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Chapter 1 Introduction

1.1. Introduction

Bacteria can be grouped into two categories as beneficial and harmful. The bacteria which co-
exist with humans without causing any diseases are known as beneficial. Sometimes, these
turn out to be dangerous when they infect people having a compromised immune system, viz.
hospitalized patient or person suffering from cancer, HIV or diabetes. Harmful bacteria are the
major cause of illness and leading to death in severe cases. Bacterial infections borne diseases
are the second leading cause of death worldwide. Primary classification of bacteria is done on
the basis of a laboratory test known as Gram-staining. The Gram-stain differentiates bacteria
into two types, i.e., Gram-positive and Gram-negative. Gram-negative bacteria would not be
able to retain the stain and would appear pink under the microscope; whereas, Gram-positive
bacteria would appear purple in colour due to the retention of stain by their cell wall. This
happens because of the difference in the composition of their cell walls. The cell wall forms a
tight barrier against the outside environment providing immunity to both these bacterial types
from different medications as well as host immune responses. Secondary metabolites have
been observed to neutralize this defense barrier of bacteria. First effective metabolite
discovered against bacterial cell wall was penicillin, and with this discovery it declared the
beginning of golden age of antibiotics. Major diseases caused by Gram-negative and Gram-
positive bacteria are listed in Table 1. The composition of the bacterial cell wall not only
affects Gram-staining but also protects the bacteria from various medicines and immune
system responses. The cell wall composition differs between Gram-negative and Gram-
positive bacteria (Figure 1) and in both cases it forms a tight barrier against the outside
environment. Few enzymes in the human body are capable of destroying cell wall which
results in the death of the bacterium. Some microbial secondary metabolites, for example,
penicillin prevents the formation of a water-tight Gram-positive cell wall, which causes the
destruction of certain bacteria. The Gram-negative bacteria contain complex cell wall
structure which protects the bacterium from immune system attack and prevents many
antibiotics from working. Penicillin, a well known fungal secondary metabolite, declared
the beginning of the antibiotics. Later, antibiotics are considered as magic bullet to cure
various diseases. By the mid-20th century, the golden age of antibiotics provided a bountiful
arsenal of tools for the treatment of bacterial infections. Extensive investigations were

performed on hundreds of microbial metabolites to control bacterial diseases. Conversely, as
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this era came to a close, widespread resistance to antibiotics by pathogenic bacteria turned into
a serious health problem for community; organisms that were once sensitive to these drugs
now well survive under the same treatment. The Infectious Diseases Society of America
documented those antibiotic-resistant pathogens that are most commonly encountered in the
clinic as the ESKAPE pathogens [1, 2].

1.1.1. ESKAPE pathogens

ESKAPE pathogen incorporates both Gram-positive and Gram-negative organisms
and includes Enterrococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species. These
pathogens pose as a potent threat for the patients as they are responsible for the majority of
hospital-acquired infections. Furthermore, their pan-resistance for widespread antibiotic
therapies has required the use of previously retired techniques having high toxicity [3, 4].
Since decade, advance molecular biology techniques have deciphered to thorough information
about individual resistance mechanisms in all these pathogens. Still the data showing the
interplay between resistance mechanism and bacteria is not sufficient to understand how the
bacteria acquire these mechanisms. In addition, data on the impact of clinical interventions to

decrease the prevalence of resistance are also lacking.
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Figure 1. Bacterial cell wall, Gram-negative cell wall is more complex, with an outer mem-
brane, a space, and a layer of peptidoglycan. The Gram-positive cell wall is bi-
layered with peptidoglycan as a major component.
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The difficulty in identifying novel antimicrobial agents with reliable activity against these
pathogens, as well as careful studies to identify optimal strategies for infection control and
antimicrobial use are lacking. These ESKAPE pathogens generally share some common
mechanisms to escape the effect of antibiotics via different routes. Herein we discuss the

properties of these ESKAPE pathogens in brief.

1.1.1.1. Enterrococcus faecium

The members of the genus Enterococcus are Gram-positive cocci and nonhemolytic, the well
known of this genus is E. faecium, which is found as the commensal in the intestine of human,
but it turns its nature from commensal to pathogenic and causes diseases such as neonatal
meningitis or endocarditis. In the 1970’s and 1980’s the antibiotic resistant Enterococci was
emerged as a leading cause for various infections such as urinary tract, bloodstream, and
surgical wounds. The members Enterococcus faecalis and Enterococcus faecium are more
widespread species in the hospital borne diseases, comprising approximately 90% of clinical
isolates. The bacterium E. faecium is known to be responsible for the 10,000 to 25,000 deaths
per year in the USA. The resistance for the most of the antibiotics is common among
Enterococci, especially vancomycin-resistant E. faecium are of great concern as it found to
contribute up to 80% of some hospital isolates. The possible treatment for the E. faecium
infections are intake of linezolid, daptomycin, quinupristin, dalfopristin and sultamicillin.
However, the resistance for the antimicrobial agents used to cure E. faecium infections has
already been depicted.

1.1.1.2. Enterobacter species

The members of the Enterobacter species are Gram-negative bacilli usually inhabitant of the
gastrointestinal tract. Examples of such organisms include E. coli, E. cloacae, Proteus
mirabilis, and Citrobacter freundii. The members of Enterobacteriaceae are responsible for
approximately one third of all cases of ICU-acquired pneumonia, urinary tract infection, and
10-15% of the ICU-acquired bloodstream infections. Treatment options for the
Enterobacteriaceae are the use of intake of [B-lactam antibiotics, B-lactam antibiotics
combined with B-lactamase inhibitors, quinolones, TMP-SMX, aminoglycosides, and

tigecycline [5-7].


https://en.wikipedia.org/wiki/Linezolid
https://en.wikipedia.org/wiki/Daptomycin
https://en.wikipedia.org/wiki/Quinupristin/dalfopristin
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Table 1 . Examples of Gram-positive and Gram-negative bacteria and the diseases they cause in the humans.
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1.1.1.3. Klebsiella pneumonia

Klebsiella bacteria show resistance for a wide range of antibiotics. It is a Gram-negative
nonmotile, encapsulated, lactose-fermenting, facultative anaerobic, bacterium. Klebsiella
pneumoniae is a member of family Enterobacteriaceae, genus Klebsiella. It belongs to the
normal flora of the human mouth and intestine. K. pneumoniae is very common and clinically
more significant in comparison to other species of Klebsiella. Infections caused by the K.
pneumoniae are usually community-acquired and primarily it infects the person with
weakened immune system from improper diet. The rising rate and frequency of antibiotic
resistance in strains is becoming more problematic for clinicians. K. pneumoniae is an
opportunistic pathogen and confers resistance for most of the available antibiotics. Klebsiella
spp. causes nosocomial, pneumonia, urinary tract, bacteraemia, neonatal sepsis and wound
infections. K. pneumoniae consist of both carbapenemases and extended-spectrum beta-
lactamases (ESBL), which are capable of hydrolyzing newer carbapenem drugs. ESBL-
producing K. pneumoniae is resistant to other antibiotics, including fluoroquinolones,
aminoglycosides, trimethoprim, and sulfamethoxazoles and more often K. pneumoniae shows
resistance to cephalosporins and carbapenems. Recently, the emergence of MDR and pan-drug
resistant (PDR) K. pneumonia strains have been shown to manifest the well known three
mechanisms of drug resistance namely — the acquisition of novel antibiotic catalytic genes,
mutations of antibiotic targets, and differential expression of efflux pumps. The best possible
treatment for the patient infected with KPC-producing organisms is yet to be defined. The
antimicrobial options are generally limited to polymyxins, tigecycline, and less frequently

aminoglycoside antibiotics [8-10].

1.1.1.4. Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacterium frequently found in respiratory tract and
on the skin. Normally S. aureus is non-pathogenic and silently stays as our natural flora but
emergence of antibiotic-resistance phenotypes of S. aureus (eg., MRSA) makes it one of the
most intractable pathogenic bacteria in the history of antibiotic chemotherapy. It conquered
practically all the antibiotics that have been developed since 1940s. The pathogenic stain is
found to be causing serious infections such as osteomyelitis, endocarditis, meningitis,

bacteremia, septic arthritis, and nosocomial pneumonia. Treatment options for the S. aureus
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infections include the use of intake of linezolid, quinupristin-dalfopristin, daptomycin, and
tigecycline. Except the linezolid, these antimicrobial agents require intravenous administration
[11].

1.1.1.5. Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative, aerobic, coccobacillus bacterium. It is an opportunistic
pathogen of immuno-compromised individuals. P. aeruginosa is the most frequent and
troublesome member of the Gram-negative bacilli. It is a cause of ventilator-associated
pneumonia, bloodstream infection and cholangitis. Antibiotic resistance posed by P.
aeruginosa is a serious problem and it displays a diverse array of antibiotic resistance
mechanisms [12]. P. aeruginosa produces AmpC [-lactamase, which can hydrolyze anti-
pseudomonal penicillins, aztreonam, and third-generation cephalosporins. Another important
mechanism associated with multidrug resistance is efflux pumps; they impart resistance to
quinolones, cephalosporins, antipseudomonal penicillins and sometimes to aminoglycosides.
The drugs tigecycline and quinolone are found to be ineffective against P. aeruginosa due to
the presence of efflux pumps and mutations in the topoisomerases Il and V. Doripenem and
biapenem are new carbapenems and found to exhibit good activity against the bacterium P.
aeruginosa. In addition to these drugs, the polymyxins which include colistin or polymyxin E
and polymyxin B, are found to be the consistently effective agents against highly drug-

resistant Gram-negative bacteria, P. aeruginosa.

1.1.1.6. Acinetobacter species

Acinetobacter baumannii is a rod shaped Gram-negative bacterium; it is an opportunistic
pathogen in humans and affects people with compromised immune systems. The ecology of
bacteria belonging to the genus Acinetobacter is very diverse, and the members belonging to
this genus have been recovered from soil, surface water, vegetables, animals, human body lice,
and human hands. The widely accepted fact about the A. baumannii is its terrific ability of
colonization, but not the infection. The growing numbers of A. baumannii strains and their
resistance is considered as a major issue for health concern. It is still mysterious or unsolved
question that which factors of A. baumannii decide its clinical success. In the current chapter,
we discuss about Acinetobacter species, including their taxonomy, epidemiology, antibiotic

resistance, clinical features and pathogenesis.
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Different terms like multidrug resistant (MDR), extensive drug resistant (XDR) and pan drug
resistant (PDR) have been used with varied definitions to describe the extent of antimicrobial
resistance among spp. of Acinetobacter. Although till date, there are no accepted definitions
for the extent of resistance in the bacteria and arbitrarily used terms have thus caused great
confusion making it difficult for the available literature to be analyzed. Similar to the
definition given by Falagas and co-workers [13], in this thesis, MDR Acinetobacter spp. is
defined as the isolate resistant to at least three classes of antimicrobial agents — all penicillins
and cephalosporins  (including inhibitor combinations),  Fluoroquinolones, and
aminoglycosides. The XDR Acinetobacter spp. will be the Acinetobacter spp. isolate that is
resistant to the three classes of antimicrobials MDR described above and along with resistance
to carbapenems. Finally, PDR Acinetobacter spp. is the XDR Acinetobacter spp. that is

resistant to polymyxins and tigecycline (Figure 2).

A strains resistant to at least
three class of antibiotics:
<« cephalosporins
“¢Fluoroquinolones
< Aminogly cosides

¥

Carbapenems
Polymyxing

Definitions

Therapeutic options

Figure 2. Definition of antibiotic resistant Acinetobacter strains along with therapeutic
options.

Treatment of such multiple drug resistant Acinetobacter spp. is an incomprehensible scientific
concern. The incidence of various infections caused by these organisms is difficult to resolve
due to multiple risk factors associated with their antibiotic resistance. At the same time, a
significant increase in the number as well as type of infections has been observed throughout
the globe. Herein, we shed some light on the lifestyle and virulence factors of Acinetobacter.
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1.1.2. Habitat of Acinetobacter

Acinetobacter spp. are widely distributed in soil and water and are found to grow at wide
ranges of temperature, pH and other environmental conditions [14, 15]. In human,
Acinetobacter is most commonly found to inhabit on skin, respiratory secretions, oropharynx
secretions, and intravenous solutions. A. baumannii, the most important nosocomial
Acinetobacter spp., has been rarely found on human skin although in hospitalized patients, the
skin carriage rate of Acinetobacter has been found to be very high. The main reservoir for this
bacterium is not well understood, whereas common sources of A. baumannii colonization or
infections in the hospitalized patients are briefly explained in Table 2. Acinetobacter has
capacity to survive on both dry and moist surfaces for long periods [16]. In the laboratory, the
A. baumannii can be grown on agar plate, after 12 hour of incubation, it forms convex,
circular, smooth and slightly opaque colonies, which are ~2.0 mm in diameter and pale yellow

to greyish white in colour.

Underlying severity of illness

Hands of the hospital staff _— : )
Exposure to antimicrobial agents like,

Respiratory therapy equipment carbapenems, colistin, etc

Exposure to an intensive care unit (ICU)
Food, Tap water

Colonization pressure
Infusion pumps

Mattresses, pillows etc in vicinity of Invasive procedures, recent surgery

patient . . _—
Receipt of mechanical ventilation

Hospital sink taps

Prolonged length of hospital stay
Hospital floor

Table 2. Sources and risk factors of infection with multidrug-resistant Acinetobacter species
in a hospital environment.

Many case-control studies, with regard to A. baumannii, have revealed that prior exposure to

broad-spectrum antibiotics is the most common risk factor for the infections. For example, the
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patients with cystic fibrosis are highly susceptible for lung infections caused by the MDR A.
baumannii because such patients are violently treated with a variety of antibiotics during the
treatment of the same disease. The most commonly used medicines in the treatment of cystic
fibrosis include carbapenems and third generation cephalosporins, followed by
fluoroquinolones, aminoglycosides, and metronidazole. The other risk factors include hospital
settings such as mechanical ventilation, a stay in an ICU, recent surgery, illness severity and
other medical associated invasive procedures [17-21]. During the outbreaks, excessive
contamination of the environment, including respirators and air samplers in the vicinity of the
infected or colonized patients and from mattresses, pillows and blankets in the immediate
vicinity of infected patients have been documented. Studies performed to understand the
causative factors for A. baumannii outbreaks have revealed environmental contamination as
an important source. The community-acquired habitat of A. baumannii infection includes its
reservoirs at the outside of hospital, and many potential interactions with human infections.
The community-acquired A. baumannii diseases include, community-acquired pneumonia,
infections in survivors from natural disasters. The well known community-acquired A.
baumannii infections in survivors from natural disasters are infected war wounds in troops
from Iraq and Afghanistan. The emergence of community-acquired A. baumannii infections is
mainly associated with interactions between animals, environment, and humans that are
considered to be potentially involved in the emergence of some infectious diseases. Though
the existence of extra-hospital reservoirs of A. baumannii has long been disputed but recent
advancement in the molecular methods has allowed the demonstration of the actual presence

of this organism in various environmental locations.

1.1.3. History and geographical distribution of Acinetobacter baumannii

Acinetobacter baumannii was first isolated in 1911 from a soil sample by Beijerink. The first
Acinetobacter spp. was thought to be non-virulent saprophytes [22]. Acinetobacter baumannii
was taxonomically classified in 1986 by Bouvet and co-workers [23]. First carbapenem-
resistant A. baumannii isolates were discovered in the year 1991 [24], which also document
the first outbreak of carbapenem-resistant A. baumannii in the USA [25]. Carbapenem-
resistant A. baumannii isolates were isolated from a leukemia patient and these isolates were
found to be resistant to almost all antibiotics eg., cephalosporins, aztreonam, aminoglycosides
and ciprofloxacin and were therefore named pan-drug resistant A. baumannii (PDR-Ab) [26].
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The rise in the number of multidrug resistant A. baumannii (MDR-AD) strains has been due to
the extensive use of antimicrobial chemotherapy against bacterial infection. Various species of
genus Acinetobacter have been detected in Australia, Brazil, China, Germany, India, South
Korea, United Kingdom and United States. The antibiotic susceptibility data of Acinetobacter
from different geographical regions revealed that the resistance for imipenem was in the range
of 0-40%. In India from Vellore, a prevalence of 14% carbapenem resistant in Acinetobacter
spp., was reported and in Delhi, India (2006), the prevalence of carbapenem resistance in
Acinetobacter spp., isolated from different clinical samples, was found to be almost 35% [27].
The above mentioned data suggests that the rate of resistance development can be slowed
down if the antibiotic therapy is done, after checking the in vitro susceptibility profile of the

organism for the same antibiotics.

1.1.4. Classification of Acinetobacter baumannii

Acinetobacter are grouped into three main complexes: i) Acinetobacter calcoaceticus-
baumannii complex, which is glucose oxidizing and non-haemolytic; ii) Acinetobacter Iwoffii,
which are glucose negative and non-haemolytic and iii) Acinetobacter haemolyticus, which is
haemolytic [23, 27]. The full classification of A. baumannii is listed in Table 3. In 2008,
Euzeby provided the nomenclature of Acinetobacter baumannii, where he has recognized 21
genomic species of the Acinetobacter genus are given below and 14 more recognized genomic
species are still unnamed. The 21 genomic species of Acinetobacter are A. baumannii, A.
baylyi, A. beijerinckii, A. bouvetii, A. calcoaceticus, A. gerneri, A. grimontii, A. gyllenbergii,
A. haemolyticus, A. johnsonnii, A. junnii, A. lwoffii, A. parvus, A. radioresistens, A. schindleri,
A. soli, A. tandoii, A. tjernbergiae, A. towneri, A. ursingii, and A. venetianus.

Domain Bacteria

Phylum Proteobacteria

Class Gammaproteobacteria
Order Pseudomonadales
Family Moraxellaceae

Genus Acinetobacter

Species Baumannii

Table 3. Classification of Acinetobacter baumannii.

10
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Acinetobacter baumannii are Gram-negative, oxidase-negative, non-motile, non-fermentative,
aerobic coccobacillus. Acinetobacter baumannii are ubiquitous in nature and commonly found
within the ICU of hospital i.e, the environment causing a variety of opportunistic nosocomial
infections. Acinetobacter spp., are not able to show any morphology change in Gram-stained
human clinical specimens due to which the Acinetobacter cannot be differentiated from other
causes of nosocomial infections. Infection caused by A. baumannii is difficult to cure due to
the Gram-negative nature of the cell wall as the outer wall provides a barrier so that the
antimicrobial agent is unable to enter the bacterial cell. A. baumannii is an opportunistic
pathogen and is able to resist desiccation for long period of time [28, 29]. The bacterium is
also able to survive on inanimate surfaces for months to years [30] and is the common cause
of nosocomial infections associated with the mechanical devices. This bacterium is able to
resist both physical and chemical disinfections due to its capacity of biofilms formation [31,
32]. A. baumannii infections include diverse contaminated surfaces, which work as an
important source of secondary infection. Infected or colonized patients are important
reservoirs of A. baumannii. This bacterium is passed from patient to patient via direct and
indirect contact.

Generally endemic strains are found to coexist with one or more than one epidemic
Acinetobacter species clones, making it tough to detect and control transmission.
Acinetobacter has capacity to form biofilms in various environments and on the surface of
various implants. The ease to survive in the hospital environment and increasing antibiotic
resistance in acinetobacter is also contributed by its ability to form biofilms. Due to this
reason, the antibiotic for which it is having in vitro susceptibility will also be ineffective in

treating the infection.

1.1.5. Pathogenesis of Acinetobacter baumannii

The members of the genus Acinetobacter are believed to have restricted pathogenic potential
against healthy people, while in immune-compromised patients, some species, for example, A.
baumannii can cause severe, life threatening infections. The infections caused by
Acinetobacter baumannii are associated with organs like lungs, cerebrospinal fluid, peritoneal
fluid and the urinary tract and predominantly occur in the patients suffering from other disease
[33]. Disease symptoms include nosocomial pneumonia, urethritis, catheter associated

bacteriuria, wound infections, and peritoneal dialysis associated peritonitis. A. baumannii

11
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infections very rarely include meningitis, urinary tract infections, endocarditis and cholangitis.
Airborne spread of A. baumannii was first time documented by the Allen and Green in 1987
[34]. The mortality rate associated with the A. baumannii infection is high, for example,
mortality rate is about 23%, for the hospitalized patients and a 43% mortality rate for the
patients in intensive care [35]. The antimicrobial availability task force (AATF) of the
infectious disease society of America designated the A. baumannii as one of the principally
problematic pathogens and there is a desperate necessity for new drug development to cure the
infection caused by this bacterium. However it is not easy to distinguish between colonization
and infection regarding A. baumannii. Options for treating the community acquired A.
baumannii are carbapenems, cefopirome, cefepime, ceftazidime, aminoglycosides and
fluoroquinolones [36]. Acinetobacter strains possess only some virulence factors however
some strains of it have virulence factors allied with invasiveness, transmissibility or the higher
ability to colonize in immune-compromised patients. A new strain, OXA-23 clone I,
identified in a military hospital, was found to be a highly virulent strain and extremely
difficult to eliminate from medical facilities. A large portion of the A. baumannii genome is
made up of virulence islands having a large number of genes dedicated to pathogenesis [37].
A. baumannii and Acinetobacter DNA group13TU is found to be responsible for the majority
of Acinetobacter hospital outbreaks. Till date, A. baumannii has caused numerous global
outbreaks and exhibited constantly increasing rates of resistance. Recently, emergence of
imipenem-resistant strains of A. baumannii has been predicted in the hospital outbreaks [38].
Pathogenesis of A. baumannii is considered as the outcome of its capability of resistance for
the multiple antibiotics. Now the question is what are the factors or traits which help in
acquiring antibiotic resistance and how antibiotic resistance makes it as one of the serious life
threatening problems. To answer this question, first of all we need to know the physical and
chemical properties of the antibiotics. The mechanisms associated with the resistance

development are described below:

1.1.6. Antibiotics

Antibiotics are natural microbial metabolites having low-molecular-weight and have capacity
to inhibit the growth of other microorganism at optimum concentrations. Inhibitions may be
permanent or temporary and the permanent inhibition caused by antibiotic action is called as

bactericidal, whereas in the later case the inhibition is lost when antibiotic is removed from

12
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the medium called as bacteriostatic action of that antibiotic. The products obtained by
chemical modification of natural antibiotics or from other products of microbial metabolism
are called semi-synthetic antibiotics. Antibiotics cannot be classified as a homogeneous
category of chemical substances as they have very diverse chemical nature and only common
property among them is that they are organic solids. Next thing which need to be known is the
origin of these compounds, but answer for this is not straightforward because these
compounds are produced by an array of widely diverse microorganisms. More than 50% of
antibiotics are produced by members of order Actinomycetales, and genus streptomyces.
Biosynthesis of antibiotics can be grouped into a few fundamental biosynthetic pathways and
on the basis of biosynthetic pathways the antibiotics are further categorized as (i) peptide
antibiotics, (ii) terpenoid antibiotics, and (iii) aminoglycoside antibiotics. Analogous to
primary metabolites, antibiotics derived by the polymerization for example peptide antibiotic,
antibiotics derived from the acetate and propionate units and fatty acid synthesis pathway,
terpenoid antibiotics, and aminoglycoside antibiotics which are derived by condensation of
sugar or amino sugars and cyclic amino alcohol. The spectrum of antibiotics activity can be
grouped in two classes, the antibiotics effective against Gram-positive bacteria only called as
narrow spectrum of activity. On contrary, the antibiotics effective against both Gram-positive
and Gram-negative bacteria are said to have broad spectrum of activity and this activity
spectrum depends upon the structure of their cell walls.

In a given population, a few microorganisms that are not inhibited by the antibiotics at
the same concentration may be present which are sufficient to inhibit the majority of cells and
these microbes are known as the mutants. The frequency of these mutants generally ranges
between one mutant in every 10’ to 10'° sensitive cells. However, when a microbial
population having few mutants is exposed to inhibitory concentration of antibiotic then
growth of sensitive cells is blocked while mutants continue to multiply and finally the whole
population will become resistant, which indicates that antibiotic exposure effectively act for
the selective development of resistant population. In the absence of same antibiotic, the
formation of sensitive cells may occur with a high frequency by the back mutation, and in
long term the population reverts back to sensitivity. The antibiotics block the growth of
sensitive microbes by the inhibition of macromolecules, which particularly play role in cell

wall, protein or RNA synthesis, DNA replication or membrane function.

13
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1.1.6.1. Foundation of the antibiotic era

In the early 1940’s industrialization of penicillin worked as the inauguration step in the
successful era of antibiotic innovation that lasted for over two decades (Figure 3). In this era,
the discovery of many new antibiotics classes, tetracyclines, macrolides, aminoglyclosides,
cephalosporins, chloramphenicol, glycopeptides and rifamycins, which are nowadays used
clinically, was done [39]. However, in the 1960’s, when a first case of resistance in microbes
towards these antibiotics was observed, the golden age came to an end [40]. As resistance
development limits the lifespan of antibiotics due to which a constant requirement of
introduction of new compounds is necessary. After this era, only two structurally different
antibiotics have been released into the clinic, namely, linezolid and daptomycin. The invention
of new antimicrobial drug is exceptionally difficult principally due to complex cell wall
structure which limits the penetration capacity of molecules into bacterial cells. On the other
hand, natural antibiotics have although evolved to violate the penetration barriers of target
bacteria. Most of the antibiotics were discovered by screening cultivable soil microorganisms
and excess mining of this natural resource brought an end to the initial era of antibiotic

discovery. In the last decades, the battle between bacteria and science has gone both ways but,

d\lgii\r/g:y Antibiotic(s)
1928 Penicillin
1932 Sulfonamides
1943 Streptomycin
1946 Chloramphenicol
1948 Cephalosporins
1952 Erythromycin and Isoniazid
1957 Vancomycin
1961 Trimethoprim
1976 Carbapenems
1979 Monobactams
1987 Lipopepitides

Table 4. Discovery of antibiotics.

14
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as we are approaching the end of the second decade of the 21st century, undeniably the
bacteria are winning. Resistance in bacterial strains is becoming common phenomenon, which
makes them responsible for the most of hospital-acquired infections observed in the best
medical centers and hospitals of all over the world. Pharmaceutical companies involved in
antibiotic discovery by derivation of existing antibiotics classes are also facing failure in
fighting the battle against resistance [41]. Researchers are still trying to develop new types of
antibacterial compounds but, as fast as they are produced, bacteria build up strategies to escape
their effects. The well known antibiotics with year of their discovery, widely used by clinician

so far are given in Table 4.

1.1.6.2. Classification of antibiotics

Various schemes for the classification of antibiotics have been proposed, but none of them are
universally adapted. Antibiotics those have a common basic chemical structure are grouped

into one class are classified as described below:

1.1.6.2.1. p-Lactam antibiotics

The penicillins are the first discovered antibiotics and still work as best option for treatment of
many infections. The penicillins along with cephalosporins form the group of B-lactam
antibiotics, and are named so because of the presence of four-atom cyclic amide in their
structure chemically pronounced as B-lactam. This group of antibiotics causes irreversible
damage to the bacterial cell wall by inhibiting the synthesis of peptidoglycan, basic
component of the bacterial cell wall. They are bactericidal antibiotics and ineffective against
fungi and mycoplasma as both of these organisms do not have cell wall. These molecules are
more successful against the Gram-positive bacteria and toxicity of penicillins and

cephalosporins is very low.

1.1.6.2.2. Tetracyclines

This family of antibiotics is known for its broad spectrum of action and its great therapeutic
effectiveness. Biologically these antibiotics are synthesized by cyclization of a chain obtained
by condensation of acetate and malonate units. These molecules are named as tetracyclines
because its chemical structure consists of four rings condensed linearly. They act on ribosomal

sub-unit to inhibit bacterial protein synthesis and as their effect are reversible, and they are
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thus grouped as bacteriostatic agent. Activity spectrum of these compounds is broad including
Gram-positive, Gram-negative, rickettsiae, chlamydiae, and some protozoa.

1.1.6.2.3. Aminoglycosides

This class of antibiotics is characterized by the presence of cyclic amino alcohol and comprise
of large number of substances. Streptomycin is the first discovered aminoglycoside, and other
well known examples of this class are kanamycin, gentamycin, amikacin, and netilmicin. The
aminoglycoside antibiotics inhibit protein synthesis irreversibly by interacting with the
ribosome subunits and exhibit bactericidal effect. These compounds are actively used against
Gram-negative bacteria. These compounds are highly soluble in water due to the presence
many hydroxyl functionalities in their structure and as a result, these are not suitable for the
oral uptake. Upon oral uptake, major adverse toxic effects, including nephro-toxicity and

ototoxicity, are detected.

1.1.6.2.4. Macrolides

The chemical structure of these antibiotics is characterized by a ring consisting of no fewer
than 12 carbon atoms and closed by a lactone functionality. These compounds are biologically
synthesized by the condensation of a number of propionate and acetate units. Further they can
be divided in two homogeneous classes; the compound in the first subclass are antifungal and
antiprotozoal macrolides, characterized by the lactone rings of about 30 carbon atoms with
hydroxyl groups and a series of conjugated double bonds due to which they are also known as
polyenes. They induce distortions in the cell membranes by interfering with the sterols; high
toxicity of these compounds limits their use and well known member of this group is
amphotericin B. The compounds in the second class are antibacterial macrolides, which are
characterized by lactone rings of 14 or 16 carbon atoms. They inhibit the protein synthesis
reversibly by interacting with ribosome and show bacteriostatic action. They act against
Gram-positive bacteria and mycoplasma. Examples of this group are erythromycin,

spiramycin and leucomycins.

1.1.6.2.5. Ansamycins

This family of antibiotics, introduced in 1960°’s, consists of molecules which are made up of

an aliphatic chain that connects two opposite points of aromatic ring. Their biosynthesis
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resembles with the biosynthesis of the macrolides. They are further divided in two subclasses
viz., benzenes and naphthalenes. Naphthalenes inhibit selectively enzyme polymerase and
show antibacterial action, while benzenes are not selective for its action and generally studied
for antitumor property. The well known example of the subclass naphthalenes is rifamycin

which shows broad spectrum of activity.

1.1.6.2.6. Peptide and glycopeptides antibiotics

The chemical structures of these antibiotics consist of a chain of amino acids but their
biosynthesis pathway is not similar to protein synthesis. First peptide antibiotics discovered is
gramicidin, which interferes with the membrane function. This group of antibiotics exhibits
high toxicity due to which generally these are not used by the medical practitioners and among
these, only polymyxins are used systematically. The polymyxins are known to disrupt the
membrane function, due to which they are very effective against the Gram-negative bacteria.
Glycopeptides are made up of linear heptapeptides and inhibit the bacterial cell wall synthesis
by making complex with intermediate moiety D-alanyl-D-alanyl. The important member of this
class is vancomycin, and it is active against Gram-positive bacteria staphylococci resistant to
B-lactams.

Some antibiotics which cannot be classified into any of the families mentioned above,
are described here: (i) Chloramphenicol, is bacteriostatic and inhibit the protein synthesis. It is
very effective against Gram-negative bacteria. (ii) Novobiocin, active against Gram-positive
bacteria, interferes with the DNA by inhibiting DNA gyrase. (iii) Fusidic acid, steroid type
structure, active against Gram-positive bacteria, it inhibits the elongation factor of protein

synthesis.

1.1.6.3. Antibiotic resistance - what, why and how?

Before coming to the other aspects of antibiotics here we discuss what antibiotic resistance is.
The bacteria having ability to survive in the presence of drugs that would normally kill it is
termed as antibiotic-resistant. Resistance for a particular antibiotic is measured by determining
its minimum inhibitory concentration (MIC), which corresponds to the minimum drug
concentration that can be used to cure the infection. The MIC of an antibiotic should be
enough to cure disease as well as not too high which cannot be tolerated by patients.

Susceptible bacteria have a MIC that falls within the standard dosing range of the antibiotic.
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While resistant bacteria requires high doses of antibiotic that have not been revealed to be
tolerable for the patients.

Why resistance for the antibiotics has evolved so widely? As in the mid of 20™ century,
antibiotics were considered as miracle drugs but nowadays antibiotics are renowned as a
double-edged sword. In the mid of 20th century antibiotics provided abundant store of
weapons to cure the bacterial infections due to which this era was considered as the golden age
of antibiotics. Lately, due to pervasive development of antibiotic resistance by many of disease
causing bacteria became a serious health care-associated problem.

The antibiotic-resistant bacteria Enterrococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter (ESKAPE), as documented by Infectious Diseases Society of America, are
discussed in brief in the following section. These ESKAPE pathogens are capable of
neutralizing the biocidal action of antibiotics and communally representing novel paradigms in
pathogenesis, transmission and resistance. Before a decade concern of clinical microbiologists
was centered on Gram-positive bacteria (meticillin-resistant Staphylococcus aureus and
vancomycin resistant Enterococcus spp.) but now, rate of increase in the resistance in Gram-
negative bacteria is faster than in Gram-positive bacteria.

Another key concern is that there are only fewer new and developmental antibiotics
active against Gram-negative bacteria. As per present scenario, the drug development agenda
will not be enough to provide therapeutic cover in coming 10-20 years. Majority of the
antibiotics used today to cure the diseases caused by the bacteria are originated from
actinomycetales, mostly streptomyces, and were isolated during the golden age of antibiotics
discovery. Natural products have proven to be highly efficient for the treatment of bacterial
infections and the variety of drugs based on natural products is enormous. There are drugs with
broad and narrow spectra for oral, topical or parenteral administration and with activities
against almost all known pathogens. Most natural product-based candidates, currently under
development, are either new or improved versions of old drugs. Although chemical
modification of the existing drugs has been demonstrated to be the most efficient way to
develop new drugs active against the resistant strains, these new drugs are doomed to suffer
from resistance development as well. Therefore, the development of antibacterial drugs with
completely new modes of action is needed. The screenings of libraries containing between

260,000 and 530,000 molecules resulted in five candidates, none of which have subsequently
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passed clinical trials to become licensed. This study reveals the complexity in finding novel
antibacterial drugs. In the present scenario of the fight against bacteria infectious, researchers
are slowly losing the battle, because of speedy antibiotics resistance development. By 2050 it

is expected that drug-resistant infections will kill more people globally than cancer.

1.1.7. How do antibiotics resistance developed?

Before knowing about how antibiotic resistance is developed we need to know the mode of
antibiotic action. Antibiotics can have different mechanisms of action that work against the
infecting pathogen. The vast majority of antibiotics fall into the same class and work by
preventing the cell wall of the bacteria from forming or inhibiting the creation of bacterial
proteins needed for survival or reproduction. Antibiotics may also prevent bacterial genes
from being copied, which keep the bacterium from reproducing. Figure 3 illustrates the
general targets of antibiotics. The five major modes of antibiotic mechanisms of activity are

described below with examples:

Sulphonamides
Macrolides etc

p-lactams
Aminoglycoside
Rifamycing

Inactivating enzymes

Figure 3. Main targets of antibiotics in the bacterial cell.

19

Decreased bacterial cell
Effiux membrane permeability
p-lactams p-lactams Cellwall
Tetracycling aminogly cosides B-lactams
Aminoglycosides polymixins
Macrolides etc
i Protein synthesis
PP /"\ i nhibition
3 NA R\" irTrnn s ,;“) Tetracyclins
< il MINAN) / Chloramphenicol
le"“}} ans ) = e ";’(,"7, Macrolides etc
Fluoroginolones )
‘\ 0 coM
‘ 2 v O
\ HN SIS ScoM
A, SSE NP .
- HN Folate synthesis
Altered target sites ° (6 ‘ Sulphonamides
p-lactams ‘.‘%*“'? ) Trimethoprim
Aminoglycosides o A

Immunity and Bypass
N g H o
Sulphonamides
Tetracycling
Vancomycins




Chapter 1 Introduction

1.1.7.1. Interference with cell wall synthesis

The B-lactam antibiotics, like penicillin and cephalosporin hinder the enzyme action needed
for the formation of peptidoglycan layer [42]. As peptidoglycan layer is essential component

of cell wall hence this hindrance results in failure of cell wall synthesis.

1.1.7.2. Inhibition of protein synthesis

The antibiotics oxazolidinones interact with site A of the bacterial ribosome which results in
the interference of the aminoacyl-tRNA placement. Tetracyclines obstruct the synthesis of
protein by binding to 30S ribosomal subunit, thereby deteriorating the ribosome-tRNA
interaction. Another example of antibiotic inhibiting protein synthesis is macrolides, which
bind to 50S ribosomal subunit and stop the elongation of nascent polypeptide chains. Similar
to macrolides, the chloramphenicol also binds to the 50S ribosomal subunit but instead of
blocking elongation of peptide chains it inhibits the action of the enzyme peptidyl transferase.
Lastly, the antibiotic class Aminoglycosides bind to the 30S ribosomal subunit and inhibits the

initiation of protein synthesis in bacterial cell [43].

1.1.7.3. Interference with nucleic acid synthesis

Antibiotic rifampicin hinders the action of the enzyme DNA-directed RNA polymerase. The
quinolones inhibit the type Il topoisomerase, leading to inhibition of DNA synthesis during

replication cycle and finally causing DNA double strand break [44].

1.1.7.4. Inhibition of a metabolic pathway

The well known examples of metabolic pathway inhibiting antibiotics are sulfonamides and
trimethoprim which block the key steps of the folate synthesis. The folate works as a cofactor
in the biosynthesis of DNA and RNA nucleotides.

1.1.7.5. Disorganizing of the cell membrane

The cytoplasmic membrane is considered as the primary site of action for many well known
antibiotics. For example, polymyxins exert their inhibitory effect by increasing the bacterial
membrane permeability and causing the leakage of bacterial content. Another well known

class of antibiotics, lipopeptide daptomycins, display rapid bactericidal activity by binding to
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the cytoplasmic membrane in a calcium-dependent manner, leading to an efflux of potassium

from the bacterial cell and resulting in the cell death [45].

1.1.8. Bacterial strategies to develop antibiotics resistance

In 1946, Fleming stated that there is probably no chemotherapeutic drug with which in
suitable circumstances, the bacteria cannot react and in some way acquiring fastness i.e.,
resistance. This statement is widely accepted and nowadays it’s well known that bacteria can
adapt various strategies to evade the antibiotics including; efflux of drug from the cell, over
expression of drug target, chemical modification of drug molecule and abating the target
requirement Figure 3. For example, the well known drug chloramphenicol have become less
effective and no longer considered as first line agent for any infection due to emergence of
drug efflux systems in many bacteria. Rifampicin antibiotics known to inhibit RNA
polymerase, has been shown to be less effective by the changes of its target.

The reduction in effectiveness of a drug such as antimicrobial on an anti-neoplastic in
curing a disease or condition is known as antibiotic resistance. When an antibiotic is not
capable to kill or inhibit a pathogen, then the term resistance is used. Normally, an organism
showing resistant to more than one drug is said to be multidrug-resistant [46]. Bacterial strains
may possess different types of resistant mechanisms which are shown in Figure 5 and are

explained as follows.

Antibiotic resistance mechanisms

Genetic aspects

»Mutation

Biochemical aspects

» Antibiotic inactivation

»> Horizontal gene transter

»Target modifications

[ [~

Figure 4. Biochemical and genetic aspects of antibiotic resistance.
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1.1.8.1. Biochemical aspects of antibiotic resistance

1.1.8.1.1. Antibiotic inactivation
1.1.8.1.1.1 By redox process

In many pathogenic bacteria, oxidation or reduction of antibiotics was done to destroy their
effects. Although this is not a frequent mechanism however, there are a few examples of this
strategy [47]. For example, oxidation of tetracycline antibiotics by the TetX enzyme was
performed to neutralize the effect. Streptomyces virginiae, a producer of the type A
streptogramin antibiotic virginiamycin M1, protects itself from its own antibiotic by reducing
a critical ketone group to an alcohol.

1.1.8.1.1.2. By hydrolysis

The antibiotics having chemical bonds in their structural moiety such as amides and esters
are hydrolytically susceptible. Many enzymes are known to spoil antibiotic activity by
cleaving these bonds. The well known class of enzyme is extended spectrum B-lactamases
(ESBLs), which are known to infer the resistance to all penicillins, third generation
cephalosporins (e.g., ceftazidime, cefotaxime, and ceftriaxone) and aztreonam [48].

1.1.8.1.2. Antibiotic inactivation by group transfer

The most diverse family of resistant enzymes is the group of transferases. These enzymes are
known to inactivate the antibiotics aminoglycosides, chloramphenicol, streptogramin,
macrolides and rifampicin chemically by the addition or substitution of adenylyl, phosphoryl
or acetyl groups. These groups are generally added to the edge of the antibiotic molecule to
modify. Due to these modifications, the antibiotics cannot impair the binding to their target.
The chemical strategies include O-acetylation and N-acetylation, [49, 50] O-phosphorylation,
[51] O-nucleotidylation, [52] O-ribosylation, O-glycosylation, and thiol transfer. These
modification processes are restricted to the cytoplasm and most of these modification
strategies require a co-substrate such as ATP, NAD®, acetyl-CoA, UDP-glucose, or

glutathione for their activity.

1.1.8.1.3. Antibiotic resistance via target modification

The second major resistance mechanism is the modification of antibiotic target site so that the

antibiotic is impotent to bind properly. However, it is possible for mutational changes to occur
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in the target that reduce the susceptibility for the inhibition while retaining cellular function
[53].

1.1.8.2. Genetic aspects of antibiotic resistance

Generally bacteria develop antibiotic resistance through genetic changes that can occur when
resistance genes transfer between different bacterial strains or between different bacterial
species or when mutations take place and these mutations help to confer the resistance or the
genes that help in survival under adverse conditions are picked up from the host or from the
environment. Important genetic factors responsible for the development of the resistance are

given in Appendix I-1and their mechanisms with examples are described below:

1.1.8.2.1. Mutations leading antibiotic resistance

The emergence of antibiotic-resistance via., mutation is a very complex process, in which the
genetics, the physiology, and the population behaviour, together with environmental
parameters, play key roles. The mutation rate determined under conventional laboratory
conditions most likely differs significantly from those of in vivo i.e., at the site of infection.
For example, resistance for antibiotics fluoroquinolones and rifampicin is aquired by
mutations in the gene [54]. Furthermore, the efflux system of membranes and variation in the

antibiotic uptake is also reported as a result of mutations [55].

1.1.8.2.2. Horizontal gene transfer leading Antibiotic resistance

Major cause of the antibiotics spreading is horizontal transfer of genetic material. Genes
conferring antibiotic resistance are mostly transferred by three mechanisms namely
conjugation, transformation and transduction. The well known example of this process is
spreading of the B-lactamase enzymes. One of these, CTX-M-15, initially found in E. coli but
now it reported in other members of Enterobacteriaceae [56, 57]. It is often located on highly
mobile IncFII plasmids and associated with mobile genetic element 1S26.

1.1.8.2.3. Genomic Duplications

Gene duplications is more common mechanism for drug resistance in the eukaryotic cells
(certain mammalian cancers) as compare to prokaryotic cells. Gene duplications causes the

over expression of the multidrug transporters and the drug targets [58]. In prokaryotic cells the
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large tandem duplication is also reported for example in the E.coli acrAB locus in a mutant is
isolated in the presence of tetracycline, which was found to be associated with the over-
expression of the AcrAB drug efflux pump, producing an MDR phenotype [59]. This mutant
was found to be very unstable and again converted into the wild phenotype in absence of drug
[60]. Another example of genomic amplification has also been found in S. aureus, which

generates methicillin susceptibility [61].

1.1.9. Strategies to develop new antibacterial drugs

The efforts towards developing the effective and new antibiotics are required to prevent the
constantly rising resistance in pathogenic bacteria. The one possible approach is to chemically
modify the existing antibiotics to make them effective against the resistant species. This
strategy is found to be milestone in case of B-lactam class of antibiotics, modification of these
antibiotics resulted in the increased efficiency against resistant bacteria. But the resistance
against these modified drugs (third generation B-lactams) has been emerged shortly. The
second approach is to target resistance causing gene product. This approach has been
implemented with mixed success. For example, clavulanic acid, an inhibitor of B-lactamases is
effective when supplemented with amoxicillin, a B-lactam class of antibiotics. Although the
above two strategies have been proved reasonably successful but rapid emergence of
resistance made them less effective against resistant bacteria. The third approach is to develop
the drugs which target the essential metabolic processes of bacteria. Till date most of the
existing antibiotics target only three essential metabolic processes including DNA
repair/replication pathway, protein biosynthesis pathway and peptidoglycan/cell wall
biosynthesis pathway. But, due to selective pressure, drug resistant strains have been emerged
against the members of all three classes. Hence, new pathways and targets are needed to be
characterizing for the development of new class of potent antibiotics. Due to significant
advancements in high throughput automated DNA sequencing, last decade witnessed the
exponential rise in genome sequence data which can be utilized for the drug discovery and
development process. The novel antibiotic development through this strategy involves many
key steps including, the identification and structural/functional characterization of validated
target, high-throughput screening against different compound libraries is used to narrow down

the possible lead molecule. For the further validation and development of these leads toward
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anti-bacterial, structure—activity relationship (SAR) study followed by testing in animal

models and then in human is carried out Figure 5 [62].

1.1.9.1. Present strategies with their shortcomings

As mentioned in the previous sections that unique feature present in A. baumannii is its
notable array of acquired antibiotic resistance mechanisms which includes, enzymes

degrading B-lactams, enzymes modifying aminoglycosides, alteration in the binding sites for
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Figure 5. Key steps in the genomics-driven antibiotic drug discovery process.

quinolones, array of efflux mechanisms and changes taking place in the outer membrane
proteins. Presence of these elements in the A. baumannii makes it a well drug-resistant
pathogen, due to which designing of an appropriate antimicrobial agent is not easy. In fact, it
is very much probable that A. baumannii would be resistant to some of the most common first
line antibiotics so it is advisable that treatment of the infection should be performed after
doing the antimicrobial susceptibility testing. On the other hand, the time lapse while
accessing correct treatment may result in the complicated health consequences for a patient’s.
Presently the carbapenems such as Imipenem are generally given as a drug of preference to a
patient’s suspected for the serious infections caused by the Acinetobacter [63]. Till date, there
is incomplete knowledge regarding the clinical response and resistance mechanisms of the
antimicrobials [64]. The consistency and comparability of various methods used in the
susceptibility testing of A. baumannii is again not so truthful [65]. As in the case of p-lactams
the tenacity of subtle growth after an obvious end point by broth microdilution is of big
concern and this explains its poor reaction with the disc diffusion method. Another novel

carbapenem drug Doripenem, is found to active against the susceptible A. baumannii [66-68].
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While the drug Doripenem was found to be ineffective against isolates of the A. baumanni
producing blaOXA-23 or blaIMP-4 or metallo-p-lactamases [69].

1.1.9.2. New strategy

Commercially first antibiotic was introduced long back and it did not take long time for
microbes to develop resistance for this antibiotics. Now days the extensive use of many
antimicrobial drugs offers the ideal conditions for the development and spread of multiple
drug resistance in the microbes. Although old days expert researchers successfully identified
the ways used by microbes to evade the effect of antibiotics. Presently multidrug resistance is
a serious worldwide problem it affects the peoples of all socioeconomic classes. The bacteria
can adopt intricate mechanisms to evade the fatal effects of antibiotics and understanding of
these mechanisms conferring resistance can guide to design the new drugs. Recognition of the
potential for the development of the resistance should garner newfound respect for the
urgently innovation of the novel agents crucial for the cure of infectious diseases. Another
possible approach is to develop the drugs which will target the enzyme catalyzing the critical
steps of metabolic process of bacteria and till date maximum of well known antimicrobials
target the most critical metabolic process namely protein synthesis, DNA repair and
replication pathway and peptidoglycan (component of the cell wall) biosynthesis pathway. As
a result of high natural selection capacity of bacteria the drug resistant strains have been
emerged against these members. Hence, new targets from these pathways are needed to be
explored for the development of novel and potent classes of antimicrobials. The advancement
in the high throughput DNA sequencing resulted in the exponential rise in genome sequence
data and this genome sequence data can be utilized for the innovation of new antibacterial
scaffolds, which would be a better strategy to keep multidrug-resistant infections at bay. The
lack of good therapeutic options is increasingly limited for Acinetobacter. Hence the
discovery of novel targets from metabolically important pathways may turn to decisive
proposal. Here, we discuss about the routine targets and about new targets which are not

explored but are crucial for the survival of the organism.

1.1.10. The conventional targets in Acinetobacter

The conventional targets of Acinetobacter can be divided into three categories first one is the

enzymes which inactivate the antibiotics, for example OXA-type inactivating enzymes [70-
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72] and some class of metallo—pB-lactamases (MBLs). The second one is reduced entry of
antibiotics due to efflux pumps or as a result of target site alteration and well known examples
of this type targets are porin channels, B-lactamases and efflux pumps [73, 74]. Third category
of the conventional targets include alteration of the target or cellular functions due to
mutations and most studied examples of this category are gyrA and parC topoisomerase
enzymes. So many research groups are working on the conventional targets of the
Acinetobacter. In the present study, we have chosen the non-conventional targets, which are

essential for the organism survival.

1.1.11. Unconventional target of Acinetobacter

Here we have chosen, the targets, Hpa2 and TAG for the structure-based drug designing. The
enzyme, Hpa2 is a histone acetyltransferases, (HATSs) are known to transfer acetyl group from
the acetyl-CoA to the g-amino group of conserved lysine amino acid on histone N-terminal
tails and core regions or to small molecules such as polyamines antibiotics etc. [75].
Generally, acetylation of histone results in the increased DNA accessibility through the
neutralization of the positive charge of lysine. This neutralization of the positive charge
weakens the interaction between histone and DNA, and in this manner acetylation promotes
the transcriptional activation. Furthermore, acetylation is known to be involved in various
cellular processes such as DNA repair, DNA replication, bacterial antibiotic resistance,
transcriptional silencing and cell cycle progression. Acetylation of histone is also known to
regulate and generate binding sites for specific protein—protein interactions [76-80]. Some
HATSs have the capacity to acetylate a number of growing non-histone substrates. HATS can
be grouped into various diversified families based on sequence homology and structural
features that show high sequence similarity within families and very less sequence similarity
between families. The four major families of the HATs are (i) MYST family including MOZ,
Ybf2/Sas3, Sas2, Tip60, (ii) Genb related N-acetyltransferase or GNAT family, (iii) p300
family and (iv) Rtt109 family. In spite of very less similarity in primary sequence, most of the
HATS possess similar substrate binding motif, and active site structure.

Among all the families of HATSs, the members of GNAT (Gcn5-related N-acetyl
transferases) superfamily illustrates less sequence homology irrespective of remarkably
conserved fold of catalytic domain [81]. The acetylation mechanism means how HATS

achieve acetyl group transfer, which is described in Figure 6. During the catalysis, acetyl-CoA
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and the protein substrate bind with the HAT enzyme to form a ternary complex. First of all,
glutamate of the active site supports in the deprotonation of histone lysine, helping in the
nucleophilic attack on the carbonyl carbon of the substrate acetyl-CoA. Finally, a tetrahedral
intermediate formation takes place, which collapses into the end products viz, CoA and the

acetylated protein.
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Figure 6. Proposed kinetic and catalytic mechanism of acetyl transfer (Adapted from Ref. 82).

The GNAT family includes Gen5, PCAF, Hatl, Elp3, Hpa2, Hpa3, ATF-2, and Nutl.
Structural analysis performed by Blanchard and co-workers [83] on S. enteric showed that
aminoglycoside 6’-N-acetyltransferase (AAC6), an enzyme capable of regioselective N-
acetylation of antibiotics, exhibits significant primary sequence homology with the GNAT
superfamily. This enzyme is found to exist as dimeric unit and its dimer structure is very
similar to that of S. cerevisiae Hpa2-encoded histone acetyltransferase enzyme [84, 85]. The
biochemical characterization of enzymes Hpa2 and Hpa3 performed recently [86] illustrates
that both of these enzymes have capacity to acetylate histone and some small molecules
including the polyamines. Furthermore, they also found that Hpa2 have the capacity to
acetylate basic proteins but not the D-amino acids and on contrast to it the protein Hpa3 was
found to acetylate D-amino acids [87]. To know the possibility of this differential nature of
acetylation of different substrates we carried out literature survey to correlate the acetylation
of polyamines and function of the Hpa2 enzyme. It is widely reviewed that polyamines are
crucial modulators of a variety of ion channels [88] and polyamines are also found to

modulate the expression of many genes and protein activity in Escherichia coli, which directs
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optimal cell growth, viability and defense mechanisms against toxic environmental conditions
[83, 86, 89-92].

The addition of polyamines to the growth medium of P. aeruginosa, multi-drug
resistant bacteria found to enhance the MIC values of many antibiotics (including polycationic
antibiotics, aminoglycosides, quinolones, and fluorescent dyes), which indicates the existence
of complicated molecular mechanism for polyamine-mediated resistance to multiple
antibiotics in P. aeruginosa [93, 94]. Additionally, many evidences highlight the significance
of polyamines in many key aspects of pathogenesis, survival and virulence of many pathogens
[95]. From the above mentioned literature findings, it can be concluded that polyamine
acetylation capacity of the Hpa2 might be associated with the antibiotics resistance
mechanism. Furthermore, the exact molecular function of the Hpa2 in the prokaryotic as well
as in eukaryotic cell is not well studied. As per results showing positive correlation with the
hypothesis made during the in silico study of Hpa2. We thought to perform the in vitro studies
on the same enzyme. Therefore, we cloned, expressed and purified the Hpa2 in the E. coli.
After purification, the 2D and 3D folding of protein were confirmed by the CD spectroscopy,
and the oligomeric state was studied using the gel filtration chromatography in presence of
various substrates and denaturing agents. Binding constants were calculated using ITC and
fluorescence. Crystallization was also attempted to characterize the structure function
properties.

Second enzyme taken for the study is TAG from the DNA repair pathway. TAG is
DNA glycosylase enzymes which recognize the DNA damage catalyses the first step of base
excision repair (BER) pathway (Figure 7) [96].

1.1.11.1. Recognition of DNA Damage

Basically there are three damage-searching mechanisms are proposed for the DNA damage
repair enzymes; first one is extrahelical, in this enzyme flips every base into its active site to
check for the damage [97-99]. Second one is intrahelical, in which the enzyme spots the

intrahelical lesion and then actively flips lesion into its active site; in the third one, the enzyme
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Figure 7. Basic steps of BER pathways.

captures a transiently extrahelical lesion. In the second and third recognition mechanism the
enzyme may sense instability of the damaged base pair, as in the case of bulky lesions like €A
or thymine distortion in the DNA helical structure is considerable to be noticed. However the
perturbations like of mismatched base pairs or methylated lesions cannot be recognized and
they need the costly and unfavourable first type of damage repair mechanism for their
recognition. The evidences obtained from the high-resolution crystal structures, molecular
dynamics and biochemical studies it is known that most of enzymes actively flips base lesions
rather than simply capture an extra-helical base.

After recognition the enzyme DNA glycosylases first intercalate the protein residues
into the space left by the flipped nucleotide to uphold the base stacking properties. After
flipping the damaged bases are recognized, based on size, shape, pattern of hydrogen-bonding,
and distribution of electronic charge while fitting into the active site. However normal bases
are generally expelled from the enzyme active site due to its steric constraints, and interactions
involved in the base recognition and its removal are shown in Figure 8.

The enzyme specificities are maintained by the chemical and physical properties of the
base-pairing and base binding pocket. After the flipping step, enzyme cleaves the N-
glycosylic bond to remove the damaged base.
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Figure 8. Structure-based reaction mechanism that resolves the apparent orthogonal paradox
for electron transpositions by altering the substrate stereochemistry. (A) A
simplified valence-bond representation of the glycosylic bond dissociation hides the
paradox that the three electron pairs to be transposed are involved in orthogonal
orbitals. (B) In the normal anti-conformation of deoxyuridine, the oc*-orbital
involved in the anomeric effect and the m-orbital of the C2==0 bond are orthogonal
to one another, thus preventing orbital overlap. (C) Severe distortions of the
deoxyribose and the glycosylic bond in the strained conformation of deoxyuridine
enforced by the UDG active center align the pairs of atomic orbitals participating in
each electron transposition, thereby electronically coupling the anomeric and o-
Tarom €ffects to promote bond cleavage. (Adapted from Ref 100).

The Glycosylase enzymes can be classified into two groups; mono-functional and bi-
functional enzymes. The mono-functional catalyze a hydrolysis reaction by generating a
hydroxyl ion which attacks on the anomeric carbon of the lesioned nucleotide. However, the
bi-functional DNA glycosylases enzyme uses an active site amine residue for the nucleophilic
attack and proceeds through a Schiff base intermediate. Here we conclude that all
glycosylases shares a common mode of action for the recognition of damage than they flips
damaged bases out of the DNA helix into its binding pocket, the architecture of which permits

chemically and physically detection of base irregularities.

1.1.11.2. 3-Methyladenine DNA glycosylase | (TAG)

In the prokaryotic cells two DNA glycosylases are found they known to cleave the glycosidic
bond of alkylated purine bases in DNA via the hydrolysis. They are named as the 3-
methyladenine DNA glycosylase 1l (AlkA), it has been studied in free as well as in the bound
form and structural analysis reveals that it belongs to HhH family. It cleaves the
modified/mispaired adenine and guanine using water as the activated nucleophile in the
hydrolysis. The conservation of structural fold suggests that this scaffold developed in the

early stage of the protein evolution scaffold for the DNA binding.
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The second alkyl purine DNA glycosylase, 3-MeA DNA glycosylase | (TAG) is the

constitutively expressed. Its phylogeny is not well understood due to absence of sequence

similarity with other DNA glycosylases, including the trademark HhH motifs of the

superfamily. It does not possess sequence as well structural similarity with its structural and

functional cousin AIKA.

Furthermore, one interesting thing noticed about the enzyme glycosylase by the Celli

and Tsolis [101] in the pathogen is that parasite H. pylori colonizes the gastric mucosa are

exposed to reactive oxygen and reactive nitrogen species (ROS; RNS). Which are produced

by a strong respiratory burst from neutrophils, this exposer generates various types of

damaged bases. And as usual the generated single-nucleobase lesions are repaired by the BER

pathway. But new interesting thing noticed is that DNA glycosylases do not recognize and

excise the mutagenic nucleobase lesions. However, enzyme MutY found to involved in the

excision of adenine mispaired with 8-oxoG which are known to having high probability of

spontaneous mutations. In this way the various DNA glycosylase enzymes are found to be

associated with the adaptation of human pathogens (Figure 9).
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The enzyme Hpa2 is known to exist as a dimer in the eukaryotes [102-104]. However,
its homologue from prokaryotes is known to exhibit the differential oligomeric states.
Recently Minor and his co-workers [105] performed the biochemical studies on the enzyme
PA4794 from MDR organism Pseudomonas aeruginosa, and found that compounds
cefotaxime, cefalotin, cefuroxime, 7-aminocephalosporanic acid, cefmetazole, cefoxitin,
cefixime, cephalosporin C, and ammonium 2-(aminocarbonyl)benzoate bind at the active site
of enzyme; so these molecules may work as competitive inhibitors [106-113]. Furthermore,
PA4794 enzyme was found to acetylate the antibiotics chloramphenicol, which could be
related to the antibiotic resistance. Adding to the complexity of possible substrates for the
members belonging to GNATS, it appears to be most promiscuous and has capability to
acetylate more than one class of substrates [113-118]. Due to all the features described above,
especially its absence in the higher organisms and variety in substrate recognition makes it
good chemotherapeutic target to be studied.

From the above discussion it is understandable that these enzymes are essential for the
A. baumannii. The initial steps of this work are in silico structure modelling, active site
characterization, structural/functional characterization of selected targets and structure-based
screening of database to identify novel antibacterial compounds. After that heterologous
expression and purification of target proteins are performed to characterize the structure and

function of proteins.

1.2. Conclusion

Acinetobacter baumannii is a multiple drug resistant and opportunistic pathogen and is known
to cause bacteraemia, secondary meningitis, surgical-site infections, and ventilator associated
pneumonia and urinary tract infections. The tactic of improvements in the existing antibiotics
is a short term strategy, and has so far been successful at achieving this goal. Consequently,
the innovation of new antibacterial scaffolds would be a better strategy to keep multidrug-
resistant infections at bay. The lack of good therapeutic options is increasingly limited for
Acinetobacter so innovation of new antimicrobials is needed to cure the infections caused by
the organisms. Our exploration in this direction led us to the search of novel targets which
ended at Hpa2 and TAG, in this study both enzymes have been taken to perform the in silico

and experimental study.
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2.1. Introduction

Knowledge of protein three-dimensional structure is crucial for structural biologist. The 3D
structure of a protein provides valuable information including functional annotation,
evolutionary features and structural information needed in the rational drug designing.
Experimental techniques generally used to characterize protein structures such as NMR
spectroscopy or X-ray crystallography are difficult, time consuming and not successful with
all the proteins, causing an ever increasing gap between the numbers of protein sequences
available and solved protein structures (Figure 1). Though the rate of structure determination
through the experimental methods will continue to increase, the number of newly discovered

sequences grows much faster than the number of structures solved.
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Figure 1. Gap between the sequences and the structures of proteins. The number of entries in
the SwissProt and trEMBL sequence databases (UniProtConsortium, 2013) and the
PDB [1] are growing exponentially, while the “protein structure gap” between
sequence and structures is widening dramatically. Inset: Growth of PDB holdings
from 1972 to 2013.

Approximately 11,0350 protein structures are available in the Protein Data Bank
(PDB), http://www.rcsb.org/pdb (2015), while ~ 40,000,000 sequences are deposited in the
SwissProt and trEMBL sequence databases. The computational protein structure prediction

methods are widely used to fill the large gap present between the numbers of protein
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sequences to its 3D structures and to achieve protein three-dimensional structures with
resolution comparable to experimental results. Due to efforts made by the experimental
structural biology community a rising fraction of protein families has at least one member in
the PDB database solved experimentally [1]. Furthermore, development of accurate profile
HMM methods permit the successful detection of remote templates [2]. As a result, during the
last decade, a paradigm shift has occurred and nowadays structural information, for at least
one member of each family, either from experimental or computational sources is available.
Generally, computational models represent only fractions of a protein and one of the
unanswered questions in comparative modeling is how to merge the information obtained
from multiple templates. Development of reproducible and trustworthy refinement methods
having consistently improvement ability by shifting the coordinates closer to the native state

are needed to enhance the quality of models.

2.1.1. Protein structure prediction by comparative homology modeling

Pure computational methods (de novo), aimed to build the protein native 3D structure from its
sequence of amino acids directly without any experimental data, appear to be highly
insufficient to provide high-resolution 3D structural for the majority of proteins [3, 4]. To
overcome these problems, integrative structure solution techniques, which can combine
experimental data having conflicting or ambiguous information from various sources, are
indispensable. Particularly, the computational modeling combined with experimental
information has proven powerful [5, 6]. However, as shown in Figurel, the sensitive and
sophisticated next-generation sequencing techniques are available causing widening in the
protein structure gap. Fortunately, proteins having evident sequence similarity comprise
similar three-dimensional structures. In homologous proteins, structural diversity is found to
increase with evolutionary distance as noticed and presented by Chothia and Lesk [7]. Based
on this fact, methodology for comparative modeling of protein structures was developed two
decades ago, which extrapolates available 3D protein structure information derived
experimentally, to so far uncharacterized protein sequences [8-11]. In present scenario, the
comparative homology modeling techniques have settled into fully automated stable pipelines
which are successful in generating trustworthy and tremendous number of 3D models. Since
comparative homology modeling methods use the fact that evolutionary related proteins share

a similar structure hence models of a protein with unknown structure can be built based on an
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alignment of a protein of known structure. Today, homology modeling techniques are
emerged as a fully automated stable pipeline which generates reliable three-dimensional

models.

2.1.2. Theoretical basis of comparative homology modeling

The protein structure is found to be more conserved than sequence and similarity in sequence
suggests similarity in the structure, facilitating the prediction of proteins structure with similar
sequences. During the course of evolution acquired mutations are constrained to preserve
protein intermolecular and intramolecular interactions responsible for the designated functions
in protein families and superfamilies [12]. The study performed on the 25 proteins from eight
families found the presence of highly conserved structural regions [7]. The homologous
proteins having sequence identity greater than 50% showed more than 90% structurally
superimposed backbone Ca atoms, and when the sequence identity is decreased to ~20%, only
42% backbone Co atoms showed structural similarity. The obtained rmsd deviation for >50%
and ~20% sequence conservation segments of protein measured to be ~1 A and ~3 A,
respectively. This quantitative analysis states that success rate in prediction of a correct target
protein structure from a template protein structure depends on the sequence similarity.
Generally, comparative modeling is reserved to the confident homology detection region.
Empirical methods based on similarity of amino acid sequence with template have shown
good performance, and for this reason, they are also known as template-based approaches.
These template-based methods are especially accurate and be able to predict structures similar
to the native structure. However, application of template-based approaches is limited to the
target protein for which a homologous protein with structure solution is available in the
database. Application of this method is further extended by a better coverage of protein
structural space and by increase in the computational power. In a recent study, Kryshtafovych
and co-workers noticed a positive correlation between prediction accuracy of comparative
homology modeling method and sequence similarity among target and template protein [13].
The minimum percentage of sequence similarity needed to deduce structural similarity has
been well characterized [14]. Now it is widely accepted that if target and template have
sequence identity more than 35% for alignments of ~100 residues then template-based
structure prediction methods are suitable to use. Accurate models are appropriate for a wide

range of biomolecular applications such as protein active sites prediction, computation of
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effect of mutations on the protein structure and function, and structure-based virtual screening.
Particularly, comparative modeling has enabled structure-based drug design against protein

targets with unknown structures.

2.1.3. Steps in comparative modeling

Conventional homology modeling typically involves four steps: (1) identification of
homologous protein structure that can be used as template(s) for modeling, (2) pairwise
alignment of the target sequence to the template(s), (3) building a model for the target
sequence based on the information from the alignment(s), and (4) evaluation of the model.
These all steps can be repeated until a suitable model is obtained. Homology modeling starts
with fold assignment and template identification and if the target sequence has high sequence
identity (>35%) with the structure then template finding is quite straight forward and often it
is completed with the dynamic programming methods. BLAST is simplest searching method,
which is based on a pairwise sequence comparison of target and template. Problems
associated with the homologue detection and target-template sequence alignment are

described in the following section.

2.1.4. Limitations due to low sequence identity

When sequence identity is higher than 40%, pairwise sequence alignment is easy as there are
not many gaps; about 90% of main-chain atoms could be modelled with an rmsd error of
about 1A [15]. In this range of sequence identity, difference in structure between target and
template proteins mostly arises from loops and side-chains. When sequence identity lies
between 30-40%, getting correct alignment of sequence becomes difficult task due to frequent
insertions and deletions of amino acids. Using comparative modeling, 80% of main-chain
backbone atoms in the structure of target, whose sequence similarity lies in the range of 40—
30%, can be predicted having rmsd error up to 3.5 A [15-19], remaining 20% residues are
modelled with high percentage of error specially in the insertions and deletions regions. Major
problems associated with the modeling of protein having sequence similarity less than 40%
are not only in obtaining correct sequence alignment but also in the modeling of loop and in
placement of correct side-chain pose. Lastly, if the sequence similarity is less than 30%, then
main problem in the modeling is the identification of the homologue structures, and alignment

of target-template sequence becomes too difficult. Incomplete information about the structural
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space in this region (twilight zone) implies the limited usage of the comparative modeling.
Likewise, Comparative modeling is generally inhibited to confident homology detection

region.

2.1.5. Comparative homology modeling and methodologies used by model building
programs

The key step of comparative modeling is model building which involves explicit prediction of
the atomic coordinates for the target structure from the equivalence residues present in
pairwise alignment. Model building methods generally are of four types — 1) rigid body
assembly [11, 20], 2) segment matching [21], 3) spatial restraints satisfaction [22] and 4)
artificial evolution. These model building methods with their working principle and examples
are described in the following paragraphs.

First one is rigid body assembly, as the name rigid body assembly, itself describes the
working style of this methodology; It means small-small rigid bodies derived from the
structurally conserved aligned regions of proteins are assembled to model the complete
structure of target protein. In this methodology, accuracy depends on template and alignment
quality. This methodology is used by the programs SWISS-MODEL and 3D-JIGSAW.
Second one is segment-matching approach, which uses a subset of atomic positions, obtained
from the matching segments during alignment in a database of experimentally known protein
structures. These short segments are selected and used as building blocks in the construction
of all atom models. Selection criteria for these segments are done using either energy or
geometry rules or by permutation of these both criteria. This approach is widely used by many
programs such as SegMod/ENCAD, etc. Third methodology is spatial restraints satisfaction,
and in this methodology, the model is constructed using a set of restraints derived from the
alignment and then minimization was done to decrease the violations of these restraints. Idea
behind this methodology is that evolutionary conserved residues exhibit similar structural
features and these structural features are imposed in the form of restraints. These restraints are
generally supplemented with generic stereochemical restraints from molecular mechanics
force fields. Restraint-based modeling methodology is better and most flexible as different
types of restraints and constraints are easily incorporated in it. Restraints can be derived from
template structure or from experiments like NMR, fluorescence, and site direct mutagenesis.

The difficult tasks noticed in model building using this methodology are prediction of
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conformation suitable for side-chains and loop region. This approach is used in one of the
most frequently used modeling programs, Modeller [22]. The fourth method is artificial
evolution, in this method, the program start changing the template structure via mutation,
insertion and deletion according to the query-template sequence alignment. After every
modification the minimization is performed using simplified potential function to calculate the
energy, and change having minimum energy is selected for the next step and this process is
repeated until the query sequence is completely modeled. The artificial evolution

methodology of model building has been implemented in the NEST program.

2.1.6. Refinement of model

The refinement of initial model predicted by comparative modeling normally involves an
effective sampling strategy for the conformational space and accurate energy function to
identify near native structure. Primary goals of the model refinement methods are tuning of
alignment, modeling of loops and optimal rotamer selection for the side chains. In other
words, it involves simultaneous optimization of the predicted conformations for the non-
conserved regions along with the physically adjacent regions. This is generally achieved by
the molecular dynamics techniques using a correct force field and appropriate environment, it
leads protein model to its native conformation. However, in the CASP experiment, it is
concluded that the conformational space explored in the MD simulation is fairly local to the
initial conformation [23]. There are four possible reasons for this problem: inadequate
sampling of the possible conformations, the ruggedness of the potential energy landscape,
having not enough accuracy in the inter-atomic forces description, and too short simulation
times [23, 24]. To solve the above mentioned problems, optimization techniques perform the
limited conformational sampling with a detailed force field, and then more extensive sampling
with a simplified force field [25]. However, these approaches also found to be ineffective, due
to which a refinement method using only MD simulation is useful for inadequate structural
arrangements [26].

The refinement process generally starts with energy minimization step using suitable
force field and for the next step, various techniques such as molecular dynamics, Monte Carlo
and genetic algorithm based sampling can be applied. Refinement is generally focused on
those regions of model which are probable to have errors, while remaining parts of the
structures are allowed to relax in a physically realistic all atom force field. In this way,
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refinement process significantly improves the quality of models by improving the backbone
conformations as well as the placement of core side chains. Alignment accuracy strongly
depends on the percentage of sequence similarity. The misalignment during the model
construction results into the errors which are very hard to remove at the later stages of the
modeling, i.e., refinement [27].

The successful development of reproducible and reliable refinement methods, in which
consistently improvement was done by shifting the coordinates closer to the native state, is
one of the serious challenges in the field of structural bioinformatics. The activity of proteins
in maximum cases involves the conformational changes, and understanding of molecular
mechanism behind this requires a complete explanation of different functional states
dynamically explored by the structure. The classic examples of this problem include
conformational changes upon substrate bindings, excited states at the intermediate step in
reaction cycles, transport activities, etc. However, these various states cannot be observed
directly using high resolution experiments, and these states are generally characterized by the
low resolution experiments, such as chemical shift changes, FRET, SAXS, or limited electron
density in X-ray crystallography [28-30]. The Modeling and simulation is identified to play
an essential role in exploring these alternative conformations and in explaining the dynamics

of the structure.

2.1.7. Application of homology models in structure-based drug discovery

The rational drug development mainly depends on the structure-based strategies for
identifying the effective as well as selective low molecular weight compounds, and the entire
process in turn depends upon the quality and accuracy of the homology model. Homology
models finds widespread applicability in the structure based virtual screening and has been
utilized in various retrospective analyses on a variety of different targets [31-34]. Similar to
the homology modeling technique, the efforts from the research community are needed to
assess the correctness and consistency of modelled protein-ligand, protein-DNA, and protein-
protein interactions [35-37].

Ripphausen and co-workers have analyzed 322 potential virtual screening operations,
and out of total 322, in the 73 virtual screening studies, the homology models were
successfully utilized [38]. And interestingly, potency of the hits recognized using the
homology models was found to be higher in comparison to the hits identified through the X-
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ray structures docking. In structure-based drug discovery, it is noticed that experimental
structures will not necessarily provide better results than the models. In the recent study, a
model of protein CYP2D6 was constructed based on the experimental substrate-bound
CYP2C5 structure and at the same time, the experimental structure of apo-CYP2D6 also
became available. So both the in silico, as well as experimental structures were taken as
receptors in the docking calculations, irrespective of the fact that in silico, as well as
experimental structures were in good agreement and the performance of the model was
superior than the experimental structure in the docking calculations. The better performance
can be credited to structural differences in the substrate binding sites and to the correctly
described conformational changes taking place upon the substrate binding. Based on the above
observations it can be concluded that the modeling techniques can play a critical role in
searching the optimal receptor conformations. Application of the modeling is not only limited
to the development of new drugs, but also it plays important role in various other biochemical
processes, for example, the effect of amino acids mutations in the binding process. However,
conveying the taken assumptions of the computational technique, and assessing the required
accuracy of a model will be decisive to make these techniques helpful for the non-expert
researchers. Understanding the limitations of a model is very crucial to decide which
interpretations and conclusions can be supported. One of possible solutions in this respect will
be to develop an open environment for sharing of data, models, and algorithms which will

allow us to continuously and collaboratively refine our current model.

2.1.8. Limitations of recent advanced homology modeling techniques

The structural properties of proteins are very complex to understand as each protein is made-
up of unique three-dimensional structure. As sometimes the small changes in the protein
sequence result in strong effects on its structural properties and experimental determination of
protein structures is a difficult process. Therefore, computational modeling of protein structure
fascinated large interest in the field of structural bioinformatics to complement the efforts of
experimental structural biology in characterizing the protein universe. In the following
paragraphs, some applications of structure modeling and prediction techniques their
limitations in communicating model information are presented.

Nowadays, the template based homology modeling techniques are so well established
that it can be considered as the complement to the experimental techniques. Importantly, the
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integration of the data obtained from the low resolution experimental technique with the
computational modeling methods allows the study of routine as well as large complex systems
with high accuracy. For example, the use of high ambiguity driven protein-protein docking
(Haddock), it is different from the ab initio docking methods because it encodes the
experimental information as the ambiguous interaction restraints (AIRs) to drive the docking
process [39]. Experimental information from the low resolution experiments like mutation,
SAXs, cryoEM, biophysical, biochemical and NOE, etc., are converted into the AIRs to drive
docking process to achieve results with the high accuracy. Haddock can be used to solve a
large class of modeling problems including protein—protein, protein—nucleic acids and
protein-ligand complexes. However, the incomplete knowledge of the computational
modeling techniques is still facing so many challenges which hamper its efficient utilization
by the non-expert researchers. The key problems associated with the modeling are difficulty in
conveying the fundamental assumptions of a given computational technique, and the expected
correctness and structural inconsistency of a given model. However, both these aspects are
very essential to recognize the limitations of a model, and to decide that which analysis and
interpretations can be carried out.

In the 1987, researchers Box and Draper stated that all models are wrong, but some are
useful [40]. The different applications of macromolecule structure need different levels of
accuracy and resolution, while atomistic modeling requires highly accurate set of coordinates.
Models of lower resolution are also suitable for various types of studies including rational
drug design, epitope mapping, site directed mutagenesis and supporting experimental structure
determination [41]. To judge the model applicability, it is very crucial to know its accuracy as
well as quality.

The model assessment techniques are retrospective experiments such as CASP or
CAMEO allowed comparing different methods on the same data set and in this way help in
finding the area which need further development or improvement in the methods. However,
the differences in the accuracy between the same protein targets are generally small for the
same protein target and differences between the easy and difficult protein targets are generally
high. Therefore, estimation of the local error for the atomic coordinates generated by a model
is essential to judge its applicability for a specific biomedical question. This is one of the
major limitations in the success of current modeling techniques, and it hinders the widespread

use of models in the area of biomedical research. To avoid this problem, a number of tools for
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the model validation and quality assessment have been developed, which measures various
structural features of a model such as correctness of stereochemical parameters (Procheck), or
apply a combination of knowledge-based statistical measures obtained from the high-
resolution structures. Validating the accuracy and reliability of a model is very important in
order to estimate its applicability. The prediction of model suitability for a given application
requires two things first one is obviously the access to the model coordinates and second one
is the information about the procedures and necessary assumptions made during the model
generation. As the coordinates derived by theoretical modeling cannot be deposited in the
PDB due to which many manuscripts reporting results of in silico modeling and simulations
are published without submitting the model in the molecular modeling database available, or
without making the model accessible. This is highly problematic for the reviewer of the
manuscript to judge if the experiment is reproducible and given conclusions are vindicated. In
order to improve such situation, a public archive of theoretical models
(http://modelarchive.org) is currently being established as a part of the Protein Model Portal
[42]. Model archive provides a unique accession code (DOI) for each of the deposited model,
which can be given in the corresponding manuscripts so that reviewers can verify the results.
Along with the actual model coordinates, archiving of models also includes the necessary
details about the assumptions, parameters and constraints applied in the simulation.

2.1.9. How our optimized methodology is useful in the protein modeling?

As we discussed in the previous sections, homology modeling is a depiction of the residues of
similar environment at topologically corresponding positions in the template proteins. In the
absence of experimental structure, model constructed on the basis of a known 3D structure of
a homologous protein is an only reliable method to obtain the information about the structure.
The Knowledge of proteins structure provides valuable insights into the molecular basis of
their action. In this chapter, we performed the homology modeling of two proteins TAG and
Hpa2 from the organism A. baumannii. For the model construction we used one of the well
known programs, i.e., Modeller9v12. After model construction the best model was selected on
the basis of the DOPE score and model having better structural parameters. Then energy
minimization was performed to improve the model quality.

It is well known from the literature that modeller performance is excellent in most of

the aspects. However, performance is found to be poor in terms of placement of the side
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chains. Since we used modeller to construct the model for both of proteins, and keeping the
problem of the side chain quality in mind, we searched for the program which can solve this
problem. Finally we found that it is suitable to use the RepairPDB module of FoldX to further
refine the models. In the following sections, the explanation on how RepairPDB improves the
quality of the model is given. Stability and Analyse Complex modules of FoldX algorithm
were also performed in the present in silico studies. RepairPDB module improves the side
chain orientation and removes the clashes present between them. The details of methodology
used, obtained results and discussion for each protein are separately described in the two sub-

sections.
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Section-|

The genus Acinetobacter, especially the species A. baumannii has gained lot of attention as
one of the critically emerging bacterial pathogens [43, 44]. The successful emergence of A.
baumannii is a major alarm for human health because it has enormous capacity of rapid
transformation and showed resistance to almost all currently available antimicrobial agents
[45]. The organism causes outbreak of health-care associated infections including
bacteraemia, UTI, meningitis, pneumonia, endocarditis, keratitis, osteomyelitis and peritonitis
[46, 47]. Resistance mechanisms for Acinetobacter species are divided into three categories:
(i) antibiotics-inactivating enzymes, (ii) abridged access to antibacterial targets and (iii)
resistance via mutations that increases expression of operons and intrinsic genes [48]. Owing
to the lack of good therapeutic options as well as developing resistance toward majorly
available antibiotics, it is difficult to cure the infections caused by Acinetobacter.
Consequently, the innovation of new antibacterial scaffolds would be a better strategy to keep
multidrug-resistant infections at bay. Hence the discovery of novel targets from metabolically
important pathways may turn to decisive proposal. The idea behind the present study led us to
the search of novel targets in A. baumannii which concluded at Hpa2, a member of GNAT
superfamily of HATSs due to the vindication noticed in literature as described below.

Histone acetyltransferases (HATS) are enzymes known to transfer an acetyl group
from acetyl-coenzyme A (acetyl-CoA) to e-amino group of conserved lysine amino acids on
histone proteins or to small molecules like polyamines [49]. HATSs are classified on the basis
of sequence homology and structural features. Superfamily Gen5-related N-acetyl transferases
(GNAT) illustrate less sequence homology irrespective of remarkably conserved fold of
catalytic domain [50]. This superfamily includes members like Gen5, PCAF, Hatl, Elp3,
Hpa2, Hpa3, ATF-2, and Nutl, which act on a range of substrates such as lysine residues,
aminoglycoside antibiotics, spermine/spermidine or arylalkylamines crucial for the cellular
functions [51-53]. During literature inspection, we noticed two interesting things; firstly,
study performed by Blanchard and co-workers on S. enteric revealed that AAC6, an enzyme is
capable of regioselective N-acetylation of antibiotics. AAC6 enzyme exhibits dimeric
structure and its structure is very similar to Hpa2-encoded histone acetyltransferases of S.
cerevisiae [54]. Secondly, the biochemical characterization of Hpa2 and Hpa3 proteins

illustrates that both of these enzymes have capacity to acetylate histone and polyamines [55].
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It is well documented that polyamines are imperative modulators of a variety of ion channels
[56], gene expressions and protein activity [57-59]. Also, addition of polyamines to the
growth medium of P. aeruginosa, a MDR bacterium, was found to increase the MIC values of
multiple antibiotics. This suggested the possibility of a molecular mechanism for polyamine-
mediated antibiotic resistance [60-61]. Based on the evidences obtained from the literature
(vide supra) on acetylation of polyamines by Hpa2 and structural similarity with enzyme
AACS, it can be hypothesized that Hpa2 might be engaged with polyamine dependent or
independent antibiotic resistance mechanism. Moreover, the exact molecular function of the
Hpa2 in the cell is not well characterized, due to which, three-dimensional structure was
predicted computationally to shed more light on the usefulness of structural information
ranging from precise family and functional assignment to structure-based drug screening.
Generation of accurate protein model from its less conserved sequence information is a
very critical step and for this we have developed a new protocol that can generate highly
accurate protein models in terms of optimal backbone dihedral angles /¢, side-chain
orientation, and binding sites of substrate. To obtain accurate protein models, we have
developed an efficient, cost and time effective novel protocol for residue-level protein
structure refinement. In the present study, steps pooled with traditional homology modeling
are multiple sequence alignment and its manual adjustment, loop refinement, side-chain
remodeling via, the optimal combination of side-chain rotamers and finally improving the

energetics of model using the FoldX commands.

2.2. Methods

The workflow for constructing monomeric and dimeric Hpa2 model is depicted in Chart 1.

The protocol for generating monomeric tertiary structure of Hpa2 is discussed below.

2.2.1. Methodology for generating monomeric tertiary structure of Hpa2

For less homologous sequences i.e., less than 35%, generation and optimisation of optimum
quality model via conventional method is a difficult task or nearly impossible. To circumvent
these problems, conventional homology modeling of Hpa2 was pooled with a few commands
of FoldX algorithm to achieve high accuracy in structural parameters. The amino acid
sequence of Hpa2 retrieved from the NCBI database with accession number ACC58416 was
BLAST [62] against protein data bank http://www.rcsb.org to obtain the homologous template
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Chart 1
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structures for the homology modeling. The pairwise sequence alignment with homologues
templates was performed using T-Coffee [63] and manual adjustment was done to improve the
quality of alignment [64]. The monomeric model of Hpa2 was prepared using SWISS-
MODEL which incorporates model construction and minimization steps [65]. Then
optimization step was completed by subjecting the model to RepairPDB module in FoldX
command [66]. For accessing the model quality, two types of evaluations were performed;
First one is internal evaluation using PROCHECK [67] and Varify3D [68] for self-
consistency checks to see whether model satisfies the restraints used to calculate it. Second
one, PROSA Z-score for external evaluation, utilises the information used in the calculation
of the model [69]. Finally, energy calculation was performed using stability command of
FoldX algorithm. It provides Gibbs free energy of folding composed of various energy terms,
which is useful for the model appraisal. Eventually, the model is checked for its consistency
with experimental observations such as site-directed mutagenesis and ligand binding. The
generated Hpa2 monomer structure is now available for the structural analysis, virtual

screening and protein—protein docking experiments.

2.2.2. Methodology for designing of dimeric Hpa2 structure

Prior to developing dimeric Hpa2 model during this study, we decided to reconstruct the
experimentally available dimeric structures for acquiring optimal theoretical parameters. For
this process, homologues template dimer structures present in the pdb were retrieved. Analyse
complex command of FoldX algorithm was then used to determine different energy terms
along with the complete list of residues involved in the interaction at the interface, which were
further verified manually using the pymol plugin [70]. After that, heteroatoms were removed
and modified amino acids mutated to normal amino acids with the help of pymol-wizard
mutagenesis since FoldX does not recognise all types of modified amino acids. The interface
residues that make the direct contact are considered as active residues and remaining interface
residues were further categorized as passive residues in Haddock [39]. In this data-driven
docking study, the experimental information entered in the form of active and passive
residues, is further converted by the program into ambiguous interaction restraints (AIRS)
with default value of restrain partitions (n = 2) to perform the docking. The AIR is defined
between each active residue of one protein and all the active and passive residues of the
partner protein. The Haddock uses Crystallographic and NMR System (CNS) as its structure

57



Chapter 2 Hpa2 and TAG: In Silico Studies

calculation engine [71]. It generates the topology of the input structure just before the docking
simulation. Afterwards, the simulation process starts and this consists of three sub-steps viz.,
energy minimization, semi-flexible simulated annealing to refine the interacting surface and
then explicit solvent model which is used for the final refinement. The structures were ranked
after completion of every step and best solution is chosen for the next stage. Successful
completion of docking run produces the clusters numbered according to cluster size and these
clusters are sorted by Haddock score. The best docked dimeric structures are further taken for
rmsd value calculation to ensure that applied protocol is suitable for this type of biomolecular
system. Then the same protocol was followed for the Hpa2 dimer formation. For this, active
and passive interface residues were identified through the sequence alignment with homolo-
gous dimeric templates (LXEB and 1QSM). Then conserved residues present at the interface
are taken as active and residues surrounding them are considered as the passive residues.
These residues are used as AIRs for the generation of dimeric Hpa2 by the Haddock. Then the
structure was optimized and validated in a way similar to that of the monomer structure.
Finally, the interaction energy was recalculated using the Stability command of FoldX
algorithm. The different energy terms used in the FoldX provide the rough estimate of the
importance of different forces in the formation of the complexes analyzed here. The formed

Hpa2 dimer structure was used for the structural and interface analysis and virtual screening.

2.2.3. Docking of acetyl-CoA-based compounds

For inhibitor designing as well as to characterize the enzyme action, it is vital to have
information about the nature of residues making the active site and forces involved in the
optimal binding. For this purpose, Vina wizard module of PyRx, which takes receptor as a
rigid structure to carry out the virtual screening of large number of possible ligands, was
considered [31, 72]. Herein, a library of 670 compounds, having at least 60% similarity with
substrate acetyl-CoA, was generated from ZINC database http://zinc.docking.org. For the
geometry optimization, we used the Steepest descent method for the first 1000 steps and then
switched to the Conjugate gradient method for the next 2000 steps. The low energy
conformers of each compound were converted to pdbqt file and then subjected to virtual
screening [73]. The docking of polyamines and aminoglycoside class of antibiotics were also
performed on both monomeric as well as dimeric model to test the hypothesis made at the
beginning about the antibiotic resistance properties of the enzyme Hpa2.
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2.3. Results and Discussion

The ever-rising gap between genome sequences and experimental structures of proteins is very
challenging task for the structure-based drug discovery efforts. Although computational
structure prediction methods provide a cost and time effective alternative but developing
enough accurate models using the remotely homologous templates is still very challenging.
The developed protocol herein is quite easy, efficient in terms of time as well as computation
cost and sufficiently accurate for the modeling of proteins having distant homology.
Furthermore, the protocol can be used for the creation of dimeric model successfully.

2.3.1. Alignment of amino acid sequences and secondary structure prediction

The templates used for the homology model construction were retrieved from the pdb
database using the BLAST search. The search shows that Hpa2 of A. baumannii shares 35%
sequence identity with GNAT superfamily protein Yjcf from B. subtilis (PDB: 1Q2Y).
Furthermore, it has 29% and 33% sequence identity with GNAT superfamily members L.
plantarum (PDB: 3EFA) and P. aeruginosa (PDB: 1XEB), respectively (Table 1). Since the
Hpa2 of A. baumannii showed highest percentage of sequence identity and query cover with

Y jcf protein from B. subtilis, it was considered as an appropriate template for homology

Table 1. Templates from BLAST against PDB with Hpa2 of A. baumannii.

Sequence

identity E-valug

PDB id. Organism Title

1Q2Y  B. subtilis Chain A, Crystal Structure of the Protein Yijcf 35% 4e 17

3EFA L. plantarum Chain A, Crystal Structure of Putative N-acetyltransferase ~ 29% 7e 11

Chain A, Crystal Structure of an Acyl-CoA N-

1XEB P. aeruginosa Acyltransferase 33% 5e 07
2)DC  B. licheniformis 82?(;?2?& ggﬁg?};atseumgew'"a”Sferase Bound to 20%  2e 06
oW Symbic 1A, Coal St of A e
1GHE  P. syringae 22?}; I,:\),( ef(:jr{:itt?wl ;’:rx?;lr(é 81; r':'zz;g)r;oexlior\l Resistance Protein 28% 0.004
H0 pugrigee (TN A GO St of el Resnie P g o004
2DXQ A.tumefaciens Chain A, Putative Acetyltransferase 31% 0.005
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Figure 2. Sequence alignment and secondary structure prediction of the enzymes. Hpa2 (Accession ACC58416) and template (pdb id: 1Q2Y_A)
* Indicates the conserved GNAT motif residues.
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Figure 3. Multiple sequence alignment of Hpa2 sequence with its templates having sequence similarity up to 29%.
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modeling. Secondary structure prediction of Hpa2 was done using ESpript using Yjcf protein
of B. subtilis; (PDB: 1Q2Y, secondary structure as reference). Inspection of Figure 2
corroborates the well known statement that member of the GNAT superfamily proclaims
conserved catalytic domain fold among them, irrespective of low percentage homology. The
residues present at the secondary structures al, p4, B4/02, o2, B5 and a3 are found to be
relatively more conserved. The multiple sequence alignment of homologous GNAT family
members again verifies the well known concept about the sequence similarity of GNAT
family, i.e., presence of variable amino-acid sequences between the closest related

homologues, however, retaining high structural homology (Figure 3).

2.3.2. Hpa2 monomer model construction, optimization and quality assessment

After the construction, monomeric Hpa2 model was subjected for further refinement, using
the RepairPDB function of FoldX algorithm, for quick removal of incorrect torsion angle van
der Waals clashes and residues having high energy by exploring different combinations of
rotamers of lowest possible energetics. The RepairPDB function improves the structural
parameters as well as energetics efficiently within few minutes. Finally, PrintNetworks,
Alascan and QualityAssessment commands were performed to identify and to rectify the
apparent problems detected in the model structure.

Quality assessment of model is very crucial to judge whether this model would be
suitable or not to tackle a particular problem, model quality was validated with the help of
PROCHECK, in which the statistical analysis of dihedral angles shows that 96.2% residues
are scattered in core and allowed regions and remaining 3.8% residues are present in the
generously allowed (2.5%) and disallowed regions (1.3%). Furthermore, the G-factor
estimation was also performed, which calculates covalent geometry and torsion angles to
determine the degree of normality for the given structure. The value of G-factor for dihedral
torsion angles is 0.01 and that for covalent forces is 0.46 and the overall G-factor score is
0.19. Residues K51 and Y99 of disallowed regions are present far away from the binding
pocket of enzyme (Figure 4), convincing that the bad torsion angles of these residues do not
affect the enzyme activity. Varify3D result shows that 80.4% of residues have averaged 3D-
1D score of > 0.2, which means 80.4% of Hpa2 amino acid residues are assigned a correct
structural class-based on its location (a0 or B or turn) and environment (hydrophobic or

hydrophilic). For low sequence identity cases such as ours, misalignment and insertion in
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Figure 4. Model (green coloured) super-
imposed on template 1GHE (blue
coloured) complexed with acetyl-CoA
(sphere representation). Amino acid
residues present in disallowed region
(stick representation, magenta colour)
are present far away from the binding
pocket.

query sequence may take place which negatively affect the model quality and the effect may
be seen as rise in main chain rms error by 1.5 A for about 80% of residues. To counter such
problems in this study, PROSA Z-score value (-5.75) was calculated for Hpa2 model which
was comparable (—5.60) with the template 1Q2Y (Table 2).

Table 2. Summary of structural validation programs and parameters values for Hpa2
monomer model and dimer model with their respective templates (pdb id: 1Q2Y,
1XEB).

Repaired Hpa2 Template Dimeric Template

Server Parameters Moromer 1Q2Y Model 1XEB

1 1 0, 0 0 0, 0, 0 0, 0,
PROCHECK Residues in core, Allowed 85.4%, 10.7% 90.1%, 9.9% 81.8%, 15.7% 85.6%, 14.4%

Generously allowed and 2.5% 0.0% 1.7% 0.0%
Disallowed regions 1.3% 0.0% 0.8% 0.0%
PROSA PROSA Z-score -5.75 -5.60 -5.68 -4.58
VERIFY3p Residues having averaged g 99, 80.43% 80.24% 80.30%
3D-1D score > 0.2 i i ' y
ERRAT Overall quality factor 81.29% 88.97% 96.87% 93.39%

This symbolizes that the template chosen is correct as well as the query-template sequence
alignment was sufficiently correct. Analysis of energy terms of the model structure using
stability of FoldX showed that the stabilizing energy terms are well compensated by the
destabilizing energy terms. Superimposition of Hpa2 with its templates for calculating the
rmsd showed a compact perfectly fitted secondary structure (Figure 5A). The overall fold of

Hpa2 monomer is quite similar with template 1Q2Y (rmsd = 0.45); however, with 1XEB
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(rmsd = 2.02) secondary structures are also well fitting with some differences in the loop
regions of the structure. The results of the above mentioned structure validation programs,
calculated rmsd values and energy of the model (id: y853suf5milsp99eb; Model Archive doi:
ma-arf2p) attest that Hpa2 model quality was satisfactory and sufficiently accurate for further

study.

|' ‘ ol C-terminal

N-terminal il {

Figure 5. (A) Structural alignment of the enzymes; predicted model (green) and templates
(pdbid: 1Q2Y_A, rmsd = 0.45, cyan) (pdb id: 1XEB_A, rmsd = 2.02, gold).
(B) Topology diagram for the Hpa2 model, there are a total of seven 3-sheets and
five a-helices (B-sheet 1; a-helices 1 and 2; B-sheets 2, 3 and 4; a-helices 3 and 4;
B-sheet 5; a-helix 5; B-sheets 6 and 7).

2.3.3. Comparative structural analysis of monomeric Hpa2 and its relatives

Hpa2 is consisting of the common GNAT fold, which is made up of seven B-sheets and five a-
helices in the form of secondary structure. The 139-amino acid Hpa2 exhibits the connectivity
B1, al, a2, B2, B3, B4, a3, a4, BS, a5, f6 and B7 (Figure 5B) and most of the B-strands are
packed in antiparellel fashion except 4 and B5 which are packed as parallel B-strands. The
number, type and connectivity of secondary structures in the Hpa2 model are identical with
the tabtoxin resistance protein (TTR) except the a3 helix, which is present after B2B3B4 in
Hpa2 and before p2B3B4 in the TTR [74]. The enzyme TTR catalyzes the acetylation of
tabtoxin, which is precursor to the antibiotic tabtoxinine B-lactam (TL) produced by P.
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syringae. This structural similarity might be allied with the antibiotic modifying properties of
the Hpa2. Similar to yeast Hpa2, the model includes conserved Q\R-X-X-G-X-G\A segment
[75], (coloured green in Figure 2) is known to be involved in the main chain contacts and it is
well characterized that mutation of even a single residue in this motif causes drastic reduction
in the enzyme activity [76, 77]. Structural analysis performed here deputed that similar to
other GNAT structures, Hpa2 possesses a conserved [B-bulge at the position which is known to

make the V-like appearance.

2.3.4. Regeneration of homologous experimental dimeric structures

Dimerization of monomer unit might create novel binding sites such as dimeric interface or it
could extend the number of active binding faces. In the case of yeast Hpa2, dimerization is
found to be related with the increase in the number of active site. In the present study, we
generated the dimeric model to characterize the interface and the binding sites. For the
generation of dimer Hpa2, we need optimized parameters and to accomplish this goal,
reproduction of the homologues experimental dimer template structures (1XEB, 1J4J, 1GHE
and 2DXQ) having identity up to 28% and query cover up to 51% were made. The interfacial
residues of experimental homologues dimer are given in Table 3. The docked 1XEB structure
(chains A and C) was found to superimpose well on experimental structure (Figure 6A).
Redocked experimental dimer shows the rmsd values 3.02 A, 2.35 A, 3.23 A and 9.3 A for the
pdb 1XEB, 1J4), 1GHE and 2DXQ, respectively. Redocked dimer structures were
successfully reproduced by the data-driven docking except for the 2DXQ, since 2DXQ
structure is assembled by extensive interactions in secondary structure and approximately 33%
of its residues are involved in the construction of dimer interface. Approximately, 397 non-
bonded interactions and 34 H-bonds are found to be formed at the interface. The homodimeric
structure of 2DXQ is formed via extensively integrated secondary structures, due to which it is
a difficult target to be reproduced theoretically. On average, 9-14 residues of each chain
interact to craft the interface in each of 1XEB, 1J4J and 1GHE dimeric structures (Figure 7).
A total of about 30 non-bonded contacts were found for 1J4J and 1GHE while the value is
notably higher (~45) for 1XEB. However, disulfide bonds, salt bridges were absent at the
interface. The successful regeneration of experimental complexes signifies the suitability of

the optimized parameters and the program Haddock.
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Table 3. PDB files, residues involved in the formation of experimental dimer interface and
rmsd values for redocked experimental dimers calculated using experimental
structure as reference.

PDB/ Interface residues RMSD
MODEL value
1XEB-AC A-Chain: H72,E73, G74, Q75, V77, Y114, V133, T134, Y137 and R148. 3.02
C-Chain: V70, E73, G74, Q75, V77, Y114, V133, T134, and R148.
1J4J-AB A-Chain: Q16, L17, Q121, D124, E125, E127, Q128, K182 and L184. 2.35
B-Chain: Q16, L17, R18, T21, E23, H27, Y28, A79 and D81.
1GHE-AB A-Chain: H30, G31, P100, S101, R103, R105 and V136. 3.23

B-Chain: H19, Q23, D42, M43, Q44 and Y47.

2DXQ-AB  A-Chain: L16, Q27, D30, P31, L33, A38, V41, Ad44, M45, P49, L51, V71, P72, 9.36
N73, L74, T75, R76, A77, A78, R79, Y81, F83, F111, C115, Y116, V118, M119,
L121, T122, Y133, F138, V139, K142, T143, F145, Q146, 1147, R148 and G149.
B-Chain: L16, Q27, D30, P31, L33, A38, V41,G48, P49, P72, N73, L74, R76,
AT7, A78, R79, Y81, F83, N86, R104, Y116, K117, V118, M119, L120, L121,
T122, Q140, V139, N141, K142, T143, F145, Q146, 1147, and R148.

Dimer- A-Chain: D38, F39, Q63, H64, Q86, P98, Y99, G121, V123, Y124 and D133. 441
Hpa2 B-Chain: D34, D38, F39, S41, T42, L61, P62, Q63, V123, Y124, Q125 and D126.

Figure 6. (A) The predicted dimeric docking conformation of model Hpa2 with acetyl-CoA
(green) superimposed on the experimental structures 1XEB_AC (cyan) and
1QSM_AB (Crimson red) for chain-A, electrostatic surface map (blue represents
+ve charge, red for —ve charge and white for neutral charge) for the chain-B, the
rmsd value is calculated keeping experimental structure 1XEB_AC as reference
(rmsd = 4.41A). (B) Interface region of model Hpa2 showing the interacting
residues from both the chains.
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2DXQ

Figure 7. Experimental dimeric structures redocked using the data-driven molecular docking. The residues involved in the interface formation are
labelled.
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2.3.5. Construction, refinement and optimization of structural parameters and analysis
of energetics of Hpa2 dimer model

Dimerization events in different protein families are known to generate huge functional
diversity through different monomer combinations, dimerization event regulates diverse
physical and biological outcomes. Monomeric Hpa2 model was subjected for data-driven
docking using the protocol discussed in the Methods section (2.2). The alignment of query
sequence with the 1XEB and 1QSM (S. cerevisiae Hpa2) revealed that eight conserved
residues are present between 1XEB, 1QSM and query sequence and none of them contribute
in the dimer interface formation. The 33% of conserved residues present between query and
1QSM participate at the interface. While approximately 9% of conserved residues found
between 1XEB and query contribute at the dimer interface. These observations indicate that
irrespective of less sequence similarity nature of Hpa2 dimer possesses similarity with yeast
Hpa2, symbolizing that dimerization of Hpa2 to be a process initiated at prokaryotic Hpa2 and
with evolution tight interactions acquired in the monomers of eukaryotic S. cerevisiae So,
prokaryotic Hpa2 could be considered as the evolutionary progenitor of eukaryotic Hpa2. The
dimeric interface is approximately 1100 A? in size and its size is consistent with homologous
dimeric species 1XEB (1000 A?). The rmsd value of Hpa2 keeping 1XEB_A as reference is
high (2.02 A), as result of low sequence homology. However, the rmsd value of dimeric model
Hpa2 is 4.41 A which is almost same as for the monomer signifying that the strategy followed
for the dimeric Hpa2 construction is accurate (Figure 6A). Model quality assessment data
(Table 2) establishes that the dimeric model quality was optimal and in fact better than that of
monomer. Further improvement in the dimeric model may be attributed to the refinement steps
in the work flow of Haddock run. The Stability analysis upon execution produces the Gibbs
free energy of folding, fragmented into various energy terms (Table 4). For the dimeric model
two extra energy terms AGyon and AS; representing association constant and loss of
translational entropy, respectively, were obtained. Analysis of Stability run on experimental as
well as dimeric model Hpa2 provides a rough picture of various interactions responsible for
the dimerization. The main contributions to the binding are from the 4Gqw and 4Gy term.
The 1QSM and 2DXQ dimers have the most favorable van der Waals interaction in all six
dimmers, which may be attributed to the better surface complementarity present at the
interface. The residues present at dimeric Hpa2 interface were analyzed to understand the
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Four H-bonds were formed
between Q63, H64, Q120 and D133 of chain A to V123, Q125,
H64 and Q63 of chain B. The values of AGyo, for dimeric
experimental complexes are given in Table 4, explicate that

nature of interface (Figure 6B).

Hpa2 have more tendency of self association to form the dimer
in comparison to 1XEB, 1J4) and 1GHE. The values of

association constants are almost double for the 1QSM and
2DXQ proteins and both of them are almost ten times more
stable. The loss in entropy term upon dimerization is almost
equal for all the dimers studied. The values of these energy

terms again attest the dimeric Hpa2 model quality.

Table 4. Complex energies, and detailed energy contributions for the experimental dimers and for dimeric Hpa2 model (Output of analyse

complex of FoldX). All values are given in kcal/mol.

Monomer Dimer

PDB/Model  AGoa  AGusns  AGua 4G G FTERY 4 AGGSZZSP AGyon Sy,
1XEB -03.06 -02.27 -08.97 176 +0.27 +05.5 0.8 -0.42 +2.34
1341 -03.68 ~01.59 —07.47 -2.99 +1.03 +06.3 +7.0 067 +2.31
1GHE 04.19 ~01.68 ~06.76 -0.47 +1.02 +045 25 -0.29 +2.34
2DXQ ~53.60 -32.98 —66.06 ~4.37 +5.95 +56.5 142 -1.08 +2.38
1QSM ~46.60 ~44.30 ~66.26 557 +1.03 +58.4 +1.9 157 +2.38
Model -05.63 ~04.68 -08.62 -0.39 +0.88 +06.6 3.2 -0.83 +2.38
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2.3.6. Virtual Screening against Hpa2 monomeric and dimeric structures

Virtual screening, particularly the structure-based screening, has become a cost-effective,
reliable and obviously time saving technique for finding of new lead compounds. In this
study, virtual screening approach was employed to discover new inhibitors for Hpa2 through
screening substrate-based library, polyamines and antibiotics. The idea behind substrate-
steered searching was to utilize the substrate binding information for the betterment in the
shape complementarity as well as in binding forces. Herein, all the compounds selected for
virtual screening exhibit binding affinity ranging from the -12 to -6 kcal/mol with Hpa2
proteins. The selected best ten compounds (Table 5) having high binding affinity with the
monomeric as well as dimeric Hpa2 were further analyzed. Moreover, these compounds, when
superimposed with both forms of Hpa2 to check the deviation in the binding pose between
them, showed very low rms deviation indicating that the docked conformations of these
compounds are almost same as those with the substrate acetyl-CoA. The superimposition of
the Hpa2 model on experimental 1GHE depicted virtually similar orientation of acetyl-CoA
with minor differences in the pose is shown in Figure 8A. Adenine moiety of the acetyl-CoA

is present inside the binding pocket of the model, while this moiety is expelled from the cavity

Table 5. ZINC_ID and binding affinities of the best ten compounds with monomer as well as
dimer obtained through virtual screening (out of 760 which are obtained from ZINC
database through substrate structure based search) (Appendices II-1 and 11-2).

Compounds bindingat  Binding energy Compounds binding at Binding energy

interface of dimer (kcal/mol) active site of monomer (kcal/mol)
ZINC65731330 -12.10 ZINC43411693 -10.20
ZINC08215434 -12.10 ZINC85629877 -10.10
ZINC85564657 -12.00 ZINC94303217 —09.90
ZINC85629877 -11.90 ZINC43411702 —09.90
ZINC85564663 -11.80 ZINC08551088 —09.90
ZINC08551088 -11.70 ZINC85574911 —09.80
ZINC85534368 -11.60 ZINC44559643 -09.80
ZINC94303217 -11.60 ZINC43411699 —09.80
ZINC87515504 -11.50 ZINC13829348 —09.80
ZINC85564649 -11.50 ZINC13829346 —09.80
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due to the contraction of cavity size by larger size loop in 1GHE. The main-chain contacts
include the conserved motif as found in other family members (see residues highlighted in
Figure 2 and labelled residues in Figure 8C) and in the current docked complex. The residues,
making the direct contact with the substrate acetyl-CoA, are given in Figure 8B and the
analysis of binding site designates it to be majorly lined by electropositive and hydrophobic
residues. In terms of binding energy, screened compounds were found to have high binding
affinity even better than substrate acetyl-CoA (Figure 8D).

Figure 8 The predicted docking conformation of substrate acetyl-CoA, (docked magenta,
stick representation, experimental red). (A) Model (green) showing interactions
with acetyl-CoA inside the binding pocket. (B) Ribbon representation of binding
pocket residues with substrate. (C) Surface representation of binding pocket with
substrate showing GNAT Motif residues (blue). (D) The docking poses of 10 best
compounds (blue) superimposed on substrate (magenta).

Due to the similarity in their backbone structure, these compounds could work as
competitive inhibitors. Furthermore, in the case of dimeric model, the possible binding modes
of substrate as well as substrate-based inhibitors were found to be different, with preference in
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binding at interface instead of binding pocket as depicted in Figure 9B. The nature of the
residues lining the interface is similar to the residues at the active site residues. Binding pose

of acetyl-CoA and the inhibitors at the interface are shown in Figure 9A.

Figure 9. The predicted docking conformations (A) Stick representation of substrate at the
dimer interface along with the residue making direct contact in binding. (B) The
docking poses of 10 best compounds (blue) superimposed on docked pose of
substrate) at the interface (ball and stick representation).

The compounds ZINC65731330, ZINCO08215434,  ZINC85564657 and
ZINC87515504 showed preferential binding at the dimer interface (by 3 kcal/mol) and might
be suitable for designing of allosteric inhibitors. Binding of three polyamines whose binding
parameters are known in literature [55], was also performed and the result shows that
spermine has binding preference over spermidine and putrescine, with putrescine having
minimum binding affinity. The docking analysis of aminoglycoside antibiotics with Hpa2
shows presence of significant binding affinity.
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Section-I|

Acinetobacter baumannii is documented as an opportunistic, multidrug-resistant pathogen. It
causes various diseases such as meningitis, pneumonia, cellulitis, bacteremia, endocarditis,
osteomyelitis, corneal perforation and urinary tract infections [78-80]. Treatment protocols
that are currently employed against A. baumannii infections appear to be inadequate, while
resistance rates to present therapeutic options such as carbapenems, polymyxins are
continuously rising. Therapeutic failure in multidrug resistant pathogens in the current
scenario demands the detection of novel drug targets essential at the key steps of metabolic
pathways to cure the infections caused by A. baumannii. Availability of whole genome
sequence of A. baumannii [81] facilitates the identification of new non-conventional potential
drug targets [82]. Here we have selected the 3-methyladenine DNA glycosylase (TAG)
enzyme, a base excision repair glycosylase that recognizes and excises 3-methyladenine
(3mA) from DNA, thereby maintaining the genome integrity [83]. DNA bases are constantly
damaged and modified by a variety of cellular mechanisms which obstruct vital processes
such as DNA replication and transcription. To circumvent this problem, nature evolved many
repair pathways in all organisms. For example, base excision repair of modified DNA base is
performed by DNA glycosylases by the hydrolysis of N-glycosidic bond, resulting in the
release of damaged base and leaving the sugar phosphate backbone intact [84]. In prokaryotes,
removal of alkylated purine bases through C—N bond cleavage is performed by two DNA
glycosylases which are coded by two different genes viz., tag and alkA genes [85, 86]. The
enzymes namely TAG and 3-methyladenine DNA glycosylase 11 (AlkA), possess capacity to
recognize subtle modification in base structure and remove them from the genome. TAG does
not show evident primary sequence similarity with other DNA glycosylases due to which its
phylogeny is still mysterious. TAG is distinctive from AIKA in substrate specificity and its
specificity preserves systematic and constitutive elimination of positively charged 3mA bases
[87, 88]. Involvement of TAG enzyme in DNA repair pathway makes it crucial component for
the survival of A. baumannii. The interesting fact about enzyme TAG is that it has no
homologous sequences in archaea, lower eukaryotes, yeast, and in mammals.

Alkylpurine DNA glycosylases have been shown to be essential for the survival of
both eukaryotic and prokaryotic organisms. Due to its absence in humans, TAG can be

considered as a potential target against A. baumannii. Lack of experimental structure for TAG
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enzyme motivated us to perform in silico and experimental study to provide a structural
scaffold theoretically. In this work, we incorporated RepairPDB module of algorithm FoldX
with traditional homology modeling procedure to improve the structural quality of model [89].
The need of this extra step during homology modeling is addressed in the methodology and
the Results and discussion section (2.3). Model energy is evaluated using the Stability module,
which includes terms that have been found to be crucial in the definition of protein stability.
Subsequently, to gain insight into the residues involved in the identification of a DNA lesion,
their excision and in binding specificity, we performed the point mutations using Protein
Design utility of FoldX. This demonstrates the specificity of respective interactions at
molecular level with reference to the available structural data. The calculated free energy
changes show a good correlation with the experimentally observed rate of substrate 3mA
excision. Further, structure based virtual screening was carried out to identify possible
inhibitors. Theoretical findings were supplemented with the experimental validation of
secondary structure and substrate binding studies. Furthermore, we summarize the prime
structural and mechanistic characteristics of TAG with a special focus on the residues that
play central role in its action. Finally, structure-based inhibitor virtual screening is performed

to identify novel anti A. baumannii lead compounds.

2.4. Materials and Methods
2.4.1. Computational methods

All computational analyses were carried out on Intel dual core based Microsoft windows XP
professional workstation and 16 GB RAM. The workflow for constructing TAG model is
depicted in Chart 2.

2.4.2. Homology Modeling of TAG

The reliability of homology modeling depends on the structural similarities between target and
the template selected. Thus, identification of correct homologue is decisive for the generation
of accurate model. BLASTp was used to search homologous sequences of TAG protein from
Protein Data Bank (http://www.rcsb.org) and the sequence with highest similarity was used as
a template for the homology modeling [90]. Secondary structure prediction and sequence

alignment were carried out using ESpript [91]. Homology modeling of TAG was performed
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Chart 2
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Using one of the widely accepted 3D structure prediction programs, Modeller9v12 [22].
Modeller constructs the model using a set of restraints derived from the query-template
alignment and then energy minimization was done to decrease the violations of these
restraints. Restraint-based modeling methodology is better and most flexible as different types
of restraints and constraints can be easily incorporated in it. Restraints can be derived from
template structure or from experiments like NMR and fluorescence. [92-97]. Initially, 50
models were generated and the model having minimum discrete optimized potential energy
(DOPE) score and better structural parameters was chosen for the loop refinement using

Chimera Interface.

2.4.3. Model optimization using RepairPDB and evaluation

In general, the first step in model evaluation is examination of structural folds. The accuracy
of a fold is ensured by selecting the template optimally aligned with the query sequence.
VERIFY3D [24] is used to check the fitness of structure to the sequence [64]. Second basic
characteristic of a good model is to have good stereochemistry, for that PROCHECK [27] and
WHATIF [25] were used. These programs are widely used for the examination of proper
protein stereochemistry, such as symmetry and geometry checks (chirality, bond lengths, bond
angles, torsion angles, etc.) and structural packing quality. The best model was selected and
energy minimization was carried out using Chimera tool Minimize Structure. This was
achieved with 1000 steps of the steepest descent algorithm and conjugate gradient algorithm
each, using step sizes 0.01 and 0.02, respectively. Minimized model is evaluated for its
structural quality using the above mentioned programs.

Comparative study performed by Wallner and Elofsson on the widely acknowledged
six modeling programs concludes that Modeller performance is excellent in all aspects while it
is inferior in terms of side chain quality [98]. Keeping the problem of the side chain quality in
the mind, we used the RepairPDB module of FoldX to further optimize the model. Working
style of the command RepairPDB explains how it improves the quality of the model. Initially,
it identifies the residues having nonstandard torsion angles and exhibits van der Waals clashes
or total energy. Then it mutates the selected residues to alanine and annotates side chain
energies of the neighbouring residues. Again it mutates alanine to the original amino acid and
recalculates the side chain energies of the same neighbouring residues. Residues having

energy difference are explored for different rotamer combination to find new energy minima.
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Finally, all side chains are slightly moved to get rid of small steric clashes. In this way
RepairPDB quickly removes the small local clashes, and saves computing time by decreasing
the number of real rotamer searches. Repaired model is evaluated for its quality using the
above mentioned programs. Stability analysis of model and template proteins was performed
using energy function of FoldX to compare and analyse the significance of the energy terms
contributing to the stability of these proteins. Gibbs free energy of unfolding (AG, in kcal
mol™") is calculated using the following equation:

AG = AGyw + AGsoivn + AGsovp TAGwy TAGHpond TAGel +AGyon ¥TASse +TASye +TASy,
where AGygw 1s summation of van der Waals contributions of all atom, AGsowvn & AGgoip are
the differences in solvation energy when going from unfolded to folded state, for non-polar
and polar groups, respectively; AGppong IS the free energy difference of intra-molecular
hydrogen bond to inter-molecular hydrogen bond, formation (with solvent); TASm. & TAS
are entropy cost of fixing, the backbone in the folded state and side chain in a particular
conformation [68]. The final model is superimposed with the template structure using pymol

for calculating the backbone rmsd.

2.4.4. Molecular Docking of substrate and virtual screening of Zinc database in TAG

The ability of molecular docking to predict the structural configuration with optimized and
favorable interactions between small molecule and the macromolecular structure is a valuable
tool in drug design. Molecular docking was performed using Autodock4.0.2 [27] to reproduce
the experimental homologous TAG-substrate/inhibitor complexes. This was undertaken to
validate the performance of the software. High-throughput virtual screening (HTVS) programs
such as PyRx are useful adjunct to the time consuming and expensive wet bench experiments
necessary to discover new drug candidate. AutoDock Vina in PyRx 0.8 (Virtual Screening
Tools) is used, which takes receptor as a rigid structure to perform virtual screening. For this
study, we collected 550 compounds from ZINC database (http://zinc.docking.org) based on at
least 60% structure similarity with the substrate 3mA. The energy minimization of the
compounds was carried out using 1000 steps of steepest descent prior to virtual screening.
Screening parameters include Lamarckian genetic algorithm and grid center at X, vy, z
coordinates 23.43, 37.62, 35.42 with a grid point spacing of 0.381 A. After the screening, the
top ten compounds showing highest binding affinity are analyzed to get more insight into the

stabilizing interactions.
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2.5. Results and Discussion

2.5.1. Sequence alignment and secondary structure prediction of TAG

BLAST against the PDB database illustrated that TAG shares at least 53% sequence identity
with TAG of Salmonella typhi (PDB: 20FK) and E. coli (PDB: 1LMZ) (Table 6). TAG of A.
baumannii is 186 amino acid long, shows 56% primary sequence identity and 65% similarity
with 183 amino acid long TAG of Salmonella typhi (PDB: 20FK resolution 1.50 A).
Therefore, 20FK is considered as a suitable template for homology modeling (Figure 10).
Amino acid sequence of the model indicates that it belongs to 3-methyladenine DNA glycosy-
lase | enzyme, which is also supported by the conserved domain search. Since TAG belongs to
superfamily helix—hairpin—helix (HhH) of DNA glycosylases, the HhH motif of TAG is also
used for DNA binding in a sequence-independent manner like other protein members of this
superfamily [99]. Figure 10 represents sequence alignment of the target and template TAG
using ESPript. Inspection of sequence alignment reveals higher sequence similarity in the N-
terminal region. The multiple sequence alignment result also demonstrates that residues near
N-termini are relatively conserved (Figure 11). It is also known from the literature that
functional cavity is mainly mapped by the aromatic residues present near the N-terminal
region. Among all the secondary structures [100] the residues present at the helices al, a2, o3,

04 and the loops formed from helices a1/2, a2/3, a3/4 and 09/10 are more conserved.

Table 6. Templates from BLAST against PDB with TAG of A. baumannii.

Sequence
PDBid.  Organism Title identity/ =
Similarity  value
(%)
20FK S.typhi  Chain A, crystal structure of 3-methyladenine DNA 56/65 9 66

glycosylase | (TAG)

Chain A, solution structure of 3-methyladenine DNA

glycosylase | (TAG)

Chain A, crystal structure of 3-methyladenine DNA

glycosylase | (TAG) Bound To DNA 3mA

Chain A, crystal structure of a 3-methyladenine DNA

glycosylase | from Staphylococcus aureus

Chain A, the structural basis of 3-methyladenine

4AIA S. Aureus  recognition by 3-methyladenine DNA glycosylase | 35/58 le 39
(TAG) from Staphylococcus aureus

1LMZ E. coli 53/65 le_63

20FI S. typhi 54/64 9 63

2JG6 S. Aureus 35/58 le 39
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Figure 10. Sequence alignment and secondary structure prediction of the enzymes; TAG (Accession no. YP_001848289.1) and PDB id: 20FK_A.

1 10 20 30 di) 50 b0 0 80 50 100 110 120 130

| } } } } } } } } } } } } |

gi 11041599501 ref 1YP_  HKTORCGHCSODPLYIAYHDEEHGKPEHDERRLFEHLCLEGAAAGLSHI TYLKKRESYRQHFFHHPIADIARF TODFLETKLSDAGLIRHLGKLKATRDHATAHAALKANYGOYSKHLHAFYDATPOHKD
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Consensus  aa,l,kiPtsTpaSdalsKalKKrGFKFYGETiCYsFaORCGEYHDH, g€, ...

Figure 11. Multiple sequence alignment of query sequence with the template showing sequence similarity (at least 30%).
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The loop residues, present between helices a5/6 are not well conserved, but similar nature of
these residues in HhH family member might be suggestive of similar functional role. In the
TAG from S. typhi as well as in A. baumannii, the residues Cys181 and Cys4 are conserved
and both are present side by side in space to make zinc binding motif. However, this
conserved Cys residue is not found in its closely related bacterial DNA glycosylase AlkA and
Helicobacter pylori 3mA DNA glycosylase (Maglll) enzymes. The C-terminal residues
contribute in DNA holding during repair process through hydrogen bond interactions to the

backbone phosphate and participate in the formation of zinc snap motif.

2.5.2. Validation of model and its optimization using FoldX RepairPDB

Verification of model quality and estimation of the probability and magnitude of errors are
critical in advancing the state of homology modeling [101-103]. As discussed in the
Methodology section (2.4), for optimization, the model has been passed through repair
function of FoldX algorithm. The repair function can be considered as one of most successful
combinatorial optimization algorithms in generating rotamer ensemble having favourable
conformations. Assessments of the stereochemical parameters and 3D-1D score for fitness of
model structure to query sequence illustrates that quality of model generated by the
Modeller9v12 is not optimal (Table 7). Similarly, structure validation reports of the energy
minimized model were also found disagreeable (Table 7), which may be due to the drifting
away of the coordinates from the template coordinate during energy minimization. The quality
of FoldX repaired model is also checked using above mentioned validation programs and
interestingly the model quality was found to be optimal and comparable to template structural
parameters (Table 7). This demonstrates that repair function is successful in optimizing model
parameters. Further, it saves computational time by decreasing the number of real rotamer
searches. Ramachandran plot of the optimized model structure shows that more than 91.1% of
the residues have ¢ and y angles in the core regions, 8.9% residues in the allowed regions,
with no residues in the generously allowed and disallowed regions. The percentage of residues
having averaged 3D-1D score > 0.2 was improved from 74 to 88 by the repair function
revealing successful fitting of rotamers performed by the same. The rmsd value for the model
is calculated and found to be 0.19 A by keeping the template structure 20FK as reference.
These results suggest that quality of the model (id: lldbpmiéwhn4dfl5v; Model Archive doi:
ma-a6bjp) is good and sufficiently accurate for further molecular modeling studies.
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Table 7. Summary of structural validation programs and parameters values for models and
template (pdb id. 20FK_A). Initial model (model obtained from MODELLER
9v12), minimized model (model after minimization) and repaired model (model
obtained after FoldX repair function).

» . FoldX
Server Parameters el Minimized repaired
model model rr?odel Template

Residues in core, Allowed 91.4%, 8.6% 88.1%, 10.7% 91.1%, 8.9% 92.6%, 7.4%
PROCHECK

Generously allowed regions 0.0% 0.6% 0.0% 0.0%

Labelled residues 4 7 4 3
PROSA PROSA Z-score —-6.90 —-6.79 -6.98 -7.79

Residues having averaged 5 0 A 0
VERIFY3D 3D-1D score > 0.2 74.33% 84.43% 88.24% 95.69%
ERRAT Overall quality factor 85.39% 91.70% 91.87% 92.39%
PDBeFold Q score 0.94 0.94 0.94

RMSD 0.30 A 0.68 A 0.19 A

The FoldX stability analysis upon execution produces Gibbs energy of folding
decomposed in various energy terms; it is calculated as difference in free energy between
folded and unfolded states. The values for energy terms AGygw, AGsoly AGsove and AGupond, Of
each atom type, have been derived from experimental data while the entropic costs (ASmc and
ASsc) are derived from theoretical estimation. Values of different energy terms calculated for
the repaired TAG model and template pdb structure are given in supplementary information
(Table 8). Contributions coming from destabilizing energy terms in the model are found to be
balanced by favourable energy terms. Molecular interactions contributing to the favourable
energy are dominated by H-bonds, hydrophobic and van der Waals, while entropic loss and

van der Waals clashes are found to be main destabilizing interactions in the model. Stability

Table 8. Comparison of various energy terms obtained from Stability analysis command of
the FoldX, for the model with its experimental homologous structures (template).

Entro 4G
PDB/Model AG total AG H-bond AG vdw AG solvH+solvP Py vaw

sum clashes
OFK —40.15 —188.4 —222.0 +30.0 +381.4 +6.3
20FI —32.4 —181.3 —221.7 +34.4 +367.16 +9.5
Model -28.6 -192.8 -223.6 +18.7 +386.7 +10.23
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analysis of template S. typhi TAG is also performed, to comparatively judge the model
quality. Interestingly the energy terms of the repaired model are near to template 20FK.

2.5.3. Comparative structural analysis of model with TAG of S. typhi

The current model consists of ten a-helices, two 319-helices and one parallel B-sheet, sequence
of secondary structure in the model is ala2a3adnlaSa6a7a8B1n209010p2. The secondary
structures al, 02, a3, a4 and loops formed from helices al/2, a2/3, a3/4 and a9/10 are more
conserved. These secondary structures play an important role in DNA binding and base
excision mechanism and this conservation in secondary structure elements elucidate the closer
structural-functional resemblance of model with template (Figure 10). The analysis of
secondary structure shows that the enzyme consists of 62.4% helix, 3.2% sheet, 8.6% turn and
25.8% coil structure. Residues making plug and wedge [104] are present on the same
secondary structure element (02/3 loop) of the model (contrary to the observation in other
HhH glycosylases). Residues Gly43-Leu44 from TAG of S. typhi involved in conserved
intercalation mechanism are significant for the interrogation of lesion in DNA during search
process. These residues make special interactions leading to a 60°-70° bend in the DNA,
helping the TAG enzyme in gaining access to the modified base without any significant
conformational changes. These residues are known to play pivotal role in holding DNA during
enzyme catalysis [105] and are also present at a2/3 loop (Gly45-Leu46) of the TAG model.
The Zn?* binding motif is conserved and it tethers the N- and C-termini. Cao and co-workers
proposed that the zinc snap motif of TAG contributes for the stabilization of HhH domain in a
way similar to that of protein—protein interaction present in larger HhH superfamily members
[106]. In the model, 3mA binding pocket is located at the interface between the Zn** binding
domain and helical domain with HhH motif. In TAG, HhH motif is known to contribute ~50%
of polar interactions made with DNA backbone and the residues involved in such interactions
(except 1le161) are present at the same secondary structure in the model as in template TAG
enzyme (Figure 10). The electron-rich aromatic binding pocket of TAG drives a significant
amount of binding energy through m—= stacking interactions with electron-deficient alkylated
base (3mA) [86]. The electronegative pocket in the TAG provides the compatible environment
to positively charged 3mA (Appendix 11-3). The 3mA found to form two H-bonds with Glu38
residue and one H-bond with Tyr16 in experimental S. typhi TAG. These residues work as

adenine recognition motif, homologous to Glu37 and GIn182 residues of the MutY adenine
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glycosylase enzyme. High quality function score (Q score = 0.94) from PDB-efold, one of the
well known structure alignment programs, affirms resemblance between the fold of the
aligned molecules (Table 7). Superposition of S. typhi TAG and model structures shows that
the protein backbones and positions of active site residues are highly superimposing (with an

rmsd of 0.16 A for all main-chain atoms and 0.10 A for active site atoms (Figure 12).

ey
GLU-40.
N

TRP-48
TYR-18

TYE-JS

TRP-8
X

Figure 12. Structural alignment of the enzymes; predicted in silico TAG model (coloured
green) and template (PDB id: 20FK_A) (coloured cyan) (A) Complete TAG
model structure. (B) Residues lining the model binding pocket superimposed on
experimental residues of binding pocket.

2.5.4. Molecular docking analysis of substrate and virtual screening to identify inhibitors
against TAG enzyme

As the very first step, molecular docking of co-crystalized ligands was performed in the
macromolecular structures. The purpose of this redocking was to examine whether molecular
docking simulation using Autodock4 are able to reproduce the binding pose as reported in
experimental TAG protein complexes and to characterize the molecular recognition
interactions. Homologous TAG protein complexes present in the PDB were also used in
redocking procedure to understand the molecular recognition interactions. The rmsd values
are calculated by keeping the experimental pose as reference (Appendix I1-4).

In redocking, the atomic structures from a co-crystal are used as starting coordinates.
The rmsd value for 3mA is 1.67 A (Figure 13A) and for other experimental complexes are
approximately 2 A. This signifies that the autodock is successful in reproducing experimental
pose. Theoretical binding energies, rmsd values and ICs values for all the redocked ligands

are given in Table 9. Theoretical binding energy is showing good correlation with the
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experimental 1Cso values, which indicates that the autodock is successful in discriminating
various TAG enzyme complexes. Further, analysis of binding sites, done for experimental
complex 20FI to examine the molecular interactions, indicates that the residues Tyrl6 and
Tyrl3 are involved in the direct hydrogen bonding and play crucial role in tuning of redocked
pose (Figure 13A). Redocked pose of 3mA also forms three H-bonds — two with Tyr13 and
one with Tyrl6 side chain (Figure 13A, Blue coloured). Other contribution for binding is
coming from van der Waals interactions and n—= stacking with a conserved Trp side chain.
Molecular docking analysis of the substrate 3mA with the model was also performed which
shows that docked pose is slightly different from the experimental pose. Similar to crystalized
conformation in 20FI the docked pose of 3mA forms H-bonds with the residues Tyr15 and
Tyrl8 (Figure 13B and Figure 13C). The possible reason for this difference in the docked
pose of 3mA in template as well as in model from experimental conformation might be due to
the lack of conformational flexibility of receptor during molecular docking simulation.

Experimental results (our CD data as well as literature data) show that binding and removal of

A o~ ]

l'.’R'-vl 3

Figure 13. (A) Active site showing residues forming H-bonds with experimental (cyan) and
redocked (green) poses of substrate 3mA. (B) Template active site showing
residues crafting H-bonds with redocked substrate 3mA. (C) Model active site
residues involved in the H-bonding with docked 3mA. (D) Model active site
showing best inhibitors and docked 3mA.
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Table 9. Binding energies (kcal/mol), rmsd values and binding interactions (Active site
residues involved in the H-bond, Hydrophobic interactions) of experimental TAG
complexes determined using Autodock 4.2.

Binding IC50

PDB id enersy (experimental) RMSD (A) H-bond Hydrophobic Int.
20FI —4.98 15+£03mM 1.67 Y16, E38 W6, W46, S164
1PVS —6.06 1.52 Y239, L25 W218
1PU7 -5.16 0.66 - W24, P45, L211
1PU8 —6.98 50 £ 10 uM 1.09 L211 W24, P26
1P7M -5.18 15+£0.3mM 2.12 Y16, E38 W46, W21, Y13
1AIA -4.76 2.06 Y16, E38 W46, P6
1AI5 —4.46 1.96 E38 W46, A168

3mA is completed by the conformational change in the enzyme, which may help in
optimization of substrate binding with enzyme (Figure 13A, Green coloured).

The virtual screening has been successfully used as an adjuvant to high throughput
screening approaches for the discovery and development of new compounds. In the present
study, the information obtained about the molecular interactions between substrate and
enzyme required for the optimal binding is used in the virtual screening. Here, all the 550
compounds selected for virtual screening exhibited binding with target protein. The main
objective of this part of work is to identify potent inhibitors of TAG enzyme using a
combination of various in silico techniques like redocking of experimental complexes, virtual
screening and ADMET. The top ten compounds based on binding affinity are summarized in
Table 10, and these compounds are further analysed to inspect the active site residues and
molecular interactions involved in binding to enzyme. Stabilizing interactions for the
inhibitors are provided by the residues Trp8, Tyrl8, Glu40, GIn43, Trp48 and GIn169, which
are known to be crucial for catalytic activity using the experimental mutational study [105].
H-bonds, van der Waals and stacking interactions play crucial role in the binding of 3mA and
inhibitors. Finally, bound conformations of inhibitors having high binding affinity are
superimposed to check the deviation in the binding posses (Figure 13D). The evaluation of
drug likeness score for these molecules was done using web server

http://www.molinspiration.com/ (Table 10).
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Table 10. Binding affinities (kcal/mol), and H-bond forming active site residues of the best
ten compounds out of 550 compounds obtained from ZINC database having at
least 60% structure similarity with the substrate 3mA. The Drug likeness score is

given (higher drug likeness score designates the compound to be active drug).

- Binding Residues Drug likeness
Inhibitors Compound structure affinity (No. of H-bonds) score
CHs
N =N Y16, E38
A II/ 4, ! »
3y Ny # (3-bonds)
NH,
H H
; Co //—< > - Y15,547, W48 e
S ' (3-bonds) '
NH,
NH
Hi JNH Y15
2 { : ~7.90 0.73
H,N H O/ (2-bonds)
HoN N N N NH
N e W8, Y15, Q169
3 N AN 2N —7.62 (6-bonds) -1.79
NH, NH,
H H
O Y15, E40
4 761 1.03
A I E tordl
NH,
/—~NH
: - X N, P, Y15, E40, Q43 S
A\ O (6-bonds)
HoN
6 D, NH'-/[’\’ ; 7 55 Y15 1.73
HNL " ' (3-bonds) '
N
NH
7 HNJ‘NH r Tyrl5 R
g H)\/Q : (2-bonds) '
/—NH
8 re \HNQ ) M 134 0.43
HN o NH H (3-bonds)
N
o ke o - ) Y15, Q169 570
HN QN{> (3-bonds)
HaNa N NN N
Nap N W8, Y15,0169
10 HN NH ~7.50 119
N7 (6-bonds)
NH, T RH,
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It calculates the score as a complex balance between structural features and various molecular
properties to determine whether the molecule taken for study is comparable to the well known
drugs. The high value of the drug likeness score symbolizes the higher probability of a
particular molecule to be active. Based on the score values, the compounds 4, 6 and 7 qualify
to be the better candidates for further experimental studies; binding pose of these inhibitors
are similar with the substrate 3mA and makes similar type of molecular interaction with the
active site residues. Here we conclude that the compounds 4, 6 and 7 exhibit drug-like
properties, and exhibit significant binding affinity and optimal molecular interactions with the
enzyme TAG, and due to which these compounds could be used as competitive inhibitors.
However, experimental enzyme inhibition assay is required to reconfirm the inhibitory

potential. Synthesis of these compounds is in progress in our laboratory.

2.5.5. Mutational studies of amino acid residues involved in the TAG enzyme activity

To get more insight about amino acids directly or indirectly involved in TAG activity, we
performed point mutations using Protein Design and Position scan utilities of FoldX.
Generally mutations are performed in the wet lab to study the contribution of an amino acid
on protein stability and functionality. Such site-directed mutagenesis in the wet lab is labori-
ous and costly. Metz and co-workers [105] used twelve residues from TAG of S. typhi in their
experimental study. Similarly, we also selected those twelve residues from enzymes TAG of
S. typhi and A. baumannii for the mutational study. The calculated AAG values for mutation of
twelve residues in both the enzymes are given in Table 11 and displayed in Figure 14A.

The calculated change in 4G values for all the twelve residues from TAG of S. typhi
(only positive values) is in good agreement with experimental 3mA excision rate (10 ° min™
mM™) (Figure 14B). Similar pattern in the change in free energy values for the TAG of A.
baumannii is also obtained (Figure 14A). The calculated change in free energy values for the
residues Glu40 and Tyrl8 is very high (~3.55 kcal/mol), which indicates decrease in the
stability upon mutation of these residues. There are two possible reasons for the loss of
activity on mutation of residues Glu40 and Tyrl8 (~2.05 and 1.5 kcal/mol; respectively).
Firstly, the replacement of polar ‘hydrogen bond-forming’ hydroxyphenyl group of tyrosine
with electron-rich phenyl moiety of phenylalanine may cause deformations in the perfectly
shaped active site of TAG which results in positive free energy change and the loss of activity
[105] as shown in Figure 14A.
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Table 11. Mutational studies of the residues that are important for the enzyme activity,
calculation of 44Gca (wr-muyy Values are given for model as well as template
(20FK). Calculated 44Gca wr-mury Values are compared with the experimental
3mA excision rate.

WB8A -2.61 W6A -3.02 29.2 +16.9
Y15F +1.08 Y13F +1.07 54.7 £ 39.3
Y18F +1.53 Y16F +1.33 19.0 £ 4.60
E40A +2.04 E38A +2.13 0.7£0.1
Q43A +0.93 Q41A +0.60 36.2+3.1
G45L -2.09 G43L -1.42 25+£0.8
L46A —2.86 L44A -1.03 6.5+t4.4
S4TA +0.73 S47A +0.46 230+£7.8
WA48A —2.48 W46A -4.12 20774
K93A -2.11 K91A -1.47 26915
T162V +0.34 T160V +0.28 273.8 £68.3
Q169A +0.64 Q167A +0.85 107.2 £55.7

Figure 14A. The active site of template (20FK) and model showing residues considered for
the mutational study, model active site residues before (green) and after (blue)
the mutation are displayed as lines and stick, respectively.
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correlation between predicted 44G valiies (only positive) and JmAd
excizion rate
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Figure 15B. The graph showing correlation between the theoretical change in 4G value
versus experimental 3mA excision rate.

Second reason is the loss of H-bonds present at the Hoogsteen and Watson—Crick faces of the
substrate 3mA, as known from our molecular docking analysis and the crystal structure [105,
107-109]. The obtained large positive 44G value (~2.05 kcal/mol) for the residue Glu38Ala
indicates that glutamic acid plays a major role in providing the binding specificity for 3mA.
Similar to Cao and his co-workers [110], our calculated 44G values indicate that mutations of
residues Trp6, Tyrl3, Tyrl6, Glu38, GIn4l, Ser47, Thr160 and GInl67 in S. typhi TGA and
homologous residues Trp8, Tyrl5, Tyrl8, Glu40, GIn43, Serd7, Thrl62 and GIn169 in A.
baumannii TGA modulate the enzymatic function by destabilizing the pocket geometry and
interactions crucial for binding of substrate 3mA.

However, mutation of Trp6, Gly43, Leud4, Trp46 and Lys91 showed negative 44G
values, indicating stabilizing effect of respective mutations. In the case of Trp6Ala and
Trp46Ala mutations, the value of free energy change is contributed by van der Waals
interactions and solvation terms. Mutations of Trp to Ala are energetically favourable because
replacement of indole ring through methyl group at the B-position may impose rigidity, means
mutation of Trp to Ala produces the rigidity in the active pocket and loss of conformational
freedom could be adding to stability. Electron-rich side chains of Trp present at the binding
pocket of TAG enzyme make n—m stacking interactions with the electron-deficient nucleobase
3mA, needed for the enzyme activity. On mutation of Trp to Ala, the activity is lost because
of the unavailability of the aromatic side chain to make n—r stacking interaction (Figure 14A).

The plug and wedge residues Gly43 and Leu44 are important for the DNA conformation
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stabilization during accommodation of extra helical nucleotide. The change in free energy
values for both of Gly43 and Leu44 residues on mutation is negative indicating that these
mutations impart stability in the TAG. In both the TAGs and in its related member AIKA, Leu
is present at the respective position which is surrounded by hydrophobic residues. Due to
which, substitution of Leu44 side chain (Leud44-Ala44) considerably increases the stability
while sacrificing its functionality. The 44G values of mutation of residues are in agreement
with literature data. Analysis of molecular interactions indicates how these residues play key
role in the activity and how they help in the maintenance of pocket shape and environment
suitable for 3mA binding. Effects of mutations are more dramatic for the key catalytic
residues and replacement of the residues holding the DNA appends stability pay off.

2.6. Conclusion

Three-dimensional structures of monomer Hpa2 from A. baumannii were generated using the
modified protocol in the first section (2.2). The results show that irrespective of sequence
similarity, Hpa2 flaunts the GNAT fold, characteristic of GNAT superfamily. It shares a
common catalytic site with 1Q2Y (B. subtilis), 3EFA (L. plantarum) and 1XEB (P.
aeruginosa), revealing significant similarity in the binding pocket and substrate acetylation
mechanism in the members of this superfamily. Dimeric model was constructed using
experimental information and validated for structural parameters and stability. Moreover, the
developed protocol is quite easy to use for the construction of dimeric model using the
available experimental information (mutation, sequence similarity, biophysical/biochemical).
Analysis of the dimeric interfaces of 1QSM (S. cerevisiae), 1XEB and the model using
Analyse complex of FoldX was performed, which shows that the dimerization of Hpa2
commences in the prokaryotes and tight interactions at interface is acquired during the course
of evolution. Furthermore, analysis of binding pose of inhibitors screened by PyRx showed
consistency in the pattern of stabilizing forces for all of the compounds; however, inhibition
experiments are required to reconfirm this prediction. Binding analysis of Hpa2 with
polyamines indicates that spermine has more binding affinity than spermidine, whereas
putrescine has the least binding affinity which is in line with the reported biochemical studies.
Described herein is application of Hpa2 structure-based screening strategy to identify novel

antibacterial compounds.
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In the second section (2.4), the three dimensional structure of TAG from A. baumannii
was constructed. Model structural analysis results show that TAG shares the HhH domain as
is characteristic of DNA binding protein. It shares a common catalytic site with the TAG from
Salmonella typhi and hints that it has some unique features which are different from higher
eukaryotes adenine DNA glycosylases and this makes it a potential target for drug design
against A. baumannii and to overcome the multi-drug resistance. The alignment of TAG
sequences indicates that the key residues involved in polar interactions are conserved in query
and all templates. Analysis of redocking methodology confirms that binding mode and H-
bond pattern of various TAG-complexes are almost similar except for the H-bonds formed
with Glu residue. The binding pose of inhibitors screened shows consistent pattern of
stabilizing forces as noticed in redocked experimental complexes. The obtained TAG
inhibitors (compounds 4, 6 and 7) can be used for designing of the more potent and selective
binding inhibitors against HhH family and may have capacity to inhibit TAG from other
related species also, but enzyme inhibition assays are required to confirm this prediction. The
molecular docking analysis revealed that Glu40 and Tyrl8 are conserved and catalytically
important for the enzyme function. This was further confirmed by the large positive 44G

value obtained from the mutagenesis experiments.

> In the performed in silico studies, we found that RepairPDB of FoldX command further
improves the model generated using the Modeller9v12. Here we found notable increment
in the Varify3D score and ERRAT score which indicate that RepairPDB improves the
fitness of residues in the 3D structure. It also improves the stereochemical property of the
residues by selecting suitable pair of rotamers and local minimization. Further, it helps in
the removal of clashes present in the model structure. The foremost advantage of using
RepairPDB of FoldX command is that it takes only a few minutes time to complete the run.
Due to this fact, one can try it for the model refinement which may lead for the structure

improvement; otherwise there will not be any loss of time.

» In this study, FoldX command is used for model refinement as well as for assessment.
Stability, Analyse Complex, Protein Design and Position scan modules of FoldX were used
to get energetics, interface residues of model and to study the effect of point mutations on

the stability and activity of enzyme.
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3.1. Introduction

The genus Acinetobacter belongs to the family Moraxellaceae and the order Pseudomona-
dales. Till date, approximately 25 species within the genus Acinetobacter have been identified.
Still it is difficult to differentiate among different members of this genus. The bacteria in the
genus Acinetobacter are non-motile, oxidase-nitrate negative, and non-lactose fermenting [1,
2]. The increasing protein sequence data has initiated a move from the traditional protocols of
drug discovery to structure-based drug designing. In past decades, infections caused by
Acinetobacter have been noticed sporadically and which are most common in case of immune
compromised patients. Presence of Acinetobacter in health care related outbreaks targeting
severely ill patients have documented it as an opportunistic, healthcare-associated, multidrug-
resistant pathogen. The emergence of the MDR strain of Acinetobacter has made the currently
ongoing therapies ineffective resulting in the scarcity of novel drugs and drug targets. The
Center for Disease Control and Prevention (CDC) A. baumannii holds a major share (approx.
80%) of the reported Acinetobacter infections [3]. A. baumannii is capable of surviving for
long periods of time on inert surfaces. This prolonged survival capacity along with the
multidrug resistance, colonization potential, and contact transmission are the challenging
factors in controlling Acinetobacter.

As described in Chapter 1, the enzyme Hpa2 from A. baumannii is chosen as an
unconventional drug target. Initial reports of Hpa2 from yeast in native and complex (with
acetyl-CoA) forms were described by Augus-Hill and his co-workers. They have described
different oligomeric states of Hpa2 in solution in presence as well as in absence of its
substrate acetyl-CoA. The dimer of this protein (AB) is formed by the extensive interaction
between the residues numbered 26 to 156, and it involves direct interactions of ~50 residues.
Furthermore, it consists of 42 H-bonding and 411 non-bonding interactions. Substrate acetyl-
CoA of Hpa2 has been shown to be affecting its dimeric state developing the tetrameric
conformation of the protein. Crystal data of Hpa2-acetyl-coA complex has indicated towards
the significance of the interaction of adenine base-pair moieties of the substrate in the
formation of tetramer. This change in oligomeric conformation of Hpa2 represents a novel
method of protein oligomerization facilitated by the substrate base-pairs (1gsm). Yjcf protein,
from Bacillus subtilis which belongs to superfamily Gcnb-related N-acetyltransferase shares
significant sequence similarity with Hpa2. Structural studies on Yjcf show that usually
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available as monomeric in the solution (1g2y). Another protein having significant sequence
identity with Hpa2 is a putative N-acetyltransferase from Lactobacillus plantarum. Crystal
structure of this protein (3efa) has shown it to be monomeric in native form, while structure in

complex form of this protein is not available. But another protein which is an acyl-CoA N-

acetyltrans-ferase from Pseudomonas aeruginosa, with
significant similarity in sequence with Hpa2 (A. baumannii)
exists in octameric state in solution in absence of substrate
molecules. Crystal data of this protein (1xeb) gives insight
about the interaction contributed by different chains in the

formation of homo-octameric structure. Details of the

- interactions in terms of energetics and residues contributing
Figure 1. Arrangement of

different chains in in the interactions are given in Appendix I11-1.
1xeb structure.

Analysis from Appendix I11-1 and Figure 1 suggests that the structure of protein pdb id
1xeb consists of eight similar chains, and these eight chains make 10 different types of dimer
interactions, four among which are more stable. Analysis of protein interfaces suggests that
the BC, AD, EF and GH quaternary structures are stable in solution. The interaction energy
and buried surface area for all the four quaternary structures are almost same and hence it can
be concluded that the probability of their formation is equal and/or these protein dimers may
exist in equilibrium. On the basis of the residues involved in the formation of interface, these
10 possible dimers can be grouped into three categories: First category involves BC, AD, EF
and GH quaternary structures involving the residues numbered 10 to 45 and their dimerization
is stabilized by ~6 H-bonded and ~110 non-bonded interactions. As their nature as well as
interaction is same, these four may be considered as one species. Second category involves
AC, BD and DH quaternary structures which involving the residues numbered 73 to 148 and
dimer is stabilized by ~3 H-bonded and ~50 non-bonded interactions. Third category involves
AG, EG and FH quaternary structures involving residues numbered 56 to 90 and the dimer is
stabilized by ~1 H-bonded and ~10 non-bonded interactions and these dimers might be
unstable in the solution. According to this analysis, it can be hypothesized that the dimeric
conformations of third category might be the transient dimer. The Hpa2 from yeast has been

reported to exist in dimeric state while it forms tetramer in the presence of substrate acetyl-

100



Chapter 3 Hpa2: Purification and Characterization

CoA in solution [4]. The three-dimensional structure of the enzyme Hpa2 from different
species/sources [1g2y, 1xeb] [4] have shown that the enzyme exists as monomer, dimer,
tetramer and as higher oligomeric forms. Higher state of oligomerization might be
contributing significantly in functioning and stability of the proteins like Hpa2. Based on the
literature information discussed above, it appears that proteins closely related to Hpa2 exist in
different oligomeric states and hence here we have performed the experimental studies to
analyse the oligomeric state of Hpa2. Primary classification of bacteria is done on the basis of
Gram staining. The Gram stain differentiates bacteria into two types, i.e., Gram-positive and
Gram-negative. Gram-positive bacteria would appear violet in colour due to the retention of
stain by their cell wall. Major deceases caused by bacteria are listed in Table 1 of Chapter 1.
Gram-negative bacteria would not be able to retain stain and would appear pink under the
microscope. This happens because of the difference in composition of their cell wall. The cell
wall forms a tight barrier against the outside environment providing immunity to these both
bacterial types from different medications as well as host immune responses. Only few human
enzymes and some microbial secondary metabolites have been obscured to neutralize this
defense barrier of bacteria. First effective metabolite to be discovered against bacterial cell
wall is pencillin with the discovery it declared the beginning of golden age of antibiotics. To
elucidate the complete 3D structure we also planned to crystallize the protein Hpa2. Before
proceeding towards the experimental section, brief description of different biophysical

techniques used is given.
3.2. Techniques used for biophysical characterization of Hpa2

3.2.1. Size exclusion chromatography

Size exclusion chromatography, also known as partition chromatography in which the
separation of protein molecules takes place based on their molecular size and shape. The
stationary phase of the column is made up of the beads having pores that span a relatively
narrow size range of molecular dimensions. The bead network retards large molecules and
allows small molecules to penetrate through the pores and the molecules that can enter the
beads take a convoluted, and therefore, longer path through the column due to which their
movement is slow. There is a mathematical logarithmic relation between the volume eluted

from the column and the size of the molecule (globule protein). The two assumptions are
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taken into consideration during this experiment, (i) molecules are spherical in the shape, and

(it) the protein molecules do not make any interaction with the gel material [5, 6].
3.2.1.1. Determination of the protein molecular mass

Size exclusion chromatography is a reliable method for the determination of relative
molecular mass of protein. It can be applied in substitution of native PAGE for determination
of protein molecular weight. The void volume is first determined by injecting 50 pL of 8
mg/mL blue dextran and establishing its elution volume (40 mL). Prior to running the protein
of interest, the calibration curve for the same column is prepared by running six standard
proteins of known molecular weight (ribonuclease A: 13.7 kDa, carbonic anhydrase: 29 kDa,
ovalbumin: 44 kDa, thyroglobulin: 670 kDa, aldolase: 158 kDa and aprotinin: 6.5 kDa). This

curve enables the estimation of molecular size value of unknown protein.

Aoso e IMAL Carbonic anhydrase
(MW: 29 kDa) B

Kav

L : Log Mol Wt

Figure 2. Determination of molecular mass using gel filtration chromatography.
The retention volume for each standard protein was recorded separately and their
distribution coefficient (K,,) values were calculated using equation,

Kav = (Ve —Vo)/ (Vt— VO)a

where, V. is the elution volume, V, is the void volume and V; denotes the total volume. A
graph of K, as a function of the log molecular weight produces a standard curve (Figure 2).

From this graph the molecular weight of unknown protein was calculated.
3.2.2. Circular dichroism

Circular dichroism is the difference in the absorption of left-handed circularly polarised light

(L-CPL) and right-handed circularly polarised light (R-CPL) and it occurs when a molecule
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contains one or more chiral chromophores (light-absorbing groups). Circular dichroism of

chiral compounds is calculated using the formula,
Circular dichroism = AA(L) = A(A)LcpL — A(M)repL, Where A is the wavelength.

CD spectroscopy is used extensively to study biological macromolecules like proteins, DNA
and RNA. A primary use of CD is in analysing the secondary structure or conformation of
macromolecules and since the protein structure is sensitive towards its environment
(temperature or pH), circular dichroism can be used to observe the impact of environmental
conditions on the structure [7—11]. In the present study, the CD spectroscopy is used to
measure the secondary structure, folding of recombinant Hpa2 protein and effect of
temperature and denaturants on the protein folding-unfolding process as a function of change

in the CD signal at a particular wavelength (222 nm).

3.2.3. Isothermal titration calorimetry

The calorimetric technique ITC is frequently used to study the protein—ligand interactions. An
ITC experiment involves successive additions of ligand to a solution of protein, present in the
reaction cell. After each addition, the formation of a specific amount of protein-ligand
complexes will take place, along with release of energy as depicted in Figure 3. The binding
affinity can be calculated by monitoring this release or uptake of heat.
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Figure 3. ITC, a characteristic titration experiment with its evaluation.

The ITC provides enthalpy change AH, entropy change AS, and association binding constant

Ka. Then AG is calculated from these values using the equation,
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AG = AH - TAS

where T = 298. The ITC is considered as an excellent tool to study the thermodynamics of
binding. ITC is the only experimental technique where the binding constant (Kg), Gibbs free
energy of binding (AG), enthalpy (AH) and entropy (AS) can be determined in a single
experiment. The ITC instrument is very sensitive and it can measure the heat changes in the

range of 10°® W and association constants, Ka in the range of 10>-10° M, accurately.
3.2.4. Spectrofluorimetric studies

Fluorescence spectroscopy is considered to be primary research tool in biochemistry and
biophysics. In the fluorescence experiment, titrations are carried out and change in
fluorescence intensity is recorded.

The enhancement in each case is calculated by

Al=1-1g

The aromatic amino acids tryptophan (W) and tyrosine (Y) residues are natural fluorophores
present in the proteins. Among both of these, W has the higher quantum yield and its emission
spectra are sensitive for its environment and due to which, W is commonly considered as
fluorescent probe for the intrinsic fluorescence experiment. It is used to study protein
folding/unfolding and dynamics. The Jmax of a buried W is around 335 nm, whereas fully
solvent accessible W has Amax around 355 nm. Therefore, fluorescence is one of the most
effective techniques for the conformational changes in the protein on varying the
environmental conditions. Since it is a slower process (10 ° to 10® sec) than absorption,
during this period of time, all kinds of processes, including protonation or deprotonation
reaction, local conformational changes can occur [12-13]. Here the change in the fluorescence
of intrinsic protein fluorophores is recorded. The change in wavelength was measured (at 350

nm) on varying the temperature and denaturant concentration.
3.2.5. Native PAGE

The polyacrylamide gel electrophoresis is a high resolution separation technique, which
separates protein molecules on the basis of charge, size and conformations. The key advantage
of this technique is that the biological activity of protein remains unaffected. Hence this
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technique facilitates the estimation of molecular weight of protein in native state. However, in
the SDS-PAGE, the protein molecule is denatured and separation takes place on the basis of
the size. The standard protocol for native PAGE as described by Arndt and co-workers [14]
has been followed. Although molecular weight determination using native PAGE is not

reliable, mobility of protein in the native PAGE is influenced by both charge and size.

3.2.6. Glutaraldehyde crosslinking assays

The glutaraldehyde crosslinking is a simple and reliable method for determination of
oligomeric state of the protein. It is a very simple method requiring mixing of pure
glutaraldehyde solution with the protein solution. Glutaraldehyde links covalently to the amine
groups of lysine or hydroxylysine in the protein molecules generating a structure very stable
than the structure obtained by the physical aggregation of protein molecules (Figure 4). Here
glutaraldehyde crosslinking experiment was performed by following the method described in
the protocol [15]. The steps involved in the assay are described here; the protein was purified in
Tris buffer and after purification, the Tris buffer was exchanged with 50 mM sodium phosphate
buffer of pH 7.6. The buffer exchange was done to remove the amino groups present in the Tris
buffer as they react with glutaraldehyde, affecting the outcome of the reaction i.e., between
protein and glutaraldehyde (Figure 4). In the present study, the experiment was performed
using 24-well crystallization plates and a siliconized cover slip as depicted in Appendix I11-2
[15]. To achieve the crosslinking of protein, 40 mL of 12.5% glutaraldehyde solution (v/v)
acidified with 1 mL 5 N HCI was placed in the bottom of the well. After that, 15 pL of protein
solution was placed on to the cover slip, and the cover slip was placed on the reservoir in the
inverted manner. The reservoir was sealed with vacuum grease and entire setup was incubated
for 15 min at 37 °C, then the sample was mixed with an equal volume of 2X SDS-PAGE
loading buffer and boiled using dry bath for 4 min. Cross-linked oligomers were analyzed on
15% SDS-PAGE followed by Coomassie Blue R-250 staining and destaining.

NN in” e NN i
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+ s +
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Figure 4. Crosslinking reaction of glutaraldehyde with free \NH, group present in protein.
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3.3. Materials
3.3.1. Chemicals

All the chemicals used were of analytical grade and most of the chemicals were purchased
from Fluka (Buchs, Switzerland), Sigma-Aldrich (Deisenhofen, Germany), Merck (Dramstadt,
Germany), and Himedia. Kits for the PCR purification, gel extraction and plasmid miniprep
were purchased from Qiagen. Unit for agarose gel electrophoresis, gel imager were from Bio-
rad and chemicals used in the DNA gel electrophoresis such as ethidium bromide, agarose,
and gel loading dye were purchased from Biochem. Isopropyl B-D-1-thiogalactopyranoside
used to induce protein expression was purchased from Biochem. The reagents used in the
sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) and in the Bradford
assay were purchased from the Bio-rad. Columns for gel filteration; HisTrap HP and HiLoad
16/600 Superdex 200 were purchased from GE healthcare. The amicon centriprep
concentrators with 3 kDa cut-off and Spectra/Por dialysis tubing MW 3,500 were purchased
from the Millipore.

3.3.2. Bacterial strains and vectors

Escherichia coli DH5a and BL21 (DE3) strains and cloning and expression plasmids were

purchased from Novagen.
3.3.3. Molecular biology enzymes

Restriction endonuclease enzymes (Ndel, Xhol), bovine serum albumin, reaction buffers, T4
DNA ligase, Dnasel, Rnase A, Pfu Turbo polymerase and Taq polymerase were purchased
from New England Biolabs (NEB). Bovine serum albumin (BSA) and reaction buffers were
obtained from NEB. Enzymes utilized during purification, lysozymes and deoxyrobonuclase |

(DNase I) were purchased from the Sigma-Aldrich.

3.3.4. Oligonucleotides

DNA oligonucleotides used in the PCR amplification were designed with the help of
oligoanalyzer tool of IDT technologies. After checking that Ndel and Xhol sites are absent in
the desired gene sequence, these R.E. sites were introduced, respectively, in forward and

reverse primers. The DNA oligonucleotides were purchased from Biolinkk, Bangalore, India.
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The sequences of primers presented in 5' to 3' orientation. The synthesis of gene coding for the

Hpa2 protein of A. baumannii were done from the Biolinkk.

3.3.5. Culture media

Luria—Bertani (LB) broth and LB agar for growing E. coli cells were purchased from Merck
speciality chemicals as dried granules. The LB agar consists of 1% [w/v] tryptone, 0.5% [w/Vv]
yeast extract, 1% [w/v] NaCl. The LB culture media was sterilized by autoclaving at 121 °C
for 15 min at 15 psi pressure. Antibiotics — kanamycin and chloramphenicol were purchased
from Himedia chemicals, India, and added into culture for the selective growth. Antibiotics:
kanamycin (Stock solution: 100 mg/mL in ddH,O, working concentration 50 pg/mL),
chloramphenicol (stock solution: 100 mg/mL in absolute ethanol, working concentration: 35

pg/mL).
3.3.6. Solutions of crystallization

For the crystallization purpose, well known commercial screens i.e., PEG ion | & II, crystal
screen | & I, salt, index and crystal screen cryo were purchased from the Hampton Research.
For manual optimization of conditions, chemicals were purchased from Sigma Aldrich. The
solutions were prepared using high grade nuclease-free water and then filtered through 0.22

uM filter [from Millipore India]. The reagents were prepared and stored at 4 °C.

3.4. Methods

3.4.1. Cloning of Hpa2 gene

The coding region of Hpa2 gene encoding the putative Hpa2 protein was PCR amplified using
forward and reverse primers containing Ndel and Xhol restriction sites (underlined) 5> GAT
TCT CAT ATG ATG AAA ACT CAA CGC TGC GGA TG 3’(forward) and 5> GAT TCT
CTC GAG TTA TGA AGC TTT AAA TTG ACA ATC ATT 3’ (reverse). The amplified
fragments were subjected for purification using Qiagen PCR purification kit, to remove the
unused dNTP’s or primer-dimers. The isolated plasmid and purified PCR product were double
digested at 37 °C for 1 h with both the restriction enzymes. The digested plasmid and PCR
products were then loaded on to low melting agarose gel and after running the digested

plasmid, and PCR products were extracted from gel using Qiagen gel extraction kit. After
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extraction, the product is ligated into pET28a vector in between Ndel and Xhol sites with a
6xHis-tag at N-terminal. For tag removal, TEV protease site is present in between 6xHis-tag
and Hpa2 gene. The ligated product was transformed into XL-1 blue cells, which were grown
on the LB agar plates containing 50 pg/mL of kanamycin and incubated at 37 °C for
overnight. The next day, colonies were screened for the clone using PCR amplification and
restriction enzyme digestion. Screened plasmids were sent for sequencing and after
confirmation it was used for Hpa2 protein expression. The expression vector pET28-Hpa2
possesses T7 promoter, which is essential for the gene transcription during expression in E.
coli. The expression construct has an N-terminal 6xHis-tag which assists in the purification of
the protein of interest with immobilized metal ion affinity chromatography (IMAC) columns.
General steps of the experimental work done are depicted in Figure 5.

3.4.2. Optimization of Hpa2 expression

After confirmation of cloning pET28-Hpa2 plasmids expression vector was transformed into
E. coli BL21 (DE3) cells (using heat shock method). After transformation, E. coli BL21 cells
were spread on the LB agar plates containing 50 ug/mL of kanamycin and 35 pg/mL of
chloramphenicol, and incubated at 37 °C for overnight. Single colony from the transformed
plate was used to inoculate 10 mL of LB containing 50 pg/mL kanamycin, and 35 pg/mL
chloramphenicol, in a 100 mL culture tube. 100 uL of this overnight grown culture was used
to inoculate fresh 10 mL of LB. The inoculated culture was incubated at 37 °C at 200 rpm
until the optical density at 600 nm (O.D. 600) reached to 0.6-0.7. The culture was then
induced with different concentrations of IPTG (0.25-1.0 mM). After induction, the culture
was grown at 18, 25 and 37 °C temperatures for 16, 7 and 4 h, respectively. After incubation,
cells were pellet down at a speed of 6000 rpm for 10 min, the pellets were then resuspended in
5 mL of 50 mM Tris buffer [pH 7.6] and lysed using an ultra sonicator [10 sec pulse on, 10
sec pulse off, 50% of amplitude] the sample was kept in ice bucket to avoid overheating. The
disrupted cells were transferred into the centrifuge tubes, and spun down at 10000 rpm for 45
min, at 4 °C. The soluble part [supernatant] and insoluble fractions [pellet] were separated and
collected in separate falcons. Expression and solubility of this sample was analysed in
presence of control (uninduced sample) on SDS-PAGE after mixing with 6xSDS loading
buffer.
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SDS-PAGE under reducing and denaturing conditions can be used to separate proteins
based on mass. Samples were prepared for electrophoresis by mixing an 2-20 ug of protein,
with 6x SDS-PAGE load buffer [0.125 M Tris buffer pH 6.8, 9% B-mercaptoethanol (BME),
20% glycerol, 4% SDS, 0.1% bromophenol blue]. Samples were heated at 98 °C for 5 min and
then loaded on 15% SDS—PAGE gels. Broad Range (10-270 kDa) protein ladder (5 pL) from
GeneDireX was used as standard for each gel. Gels were run according to the Lamelli method
and after completion, gel was stained for 1-2 h using CBB R-250 dye. Gel was then destained

for 45 min, using the destaining solution.

3.4.3. Purification of Hpa2

Homogeneously pure Hpa2 was achieved after employing a three-step strategy of purification.
Initial purification step employed affinity-based employed affinity based chromatography
using Ni** beads. His-tag removal step of purification was performed by cleavage mediated by
TEV (Tobacco Etch Virus) protease at its recognition site. Finally, size exclusion
chromatography was done to produce the pure stable protein suitable for crystallization and
other biophysical studies. Detailed description of the purification strategy is given below:

The 1 liter of LB broth media containing suitable concentrations of antibiotics was
inoculated with 10 mL of overnight grown culture [having transformed cells]. This culture
was incubated at 37 °C with 200 rpm shaking until the optical density at 600 nm (O.D. 600)
reached to 0.6-0.7. At this stage, protein expression was induced by addition of 0.5 mM
IPTG, followed by incubation at 18 °C at 200 rpm for 16 h. The cells were harvested by
centrifugation at 5000 rpm for 10 min at 4 °C and stored at —80 °C. For protein purification,
cell pellet was resuspended in 20 mL of binding buffer [50 mM Tris buffer pH 7.6, 250 mM
imidazole, 5% glycerol, 250 mM NaCl, 5 mM DTT]. The cells were incubated in presence of
0.1 mM PMSF for 10 min and then lysed using French press [Constant cell Disruptor
Systems, UK]. The disrupted cells were centrifuged at 10500 rpm, 60 min, 4 °C to separate
the soluble portion from the insoluble fraction. In the meantime the Ni-bead column was equi-
librated with the binding buffer. The cleared cell lysate was then loaded on the equilibrated
column and incubated with Ni beads for 60 min at 4 °C. The protein was eluted from column
using elution buffers with the gradient concentrations of imidazole [50 mM Tris buffer pH
7.6, 5% glycerol, 250 mM NaCl, 5 mM DTT and 100, 150, 250 mM imidazole], followed by

washing of column by 1 M imidazole. Fractions of 5 mL volume were collected over the
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course of gradient wash. All the fractions were analysed by 15% SDS-PAGE gel to confirm
the presence of protein as well as the sample. Fractions containing protein were dialysed in
dialysis buffer [50 mM Tris buffer pH 7.6, 5% glycerol, 100 mM NaCl, 5 mM DTT], and
TEV protease was added to remove the N-terminal 6xHis-tag at 4 °C. The TEV cleaved prot-
ein was then reloaded on the equilibrated column to separate the histidine-tag cleaved protein
from uncleaved one. The protein fractions were collected and the cleaved Hpa2 protein was
then concentrated using Amicon [3 kDa cut-off] till 1 mL volume [conc. ~ 3 mg/mL] and
loaded on pre-equilibrated [50 mM Tris buffer pH 7.6, 5% glycerol, 0.5 mM DTT] HiLoad
16/600 Superdex 200 column to remove impurities further. The protein eluted from Superdex
column was then concentrated using Amicon Ultra-15 centrifugal filter device [3 kDa cut-off],
only after confirmation on 15% SDS-PAGE. Protein was concentrated to around 10 mg/mL
and was stored at —80 °C after flash freezing with liquid nitrogen till further use.

Target selection
1
Primer designing
1
PCR amplification and gene cloning into expression vector
1
Confirmation by RE digestion and sequencing
1

Transformationinto BL21 E.coli cells
1

Small scale protein expression and solubility check
1
Large scale protein expression and purification
1
Protein characterization

v

Purified protein is used for differentbiophysical and biochemical studies

Figure 5. Flow chart showing standard process of Hpa2 protein, study from primer designing
to the characterization of protein.

3.4.4. Determination of Hpa2 protein concentration

The Hpa2 protein concentration was determined using Bradford reagent provided by Bio-Rad

[16]. Assay was performed as per the instruction provided by the supplier. The 5 pL of

110



Chapter 3 Hpa2: Purification and Characterization

concentrated protein sample was mixed with 795 pL of purification buffer. The 200 puL of
Bradford reagent was added to make final volume 1 mL and incubated for 1 min. The protein
concentration was determined using Perkin Elmer Lambda 25 UV-visible spectrophotometer

by interpolating the absorbance reading at 595 nm into a BSA standard curve.
3.4.5. Analytical size exclusion chromatography

The analytical size exclusion chromatography is used for the determination molecular weight
and oligomeric state of Hpa2 protein. As discussed in the Techniques Section (3.2.1.1), prior
to running the protein of interest, the calibration curve for the size exclusion column is
prepared by running standard proteins of known molecular weight. This standard curve
enables the estimation of molecular size of Hpa2 protein. The determination of molecular
weight of protein Hpa2 was performed at physiological conditions and in the presence of
various substrates (acetyl-CoA and polyamines).

The HiLoad 16/600 Superdex 200 column was prepared with running buffer (50 mM
Tris buffer pH 7.6, 100 mM NaCl, 5% glycerol, 0.5 mM DTT) at 4 °C, flow rate of 0.5
mL/min. All five standard proteins (1 mg of each) were dissolved in 1.0 mL of the running
buffer. Each protein was loaded individually and retention volume for each standard protein
was then recorded separately. The distribution coefficient (K,,) value for each standard
protein was calculated as given in the Techniques section (3.2.1.1). A plot of K, as a function
of the log molecular weight gives the standard curve. The 500 pL of purified Hpa2 protein (5
mg/mL in the running buffer) was uploaded in the column and run under the conditions as
described above. Retention volumes of the peaks were recorded and the MW of each protein
was calculated. The same procedure was used for the determination of MW of Hpa2 in native
state as well as in the presence of various substrates, denaturant and salt. Prior to injection,5
all samples were filtered through 0.22 pum filters.

3.4.5.1. Effect of urea and NaCl on Hpa2 oligomerization

The oligomeric state of the Hpa2 is determined in the presence of various concentrations of
salt and denaturing agent. For this, freshly purified Hpa2 protein was pre-incubated with
variable concentrations of denaturant and salt (2 M and 4 M of urea and NaCl separately) at 4
°C for 4 h. Then protein was loaded onto HiLoad 16/600 Superdex 200 gel filtration column.
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Prior to loading of proteins, the gel filtration column was equilibrated with the buffer

containing urea or NaCl used during the incubation and elution profiles were analyzed.

3.4.5.2. Effect of substrates binding on the Hpa2 oligomeric state

The oligomeric state of Hpa2 was also analysed in the presence of various substrates and
inhibitors. The protein was incubated with the substrates — acetyl-CoA [2.5 mM] and
polyamines [3 mM] for 4 to 6 h at the 4 °C, then loaded on HiLoad 16/600 Superdex 200 gel
filtration column equilibrated with same buffer and elution profile was analyzed.

3.4.6. Circular dichroism studies

Circular dichroism spectroscopy was performed on Chirascan CD spectrometer (Applied
Photophysics, UK). Spectropolarimeter was equipped with a programmable peltier junction
temperature controlled cell holder at 25 + 0.5 °C. All spectra were acquired with continuous
purging of dry nitrogen gas in the sample chamber to prevent condensing of moisture on the
optical windows. Far—UV CD spectra were obtained at 20 °C from protein samples (1 mg/mL)
in 25 mM sodium phosphate buffer pH 7.6 having NaCl (50 mM) and glycerol (5%, v/v). The
spectra were recorded in a 1 mm quartz cell at bandwidth 1 nm and time per point 0.5 sec with
four repeats. Three scans for each protein sample were accumulated (190-260) to get the
average spectrum then base line spectrum was subtracted and thus obtained final spectrum
was analyzed by CDSSTR Method [17-18]. In this method, initially, a large database of
standard spectra from the proteins of known secondary structures is created. After that
secondary structure is calculated using the singular value decomposition. Then superior fits of
globular proteins was done. CD titration was also performed at different temperatures (20—75

°C), and values for the CD data are represented in delta epsilon.
3.4.7. Isothermal titration calorimetry binding assay

To determine the binding parameters of Hpa2 with the substrates (acetyl-CoA and
polyamines), isothermal titration calorimetry assay were performed using an ITC200 Microcal
calorimeter (GE Healthcare). The 225 uL of 300 uM pure Hpa2 protein (25 mM Tris buffer
pH 7.6), loaded in the calorimetric cell, was titrated against 3 mM polyamine, 2.5 mM acetyl-
CoA and 2.5 mM of antibiotics solution using a 299 uL syringe. About 20 injections of 2 uL

ligand each were injected into the cell at a stirring speed of 2000 rpm. The time interval
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between two injections was set 120 sec to ensure optimum mixing and measurement of
change in reaction enthalpy. Control experiments were performed by titrating substrate with
buffer and this titration data of ligand with protein-free buffer was used as a reference. The
resulting thermogram were analyzed using single set of binding sites model to provide the
binding affinity (K,), binding stoichiometry (N), and enthalpy of binding (AH). The binding
free energy (AG) and the entropic contribution to the binding (TAS) were then calculated from
standard thermodynamic relationships as described [19]. The data analysis was done using

Origin software version 7.0.

3.4.8. Spectrofluorimetric studies

Fluorescence spectra were recorded on Fluorolog-3 Spectrofluorimeter LS55 (make HORIBA
Jobin Yvon Spex®). Fluorescence emission spectrum was recorded in the range of 295-450
nm upon excitation at 280 nm in steps of 2 °C over a 25-50 °C temperature range. The spectra
were also recorded for 5 °C steps over the 50-80 °C range. The slit widths were typically 5
nm and volume of the sample for analysis were varied depending upon the concentration of
protein required for achieving satisfactory signal to noise ratio. Sample cells were preheated at
each temperature for 90 sec before collecting the data. After smoothing the raw spectra, we
plotted the intensities of the emission maxima against the temperature. Titrations were carried
out and change in fluorescence intensity was recorded. The enhancement in each case was

calculated by
Al=T1- 1

During protein folding-unfolding studies, the shift in the Anax Was noticed so the graph is

plotted as of F350/F330 vS. temperature, to avoid the error in the interpretation of results.
3.4.9. Native PAGE

Native PAGE was performed for various concentrations of Hpa2. Different concentrations of
Hpa2 were subjected to non-reducing environment for determining the impact of
concentration on the oligomeric state of the protein. Electrophoresis was performed by using
Tris-glycine buffer pH 8.3 as electrode buffer at a constant voltage of 20 mA at 4 °C for 4 h.
Subsequently, the gel was stained by Coomassie Brilliant Blue R-250.
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3.4.10. Glutaraldehyde crosslinking assays

Hpa2 protein was purified in Tris buffer, and after purification, the protein was exchanged with
25 mM sodium phosphate buffer pH 7.6 for crosslinking studies. For crosslinking, 40 mL of
12.5% glutaraldehyde solution (v/v) acidified with 1 mL 5 N HCI was added in the well. Then
15 uL of protein solution (1 mg/mL) was placed onto the cover slip, which was placed on the
cover of the well in inverted manner. The entire setup was incubated for 15 min at 37 °C. The
cross-linked oligomers were analyzed on 15% SDS-PAGE followed by Coomassie Blue R-250
staining and destaining.

3.5. Results and Discussion
3.5.1. Cloning and overexpression of pET28a-Hpa2

In the Acinetobacter baumannii ACICU genome, Hpa2 protein is encoded by the
ACICU _RS15490 gene. To overexpress the gene encoding, the protein Hpa2 was cloned into
an E. coli based expression vector, pET28a with N-terminal 6xHis-tag (Figure 6). The gene is
cloned between the Ndel and Xhol restriction sites. Analysis of PCR product on 1% agarose
gel electrophoresis confirmed the presence of a single amplification band of approximately
500 bp size, corresponding to the Hpa2 gene size (417 bp) (Figure 7A). Plasmid and PCR
products were double digested with Ndel and Xhol restriction enzymes and T4 DNA ligase
was used to ligate the digested PCR product into the digested vector. The ligated product was
successfully transformed into E. coli DH5a cells. To confirm whether the gene is cloned into
vector, the plasmid DNA was isolated from transformed cells and subjected to double
digestion with Ndel and Xhol which yielded the fragment of desired Hpa2 gene length (417
bp) confirming the cloning (Figure 7B).

The automated DNA sequencing from the company further confirmed the cloning of
the Hpa2 gene in pET vector. In order to optimize the Hpa2 expression, the recombinant
vector was transformed into E. coli BL21 (DE3) cells successfully using the method described
in Methodology Section (3.4.1). The small scale expression of Hpa2 was analyzed at seven
different IPTG concentrations (0.1 mM to 0.7 mM) as well as different conditions of
temperatures (18, 25 and 37 °C). The optimum expression and solubility was achieved with

0.6 mM IPTG concentration at 18 °C temperature (Figure 8).
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Figure 6. Map of Hpa2 expression plasmid. The open reading frame of Hpa2 gene was
inserted into expression vector pET-28a(+) within Ndel and Xhol sites.
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Figure 7. Amplification and cloning of Hpa2 gene, agarose gel electrophoresis. (A) PCR
products. Lane M: DNA marker; Lanes 1 and 2: Amplified PCR product (B)
Recombinant pET28a plasmids digested with Ndel and Xhol. Lane M: DNA
marker; Lane L1: pET-28a (+)-Hpa2 from the screened colony.
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22 kDa

14 kDa

Figure 8. Optimization of Hpa2 Expression, (15% SDS-PAGE analysis). Lane Up: Un-
induced pellet, P1s : Pellet at 18 °C, P25 : Pellet at 25 °C, P37 : Pellet at 37 °C, Us:
uninduced supernatant, Sis : Supernatant at 18 °C, Szs : Supernatant at 25 °C, Ss7:
Supernatant at 37 °C.

3.5.2. Purification of Hpa2 protein

Induction of E. coli BL21 (DE3) cells harbouring pET-28a(+)-Hpa2 vector with IPTG resulted
into high level expression of Hpa2 protein. Purification of Hpa2 protein was done from 1 litre
cell pellets. After gentle treatment with lysozyme, the cells were lysed using French press.
With the combination of metal affinity-based chromatography (Ni-NTA agarose) and size
exclusion chromatography Hpa2 was purified up to more than 95% purity and homogeneity.
The SDS-PAGE profile of sample from each stage of the purification is shown in Figure 9.
Single preparation from 1 liter of induced culture typically yields 10-12 mg of Hpa2 protein.
Highly pure Hpa2 protein was obtained after the gel filtration and all the fractions having
protein were run on the 15% SDS-PAGE gel to check the purity and homogeneity (Figure
12C) of the recombinant Hpa2 protein (~16 kDa size). Protein fractions were incubated with
the TEV protease (to remove the 6xHis-tag) and then protein was dialyzed. The tag removed
protein was then concentrated to 1000 uL (5 mg/mL conc.) and purified further with size
exclusion chromatography. This purified protein was further analyzed on 15% SDS-PAGE
and pure fractions were concentrated to 500 upL (10 mg/mL conc.) to be used for

crystallization. Bradford method [20] was utilized to estimate the Hpa2 protein concentration
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using Bradford reagent provided by Bio-Rad Laboratories, USA. The Hpa2 concentration
calculated by interpolating the absorbance reading into a standard BSA curve was found to be

approximately 10 mg/mL.

M W1 El E2 E3 RL R2  gyp

22 KDa =———p
A e e

14 KDa =———p-

Figure 9. Affinity purification of recombinant Hpa2 [with 6xHis-tag]. Lane M: prestained
protein ladder; Lanes E1-E3: purified protein fractions. Reverse NTA step of
purification of Hpa2 after the cleavage of 6xHis-tag using TEV protease. Lanes R1
and R2: Hpa2 fractions after the 6xHis-tag cleavage and Sup is supernatant.

3.5.3. Crystallization of Hpa2

Commercial sparse matrix screens from Hampton research, USA were utilized for
crystallisation. Each screen had 96 different solutions varying in precipitant, salt and additives
combination. Different buffers were used to screen a wide range of pH [pH 4.0-10.0]. The
concentration of Hpa2 was kept at 10 mg/mL for the initial screening. Different screens were
used for initial screening of crystallization conditions for Hpa2.

The crystallization trial of Hpa2 native and in presence of substrate was carried out
separately. In the case of apo-Hpa2, some small needle like crystals with three-dimensional

shapes were observed (Figure 10) in condition consisting 0.1 M ammonium acetate, 0.1 M
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|

Figure 10. Crystals of Hpa2 obtained by the hanging-drop vapour-diffusion method using
consisting 0.1 M ammonium acetate, 0.1 M Bis-Tris buffer pH 5.5 and 1%
polyethylene glycol 8,000, at 4 °C.

Bis-Tris buffer pH 5.5 and 1% polyethylene glycol 8,000. The conditions were further

optimized for obtaining diffraction quality crystals of Hpa2.
3.5.4. Glutaraldehyde crosslinking assay

In crosslinking assay, a bifunctional compound glutaraldehyde is used for the chemical
modifications of proteins and polymers. Glutaraldehyde crosslinking has wide application in
various fields of science for example histochemistry [21-23], microscopy [24, 25],
cytochemistry [26], leather tanning industry [27, 28], enzyme technology [29-33], chemical
sterilization, biomedical and pharmaceutical sciences [34-35]. In the present study,
crosslinking assay was performed to obtain the preliminary information about the oligomeric
state of Hpa2 protein.

Solid aggregate formation occurs in presence of glutaraldenyde by non-covalent
bonding resulting in strengthening of tertiary structures stabilising the protein against any
denaturing environment. In the absence of crosslinking agent, protein Hpa2 migrates as a
single band at ~16 kDa (Figure 9) suggesting that either SDS completely dissociates probable
oligomeric states of protein or it may exist as monomer in solution. While in glutaraldehyde
crosslinking, the monomeric form of Hpa2 is considerably reduced. The major form at
positions between 29-43 kDa (Figure 11, Lane 0.05-0.25 mM of glutaraldehyde) represents
the dimeric state of Hpa2. In addition, small amount of a tetrameric form at 60 kDa was
detected, the intensity of which varies with concentration (Figure 11, Lane 0.30-0.50 mM of
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Figure 11. Glutaraldehyde cross-linking assay of Hpa2 protein, for the identification of
quaternary protein structure. 15% SDS-PAGE, the Hpa2 protein treated with
glutaraldehyde (different concentrations) as described in the protocol.

glutaraldehyde). It is well known from the literature that oligomerization events are dependent
on the crosslinking conditions and Hpa2 was found to oligomerise up to tetrameric complexes
although it exists as dimer preferentially [4].

3.5.5. Analytical size exclusion chromatography

Size exclusion chromatography used to separate the molecules on the basis of both mass and
shape. The molecular weight of the globular protein can be inferred from the elution volume
after calibrating the gel filtration column with the standard globular proteins. The oligomeric
state of Hpa2 was determined after loading on pre-equilibrated 16/600 Superdex 200 column.
Column was calibrated using six globular proteins, spanning a molecular weight (MW)
ranging from 6.55 to 670 kDa (Figure 12B). Hpa2 was eluted as a single peak at a volume of
89.6 mL (Figure 12A). The fractions from the column were loaded on 15% SDS-PAGE gel
were found to be very pure (Figure 12C). The apparent MW of each standard protein was
estimated by interpolation using the globular protein calibration curve (Figure 12D). Based on
this standard curve of the molecular weight markers, the molecular weight of the Hpa2 elution
peak was calculated. Mass of Hpa2 calculated based on this information was double to the

mass calculated on the basis of sequence.
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This attests that Hpa2 is migrated as if its molecular weight was approximately twice to that of
their actual molecular weight. The fractions obtained from size exclusion chromatography
were also analyzed on the native polyacrylamide gels, obtained results verifies the existence
of the dimeric Hpa2. (Native PAGE Section 3.5.6).

3.5.5.1. Effect of urea and NaCl on Hpa2 oligomerization

The oligomeric state of Hpa2 was also analysed in presence of salt and denaturing agent. The
behavior of Hpa2 in presence of such agents has not been studied till now and no information
about the impact of concentration of such agents on the stability of Hpa2 is available. In
addintion, lack of information about the behavior of dimeric Hpa2 in presence of such agents
prompted us to examine the effect of different concentrations of NaCl and urea on Hpa2.
Incubation of freshly purified protein sample with high NaCl concentration (2 M and 4 M)
resulted in the partial dissociation of dimeric Hpa2 enzyme to monomeric state (Figures 13A
and 13B).

Generally, protein solutions consisting 50-150 mM salt are used to control pH, ionic
strength and osomlality of solution. Since proteins are considered as most complex colloidal
system in terms of surface charge, surface chemistry, and size, it needs 50-150 mM of salt to
maintain its integrity. Mostly protein surfaces are heterogeneously composed of positive and
negative charged, polar and non-polar amino acid residues. Intermolecular or intramolecular
interactions of protein molecules can have different origins such as electrostatic, hydrophobic,
van der Waals, and hydrogen bonding [36-39]. It is not easy to identify the accurate relative
contributions of each type of interactions towards the overall protein—protein interactions.The
presence of NaCl in buffer is known to influence the elution volume of protein by altering
their hydrodynamic radius. Due to this reason, it is necessary to modify the buffer
composition having same salt concentration as in the protein sample to avoid the nonspecific
interactions in the column and to reclaim separation based on molecular size alone due to
which we used the same amount of salt in the buffer too.

Analysis of elution profile at NaCl concentrations 2 M and 4 M has shown two peaks
in the gel filtration chromatogram: first peak at ~89 mL elution volume followed by a small
second peak at ~99 mL elution volume. These peaks correspond to the molecular mass of the
dimeric and monomeric Hpa2, respectively (Figures 16A and 16B). On increasing the

concentration of the NaCl from 2 M to 4 M, the smaller peak representing the monomeric
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Figure 12. Chromatogram obtained after loading the Hpa2 protein on 16/600 Superdex 200
column. (A) The void volume of the column is 40 mL and after injection the
protein peak appeared at around 89.6 mL of volume. (B) Chromatogram for
standard proteins runs on 16/600 Superdex 200 column with their molecular
weights and elution volume. 1) thyroglobulin [670 kDa, 49.92 mL], 2) aldolase
[158 kDa, 62.86 mL] 3) ovalbumin [44 kDa, 74.11 mL], 4) carbonic anhydrase
[29 kDa, 89.9 mL], (5) ribonuclease A [13.7 kDa, 94.56 mL], and 6) aprotinin
[6.5 kDa, 104.10 mL]). (C) Protein fractions from gel filtration chromatography;
M is the protein ladder, ~15 kDa Hpa2 is marked by an arrow. (D) Graph of log
MW (kDa) vs. K4, for five standard proteins and Hpa2.
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form of Hpa2 becomes more distinct at 4 M as compared to the peak during 2 M NacCl,
demonstrating that higher concentration of the NaCl might partially disrupt the dimeric
structure. It is known that high salt concentration compresses the solvation shell due to which
the salt gets opportunity to interact with the protein surface charge to disrupt favorable ionic
interactions by stabilizing the ion pairs. Here, partial destabilization of dimeric structure at
high salt reflects the role of intermolecular weak polar interactions in the Hpa2 dimerization.
Our results and other experimental evidences [40, 41] have revealed that a lower salt
concentration facilitates the dimer formation, while high concentration of salt dissociates the
dimer, in other words, favours the formation of monomers. Furthermore, in many studies [42]
a conformational change is noticed with increased ionic strength. This conformational change
would allow the monomer to rotate freely i.e., contributes to the positive entropy.

Here, chaotropic agent urea is used to examine the stability and nature of interactions
present at the interface. Analysis of elution profile indicated that alike NaCl, the 2 M urea
initiated the dissociation of dimeric Hpa2 (Figure 13C). Conversion of dimeric Hpa2 into
monomeric form was found to be more prominent in 4 M of urea than in NaCl (Figure 13D).
The mechanism of denaturation process mediated by urea is a historical puzzle [43-45].
According to one of the well known mechanisms, denaturation by urea is a two-stage process,
in the first stage, urea molecules accumulate in the vicinity of the protein surface and replaces
the solvent molecules and in this way it initiates the unfolding of the protein. This means urea
has better solvation capacity than water. In the second step, urea penetrates into the protein
interior and forms hydrogen bonds with backbone atoms and disrupts the hydrophobic
interaction. So the destabilizing nature of urea was endorsed to its direct H-bonding property.
However, electrostatic interaction and van der Waals dispersion force is also considered as the
driving force for the urea—protein interaction. The examination of gel-filtration chromatogram
showing the elution profile of Hpa2 in 4 M urea designates that the second peak
corresponding to the monomeric Hpa2, becomes more distinct and intense than 4 M NaCl.
The higher dissociation in 4 M urea concentration indicates that inter-molecular hydrophobic
interactions are major stabilizing force at the dimeric interface, which corroborates our in

silico results.
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Figure 13. Effect of chaotropic agents NaCl and urea on oligomeric property of Hpa2. (A) Gel-filtration chromatogram showing
the elution profile of Hpa2 protein treated with (A) 2 M of NaCl (B) 4 M NaCl (C) 2 M urea (D) 4 M urea.
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3.5.5.2. Effect of substrates/inhibitors binding on the Hpa2 oligomeric state

Proteins homologous to Hpa2 are found to exist as monomeric (1q2y, 3efa, 2jdc, 2bsw),
dimeric (1ghe, 1j4j, 2dxq and 1gsm), tetrameric (1gsm) and higher oligomeric (1xeb) states.
As discussed in the Introduction section (3.1), the oligomeric state of Hpa2 depends on the
presence of substrate. Furthermore, in biochemical study, Sternglanz and co-workers [46]
noted that functional behaviour of protein Hpa2 is different from other acetyltransferases [46].
As it has capacity to acetylate polyamines — spermine, spermidine, and putrescine in vitro. In
our in silico studies (section 2.3.6) we have found that Hpa2 have high binding affinity with
the polyamines and binding strength is highest for spermine followed by spermidine and
putrescine.

For studying the effect of acetyl-CoA on Hpa2, four different concentrations of acetyl-

CoA (0.15 mM, 0.24 mM 0.35 mM and 0.45 mM) were incubated with the Hpa2 (5 mg/mL)
in 500 pL reaction for 4—6 h at 4 °C and then uploaded in Superdex 200 column and after
completion of run, elution profiles were analyzed, and thus obtained chromatograms are
depicted in the Figures 14A-D. Examination of elution peaks indicates that in the presence of
acetyl-CoA, the dimeric Hpa2 is converted into the monomeric Hpa2, in case of yeast, Hpa2
exists as stable dimer in solution forming tetramer in the presence of acetyl-CoA it forms [4]
tetramer. However, in case of Hpa2 (A. baumannii) reverse oligomeric state is obtained.
At sufficient substrate concentration, approximately all dimeric molecules were converted into
the monomeric form. From above results it is believed that in case of prokaryotes, monomeric
form of Hpa2 is active unlike the eukaryotic cell in which it is active in tetrameric form. In
Hpa2 each monomer unit have an individual active site and its oligomerization in case of
eukaryotes might be related to increase in the number of binding sites.

As discussed in Sections 3.1 and 3.4.5, the dimeric structure of Hpa2 is very stable,
consisting of an intertwined interface usually made up of hydrophobic residues. Stability of
Hpa2 in high concentration of salt and denaturant was examined. It is noticed that dimeric
structure remains almost intact even in extreme conditions. However, small concentration of
the acetyl-CoA can convert Hpa2 into monomeric form. The conversion of Hpa2 into
monomeric form is believed to be induced by the binding of acetyl-CoA i.e., binding of
acetyl-CoA might induce some conformational change in the dimeric form which leads its

conversion into monomeric form, inverse to yeast Hpa2 where it changes to tetrameric form.
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Figure 14. Effect of substrate (acetyl-CoA) concentration on oligomeric state of Hpa2. Gel filtration chromatogram
showing the elution profile of Hpa2 (5 mg/mL) treated with acetyl-CoA of (A) 0.15 mM (B) 0.25 mM (C) 0.35 mM
(D) 0.45 mM.
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As explained in Section 3.4.5.2 about the polyamine binding of Hpa2, here polyamine
binding experiments were carried out in 500 pL reaction mixture. Each reaction mixture
contains 3 mM concentration of polyamines and Hpa2. Analysis of size exclusion
chromatogram infers that binding of polyamine also induces conformational change in the
dimeric state of Hpa2. Interestingly, the binding of spermidine and spermine with Hpa2
protein resulted in the formation of higher oligomeric form i.e., tetramer (Figures 14A and
14B). The change in the oligomeric state might be related to higher acetylating capacity of
Hpa2 and binding of spermidine / spermine are supposed to induce the conformational
changes in Hpa2. Putrescine binding does not affect at all and its oligomeric state
corroborating its weak binding strength (Figure 14C).

The polyamines acetylation is considered to be essential for their breakdown as well as
for their export from the cells. It was observed by Sternglanz and co-workers [46], that unlike
the enzyme Paal, the overexpression of yeast Hpa2 did not exhibit any growth defects on the
culture media lacking the pantothenate, and Hpa2 mutant does not show additional sensitivity
to hydroxyurea like a paal mutant; these two aspects exhibited by Hpa2 suggest that
polyamine acetylation might not be the primary role associated with Hpa2 in the cells. The
interface of yeast Hpa2 crafted by hydrophobic residues and sequence alignment showed
(Section 2.4.2) similarity in the interface residues indicate that A. baumannii recombinant
Hpa2 also have hydrophobic interface having hydrophobic interactions as the main dimer
stabilizing forces. Stability that induces strong interaction is not only contributed by the
interactions between side chains of hydrophobic amino acids but also by the large increase in
entropy due to the removal of hydrophobic surface area from ordered solvating water.

It is known from the previous studies that about 1.5 kcal mol™ of favourable energy
are contributed by each methylene group which is coming by removing ordered solvation
water. It is widely accepted that urea breaks the structured-water to induce the denaturation,
and in presence of large amount of urea, the effective driving force (a subtle balance between
hydrophobic interactions and interfacial free energies) for compact structure formation in
proteins decreases leading to a destabilization of the native state. Similarly, in this study,
dimer structure is found to be disrupted more by urea than by NaCl attesting to statements that
interface is hydrophobic in nature. This interpretation is also in line with our in silico results
discussed in Chapter 2. Further, oligomerization is induced by the polyamines (spermine,

spermidine) not by acetyl-CoA. In the in silico work, we found that irrespective of sequence
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Figure 15. Effect of polyamine on oligomeric state of Hpa2. Gel-filtration chromatogram showing the elution profile of Hpa2 (5 mg/mL) treated (A)

with 3 mM of spermine (B) with 3 mM of spermidine and (C) with 3 mM of putrescine.
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similarity, the dimeric interface of Acinetobacter baumannii Hpa2 is more similar to the yeast
Hpa2 interface, but not to its homologue 1xeb. In 1xeb, two types of dimers are formed in
which one mainly consists of the residues from the secondary structure 1, al, a2 and B2 (A—
D) which showed the rmsd value (~10.5). Second one is A—C dimer which involves the seco-
ndary structures 3/p4, B4, PS5 a3, p6/7 and B8. From the sequence similarity and rmsd value
(~4.5), it is inferred that second (A—C) dimeric structure is more considerable in our case.

3.5.6. Native PAGE

Profile of Hpa2 at different molar concentrations was analyzed by native PAGE as described
in the Methodology section 3.4.9 [47]. The pure protein, without any further treatment, was
added with gel loading buffer, heated for 30 sec at 90 °C and then loaded on the 12% gel. Pure
and single band of approximately ~30 kDa was observed on the gel (Figure 16A) indicating
towards the existence of Hpa2 as dimeric state in solution, which is independent of protein
concentration. The native gel of Hpa2 in presence of various substrates is depicted in Figure
16B. The Hpa2 exists as dimer in solution converting completely into monomeric form on
binding with acetyl-CoA substrate (Lane: L2). Hpa2 gets converted into higher oligomeric
state i.e., tetrameric form in the presence of spermine and spermidine. The progress of two
dimers towards higher oligomeric state is clearly visible in gel (Lanes: L3 and L4). Dimeric

structure of Hpa2 although remains intact upon binding of putrescine (Lane: L5).
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Figure 16. Native PAGE gel for Hpa2. (A) Lanes L1-L6 : Hpa2 concentration (3-0.5 mM)
Lane M : prestained protein ladder. (B) Lane L1 : Hpa2 alone, Lane L2 : Hpa2 +
acetyl-CoA, L3 : Hpa2 + spermine, L4 : Hpa2 + spermidine, L5: Hpa2 +
putrasiene.
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Native PAGE results and analytical results from size exclusion chromatography support the
notion that Hpa2 oligomeric state modifies in presence of different substrates; however, it is

independent of the concentration.
3.5.7. Analysis of Hpa2 secondary structure

CD was used for determination of secondary structure and folding of recombinant Hpa2 protein.
Hpa2 exists as dimer (homodimer) with interface primarily made up of hydrophobic residues. It is
known from literature that hydrophobic interaction becomes more stable with increase in the
temperature. To corroborate the nature of interactions at dimeric interface as well as the stability
of dimer, we performed CD titration by varying the temperature (20-65 °C). The far-UV CD
spectrum obtained at 20 °C (190-260 nm) was analyzed by Dichroweb program using
CDSSTR Method [48-50]. Analysis of spectra using the CDSSTR method showed ~ 42%
content of the a-helix and 37% content of the B-sheets at physiological pH (pH 7.6) (Figure
17). These studies confirm that recombinant Hpa2 protein maintains its integrity during the

purification process.
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Figure 17. CD spectrum of protein Hpa2 0.25 mg/mL (50 mM phosphate buffer) in far—UV at
pH 7.6 at 20 °C.

Generally, thermal denaturation experiment provides information about the stability of

the folding process (i.e., whether it is reversible or irreversible), Tn, unfolding intermediates

and free energy of unfolding, etc. Here, thermal denaturation was carried out and the outcome

of the spectra was examined and plotted (Figure 18).
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Figure 18. CD spectra of Hpa2 (1 mg/mL) during the course of thermal denaturation from 20
°C temperature in 50 mM phosphate buffer at pH 7.6. The temperatures of the
experiment are shown along the spectra (25-75 °C).

The analysis of spectra recorded at different temperatures indicates that initial temperature
increment resulted in nominal increase in secondary structures content. The secondary
structure becomes more compact and organized up to 35 °C of temperature. However, as
temperature goes beyond 45 °C, integrity of secondary structure is observed to be affected. As
the temperature crosses range of 55 °C, considerable decrease in the CD spectra was found
which reflects the changes in the native structure. From the above Sections (3.4.5, 3.4.9 and
3.4.10) studies it is known that Hpa2 exists as dimer in the solution. Absence of considerable
changes in the CD spectra till 55 °C temperature designates that the dimeric structure is stable
and remains intact up to this temperature. Initial increment in CD spectra with temperature
(25-45 °C) could be the outcome of increase in the strength of interface hydrophobic
interactions and stability of the dimer (T, = 55 °C).

We also analysed the effect of heating on the secondary structures by measuring the
percentage of helix. The scan was performed with the scan rate 1 °C per 5 min and secondary
structure was calculated. We found that helix remains almost intact up to 45 °C and after this,
opening of helix begins. At the temperature 55 °C, the opening of helix is rapid and more than
almost 80% of helical structure opens at the temperature 75 °C. After heating of the sample up
to 75 °C we started the cooling process to see whether the Hpa2 helix has the capacity to fold

back. During cooling, no (5%) recovery in the helicity was noticed. This indicates that the
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thermal denaturation of Hpa2 is an irreversible process, as cooling process does not refold the
protein back to its native state.

Change in the CD signal at the 222 nm was plotted as a function of temperature
(Figure 19), and a sigmoid denaturation curve was obtained, indicating that the denaturation of
Hpa2 in the solution is a two-state process. Dramatic decrease in CD signal at 222 nm at
higher temperature was also found. The increase of the random coil by high temperature is
resulted in a dramatic decrease in CD signal at 205-220 nm (helix and sheet). Analysis of
denaturation curve demonstrates that unfolding is accompanied by the formation of
thermodynamically stable intermediate having intact secondary structure, no tertiary structure
(data from near—UV CD spectra) was observed for Hpa2. Therefore, they may be classified as
molten globule states. Far—-UV CD spectra of the intermediates are mixture of o and
secondary structures conformations, unlike the native state, which is relatively rich in a-
structures (Figures 17). It is examined through the studies of conformational transitions on
numerous proteins at high temperatures which have shown that different proteins may
undergo transitions through different intermediate states depending on the protein architecture

and nature of denaturants.
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Figure 19. Far-UV CD spectra showing the effect of temperature on the Hpa2 stability,
thermal denaturation of protein was monitored by CD at 222 nm, protein conc. 1
mg/mL in 50 mM phosphate buffer at pH 7.6, for the melting experiment the
protein was heated from 20-75 °C.

3.5.8. Fluorescence spectroscopy

Fluorescence is a valuable technique to study the binding of ligands with protein to remark the

conformational changes in protein on varying the physical or chemical environment [51-53].
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Change in the microenvironment provides a higher sensitivity to the fluorophore which is the
result of interactions between the fluorophore and adjacent groups [54-55]. These effects can
be observed as a shift in the fluorescence maximum or as an increment/decrement in the
fluorescence emission spectra. The effect of temperature and guanidinium hydrochloride
(GdnHCI) on the Hpa2 fluorescence was studied (Figure 20A and 21). Fluorescence of the
aqueous tryptophan was recorded between 290—450 nm. The denaturation curve is plotted as a
function of fluorescence intensity ratio Fsso/Fs3 vs. temperature (Figure 20B) as intrinsic
fluorescence intensity ratio Fsso/Fs30 is widely used as alternative probe for the denaturation
studies.

Hpa2 protein contains two tryptophan residues which are partially buried in the
nonpolar interior of proteins, due to which they give a fluorescence emission maximum in the
range of ~330 nm. It is known that tryptophan residues, when come in contact with polar
interfaces, exhibit fluorescence emission maximum ~350 nm. In thermal denaturation studies
of Hpa2 from 20-45 °C temperature, fluorescence maxima were observed at 330 nm. On
further heating a large red shift of 20 nm was noticed. This indicates conformational change in

the structure of Hpa2 which is similar to the results from Hpa2 CD denaturation studies.
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Figure 20. (A) Emission spectra of aqueous tryptophan at various temperatures. (B) The ratio
of the intensities at 350 nm and 330 nm (Amax) at various temperatures.

Furthermore, like CD denaturation, here also above 55 °C temperature, dramatic
increase in emission intensity is observed. Denaturation through GdnHCI is also informative
about the folding-unfolding of Hpa2. Variation in the pattern of fluorescence spectra through
thermal and GdnHCI, denaturation indicated that hydrophobic interactions have more impact

than electrostatic interactions on the stability of the protein (as shown in Figure 20). In
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addition to the increase in fluorescence intensity, the rise temperature also leads to a
bathochromic shift or red shift of the fluorescence maximum from 335 nm (native form) to
350 nm (denatured form). This is due to the fact that the Trp residues, which are partly buried
in the native form, are exposed on the surface in the denatured protein. As a consequence,
tryptophan residues become hydrated upon the loss of structural integrity. Concomitantly, the
intensity increases approximately by a factor of 3.0 (Figure 20A). As we have seen in CD
spctra, here also the denaturation starts after 45 °C and red shift is noticed after this range,
which could be the result of opening of dimeric structure. Above 55 °C, a large increase in the
fluorescence intensity is observed which shows the fast denaturation of the protein. The
thermogram exhibits a shift between 55 °C and 65 °C, indicating a second transition upon
thermal unfolding of the Hpa2. It is inferred that above 55 °C, the tertiary structure is
collapsed in a sharp two-state manner (Figure 20B) and the denaturation is completed around
75 °C. The ratio of the intensities at Amax 330 nm and 350 nm is calculated and plotted against
temperature (Figure 20B). Similar to CD, the denaturation curve obtained is sigmoid and
designates that denaturation of the Hpa2 is a two-state process.

The effect of the GAnHCI on the recombinant Hap2 is also studied under isothermal
conditions. The unfolding/folding transitions were monitored by the changes in the
fluorescence intensity and the position of the maximum of the Trp36 band at 20 °C. As shown
in Figure 20, the increase in fluorescence intensity and bathochromic shift of the fluorescence

maximum is observed after 2 M. These results indicate that dimeric form of Hpa2 remains
intact till 2 M GdnHCI.
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Figure 21. Emission spectra of aqueous tryptophan at various urea concentrations.
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3.5.9. Isothermal titration calorimetry binding experiment of Hpa2 with substrates

ITC is used in the field of protein science because of its wide application. It is easy to
perform, and in the results, large amount of thermodynamic data was generated using small
amount of protein [56-59]. Secondly, the determination of parameters Ky, N, AH and AS in a
single experiment is possible. Experiments are performed with significant ease and also large
amount of thermodynamic data is gathered using small quantity of the protein through ITC
studies [60, 61]. Parameters like K,, N, AH and AS can be determined through single
experiment in case of ITC. Due to these reasons, ITC found wide application in the field of
protein science. Till date, no thermodynamic data is available in literature for Hpa2 binding
with its substrates polyamines and acetyl-CoA, which guided us to perform these experiments.
Here, titration of Hpa2 with acetyl-CoA, polyamines and antibiotics was performed to analyze
the binding parameters and substrate preference of Hpa2.

Analysis of binding isotherm signifies that Hpa2 has strong binding with the substrates
with a differential preference, depicted in Figure 21. Binding parameters indicate that binding
of acetyl-CoA to Hpa2 was driven by a favourable enthalpy change (AH = —8.903 * 0.2024
kcal mol™) in accordance to our in silico prediction. This further confirms that the binding of
acetyl-CoA to the active site of enzyme is thermodynamically favorable. One molecule of
Hpa2 binds with one molecule of acetyl-CoA (N = 0.937 + 0.272) which is similar to our size
exclusion chromatography results (during determination of oligomeric state in the presence of
substrate showing binding of acetyl-CoA to the monomer Hpa2). The binding constants K,
and Kg are (3.75 + 0.14) 10> M ! and 266 + 0.02 puM, respectively. The change in entropy is
~12.2 cal mol™* deg™®, the Gibbs free energy change of binding is calculated using the
equation; AG = AH — TAS, was found to be —5.27 kcal mol™. The calculated binding
parameters values, are similar to binding parameters of acetyl-CoA with the Pat protein which
also belongs to the GNAT family [62], attesting to the values.

On the basis of in silico studies of Hpa2 (Section 2.3.6), binding studies of Hpa2 with
the antibiotics was also performed. Thermodynamic parameters of Hpa2 and its interactions
with acetyl-CoA, polyamines and antibiotics are presented in Table 1. Analysis of this data
clearly indicates that the binding of polyamines are different from the substrate acetyl-CoA,
which has only one binding site while polyamines possess more than one binding site. The

binding affinity of spermine is found to be highest among the all polyamines followed by
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spermidine and putrescine, which has lowest binding affinity. These results are in agreement
with the results obtained by Sternglanz and co-workers during the biochemical
characterization of yeast Hpa2 [46]. They also concluded that Hpa2 are able to acetylate all
three polyamines with a preference for spermine and spermidine over putrescine [46].
Furthermore, the acquired ITC parameters depicting binding strength attest the results
obtained from in silico studies (Section 2.3.6). The N values of polyamines are ~1.6 which
indicates that polyamines possess two binding sites and size exclusion chromatography result
also describes Hpa2 to exist as tetramer having two binding sites like yeast Hpa2. As already
discussed, yeast Hpa2 forms tetrameric structure in presence of acetyl-CoA and this tetrameric
structure contains two binding sites [4]. The polyamines binding with Hpa2 occurs due to
favourable enthalpy change (AH < 0) while entropy change (TAS < 0) hinders the binding
process. This is similar to the interactions of acetyl-CoA with the aminoglycoside
acetyltransferase enzyme, an enzyme which possesses almost similar secondary and tertiary
structures as Hpa2 and is also a member of the same superfamily [62].

Binding of spermine and spermidine does not exhibit remarkable difference in change
in Gibbs free energy value; however, changes in enthalpy (-AH ~100 kcal/mol) and entropy
(+TAS = ~95 kcal/mol) values are high. This might be due to the association of Hpa2 dimer to
form the tetramer achieved through formation of many interactions at the interface, and these
interactions favour the enthalpy change [63]. Tetrameric structure is known to be formed by
polar residue interactions [4] enthalpy change for separating polar amino acids from the water
IS negative and entropy change for the packing of amino acid is negative because the folded
state is more ordered than the unfolded one attesting to the high values of AH and AS. In the
case of putrescine, binding is not so significant. Similar to size exclusion chromatography
results in which the elution profile confirms that no change in the oligomeric state takes place
on putrescine binding. Similarly, ITC results also indicate that putrescine is unable to induce
the conformational changes. It does not exhibit strong binding strength (AG = —3.2 kcal/mol)
as depicted by the spermine (AG = 5.2 kcal/mol) and spermidine (—4.5 kcal/mol); however,
binding nature is same for all the polyamines i.e., enthalpy driven. Binding of polyamines is
not favored in terms of change in entropy as complex formation decreases the degree of
freedom.
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Figure 22. ITC profile of acetyl-coA, polyamines and antibiotics binding to Hpa2. Raw data
from titration of consecutive injections of substrates into Hpa2, represented as the
heat change (ucal/s) upon injection over time (Top), binding isotherm obtained by
integration of the raw data (reported as kcal/mol). The solid line represents the
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Thermodynamic parameters for binding polyamines and antibiotics with the Hpa2

Substrate N Ky (uM) AH —TAS AG
(kcal-mol™) (kcal-mol™) (kcal-mol™)

Acetyl-CoA and Polyamines

Acetyl-CoA 0.94 +0.27 266 +0.02 —8.903 +£0.20 3.63+0.17 -5.27
Spermine 1.63+0.04 160.51+0.11 —102.9+0.62 97.74+0.17 -5.16
Spermidine 1.61+0.05 143.47+0.13 —95.53+0.64 90.99+0.13 —4.51
Putrescine 1.18+0.12 91.70+0.30 —5.95+0.11 01.81+0.11 -3.25

Aminoglycoside antibiotic

Ampicillin 3.99+0.12 75.75+£0.17 27.76+0.11 —33.37+0.29 -5.67
Streptomycin 1.68+0.02 169.74+0.8 —11.56+0.83 7.78+0.24 -3.78
Kanamyein 3.74+0.08 259.06+0.13 —101.50+0.29 96.55+0.38 —4.95

Table 1. Thermodynamic parameters for binding of polyamines and antibiotics to Hpa2.
Given errors were calculated as the standard error of the mean of two trials.

ITC experiments allowed the calculation of the contributions that enthalpy (AH) and
entropy (AS) changes have on binding of antibiotics to Hpa2. For binding of aminoglycoside
class of antibiotics i.e., kanamycin and streptomycin, most of the free energy of association
was (AG = — 4.95 kcal/mol; —3.78 kcal/mol) contributed by the enthalpy terms (AH = -101.5
kcal/mol; —11.56 kcal/mol, respectively). But entropy did not favor this binding (as in the case
of polyamines) with Hpa2, thus it is driven by the enthalpy term. The similarity in nature of
binding indicates that these antibiotics possess similar binding sites. Kanamycin binding has
been observed to be inducing oligomerization of Hpa2 similar to the case of spermine and
spermidine. However, streptomycin binding isotherm matches with that of the putrescine and
both of these were not found to induce any conformational changes in the protein structure.
Unlike these aminoglycoside antibiotics, ampicillin possesses different binding property i.e.,
entropy driven (TAS = -33.37 kcal/mol). The entropy driven binding of ampicillin can be
explained by a model according to which, the binding site is filled by the water molecules that
are relocated upon ligand binding, concurrently producing a positive entropic contribution to
AG. Additionally, desolvation of ampicillin, which may be a requirement for binding, could
also increase AS. The analysis of binding data for streptomycin (N = 1.68) and kanamycin (N

= 3.74) reveals significant binding affinity. The higher number of binding sites for kanamycin
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and ampicillin are found (N = 4), which might be the result of non-specific binding or they
might have capacity to induce higher oligomeric state in the Hpa2, i.e., tetramer [64].

3.6. Conclusion

The Hpa2 protein of MDR bacteria A. baumannii was cloned in pET28a vector and
heterologous expression of the protein was done in BL21 cells. The expressed protein was
purified up to 98% homogeneity by a three-step purification protocol involving affinity
purification followed by the cleavage of the 6xHis-tag using TEV protease and its removal
using reverse affinity step. In the final step, size exclusion chromatography was used to
separate the minor impurities present in the protein.

CD experiments were performed to determine the secondary structure and the analysis
of results demonstrate that Hpa2 contains properly folded secondary and tertiary structures.
The denaturation study was done by varying physical and chemical environment using CD
and fluorescence experiments. Denaturation graphs plotted infer that Hpa2 is a stable protein
and its denaturation is a two-step process. It is known from the literature that oligomeric
conformation of Hpa2 depends on the substrates. So here oligomeric state of Hpa2 is
determined in presence of various substrates as well as in extreme physiological conditions
using analytical size exclusion, native PAGE and glutataldehyde crosslinking assay. The
results from these experiments attest that Hpa2 exists as dimer in the solution and oligomeric
state is independent of its concentration. Hpa2 shows different oligomeric states in the
presence of different substrates. Furthermore, calorimetric binding studies show that binding
of substrates with Hpa2 is driven by favourable changes in enthalpy except for ampicillin.
Based on the analysis of the results of experiments performed, it is concluded that Hpa2 might
have capacity to acetylate various substrates like histone, polyamines and aminoglycoside
antibiotics. The Hpa2 protein was put onto crystallization trials using the commercial
Hampton screens via sitting drop vapour diffusion method. Initial hit of the Hpa2 crystals
provided us the condition suitable for the crystallization. Further trails are required for
obtaining protein crystals for the complete elucidation of structural and functional properties
of Hpa2.
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Chapter 4 TAG: Purification and Characterization

4.1. Introduction

Acinetobacter baumannii, a multidrug resistant pathogen species prevalent in the hospital
acquired infections, is a serious concern for clinicians. The ability of organism to survive in
the dry and abiotic surfaces for long period might be the reason for its transmission among
health care setting [1-4]. A. baumannii has with time acquired different potent mechanisms
for resistance towards majority of the commercial available drugs making it difficult to treat
any Acinetobacter infection. Diversity of resistant mechanisms involved in the drug resistivity
is already discussed in Chapter 1. Due to its multiple-drug resistance and with unpredictable
susceptibility patterns, it becomes difficult to make the therapeutic decisions. Concerned with
these facts, alternate drug targets were looked upon for preventing the A. baumannii menace.

As discussed in Chapter 3, the idea of the present study is to design new class of
inhibitors for A. baumannii using the unconventional targets and for this reason Hpa2 (Histone
acetyltransferase) and TAG (a DNA repair enzyme) enzymes were characterized. In this
chapter, recombinant production of the enzyme TAG and its biophysical characterization are
discussed.

Integrity and stability of the genome is crucial to prevent any variation in the
conformity of information embedded as nucleotide sequences [5-7]. However, the genome
integrity gets constantly damaged through different mechanisms, which leaves the DNA prone
to several dangerous mutations. Expression of bacterial genes is also a highly regulated
process with primary gene sequence as the principal regulator of its expression. This statement
indicates the significance of the genome sequence stability. Different mechanisms are studied
to be causing damage to the DNA viz. highly reactive metabolic by products which react with
DNA causing its damage [8, 9], highly reactive DNA bases which decay over time, mostly
through the hydrolysis resulting in the abasic site [10], deletion or mis-incorporation of DNA
bases during replication and also damage through exogenous agents e.g., occurrence of
mutations due to deletion or mis-incorporation of DNA bases during industrial chemical vinyl
chloride [11-13]. To solve this problem, the organism evolved several DNA repair
mechanisms.

The DNA repair primarily addresses mismatches created during damage [13-16].
These damages might occur in the form of single base mismatches, single base loops, or

insertion and deletion of the loops [17, 18]. The well known pathway to repair these
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mismatches are nucleotide excision repair (NER) and base excision repair (BER). Generally,
NER process is initiated after the recognition of a disrupted base-pair causing distortion of the
DNA helix and the distortions which do not affect the helix are addressed by BER. However,
base excision repair pathway corrects the non-helix-distorting mismatches and this pathway is
initiated by lesion-specific enzymes known as DNA glycosylases. Generally substrate
specificities of the enzymes glycosylases are moderately overlapping. So, more than one
enzyme play role in the correcting the lesions. The function of the glycosylase enzyme and
steps involved in the BER pathway are described in Chapter 1. In prokaryotic cells, two DNA
glycosylases, 3-methyladenine DNA glycosylase Il (AlkA) and 3-MeA DNA glycosylase |
(TAG) are found to cleave the glycosidic bond of alkylated purine bases in DNA via
hydrolysis. 3-Methyladenine DNA glycosylase Il (AlkA), has been studied in free as well as
in bound form and structural analysis reveals it to be a member of HhH family. It cleaves the
modified/mispaired adenine and guanine using water as activated nucleophile. The
conservation of structural fold suggests that this scaffold has evolved for binding to nucleic
acids during the early stages of evolution.

The second enzyme, 3-MeA DNA glycosylase | (TAG) is expressed constitutively in
the bacterial cells. Due to the absence of sequence similarity with other DNA glycosylases, its
phylogeny is not well understood. It does not possess sequence as well as structural similarity
with its structural and functional cousin AIKA. Owing to its significance in bacterial

functioning and its absence in humans it is an excellent chemotherapeutic target to be studied.
4.2. Techniques used for biophysical characterization of TAG

In addition to biophysical techniques described in Chapter 3, here we discuss about the

techniques which are used to study the enzyme TAG.

4.2.1. HPLC-based assay of glycosylase enzyme

HPLC has been for long used to monitor the enzymatic activities. It is widely used to study
the kinetics of different enzymes. HPLC-based assays are given an edge over other existing
methods due to: (i) its utmost accuracy, specificity, sensitivity, as well as reproducibility, (ii)
user-friendly software enabling the easy control over sampling and processing of data and (iii)

host of detectors provide a means to virtually detect any compound. Due to these factors,
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HPLC-based assay for glycosylase enzyme TAG was developed which is being discussed here
in detail.

Enzyme activity is checked by incubating the control DNA (cellular methylated DNA)
(50 uM) with enzyme TAG (2 puM) and amount of free 3mA released as a product was
quantified from peak area. The control DNA was added to enzyme TAG with a final volume
of 500 pL and the reaction mixture was incubated at 37 °C till maximum substrate was
consumed (120 min). Prior to HPLC analysis, the reaction mixture was subjected for the
neutral thermal hydrolysis at 90 °C. The product of enzyme activity (3mA base) was separated
by reversed-phase HPLC. The control DNA, TAG enzyme and 3mA were also analyzed
separately under the same experimental conditions to get the retention time.

4.3. Materials and Methods

4.3.1. Chemicals

Chemicals used in these studies are of analytical grade and most of the chemicals were
purchased from Fluka (Buchs, Switzerland), Sigma-Aldrich (Deisenhofen, Germany), Merck
(Dramstadt, Germany), and Himedia. PCR purification, gel extraction and plasmid miniprep
Kits were purchased from Qiagen. Agarose gel electrophoresis unit and gel imager unit were
procured from Biorad and chemicals used in the DNA gel electrophoresis such as ethidium
bromide, agarose, and gel loading dye were purchased from Biochem. Isopropyl B-D-1-
thiogalactopyranoside used to induce protein expression was purchased from Biochem. The
reagents used in the sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS—
PAGE) and in the Bradford assay were purchased from the Bio-rad. Columns for gel
filteration; HisTrap HP and HilLoad 16/600 Superdex 200 were purchased from GE
healthcare. The amicon centriprep concentrators with 3 kDa cut-off and dialysis tubing

spectra/por MW 3,500 were purchased from the Millipore.
4.3.2. Bacterial strains and vectors

Escherichia coli DH5a and BL21 (DE3) strains and cloning and expression plasmids were

purchased from the Novagen (USA).

4.3.3. Molecular biology enzymes

Restriction endonuclease enzymes (Ndel, Xhol), bovine serum albumin, reaction buffers, T4
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DNA ligase, Dnasel, Rnase A, Pfu Turbo polymerase and Taq polymerase were purchased
from New England Biolabs (NEB). Bovine serum albumin (BSA) and reaction buffers were
from NEB. Enzymes utilized during purification, lysozymes and deoxyribonuclase | (DNase I)

were purchased from the Sigma—Aldrich.

4.3.4. Oligonucleotides for PCR amplification

The following set of DNA oligonucleotides were used for the PCR amplification of TAG
gene. The Ndel and Xhol restriction sites were introduced in forward and reverse primers,
respectively. The oligonucleotides were supplied by Biosciences, Bangalore, India. The
sequences of primers are presented in 5' to 3' orientation.

Forward Primer:

5’ GAT TCT CAT ATG ATGAAAACTCAACGCTGCGGATG 3’

Reverse Primer:

5" GAT TCT CTC GAG ATGAAGCTTTAAATTGACAATCATTTTC 3°

4.3.5. Culture media

LB (Luria—Bertani) broth and LB agar for growing the E. coli cells were procured from
Merck speciality chemicals as dried granules. The LB agar consists of 1% [wi/v] tryptone,
0.5% [w/v] yeast extract, 1% [w/v] NaCl. The LB culture media consisting of tryptone 1%
[wiv], yeast extract 0.5%, NaCl 1% [w/v] was sterilized by autoclaving at 121 °C for 15 min
at 15 psi pressure. Antibiotics kanamycin and chloramphenicol were purchased from Himedia
chemicals, India, were added into the culture for selective growth. Antibiotics; kanamycin
(Stock solution: 100 mg/mL in ddH,O, working concentration: 50 pg/mL), chloramphenicol

(stock solution: 100 mg/mL, in absolute ethanol, working concentration: 35 pg/mL).

4.3.6. Gene cloning and vector construction

The oligonucleotides for PCR amplification were purchased from Integrated DNA
technologies Inc. (Coralville, 1A). DNA gel extraction and PCR purification kits were ordered
from Qiagen Inc. XL1-Blue strain of Escherichia coli was used for transformation and
amplification of plasmids. Restriction enzymes Ndel and Xhol were purchased from New
England BioLabs, Inc. E. coli BL21 (DE3) expression strain was used as a host for protein

overexpression and pET-28a vector were obtained from Novagen Inc. Madison, WI, USA.
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The genomic DNA of A. baumannii was used as the template for gene amplification using the
two primers (forward) 5" GATTCTCATATGATGAAAACTCAACGCTGCGGATG 3’ and
(reverse), 5" GATTCTCTCGAGTTATGAAGCTTTAAATGACAATCATTTTC 3'. After
amplification, PCR purification kit was used to purify the PCR product which was then
subjected to double digestion with Ndel and Xhol enzymes. The pET-28a plasmid was also
treated with the same set of restriction enzymes at 37 °C for 1 h. The digested fragments
separated on 1% low melting agarose gel were excised after completion of the run.
Subsequently, fragments were eluted from the excised band using DNA gel extraction kit and
ligated in the presence of T4 DNA ligase enzyme. The ligated PCR-plasmid product was
transformed into the E. coli XL1-Blue competent cells by the heat shock method [19].
Colonies obtained by selective growth of the transformed cells on Luria—Bertani agar plates
containing 50 pug/mL of kanamycin were picked up and grown overnight at 37 °C. Cloned
plasmids were isolated using a MiniPrep plasmid isolation kit and screened for the presence of
the TAG gene by restriction enzyme digestion. The integrity of the resulting plasmid, pET-
28a-6xHis-TAG, was confirmed by sequencing in both directions using T7 promoter and T7
terminator primers. Further, expression and solubility optimization experiments were done
using the pET-28a-6xHis-TAG plasmid.

4.3.7. Expression optimization of the pET-28a-6xHis-TAG

Plasmid pET-28a-6xHis-TAG having the TAG gene of A. baumannii was transformed into E.
coli expression strain BL21 (DE3). The expression and solubility of His-tagged TAG protein
were tested by growing 5 mL bacterial cultures in LB broth having appropriate antibiotics
concentration. The overnight cultures were then diluted to 1/100 with fresh LB broth
supplemented with suitable concentration of antibiotics and incubated at 37 °C till Ago
becomes 0.6. The cultures were then induced with different concentrations of IPTG (1.0, 0.5,
0.25, 0.1 mM) and grown overnight at different temperatures (37, 25, and 18 °C) with shaking
at 225 rpm. Cells were harvested by centrifugation at 7000 rpm for 6 min at 4 °C. The cell
pellets were resuspended in 5 mL of 50 mM Tris buffer, pH 7.6, and the cells were disrupted
using a French press. Then expression and solubility confirmation were done by analyzing this
induced lysed cell supernatant and the pellet on 15% sodium dodecylsulfate poly-acrylamide

gel electrophoresis (SDS—-PAGE) with uninduced control lysed cell supernatant and pellet.
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4.3.8. Purification of pET-28a-6xHis-TAG

Purification of His-tagged TAG protein was performed at low temperatures (~ 4 °C). The cell
pellets obtained from 1-liter culture were resuspended in 25 mL of buffer A (50 mM Tris-HCI
pH 7.6, 250 mM NaCl, 2 mM EDTA and 5% glycerol) and disrupted using a French press. To
separate the protein present in supernatant from the cell debris, lysate was centrifuged at
15000 rpm for 45 min at 4 °C. The supernatant was incubated with Ni-NTA column, pre-
equilibrated with buffer A containing 15 mM imidazole. Elution was performed by running a
gradient of 500 mM of imidazole and the fractions were analyzed by SDS-PAGE. Fractions
containing pure TAG were pooled and dialyzed for 3—4 h against 1 L of dialysis buffer [20
mM Tris-HCI (pH 7.6), 100 mM NaCl, 5% glycerol] containing 2 mM EDTA. Purity and
oligomeric state of protein is confirmed by the size exclusion chromatography. Purified

protein was concentrated using an Amicon Ultra-3 kDa concentrator and stored at —80 °C.

4.3.9. Protein concentration determination

The protein concentration determination was performed using Bradford reagent provided by
Bio-Rad [20]. The protocol suggested by the supplier was followed for the assay. The SuL of
concentrated protein sample was mixed with 795 pL of purification buffer. The 200 pL of
Bradford reagent was added to make final volume 1 mL and incubated for 1 min. The protein
concentration was determined using Perkin ElImer Lambda 25 UV—visible spectrophotometer
by interpolating the absorbance reading at 595 nm into a BSA standard curve.

4.3.10. TAG molecular weight determination

The 5 enzymes comprising the standard curve in gel filtration analysis, (ribonuclease A,
carbonic cnhydrase, ovalbumin, thyroglobulin, aldolase and aprotinin), blue dextran were
purchased from GE healthcare. The gel filtration column 16/600 Superdex 200, was also
purchased from GE Healthcare. Other chemicals were purchased from Merck India or Sigma-
Aldrich. In order to determine the oligomeric state of the TAG in the solution, an analytical
16/600 Superdex 200, column was run with running buffer (50 mM Tris pH 7.5, 100 mM
NaCl, 5% glycerol, 0.5 mM DTT) at 4 °C with a flow rate of 0.5 mL/min. The void volume
was first determined by injecting 50 uL of blue dextran (conc. 8 mg/mL) and establishing its
elution volume (40 mL). A series of standards (1 mg each) were dissolved in 1000 pL of run-

ning buffer, of which 500 uL was loaded on the column. The retention volume of each
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standard was recorded and their K,, values were calculated using the equation, Ky = (Ve —
Vo)/(Vi—V,), where Ve is the elution volume, V, is the void volume, and V; denotes the total
volume. A plot of K4, as a function of log(MW) produces a standard curve. Purified TAG was
diluted to 3 mg/mL in buffer A, and 500 uL of which was injected on the column and run
under the conditions as described above. Retention times of the peaks were recorded, and the
MWs of different standards (ribonuclease A, carbonic anhydrase, ovalbumin, thyroglobulin,
aldolase and aprotinin) were determined using the above equation and by fitting in the
standard curve (Figure 1). This curve enables the estimation of molecular size value of TAG
protein. The de-termination of molecular weight of protein TAG was estimated in the

physiological condition.

m (MAU)
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W

60 80 100 120 ml Log Mol Wt
Elution Volume (ml)

Figure 1. Determination of molecular mass using gel filtration chromatography.

4.3.11. Circular dichroism

The circular dichroism (CD) spectra were measured on Chirascan Circular Dichroism
Spectrometer (Applied photophysics Ltd, Surrey KT22 7PB, UK). The scan speed was 50 nm
min* with 1 nm bandwidth, 0.5 nm wavelength steps and an average time of 3.0 sec. For the
far—UV CD measurement, wavelength range of 190 to 260 nm and for the near-UV CD
measurement, the wavelength range of 260 to 320 nm were taken with three accumulations in
a quartz cell with nominal path length of 1 mm. Protein sample is dialyzed for 4 h in CD
buffer containing 25 mM sodium phosphate buffer of pH 7.6 and 100 mM NaCl. After
dialysis, the contents were centrifuged at 14000 rpm for 30 min and then filtered through 0.1
to 0.2 micron filters to reduce light scattering. Protein samples at concentration of 1 mg/mL
were used for recording spectra and the same buffer was used as the blank. For each sample,

collected scans were averaged, and then the baseline corresponding to the buffer was
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subtracted to obtain the final spectra. The final spectra were analyzed using the program
CDNN [21]. Effects of variable concentrations of substrate (3mA) and Zn binding on the
secondary and tertiary structure of TAG were determined by incubating the protein with 10,
50, 100, 200, 300, 400, 500 and 600 uM 3mA and 50, 100 uM of ZnCl, for 4 h at 4 °C
followed by the far—UV CD and near—UV CD measurements.

4.3.12. Isothermal titration calorimetry binding assay

As discussed in Chapter 3, a syringe containing ligand is titrated into a cell containing protein
sample. When the protein interacts with the ligand, heat released or absorbed is directly
proportional to the amount of binding that occurs. To determine the binding parameters of
TAG with substrate 3-methyladenine and zinc chloride, isothermal titration calorimetry (ITC)
assay was performed using an ITC-200 Microcal calorimeter (GE Healthcare). All the
experiments were performed at 20 °C temperature. The pure TAG protein and ligands were
prepared in 25 mM Tris buffer pH 7.6. The cell was filled with 225 uL of 50 uM of protein
and the syringe was loaded with 60 uL of 3 mM ligands (3-methyladenine and Zn®*) as
binding partner, 20 injections of 2 pL ligand, each was injected into the cell at a stirring speed
of 2000 rpm. The time interval between two injections was set to 120 sec to ensure optimum
mixing and measurement of change in reaction enthalpy. The titration data of ligand with
protein-free buffer was used as reference. The data analysis was done using Origin software

version 7.0.

4.3.13. Spectrofluorimetric studies

Fluorescence spectra were recorded on Fluorolog-3 Spectrofluorimeter LS55 (make HORIBA
Jobin Yvon Spex®). Extrinsic fluorescence emission spectrum in the range of 350-500 nm
was recorded upon excitation at 350 nm. The slit widths were typically 5 nm and sample
volume varied 1.5 mL (10 mm cuvette) depending upon the concentration of protein required
to obtain the satisfactory signal to noise ratio. Before the measurement, sample cells were
equilibrated for 90 sec at each temperature. Binding experiments were done at a TAG
concentration of 2 uM in the presence of binding buffer containing 20 mM Tris pH 7.6 and
100 mM NacCl. The binding affinity of 3mA with TAG was determined by following the Trp
fluorescence quenching. The fixed concentration of TAG (2 uM) was titrated with increasing
amounts of 3mA (1-500 uM) using a 2.5 mL quartz cuvette with a magnetic stir bar (T = 20
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°C). The emission spectra were recorded in the range of 290-400 nm. In order to determine
the Kg, a titration experiment was performed by monitoring the fluorescence change at 350
nm. To have an estimate of the Ky, the binding data was fitted using the following equation

and the software program Sigma Plot

F= f‘l -Po+ _;'(fl-fl) [(P0+L0+KD1'55) - V(P0+L0+KDi5'J)2 _4-P0-L0 J

where f1 denotes fluorescence signal of the protein with zero concentration of substrate i.e.,
3mA, 2 is the fluorescence signal of the protein when it is fully saturated with the substrate.
Po; concentration of protein TAG and L,; concentration of the ligand and Kpjss is the binding
constant. The thermal denaturation was preformed to observe the effect of temperature (20—75
°C) on the TAG.

4.3.14. DNA glycosylase assay using HPLC

To measure glycosylase activity, control DNA was incubated with enzyme 2 uM TAG
(present in 20 mM Tris, pH 7.5 and 50 mM NacCl) at 37 °C. The final substrate concentrations
was 50 UM (1 : 25 ratio). The reaction mixture was kept for 20-120 min. After incubation, the
reaction mixtures were subjected to neutral thermal hydrolysis at 90 °C for 10 min to release
free 3mA. 10 pL of cold 1 M HCI was used to precipitate depurinated DNA. Then 20 uL of
reaction mixture was injected in the HPLC column. The fraction of 3mA was calculated from
the area under the peak. Before the product was analyzed, HPLC analysis of the pure 3mA
was performed using the same elution solvents and experimental parameters. The Bases
released into the supernatant were separated by reversed-phase chromatography (Beckman
Ultrasphere Cig column, 25 cm % 4.6 mm, 5 uM particle size) using acetonitrile/water as

mobile phase at a flow rate of 0.5 mL/min. The 3mA adduct was detected by a UV-detector.

4.4. Results and discussion

4.4.1. Cloning of TAG gene

To get the recombinant soluble TAG protein, gene encoding 3-methyladenine glycosylase-I
was cloned into pET-28a-TEV, an E. coli based expression vector with an engineered N-
terminal 6xHis-tag and TEV protease cleavage site. The gene synthesis of the TAG protein

was done from the Biolinkk. The forward and reverse primers with the restriction
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endonucleases sites of Ndel and Xhol were used for the PCR amplification. The vector DNA
and PCR product were double digested with Ndel and Xhol restriction enzymes and T4 DNA
ligase was used to ligate digested PCR product into digested pET-28c-TEV vector. The
ligated product was then transformed into E. coli DH5a cells. The plasmid DNA isolated from
transformed cells was subjected to double digestion with Ndel and Xhol, digestion with these
R.E. furnished the fragment of desired gene length (approx. 450 bp) (Figure 2). The

automated DNA sequencing further confirmed the specificity of cloned DNA fragment.

1 M
A B
PET28a
plasmid > Digested 1000 bp

plasmid 750bp

550 hp=—> 500bp

1000bp 250bp
~550 hp—> 750bp
3TAG gene -
250bp

Figure 2. Amplification and cloning of TAG gene. Agarose gel electrophoresis (A) Recombi-
nant plasmids digested with Ndel and Xhol: Lane 1: Restriction digestion of
screened colony, Lane M: 1kb DNA ladder geneDirex. (B) PCR product: Lanel:
PCR amplification of 3MAG gene from genomic DNA of A. baumannii, Lane M:
1kb DNA ladder geneDirex.

4.4.2. Optimization of condition for expression and purification of TAG protein

The expression of His6-tagged-TAG protein at 37 °C in E. coli BL21 (DE3) led to the
formation of inclusion bodies regardless of the IPTG concentration used for induction. The
expression was optimized by varying temperature (37, 25 and 19 °C), the IPTG concentration
for the induction of expression (0.05, 0.1, 0.2, 0.4, 0.5, 0.7 and 1.0 mM), and pH of the media
(6.0, 6.5, 7.0, 7.5, 8.0). Analysis of SDS-PAGE electrophoresis showed that expression of

recombinant A. baumannii TAG protein in soluble form with the expected molecular mass
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(~21 kDa) is obtained by growing the transformed E. coli cell at 18 °C for ~ 16 h after
induction with 0.7 mM IPTG in the LB medium having pH 6.5 (Figure 3A).

The protein was purified by Ni-affinity chromatography where an imidazole gradient
was used for eluting bound proteins. His-tagged bound protein was eluted from the column at
an imidazole concentration of ~200 mM. The purified TAG protein fractions were collected
and to evaluate purity, the collected fractions were analyzed on a 12% SDS-PAGE gel which
was stained with Coomassie blue. It is estimated that the purity of the protein fractions are
>95%, corresponding to ~21 kDa band (Figure 3B). Fractions having TAG protein were
subjected to a three-step dialysis in phosphate buffer for the buffer exchange. Purified protein
was the oligomeric state of the protein in the solution, gel filtration chromatography is
performed using 16/600 Superdex 200 prep-grade gel filtration column. From the column,
TAG is eluted as a single peak at volume corresponds with molecular mass of ~21 kDa, which
confirms the presence of TAG protein as monomer in aqueous solution (Figure 4). Fractions
having pure protein are concentrated to 1 mg/mL for the biophysical experiments and are
stored at 80 °C.

€— 21 kDa

saaa =
[a—
—_ ro

43kba 3 |

30kDa > ey ¢~ 21 kDa
14kDa 3 |

Figure 3 (A) Expression of TAG observed on 15% SDS-PAGE: Lanel: Uninduced soluble
fraction, Lane 2: Uninduced insoluble fraction, Lane 3: Induced soluble fraction,
and Lane 4: Induced insoluble fraction. (B) Purification of TAG enzyme observed
at 15% SDS-PAGE. Lane M: Pre-stained protein ladder geneDirex, Lanel:
Purified TAG.
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Figure 4. Purification and molecular mass determination of TAG (A) Affinity purification of
TAG showing purified protein in 15% SDS-PAGE. (B) Size exclusion chromato-
graphy profile of TAG analysis of major peak (using HiLoad 16/600 Superdex 200
column, V, = 45 mL and flow rate 0.5 mL/min).

4.4.3. Secondary structure and substrates binding analysis using CD spectroscopy

The CD is acknowledged as a valuable biophysical technique for examining the protein
structure in solution. It is considered as an excellent method for the speedy evaluation of
secondary structure, conformational changes and binding properties of proteins. When amide
chromophores, the building blocks of protein backbone, are aligned in arrays, their optical
transitions split into multiple transitions due to exciton interactions. These interactions yield
distinct CD spectra for different types of secondary structure and these characteristic spectra
have been utilized in the quantitative estimation of secondary structure and monitoring of
protein folding and unfolding. In addition to several aspects of TAG discussed in previous
sections, the secondary structure and the binding properties of TAG with substrates are herein
described with the help of CD experiments to support the results obtained in the current in
silico structural studies (Section 2.5). Secondary structure of TAG was studied using far-UV
circular dichroism and representative CD spectra of TAG are presented in Figure 5.

The characteristic minima (209 and 222 nm) of a-helical proteins are clearly visible in
the CD spectrum (native) of the TAG. The spectral data was analyzed and deconvoluted by
the program CDNN [22] which yields a secondary structural content of 62.2% + 10% a-helix,
3.1% £ 1% PB-sheet, 6% + 3% P-turn, and 28.7% + 7% random coil. This is very close to

secondary structural content predicted theoretically.
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Figure 5. Far-UV circular dichroism analysis of TAG alone (green) and after substrate 3mA
binding (blue) in 25 mM sodium phosphate buffer at 20 °C.

Structural changes in protein caused by the binding of ligands are essential part of the
mechanism of action which also regulates its biological activity. The CD provides an experi-
mentally convenient mean of detecting such changes at different spectral regions. CD was also
used in case of TAG to access the ligand concentration over which spectral changes take place
and to measure the extent of the change. On addition of the substrate 3mA to the enzyme
TAG, significant change in the intensity of CD spectra, such as increase in the signal around
222 nm as well as at 208 nm was noticed (Figure 5). The band at 222 nm can be attributed to
strong H-bonding environment of a-helices and is independent of their length. From
experimental studies on proteins of the same family, HhH motif majorly contributes towards
the active site. Due to this reason, various concentrations of substrate binding at CD signal
222 nm were monitored (Figure 6A). This shows how binding may induce protein to be more
helical i.e., binding increases the compactness in the three-dimensional structure of the TAG.
Analysis through CDNN program shows that after substrate binding, helical content increases
from 62-91% + 10%. The ellipticity at 222 nm as a function of increased substrate concen-
tration showed that the ellipticity decreased ~6 times on saturation as compared to native
TAG, and shape of graph represents the characteristic graph of protein refolding. As large
increase in the helical content was observed on substrate binding which may not be only due
to substrate binding, because the recombinant enzyme TAG may exist as the molten globule
state in solution and binding of substrate may induce protein folding to craft proper-shaped
active pocket. The change in ellipticity can be used to determine the substrate binding

constants.
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The changes in shape and magnitude in near—UV CD spectra of protein depend up on
the nature of each type of aromatic amino acid present, and their environment (H-bond, polar
groups). It is important to yield structural insight about a particular residue of the protein. The
change in tertiary structure is majorly caused by the substrate binding. This is clear from near—
UV CD spectra (Figure 6B) that the environment of pocket is modified due to substrate
binding [23].

On titration with substrate, a significant change of positive shift in the near-UV CD
spectrum was identified, especially in 270-285 nm region of the Tyr residue. From these
spectral changes, it can be inferred that local tertiary structure of Tyr in the protein is affected
upon substrate binding. The current molecular docking analysis indicates the interaction of

substrate in the binding pocket resulted in the formation of H-bond with the residues Tyr15
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Figure 6. (A) Change in ellipticity with addition of 10, 50, 100, 200, 300, 400, 500 and 600
MM of substrate 3mA monitored at CD signal 222 nm. (B) Near—UV CD spectra of
TAG alone (green) and after substrate 3mA binding (cyan) at 20 °C. (C) Effect of
Zn-metals on the conformational stability of TAG, CD spectra of TAG in 25 mM
sodium phosphate buffer, with addition of 50 (blue), 100 pM (cyan) ZnCl, at 20 °C
ZnC|2.
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and Tyr18 (Figures 5B and 5D; Section 2.5.4); similarly, the spectral changes in the tyrosine
region attest that the binding of 3mA affects the local tertiary structure of Tyr aromatic side
chains significantly. We presumed that Zn binding by TAG would kick off conformational
changes on TAG and hence the effect of Zn(ll) addition on the CD spectra of TAG was
measured. Slight perturbation of the CD spectrum was observed along with increase in the
ellipticity as compared to native (Figure 6C).

This change in spectral shape and ellipticity indicate that binding of zinc resulted in
slight reorganization in the secondary structure affecting stability of overall 3D structure of
TAG. Stivers and his co-workers stated that zinc snap motif allows the TAG family to
efficiently stabilize the HhH structure without additional protein scaffolding present in closely
related families [24, 25].

4.4.4. 1sothermal titration calorimetry binding assay of TAG with 3mA and Zn**

Titration of TAG protein with the substrate 3mA produces a typical sigmoid binding isotherm.
Analysis of the binding parameters indicated that binding of 3mA to TAG is driven by
favourable enthalpy change (AH = —12.6 + 0.4 kcal mol™*) and displayed high affinity (Kq =
63 =+ 0.2 uM) (Figure 7A), which is comparable with the binding affinity obtained by the
Stivers and co-workers for TAG enzyme of E. coli [26]. Binding of 3mA to TAG is not
favoured by the entropy term (—TAS = 9.1 kcal mol™); the AG value is calculated using
temperature 298 and it is found to be —3.5 kcal mol™ indicating that binding is exothermic
process. One monomer of TAG binds one molecule of 3mA (n = 0.934). The binding isotherm
of Zn*" was characterized by strong binding affinity for the TAG. The dissociation constant
determined for TAG (Kq = 266 £ 4.1 uM) was higher than that for 3mA.

The enthalpy change (AH = —8.4 + 0.9 kcal mol %) favours the binding of Zn*, and its
binding is opposed by entropy term (—TAS = —4.77 kcal mol %) and the calculated AG value
(Zn*%; 3.7 kcal mol ™) indicates that Zn** exhibits thermodynamically favourable binding
(Figure 7B). It is known from the literature [27] that Zn** possesses one binding site near to
the N-terminal of TAG However, higher number of binding sites (n = 3.8) suggested the
presence of the nonspecific binding. We also performed the binding of adenine with the
protein but it was found that adenine does not exhibit the binding with the protein.
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Figure 7. Binding of TAG with substrate 3mA and Zn**. TAG was titrated with (A) 3mA and
(B) Zn**, at a temperature of 20 °C. Upper panels correspond to titration kinetics.
Lower panels show the integrated binding isotherms. Molar ratio refers to protein
monomer. The binding enthalpy (AH) and dissociation constant (Kq) were obtained
by non-linear regression of the integrated data to a one-site binding model.

4.4.5. Fluorescence binding assay

The effect of temperature on the TAG was studied using the intrinsic fluorescence (Figures
8A and 8B). The emission of the aqueous tryptophan was recorded between 290-450 nm after
exiting at 290 nm. Analysis of the results of thermal denaturation shows that protein is stable
up to 35 °C temperature. Denaturation of protein starts after 35 °C, and at the temperature 55
°C almost 50% of the protein denatures. Denaturation curve is plotted as the intrinsic
fluorescence intensity maxima Fzso vs. temperature (Figure 8B). Analysis of denaturation
curve indicates that denaturation of the TAG is a two-step process; however, unlike Hpa2 no
major shift in the maxima were found. The heating of the sample above 65 °C produces the
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same amount of fluorescence which means that the protein is completely denatured and so
further heating does not have any effect on the intrinsic fluorescence. The thermal
denaturation of TAG is also performed and extrinsic florescence is measured using the ANS
as the probe. Analysis of obtained spectra is given in Appendix I\V-1. Similar pattern for TAG
denaturation attests to the intrinsic denaturation results.
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Figure 8. Thermal denaturation of the TAG (A) Intrinsic fluorescence of TAG at different
temperatures and (B) Intrinsic fluorescence at wavelength 350 vs. temperature;
curve was fit to the data assuming a two-state unfolding model.

The binding parameters of substrate 3mA were investigated using the neutral pH condition as
described in Section 4.3.13. Titration of 3mA resulted in decrease of the intrinsic fluorescence
intensity at 330 nm Appendix 1V-2. Fluorescence intensity is plotted as the function of
substrate concentration and is depicted in Figure 8C.

Binding constant is determined using the equation described in the Section 4.3.13 and
the dissociation constant value was found to be 63 + 5 uM, which is in good correlation with
ITC and literature data [26]. Binding of the unmodified adenine was also investigated and to
no change in the spectra was observed as shown by ITC, indicating towards the fact that TAG

has a significant binding affinity as well as specificity for 3mA.
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Figure 8C. Tryptophan fluorescence studies of TAG binding to 3mA, TAG shows a 65%
decrease in its Trp fluorescence upon binding 3MeA (square box) but not the
normal base adenine (Appendix IV-3). Kq for 3mA determined from these data is
63 uUM.

4.4.6. DNA Glycosylase assay using the HPLC

For the determination of TAG activity, HPLC chromatography was performed [27-30]. The
time dependent HPLC analysis of the reaction mixture was done to examine the enzyme
activity. Elution is carried out with suitable solutions (water 15% : acetonitrile 80%) and
product formed is qualitatively analyzed. Firstly, the control DNA and TAG protein were
subjected for the HPLC analysis and a peak at retention time of 2.93 min corresponding to
control DNA was obtained (Figure 9A). However, HPLC analysis of TAG produces three
elution peaks, at 4.13 (major) 3.2 (minor) and, 8.18 (minor) min (Figure 9B). Minor peaks
might be due to small impurity present in the protein sample.

The reaction mixture was incubated for 15 min and after incubation, 20 uL of it was
injected to the column. At first, the sample runtime was kept for 40 min and no peak was
observed after 15 min and hence in the subsequent runs we used the run time 15 min. After
every 15 min incubation time, sample was injected and the elution peaks obtained were
analyzed. Analysis of obtained elution peaks showed a new peak emerging at the retention
time ~12.5 min (Figures 9C and 9D).

The analysis of elution profile shows that the area and intensity of new peak (~12.5
min) were continuously increasing which might be of the free 3mA released from the DNA by

the enzymatic action. Analysis was performed till the area and intensity of the new peak
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Figure 9. Reverse phase HPLC analysis of (A) 3mA containing control
DNA. (B) protein TAG Freshly purified TAG was incubated
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Figure 10. Reversed-phase HPLC of 3-methyl adenine released by TAG from the control
DNA at different time interval. The TAG-excised product is eluted at 12.5 min
represents similar retention time as obtained for the pure 3mA.

became constant. It was found that intensity and area under the curve of new elution peak
were continued to increase till the incubation time 100 min (Figure 10) and later it became
constant which means that either entire substrate was consumed or enzyme was completely
saturated with substrate (Appendix I\V-4). The percentage of the peak area as a function of
different incu-bation time was plotted and analysis showed the increase in the area till 100
min; however, at 100-120 min it showed no variation. The HPLC analysis of the 3mA
purchased from the sigma is also performed to obtain the retention time under the same
experimental conditions.

The retention time for 3mA is observed here at 12.64 min (Figure 9E). This confirms
that the new peak emerging on incubation of TAG with control DNA corresponds to 3mA.
The glycosylase assay performed here clearly indicates that the recombinant TAG enzyme is

active.

4.5. Conclusion

TAG hydrolyzes the glycosidic bond of methylated adenine in DNA and it was found in
various bacteria and some eukaryotes. It exhibits very less primary sequence similarity with
members of HhH superfamily of DNA glycosylases. Unlike other glycosylases, it has
specificity for 3mA base. In this study, TAG was cloned and expressed in a bacterial
expression system. Overexpressed protein was purified using affinity and size exclusion

chromatography. However, our initial thoughts were to crystallize the protein for complete
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elucidation of its structure. But when those attempts failed, we deduced the structure of TAG
using in silico modelling. The secondary structure was characterized using CD spectroscopy.
Proteins folding/unfolding study was done and results show that TAG denaturation is a two-
step process. Substrate binding parameters show that enzyme exhibits selectivity for 3mA and
has high binding affinity for 3mA over Zn®". Enzyme activity was assessed using analytical
HPLC and found that the area and intensity of the peak are corresponding to 3mA increase

with time attesting that enzyme is active.
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5.1. Introduction

DNA, the molecular basis of life, has vital importance in understanding the mechanism of cell division, cell
differentiation, ageing and senescence. DNA is considered as target for chemotherapy for decades. Generally, it
occurs in the form of duplex but it also exists in a variety of secondary structures including triplex [1, 2], cruciform
[3], Z-DNA [4] and quadruplex [5-9]. The 3’-terminal extension of G-rich sequence is a conserved feature of
human telomeric DNA. Universal conservation of terminal sequence recommends that structures formed by these
sequences are significantly involved in telomeric functioning. Variations in telomere status can force the proliferation
of both healthy and cancerous cells [10]. The telomeres of somatic cells get shortened [11] due to the end-replication
problem. Approximately, 100 bases get lost in every division till the Hayflick limit [12], then cells become senescent
[13] or undergo apoptosis.

In 80-85% of tumor cells, the telomere length is maintained by the telomerase enzyme [14, 15]. The telomerase
activity is negligible in the normal somatic cells and for that reason it acts as selective target for cancer chemotherapy
[16, 17]. The core telomerase components have been targeted directly for chemotherapy for the past decade. But
problem associated with this approach was that the capability of cells for adopting telomerase-independent
mechanism for telomere maintenance i.e., alternative lengthening of telomere [18]. Direct telomere targeting may
also not be safe, as there is no direct evidence supporting the notion that cancer and normal somatic cells have
different telomere structures. Thus targeting of G-rich overhang is considered to be more suitable since it is a critical
determinant in the formation of higher order telomere structure termed as shelterin complex [19]. Stephen and Gary
found that a guanine-rich repeating sequence forms the G-quartet structure [20]. The G-quartet stacks to form G-
quadruplex and the formation of G-quadruplex hinders telomerase action as it needs unfolded telomere for elongation
[21]. Muniyappa, in 2005, observed that quadruplex structures play some role in chromosome synapsis and
recombination during meiosis [22]. Zaug and co-workers observed that hPOT1 disrupts the intramolecular G-
quadruplex structure hence targeting hPOT1 and stabilizing G-quadruplex, might have synergistic efficacy [23].
Increasingly reported experimental evidences suggest that interfering with telomeres via direct targeting of telomeric
G-quadruplex structures, may also be potentially valuable for antitumor therapeutic strategy [24]. Furthermore, it was
found that quadruplex-stabilizing ligands represent high correlation between quadruplex affinity and telomerase
inhibition [25, 26]. Most of the tested quadruplex-stabilizing ligands are polyaromatic molecules that bind to end of
the G-quadruplex, but none of these compounds passed the clinical trials because of their poor drug-like properties.
One of the most common drawbacks noticed in these compounds are the poor solubility due to which these
compounds were discarded during ADME test. Screening of the dietary compounds having capacity to stabilize G-
quadruplex might be one of the possible solutions to circumvent the problems associated with the solubility.

The interesting thing we noticed in the literature study that Arora and co-workers classified different G-
quadruplex binding molecular scaffolds and they kept flavonoids in the class of ligands with protonable side arms
[27]. Flavonoids are dietary compounds which belong to a group of polyphenolic compounds present in green
vegetables, fruits and beverages, and they belong to one of the most studied classes of plant metabolites. Structurally,

they consist of two main groups, the 2-arylchromans and the 3-arylchromans. Furthermore, the literature data reveals
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that isoflavones possess anticancerous activity along with differential action on G-quadruplex versus duplex and
belongs to 3-arylchromans group of flavonoids. According to Zhang and co-workers, genistein, daidzein and their
glycosides exhibit the distinctive regulation on structure competition of duplex versus quadruplex [28]. Jin, through
experimental study, concluded that daidzein, quercetin, luteolin and berberine have capacity to stimulate the
telomeric DNA to form G-quadruplex structure [29, 30]. Isoflavones not only exhibit the capacity of induction of the
G-quadruplex formation, but also show tendency of modifying or imposing conformational changes in the G-
quadruplex present in the cell. Isoflavones mainly occur as aglycone, glycosidic conjugates or as prenylated
isoflavones. Among all, daidzein and genistein are widely reviewed. Isoflavones exhibit anticancerous activity
against colon [31], breast [31-34], prostate [35], cervix [36], lung [37], and brain [38] cancers and the data obtained
from in vitro and in vivo studies indicate the capacity of isoflavones in cancer chemoprevention. Till date, various
mechanistic modes of action of isoflavones have been identified, including cell cycle arrest [39], induction of
apoptosis, prevention of oxidative damage [40, 41], reduction of angiogenesis [42] reduce cell proliferation [43] and
inhibition of telomerase activity [44, 45]. However, main cellular target of isoflavones yet to be identified. Inspection
of literature data suggests that the induction of a quadruplex formation or change of a quadruplex conformation
owing to binding is a powerful method to impose desired biological effect, i.e., anti-cancerous action. Hence it is
imperative to perform the binding study of isoflavones, O-methylated isoflavones, prenylated isoflavones, and their
glycosides with G-quadruplex and duplex DNA. The experimental study is difficult to perform for the large search
space and in such cases the theoretical techniques emerge as best option to minimize the search space. The aim of
present work is to identify the pioneering isoflavones molecular scaffolds exhibiting high binding affinity and
selectivity for the G-quadruplex, having suitable ADME profile and other desired characteristics to enter into higher
phases of drug designing. Hence molecular docking is performed in this study as the preliminary step for elucidating
the isoflavones action on G-quadruplex. In docking simulations, the isoflavones explore all the available binding sites
on the G-quadruplex and duplex DNA structure and then free-energy changes of the whole binding process is
computed using the GBSA. We found a peculiar hopping groove binding mechanism for the isoflavones. The
selectivity and affinity of the selected scaffold can be improved further by structural modifications, as availability of
enormous structural diversity provides an opportunity to investigate all different combinations of functionalized side
chains. These findings suggest the scope for in vitro and in vivo studies to be done for the validation of theoretical
results.

5.2. Materials and Methods

The parallel G-quadruplex d-(TTAGGGT), structure was retrieved from the protein data bank (PDB:ID-1NP9)
(http://www.rcsh.org/pdb). The duplex B-DNA d-(TTAAGGGT),, model was created using Build tool of MOE [46].
Prior to theoretical calculations, the DNA structures were subjected for minimization with rms gradient of 0.01 kcal
A mol™ and AMBER99 force-field in MOE. Energy minimization in MOE was done by applying non-linear
optimization techniques. MOE uses success of three methods—Steepest descent, Conjugate gradient and Truncated

Newton. The Steepest descent method is very fast and stable initially but extremely inefficient after few iterations
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due to very slow convergence. The Conjugate gradient method improves upon-Steepest descent by choosing the next
search direction keeping the progress accomplished from the previous step. The 3D structures of isoflavones were
obtained from NCBI (http://www.ncbi.nlm.nih.gov/pccompound). These structures were optimized using MMFF94
force-field in MOE. Structures of isoflavones used in this study are given in Figure 1. These structures were used as

initial coordinates for the docking study.

HO o o

Genistein Irilone
HO (o] HO o H;CO (o]
\‘/\'g\‘:O|OH \‘/\'g\‘\ol
(o} O o O
OCHg OCHg OCHg S OH
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Derrubone Wighteone Luteone

Figure 1. Isoflavones taken for molecular docking simulation.
5.2.1 Validation of docking software and parameters

Validation of the docking technique is necessary prior to the screening of a particular molecular system to validate

the software and docking parameters. In this study, redocking experiment was performed to examine whether

molecular docking simulations using Autodock4 are able to reproduce the binding pose as reported in experimental

G-quadruplex complexes or not. In redocking (bound docking), the atomic structures from a co-crystal are used as
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starting coordinates while in unbound docking, the initial structures are native means unbound. For the redocking,
almost all types of G-quadruplex ligand complexes, present in the pdb, were downloaded, minimized and then
subjected for the docking run. After completion of docking run, the best theoretical binding poses of each
experimental ligand were saved. The rmsd values for the theoretical pose were calculated keeping the experimental

pose as reference.
5.2.2 Molecular Docking studies of isoflavones

The ability of docking to predict physical configuration, which can optimize favorable interactions is eminently
valuable in the drug designing. Molecular docking is performed using Autodock (version 4.0.2) [47] and Dock6.4
[48] modeling packages. For exploration of conformations, Lamarckian genetic algorithm was preferred. LGA is a
hybrid of genetic algorithm (for global search) and Solis and Wets algorithm (for local search). In LGA, the ligand
state is represented by chromosome whereas a gene, unit of chromosome symbolizes the co-ordinates, orientation and
conformation of ligands. The simulation initiates by creating a random population and best intermediate chromosome
is subjected to mutation and crossover to produce the next generation. Each generation cycle is followed by a local
search. The best solutions were scored by force-field method which evaluates the binding in two steps. In the first
step, it calculates the intramolecular energetics of transition from unbound to bound conformation and in the second
step, it evaluates the intermolecular energetics of complex. In Autodock4, force-field includes conformational
entropy 10ss (AScons) along with pairwise energy term. Autodock performs rapid energy evaluations through pre-
calculated grids of affinity potentials. The dimension of grid box was sufficiently large to accommodate whole
molecule inside. Thus, grid points of 90 X 90 X 90 with a 0.375 A spacing were calculated around docking area for
all the isoflavones using AutoGrid4.2. Default parameters were used with 5,000,000 numbers of energy evaluation
and rmsd value of 2.5.

Docké.4 is one of the best known molecular modeling packages consisting of two key steps: a search
algorithm and scoring function. The search algorithm samples the orientations of receptor and ligand. Anchor-and-
grow algorithm allows optimization of ligand orientation according to the shape of active site. Scoring function ranks
the geometry generated by search algorithm. The generalised Born and surface area solvation score (GBSA score) in
dock6.4 is an implementation of molecular mechanics with GBSA (MM/GBSA), which uses pairwise GB salvation
model to compute free energies for binding of ligands. The employment of GBSA evidently improves the screening
and ranking power and is reviewed by many researchers [49, 50]. Generally GBSA score is used as the second step
screening after a prescreening by the force-field method as GBSA rescoring performs better than the normal docking
score. Hence in this study, the calculation of GBSA score was performed for an accurate estimation of binding free
energies and nature of molecular interactions involved in the complex formation. These calculations allowed us to
identify the binding sites of isoflavones and revealing the lowest energy ligand binding modes to better discriminate
the true hit from the false hit. Furthermore, it is useful in estimating the free energy changes of solute-solvent
interactions during various bio-chemical processes and provides valuable information indispensable for drug

designing.
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5.3. Results and discussion

5.3.1 Validation of results obtained through redocking experiment

The experimental G-quadruplex complexes are reproduced for the validation step. The redocked ligands poses
superimposed on the corresponding experimental poses are given in Figure 2. For the rmsd calculation, we have
considered not only the highest ranking conformation, but also the conformation having smallest rmsd value. The less
significant rmsd values obtained between redocked and experimental conformations suggest that the performance of
Autodock is satisfactory. Analysis of the obtained redocking results indicate that 1:1 G-quadruplex complexes were
successfully reproduced by the docking program, while in 1:2 G-quadruplex complexes, the ligands were slightly

biased toward the first binding site as a consequence of additional favorable interactions at the first binding site. Also,

1L1H-BSU6039

3EM2- BSUG038 3CE5-BRACO19

Figure 2. Docked pose (Green) is superimposed on the experimental pose (Blue). Compound name and PDBid is
given along with the respective image.
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in most of the complexes, the first binding site is deeper and contributes to the stability by minimizing the
unfavorable interactions between hydrophobic core of ligand and water. Due to these reasons, the second binding site
is calculated by specifying the grid box by excluding the first binding site. Recent studies on validation of docking
programs for ligands—DNA docking process by Holt and co-workers [51] and Netz and co-workers [52] have shown
that Autodock can accurately reproduce the experimental complex structures. The employment of docking techniques
to investigate the binding mechanism of new compounds with the DNA is a challenging task. The DNA ligand
binding process consists of three styles viz., stacking, groove binding and intercalation. The first two binding modes
do not impose any structural distortion to the target and the ligand binding process is comparable with the lock and
key model of enzyme action. But in the third binding mode, the formation of intercalation cavity compels DNA to
undergo structural rearrangement like induced fit model of enzyme action, due to which the prediction of the correct
intercalation pose is very tedious and still challenging for most of the docking softwares. To handle such situations,
Netz and co-workers suggested that the employment of docking technique without any prior experimental proof of

binding mode needs canonical DNA with and without an intercalation cavity to investigate the correct binding mode

[52]. Theoretical binding

° ‘ . energies, rmsd values and
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- r=0.842 ICso values for all the
redocked ligands are given in
20 Table 1. The Pearson’s corre-
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mental 1Cs, values and the

Experimental ICs (

0 o @ ® plot is shown in Figure 3.

-14 -12 -10

@
=

b
N

This further reveals that the
docking simulation is
Binding Energy (kcal/mol) successful in discriminating

various ligand G-quadruplex
r = 0.842 (for the first binding site)
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Figure 3. Binding energy vs. experimental 1Cs, (1M) plot for experimental G-quadruplex complexes.
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PDBId RMSD  Binding Energy  Experimental DNA

(LIGAND) Value (kcal/mol) ICso Value Sequence Reference(s)
INZM (2:1) 0.23 ~11.53+0.13 0.330 uM d(TTAGGGT) [59]
(RHSP4) 0.98 ~10.63 +0.20
2JWQ (2:1) 1.01 -12.24 £ 0.17 0.373 uM d(TTAGGGT) [60]
(MMQs) 1.56 -10.47 £0.14
2HRI (2:1) 0.89 ~07.35+0.21 2800uM  d(TAGGGTT  [61,62]
(TMPyP4) 3.62 ~05.01 +0.23 AGGG)
3EM2 (1:1) 1.32 -10.95£0.15 ~1.800 uM d(GGGGTTT [60]
(BSU-6038) TGGGG)
1L1H (1:1) 1.62 ~10.33+0.19 ~5200pM  d(GGGGTTT [60]
(BSUB039) TGGGG)
3CE5 (1:1) 3.56 ~09.44 +0.11 0.020uM  d(GGGGTTT [60]
(BRACO-19) TGGGG)

Table. 1. G-Quadruplex complexes: Comparison of binding energies and rmsd values with experimental 1Cs, values.

5.3.2 Analysis and comparison of binding interactions in experimental and redocked ligand poses of ligand-G-
quadruplex complexes
The rmsd values are extensively acceptable and reliable to decide the docking accuracy perhaps may not be ideal but
are used by majority of researchers. The deviation in rmsd values for the redocked conformation is found to be
roughly proportional to the number of torsions present. For example, the rmsd value is found to be lowest for the
RHSP4 ligand having no rotatable bonds, while the rmsd value is highest for BRACO-19 having maximum number
of rotatable bonds (11 bonds). The presence of many rotatable bonds in ligand makes it more vulnerable for the
wrong pose prediction and with increase in the number of torsion angles, the conformational space increases
exponentially and pose prediction process becomes more complex. The analyses of binding sites are done to examine
the molecular interactions involved in the binding. BRACO-19, a tri-substituted acridine derivative, binds at the 3’
end of G-quadruplex and is stabilized by the n- interaction with two guanine residues. Its 3,6-bisamido side chain
substituent extends toward wide groove and 9-anilino substituent fits into narrow groove to maximize the binding
interactions. While in redocked conformation, the positions of both side chain substituents are slightly different from
the experimental conformation; 9-anilino substituent flipped toward the wider groove and oxygen atoms of 3,6-
bisamido group are involved in the direct hydrogen bonding with G5 and G11 residues. The ligand di-substituted
acridine derivative BSU-6039 is sandwiched between G/T base pair and is stabilized by the stacking interactions. The
slight change in the conformation of side chains of redocked ligand neglects the possibility of hydrogen bond
formation present in the experimental pose. The RHSP4 ligand binds at the ends and is stabilized by the stacking
interactions with G4 and G5 residues of parallel G-quadruplex. Docked and experimental poses are almost identical
for RHSP4. The MMQL ligand also binds at the ends of parallel G-quadruplex, and is stabilized by the stacking
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interactions. Both RHSP4 and MMQL1 ligands consist of equal number of aromatic rings but possess quite different
scaffolds and binding mode. Of the stacking interactions present in MMQ1 and RHSP4 with the ligand, the
interactions are more effective in the former owing to its crescent shape. The two molecules of TMPyP4 ligands bind
onto the TTA nucleotides by the stacking interaction instead of guanine nucleotide, via external loop structure and
the 5' region of the stacked quadruplex and thus no direct interactions between TMPyP4 and G-tetrads may be seen.
The docked pose of TMPyP4 forms a hydrogen bond with T6:H3, which is not present in experimental complex of
TMPyP4,

5.3.3. Analysis of results from molecular docking of isoflavones

Molecular docking for nucleic acids using small molecules is still at its infancy. To overcome the problems
associated with DNA docking, one should have some prior experimental knowledge or may follow the strategy
described by the Netz and co-workers [52]. Information obtained from the experimental and computational studies
performed by many research groups suggests that isoflavones possess groove binding or stacking interactions. For
example, binding of daidzein with intramolecular G-quadruplex was studied by Li using CD, ESI-MS, PAGE and
molecular simulations and concluded that the complex is stabilized by n-m and hydrogen bonding interactions [29].
Similarly, Zhang and co-workers found that isoflavones prefer to bind at G-quartet plane, diagonal loop and groove
[28]. Based on the experimental information available about binding mode of the isoflavones, the requirement of
DNA molecule along with the intercalation cavity can be neglected. Then the docking simulations of isoflavones
with G-quadruplex and duplex DNA were performed. The docking analysis of isoflavones with quadruplex and
duplex reveals that the isoflavones possess preferential binding with G-quadruplex as compared to duplex. Binding
energies, inhibition constant values of isoflavones with duplex are given in Table 2. In recent multistep virtual
screening experiments by the Huang and co-workers, it is concluded that if Score-G4/Score—groovebinder >1.1, the
compounds are selected for visual inspection and experimental validation [53]. In the current study, we have also
followed the same strategy to evaluate our docking results for the selectivity, and we found that prenylated
isoflavones have better selectivity followed by the glycosidic derivatives, while the remaining isoflavones except
orobol, biochanin A, calycosin and glycitein do not possess any selectivity for quadruplex over duplex DNA. The G-
quadruplex-isoflavone complexes are subjected to X3 DNA/RNA 2.0 program [54] to find out whether any structural
changes take place during the complexation process. Obtained X3 DNA results for the structural parameters indicate
that the G-quadruplex structure remains nearly intact during the formation of complex indicating the lock and key
binding accomplishment of isoflavones. Binding energies, inhibition constants, and target residues involved in the
hydrogen bonding of best docked poses are given in Table 3. Each G-quadruplex displays four grooves and the
dimensions of these grooves depend on the direction of strand alignment and topologies of the connecting loops [55].
Parallel G-quadruplex has four equivalent grooves. The nature, as well as dimensions of duplex and G-quadruplex
grooves is very different, which implies that the targeting of G-quadruplex groove might aid to the selectivity of G-
quadruplex upon duplex. The results from the docking simulation show that isoflavones possess more than one

binding site because of the equivalent nature of all four grooves. Daidzein, genistein and formononetin molecules
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bind in the groove present between the chains A and D. The methylated isoflavones, except formononetin, bind at the
groove between the chains B and C near to guanine bases. All of these compounds are held inside the groove
hydrogen bonding and van der Waals interactions. The values of calculated binding energy differentiate the binding
potential of genistein and daidzein from their glycosides, similar to the conclusion drawn by Zhang and co-workers
[28]. The stronger binding of glycosides as compared to aglycone may be attributed to the propensity of carbohydrate
moiety toward the formation of several hydrogen bonds. The potential sites for hydrogen bonding in groove walls are
N2 amino and N3 atoms of guanine bases, N3 atom of adenine, O4 atom of sugar and phosphate backbone atoms. The
presence of potential sites for hydrogen bonding in substrate and receptor helps in the formation of more number of
hydrogen bonds and provides significant contribution in stabilization of ligands. The results from ESI-MS show that
the amount of daidzein and genistein bound to per G-quartet are 0.90 and 0.86 mM, respectively [28]. This illustrates
that daidzein possesses higher binding affinity than genistein; similarly in the present study daidzein was found to be

having more binding affinity than genistein.

Table 2. Binding data of isoflavones with TTAGGGT duplex
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groove formed by the chains B and C near residues to A10A17G18. Binding affinities of prenylated compounds are
comparable to well known quadruplex stabilizer and telomerase inhibitor TmPyp4. These prenylated isoflavones can

be considered as better lead candidates for further studies as these are natural dietary products and do not have

toxicity and solubility problems.
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5.3.4. Docking performance improvement using GBSA rescoring

Molecular ~ mechanics/generalized  born
surface area (MM/GBSA) calculations using
dock6.4 were performed for the best ranking
conformation molecules to throw some light
on the solvation forces involved in the
stabilization of complexes. In GBSA, the
term GB represents the electrostatic
component of salvation, while SA represents
non- electrostatic contribution termed as
cavitation energy. MM/GBSA is one of the
most common methods among the implicit
solvent models. The recent study on G-
quadruplex DNA groove binding molecules
suggests, that flexibility of DNA plays a vital
role during the ligand binding and water
molecules contribute majorly in stabilizing
the most relevant poses of ligands [58]. The
solvation energy terms involved in the
formation of complexes are given in Table 4.
Analysis of the values of these energy terms
illustrates that the van der Waals interactions
play a pivotal role in holding of these
compounds inside the groove. The negative
value of van der Waals interactions reveals
good shape complementarities and packing
effects on complexation. ES term includes

the interaction between charges, hydrogen

Isoflavones van der Waals SA ES-GB
Daidzein —25.63 —-3.53 +4.1
Genistein —25.43 —-3.48 +5.8

Irilone —-27.91 -3.61 +7.1
Orabol —26.38 -3.78 +11.4
O-Methylated isoflavones

Biochanin A -14.64 -2.95 +3.5

Calycosin -11.54 —2.93 +3.1
Formononetin —27.32 -3.84 +7.0
Glycitein —25.37 =3.55 +1.5
Iregenin -15.24 =3.01 +1.9
Prunetin -19.25 -3.23 +1.8
Retusin —13.88 —2.95 +5.3
Isoflavones glycosides
Daidzin —-38.04 -4.76 +15.1
Genistin —37.49 -4.97 +15.7
RS -36.31 —4.74 +75
Prenylated isoflavones

Derrubone -36.71 —4.69 —4.2
Luteone —34.91 —4.50 +6.4

Wighteone -32.77 —4.39 +5.5

Table 4. Energy terms vdW, ES and ES-GB between G-quadruplex and isoflavones are calculated using GBSA

method.
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bonds and electrostatics of desolvation during the binding of isoflavones. The GB term represents change in shape
and size of solvent cavity arising from the hydrophobic effects taking place during complexation. In the binding of
isoflavones the unfavorable contribution coming in the form of GB term is nearly neutralized by the ES term but still
cumulative effect of these two forces have the destabilizing effect for all the isoflavones except the derrubone. In the
case of derrubone, the presence of benzodioxol moiety is supposed to be responsible for the stabilizing effect
attesting to its optimistic binding mode. van der Waals interactions are found to be the main contributor to the
stabilizing term for the isoflavones as well as to the overall interaction energy. The overall free energy change for
prenylated isoflavones binding is more due to the well compensated energy terms. Derrubone-G-quadruplex
interaction is favored by all the energy terms involved in the binding which signifies its more optimal and strong
binding in comparison to other isoflavones (Figures 4).

Figure 4. Binding interaction of derrubone with G-quadruplex; (A) Complete view. (B) Closer view (C) H-bonding
sites between derrubone and G-quadruplex.
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5.4. Conclusion

The initial goal of this work was to determine whether the docking simulation using software Autodock can be used
for docking of molecular systems, i.e., G-quadruplex complexes. This was accomplished by selecting the ligand from
experimental G-quadruplex complexes. The docking software was found to be able to successfully reproduce the
experimental complexes to a high degree of accuracy. The next facet of this work was the empirical validation of
result from in silico redocking using the experimental ICs, values which exhibited significant correlation with
theoretical binding energies. Herein, natural dietary compounds isoflavones were taken for the theoretical study to
examine their stabilizing effect on G-quadruplex structure. The experimental G-quadruplex complexes were
reproduced to obtain and validate the theoretical parameters. The obtained theoretical binding energies are in
significant correlation with the experimental data. Analysis of binding shows isoflavones to be groove binders, and
differential nature of quadruplex grooves might be beneficial in the selectivity aspects. Among all, derrubone was
found to have better selectivity as well as affinity for the G-quadruplex comparable to well known ligand TMPyP4.
The GBSA rescoring result enlightens various interaction terms involved in the binding process. Cumulative
stabilizing effects coming from vdW, ES and GB energy terms attest to optimal binding of derrubone molecule which
can be considered as a lead for the higher phases of drug designing. Binding poses and energetics for G-quadruplex
isoflavones complexes were calculated using molecular docking afterword, rescoring using GBSA was performed.
The results corroborated that prenylated and glycosidic isoflavones significantly stabilize the G-quadruplex. The
binding conformation and binding energetics of derrubone is most optimal in comparison to other isoflavones.
Present study yielded derrubone, from subset of isoflavones, having high binding affinity as well as selectivity for G-
quadruplex with theoretical binding efficiency in nanomolar range. Finally, we propose the in vivo testing of
derrubone which may lead to the discovery of novel natural molecules as lead compounds having desired
anticancerous activity. These findings are of great value in terms of unexplored groove binding modes and the
studied natural compounds might be helpful to direct the focus of synthetic chemists in designing of new generation

of antitumor agents.
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Appendix I-1. Genetic aspects of acquisition of antibiotic resistance (Bacteria can become
antibiotic resistant (Ab") by mutation of the target gene in the chromosome).
They can acquire foreign genetic material by incorporating free DNA
segments into their chromosome (transformation). Genes are also transferred
following infection by bacteriophage (transduction) and through plasmids
and conjugative transposons during conjugation. The general term
transposable element has been used to designate (1) an insertion sequence,
(2) composite (compound), complex, and conjugative transposon, (3)
transposing bacteriophage, or (4) integron.
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Appedix 11-3. Active site of model showing electrostatic surface. Red colour of pocket
indicates the electron richness favourable for the electron-deficient 3mA. H-
bond forming residues Tyr and Glu are shown as ball and stick.

Appendix 11-4. The output docking poses of ligands (PDB id. 20FI, 1PVS, 1PU7, 1PUS,
1P7M, 1AIA and 1AI5) superimposed on the experimental pose (Green
colour: Experimental, Pink colour: Theoretical).
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Interface Interface H-bonds | non-bonded AG, Buried
Chains residues area (A2) (no.) interactions | keal/mol | area, A2
(no.) (no.)
A=C 07:07 490:480 2 043
A=D 21:21 935:933 6 118 -19.5 1860
A=G 04:05 211:183 0 011
B=C 20:21 929:930 5 100 -19.5 1860
B=D 07:08 370:358 4 044
D=H 10:11 525:545 5 098
E=G 08:07 470:480 0 051
E=F 20:22 933:941 6 105 -19.0 1870
F=H 03:03 138:136 1 004
G=H 22:19 956:960 5 108 -19.2 1910

Appendix I11-1. The interaction statistics of different chains of the pdb-1xeb. The AG and
buried surface area are calculated using PISA server for the chains which
exist as stable dimer in the solution.

Vacuum grease
/ Hanging drop of the protein solution

. Y
/ Coverslip { Glutaraldehyde solution

Appendix I11-2. Schematic representation of experimental setup used in the glutaraldehyde
crosslinking assay.
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Appendix I'V-2. Extrinsic thermal denaturation of TAG.
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Appendix 1V-3. Tryptophan fluorescence studies TAG binding to 3mA (Red square marker)
and adenine (Blue round marker).

Inc;trﬁglon Peak area Peak intensity % gi;(lei’aeak
(min) (B3mA) (B3mA) (3mA)
0 0 0 0
10 207876 2496 7.23
20 554443 3751 20.04
30 5458562 24146 75.59
40 6691799 34819 76.38
50 5720154 31019 75.91
60 3615485 18250 73.16
70 2882102 60885 80.57
80 5202681 37638 81.06
90 10526328 66970 90.04
100 10870199 70827 90.15
110 10871485 67010 90.35
120 10872156 68581 90.48

Appendix 1V-4. Glycosylase assay parameters obtained using HPLC experiment.
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