
ORIGINAL PAPER

Interaction of dihydrofolate reductase and aminoglycoside
adenyltransferase enzyme from Klebsiella pneumoniae
multidrug resistant strain DF12SA with clindamycin:
a molecular modelling and docking study

Shailesh K. Shahi & Vinay K. Singh & Ashok Kumar &

Sanjeev K. Gupta & Surya K. Singh

Received: 3 July 2012 /Accepted: 7 October 2012 /Published online: 25 October 2012
# Springer-Verlag Berlin Heidelberg 2012

Abstract Klebsiella pneumoniae strain DF12SA (HQ114261)
was isolated from diabetic foot wounds. The strain showed
resistance against ampicillin, kanamycin, gentamicin, strepto-
mycin, spectinomycin, trimethoprim, tetracycline, meropenem,
amikacin, piperacillin/tazobactam, augmentin, co-trimoxazole,
carbapenems, penicillins and cefoperazone, and was sensitive
to clindamycin. Molecular characterization of the multidrug-
resistance phenotype revealed the presence of a class 1 integron
containing two genes, a dihydrofolate reductase (DHFR)
(PF00186), which confers resistance to trimethoprim; and ami-
noglycoside adenyltransferase (AadA) (PF01909), which con-
fers resistance to streptomycin and spectinomycin. A class 1
integron in K. pneumoniae containing these two genes was
present in eight (18.18 %) out of 44 different diabetic foot ulcer
(DFU) patients. Hence, there is a need to develop therapeutics
that inhibit growth of multidrug resistant K. pneumoniae in
DFU patients and still achieve amputation control. Am attempt

was made to create a 3D model and find a suitable inhibitor
using an in silico study. Rational drug design/testing requires
crystal structures for DHFR andAadA. However, the structures
of DHFR and AadA from K. pneumoniae are not available.
Modelling was performed using Swiss Model Server and Dis-
covery Studio 3.1. The PDBSum server was used to check
stereo chemical properties using Ramachandran plot analysis
of modeled structures. Clindamycin was found to be suitable
inhibitor of DHFR and AadA. A DockingServer based on
Autodock & Mopac was used for docking calculations. The
amino acid residues Ser32, Ile46, Glu53, Gln54, Phe57, Thr72,
Met76, Val78, Leu79, Ser122, Tyr128, Ile151 in case of DHFR and
Phe34, Asp60, Arg63, Gln64, Leu68, Glu87, Thr89, Val90 for
AadAwere found to be responsible for positioning clindamycin
into the active site. The study identifies amino acid residues
crucial to ‘DHFR and AadA -drug’ and ‘DHFR and AadA
-inhibitor’ interactions that might be useful in the ongoing
search for a versatile DHFR and AadA -inhibitor.
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Introduction

Diabetic foot ulcer (DFU) and infections are a major medical,
social, economic problem and a leading cause of morbidity
and mortality, especially in developing countries like India
[1]. Sporadic qualitative research suggests that diabetic foot
ulceration has a profound social impact, with patients report-
ing stigma, social isolation, loss of social role, and unemploy-
ment [2]. DFU is highly susceptible to infection, which can
spread rapidly, leading to overwhelming tissue destruction
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and subsequent amputation [3]. Results from studies of mi-
crobiological cultures fromDFUs have indicated that the most
frequently identified isolates are aerobes including Staphylo-
coccus aureus, Staphylococcus epidermidis, coagulase-
negative Staphylococcus spp., Enterococcus spp., Escherichia
coli, Pseudomonas aeruginosa, Proteus mirabilis and K.
pneumoniae (Klebsiella pneumoniae) [4], with K. pneumo-
niae being the most common aetiological agent in diabetic
foot infection [5]. K. pneumoniae is a Gram-negative, non-
motile, rod-shaped bacterium also known as an opportunistic
pathogen found in the environment and in mammalian muco-
sal surfaces. Generally, K. pneumoniae infections tend to
occur in patients with a weakened immune system and people
with underlying diseases [6].

The incidence of multi drug resistance (MDR) K. pneu-
moniae infection in DFU has become a serious problem
worldwide. Umadevi et al. [5] isolated 20.5 %K. pneumo-
niae from DFU patients in south India. Most of the isolated
K. pneumoniae strains were susceptible to amikacin,
piperacillin-tazobactam and imipenem, but resistant to tet-
racycline, ciprofloxacin, trimethoprim-sulfamethoxazole,
gentamicin, netilmicin, cefuroxime, ceftriaxone, ceftazi-
dime, and imipenem except amoxicillin-clavulanic acid, to
which they showed variable susceptibility [5]. In the last
two decades, MDR phenotypes have spread widely among
Gram-negative bacteria. The spread of MDR among Gram-
negative bacteria is due mainly to the presence of class 1
integrons [7]. Mobile genetic elements such as plasmids,
transposons and integrons are able to facilitate antibiotic
resistance by spread of genetic material between species or
genera of bacteria. Integrons are classified according to
integrase sequence [8]. To date, five classes of integrons
(classes 1, 2, 3 4, 5) have been reported to be associated with
the resistance gene cassettes [9]. Class 1 integrons are found
most frequently among multi-resistant Klebsiella sp. [10].
Class 1 integrons are associated with a variety of resistance
gene cassettes, but most integrons contain dihydrofolate
reductase (DHFR), which confers resistance to trimetho-
prim; and an aminoglycoside adenyltransferase gene, which
confers resistance to streptomycin and spectinomycin [8].
DHFR is a central enzyme in the folate biosynthetic path-
way of both prokaryotic and eukaryotic cells, and is also
encoded by several viral genomes. DHFR plays a key role in
maintaining intracellular folate homeostasis, cell growth and
proliferation, and is an important target for cytostatic drugs [11].
As a result of its obvious clinical importance, it has been studied
extensively using a wide range of experimental and theoretical
methods [12]. As a drug target against bacterial, fungal and
protozoan infections and for treatment of rheumatological dis-
eases and cancer, DHFR is of fundamental pharmaceutical
importance [13]. Bacterial resistance to aminoglycosides pro-
tects itself by aminoglycoside-modifying enzymes such as ami-
noglycoside adenyltransferase (AadA), aminoglycoside

acetyltransferases (AACs) and aminoglycoside phosphotrans-
ferases (APHs), which inactivate them, decreased cell mem-
brane permeability towards aminoglycoside uptake into the
cell, structural alteration in the ribosomal target of the drug
and/or extrusion of the aminoglycosides from the cell by efflux
pumps. A number of bacteria also harbor a unique bifunctional
resistance enzyme that catalyzes both the AAC and APH
reactions [14, 15]. Aminoglycoside modifying enzymes are
the most important mechanism both in terms of level and
frequency of resistance conferred to the bacterium. Considering
the pharmaceutical importance of DHFR and AadA and a
possible drug target in MDR bacteria, various in silico
approaches have been applied to the study of their structural
and functional properties.

In this work, we obtained the sequence of DHFR and
AadA from K. pneumoniae strain DF12SA and predicted its
structure by homology modeling. Identification of the amino
acid residues crucial to the interaction between DHFR and
AadA (the enzymes produced by resistant bacteria) with
clindamycin (the drug not hydrolyzed by this bacterial en-
zyme) was also performed. This information might be useful
to scientists involved in drug-design in their search for more
potent and versatile DHFR and AadA inhibitors. Compara-
tive modeling is a useful tool in bioinformatics to predict the
three dimensional (3D) structure of an unknown protein. It
is an invaluable aid to understand protein function and also a
preliminary step towards establishing it as a promising drug
target in K. pneumoniae. Docking studies between DHFR
and AadA with its potential antibiotic inhibitor clindamycin
were also performed.

Materials and methods

Patients, sample collection and isolation of bacteria

This study was conducted in the Department of Endocrinology
and Metabolism, and Department of General Surgery, Sir
Sunderlal Hospital, Institute of Medical Sciences, in collabo-
ration with the School of Biotechnology, Banaras Hindu Uni-
versity, Varanasi. The study was conducted after seeking prior
approval of the ethical committee of the Institute (Ref. No.
Dean/2009-10/555 dated 11 July 11 2009). In total, 44 severe
DFU patients (grades III–V) attending to the hospital between
January 2010 and October 2011 were selected for this study.
Prior written consent was obtained from every recruited pa-
tient. DFUs, i.e., grade 0- hyperkeratosis; grade 1-superficial
ulcers; grade 2-deep ulcers; grade 3-tendonitis, osteomyelitis,
cellulites, or abscess; grade 4-gangrene of a toe or forefoot; and
grade 5-massive gangrene of the whole foot were graded
according to Wagner [16]. Two biopsy samples from the ulcer
of the diabetic foot of each patient were taken using a sterilized
punch biopsy needle (6 mm) under local anesthesia. Wound
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biopsies were collected from the foot ulcer of the patients
under aseptic conditions. Debridement was done with meticu-
lous care to eliminate the colonizing bacteria from the site. Two
swab samples were collected by washing the wound with
sterile physiological saline and then by applying a sterile cotton
swab to the wound. Of two biopsy and swab samples, one was
used for detecting K. pneumoniae through in vitro culture, the
second for performing K. pneumoniae-specific 16S rDNA
(ribosomal DNA) amplification. For in vitro culture each sam-
ple (swab and biopsy) was plated directly on different aerobic
growth media such as MacConkey agar, and chocolate agar
and the plates were incubated at 35 °C in an incubator. Biopsy
samples were gently macerated before inoculation. The plates
were examined after 24–36 h of incubation and distinct colo-
nies appearing on each plate were picked up and restreaked on
the correspondingmedium. Tentative identification ofK. pneu-
moniae isolates was made on the basis of Gram’s staining
and morphological characters as well as biochemical tests
namely, catalase, nitrate reductase, urease, Simmons cit-
rate utilization and MR (methyl red) using standard
methods.

Amplification of Klebsiella pneumoniae-specific 16S rDNA

Genomic DNA was extracted using a DNeasy Tissue Kit
(Qiagen, Hilden, Germany) as per the manufacturer’s instruc-
tions. The 16S rDNA (1,361 bp) of laboratory-grown pure
cultures was amplified using K. pneumoniae primers, viz. Fd.
5′-ACTCCCGATCCCTGAGCCCTTTTC-3′ and Rev. 5′-
GGTCAGAGCAGGCG TTT CCA CC-3′. Amplification
was performed in a PTC-100 Thermal Cycler (MJ Research,
Waltham, MA). The PCR reaction mix included 1.5 U Taq
DNA polymerase (Bangalore Genei, Bangalore, India), 1×
PCR buffer with 1.5 mmol/L MgCl2 (1 mmol/L MgCl2 was
added so as to attain a final concentration of 2.5 mmol/L), 25
pmol each of the forward and reverse primers (Integrated
DNA Technologies, Coralville, IA), 125 μmol/L each of the
dNTPs (deoxynucleotide triphosphates), and 50 ng template
DNA in a total volume of 50 μL. Thermal cycles for the
amplification were set at initial denaturation for 10 min at
94 °C, 30 cycles of 40s at 94 °C, 40s at 60 °C, and 1 min at
72 °C, followed by a final extension of 7 min at 72 °C. The
amplified product (1,361 bp) was visualized on 1.2 % agarose
gel using a gel documentation unit (BioRad, Hercules, CA).

Antimicrobial susceptibility testing

Antimicrobial susceptibility test of cultured K. pneumoniae
was done by the disc diffusion method using the Kirby-Bauer
method [17]. A total of 16 antibiotics [spectinomycin (100 μg),
streptomycin (20 μg), trimethoprim (20 μg), gentamicin
(10 μg), ampicillin (10 μg), tetracycline (30 μg), kanamycin
(30 μg), amikacin (30 μg), augmentin (30 μg), cefoperazone

(75 μg) meropenem (10 μg), Piperacillin/tazobactam (100/
10 μg), co-trimoxazole (1.25/23.75 μg), penicillins (10 μg),
carbapenems (2 μg) and clindamycin (2 μg)] was selected
according to published recommendations and their widespread
use in treatment of various diseases [1]. Ampicillin, augmentin
and clindamycin are penicillins, spectinomycin, streptomycin,
gentamicin, kanamycin and amikacin are aminoglycosides,
tetracycline belongs to tetracycline class, meropenem is a car-
bapenems, cefoperazone is a cephalosporin, and trimethoprim
belongs to the class of chemotherapeutic agents (DHFR inhib-
itor). Co-trimoxazole is a folate pathway inhibitor. Piperacillin/
tazobactam are β-lactam antibiotics. The disks were purchased
from Micro Master Laboratories (Mumbai, India). Interpreta-
tion of results was based on Clinical and Laboratory Standards
Institute (CLSI) guidelines 2007 [18]. Antibiotic susceptibity,
intermediate susceptibility or resistance was assessed by mea-
suring the diameter (mm) of the clear zone around the disc.

Amplification of class 1 integron

Genomic DNA was extracted using a DNeasy Tissue Kit
(Qiagen) following the manufacturer’s instructions. The
class 1 integron (1,580 bp) was amplified using primers 5′-
CS-5′-GGC ATC CAA GCA GCA AG-3′ and 3′CS-5′-AAG
CAG ACT TGA CCT GA-3′ in a PTC-100 Thermal Cycler
(MJ Research) [19]. The reaction was performed in a final
volume of 50 mL, which included 1.5 U Taq DNA poly-
merase, 1×Taq assay buffer containing 1.5 mM MgCl2,
125 mM each dNTPs (Bangalore Genei), 50 pmol of each
primers (Integrated DNA Technologies) and 100 ng tem-
plate DNA. Thermal cycles for the amplification were set at
initial denaturation of 7 min at 94 °C, 35 cycles of 1 min
denaturation at 94 °C, 1 min annealing at 59 °C, 2 min 30 s
of extension at 72 °C followed by 7 min of final extension at
72 °C. The reaction products of PCR were subjected to
electrophoresis in a 1.0 % agarose gel, stained with ethidium
bromide and visualized under UV light in gel documenta-
tion unit (Bio-Rad). K. pneumoniae ATCC 700603 was used
as a control strain.

Restriction digestion of amplified class 1 integron

The class 1 integron (1.58 kb) amplified from K. pneumoniae
isolates viz. DF6SB, DF11SB, DF12SA, DF13TA, DF14TA,
DF29TC, DF38TB and DF41TC was purified and subjected
to digestion by AluI and RsaI restriction endonuclease accord-
ing to the instructions of manufacturer (New England Biolabs,
Hitchin, UK). Restriction digestion was done in a final volume
of 25 μL containing 1 X restriction enzyme buffer, 0.30 μL
(3.0 U) restriction enzyme and 15 μL PCR products. After
mixing, samples were incubated for 6 h in a water bath preset
at 37 °C. Reaction was terminated by heat inactivation of
restriction enzymes at 70 °C for 20 min . The samples were
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analyzed by agarose gel (3 %) electrophoresis and monitored
on gel documentation unit (Bio-Rad).

Sequencing and deposition of class 1 integron

The PCR fragment was purified from the agarose gel using a
QIA quick gel extraction kit (Qiagen). The PCR products
were sequenced from Chromous Biotech (Bangalore, India).
After complete annotation sequence was deposited in Na-
tional Center for Biotechnology Information (NCBI, http://
www.ncbi.nlm.nih.gov/).

Gene annotation and similarity search

Sequences from PCR amplification from K. pneumoniae
strain DF12SA were used in an ORF scan (http://
www.ncbi.nlm.nih.gov/gorf/gorf.html) to identify coding
regions (exons) in amplified sequences. FGENESB was
used to find the presence of bacterial operons and genes in
raw sequence [20]. The predicted protein sequences were sub-
jected to protein functional analysis using INTERPROSCAN
version 4.4 [21]. These sequences of both proteins from differ-
ent species were aligned using ClustalW [22] and a phyloge-
netic tree was constructed using the UPGMA method. A tree
was inferred by bootstrap phylogenetic inference using
MEGA3.1 [23]. The conserved motifs present in these sequen-
ces were analyzed using BLOCKS and MEME (multiple EM
for motif elicitation) software version 3.5.7 [24, 25]. For motif
analysis of both domain of predicted proteins, the selection of
maximum number of motifs was set to 20 with minimumwidth
of 100 amino acids, while for genes a maximum number of
motifs was set to 300 while other factors were default selec-
tions. These selections were made in order to minimize the
‘E-value’ of the given parameter based on the probability of
finding an equally well conserved pattern in a set of sequences.

Retrieval of the target protein sequence and template
identification

Predicted genes and proteins sequence of DHFR and AadA
from Gene cassette (HQ114261) were used as targets for
homology modeling. Swiss model and Discovery studio 3.1
[26–28] were used for comparative homology modeling of
DHFR and AadA from K. pneumoniae strain DF12SA using
template structures. PDB advance BLAST (http://
www.rcsb.org/pdb/home/home.do) was applied for template
identification to construct 3D models of the target proteins
using homology modeling.

Model refinement and evaluation

Successfully predicted 3D models of DHFR and AadAwere
used for refinement and evaluation. The rough generated

model was subjected to energy minimization using the
steepest descent technique to eliminate bad contacts between
protein atoms. Computations were carried out in vacuo with
the GROMOS96 43B1 parameters set, implemented through
Swiss-Pdb Viewer (http://expasy.org/spdbv/). The backbone
conformation of the rough model was inspected using the Phi/
Psi Ramachandran plot of PDBSum Database (http://www.
ebi.ac.uk/pdbsum/) [29] and Discovery Studio 3.1 (Accelrys).
The BLAST2Seq server (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) was employed to perform alignment between the
target and template sequence. ProSA server (https://prosa.
services.came.sbg.ac.at/prosa.php) was used to check the
model quality. After refinement evaluated model was depos-
ited successfully with Protein Model DataBase (PMDB;
http://mi.caspur.it/PMDB/).

Superimposition of target and template

The structural superimposition of Cα trace of the templates
(3IX9 and 2RFF) and predicted model of DHFR and AadA
was performed using the quaternion eigenvalue approach
(http://wishart.biology.ualberta.ca/SuperPose/) [30] and
combinatorial extension method (http://cl.sdsc.edu/ce/ce_
align.html).

Active site prediction and docking

After obtaining the final model, the possible binding sites of
DHFR and AadA were searched using Q-SiteFinder
(http://bmbpcu36.leeds.ac.uk/qsitefinder/).Ten binding sites
were obtained for DHFR and AadA using Q-SiteFinder.
These binding sites were compared to the active site of the
template to determine residues forming the binding pocket.
Based on previous studies in other micro-organisms,
the effect of antibiotic clindamycin C18H33ClN2O5S
{(2S,4R)-N-[2-chloro-1-[(2R,3R,4S,5R,6R)-3,4,5-trihydroxy-
6-methylsulfanyloxan-2-yl]propyl]-1-methyl-4-propylpyrr
o l id ine -2 -ca rboxamide )} was found to inh ib i t
DHFR and AadA. This inhibitor was docked successfully with
DHFR and AadA using Autodock & Mopac based docking-
Server http://www.dockingserver.com/web [31]. Docking cal-
culations were carried out using DockingServer. Docking
simulations were performed using the Lamarckian genetic
algorithm and the Solis & Wets local search method [32].
Gasteiger partial charges were added to the ligand atoms. Each
docking experiment was derived from ten different runs that
were set to terminate after a maximum of 250,000 energy
evaluations. The population size was set to 150. During the
search, a translational step of 0.2 Å, and quaternion and torsion
steps of 5 were applied. The ligand is flexible to their single
bonds. DockingServer identify the rotatable bonds, which
were allowed to rotate freely during the docking runs. Whole
proteins were treated as rigid molecules. Essential hydrogen
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atoms, Kollman united atom type charges, and solvation
parameters were added with the aid of AutoDock tools [33].
AutoDock parameter was set as default.

Results and discussion

Isolation and identification of K. pneumoniae

K. pneumoniae was isolated successfully from biopsy/swab
samples of 8 (18.18 %) out of 44 patients in Varanasi. A study
from south India reported that 20.5 % of diabetic foot patients
are infected withK. pneumoniae [5]. Isolates ofK. pneumoniae
were identified on the basis of morphological characters, bio-
chemical tests and amplification of theK. pneumoniae-specific
16S rDNA. All the strains showed amplification of the desired
fragment of 16S rDNA (1,361 bp) with K. pneumoniae
species-specific primers. DNA isolated from the biopsy/swab
was used as the template for direct diagnosis of K. pneumo-
niae. The expected ampliconwas found in 5 biopsy and 3 swab
samples out of 44 (result not shown). That these strains indeed
belong toK. pneumoniaewas further confirmed by sequencing
of the class 1 integron of selected strains of K. pneumoniae.
The sequences showed 99 % homology with sequences avail-
able for K. pneumoniae (accession no. FJ876827) in the NCBI
database. Newly annotated sequencewas deposited with NCBI
under accession no. HQ114261.

Antibiotic sensitivity test

Antibiotic sensitivity tests revealed that K. pneumoniae strain
DF12SA was resistant to ampicillin, kanamycin, gentamicin,
streptomycin, spectinomycin, trimethoprim, tetracycline, mer-
openem, amikacin, piperacillin+tazobactam, augmentin,
co-trimoxazole, carbapenems, penicillins and cefoperazone,
but sensitive to clindamycin. The results of antibiotic sensi-
tivity assays ofK. pneumoniae isolates, viz. DF6SB, DF11SB,
DF12SA, DF13TA, DF14TA, DF29TC, DF38TB and
DF41TC are listed in Table 1. Interestingly, all the strains
tested were found to be resistant to penicillin, streptomycin,
spectinomycin, trimethoprim and co-trimoxazole. The pres-
ence of same gene cassette of class 1 integron may be the
reason for the similar resistance phenotype. The high resis-
tance recorded byK. pneumoniae against several antibiotics in
the present study could be attributed to the uncontrolled
consumption of antibiotics by diabetic foot patients.

Gene cassettes of the class 1 integron from K. pneumoniae
strain DF12SA

The spread of MDR among Gram-negative bacteria is due
mainly to the presence of class 1 integrons [7]. The growing
rate of resistance of K. pneumoniae has thrown up the

additional challenge of effectively managing disease and
infections associated with this organism. In order to assess
the relationship between the resistance phenotype of K. pneu-
moniae strain DF12SA and the presence of the class 1 inte-
gron, the strain was tested using PCR. PCR amplicon
(1,580 bp) was uniformly observed in all strain of K. pneumo-
niae (Fig. 1a). DNA sequencing of the class 1 integron iden-
tified two ORFs. The first encodes a DHFR, which confers
resistance to trimethoprim; and the second encodes AadA,
which confers resistance to streptomycin and spectinomycin.
A similar sized amplicon obtained from amplification of class
1 integron was subjected to restriction digestion by AluI and
RsaI. The AluI digestion pattern of K. pneumoniae viz.
DF6SB, DF11SB, DF12SA, DF13TA, DF14TA, DF29TC,
DF38TB and DF41TC are shown in Fig. 1b. The same pattern
among isolates was obtained upon Rsa1 digestion of the
1,580 bp product (results not shown). It was observed that
the class 1 integron of K. pneumoniae isolated from different
diabetic foot infected patients contained the same gene cas-
settes (DHFR and AadA). The relationship between the resis-
tance phenotype to number of antibiotic viz. ampicillin,
kanamycin, gentamicin, tetracycline, meropenem, amikacin,
piperacillin/tazobactam, augmentin, co-trimoxazole, carbape-
nems, penicillins and cefoperazone may be due to three rea-
sons: first, production of extended spectrum β-lactamases,
i.e., AmpC β-lactamases that destroy the antibacterial agent
before it can have an effect. Second, resistance may acquire
efflux pumps that extrude the antibacterial agent from the cell
before it can reach its target site and exert its effect. Third, the
bacteria may have acquired several genes for a metabolic
pathway that ultimately produces altered bacterial cell walls
that no longer contain the binding site for the antimicrobial
agent, or the bacteria may have acquired mutations that limit
access of antimicrobial agents to the intracellular target site via
downregulation of porin genes [34].

Gene annotation and similarity search

Approximately 1,580 bp sequence of the class 1 integron for
multidrug resistance in K. pneumoniae strain DF12SA was
used for in silico analysis. A search for ORFs in the amplified
fragment showed eight exons in six reading frames, and
INTERPROSCAN analysis of each exon suggests that two
of these exons are playing an important role. The two exons
showed similarity with the dfr17 (PF00186) and aadA5
(PF01909) protein family (Supplementary file 1). Two ORFs
also seemed to encode full length genes using a gene predic-
tion (FgeneshB) tool. The annotated exons are assigned pro-
tein IDs ADV78524.1 and ADV78525.1 for DHFR and
AadA, respectively. These two identified proteins were used
in a BLAST (basic local alignment search tool) search to find
homologous regions in different bacterial species sequences
existing in the biological database (NCBI). Multiple sequence
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alignment revealed highly conserved regions in both the
DHFR and AadA genes (Supplementary files 2 and 3). Phy-
logenetic analysis among different species shows two clusters
in which the closest neighbors in the DHFR gene tree are in
Escherichia coli and Enterobacter cloacae (Supplementary
file 4a).AadA gene alignments indicate a multilevel consensus
sequence against different organisms, viz. Riemerella anati-
pestifer, Kluyvera intermedia, Vibrio cholerae, E. coli and
Achromo bacterxylosoxidans while DHFR gene alignments
reveal amultilevel consensus sequencewith different organisms,
viz. Salmonella enterica, Serratia sp. E. coli and Enterobacter

cloacae (Supplementary file 4b). One multilevel consensus
motif is present in DHFR and two conserved motifs are
observed in AadA protein sequence (Fig. 2).

Homology modeling of both proteins of K. pneumoniae

The absence of a 3D structure for K. pneumoniae DHFR and
AadA protein in PDB prompted us to construct a 3D model
(Fig. 3a, b). The 3D structure provides valuable insight into
molecular function and the interactions with suitable inhib-
itors. The model structures of DHFR and AadA from K.

Fig. 1 a PCR amplification of aminoglycoside adenyltransferase/dihy-
drofolate reductase (AadA/DHFR) genes from different antibiotic re-
sistant bacteria using primers 5′CS-3′CS. Lanes: 1 DF12SA; 2 DF6SB;
3 DF13TA; 4 DF14TA; 5 DF29TC; 6 DF41TC; 7 DF38TB; 8 DF11SB;

M 1,000 bp ladder (Promega, Madison, WI). b Typical representation
of Alu1 digestion pattern of 1.85 kb class integron of various Klebsiella
pneumoniae strains. Lanes: 1–8 As in a, C undigested amplicon

Table 1 Sensitivities of Klebsiella pneumonia strains to different classes of antibiotic. R Resistant, S Sensitive

Antimicrobial class Agent DF6SB DF11SB DF12SA DF13TA DF14TA DF29TC DF38TB DF41TC

Aminoglycosides Ampicillin R R R R R R S R

Augmentin S S R R S S S S

Clindamycin S S S S R S S S

Penicillins R R R R R R R R

Spectinomycin R R R R R R R R

Streptomycin R R R R R R R R

Gentamicin, R R R R R R S R

Kanamycin R R R R R R R S

Amikacin S S R S S S R R

Tetracyclines Tetracycline R R R R R R R R

Cephalosporin Meropenem R R R R R R R R

Carbapenems S S R S R R R S

Cefoperazone S S R S R S S S

Dihydrofolate
reductase inhibitor

Trimethoprim R R R R R R R R

Folate pathway
inhibitor

Co-trimoxazole R R R R R R R R

β-lactam antibiotics Piperacillin/tazobactam S S R R S R R S
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pneumoniae strain DF12SA consists of two functional
domains at the interface at which catalysis occurs. To construct
the 3D model of DHFR and AadA, PDB BLASTwas used for
template identification. PDB BLAST analysis revealed that K.
pneumoniaeDHFR shares 34 % identities and 52 % positivity
with Streptococcus pneumoniae and, in case ofK. pneumoniae
AadA 30 % identities and 56 % positivity with the known
Sulfolobus solfataricus crystal structure. Accordingly, the
Streptococcus pneumoniaeDHFR crystal structure (3IX9.pdb)
was used as a suitable template forK. pneumoniaeDHFR [35].
Sulfolobus solfataricus crystal structure (2RFF.pdb) was used
as a suitable template for K. pneumoniae AadA based on
homology modeling [36]. Since K. pneumoniae DHFR and
AadA protein sequence are structurally closely similar to
Streptococcus pneumoniae and Sulfolobus solfataricus,
respectively, at the secondary structure level as well as belong-
ing to their respective families, the Streptococcus pneumoniae

and Sulfolobus solfataricus structures were considered for 3D
prediction for both sequences. DS Modeler of Discovery stu-
dio 3.1 software and the Swiss Model Server were used for
homology modeling. The 3D structures of K. pneumoniae
DHFR and AadA were constructed successfully with best
molecular modeling parameter.

Validation of the predicted structure

The stereochemistry of the constructed models of DHFR and
AadA was subjected to energy minimization and the stereo-
chemical quality of the predicted structure was assessed. The
Ramachandran plot for the DHFR model showed 96.6 % of
residues in the core region, 83.5 % of residues in the allowed
regions and 13.1 % in additional allowed regions; one residue
(Ser95) was in the disallowed region and present in the loop
region of secondary structure. This residue (Ser95) was

Fig. 2 a Sequence
conservation of DHFR and
AadA represented in red. b
Active site residues of
identified motifs of DHFR and
AadA highlighted in red
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subjected to loop refinement and further energy minimization.
In an analysis of the final model, 97.0 % of the residues were
found to occupy the core region. The residue in the disallowed
region had been shifted to the generously allowed region,
thereby optimizing and stabilizing the overall conformation
of the predicted structure. In the AadA model, there were
97.3 % of the residues in the core region, 82.4 % residues in
the allowed regions and 14.9 % in additional allowed regions,
and no residues in the disallowed region, thereby optimizing
and stabilizing the overall conformation of the predicted AadA
structure (Supplementary file 5a). The best refined and vali-
dated structures were deposited with the PMDB database
under PMDB ID PM0078153 and PM0078154, respectively.

Superimposition of the template with predicted structure

The weighted root mean square deviation (RMSD) of the Cα

trace between the template and the final refined model of
DHFR was 0.6 Å, with a significant Z-score of 7.6, for
AadA the RMSD was 0.8 Å with a significant Z-score of
4.9. SuperPose server results revealed that RMSD of the
backbone trace between the template and DHFR model was
9.63 Å. Superimposition between template and AadA model
revealed 19.36 Å RMSD at backbone level.

Active site identification in DHFR and AadA

Among the ten binding sites obtained from Q-Site finder
(Fig. 4), site 1 is highly conserved with the active site of
both templates. The results of multiple sequence alignment
and secondary structure prediction revealed that the residues
in site 1 (Ile31, Ser32, Ala33, Ile40, Gly41, Ser42, Pro44, Asp45,
Ile46, Trp48, Glu53, Gln54, Leu55, Phe57, Lys58, Gly69, Arg70,
Lys71, Thr72, Ser75, Met76, Leu79, Pro80, Arg82, Val87, Ser88,
Lys89, 122SGGGQIY128 and Ile151) in the active site of the
template are conserved (Fig. 4a). The binding pocket of K.
pneumoniae DHFR with clindamycin was also compared to
reported E. coli DHFR active sites (2D0K, 3DAU, 1DDS).
The binding pocket containing the Leu79, Pro80, Arg82, Val87,
Ser88, Lys89, 122SGGGQIY128 and Ile151 residues was con-
served and therefore considered for docking analysis. In case
of AadA site 1, Asn59, Asp60, Arg63, Gln64, Met67, Leu68,
Ser75, Pro76, Pro77, Glu87, Leu88 and Thr89 are conserved with
the active site of the template (Fig. 4b). The binding pocket of
K. pneumoniae AadA with clindamycin was compared to
reported active sites of Sulfolobus solfataricus AadA. Thus,
in both cases site 1 was chosen in this study as the most
favorable active binding sites for docking studies and the other
sites are not discussed further.

Fig. 3 Predicted three-
dimensional (3D) models sec-
ondary elements: red α-helices,
cyan β-sheets, green turns,
white coils. The most conserved
active site residues shown in
blue. a Dihydrofolate reductase
(DHFR). b Aminoglycoside
adenyltransferase (AadA)

Fig. 4 Active site identification
of (a) DHFR and (b) AadA
using Q-site finder
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The DHFR and AadA in Streptococcus pneumoniae
and Sulfolobus solfataricus with K. pneumoniae adopt a
similar α/β fold but are quite distinct at the active site
regions. Thus, based on our results from sequence analysis,
molecular modeling and docking, we infer that the 3D struc-
tures of K. pneumoniae DHFR and AadA contains important
catalytic active site residues that are responsible for inhibitory
activity with clindamycin and show similarity with the tem-
plate DHFR and AadA from Streptococcus pneumoniae and
Sulfolobus solfataricus, respectively. The crystal structure of
DHFR from Streptococcus pneumoniae, determined at 1.95 Å
resolution, revealed that each monomer consists of two α/β
fold domains, a unique structure that has not been observed
in others. The structure of AadA from Sulfolobus solfataricus,
determined at 1.40 Å resolution, revealed that each
monomer consists of two α/β fold domains (Supplementary
file 5b).

Docking with potential inhibitor

Docking of DHFR and AadAwas performed with an inhibitor
compound, namely clindamycin {(2S, 4R)-N-[2-chloro-1-[(2R,
3R, 4S, 5R, 6R)-3, 4, 5-trihydroxy-6-methylsulfanyloxan-2-yl]
propyl]-1-methyl-4-propylpyrrolidine-2-carboxamide)} (Fig. 5).
The final docked conformations obtained for this inhibitor were
evaluated based on the number of hydrogen bonds formed and
the bond distance between atomic co-ordinates of the active
site and inhibitor. To evaluate the structural similarity of K.
pneumoniae DHFR and AadA with related bacterial species,
we performed amultiple sequence alignment ofK. pneumoniae
DHFR and AadA with the DHFR and AadA of different
species. Based on the results of DHFR multiple alignment,
we observe that the LPNRKYA are highly conserved across
species, and that residues Pro47,Trp48, Asn63, Leu66, Lys71,
Thr72, Phe102, Ser104, Ala108, Leu112, Thr116, His118, Gly123,

Fig. 5 Docking studies of a DHFR and b AadA with clindamycin

Fig. 6 Residues of a DHFR and b AadA interacting with clindamycin
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Gly125, Ser141,Gly149, Phe153, Pro154,Pro157,Phe168, Ser170,
Asn171, Tyr176, Ile178, Trp179 are totally conserved. In the AadA
multiple alignment study, we observed that the five stretches
PWRYPA, LQFGEW, RIWYS, PKDVAA and ERLPA are
highly conserved across species and residues Asp49, Ser74,
Pro77, Arg84, Glu87, Thr89, Val91, Arg105, Arg114, Asp116,
Ile117, Leu118, Gly120, Phe122, Glu123, Pro124, Asp128, Asp130,
Leu131, Ala132, Leu134, Thr136, Lys137, Ala138, Arg139, His141,
Ser142, Ala144, Leu145, Gly147, Pro148, Ala150, Phe154, Pro156,
Val157, Leu166, Thr169, Trp173, Asn174, Asp178, Trp179, Glu183,
Arg184, Asn185, Val187, Leu188, Leu190, Thr199, Gly200, Ile202,
Trp211, Pro122, Ala227, Arg228, Ala230, Tyr231, Leu232, Gly233,
Asp237, Leu239, Ala240, Arg242, Phe249, Tyr252, Lys254 are totally
conserved. Among these stretches, the following amino acids in
K. pneumoniae are involved in hydrogen bonding interactions
with the inhibitor: Ser32, Ile46, Glu53, Gln54, Phe57, Thr72,
Met76, Val78, Leu79, Ser122, Tyr128 and Ile151 in case of DHFR
(Fig. 6a) and show 100 % conservation against E. coli and
Enterobacter cloacae. For AadA (Fig. 6b), Phe34, Asp60, Arg63,
Gln64, Leu68, Glu87, Thr89, Val90 show 99 % conservation
against Riemerella anatipestifer, Kluyvera intermedia,
Vibrio cholera, E. coli and Achromo bacterxylosoxidans.
The interaction residues were compared with the earlier
experimental complex results and interaction coordination
was found to closely resemble experimental results [37–40].
The structure of DHFR and AadA has been well characterized
in various microorganisms using X-ray crystallography [35,
41]. The results of these studies revealed that, despite consid-
erable structural diversity, all DHFR and AadA monomers
share a similar topology and fold. The active site of the
enzyme is proposed to be located at the cleft between the
N-terminal and C-terminal domains. Conserved residues
Leu79, Pro80, Arg82, Val87, Ser88, Lys89, Ser122, Gly123, Gly124,
Gly125, Gln126, Ile127, Tyr128 and Ile15 of DHFR are involved in
different types of interaction, viz. hydrogen bond, hydrophobic,
cationic, polar, pi-pi and cation-pi interactions with the inhibitor.
Lee et al. [35] also reported active sites that are prominently
involved in interaction in the crystal structure of DHFR from
Streptococcus pneumoniae. In AadA, Asn59, Asp60, Arg63,
Gln64, Met67, Leu68, Ser75, Pro76, Pro77, Glu87, Leu88 and
Thr89 residues interact with the inhibitor and also found to be
highly conserved across the active site stretches of different
species. Pedersen et al. [41] reported active site residues in
nucleotidyltransferase crystal structure that closely resemble
the docking results. Structural analysis and docking investiga-
tions of clindamycin with DHFR and AadA suggest that
clindamycin will be a better drug for inhibiting these proteins.
The best docked protein–ligand complex has been deposited in
PMDB. PMDB IDs are PM0078478 and PM0078479 for clin-
damycin with DHFR and clindamycin with AadA complexes,
respectively.

In the DHFR domain of K. pneumoniae, Ile31, Ile40, Ile46,
Phe57 and Met76 residues are involved in hydrophobic

interactions; Ile40, Ser122 residues are involved in hydrogen
bonding; Gln54, Ser122 and Tyr128 in polarization and Phe57 in
a cation-pi interaction with clindamycin. The estimated free
energy of binding was −4.71 kcal/mol with estimated inhibi-
tion constant 350.54 μM and an interacting surface area of
577.539 for DHFR. In the case of AadA, Thr89 is involved in
hydrogen bonding; Glu87 and Thr89 in polarization; while
Phe34, Leu51, Pro98 and Asp60 are involved in hydrophobic
and halogen bonding. Docking of clindamycin with AadA
resulted in an estimated free energy of binding of −5.87 kcal/
mol with estimated inhibition constant 49.90 μM and inter-
acting surface area of 649.001. This docking study suggests
that clindamycin inhibits functionally active domain of both
DHFR and AadA proteins of K. pneumoniae with lowest
energy and highest affinity.

Conclusions

The prevalence of MDR K. pneumoniae is alarmingly high in
diabetic foot patients in India because of the indiscriminate use
of antibiotics. In this study, we characterized the genetic basis
of theMDR phenotype inK. pneumoniae in relation to its class
1 integron. To the best of our knowledge, this is the first study
to report modeling of DHFR and AadA enzymes and their
docking with target drugs and inhibitors. The study identifies
amino acid residues crucial to ‘DHFR and AadA-drug’ and
‘DHFR and AadA -inhibitor’ interactions. An understanding
of the residues involved in inhibition with clindamycin could
provide useful insights into the identification of new antibac-
terial compounds and also help in the design of new inhibitors.
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