM 75 HR 10/30) and protein molecu-
lar weight standards were obtained from GE Healthcare Bio-Sci-
ences AB, Sweden (formerly Amersham Biosciences). Radioactive 
[γ-32P] adenosine triphosphate was obtained from the Board of 
Radiation and Isotope Technology, India. Oligonucleotides were 
custom-synthesized from MWG-Biotech AG, Germany, or Sigma-
Genosys, USA. All other chemicals obtained from Merck were 
analytical grade. All enzymes used for DNA manipulation were 
procured either from the United States Biochemical Corp (USA), 
Promega Biosciences (USA), or Roche Applied Sciences (Germa-
ny). Thrombin was purchased from Novagen® Biosciences. The 
expression vector used for this study was pET28a (+) (Novagen). 
XL1 Blue and BL21 (DE3) were used for cloning purposes. All 
these strains were maintained as glycerol stocks at −80°C.

Cloning, overexpression, and purification of CRPMt

CRPMt was cloned directly from the Mycobacterium tuberculosis 
genomic DNA using ABS1 primers (forward primer) and ABS2 
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(reverse primer). The sequence of primers that were used to am-
plify the CRPMt gene was mentioned in Table 1. The purified re-
striction enzyme-digested PCR product was ligated into the EcoRI 
and XhoI-digested pET28a plasmid, which was used to transform 
competent E. coli XL1B cells. Plasmid DNA from selected clones 
with an N-terminal hexa-histidine tag was isolated and trans-
formed into E. coli BL21 cells for protein expression. Expression 
of CRPMt was induced by the addition of 0.5 mM isopropyl β-D-
thiogalactopyranoside (IPTG) to an E. coli BL21 cell culture when 
the cell culture OD595 reached 0.5 after the addition of IPTG cells 
were grown further for 3 h at 37°C. Finally, cells were harvested 
and suspended in sonication buffer [20 mM sodium phosphate 
buffer pH-7, 500 mM NaCl, and 10% glycerol] and then subjected 
to sonication and centrifugation. After sonication, the pellet was 
discarded, and the supernatant was collected and loaded into a 
pre-equilibrated nickel agarose resin (Qiagen), which had been 
equilibrated in sonication buffer and washed sequentially with 
wash buffers containing 10 and 50 mM of imidazole. The protein 
was finally eluted in 500 mM imidazole-containing buffer, and the 
purity of the protein was checked by nanodrop and running the 
protein on a 12.5% SDS-PAGE (Figure S2). Figure S2 shows the 
purification profile of the 6x His-CRPMt protein. Imidazole was 
dialyzed with dialysis buffer [20 mM Tris-Cl (pH-7.5), 150 mM 
NaCl, 5 % Glycerol, and 1 mM EDTA].

Size-exclusion chromatography
Size-exclusion Chromatography experiments were performed 
in an ÄKTA™ FPLC system (Amersham Biosciences, Sweden) 
connected to a Superdex®75 HR or Superdex®200 HR column 
using the protocol developed by Datta et al.24 At a time of purifica-
tion, 250–500 µg of the protein (recombinant CRPMt or a standard 
marker protein) was applied to the column. Before loading the pro-
tein, the column was pre-equilibrated with buffer A [20 mM Tris-
Cl (pH 7.5), 150 mM NaCl, 5% Glycerol, and 1 mM EDTA]. All 
experiments were performed in buffer A unless stated otherwise. A 
fixed flow rate of 0.5 mL/min was maintained throughout the pro-
cess. The Rf (Retardation Factor) value was calculated according 
to the following equation,

0

0

Ve VRf
Vt V

−
=

−

in the equation, Ve = Elution volume; V0 = Void volume, and Vt = 
Total volume of the column.

To understand the underlying mechanism involved in the fold-
ing process of this protein in the presence of chaotropic agents, the 
protein was first denatured at different concentrations of urea or 
GdnHCl overnight at 4 °C and then applied to the column. The gel 
filtration column was equilibrated with the respective denaturant-
containing buffer solutions before loading the proteins.

Circular dichroism (CD) spectroscopy
Circular Dichroism (CD) measurements were also carried out 
using the protocol developed by Datta et al.24 Briefly, CD spec-
troscopy was performed at room temperature using a JASCO 
J600 spectropolarimeter equipped with a temperature controller. 
Far-ultra violet (Far-UV) CD (260–200 nm) was recorded using a 
cuvette of 1 mm path length and 10 µM protein solution for each 
measurement. To study the effects of denaturants on the second-
ary structures of proteins, far-UV CD spectra (215–260 nm) of 
urea and GdnHCl-treated samples were recorded individually. The 
sample was prepared by incubating the protein with an increasing 
concentration of urea/GdnHCl for 18 h at 4°C. Protein concentra-
tions were kept at 10 µM for all far-UV CD measurements, and 
experiments were performed in triplicate. Each measurement was 
a signal average of five spectral scans to maximize the signal-to-
noise ratio. The buffer contributions were also subtracted from the 
corresponding spectra of protein samples. The CD results were fi-
nally expressed regarding mean residual ellipticity.

Tryptophan fluorescence spectroscopy
Fluorescence spectroscopy was used to study the unfolding/refold-
ing behavior of CRPMT induced by chaotropic agents (urea and Gd-
nHCl). All measurements were carried out using a Hitachi F3000 
spectrofluorometer with 10 µM protein. Fluorescence was measured 
by tryptophan excitation at 295 nm and emission at 310–400 nm 
with excitation and emission bandpass of 5 nm.22 The equilibrium 
unfolding experiments were performed after incubating the protein 
with an increasing concentration of urea/GdnHCl for 18 h at 4°C. 
Finally, the unfolding of CRPMT was measured by observing the 
changes of fluorescence λmax as a function of urea/GdnHCl concen-
tration. 8-Anilinonaphthalene-1-sulfonic acid (ANS), a highly hy-
drophobic fluorescence dye, is generally used to track the hydropho-
bic exposure of protein during the unfolding/folding process.22 For 
ANS fluorescence measurement, the excitation wavelength was set 
at 340 nm, and the emission spectra were recorded at 440–600 nm 
range. The experiments were carried out in triplicate at room tem-
perature. For almost all experiments, fluorescence intensities were 
determined at the λmax after inner filter correction.25 The inner filter 
effect is a prevalent problem in fluorescence measurement studies. 
The primary reason for the inner filter effect is the absorption of light 
by any fluorophore (protein).26

Analysis of unfolding curves
Assuming that the unfolding of CRPMt follows a two-state unfold-
ing, the fraction of unfolded protein molecules (fu) was calculated 
from the following equation27:

n
u

n u

X Xf
X X

−
=

−
where X, Xn, and Xu represent the observed spectroscopic signal 
at any particular denaturant concentration, the spectroscopic sig-
nal in the completely folded state, and the spectroscopic signal in 
the completely denatured state, respectively. The Cm (denaturant 
concentration at the midpoint of unfolding transition) value was 
determined by nonlinear fitting of the unfolding data to the follow-
ing equation using the software as described previously.28

X Cm

top bottomY bottom  
1 10 −

−
= +

+
In the above equation, X and Y are the concentration of the 

unfolding agent and the fraction of unfolded protein molecules, 
respectively.

Table 1.  Cm values from different unfolding assays

Protein Assay Type Denaturant Cm (M)

CRPMt far-UV CD Urea 4.49 ± 0.02

CRPMt Trp-fluorescence Urea 4.10 ± 0.02

CRPMt far-UV CD GdnHCl 1.94 ± 0.02

CRPMt Trp-fluorescence GdnHCl 1.29 ± 0.01

CD, circular dichroism; CRPMt, cyclic adenosine monophosphate receptor protein of 
Mycobacterium tuberculosis; far-UV, far-ultra violet; GdnHCl, guanidinium chloride; 
M, molarity.
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Acrylamide and potassium iodide (KI) quenching of tryptophan 
residue
Quenching of tryptophan fluorescence of CRPMt by acrylamide 
and potassium iodide (KI) was also monitored at room temperature 
using a Hitachi F3000 spectrofluorometer. For measurement, 4 μM 
of protein solution was used, protein excitation was performed at 
295 nm, and the data was recorded at the fixed emission wave-
length of 340 nm in the presence of different concentrations of 
the quencher (acrylamide or KI) added in small volumes from a 
concentrated (2 M) stock solution. Band passes of 5 nm were used 
on both sides. The total reaction volume was set to 1 mL.

Refolding of denatured proteins
To study the refolding of CRPMt, the protein was denatured either 
with 7 M urea or 5 M GdnHCl. The unfolded protein was subjected 
to dialysis overnight against buffer A (with at least two changes in 
the buffer) at 4°C to completely remove all the denaturants. Re-
folded protein (10 µM) was used for both CD and fluorescence 
measurements. To confirm the complete refolding of CRPMt do-
mains, refolded CRPMt (15 µg) along with native CRPMt (15 µg) 
were digested by 0.2 µg trypsin for different periods followed by 
the analyses of the fragments by a tris-tricine SDS-PAGE.

Thermal aggregation
The thermal aggregation of CRPMt (10 µM in buffer A) was stud-
ied to understand its aggregation rate. This was done by monitor-
ing light scattering at 360 nm using a spectrofluorometer (Hitachi 
F-3000), as described by previous research.24 The wavelength 
and bandpass were set at 360 nm and 5 nm, respectively, for both 
excitation and emission. The protein solution within the cuvette 
chamber was heated to the desired temperature using a water-bath 
temperature controller (NesLab Inc.) and equilibrated for 4 min 
before individual readings were taken.

Construction of reporter gene plasmids
The region of the DNA sequence upstream of rpf A was gener-
ated using polymerase chain reaction (PCR) from M. tuberculosis 
H37Rv genomic DNA using the primer pairs (Table S1). The PCR 
product (200-bp) was then cloned into a pBluescript vector at the 
Eco RV site to obtain the plasmid pABS 04.

Preparation of DNA fragments containing pWhiB1 region of 
M. tuberculosis
DNA fragments used in this work were derived from the plasmid 
pABS 04 by PCR amplification using suitable primers (rpf A for-
ward and reverse primer, Table S1). These fragments were further 
purified by running on a 1% agarose gel, cut out from the gel, and 
final purification was made using a Qiagen Gel Extraction Kit. The 
final concentration of the DNA was estimated from its absorbance 
at 260 nm. The PCR products containing the promoter/operator 
regions were end-labeled with [γ-32P] adenosine triphosphate and 
T4 polynucleotide kinase for 1 h at 37°C. The labeled product was 
then purified through a Qiagen Gel Extraction Kit.

Electrophoretic mobility shift assays (EMSA)
Radiolabeled DNA (∼5 ng) was incubated with 0–20 µM CRPMt 
or its mutants in the presence of 20 mM HEPES (pH 7.5), 0.2 mM 
EDTA, 10 mM (NH4)2SO4, 1 mM dithiothreitol, 15 mM MgCl2, 15 
mM KCl and 0.05 mg/mL bovine serum albumin, for 30 minutes 
at 25°C. The resulting complexes were then separated on 6 % po-
lyacrylamide gels buffered with 0.5 X TBE (45 mM Tris borate, 1 

mM EDTA). Gels were typically run at 16 V/cm for 2–3 h to obtain 
the optimum separation and dried and autoradiographed.29

Crystal structure of CRP
The starting structure for our simulations was taken from the pro-
tein data bank [crystal structure of CRP from Mycobacterium tu-
berculosis; PDBID: 3H3U, chains A and B)].12 The structure had 
missing residues in both subunits [chain A (1, 14–17, 24–26) and 
in chain B (215–224)]. The missing residues were filled using the 
PDBSEQRES record (from the PDB header section) and Modeller 
(https://salilab.org/modeller/).30

Molecular dynamics (MD) simulation
All simulations were performed using the Gromacs molecular dy-
namics (MD) package,31 in explicit solvent, using the Optimized Po-
tential for Liquid Simulations AA/L all-atom force field.32 Solvent 
molecules were described by the extended simple point charge mod-
el. Electrostatic interactions were implemented using Particle mesh 
Ewald. The temperature bath was set up with the Berendsen thermo-
stat at 300 K for the control and at higher temperatures 318 and 338 
K, the time step was set to 2 fs, and bonds involving hydrogens were 
constrained.33 We have used a dodecahedron box for the CRPMT sys-
tem. The details of the simulations performed are listed in Table S2. 
Analyses of the trajectories were performed using Gromacs analysis 
tools, and all plots were generated using matplotlib [https://matplot-
lib.org/3.2.0/index.html], figures of structures were generated using 
PYMOL [https://pymol.org/2/].

Results

GdnHCl and urea-induced unfolding of CRPMt

Far-UV CD was used to study the unfolding of CRPMt in the pres-
ence of both urea and GdnHCl. CD analysis provides essential infor-
mation regarding the change in secondary structures of the protein. 
Among different secondary structures, the α-helix structure in the 
protein shows strong signals at 222 nm, and any decrease in the value 
of the signal is normally associated with a decrease in the helical 
content of the protein. CRPMt is mainly an α-helical protein (as the 
protein consists of ∼37% α-helices), so by extracting the θ222 values 
from the CD spectra of the protein (Fig. 1a and b) and plotting these 
values against the corresponding denaturant concentrations, one can 
easily get information about CRPMt folding/unfolding behavior. Ac-
cording to our data, CRPMt shows monophasic unfolding curves 
in the presence of both denaturants (Fig. 1a and b). The unfolding 
CRPMt in the presence of GdnHCl starts around 1 M and completes 
at 4 M; in the case of urea, CRPMt unfolds at 3.5 M, and denatura-
tion completes at 6 M. The unfolding behavior of CRPMt follows the 
general trend of any globular protein. We have found that CRPMt is 
denatured early in the presence of GdnHCL (GdnHCL is always con-
sidered a much stronger denaturing agent than urea).34 The intrinsic 
tryptophan fluorescence intensity values were collected from (Fig. 
1c and d) and plotted against the increasing GdnHCl/urea concentra-
tions. In the case of Trp fluorescence, the curves were also roughly 
monophasic, and the unfolding profile of the protein was very simi-
lar to what we observed before with CD spectroscopy. So, it can be 
suggested that the unfolding of CRPMt in the presence of denaturant 
(GdnHCl and urea) follows a two-state model without any detect-
able intermediate. The calculated Cm (denaturant concentration at the 
midpoint of unfolding transition) values from different experiments 
were provided in Table 1. We have also studied CRP unfolding in the 
presence of c-AMP by fluorescence and CD spectroscopy as CRP is 
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switching its function by binding with cyclic-AMP. Protein unfolding 
was induced by either urea or GdnHCl. Our data reveals that c-AMP 
stability and unfolding of CRPMt remain unaltered compared to the 
wild-type protein (Fig. S3). Our data further suggests that c-AMP 
binding is not causing any significant change in the CRPMt structure 
or global conformation change of the protein.

Quenching of tryptophan fluorescence
The tryptophan fluorescence of proteins decreases in the presence 
of molecules like acrylamide or potassium iodide (KI), and they 
are known as quenchers. The quenching phenomenon can also be 
used to probe the accessibility of tryptophan residues in a protein. 
CRPMt has two tryptophan residues, viz. trp112 and trp 203. Tryp-
tophan fluorescence quenching of CRPMt was studied in the pres-

ence of acrylamide and KI. The quenching data was analyzed by 
Lehrer plots using the following equation.35

0 1 1 1
[ ]a sv

F
F F K Q

 
= + ∆  

In the equation, F and F0 represent the fluorescence in the pres-
ence and absence of quencher, and ΔF = (F0 − F); Fa is the fraction 
of accessible tryptophan residues, [Q] denotes the concentration of 
quencher and Ksv is the constant (also known as stern-Volmer con-
stant) representing accessible fluorophores. From the plot of F0/ΔF 
versus 1/[Q], the values of Fa (inverse of y-intercept) and Ksv (in-
verse of slope) can be determined. The Lehrer plots for quenching 
of CRPMt by acrylamide and KI are shown in Figure 2.35 The details 
of parameters obtained from fittings are provided in Table 2. A value 

Fig. 1. Urea and GdnHCl induced equilibrium unfolding of CRPMt measured by circular dichroism and fluorescence. The θ222 (ellipticity at 222 nm) values, 
derived from the recorded far-UV CD spectra of a protein in the presence of GdnHCl (a), and urea (b) were normalized concerning that of the same protein 
in the absence of any chemical denaturant. The plots of normalized θ222 values vs. urea and GdnHCl concentrations indicate the alternation of secondary 
structure (particularly α-helix) of the protein samples at increasing urea and GdnHCl concentrations. Similarly, intrinsic Trp fluorescence intensity values 
(Flu) at 334 nm were determined from the fluorescence spectra, normalized (as above), and plotted against increasing GdnHCl (c) and urea (d) concentra-
tion. From the images, it was evident that the protein was more resistant towards urea compared to GdnHCl. CD, circular dichroism; CRPMt, cyclic adenosine 
monophosphate receptor protein of Mycobacterium tuberculosis; far-UV, far-ultra violet; GdnHCl, guanidinium chloride; M, molarity.

Fig. 2. Lehrer plots show tryptophan fluorescence quenching of CRPMt by two different quenchers. Quenching of tryptophan fluorescence by increasing 
concentration of (a) KI and (b) acrylamide. The detailed analysis of the Lehrer plot is shown in Table 2. CRPMt, cyclic adenosine monophosphate receptor 
protein of Mycobacterium tuberculosis; KI, potassium iodide.
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of about 0.86 was obtained for Fa for acrylamide quenching, indicat-
ing that both the tryptophan residues were accessible to acrylamide, 
with a Stern-Volmer constant of 7.31 M−1. For KI, the accessibility 
of the tryptophan residues was only 59%. Acrylamide is a neutral 
quenching agent that can easily diffuse through protein structure and 
quench all available tryptophan residues present in CRPMt, including 
deeply buried tryptophan residues (trp112 and trp203). On the con-
trary, iodide is negatively charged and generally remains a highly 
hydrated molecule. As an outcome, its diffusion is minimal and only 
quenches tryptophan residues present at the protein surface. From 
quenching properties of KI and acrylamide, one can get an idea 
about the conformation state of the protein, and according to our 
analysis, in the absence of a denaturant, CRPMt almost exclusively 
existed in folded conformation. Although we have seen differences 
in quenching between acrylamide and KI, the Ksv values were low 
in both cases. We believe this phenomenon is attributed to the highly 
folded nature of CRPMt and tryptophan residues inside the core of 
the protein (our computational data also support this result). Due to 
the rigidity of the protein, acrylamide cannot penetrate deep inside 
CRPMt and efficiently bind tryptophan; as an outcome, low bind-
ing was observed. We have also seen increasing Ksv value of both 
acrylamide and KI in the presence of GdnHCl and urea (data not 
shown), further supporting our hypothesis.

ANS fluorescence
In the unfolding of CRPMt induced by urea and GdnHCl, the un-
folding curves derived from CD and fluorescence studies did not 
fully align, suggesting the potential existence of an intermediate 
state. An ANS binding study was performed to determine whether 
an intermediate state of CRPMt is present during unfolding. ANS 
tends to bind to the hydrophobic patches of a protein that become 
exposed during unfolding. Typically, in the molten globule state, 
the hydrophobic patches of a protein are highly exposed compared 
to its native conformation, and ANS binds to these exposed hy-
drophobic patches. The binding of ANS to hydrophobic patches 
is directly associated with increased fluorescence intensity at ap-
proximately 490 nm. However, in our experiments with CRPMt, 
fluorescence intensity decreased with increasing concentrations of 
chemical denaturant (Fig. 3), indicating a lack of significantly ex-

posed hydrophobic patches. Therefore, it can be concluded that the 
unfolding of CRPMt follows a two-state model without any notable 
intermediate.

Size-exclusion chromatography (SEC) of CRPMt with GdnHCl 
and urea
To get a complete understanding of the effect of GdnHCl and 
urea on the oligomerization of CRPMt, we have analyzed 0−5 M 
urea-equilibrated and 0−3 M GdnHCl-equilibrated CRPMt samples 
through SEC. Both the native and denaturant treated (Fig. 4a and 
b) sample shows a single peak with almost identical retention vol-
ume. According to the SEC profile, the native protein was eluted at 
57.06 mL. While in the presence of varied GdnHCl concentrations 
(0.5, 1, 2, 2.5, and 3 M), the elution peaks were gradually shifted 
towards lower values (55.87, 54.01, 51.87, 49.94, and 48.96 mL) 
with increasing absorbance indicating subunit dissociation and un-
folding. In the presence of varied urea concentrations (2, 3, 3.5, 4, 
and 5 M urea), the CRPMt elution profile almost follows a similar 
trend as of GdnHCl. Proteins were eluted at 53.43, 52.12, 51.33, 
50.62, and 49.5 mL, respectively (Table 3).

Reversible unfolding of CRPMt

We were also interested in studying the reversibility of GdnHCl 
and urea-induced denaturation of CRPMt. We speculated that if 
equilibrium unfolding is reversible, CRPMt will return to its origi-
nal (native) state once the denaturant is removed from the unfold-
ing buffer. To check our hypothesis, Trp fluorescence, CD spectra 
and gel filtration profiles of native, likely refolded, and unfolded 
CRPMt were recorded (Fig. 5). All our experimental data including 
Trp fluorescence spectra (Fig. 5a and b), far-UV CD spectra (Fig. 
5c and d) and gel filtration profiles (Fig. 5e and f) suggest restora-
tion of its structure, once denaturant is withdrawn.

To further verify the restoration of CRPMt individual domain 
structures, both native CRPMt and refolded CRPMt were subjected 
to partial trypsin digestion followed by the visualization of the di-
gested fragments by running samples at 13.5% SDS-PAGE. The 
result clearly shows that the molecular masses of all digested frag-
ments from the refolded proteins (either generated from 5 M Gd-
nHCl or 7 M urea) were almost similar to those prepared from the 
digestion of the native protein, clearly indicating genuine refolding 
of individual domain structure (Fig. S4).

Our previous experiments confirm the structural restoration of 
protein by the withdrawal of denaturant stress. In the next step, 
activity restoration of refolded protein was also studied by meas-
uring the DNA binding activity of refolded CRPMt. EMSA was 
employed to study DNA binding activity. As evident from Figure 
S5, refolded CRPMt, prepared either from 7 M urea or 5 M Gdn-

Fig. 3. CRPMt unfolding and ANS binding. The graph representing ANS binding (represented by the change in fluorescence intensity at 490 nm) at increas-
ing concentrations of (a) GdnHCl and (b) urea. No significant change in fluorescence intensity (increase) was detected due to ANS binding. ANS, 8-anilino-
1-napthalenesulphonate; CRPMt, cyclic adenosine monophosphate receptor protein of Mycobacterium tuberculosis; GdnHCl, guanidinium chloride; M, molarity.

Table 2.  Fluorescence quenching data by acrylamide and KI

Quencher y-intercept Fa Ksv (M−1)

Acrylamide 1.16 0.86 7.31

KI 1.67 0.59 7.89

KI, potassium iodide; M, molarity.
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HCl- shows good binding to its native promoter region of DNA. 
The activity of refolded CRPMt was very similar to that of native 
CRPMt (Fig. S5). This clearly shows regeneration of the structure 
(domains), function, and DNA binding activity upon refolding, 
emphasizing the reversible nature of CRPMt unfolding induced by 
urea or GdnHCl.

Temperature-induced aggregation of CRPMt

It has been observed that CRPMt undergoes irreversible aggre-
gation upon heating. This aggregation leads to the formation of 
visible precipitation, and the process can be monitored by meas-
uring the light scattering at 360 nm. According to our data, native 
CRPMt is stable at room temperature, undergoes irreversible un-
folding with increasing temperature, and forms aggregate above 
60°C temperature. For CRPMt, irreversible thermal unfolding 
starts at 52°C and completes at 65°C along with visible precipita-
tion (Fig. 6).

Discussion

MD simulation of CRPMT

To understand the destabilization mechanisms brought upon by 
temperature, we have performed extensive simulations (50 ns, 
three replicates or independent simulations at each condition, a to-

tal of 150 ns of simulation, Table S2). We started our simulation at 
room temperature (25°C, normal condition), which provided us in-
sight into the stability of CRPMt without any external perturbation 
factors (e.g., higher temperature or chemical denaturing agents). 
Figure 7a shows the overall structural deviation of the protein 
through a change in root mean square deviations (RMSD). The 
protein at 25°C (control) and 45°C shows similar characteristics in 
terms of overall structural change, although the RMSD was higher 
at 45°C. CRPMt structure at 65°C undergoes a large structural al-
teration. To look at which specific regions were affected by higher 
temperature, we analyzed root mean square fluctuations averaged 
over the period for chain A (Fig. 7b). Ignoring the terminal regions 
(since most proteins are largely flexible at the terminal), we ob-
served peaks of higher fluctuations around residues 50, 100 and 
150 in chain A for the control (CRPMt at 25°C) as well as for higher 
temperatures (45 and 65°C). The changes were almost identical in 
chains A and B under the same simulation conditions. The protein 
remains stable when simulated at 25°C (control) and 45°C. Snap-
shots from the simulation can be seen in supporting data, Figure 
8 and S4. In the next section, the unfolding and destabilization of 
the protein brought about by increasing the temperature to 65°C is 
discussed in more detail.

Unfolding study of CRPMT by MD
The unfolding and destabilization of CRPMt were simulated 
starting from the crystal structure filled in missing regions (see 
Methods) at 65°C. Figure 7 displays the global (RMSD) and lo-
cal (RMSF) structural distortion over time. Figure 8 shows the 
change in secondary structure composition (in terms of percent-
age of helices and beta-strands, which also points to the unrave-
ling of the overall structure at higher temperatures. Figure 9 
displays the local unfolding and destabilizing at higher tempera-
tures at different snapshots during the simulation. At 65°C, the 
structure collapses within 10 ns of the simulation. Notably, the 
interface region is distorted, but since the structure collapses, it 
forms a more artificially compact structure (the buried surface 
area increased from 1,339 to 1,845 Å2, Figure S6). Notably, the 
secondary structures were not equally affected by higher tem-
peratures, and the alpha-helices degraded faster than the beta-
sheets (helicity reduces from 37 to 33%, and strand composition 
reduces from 25 to 22% at 65°C). Changes in secondary struc-
tural composition over time can be seen in Figure 9, which points 

Table 3.  Elution Volumes of CRPMt at different concentrations of urea 
and GdnHCl

GdnHCl (M) Elution volume  
(mL) Urea (M) Elution volume  

(mL)

0 57.06 0 57.06

0.5 55.87 2.0 53.43

1.0 54.01 3.0 52.12

2.0 51.87 3.5 51.33

2.5 49.94 4.0 50.62

3.0 48.96 5.0 49.5

CRPMt, cyclic adenosine monophosphate receptor protein of Mycobacterium tuber-
culosis; GdnHCl, guanidinium chloride; M, molarity.

Fig. 4. CRPMt unfolding in the presence of two different chaotropic agents monitored by gel filtration chromatography. Analytical gel filtration chroma-
tography of CRPMt in the presence of varying concentrations of (a) GdnHCl and (b) urea. Protein peaks at a particular urea and GdnHCl concentration were 
indicated. In all experiments, the same concentration of protein samples (20 µm) was injected into a Superdex S-200 column. CRPMt, cyclic adenosine 
monophosphate receptor protein of Mycobacterium tuberculosis; GdnHCl, guanidinium chloride.
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Fig. 6. Temperature-induced irreversible aggregation of CRPMt. The protein (in buffer A) was heated at increasing temperatures, and aggregation was 
monitored using static light scattering in a spectrofluorometer. CRPMt, cyclic adenosine monophosphate receptor protein of Mycobacterium tubercu-
losis.

Fig. 5. Equilibrium Unfolding of CRPMt was reversible. GdnHCl-denatured (a, c, and e) and urea-denatured (b, d, and f) proteins were successfully refolded, 
and protein refolding was monitored by various biophysical techniques. CRPMt, cyclic adenosine monophosphate receptor protein of Mycobacterium tuber-
culosis; GdnHCl, guanidinium chloride.
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to distortion of secondary structural elements due to the effect 
of higher temperature. Hydrogen bonding patterns were also af-
fected; the contacts prevalent in the control (Table S3) were not 
found at higher temperatures (the pairs not highlighted as bold 
are only present at the specific condition).

Overall distortions of the protein were only pronounced at high-
er temperatures; all the parameters reflect the same trend (Fig. 7). 
Larger fluctuations were also observed for CRPMt at 65°C. The 
interface of the native protein has two helices crossed over each 
other (see first structure in Fig. 8); this interaction was gradually 

lost at 65°C, and this phenomenon was also visible in the change in 
the buried surface of the complex over time (Fig. S7).

Conclusion
In this study, we extensively examined the folding and unfolding tran-
sition of a crucial transcription regulator protein in Mycobacterium 
tuberculosis. Both experimental and computational analyses suggest 
that CRP is stable at room temperature. However, it begins to unfold 
under elevated temperature or increasing denaturant conditions. We 

Fig. 7. Structural deviations observed during simulations, comparing CRPMt at room temperature with the protein at two different temperatures (45 and 
65°C), using (a) Root mean square deviations (RMSD) vs. time (shows the overall structural deviations) and (b) Root mean square fluctuations (RMSF) 
for each residue in chain A. Regions of high fluctuations are encircled, highlighting the regions in the protein that undergo significant local changes due to 
temperature changes. CRPMt, cyclic adenosine monophosphate receptor protein of Mycobacterium tuberculosis.

Fig. 8. Snapshots of CRPMt showing local unfolding and destabilizing at higher temperatures. The two chains are shown in green and cyan cartoons. The 
starting structure was taken from the control (at 25°C), showing the distortion of the complex at higher temperatures during the simulation, especially 
around the interface. CRPMt, cyclic adenosine monophosphate receptor protein of Mycobacterium tuberculosis.
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observed that the unfolding induced by urea and GdnHCl is highly 
reversible. Once the denaturant is removed from the medium, the 
protein automatically reverts to its native conformation. Conversely, 
we found that temperature-mediated unfolding of CRP is irreversible, 
with the protein forming visible aggregates at higher temperatures. 
Our computational analysis further corroborates our experimental 
observations and identifies the region of the protein responsible for 
unfolding. Overall, this study provides a comprehensive understand-
ing of CRP’s structural rearrangements during the folding/unfolding 
process, which may have significant implications for the design of 
next-generation therapeutics against Mycobacterium.
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