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Endoglucanases randomly hydrolyse the cellulose chains by acting upon internal β-1,4-D-glycosidic bonds and are 
used extensively in industrial applications. In this study, bacterial endoglucanase gene yhfE was obtained by PCR, 
using primers based on genomic sequences of Bacillus subtilis strains. 1041 bp DNA fragment of yhfE was cloned into 
Escherichia coli DH5α through the use of pTolT expression plasmid. PCR, restriction enzyme analysis and DNA 
sequencing were performed in order to confirm the cloning. E. coli BL21-AI cells expressed the yhfE after induction at 
0.04% of arabinose concentration for 4 h. The expected 38.7 kDa size yhfE protein after digestion with thrombin of the 
His-tagged fusion protein (yhfE-TolAIII) was visualized by SDS-PAGE. The yhfE-TolAIII production yield was 
approximately 82 mg/L. The recombinant yhfE was characterized by MALDI-TOF mass spectrometry and CD 
analysis. 
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INTRODUCTION 

Industrial enzymes are efficiently employed as 
biocatalysts and offer several distinct advantages 
over chemical processes during commercial-scale 
applications. The advantages that make these 
enzymes favourable in manufacturing products 
include mild reaction conditions, reduced 
operating costs, lower toxicity and waste 
generation.1-4 

Cellulase is one of the most demanded 
commercial enzymes in the industrial enzyme 
market. Cellulase catalyzes cellulose, which is the 
most abundant polysaccharide on the earth and is 
the primary structural substance of plants. 
Cellulose is a fibrous and insoluble linear polymer 
that is made by individual glucose molecules 
linked by β-1,4 glycosidic linkages.5 The 
hydrolysis of cellulose is mediated by a multi-
enzyme system that is mainly composed of 
endoglucanase, exoglucanase and β-glucosidase.6- 

 

Endoglucanase (EC 3.2.1.4; endoβ-1,4-D-
glucanase) hydrolyzes the β-1,4 linkages of the 
internal region of cellulose chains in a random 
manner to create oligosaccharides of different 
sizes with new chain ends. Exoglucanase, 
including cellobiohydrolases (CBHs) (EC 
3.2.1.91), acts on reducing or non-reducing ends 
of cellulose chains, in order to generate glucose or 
cellobiose. Lastly, β-glucosidase (BG) (EC 
3.2.1.21) cleaves the soluble cellodextrin and 
cellobiose to glucose monomers. All these 
enzymes act synergistically and target the specific 
cleavage of β-1,4-glycosidic bonds in order to 
release glucose.7-10 

Some of the primary applications of cellulases 
are in the following industries: textile, animal 
feed, baking, food, beverages, pulp and paper, 
pharmaceutical and agriculture, as well as for 
research purposes. In addition to their utilization 
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in the valorisation of various wastes and in the 
improvement of soil quality, the commercial 
usage of cellulases has increased considerably in 
the production of environmentally friendly 
detergents, washing and cleaning agents, fruit 
juice, wine making, olive oil extraction, and 
bioethanol.11 

In the natural environment, cellulase is 
synthesized by fungi, bacteria and actinomycetes. 
These microorganisms naturally offer noticeable 
production efficiency, cellulolytic abilities, 
enzyme composition and secretion pathway.12 
Generally, fungi are preferred to produce these 
enzymes, as they are capable of secreting plentiful 
amounts of cellulases. However, bacterial 
cellulases have drawn more attention, due to their 
high growth speed, short generation time, 
utilizing cheap carbon and nitrogen sources, and 
their resistance to environmental stress. The high-
level expression, easy manipulation and 
functional diversity of these complex bacterial 
cellulases make them more convenient for 
industrial production.13 

Among bacteria, the genus Bacillus is known 
for the ability to produce and secrete extracellular 
enzymes that have industrial importance.14 
Bacillus is one of the most important gram-
positive bacteria and produces hydrolytic 
enzymes, besides commercial enzymes. It has 
been studied as a model organism to understand 
the secretion mechanism of extracellular 
enzymes. Many Bacillus species, including B. 

subtilis, B. cereus, B. polymyxa and B. 

licheniformis, are cellulase producers.15 
Modern biotechnology with protein 

engineering techniques, especially recombinant 
DNA technology, offers opportunities for 
production of industrial enzymes. The 
developments in enzyme technology make it 
possible to produce enzymes with improved 

qualified activity or suitability for different 
process conditions. Especially for industrial-scale 
production of bacterial enzymes, Escherichia coli 
is one of the most preferred and well-
characterized hosts.16 

Besides the Bacillus species, molecular 
cloning of endoglucanase genes has been studied 
from different organisms, such as Opuntia 

vulgaris,17 Streptococcus bovis,18
 Phaffia 

rhodozyma
19 and Trichoderma harzianum.20 In 

this study, bacterial cellulase gene yhfE 
endoglucanase from Bacillus subtilis subsp. 

subtilis str. 168 was isolated from bacterial strains 
that are stored in our laboratory from soil samples 
from a beech forest. The gene was cloned into E. 

coli DH5α, using inducible high copy pTolT 
expression vector, and was expressed in E. coli 
BL21-AI host cells. The pTolT is an expression 
vector developed to overcome problems present 
in many E. coli expression systems, such as 
formation of undesired inclusion bodies. It allows 
heterologous proteins to be produced in fusion 
with the E. coli periplasmic region protein 
TolAIII.21 The purified recombinant 
endoglucanase was characterized by SDS-PAGE 
analysis, CD spectroscopy and MALDI-TOF 
mass spectrometry. 

 
EXPERIMENTAL 
Bacterial strains, plasmids and culture conditions 

Bacillus strains, isolated from beech forest soil 
samples in our laboratory (Table 1) and then identified 
by 16S rRNA analysis, were screened for cellulase 
production. These strains were cultured in PCA (Plate 
Count Agar) growth medium containing 0.5% peptone, 
0.25% yeast extract, 1.0% glucose and 2.0% agar (pH 
4.8). E. coli strains were grown on LB medium with 
100 µg/mL ampicillin. All chemicals, media and 
restriction enzymes were purchased from Sigma 
(USA), Merck (Germany) and Takara (China), 
respectively.  

Table 1 
Strains and plasmids used in this study 

 
 Description Source 

Strains   
E. coli DH5α General cloning host strain InvitrogenTM 
E. coli BL21-AI Expression host strain InvitrogenTM 
Bacillus subtilis Wild-type, can degrade CMC Isolated in our laboratory 
Rahnella aquatilis Wild-type, can degrade CMC Isolated in our laboratory 
Bacillus ginsengihumi Wild-type, can degrade CMC Isolated in our laboratory 
Enterococcus faecalis Wild-type, can degrade CMC Isolated in our laboratory 
Plasmids   
pTolT Expression vector, Ampr Laboratory stock 
pTolT-yhfE yhfE gene into pTolT Constructed in this study 

*CMC (carboxymethyl cellulose) 
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Screening cellulase activity of strains  
The cellulase activity of the strains was determined 

on a 1.0% carboxymethyl cellulose (CMC) (Merck, 
Germany) agar plate, containing 0.5% peptone 
(Merck), 0.25% yeast extract (Merck) and 2.0% agar 
(BD, United States) (pH 4.8). The glycerol stock of 
these cellulolytic bacterial cultures at -80 °C were 
incubated at 37 °C and 250 rpm for 30 h in growth 
medium (0.25% yeast extract, 0.5% peptone and 0.1% 
glucose, pH 4.8). An equal volume of each culture was 
inoculated in the middle of the CMC agar plates and 
incubated under identical conditions. The incubated 
plates were developed with 1.0% Congo red dye 
(Amresco, United States) (0.5-1 h), followed by 
destaining with 1 M NaCl solution for 15-20 min.22 
The cellulolytic potential of the strains was compared 
according to the visible clearing zones.  

 
Investigation of the presence of cellulase genes 

The sequences of four B. subtilis cellulase genes 
BSn5-00410 endo-1,4-beta-glucanase (Gene ID: 
10180729), eglS endo-1,4-beta-glucanase (Gene ID: 
9722851), ysdC endo-1,4-beta-glucanase (Gene ID: 
936750) and yhfE endoglucanase (Gene ID: 936306) 
were obtained from the NCBI gene database for further 
cloning studies. Forward and reverse primers for 
BSn5-00410 endo-1,4-beta-glucanase 
(5’tttttggatccatgaaacggtcaatct3’; 
5’ttttacgcgttcaatttggttctgttcccc3’), eglS endo-1,4-beta-
glucanase (5’tttttggatccatgaaacgttcagtc3’; 
5’ttttacgcgttcatttgggttctgttcccc3’), ysdC endo-1,4-beta-
glucanase (5’tttttggatccatggcaaaattagat3’; 
5’ttttacgcgtttattggtacgtaatttc3’) and yhfE 
endoglucanase (5’tttttggatccatgacgtccgtacgt3’; 
5’ttttacgcgtttataccattggtgactg3’) genes were designed 
and synthesized to detect the presence of cellulase 
genes from the genomic DNA of positive cellulolytic 
isolates. Restriction enzyme sites (underlined above), 
BamHI (5' forward primer) and MluI (3' reverse 
primer) were incorporated into pairs of primers 
compatible with the expression vector pTolT for the 
cloning. Genomic DNA of the bacterial strains that 
showed the highest cellulase activity was used as DNA 
template for PCR, to investigate the presence of 
cellulase genes. PCR products were analyzed by 1.0% 
agarose gel electrophoresis under UV light. 

 
Cloning of yhfE endoglucanase gene in pTolT 

B. subtilis yhfE endoglucanase gene was amplified 
by the PCR method with Taq DNA polymerase 
(Biobasic, Canada) and purified (Qiagen QIAquick 
PCR Purification Kit, France). The purified PCR 
product of yhfE and plasmid DNA of the expression 
vector pTolT were both digested with BamHI 
(Promega, Madison, WI) and MluI (Promega, 
Madison, WI), and ligated with T4 DNA ligase 
(Promega, Madison, WI) to form recombinant yhfE-
pTolT (Fig. 1). The recombinant plasmid DNA was 
transformed into E. coli DH5α competent cells by the 

heat shock method and incubated on LB agar plates 
containing 100 mg/mL of ampicillin at 37 °C 
overnight. Plasmid DNA of the colonies on the agar 
plate was isolated using a miniprep kit (Promega 
Wizard® Plus SV, Madison, WI). Positive clones were 
confirmed by restriction enzyme analysis, PCR and 
sequence analysis of plasmid DNA. 

 
Expression of yhfE in E. coli BL21-AI 

E. coli BL21-AI competent cells were transformed 
with recombinant yhfE-pTolT plasmid DNA and 
grown overnight in an LB agar plate, containing 100 
µg/mL ampicillin. The single transformed colony from 
the plate was inoculated in 6 mL of LB medium and 
incubated overnight at 37 °C in a shaking incubator at 
200 rpm. The overnight starter culture was used to 
inoculate 600 mL of the above-mentioned LB in the 
shake flask at a ratio of 1:100, and was cultured under 
the same conditions until reaching OD600 of 0.6-0.7. 
Then, the culture was induced by addition of L-
arabinose at 0.2% final concentration. After 4 h of 
induction, the culture was centrifuged at 14000 g for 5 
minutes. The supernatant was discarded and the pellet 
was stored at -20 °C until required for use in the 
purification steps.  

 
Protein purification  

The E. coli cell pellet was resuspended in lysis 
buffer, 100 mM Tris buffer (pH 7.5) by adding 100 
mM phenylmethanesulfonylfluoride (PMSF), 100 mM 
benzamidine, RNAse (20 µg/mL), DNAse (20 µg/mL) 
and lysozyme. The mixture was lysed, subjected to 
high pressure in cell disruption equipment (Constant 
Systems, UK) in an ice/water bath. This was followed 
by high-speed centrifugation at 100,000 g for 1 h. The 
Ni2+-nitrilotriacetic acid (Ni-NTA) agarose column 
was equilibrated with 100 mM Tris/HCl (pH 7.5) for 
purification of the soluble yhfE carrying N-terminal 
6×histidine tag. The column was loaded with 
supernatant and washed with 100 mM Tris/HCl (pH 
7.5) and 100 mM Tris/HCl (pH 7.5) containing 30 mM 
imidazole. The recombinant yhfE was eluted with 100 
mM Tris/HCl (pH 7.5) containing 300 mM imidazole.  

The fusion TolAIII-yhfE was dialyzed against 50 
mM phosphate buffer (pH 7.5). TolAIII fusion protein 
in the pTolT expression system was removed from the 
TolAIII-yhfE fusion by using a thrombin protease 
cleavage site with Thrombin CleanCleave™ Kit 
(Aldrich, St Louis, MO, USA). Affinity 
chromatography was performed again to purify the 
yhfE from the His-tagged TolAIII after cleavage. The 
flow through sample, including pure recombinant 
yhfE, was dialyzed against 50 mM phosphate buffer 
(pH 7.5).  
 

Characterization of the purified protein  
The purified proteins were visualized using 12% 

acrylamide/bis-acrylamide gels before and after the 
cleavage with thrombin.23 The gels were stained with 
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Coomassie Brilliant G250. The secondary structure of 
the pure yhfE was checked using circular dichroism 
(CD) spectroscopy. Far-UV circular dichroism (CD) 
spectra of yhfE (50 mM phosphate buffer, pH 7.5 at 25 
°C) were measured in the range of 195-250 nm in a J-
810 spectropolarimeter (Jasco International Co. Ltd., 
Tokyo, Japan), using a 0.2 cm quartz cuvette. The 

thermal stability was investigated at different 
temperatures ranging from 25 to 100 °C. Thermal 
unfolding was monitored by CD intensity changes at 
220 nm. Identification of yhfE endoglucanase was 
performed by Matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF).  

 
 

 
Figure 1: Multiple cloning site of pTolT expression plasmid and a schematic map of TolAIII-yhfE fusion protein  

(thrombin recognition site (LVPRGS) and cleavage site marked) 
 
 

RESULTS AND DISCUSSION 

Screening of cellulose degrading bacteria  
In this study, four bacterial isolates (Bacillus 

subtilis, Rahnella aquatilis, Bacillus ginsengihumi 
and Enterococcus faecalis) that were obtained 
from beech forest soil and identified before in our 
laboratory were analyzed in terms of cellulose 
activity.24 These specific four isolates were 
selected for activity assays as they are known to 
be able to degrade xylan. Strains were grown on 
CMC agar for selecting the cellulase producer 
utilizing CMC as the carbon source. After 
overnight incubation of the strains, the clear zone 
around the area of growth of each strain appeared 
with Congo red dyeing. The size of the 
decolourization zone on the plates shows the 
degradation of CMC and the degree of cellulase 
activity. Three strains (except R. aquatilis) 
showed a degradation zone. B. subtilis strain (a) 
that has the largest size of the clearing zone was 
considered to have the highest cellulase activity, 
among the strains analyzed (Fig. 2).  

eglS Endo-1,4-beta-glucanase, BSn5 endo-1,4-
beta-glucanase, yhfE endoglucanase and ysdC 
endo-1,4-beta-glucanase are cellulase enzymes 
that are defined as B. subtilis cellulase gene. PCR 

was performed for amplifying the genes of these 
cellulase enzymes. As shown in Figure 3, the 
cellulase gene of yhfE endoglucanase (1041 bp) 
has been highly amplified (Lane 4). The cloning 
and expression experiments were performed with 
the yhfE gene.  

 
Cloning of the yhfE endoglucanase gene  

The pTolT expression vector system used in 
this study is popular due to its relative simplicity 
in expressing proteins. As regards E. coli, a vast 
amount of knowledge about it exists due to the 
low costs associated with its production. The 
pTolT expression vector developed to overcome 
some problems, such as inclusion bodies or toxic 
effects, allows the production of heterologous 
proteins as a fusion partner of the E. coli 
periplasmic region protein TolAIII. The TolAIII 
domain, therefore, not only drives high expression 
of the fusion polypeptide, but also provides an 
affinity tag for purification.  

Several reports are available for recombinant 
expression studies in bacterial systems. Vadala et 

al.25 reported cloning and expression of the 
cellulase gene from B. subtilis (natto strain) in 
BL21 (DE3) strain of E. coli. The cellulase gene 
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was inserted within BamHI and HindIII sites of 
the T7 promoter-based vector (pET21a). In 
another study, randomly digested fragments of 
Clostridium thermocellum were cloned into 
pET28a(+) vector and expressed in E. coli 
BL21(DE3) pLysS.26 In this study, the Bacillus 

sp. isolate was used as a source organism for the 
isolation of the cellulase gene. The amplified B. 

subtilis yhfE gene and pTolT plasmid DNA were 
digested with BamHI and MluI restriction 
enzymes. The ligation was performed using T4 

DNA ligase and the recombinant plasmid named 
pTolT-yhfE was transformed into competent E. 

coli DH5α cells. Plasmid DNA of the colonies on 
the selective agar plate was purified to verify the 
cloning by colony PCR and restriction fragment 
analysis. Colonies that have the 1041 bp fragment 
as a result of colony PCR were digested with 
BamHI and MluI separately and together. The 
amino acid sequence of positive clones was 
aligned with the reference amino acid sequences 
of the wild type (Fig. 4). 

 

 

 

 

 
 

Figure 2: Plate screening of cellulase activity of 
different bacterial strains (A) Bacillus subtilis, (B) 
Rahnella aquatilis, (C) Bacillus ginsengihumi, and 
(D) Enterococcus sp. 

Figure 3: PCR of cellulase genes in B. subtilis genomic 
DNA; 1. λ / Hind III-EcoR I DNA Marker, 2. eglS endo-
1,4-beta-glucanase, 3. BSn5 endo-1,4-beta-glucanase, 4. 
yhfE endoglucanase, 5. ysdC endo-1,4-beta-glucanase 

 

 
 

 
Figure 4: Alignment of amino acid sequences of yhfE endoglucanase and related cellulase of Bacillus subtilis (Gene 

ID: 936306); thrombin recognition site (LVPRGS) is underlined 
 



HÜLYA KUDUĞ CEYLAN et al. 

 624 

Analysis of the purified protein  

SDS-PAGE analysis followed by staining with 
Coomassie Brilliant G250 before cleavage with 
thrombin shows the TolAIII-yhfE fusion protein, 
of expected molecular weight (Fig. 5a). The 
expected proteolysis products of 38.7 and 11.5 
kDa (TolAIII and yhfE, respectively) were 
observed after cleavage of the fusion protein (Fig. 
5b). In this study, the open reading frame of the 
yhfE-pTolT plasmid DNA consists of 6×His Tag, 
TolAIII E. coli periplasmic protein, thrombin 
enzyme recognition site (LVPRGS), protein of 
yhfE endoglucanase and termination codon, 
respectively. Further sequence analysis of the 
yhfE-pTolT construct indicated that the cloned 
sequence started with an ATG start codon and 
terminated with a TAG stop codon. The gene 
consists of 1041 nucleotides encoding a protein of 
347 amino acids with a predicted molecular 
weight of 38.7 kDa. The amino acid sequences 
had 100% identity with the reported cellulase 

(Gene ID: 936306) of B. subtilis further 
confirming the identity of the cloned gene. The 
analysis of the E. coli BL21-AI cell lysate 
containing yhfE-pTolT plasmid DNA by SDS-
PAGE showed that the yhfE was expressed in a 
soluble form. No inclusion bodies were revealed 
by visual inspection of pelleted remains of the 
bacteria after the lysozyme treatment, sonication 
and centrifugation, whereas the pTol system 
might also be possible for some proteins 
expressed as inclusion bodies. The molecular 
weight and molar absorption coefficient of the 
TolAIII-yhfE fusion protein were computed as 
50.2 kDa and 39.970 M-1cm-1, respectively, by 
using ExPASy ProtParam Tool. The yield of the 
fusion protein was, on average, approximately 82 
mg/L of bacterial broth, which is comparable, or 
even better, than other published and existing 
systems for production of fusion proteins in E. 

coli. 

 

 
Figure 5: SDS–PAGE analysis of recombinantly expressed TolIIIA-yhfE fusion protein and its thrombin cleavage; (M. 
Precision Plus Protein Unstained Standards, #161-0363) a) Purification of recombinant protein, 1. E. coli BL21-AI cell 
lysate containing yhfE-pTolT plasmid DNA, 2-5. Elution fraction of TolIIIA-yhfE fusion protein obtained from the 

affinity column; b) Cleavage of TolIIIA-yhfE fusion protein, 1. TolAIII-yhfE fusion protein, 2. Cleavage of TolAIII-
yhfE fusion protein with thrombin protease 

 
It has been shown that the levels of expression 

of various fusion proteins are around 20% of total 
bacterial proteins and the pTolT system is able to 
purify 50-90 mg of fusions per liter of bacterial 
broth.27 To obtain purified non-TolAIII yhfE, it 
was removed from the fusion protein by 
endopeptidase cleavage (thrombin) and purified. 
SDS-PAGE analysis, followed by staining with 
Coomassie Brilliant G250 before cleavage with 
thrombin, shows that the TolAIII-yhfE fusion 
protein had the expected molecular weight (Fig. 
5a). The expected proteolysis products of 38.7 
and 11.5 kDa (TolAIII and yhfE, respectively) 

were observed after cleavage of the fusion protein 
(Fig. 5b). 

 
Characterization of yhfE endoglucanase 

Circular dichroism (CD) is one of the most 
frequently used methods for analysing the 
secondary structure of proteins in solution. In 
order to receive a signal in the spectropolarimeter, 
at least one chiral center must be present in the 
molecule.28 In proteins, peptide bonds are often 
used as chromophores that generate the CD 
signal. The far UV spectrum of the pure yhfE was 
obtained using circular dichroism (CD) 
spectroscopy. As can be seen from the Far UV 
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CD signal, the yhfE protein produced and purified 
in E. coli gained its three-dimensional 
conformation. The yhfE has an alpha-helical and 
antiparallel β-sheet structure, compared to 
reference spectra28 and the secondary structure of 
B. subtilis endoglucanases described in the 
literature.29 Melting temperatures were 
determined as described previously30 by 
examining the peak minima of the first order 
derivative plots. These are equivalent to the 
midpoint transition (Tm) of the curve where 50% 
of the protein is unfolded. Measurement for the 
thermal unfolding of yhfE was performed at 220 
nm (Fig. 6). Thermal unfolding temperature has 
also been determined by using a Jasco 810 
spectropolarimeter for the yhfE protein, which 
was found to have acquired its secondary 
structure according to Far UV CD spectra results. 

The normalized thermal unfolding results are 
presented in Figure 6b, illustrating the decrease in 
the amount of folded fraction due to the increase 
in temperature. The melting temperature, which is 
the point when the secondary structure is lost and 
denaturation begins, is almost 75 °C. This result 
indicates that yhfE is a potential candidate as a 
thermostable cellulase for industrial applications. 

The yhfE band was excised from the gel and 
was further confirmed by MALDI-TOF mass 
spectrometry. This method is helpful for 
identification of proteins by peptide mass 
fingerprinting (PMF). The results in Figure 7 
indicate that the second match with Score 110 
(Accession number: gil1607808; Mass: 38883) is 
described as endoglucanase (Bacillus subtilis 

subsp. subtilis str. 168).  

 

 
Figure 6: Characterization of yhfE biophysically; a) Far-UV CD and b) Thermal unfolding spectrum of yhfE 

 
 
 
 

 
 
 

Figure 7: MALDI-TOF analysis of pure yhfE endoglucanase 
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As a result, the MALDI-TOF MS–MS 
fingerprinting and sequencing results confirmed 
that the targeted protein sample was the 
endoglucanase of Bacillus subtilis subsp. subtilis 

str. 168 (Accession number: gil1607808) and 
matched the theoretical molecular weight of 
38.883 kDa. This means the target protein aimed 
in this study was successfully produced 
recombinantly. 

 
CONCLUSION 

In the current work, the pTolT expression 
system was used for the first time for the 
expression of a recombinant cellulase enzyme in a 
soluble fraction. The yield of 82 mg fusion 
protein per liter of bacterial culture was obtained. 
The cloning and expression of Bacillus cellulase 
enzymes has been performed in a wide range of 
expression levels.31-36 We have used E. coli strains 
(DH5α and BL21-AI) as cloning and expression 
organism. The yhfE endoglucanase gene 
consisting of 1041 nucleotides encoding protein 
was cloned in the pTolT expression vector. 
MALDI-TOF mass spectrometry analysis 
revealed that the target protein obtained in this 
study shows the highest amino acids matches with 
Bacillus subtilis subsp. subtilis str. 168 

endoglucanase, as expected. The E. coli BL21-AI 
was used as expression host, which is ideal for 
overexpression by L-arabinose induction. SDS-
PAGE results supported the yhfE expressed in 
high yield and purity. The expression and 
purification procedures reported in this study have 
provided a simple and efficient method to obtain 
pure yhfE protein. Further research will be 
conducted on its structure and function.  
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