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Abstract

In order to understand resistance pattern of Escherichia coli clinical isolates, the outer membrane permeability
trend of different antibiotics was studied. The outer membrane permeability of Elores was compared with other
commonly used intensive care unit (ICU) drugs being used in the treatment of various infections caused by resistant
E. coli. A total of fifty three isolates collected under EASE programme from North Indian hospitals, fifteen extended
spectrum B-lactamases (ESBL) positive clinical isolates of E. coli were included in the study. Michaelis constants
(Km) and maximal rates of substrate hydrolysis (Vmax) were determined from Lineweaver-Burk plot. Permeability
coefficient was determined using the method described by Zimmermann and Rosslet. Elores demonstrated the
lowest Vmax/Km ratio further indicating its lower affinity (high Km 209.9 + 17.4 uM) towards B-lactamase or more
stability against B-lactamase enzyme. The other comparator drugs including penems, colistin, B-lactam and
B-lactamase inhibitor combinations exhibited three to ten folds higher Vmax/Km ratio compared to Elores indicating
very high affinity for B-lactamase induced degradation. Elores penetrated the outer membrane of ESBL producing
resistant E. coli with permeability coefficient approximately 1.8, 2.2, 6.9, 2.5 and 2.3 times higher than imipenem
plus cilastatin, meropenem, colistin, cefoperazone plus sulbactam, piperacillin plus tazobactam, respectively. The
increased penetration of the Elores leads to higher periplasmic concentration of the drug resulting in reduced MIC.
Our results clearly demonstrated that Elores exhibited the highest permeability coefficient, enhanced penetration,
greater stability and periplasmic concentration leading to higher susceptibility towards resistant E. coli compared to
other drugs. Therefore, Elores can be considered as an empiric drug of choice for the treatment of infections caused

by E. coli positive with ESBL.

Keywords: B-lactam; Clinical isolates; Escherichia coli; Elores;
Enzyme kinetics; Elores antimicrobial susceptibility evaluation
programme

Introduction

Antibiotic resistance is becoming a global threat with rapidly
and alarmingly decreasing antibiotic response. The problem is more
prevalent in common pathogens like Escherichia coli which are
opportunistic and adopt different mechanisms to exhibit resistance.
B-lactam antibiotics such as penicillin, cephalosoprins, carbapenems
are potent and widely used antibiotics in intensive care units (ICUs).
They inhibit the growth of sensitive bacteria by deactivating enzymes
located in the bacterial cell membrane, which are involved in the
cell wall synthesis [1]. However, in recent years, bacterial resistance
to B-lactam antibiotics has risen dramatically [2,3]. This resistance
results mainly from the sensitivity of the target enzymes, properties
and concentration of the periplasmic B-lactamase, permeability of
the outer membrane and efficiency of the efflux pump [4]. Of these,
outer membrane permeability and B-lactamase are key factor for the
resistance of bacteria to antibiotics [5]. Permeability plays a key role
in antibiotic activity, as the antibiotics have to penetrate the outer
membrane before they reach their targets at the surface of the bacterial
inner membrane. Rapid penetration of antibiotics is an important
factor affecting their bactericidal activity [6,7].

In E. coli, outer membrane permeability is regulated by the balance
of porin proteins. Porins are outer membrane proteins that allow the
diffusion of a few antibiotics across the outer membrane [8]. Three
mechanisms have been suggested for the uptake of antibiotics across
the outer membrane of gram negative bacteria [5]. First is hydrophilic
pathway, which involves the passive diffusion of small hydrophilic
antibiotics through the porins. It has been believed that in E. coli

OmpF and OmpC porins are the main pathway for antibiotic diffusion
[9,10]. However, OmpC and OmpF porins homologous have been
described for other members of Enterobacteriaceae including Klebsiella
pneumoniae [8,11]. Second is hydrophobic uptake pathway, in which
hydrophobic antibiotics partition into the outer membrane bilayer [7].
Third is self-promoted uptake of antibiotics, in which polycationic
antibiotics interact with a site on the outer membrane at which Mg?**
non-covalently cross-bridges adjacent lipo-polysaccharide molecules
[12]. The third mechanism of drug uptake is widely distributed in the
microorganisms [12,13]. In recent years antibiotic resistance due to loss
of porin channels, which reduce the outer membrane permeability to
antibiotics, has been reported [14]. Although, membrane permeability
is widely affected by expression of cellular transporters, OmpF and
OmpC, we did not study the expression pattern of these transporters in
these clinical isolates.

Above literature indicates that antibiotic resistance because of
membrane permeability has been increasing. Therefore, in order to
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understand resistance behavior of E. coli clinical isolates to commonly
used ICU drugs, the outer membrane permeability was studied under
Elores Antimicrobial Susceptibility Evaluation (EASE) programme.

Materials and Methods
Antibiotics

A novel antibiotic adjuvant entity, (AAE) comprising ceftriaxone
sodium, and sulbactam sodium with non antibiotic adjuvant
ethylenediaminetetraacetic acid (EDTA), herein after referred to
as Elores (1 g ceftriaxone and 0.5 g sulbactam), piperacillin plus
tazobactam (4 g piperacillin, 0.5 g tazobactam), cefoperazone plus
sulbactam (1 g cefoperazone, 1 g sulbactam), imipenem plus cilastatin
(0.5 g imipenem, 0.5 g cilastatin) and meropenem (1g), and colistin
(0.15 g) were used in the study.

Bacterial strains

A total of fifty three clinical isolates were collected under EASE
(Elores Antimicrobial Susceptibility Evaluation) programme from
public and private hospitals of Delhi national capital region (NCR)
region, India out of which fifteen extended spectrum p-lactamases
(ESBL) positive clinical isolates (CI) of E. coli were taken for the
study. These isolates were re-identified using standard bacteriological
techniques [15]. The bacterial suspension was used as the inoculum at
a concentration of 106 colony-forming units (cfu/ml). E. coli (ATCC
35218) encoding TEM-1 B-lactamase was used as a positive control
(PC).

Minimum inhibitory concentration (MIC) testing

MIC study was carried out by serial twofold dilution according to
CLSI methods [16].

B-lactamase studies

B-lactamase assay was carried out by the micro-iodometric method
as described earlier [17]. In brief, 10 ml of exponentially growing
cultures of E. coli were harvested by centrifugation at 5000 rpm for 5
minutes at 25°C and re-suspended in 1 ml of phosphate buffer saline
(PBS) (10mM, pH 7.4), a portion of this suspension was used directly
in assaying the B-lactamase activity of intact cells. The remaining part
of the cell suspension was provided with 10 % SDS and incubated at 37
+ 2°C for 2 hours. Following incubation, the solution was centrifuged
at 7800 rpm for 10 minutes at 4°C. The resultant supernatant was then
applied to a HiTrap zinc chelating column (Pharmacia). f-lactamase
bound strongly to the column while other periplasmic proteins
eluted out with buffer A (Sodium acetate, pH 8.0 containing 400 mM
NaCl). B-lactamase was eluted using a linear gradient of buffer B (100
mm Sodium acetate, pH 4.0 containing 400 mm NaCl). Fractions
containing P-lactamase activity were pooled and used for the kinetic

study. The concentration of enzyme used for kinetic analysis with
various substrates is mentioned in Table 1.

Determination of velocities of f-lactam hydrolysis by intact
cells and sonicated cells

For determining the velocity of B-lactam hydrolysis different
concentrations of substrate (drugs) were pre-incubated in water bath in
2 sets for 5 min at 37°C, and then the reaction was started by adding 1
ml of intact cells in one set and enzyme cell suspensions in another set.
1 ml of starch iodine reagent (100 pl of 0.08 M iodine, 3.2 M potassium
iodide with 80 ml of 0.25 M sodium tungstate in 1 N acetic acid, 20 ml
of 2% (w/v) soluble starch dissolved in 1 N acetic acid) was added to
each set and the reaction volume was made upto 3 ml with 10 mM PBS
buffer. The absorbance was measured at 623 nm initially against 10 mM
PBS and the reaction mixture was incubated for 20 min at 37°C and the
absorbance was again measured against PBS at 623 nm. B-lactamase
action was measured as the decolorization of starch iodine reagent after
20 minutes.

Kinetic study

Reaction-rate substrate concentration relationship was studied
with various drugs in the range of 5 to 400 uM (Table 1). Hyperbolic
substrate saturation curves indicated Michaelin kinetics. The double
reciprocal (Lineweaver-Burk) plots of the data were plotted to calculate
Km and Vmax of each drug.

Permeability coefficient study

Permeability coefficient was determined using the method
described previously [18]. At a given antibiotic concentration
outside the B-lactamase synthesizing cells, So, a steady state is rapidly
established at which rate of antibiotic diffusion and velocity of B-lactam
hydrolysis are equal. At a steady state, antibiotic concentration inside
the outer membrane, Se, is calculated by:

(Vo K)/I(V, V., )

intact intact
Permeability barrier, C is calculated by:

max

C=Se-V,_,

X

Se +Km(So-Se)

where; C, permeability (diffusion) parameter; Vmax, rate of substrate
hydrolysis; Se, antibiotic concentration inside the outer membrane;
K., Michaelis constant; So, initial antibiotic concentration; Vintact,
velocity of intact cells.

Protein estimation

Protein was assayed according to the method of Lowry et al. [19].

Substrate concentration Enzyme concentration |V __ K_(uM)
Drugs range (uM) range (uM) (units/mg protein) m (M

PC cl PC cl PC cl PC cl
Elores 20-400 20-400 0.5-2.0 0.5-2.0 2734217 273.5+20.7 2102+ 18.5 209.9+ 17.4
Imipenem 20-400 20-400 0.5-2.0 0.5-2.0 198.7 £ 25.4 299.8 + 25.7 66.7 £ 6.2 66.1 6.4
plus cilastatin
Meropenem 20-400 20-400 0.5-2.0 0.5-2.0 303.1 £ 27.1 304.4 £ 26.8 60.6 £ 5.2 59.4 £ 5.4
Colistin 5-150 5150 0.5-2.0 0.5-2.0 329.8 + 24.8 331.1 £ 27.1 26.0£1.7 251£18
Cefoperazone plus 5-150 5150 0.5-2.0 0.5-2.0 328.8 £ 28.0 329.4 £ 3.1 36.9+35 36.2£35
sulbactam
Piperacillin plus tazobactam 5-150 5-150 0.5-2.0 0.5-2.0 328.2+29.0 328.8+284 37.2+34 36.6£3.4

Table 1: Kinetic parameters of TEM-1 B-lactamases for Elores and other drugs.
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Results and Discussion

Comparison of Vintact/Vsonicated at different antibiotic
concentrations

Results of the velocity of p-lactam hydrolysis with different
substrate concentrations are shown in Figure 1 for both positive
control and clinical isolates. Results of this study revealed that both
Vintact/Vsonicated are constant from 0.01 to 0.15 mM and then
increase upto 0.2 mM. However, further increasing the concentrations
of drugs it remained constant suggesting Vintact/Vsonicated depends
on So. Interestingly, it has also been observed that Elores exhibited the
maximum absorbance indicating the least degradation and maximum
stability against ESBL enzyme produced in E.coli resistant isolates.
These findings are in agreement with results reported earlier for the
E. coli [18].

B-lactamase studies

Results of the kinetic study are presented in Table 1. This result
revealed that Elores exhibited low affinity and high Km, 210.2 + 18.5 and
209.9 + 17.4 uM for positive control and clinical isolates respectively,
towards E. coli p-lactamase producing strains. Conversely, both penems,
imipenem plus cilastatin and meropenem, colistin, and -lactam plus
B-lactamase inhibitor (BL + BLI) combinations, cefoperazone plus
sulbactam, piperacillin plus tazobactam exhibited high affinity (low
Km) for positive control and clinical isolates suggesting these drugs are
more rapidly hydrolyzed by ESBL (Table 1). Vmax values obtained for
Elores for positive control and clinical isolates were 273.1 + 21.7 and
273.5 + 20.7 units/mg protein. The Vmax of other drugs are shown in
Table 1. The Vmax/Km ratio is designated as physiological efficiency
indicating the capability of B-lactamase to hydrolyze a P-lactam.
Since, Elores demonstrated low Vmax/Km ratio indicating low affinity

Eloves PC
@ Elores C1
¥ Imicila PC
A Imicila C1
= Aleropenem PC

: =4 Meropenem CI
- /"‘"‘a«- Colistin PC
0.2 2 = = Colistin C1
Cef+Sul PC
@ Cef+Sul CT

e Pip+Taz PC
" Pip+Taz CI

Absorbance
<
-

001 002 005 01 015 02
Drng concentration (mM

Higher absorbance indicating higher drug stability towards ESBL enzyme
produced by E. coli clinical isolates.

Figure 1: Comparative vV, /V . at different concentrations of drugs.
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"
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Imicila Mervopenem Colistin
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Figure 2: Comparative physiological efficiency of drugs.

towards P-lactamase degradation or more stability against f-lactamase
enzyme. Imipenem plus cilastatin, meropenem, colistin, cefoperazone
plus sulbactam and piperacillin plus tazobactam exhibited 3.4, 3.9,
10.1, 6.9 and 6.8 folds higher Vmax/Km ratio indicating very high
affinity for B-lactamase when analyzed with ESBI producing resistant
E. coli clinical isolates. Similar, observations were noted for positive
control as well (Figure 2).

Outer membrane permeability studies

The rate of penetration of antibiotics across the outer membrane
of gram negative bacteria is a key factor to exhibit their antibacterial
activity. The antibiotics having less penetration may not reach
appropriate concentration to neutralize their targets and get inactivated
by bacterial enzymes during transit [6,9]. The non antibiotic adjuvant
EDTA present in Elores facilitates removal of the divalent ions of
bacterial cell membrane thus causing alteration in bacterial membrane
permeability resulting in increased penetration of ceftriaxone and
sulbactam inside the bacterial cells. This increased penetration leads
to higher periplasmic concentration of the drug. The antibiotics with
high periplasmic concentration exhibit high p-lactamase Km, while
those with low periplasmic concentration shared high affinity (low
km) for P-lactamase. This is consistent with the study conducted by
Bellido et al. [20]. The periplasmic concentration attained by the Elores
in comparison to penem products was 3-4 times higher in resistant E.
coli clinical isolates. The antibiotics demonstrating high permeability
coefficient and periplasmic concentration showed higher susceptibility
compared to the antibiotics showing less permeability coefficient and
low periplasmic concentration. Other BL+BLI combinations achieved
>7 times lower periplasmic concentrations than Elores indicating
lesser penetration in bacterial cell and hence less activity. Colistin,
an old molecule with high toxicity which was revived due to scarcity
of antibiotics responding to resistant strains, achieved more than 29
times lower concentration which clearly indicates the failure of colistin
activity against resistant E. coli strains (Table 2). Our results clearly
demonstrate that the Elores shows the least MIC values (1-2 pg/ml)
due to higher periplasmic concentration followed by imipenem plus
cilastatin, meropenem, cefoperazone plus sulbactam, piperacillin plus
tazobactam and colistin. The low penetration of other drugs results in a
relatively lower rate of uptake of f-lactam antibiotics into the periplasm
and consequently decrease efficacy of these antibiotics to bacterial cells.
These results are in agreement with the earlier study [20].

Further our results revealed that Elores penetrated the outer
membrane of E. coli with permeability coefficient approximately 1.8,
2.2, 6.9, 2.5 and 2.3 times higher than imipenem plus cilastatin and
meropenem, colistin, cefoperazone plus sulbactam, piperacillin plus
tazobactam, respectively (Figure 3). The enhanced penetration and
stability against beta-lactamase of Elores is due to synergistic activity
of ceftriaxone plus sulbactam and presence of non antibiotic adjuvant
ethylenediamine tetraacetic acid (EDTA) [21,22].

Conclusion

The study, conducted under EASE programme, provides a fairly
good trend of different antibiotics against ESBL producing E. coli
clinical isolates collected from Delhi NCR hospitals including public
and private ones. The most significant observation of this study was the
enhanced penetration and greater stability of Elores, the novel antibiotic
adjuvant entity, when compared with other tested drugs including
penems and B-lactam plus -lactamase combinations. Therefore, Elores
can be considered as a drug of choice for the treatment of resistant ICU
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MIC (ug/mi) Perlplasml((:u(;.\;:l);centratlon
Drugs o . e
Positive  Clinical Positive L
. Clinical isolates
control | isolates | control
Elores 1 1-2 59.1+54 58.2+5.7
Imipenem plus cilastatin 4 4-8 18.1+£1.6 179+1.7
Meropenem 4 4-8 142+1.4 13.6+1.2
Colistin 16 16-32 | 22+04 20+05
Cefoperazone plus sulbactam 16 16-64 | 7.8+ 1.1 74+1.0
Piperacillin plus tazobactam 16 16-64 | 86+1.0 8.1+1.0

Table 2: MIC and periplasmic concentration of various drugs into E. coli.
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Figure 3: Comparative permeability coefficient of drugs.

infections caused by E. coli positive with ESBL. The study highlights the
reason for non performance of most of the ICU drugs and provides a
thought platform to envision and realize the importance of antibiotic
stewardship and rationale use of penems.
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