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ABSTRACT 

Peptidoglycan (PG) is a key structural component of the bacteria cell wall and interruption 

of its biosynthesis is validated target for antimicrobials.  Of the enzymes involved in the 

early intracellular phase of biosynthesis,  D-alanyl,D-alanine ligase B (DDlB), is 

responsible for the condensation of two alanines, forming D-Ala-D-Ala, which is required 

for subsequent extracellular transpeptidase crosslinking of the mature peptidoglycan 

polymer.  In this work we aimed to extend the biophysical characterization of a 

recombinant form of Escherichia coli DDlB (EcDDlB) regarding parameters of melting 

temperature (Tm), enthalpies of denaturation ( U

calH  and U

vHH ) and characterization of 

elements of secondary structure at different pHs.  WHY?  As results, the stability of 

EcDDlB increased with the proximity of the theoretical pI of 4.69, reaching the maximum 

in pH 5.4 with mT  and U

vHH  of 52.68 ºC and 484 kJ·mol-1, respectively. An unusual 

profile was observed exclusively in the CD thermal denaturation experiments, 

represented by two sigmoidal contributions at pH 7.4, different from the cooperative 

profile that have a single sigmoidal component as observed in other analyzed pHs. Such 

behavior may be explained by the influence of residual ATP or ADP cofactors bonded to 

DDlB. Deconvolutions of the CD spectra at 20 ºC showed a majority percentage of 

secondary structure in -helix for the enzyme at pHs 5.4 and 9.4, whereas for pH 7.4 an 

equal contribution of β structures (β-strand/β-sheet) and -helices was calculated. The 

process of thermal denaturation of EcDDlB proved to be irreversible with an increase in 

β structures that can contribute to the formation of protein aggregates throughout the 

process. 

 

Key words: D-alanyl,D-alanine ligase; recombinant protein; circular dichroism; 

differential scanning calorimetry. 

 

 

 

 

 

 

 

 



 

 

 

1. INTRODUCTION 

The indiscriminate use of antibiotics has been rapidly accompanied by the emerging of 

resistant strains, where bacteria are probably the most important agents in terms of 

morbidity and mortality. (Davies and Davies 2010). In the search for new antibiotics, the 

peptidoglycan biosynthesis process has been one of the targets that received most 

attention. Peptidoglycan (PG) is the key structural component found exclusively in the 

bacteria cell wall, being responsible for providing form and rigidity to this structure, 

maintaining cell viability and resistance to internal turgor pressure (Cayley et al. 2000). 

It is basically composed of linear polymeric chains of disaccharide unit of N-

acetylglucosamine (GlcNAc) β(1→4) N-acetylmuramic acid (MurNAc) linked by 

crossed pentapeptide chains, whose composition is diverse, with variations being species-

specific (Schleifer and Kandler 1972). In Escherichia coli, the pentapeptide in the 

growing PG consists of L-Ala-D-iGlu-mDAP-D-Ala-D-Ala (iGlu: isoglutamate and 

mDAP: meso-diaminopimelic acid), where the most frequent cross-link is the amide bond 

between D-Ala and mDAP of two adjacent peptides. Enzymes that promote PG cross-

linking use the D-Ala,D-Ala peptide as universal substrate (Pazos and Peters 2019). Due 

the fact that D-amino acids are characteristic of bacterial PG, together with their 

biosynthetic machinery, it becomes an interesting target for the development of new 

drugs. 

Thus, the enzyme D-alanyl,D-alanine ligase (DDl), also known as D-alanyl,D-

alanine synthetase (EC: 6.3.2.4), emerges as a promising target for drug development, 

since the inhibition of this enzyme has a lethal effect on prokaryotic microorganisms D-

alanine dependent (Lambert and Neuhaus 1972). DDl catalyzes the condensation between 

two D-Ala to form the D-Alanyl,D-Alanine dipeptide (DalDal) with the consumption of 

an ATP (reaction 1) (Bruning et al. 2011). One of the D-Ala produced by the enzyme 

alanine racemase (AR) docks to the D-Ala1 site with high affinity, and subsequent 

phosphorylation of D-alanine in the carboxyl group by ATP γ-phosphate (distinct and 

exclusive binding site for ATP ), producing an acyl-phosphate intermediate (Walsh 1989; 

Fan et al. 1994). After the docking of the second D-Ala (D-Ala2 site), the condensation is 

completed with nucleophilic attack by D-Ala amine group of the D-Ala2 site to the 

phosphorylated D-Ala of D-Ala1 site, producing DalDal (Fan et al. 1994; Shi and Walsh 

1995).  Then, the D-Ala,D-Ala-adding enzyme binds DalDal to the terminal portion of 



 

 

UDP-muramyl tripeptide to form a product with a DalDal N-acylated terminal, which is 

the unit UDP-Mur-Nac pentapeptide precursor of bacterial cell wall (Walsh 1989). 

2 𝐷𝐴𝑙𝑎 + 𝐴𝑇𝑃
𝑀𝑔2+

→   𝐷𝐴𝑙𝑎, 𝐷𝐴𝑙𝑎 + 𝐴𝐷𝑃 + 𝑃𝑖    (1) 

Although few DDl inhibitors have already been reported (Kovač et al. 2007; Wu 

et al. 2008; Batson et al. 2017), including D-cycloserine (DCS), a D-ala mimic that 

competitively inhibits DDl (Neuhaus and Lynch 1964a). However, its use is limited due 

to significant adverse effects, such as seizures and peripheral neuropathy (Fujihira et al. 

2007). The enzyme alanine racemase (AR) is also inhibited by DCS, interrupting the 

supply of substrate for DDl. However, resistant strains of Mycobacterium smegmatis 

bypassed this inhibitory effect by overexpression of DCS target proteins, but, it is not 

clear whether AR, DDl or both have their expression increased (Cáceres et al. 1997). DCS 

is the only DDl inhibitor currently used against bacterial infections and has been applied 

more often as an anti-tuberculosis agent (Sharma and Mohan 2004; Lange et al. 2019).  

Although the 3D structure of DDl isoforms A and B have already been solved by 

X-ray crystallography (Neuhaus and Lynch 1964a; Wu et al. 2008; Doan et al. 2014; 

Batson et al. 2017), which can be used to prospect for new inhibitors by structure based 

screening assays, the lack of structural information regarding protein in solution under 

different conditions makes the development of new drugs a task of greater challenge 

(Cavasotto et al. 2005; Waszkowycz et al. 2011; Lavecchia and Giovanni 2013). In this 

context, recent work has proven the successful strategy of combining virtual screening 

with several complementary and synergistic biophysical methods in the development of 

new ligands (Rester 2008). 

Given the above, this work aimed to perform the biophysical characterization of 

the recombinant D-alanyl,D-alanine ligase B from Escherichia coli (EcDDlB) regarding 

the parameters of melting temperature (Tm), enthalpies of denaturation ( U

calH  e U

vHH ) 

and the characterization of secondary structure elements under different pH conditions 

for the first time. In addition, we aim to contribute to the expansion of the DDlB 

informational data, such as biophysical parameters with knowledge on variations in the 

folding/unfolding pattern as a function of pH and temperature. So, we can provide 

important information about the structural stability of this protein in different 

physiological conditions. Thus, the use of these data in association with the 3D structure 

of EcDDlB in structure based virtual screening simulations, may contribute to the 



 

 

development of more effective inhibitors in a way to increase the small amount of 

inhibitors of this important drug target. 

 

2. MATERIAL AND METHODS  

2.1. Expression, purification and identification of the EcDDlB protein by LC-MSE 

Strains of E. coli BL21 (DE3) were transformed with the plasmid pProEX::EcDdlB 

(Batson et al. 2010), kindly provided by Dr. David Roper (University of Warwick, UK). 

The bacteria were cultured aerobically in 200 mL of LB (Luria Bertani) medium plus 50 

μgmL−1 ampicillin at 37 ºC. After the culture reaches OD600 ~0.5, overexpression of 

amino terminally histidine-tagged DDlB was induced using IPTG (Isopropyl β-D-1-

thiogalactopyranoside) in a final concentration of 1 mM. After 4 h induction at 37 ºC, the 

culture was centrifuged at 10,000  g for 10 min at 4 ºC and the pellet was washed with 

20 mM Tris-HCl, pH 8.0 and stored at −20 ºC for 12-16 hours before extraction.  

 The pellet was resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl and 

10 mM Imidazole, pH 7.4 with 1 protease inhibitor) and sonicated on ice for 4 min with 

pulses of 20 s On and 20 s Off with amplitude of 60 %, in Fisher Scientific sonicator. Cell 

debris was eliminated by centrifugation at 15,000  g for 10 min at 4 ºC and the 

supernatant was filtered through a 0.22 μm Millex® syringe filter (Merck-Millipore, 

GER), to separate the fraction of soluble proteins. Subsequently, the supernatant was 

applied to a 1 mL nickel-sepharose column (HisTrap, GE) using FPLC, Fast Protein 

Liquid Chromatography (ÄKTA Pure, GE Lifesciences, Sweden). The protein was eluted 

in a 10-300 mM imidazole gradient.  

The molecular weight of EcDDlB under non-denaturing conditions was calculated 

using the gel filtration method, through Superdex 200 10/300 column passage (GE 

Lifesciences) coupled to an FPLC Äkta Pure (GE Lifesciences, Sweden). The calibration 

curve was constructed using the LMW and HMW gel filtration calibration kit (GE 

Lifesciences), following the manufacturer's recommendations. The proteins were eluted 

in isocratic mode with 50 mM Phosphate buffer + 150 mM NaCl, pH 7.2 at room 

temperature, in a flow rate of 0.5 mLmin−1. Absorbances were monitored at 214 and 280 

nm. The elution volumes for each protein were measured and converted to Kav (equation 

1) and plotted against the logarithm of the respective molecular weights (logMW), 

𝐾𝑎𝑣 =
𝑉𝑒−𝑉𝑜

𝑉𝑐−𝑉𝑜
      (1) 



 

 

where, Ve = elution volume, Vo = column void volume, and Vc = geometric column 

volume. 

The proteins had their buffers changed for the biophysical and kinetics assays by 

4 HiTrap Desalting (GE) columns of 5 mL coupled in tandem. The samples were 

concentrated using Amicon® centrifuge filters with 10 kDa Cut off (Merck-Millipore) 

and quantified at 280 nm, using the molar extinction coefficient of 1.226 Lg−1cm−1 for 

converting Abs to mgmL−1 estimated by ProtParam (Wilkins et al. 1999). The analysis 

of the purification and concentration of the samples were performed by 12% SDS-PAGE. 

 The samples were prepared for mass spectrometry following the standard protocol 

(Villén and Gygi 2008), modified and adapted by National Biosciences Laboratory - 

LNBio (https://lnbio.cnpem.br/facilities/mass-spectrometry/sample-preparation/). The 

analysis of the triptych peptides was performed in an M-Class Waters nanoLC coupled 

to a Waters Xexo G2-si mass spectrometer (Q-TOF geometry), using acquisition mode 

MSE. After analysis, the RAW files were processed using ProteinLynx Global Server 

version 3.0.3 (Waters) with a database for Escherichia coli proteins from Uniprot. 

 

2.2. Enzyme activity assays  

The kinetic experiments using EcDDlB were performed according to the enzyme activity 

assay coupled to pyruvate kinase (PK) / lactate dehydrogenase (LDH) (Haid et al. 1975), 

where initial velocities (60 s) were evaluated in a UV-visible UV-165PC 

spectrophotometer (Shimadzu, Japan), couplet with a thermostatic bath at 25 ºC. The 

assay solution had the following components: 100 mM HEPES (pH 7.8), 10 mM KCl, 10 

mM MgCl2, 5 mM ATP, 2.5 mM phosphoenolpyruvate (PEP), 0.1 mM NADH, 50 

µgmL−1 lactate dehydrogenase (LDH), 0.14 mgmL−1 PK, EcDDlB (22 nM) and D-

alanine (0.4 – 8.0 mM). The change in absorbance was monitored at 340 nm. The inhibitor 

D-cycloserine (Sigma-Aldrich) was used as a positive control. The velocities were 

adjusted to the Michaelis-Menten equation (Equation 2) and subsequently transformed 

into the double reciprocal plot (Lineweaver-Burk) using the Equation 3.  

                                                                     

                                                                            (2) 

      

                                       

                                                                   (3) 



 

 

                       

 Where, V is the velocity at substrate concentration S, Vmax is the maximum 

velocity and Km is the Michaelis constant. In the DCS assays, the D-alanine concentration 

was maintained at 0.4 mM and the inhibitor concentration ranged from 0.025 to 50 μM. 

The velocities were adjusted using Equation 4 to obtain the value of IC50. 
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2.3. Circular dichroism 

The circular dichroism (CD) experiments were performed in a Jasco J-815 

spectropolarimeter (Jasco, USA) equipped with a Peltier system for temperature control, 

using a 1.0 mm optical path quartz cuvette. The CD-UV far spectra of the enzyme were 

collected in the range of 260-190 nm with a scanning speed of 50 nmmin−1, response 

time of 1.0 second, spectral bandwidth of 1.0 nm, spectral resolution of 0.2 nm and 10 

accumulations. The measurements of circular dichroism using the enzyme EcDDlB were 

acquired at pHs 5.4, 7.4 and 9.4 and temperatures of 20 and 90 °C for each pH. The 

protein was diluted to 3.5 μM in phosphate-citrate buffer (20 mM Na2HPO4, 50 mM NaF, 

pH 5.4), mono-dibasic sodium phosphate (20 mM Na2HPO4/NaH2PO4, 50 mM NaF, pH 

7.4) and glycine-hydrochloric acid (20 mM C2H5NO2, 50 mM NaF, pH 9.4). The 

contributions of the buffer spectra were subtracted from the EcDDlB CD spectrum. Then, 

the resulting CD spectra were recorded as millidegrees (θ), and had their values converted 

into molar ellipticity ([Θ], deg·cm2·dmol−1) by Equation 5: 

 

 

( deg)
[ ]

10[ ] R

m

P l n


 =                                      (5) 

 

where [P] is the molar concentration of protein (3.5 μM), n is the number of amino acid 

residues (306) and l is the cuvette light path (cm). The percentage of secondary structures 

was estimated from CONTINLL algorithm by means of CDPro program package, using 

SMP56 protein reference set (Sreerama and Woody 2000). 



 

 

 The DDlB thermal denaturation experiments (3.5 μM) were performed in the same 

spectropolarimeter in which the measurements of the CD-UV far spectral profile were 

performed, using the same 1.0 mm quartz cuvette. The thermal unfolding was carried out 

from 20 to 90 ºC at a heating rate of 1.0 °Cmin−1, increment of 2 °C by measure and at 

the same pHs as the spectral profiles of the enzyme. The collected spectral range was 223 

to 199 nm, with a scanning speed of 50 nmmin−1, response time of 1.0 second, spectral 

bandwidth of 1.0 nm, spectral resolution of 0.2 nm and 3 accumulations. The fraction of 

denatured enzyme was determined by Equation 6, 

            
U

U

N U

f
 

 

−
=

−
                                       (6) 

where θ, θN and θU are signs from circular dichroism of the enzyme at each investigated 

temperature, the first (native) and the last (denatured) temperature, respectively. 

Therefore, the fraction of native enzyme can be calculated by fN = fU −1. 

The temperature where fN = fU is termed the thermal denaturation temperature 

(Tm). Using a two-state transition model (native ↔ unfolded) for the thermal denaturation 

of the protein and calculating the equilibrium constant of this process as U

eq U NK f f= , the 

van't Hoff's enthalpy variation for the denaturation process ( U

vHH ) was determined by 

the following equation: 

   ln
1

U
U vH
eq

Hd
K

Rd
T


=                                       (7) 

 

2.4. Differential scanning calorimetry (DSC) 

The DSC experiments were performed using the N-DSC III calorimeter (TA Instruments, 

USA) in the temperature range from 10 to 90 °C with heating and cooling scanning rates 

of 0.5 and 1.0 °Cmin−1. For DSC measurements, the protein was diluted in mono-dibasic 

sodium phosphate buffer (20 mM Na2HPO4/NaH2PO4, 50 mM NaF) at pH 7.4 for 

concentrations of 0.5 and 1.0 mgmL−1. The calorimetric cells were filled with the buffer 

solution equilibrated at 10 °C for 10 min and examined repeatedly at the interval of 10–

90 °C until the baseline was reproducible. After calibrating the baseline with the buffer 

solution, the sample cell of the calorimeter had its solution replaced by another containing 

the enzyme DDlB. The temperature scanning process with the equipment containing the 



 

 

enzyme occurred from heating and cooling range of 10 to 90 °C to perform the enzyme 

denaturation process and investigate its thermal refolding. The contribution of heat 

capacity at constant pressure ( PC , kJ·mol−1·K−1) of the buffer solution was subtracted of 

the DDlB PC  values in the investigated temperature range. 

 The U

vHH  value for the DDlB thermal unfolding process was determined by the 

van’t Hoff ratio ( ln U

eqK  & 1 T ) as described by CD measurements (section 2.3), being 

the fraction of denatured enzyme (fU) calculated by a discretized thermogram integration 

process. The variation in calorimetric enthalpy ( U

calH ) for the denaturation process was 

determined by calculating the area of the protein thermogram, after the baseline has been 

corrected.  

 

2.5. Thermal denaturation of DD1B by fluorescence spectroscopy. 

The fluorescence spectroscopy experiments were performed on the ISS PC1 - Photon 

Counting Spectrofluorimeter equipment (Champaign, IL, USA) coupled with Neslab 

RTE-221 thermal bath. The excitation and emission slit was 8 nm width and the samples 

were analyzed in a 1.0 cm quartz cuvette. The excitation wavelength of 295 nm was 

chosen since it exclusively selects DDlB tryptophan residues. The enzyme was diluted in 

mono-dibasic sodium phosphate buffer at pH 7.4 to a concentration of 3.5 μM (20 mM 

NaH2PO4/Na2HPO4, 50 mM NaF). The emission spectra of the enzyme were collected in 

the spectral range from 305 to 500 nm and then corrected for the contribution of the 

fluorescence spectrum of the buffer. The protein denaturation experiment was carried out 

from 20 to 90 °C with an increase of 2 °C per measurement. Equations 6 and 7 were used 

to treat and analyze the unfolding data, as well as in the CD and DSC analyzes. 

 

2.6. Dynamic light scattering 

Dynamic light scattering (DLS) measurements were performed on the Zetasizer Nano 

S90 equipment (Malvern, Panalytical, Netherlands and United Kingdom) equipped with 

temperature control and a 1.0 cm optical path with reduced volume (120 μL). DLS 

measurements were performed with a total of 30 scans, each acquired over 30 seconds. 

The determination of the hydrodynamic radius of the DDlB enzyme (2 mgmL−1) was 

performed at pH 7.4 (20 mM NaH2PO4/Na2HPO4, 50 mM NaF) at 20 ºC temperature. The 



 

 

protein sample was centrifuged at 27,000  g for 15 min at 4 ºC to eliminate non-soluble 

particles before measuring the molecular size. 

 

3. RESULTS   

3.1. EcDDlB purification analysis by SDS-PAGE 

After the affinity chromatography purification, we estimate a good yield in the expression 

of EcDDlB, being eluted in an average range of 0.5 to 0.9 mgmL−1. The observed purity 

was also satisfactory, due to the appearance of only one band with mass close to 33.1 

kDa, as predicted by Protparam, which corresponds to EcDDlB with six histidine residues 

at its N-terminal. (EcDDlB+His6x).  

Fig.1 shows the result of the purification steps after elution in a HisTrap (HT) 

column, buffer change by HiTrap desalting column and then, concentrated. It was 

observed a very low amount of proteins that passed through the 10 kDa filter during 

concentrations by centrifugation. Buffer changes were necessary to prepare protein  in 

specific buffers for biophysical techniques (CD, DSC, fluorescence spectroscopy and 

DLS) and kinetic assays. The sample present in the concentrated fraction (CS) were 

identified as DDlB from E. coli by means of peptide mass fingerprinting (PMF) analyzes, 

with 93% coverage of the amino acid sequence (Table S1, supplementary data). 

 

 
Fig. 1 SDS-PAGE 12% showing the steps of purification and concentration of EcDDlB. MM –Molecular 

Marker (Precision Plus Protein™ Dual Xtra Prestained Protein Standards, Bio Rad); FT - Flow Through; 

HT – HisTrap column eluted samples; CS – Samples concentrated in Amicon tubes of 10 kDa cutoff 

and, FS -  Proteins that have passed through the Amicon filter. The concentrated samples were 

sufficiently pure to perform biophysical analyzes. 

 

 The elution of EcDDlB in a Superdex-200 10/300 column indicated that protein 

has a molecular weight of 66.2 kDa, a mass compatible with a homodimer in solution 

(Fig. 2).  



 

 

 

  
Fig. 2 a EcDDlB elution chromatogram on a Superdex-200 10/300 column. b Plot showing the 

calibration dataset used to calculate the molecular weight of EcDDlB. A 500 µL of the protein mix of 

known molecular weights (black dots) were applied: Ferritin (440 kDa), Aldolase (158 kDa), 

Canalbumin (75 kDa), Carbonic anhydrase (29 kDa), and Ribonuclease (13.7 kDa). The elution volumes 

of the black dots and EcDDlB (blue dot) were converted to Kav and plotted against their molecular 

weights. The MW of EcDDlB was calculated by linear fit. Proteins were eluted in isocratic mode with 

50 mM phosphate buffer + 150 mM NaCl at pH 7.2 and room temperature at a flow rate of 0.5 mLmin−1. 

Absorbances were monitored at 214 and 280 nm. The estimated MW for EcDDlB in solution was 66,203 

Da, suggesting an homodimer as biological unity. Linear equation variables: a = 2.00381, b = −0.33196, 

Kav (y) = 0.40347; R = 0.99912. 
 

3.2. EcDDlB catalytic activity assays. 

The catalytic activity of EcDDlB was evaluated according to the substrate concentration 

at 25 ºC, pH 7.8. The adjustment of Equation 2 to data points in Fig. 3a, provided KM 

value of 2.2 ± 0.58 mM and Vmax of 355 ± 27 nMmin−1, whereas the double reciprocal 

plot (Fig. 3b) provided KM of 0.7 mM and Vmax of 248  nMmin−1. These values are very 

close to those reported in the literature for this enzyme under similar conditions (Batson 

et al. 2017). 

 

  
Fig. 3 The EcDDlB catalytic activity as a function of D-alanine substrate concentration. a Michaelis-

Menten plot. b double reciprocal (Lineweaver-Burk) plot. Experiment conditions: Hepes buffer 100 mM, 

pH 7.8, 10 mM KCl, 10 mM MgCl2, 5 mM ATP, 2.5 mM PEP, 0.1 mM NADH, 50 µgmL−1 lactate 

dehydrogenase (LDH), 0.14 mgmL−1, PK enzyme (0.63 µg), 25 ºC.  



 

 

 

 The analyzes in the presence of the ligand D-cycloserine, a competitive inhibitor 

of D-Ala substrate (Neuhaus and Lynch 1964b), were performed as a way of further 

validation of the kinetic parameters of the expressed protein. The IC50 found was 10.5 ± 

0.43 μM (Fig. 4), a value very close to 11.5 ± 0.5 μM previous found for this enzyme 

(Batson et al. 2017). 

 

 
Fig. 4 Inhibition assays using the ligand D-cycloserine to evaluation of IC50. The concentration of the 

substrate D-alanine was maintained at 0.4 mM and the concentration of D-cycloserine ranged from 0.025 

to 50 μM. Equation 4 was adjusted to the experimental data points to obtain IC50. 
 

3.3. Influence of pH on the characterization of secondary structure and thermal 

denaturation of DDlB determined by CD 

The circular dichroism technique was used to estimate the secondary structure content of 

EcDDlB under different pHs. The CD-UV far spectra from EcDDlB showed a similar 

profile at pH 5.4 and 9.4 at 293 K (20 °C) with a defined minimum of molar ellipticity at 

208 nm together with a contribution around 222 nm and a positive ellipticity value above 

200 nm (Fig. 5a). These characteristics of spectral profile show the predominance of 

secondary -helix in the structural conformation of the enzyme. On the other hand, the 

CD spectral profile of the protein at pH 7.4 showed a significant difference regarding to 

pHs 5.4 and 9.4 which suggests a decrease in the contribution of -helix structural 

component (Fig. 5a). To confirm the characteristics of the secondary structures of the 

EcDDlB, spectral deconvolutions of the CD data were performed at 20 °C at pHs 5.4, 7.4 

and 9.4. The deconvolution results determined by the CONTINLL algorithm (Sreerama 

and Woody 2000) revealed a majority percentage of -helix for the enzyme at pH 5.4 and 

9.4, whereas for pH 7.4 an equal contribution of β structures (β-strand/β-sheet) and -



 

 

helix was calculated (Table 1). The percentages of EcDDlB secondary structure elements 

determined from the CD spectra at pH 5.4 and 9.4 corroborate the statistics from 

crystallographic structure, PDB id: 4c5c, obtained at pH 8.0 (Batson et al. 2017) and 

evaluated by VADAR server (Willard et al. 2003), whereas at pH 7.4 there was no match 

between the CD and X-ray crystallography results. 

 

 
Fig. 5 a CD-UV far spectra from 3.5 μM EcDDlB at pH 5.4, 7.4 and 9.4 and at temperatures of 293 

(solid line) and 363 K (dashed line). b Values of molar ellipticity at 222 nm for the thermal denaturation 

process of the enzyme obtained between 293 and 363 K with a temperature increase of 2 ºK. The heating 

rate was 1.0 ºKmin−1. The insert represents the first derivative of the unfolding curve at pH 7.4 and the 

dotted line marks the apparent transition points. 
 

Table 1 Percentages of secondary structures of EcDDlB under different pH and temperature conditions 

determined by the deconvolution of circular dichroism spectra, in comparison with the statistics of the 

crystallographic model PDB id: 4c5c. 

Secondary structure (%) 
 pH 5.4  pH 7.4  pH 9.4  4c5c 

 293 K 363 K  292 K 363 K  293 K 363 K  crystal 

-helix  35 5  25 10  35 11  40 

β-structure  18 45  26 36  18 32  19 

Turn  18 21  20 23  19 25  10 

Random coil  29 29  29 31  28 32  29 

 

In order to characterize the thermal stability of EcDDlB at pH 5.4, 7.4 and 9.4, 

thermal denaturation experiments were carried out using circular dichroism 

measurements in the temperature range from 293 (20 °C) to 363 K (90 °C). The CD 

spectra of the enzyme at 363 K (90 °C) at the investigated pHs showed characteristics of 

an unfolded protein, with a disappearance of the minimum molar ellipticity at 208 and 

222 nm and a decrease in positive ellipticity above 200 nm (Fig. 6a). The spectral 

deconvolution analysis revealed a significant reduction of -helix secondary structure at 

all pHs studied at 90 °C, plus an increase in β structure content (Table 1). 

The thermal denaturation profiles of the enzyme at pHs 5.4, 7.4 and 9.4 through 

CD signal at 222 nm, as a function of temperature are shown in Fig. 5b. The temperature 



 

 

increase from 293 to 363 K for the enzyme at pH 5.4 and 9.4 showed a typically 

cooperative denaturation profile with a single sigmoidal component, whereas an unusual 

profile consisting of two sigmoidal contributions was observed for pH 7.4. The analysis 

of the normalized thermal denaturation curves of the enzyme for pH 5.4 and 9.4 was 

performed based on a theoretical adjustment of Equations 6 and 7 to the experimental 

data (Fig. 6), considering a two-state model (see section 2.3). The thermal denaturation 

temperature (Tm) obtained was 325.6 ± 0.1 (52.68) and 316.0 ± 0.2 K (43 °C) for the 

unfolding at pHs 5.4 and 9.4, while the change in van’t Hoff enthalpy ( U

vHH ) was 484 ± 

19 and 284 ± 15 kJ·mol-1, respectively. 

 

 
Fig. 6 Molar ellipticity normalized at 222 nm as a function of temperature for the thermal denaturation 

of EcDDlB (3.5 μM) at a pH 5.4 and b pH 9.4. The filled circles represent the experimental data and the 

red line denotes the theoretical adjustment of Equations 6 and 7. The black line indicates the thermal 

denaturation temperature (Tm) of the protein. 
 

Due to its anomalous and complex behavior, the thermal denaturation profile of the 

EcDDlB at pH 7.4 was not analyzed by the theoretical adjustment of Equations 6 and 7; 

however, the first derivative analysis revealed two apparent transition points referring to 

a minimum and a maximum at 320.1 ± 0.1 (47.1 °C) and 332.9 ± 0.1 K (59.9 °C), 

respectively. The first apparent transition exhibited characteristics typical of thermal 

denaturation with a decrease in the magnitude of the CD signal and, therefore, must 

correspond to the main transition of the enzyme at pH 7.4. The second apparent transition 

could be understood as a particular and unusual chromophoric contribution, which in part 

would explain the discrepancy in quantification of the secondary structures of the enzyme 

at pH 7.4, determined by the spectral deconvolution regarding the crystalline structure of 

the protein. This behavior is uncommon and is an interesting fact about EcDDlB. 



 

 

To further investigate this phenomena, another chromophoric probe was used, the 

intrinsic fluorescence of EcDDlB tryptophans was also used to monitor the thermal 

denaturation of the enzyme at pH 7.4. The Fig. 7a shows the emission spectra of the 

protein at 3.5 μM, in which a suppression of fluorescence is observed with increasing 

temperature, characterizing the thermal unfolding of the enzyme. The Tm value obtained 

was 322.9 ± 0.5 K (49.9 °C) with a van't Hoff enthalpy variation of 243 ± 30 kJ·mol-1 

(Fig. 7b), which were determined according to Equations 6 and 7 considering a two-state 

model. The melting temperature determined by the fluorescence technique is in 

accordance with the temperature value for the first apparent transition observed for the 

first derivative analysis of the CD data at pH 7.4.  

 

 
Fig. 7. a Fluorescence spectra of the EcDDlB (3.5 µM; pH 7.4) at different temperatures in the range 

from 293 to 363 K, with increments of 2 K. b Normalized thermal denaturation curve of the enzyme at 

the wavelength of 340 nm, which corresponds to the maximum fluorescence emission. The filled circles 

represent the experimental data and the red line denotes the theoretical adjustment of Equations 6 and 7. 

The black line indicates the thermal denaturation temperature (Tm) of the protein. 
 

 

The pH variation of the DDlB buffer solution promoted significant changes in the 

values of the thermodynamic parameters determined for the process of thermal unfolding 

of the enzyme. These changes in Tm and U

vHH  values originate from changes in the 

ionization state of the charged protein residues. The acidification of the buffer solution 

(pH 9.4→5.4) provided an increase in the protein thermal denaturation temperature value 

which corresponds to an incremental change of ~ 10 K, as well as an increase of 200 

kJ·mol-1 in the value of van't Hoff's enthalpy variation. This increase in the Tm value 

characterizes an improvement in the thermal stability of DDlB in buffering conditions of 

pH close to the theoretical isoelectric point of the enzyme (pI 4.69). Literature reports a 

similar trend in Tm & pH ratio for the Trichoderma reesei cellobiohydrolase Cel7A 



 

 

(theoretical pI of 4.32 via ProtParam webserver), which exhibited an improvement in its 

thermal stability with Tm of ~ 30 K for a pH range from 9.0 to 3.5 (Boer and Koivula 

2003). 

 The CD experiments suggest that the DDlB thermal unfolding process is not 

reversible, since, after the enzyme was subjected to a temperature above its melting 

temperature, the enzyme did not exhibit a spectral profile similar to its native form (data 

not shown). This aspect of irreversibility denaturation and the increase in β structures at 

high temperatures (such as 363 K) point to the formation of protein aggregates throughout 

the process. The increase in the percentage of β-sheet/β-strand may be related to the 

formation of β intermolecular structures that contribute to the formation and stabilization 

of aggregates. Such behavior was also observed for human DNA/RNA-binding KIN 

protein (Pattaro Júnior et al. 2019) and for human serum albumin (1980) (WETZEL et al. 

1980). 

 

3.4. Dependence of the scanning rate for the thermal denaturation process of the DDlB 

investigated by DSC     

Fig. 8a shows the DSC thermograms of the thermal denaturation processes of 

EcDDlB at pH 7.4, and at concentration of 0.5 and 1.0 mgmL−1 with heating rates of 0.5 

and 1.0 Kmin−1. All EcDDlB thermograms showed characteristics typical of an 

endothermic transition composed of a single Gaussian curve. This aspect differed from 

the complex profile of the thermal denaturation curve determined by the circular 

dichroism technique, suggesting that the CD data of the enzyme at pH 7.4 is a particular 

and anomalous case, possibly arising from the particular characteristics of the 

investigated chromophore.   

The analysis of the thermograms revealed that the thermal denaturation 

temperature (Tm) of EcDDlB in the concentration of 0.5 mgmL−1 was 326.7 ± 0.1 (53.8) 

and 328.4 ± 0.1 K (55.2 °C) and, in 1.0 mgmL−1 was 326.8 ± 0.1 (53.7) and 328.4 ± 0.1 

K (55.2 °C) for heating rates of 0.5 and 1.0 Kmin−1, respectively. The variation in 

calorimetric enthalpy ( U

calH ) of the thermal denaturation of the enzyme at the 

concentration of 0.5 mgmL−1 was 368 ± 18 and 465 ± 23 kJ·mol−1 and, in 1.0 mgmL−1 

was 418 ± 20 and 456 ± 22 kJ·mol−1 for scan rates of 0.5 and 1.0 Kmin−1, respectively. 

Considering a two-state model for the unfolding of DDlB (Fig. 8b), the calculated van't 



 

 

Hoff's enthalpy variations ( U

vHH ) are 534 ± 16 e 454 ± 13 kJ·mol-1 for 0.5 mgmL−1 of 

enzyme and 538 ± 16 and 471 ± 14 kJ·mol-1 for 1.0 mgmL−1 in the experiments with 

heating rate 0.5 and 1.0 Kmin−1, respectively. The reversibility experiments (cooling 

scan) showed that the thermal transition of EcDDlB at concentrations of 0.5 and 1.0 

mgmL−1 were irreversible. 

 

 
Fig. 8 a DSC thermograms of EcDDlB in concentrations of 0.5 and 1.0 mgmL−1 for experiments 

performed with a heating rate of 0.5 and 1.0 Kmin−1. The dotted line represents the melting temperature 

of the thermograms collected at 0.5 Kmin−1 and the dotted line represents the experiments collected at 

1.0 Kmin−1. b Van't Hoff plots of DSC data for thermal denaturation of the enzyme. The filled circles 

represent the experimental data and the lines denote the adjustment of Equation 7. 
 

From the thermodynamic parameters ( mT , U

calH , U

vHH  and U U

cal vHH H  ) 

determined by the DSC technique, it was possible to observe that the different scanning 

rates of the DSC promoted changes in the DDlB thermal unfolding process. The Tm value 

showed an average difference of 1.65 K between DSC thermograms collected at 0.5 and 

1.0 Kmin−1, whereas the U

calH  and U

vHH  revealed an average difference of 68 and 74 

kJ·mol-1, respectively. The ratio U U

cal vHH H   for 0.5 mgmL−1 of enzyme were 0.69 and 

1.02, and for 1.0 mgmL−1 were 0.78 and 0.97 in measurements with a heating rate of 0.5 

and 1.0 Kmin−1, respectively. It is worth mentioning that the energies U

calH  and U

vHH  

are independent and model-dependent thermodynamic parameters, respectively, and 

therefore the ratio U U

cal vHH H   denotes the number of moles of the denaturing 

cooperative unit by the number of moles of the monomer. The expected value of the ratio 

U U

cal vHH H   for a transition of two states of a monomer would be equal to 1.0, whereas 

for a dimer this expected value would be 0.5 (Privalov and Potekhin 1986). The biological 

unit of the crystalized protein DDlB (PDB id: 4c5c) revealed a homodimeric arrangement 

with geometric radius of ~3.8 nm, this result corroborates the DLS measurements that 



 

 

determined a hydrodynamic radius of 4.2 ± 0.1 nm for the protein in solution (Fig. 9), as 

well as the estimated molecular weight of the protein in solution (Fig. 2b). Therefore, it 

is possible to observe that the ratio U U

cal vHH H   obtained for the thermal unfolding of 

DDlB 0.5 Kmin−1 is at least 1.5 times greater than the expected value (equal to 0.5) and 

at least 2 times greater for the process at 1.0 Kmin−1. The dependence among 

U U

cal vHH H   and the scan rate (0.5 or 1.0 Kmin−1) of DSC experiment is characteristic 

of the kinetic phenomenon of protein aggregation that probably occurs throughout the 

process of thermal denaturation and intensifies at high temperatures. This result is in 

agreement with the dependence between Tm and DSC scan rate, since the formation of 

aggregates is also dependent on the heating rate developed in the thermal denaturation 

experiments and, therefore, corroborates the irreversibility characteristic of the process 

(Cooper et al. 2000). 

 

 
Fig. 9. DLS measurement of 2.0 mgmL−1 of EcDDlB at pH 7.4 and at 20 ºC  temperature. The insert 

shows the hydrodynamic radius (nm) distribution profile of the protein in solution. The main plot shows 

the raw data from the DLS experiment that corresponds to the sigmoidal curve of the correlation 

coefficient as a function of time (μs). 
 

4. DISCUSSION 

Regarding the biophysical parameters obtained from CD analysis of DDlB, the 

most uncommon behavior was the unusual transition formed by two sigmoidal 

contributions at pH 7.4 (Figure 5b). To interpret this result, we must to consider that CD 

spectra assesses the folding of the secondary structure of the protein. Thus, a probable 

hypothesis to justify this result would be the previous presence of ATP or ADP strongly 

bound to DDlB during its expression by E. coli, where this ligand would not have been 



 

 

totally removed during the enzyme purification, gel filtration, buffer exchange and 

concentration procedures. Thus, although the experimental conditions in the CD analysis 

were carried out without adding ATP/ADP, a residual amount of this cofactor may still 

be previously bonded to DDlB.  

We hypothesize that along the temperature rising, close to 320.1 K (47.1 °C), the 

ATP/ADP would start to unbound from protein and promote a rearrangement in its 

secondary structure. After the cofactor release, the secondary structure would back again 

to an arrangement similar to that observed at the time when the ATP/ADP began to 

unbound and, from then on, the CD started to register only the signal variation regarding 

denaturation of the protein structure. Since the fluorescence analysis does not depend only 

on the secondary structure folding, but mainly on the exposure of the side chains of the 

chromophoric amino acid residues to the solvent during the denaturation process, this 

two-step transition observed in CD was not observed in the fluorescence experiment (Fig. 

7). A fact that support this hypothesis is that this anomalous behavior could only be 

observed at pH 7.4, because in this pH the enzyme EcDDlB would be in its native 

structure, being soaked in a pH value included in the range of cytosolic pH of Escherichia 

coli around 7.2−7.8 (Wilks and Slonczewski 2007). That is, only at pH 7.4, among those 

tested, the DDlB protein would have the correct structural conformation for binding to 

the ATP/ADP cofactor. 

The physiological implication of these results is that in temperature of feverish 

situation (between 37 to 41 ºC), the EcDDlB is still active in the bacterium. 

 

6. CONCLUSION 

The biophysical analyzes carried out in this study provided for the first time, 

information about the parameters Tm, U

calH , U

vHH  and the characterization of the 

secondary structure elements in solution for three different pHs for the enzyme EcDDlB. 

An increase in the stability of protein was observed with the pH lowering with greater 

stability at pH 5.4. At pH 9.4 and 5.4 a greater structural composition of α-helices 

regarding to β-sheets was found, differently from that observed at pH 7.4 (cytoplasmic 

pH) where an equal composition was found. Such result will be useful for energy 

minimization of structural models aiming virtual screening simulations, seeking 

secondary structure compositions close to those found at pH 7.4, where DDlB is in its 



 

 

native conformation. The results presented here could provide useful information in the 

search for drugs that inhibit peptidoglycan synthesis. 
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