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Abstract: Antimicrobial resistance due to the continuous selective pressure from widespread use of antimicrobials in
humans, animals and agriculture has been a growing problem for last decades. KPC B-lactamases hydrolyzed 3-lactams of
all classes. Especially, carbapenem antibiotics are hydrolyzed more efficiency than other f-lactam antibiotics. The KPC
enzymes are found most often in Enterobacteriaceae. Recently, these enzymes have been found in isolates of Pseudomonas
aeruginosa and Acinetobacter spp. The observations of blagpc genes isolated from different species in other countries indi-
cate that these genes from common but unknown ancestor may have been mobilized in these areas or that blagp--carrying
bacteria may have been passively by many vectors. The emergence of carbapenem resistance in Gram-negative bacteria is
worrisome because the carbapenem resistance often may be associated with resistance to many p-lactam and non-f-lactam
antibiotics. Treatment of infections caused by KPC-producing bacteria is extremely difficult because of their multidrug
resistance, which results in high mortality rates. Therapeutic options to treat infections caused by multiresistant Gram-neg-
ative bacteria producing KPC-carbapenemases could be used polymyxin B or tigecycline.
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Introduction membrane proteins [3], increased expression of efflux
pumps systems [4], and changes in the affinity of peni-
cillin-binding proteins (PBPs) for carbapenems [5].
The recent emergence and spread of acquired car-
bapenem resistance are of great concern [6].
However, in recent years, there have been reports
of carbapenemase-resistant Gram-negative bacteria
producing different types of carbapenemases in Asian
and some American, European and Near East regions
[7-14]. Novel reported Class A enzymes with car-
bapenemase activity are KPC serine fB-lactamases
(Klebsiella Pneumoniae Carbapenemase) [9,14].

Carbapenem antibiotics such as imipenem and
meropenem are important therapeutic agents in the
health care setting. Because these drugs have broad-
spectrum activity, they are frequently recommended as
first-line therapy for serve infections caused by
extended spectrum fB-lactamase (ESBL) — producing
Enterobacteriaceae and multi-drug-resistant (MDR)
Gram-negative bacilli, such as Pseudomonas aerugi-
nosa and Acinetobacter spp. The carbapenem group of
antibiotics is often considered as the last resort treat-
ment for nosocomial infections caused by MDR
Gram-negative organisms [1,2]. L.

Resistance to carbapenems in Gram-negative Th.e KP. C — enzymes: characteristics and
pathogens was frequently due hyperproduction of epidemiology

AmpC p-lactamases associated with a loss of outer Carbapenem-hydrolyzing KPC p-lactamases are

a group of recently identified carbapenemases that
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Table 1. Acquired -carbapenemases (ESBLsrp4) With hydrolytic activity against carbapenems and extended-spectrum cephalosporins.

l'unctional mechanism iske Lxamples Detected methods
{Groups)
Serme B-lactamases ESBL Carpan KPC; GES-2, -4, -3_ -6, -8 NMC; SME; TMI-1_ -2
'S . . . Phenotypic
Metallo-p-lactamases | LSBL cagpan (MBL) | IMP; VIM: SPM-1; GIM-1; SIM-1; AIM-1 or genotypic
serine Bolnclamases LSBL ¢arp-D . _ _
Serine p-lactamases (OXA-carbapenemases) OXA-28-group; OXA-24-group; OXA-48; OXA-38-group

B-lactam ring adjacent to the carbonyl [17,18]. In com-
mon with other class A B-lactamases, these highly pro-
ficient class A enzymes have an efficient hydrolysis
mechanisms involving a catalytic residue (S70), which
acylates B-lactam substrates, and a well-positioned
deacylation water. KPC enzymes have the conserved
active-site motifs S-X-X-K, and K-T-G of the class A
B-lactamases and have the closet amino acid identity
(~45%) to the SME carbapenemases. The KPC
enzymes seem to differ from the rest of the group 2f
(SME, NMC- A, IMI-1) [16,19] in that they hydrolyze
oxyimino-cephalosporins more efficiently. These
enzymes are capable of hydrolyzing penicillins,
cephalosporins and aztreonam, and are weakly inhibit-
ed by clavulanic acid and tazobactam [20]. The KPC
enzymes can also confer resistance to all carbapenems,
such as, meropenem, imipenem, ertapenem and
doripenem [21]. Their current spread worldwide
makes them a potential threat to currently available
antibiotic-based treatments.

New classification for different acquired (-car-
bapenemases (ESBL,rp) proposed by Giske et al.
[22] we presented in Table 1.

Nine different subtypes KPC-enzyme have been
reported, KPC-1 to KPC-10 [23]. The genes encoding
KPC-1 and KPC-2 were found to be identical [20,24].

The first report of one of these p-lactamases, KPC-
1/2, was from carbapenem-resistant Klebsiella pneu-
moniae isolated in North Carolina, USA, in 2001 [20].

The second report of a KPC- 1/2 producing isolate
was a Klebsiella oxytoca. The blaypc_,, determinant
of K. oxytoca was located on a 70-kb conjugative plas-
mid that also encodes SHV-46, TEM-1. This plasmid
was encoded resistance to gentamicin and tobramycin.
The amino acid sequences inferred from DNA
sequencing of the upstream region suggests that the
KPC-1/2-encoding plasmid was 98% identical to the
plasmid identified in the Salmonella serotype Cubana
strain [25].

In United States, the first report KPC-1/2 producing
clinical isolate from outside family FEnterobacteri-
aceae was described in 2009. The blaypc_,,, gene was
identified in Pseudomonas putida isolated from blood
cultures in University Hospital in Texas [26].

Outside of the United States the first case KPC-1/2
producing bacteria was reported in France [27], and
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more recently, cases were reported in Colombia
[28,29], China [30] and in Israel [8]. First Klebsiella
pneumoniae KPC-1/2 producing isolate in China was
reported in 2007 [30]. Recently, in China, KPC-1/2
enzymes were reported in other species Enterobacteri-
aceae (Serratia marcescens, Escherichia coli and
Citrobacter freundii) [31,32,33].

The first identification of a chromosomally encod-
ed blagpc,, gene was described in Pseudomonas
aeruginosa in Colombia [29].

Presently, KPC-1/2 carbapenemases have been
reported among many species Gram-negative bacteria
isolated in different countries of the world [8,29-
30,34-39]. Soon afterward, KPC-3 was founded in
Klebsiella pneumoniae [39] and in other Enterobacte-
riaceae isolated in USA [11,40-42]. KPC-3 has never
been reported outside the USA, until 2007. Outside
USA, the first carbapenem-resistant isolate Klebsiella
pneumoniae carried the blaypc; gene was reported by
Leavit ef al.[43], in patient hospitalized in Tel Aviv
Medical Center (Israel).

The substrate profiles for the KPC-3 and KPC-1/2
are very similar, although the catalytic efficiency of
KPC-3 is somewhat higher with some substrates,
including oximinocephalosporins and carbapenems.
The catalytic activity with ceftazidime is approximate-
ly 30 times higher than the KPC-1/2 enzyme [44].

KPC -1/2 and KPC-3 are widespread in USA and
correspond to the most frequent carbapenemases iso-
lated from Enterobacteriaceae [11,20,39,41-43,45-47].

Next enzyme from these group p-lactamases, KPC-
4 carbapenemase have been detected in Enterobacter
spp., in Scotland [39] and recently in Klebsiella pneu-
moniae from Puerto Rico [49].

A novel Klebsiella pneumoniae carbapenemase
(KPC-5) variant, designated blaypc_s, was discovered
in the three carbapenem-resistant Pseudomonas aerug-
inosa clinical isolates from Puerto Rico [50].

KPC-5 and KPC-4 used in these studies were more
efficient at hydrolyzing ceftazidime than KPC-2. In
addition, KPC-5 was slightly more activity against
imipenem (~1.7-fold) than KPC-4.

Epidemiology of the KPC enzymes and species
producing these enzymes we presented in table 2. For
the two last periods have been identified five new
KPC-enzymes (KPC-6 to KPC-10), but reports have
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Table 2. KPC-type 3-carbapenemases.
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Enzyme' NUCI(_:.OUCIC Organisms (source) Genetic location Country Reference
(accession no.)
KPC-1* AF297554 Klebsiella pneumoniae pl USA [20]
KPC-1/2% AY034847 Klebsiella pneumoniae p! USA [46]
KPC-1/2* AY210886 Klebsiella oxytoca pl USA [25]
KPC-1/2* DQ897687 Klebsiella preumoniae pl China [30]
KPC-1/2* DQ523564 Klebsiella pneumoniae pl Colombia [28]
KPC-1/2* AT481906 Salmonella enterica pl USA [47]
KPC-1/2% DQ899729 Serratia marcescens pl China [32]
KPC-1/2* - Citrobacter freundii pl Colombia [29]
KPC-1/2* - Klebsiella pneumoniae pl USA [65]
KPC-1/2* - Citrobacter freundii pl USA [11,58]
KPC-1/2* - Proteus mirabilis pl USA [48]
KPC-1/2* - Enterobacter spp. (nr) Isracl [34]
KPC-1/2* - Pseudomonas aeruginosa pl/ich Colombia [29]
KPC-1/2* - Klebsiella oxytoca pl USA 58]
KPC-1/2* - Escherichia coli (nr) USA [11]
KPC-1/2* - Serratia marcescens pl China [31]
KPC-1/2% - FEscherichia coli pl China [31]
KPC-1/2% - Klebsiella pneumoniae pl China [31]
KPC-1/2* - Klebsiella pneumoniae pl Israel 143]
KPC-1/2% - Escherichia coli pl Israel [8]
KPC-1/2% - Enterobacter spp. pl USA [52]
KPC-1/2* - Klebsiella pneumoniae (nr) Greece [35,36]
KPC-1/2% - Enterobacter hormaechei (nr) USA [42]
KPC-1/2* - Enterobacter cloacae pl Israel [55]
KPC-1/2% - Enterobacter cloacae (nr) USA [41]
KPC-1/2* - Pseudomonas putida (nr) USA [26]
KPC-1/2% - Enterobacter aerogenes (nr) USA [41]
KPC-1/2% - Klebsiella pneumoniae (nr) Brazil [37.56]
KPC-1/2% - Escherichia coli pl France [38]
KPC-1/2* - Enterobacter cloacae pl France [38]
KPC-1/2% - Klebsiella preumoniae pl France [27]
KPC-3 AF395881 Klebsiella pneumoniae pl USA [39]
KPC-3 AY522950 Enterobacter cloacae (nr) USA [41]
KPC-3 - Klebsiella pneumoniae pl USA [40.45]
KPC-3 - Klebsiella preumoniae pl USA [57]
KPC-3 - Enterobacter gergoviae (nr) USA [41]
KPC-3 - Escherichia coli (nr) USA [42]
KPC-3 - Klebsiella pneumoniae pl Israel [43]
KPC-3 - Citrobacter freundii (nr) USA [11]
KPC-3 - Serratia marcescens (nr) USA [41]
KPC-4 AY700571 Enterobacter cancerogenus (nr) Scotland [50]
KPC-4 - Klebsiella ppeumoniae (nr) Puerto Rico [49]
KPC-5 EU400222 Pseudomonas aeruginosa Tn5563 Puerto Rico [50]
KPC-6 EUS555534 Klebsiella pneumoniae (nr) Puerto Rico none
KPC-7 EU729727 Klebsiella preumoniae (nr) USA none
KPC-8 1234412 Klebsiella pneumoniae (nr) Puerto Rico none
KPC-9 F1624872 Escherichia coli (nr) Israel none
KPC-10 GQ140348 Acinetobacter baumannii (nr) Puerto Rico none

Abbreviations: pl — plasmid; ch — chromosome; (nr) — not reported; none — unpublished; Tn5563 — transposon. 'KPC-type (3-Lactamases: Available at:
http://www.lahey.org/Studies/other.asp.[23]. 2According to GenBank database: Available at: http://www.ncbi.nlm.nih.gov/Genbank/index.html.
* Sequence of KPC-1 is identical to that of KPC-2 [24].
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been unpublished [Available at: http://www.ncbi.nlm.
nih.gov/Genbank/index.html .].

Molecular characterization of blay,- genes
encoded KPC carbapenemases

The rapid spread of blagpc genes can be attributed in
part to their mobility and presence on plasmids or
transposons [20,25,27,30-33,35,46-47,51-54]. The
blaypc genes have usually been identified in large
plasmids. These plasmids also carry aminoglycoside -
resistance determinants, and have been associated with
other antibiotic-resistance genes such as the most
widespread ESBL genes or quinolones-resistance
determinants (QnrA, QnrB) [25,31,40,55-57].

Recently Rasheed er al. [58] was described a ca.95-
kp blagpc -carrying plasmid that was common to two
different species of Enterobacteriaceae (Citrobacter
freundii and Klebsiella oxytoca) isolated in the same
hospital. The blaypc.,, gene was located on 10 kb
Tn3-type transposon (named Tn440/7) and was identi-
fied on plasmids of different size. This transposon pos-
sesses two unrelated insertion sequences (IS) elements
ISKpn6 and ISKpn7. This phenomenon suggesting that
the gene can also move into different plasmids by
insertion transposon. Genetic structure (in detail) was
described in Klebsiella pneumoniae in France [53].

The KPC-1/2 enzyme showed 45% amino acid
identity to SME-1[59] from Serratia marcescens S6
[20]. Unlike KPC-1/2 the other three class A car-
bapenemases (NMC-A, IMI-1 and SME-1) showed
>90% similarity to each other at the nucleotide level
[59,60]. The nearest phylogenetically related enzyme
to the KPC is another class A carbapenemase, SFC-1,
isolated from Serratia fonticola [61].

In a single case, the blagpc_;/, gene has been report-
ed both at a chromosomal and plasmid location in
Pseudomonas aeruginosa [29].

In 2004, Woodford et al. [39] was characterized
sequence of the KPC-3 gene obtained from Klebsiella
pneumoniae. The product contained an open reading
frame (ORF) of 882 bp encoding 293 amino acids,
with one nucleotide change not present in blagpc
gene. This mutation was results changes in amino acid
substitution of His(272)—Tyr .

Recently, Rice ef al. [57] was described a novel
genetic element represents a coalescence of genes
blaxpcs and gnrB19. Both genes were localized on
large plasmid. This genetic structure was named KQ
(KPC and ORN) element. The KQ element is built on
backbone of Tn3-family transposon Tn/33/. The
firstTn/331 has been reported by Sarno et al. [62].
Tn/331 has now served as the backbone into which
mobile elements conferring resistance to carbapenem
(Tn4401) and fluoroquinolones (Tn5387) have insert-
ed. The KQ element is mobile because the insertion of
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Fig. 1. The genetic relationships of the KPC-type B-carbapene-
mase variants.

Tn4401 into Tn/33/ would presumably affect trans-
posability [57].

KPC-5 enzyme was discovered in Pseudomonas
aeruginosa in Puerto Rico. Characterization of the
upstream region of blayp_s showed significant differ-
ences from the flanking regions of other blaypc vari-
ants. Comparison of amino acid sequences with those
of other KPC enzymes revealed that KPC-5 was an
intermediate between KPC-2 and KPC-4, differing
from KPC-2 by a single amino acid substitution
(Pro;y;—Arg), while KPC-4 contained Pro;;,;—Arg
plus an additional amino acid change (Val,;—Gly).
The first 20 bases of the blaypc_s are identical to cor-
responding region in blagpc,, the next 65 bases
showed no similarity with KPC-2 gene. [50].

Other variants (KPC-3 to KPC-5) differing from
KPC-1/2 only two amino acid substitutions [39,43-
44,50]. DNA sequence analysis of the KPC-5 enzyme
gene showed that was 99% identical to both blaypc.,
and blaypc_4 genes, with only single-nucleotide differ-
ences from either B-lactamase gene. The blaypq_s had
the same nucleotide substitution at position 308
(C—=QG) as blagpc., compared with blaygpc_,, blagpc.s,
and blaypc_4, resulting in an amino acid change from
proline to arginine. While blaygpc4 and blaypc¢ con-
tained a guanosine at position 716, coding for a
glycine amino acid, the blaygpc_,, blagpc_s, and blaypc.
s sequences differed at this nucleotide location, with a
thymine residue, coding for a valine. The KPC-3 has
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the only gene to have a thymine substitution at position
814 (coding for tyrosine,,,; His (272)—Tyr), whereas
the other blayp- possessed a cytosine [39,50].

The genetic relationships of the KPC-type [-car-
bapenemase variants we presented in figure 1.

Summary and conclusion

Antimicrobial resistance due to the continuous selec-
tive pressure from widespread use of antimicrobials in
humans, animals and agriculture has been a growing
problem for last decades.

The occurrence of KPC-producing Gram-negative
bacteria (mainly Klebsiella pneumoniae and other
Enterobacteriaceae or Pseudomonas spp., Acinetobac-
ter spp.) seems to be an emerging public health prob-
lem in various parts of the world [30,38], although, to
date, widespread hospital outbreaks have been report-
ed mainly in the United States [11,26,46,51,63-67] and
Israel [8,43].

The recently, Greece [35,36], China [30-32] and
some countries in South America seems to be the third
facing a similar widespread problem [8,28-
29,33,36,49-50,56].

Dissemination of KPC enzymes among Gram-neg-
ative bacteria will seriously challenge the treatment of
infections by these organisms. Infections due to bacte-
ria producing KPC carbapenemases often have been
associated with high mortality in affected patients
[31,34,68].

Clinical microbiology laboratories are becoming
increasingly aware of the emergence of carbapene-
mase-producing organisms, but identification of such
isolates remains difficult [69-72].

Therapeutic options to treat infections caused by
multiresistant Gram-negative KPC-producers could be
used polymyxin B [73], tigecycline [74] or probably in
fast future combination a novel 3-lactamase inhibitor
(NXL104) with ceftazidime [75].
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