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ABSTRACT First variants of the Klebsiella pneumoniae carbapenemase (KPC), KPC-2 and
KPC-3, have encountered a worldwide success, particularly in K. pneumoniae isolates.
These beta-lactamases conferred resistance to most beta-lactams including carbapenems
but remained susceptible to new beta-lactam/beta-lactamase inhibitors, such as ceftazi-
dime-avibactam. After the marketing of ceftazidime-avibactam, numerous variants of
KPC resistant to this association have been described among isolates recovered from
clinical samples or derived from experimental studies. In KPC variants resistant to ceftazi-
dime-avibactam, point mutations, insertions and/or deletions have been described in
various hot spots. Deciphering the impact of these mutations is crucial, not only from a
therapeutic point of view, but also to follow the evolution in time and space of KPC var-
iants resistant to ceftazidime-avibactam. In this review, we describe the mutational land-
scape of the KPC beta-lactamase toward ceftazidime-avibactam resistance based on a
multidisciplinary approach including epidemiology, microbiology, enzymology, and ther-
modynamics. We show that resistance is associated with three hot spots, with a high
representation of insertions and deletions compared with other class A beta-lactamases.
Moreover, extension of resistance to ceftazidime-avibactam is associated with a trade-off
in the resistance to other beta-lactams and a decrease in enzyme stability. Nevertheless,
the high natural stability of KPC could underlay the propensity of this enzyme to ac-
quire in vivo mutations conferring resistance to ceftazidime-avibactam (CAZavi), particu-
larly via insertions and deletions.

KEYWORDS KPC, ceftazidime-avibactam, epidemiology, stability, spectrum, trade-off,
insertions, deletions, omega loop, KPC beta-lactamase, KPC-2, KPC-3, ceftazidime-
avibactam resistance

arbapenem resistance in Enterobacterales is a major health issue as it complicates

the therapeutic management of patients, and increases the morbidity and mortal-
ity in case of infection (1-7). A frequent mechanism of resistance relies on the produc-
tion of carbapenemase (8-11).

The most prevalent carbapenemases are KPC, OXA-48, NDM and VIM-types with
large disparities between countries and regions (8-12). Klebsiella pneumoniae carbape-
nemase (KPC) belongs to family of class-A serine beta-lactamases (12-14) and was
found for the first time in 1996 in the United States (15). It is now a common carbape-
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penicillins, cephalosporins, aztreonam, carbapenems and are resistant to most standard beta-
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lactamase inhibitors (clavulanic acid, tazobactam, sulbactam). Recently, new beta-lactamase
inhibitors have been developed with an activity on KPC beta-lactamase such as avibac-
tam, and more recently vaborbactam and relebactam (17-24). The combination ceftazi-
dime-avibactam (CAZavi) has been approved in 2015 in the USA and in 2016 in Europe.
CAZavi demonstrates excellent in vitro activity against KPC-producing Enterobacterales
and is associated with a decreased mortality rate in treated patient (22, 25, 26). However,
since commercialization, many alerts have been raised on the emergence of resistant
KPC-mutants after therapy with CAZavi (27, 28), showing a high evolutionary potential
of this enzyme. To date (July 2022), 65 KPC variants resistant to CAZavi have been
described. These variants harbor mutations (insertions, deletions and/or point mutation)
and many of them differ in resistance phenotype, including in their level of resistance to
carbapenems. Here, we describe the mutational landscape of the KPC beta-lactamase to-
ward ceftazidime-avibactam resistance in clinical isolates including epidemiology, micro-
biology, enzymology, and thermodynamics data.

EPIDEMIOLOGY OF KPC-PRODUCING ENTEROBACTERALES

After the first identification of KPC-2 in 1996 in a Klebsiella pneumoniae isolate in
North Carolina (15), KPC-2 producing Enterobacterales rapidly spread in hospitals on
the US East coast (29). The KPC-3 variant, differing by the H274Y mutation, was then
described in K. pneumoniae (30) during an outbreak in a New York hospital in 2000.
Since that time, the incidence of KPC-producing K. pneumoniae strains has been
increasing (11, 15, 29) and KPC beta-lactamase is now one of the most common carba-
penemase detected globally and reaches up to several percent among K. pneumoniae
isolates in some European countries (5, 11, 12, 16, 23, 31, 32).

Among countries monitored by the ECDC (European Centre for Disease Prevention
and Control), most have reported an increase in the incidence of carbapenemase-pro-
ducing Enterobacterales (CPE) between 2016 and 2020 (33).

In the European Union (EU) or European Economic Area (EEA), resistance to carba-
penems in Escherichia coli isolates and K. pneumoniae isolates represented 0.2% and
6.8%, respectively, of the total number of invasive isolates in 2015. It has remained sta-
ble for E. coli but increased to 10.0%, in 2020 for K. pneumoniae isolates (33). The
endemic stage has even been declared successively in Israel, Greece and ltaly (34, 35).
Between 2005 and 2014 in Greece, among the 3,449 K. pneumoniae isolates collected
by the University Hospital of Patras, 48% were carbapenemase-producing, including
80% of KPC-type (36). In a study conducted between 2014 and 2016 in 15 Greek hospi-
tals, KPC-type enzymes accounted for 66.5% of the 394 carbapenemase-producing K.
pneumoniae (34). Conversely, if the number of episodes involving CPE isolates rose in
France during these last 2 decades, KPC-producing Enterobacterales represented only
2.9% of CPE sent to the National Reference Center in France in 2020 (37).

A worldwide surveillance study that collected 38,2266 Gram-negative pathogens from
2012 to 2014 found 586 isolates (1.2%) of KPC-type carbapenemase (38). KPC-2 was the most
prevalent (408, 69.6%) followed by KPC-3 (173, 29.5%), KPC-9, KPC-12 and KPC-18 which were
respectively found in 2, 1 and 2 patients. A different distribution was observed in Italy, Israel
or the United States in which KPC-3 variants are predominant. Interestingly, the strains iso-
lated in Israel in 2004 were genetically close to that identified in the United States in the
2000s (30, 39), suggesting worldwide diffusion by travelers (34, 40). A second worldwide sur-
veillance study included 81,781 enterobacterial isolates from 39 countries in 5 geographic
regions between 2012 and 2017. The global prevalence of meropenem non-susceptible iso-
lates was 2.8% with geographical disparities ranging from 1.2% in North America to 4.3% in
Latin America. Among these non-susceptible isolates, KPC-2 and KPC-3 were found respec-
tively in 27.3% and 21% of isolates in Europe for a total of 1284 non-susceptible isolates. In
Latin America, KPC-2 and KPC-3 were found in 79.6% and 9.5% of the isolates (for a total of
525 isolates), in Asia/Pacific, KPC-2 was found in 25.5% of the isolates while KPC-3 was not
found (231 isolates in total), in Middle East Africa, KPC-2 and KPC-3 represented 8.7% and
12% respectively (total of 126 isolates) and finally, in North America KPC-2 and KPC-3 were
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FIG 1 Geographical distribution of KPC-2 and KPC-3 and their most frequent circulating variants. The data used to generate this figure are listed in

supplementary table 1.

found in 61 and 28.7% of meropenem non-susceptible isolates respectively (total of 87 iso-
lates). Other variants have been described from time to time such as KPC-9, -12, -17, -18, -29
and -30 (41) (Fig. 1, Table S1). Unsurprisingly, the variants derived from KPC-2 and KPC-3
have a geographic distribution that overlaps with that of their ancestor.

Genetic background analyses revealed the worldwide spread of KPC was related to
the release of some major clones of K. pneumoniae initially belonging to the ST258 (42)
and more recently to others like ST512 (43-45). Although KPC B-lactamases are more
frequently associated with K. pneumoniae, they are also identified in many other spe-
cies including E. coli, Citrobacter sp., Enterobacter sp., Serratia marcescens, Proteus mira-
bilis, Morganella morganii, as well as in non-fermentative Gram-negative bacilli strains
such as Pseudomonas aeruginosa and Acinetobacter baumannii (16, 46). KPC-type carba-
penemase gene is frequently located on self-conjugative plasmids, variable in size and
number, and often associated with the Tn4407 transposon (type 3) (12, 47), encourag-
ing its worldwide diffusion between species.

In addition to hospital and community dissemination in humans, KPC variants have
been found in domestic, farmed, and wild animals as shown in the review of Kock et al.
published in 2018 which compiles the data of nearly 70 articles (48). In particular, the
KPC genes were found in birds (49, 50) and in chicken meat (51). In addition, other
works showed an environmental diffusion in different sources and, in particular,
aquatic (48, 52). For example, a multi-resistant enterobacteria harboring blay,c was
found in a mollusk sold on a market in Tunisia (53) or in wastewater in Austria and
Brazil (54). The human origin of these isolates cannot be ruled out. However, this sug-
gests a global diffusion of KPC genes in different environments.

STRUCTURE OF KPC CARBAPENEMASE

KPC enzymes are proteins of 293 amino acids in average, with a molecular weight
of c.a. 32 kDa. Fifty-eight KPC-2 structures, or variants, are currently available in the
Protein Data Bank (https://www.rcsb.org/) (55). They are composed of two subdomains
and the overall folding is similar to that observed in other class A beta-lactamases (13,
56). The first subdomain is composed of 8 alpha helixes, and the second is composed
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FIG 2 Representative view of the overall KPC-2 fold (PDB 5UL8), showing positions of key active-site
residues and loops. The S,,XXK,, motif is colored in red, residues 104-106 and S,;,D,3;N;5, loop in
magenta, the K,;,T,,5G,54 pattern in cyan, and the Q-loop in blue.

of 5 antiparallel beta sheets flanked by 3 alpha helixes (56, 57). These two domains
share electrostatic interactions, and hydrogen bridges stabilize the structure. The
active site, located in a pocket at the interface, contains the catalytic S70 residue and
the deacylation water, that is activated when interacting with E166, N170 and S70 (56).

It is worth reminding that the hydrolysis of the amide bond of B-lactam by beta-lac-
tamase involves an acyl-enzyme covalent intermediate close to the O atom of the
invariant serine 70 residue which plays the role of nucleophile. Then, an activated
water molecule attacks the covalent complex, resulting in subsequent hydrolysis of the
bond between B-lactam carbonyl and serine oxygen. This leads to the regeneration of
the active enzyme and the release of the inactive antibiotic B-lactam (58).

In KPC, as in the other Ambler Class-A enzymes, very conserved regions or motifs that
contribute to the catalytic function of the enzyme are identified (13, 14, 59) (Fig. 2).

(i) The first motif is the S,,XXK,; sequence containing the main catalytic residue Ser70.
Lys73 which is strictly conserved and connected to the Ser70 by a hydrogen bond is of im-
portance for the enzyme’s function. The active site is delimited by three residues (residues
104, 105 and 240) (60). The W105 residue is important for the ligand recognition (61) and
could favor interactions with substrates such as carbapenems (56).

(i) The second conserved pattern is the S;3,D;3,N;3, loop, where Ser130 is probably
involved in proton transfer from Ser70 to the B-lactam nucleus during the acylation step.

(iii) The third motif, the K,3,T,35G,5¢ pattern, is important in the structure since it is
located at the right hand-side of the active site. Crystallographic data indicate that
Ser130 and Lys234 are connected by a hydrogen bond, which would serve as a con-
nection between the two domains of the protein and help stabilize the active site (62).

(iv) The Q-loop is a pattern found in all class A beta-lactamases, that contains 16 resi-
dues (from Arg164 to Asp179), including the E;z-X-Giesli60N170 S€quence, in which the
Glu166 and Asn170 residues are important for positioning the water molecule (57, 63).

EMERGENCE OF KPC VARIANTS RESISTANT TO CAZAVI

The first CAZavi-resistant strain was a K. pneumoniae described in 2015, the year
CAZavi was marketed. Surprisingly, this strain was isolated from a patient who had not
received this drug. Resistance was probably due to efflux (64). Since then, most new
KPC-type clinical variants described in the databases are associated with resistance to
CAZavi. Although these resistances remain at low rates in surveillance studies (33, 38,
41, 65), they might increase in the future with the use of CAZavi or other new beta-lac-
tamase inhibitors.
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FIG 3 Geographical distribution of CAZAVI-resistant KPC-2 and KPC-3 alleles. The data used to generate this figure are listed in

supplementary table 2.

The mechanisms of resistance to CAZavi in KPC-producing strains could be due to co-
production of less sensitive beta-lactamases (e.g.,, MBLs), to changes in membrane perme-
ability including loss or mutations in porins, or to efflux pumps (65). Nevertheless, the most
frequent mechanism remains as mutations in KPC-encoding genes.

Di Bella et al. reviewed the CAZavi resistance from a clinical point of view in 42 patients
from 23 clinical studies or case reports (66). They showed that most isolates (55/57) were
K. pneumoniae which were mainly identified in the USA, Italy and Greece, countries where
prevalence of KPC-producing K. pneumoniae is high. The most frequent clinical variants
were KPC-31 and KPC-33 involving the D179Y +/- H274Y mutation. Other infrequent var-
iants such as KPC-8 (V240G-H274Y), KPC-23 (V240A-H274Y) or KPC-40 (T2375-H274Y) have
also been described (66). In a descriptive study, Venditti et al. found 26/31 patients with a
mutated KPC and reported a majority of KPC-31 and KPC-29 alleles (67).

The different KPC variants conferring resistance to CAZavi and for which the litera-
ture data specify their geographical origin are listed in Fig. 3 and Table S2.

STRUCTURAL INSIGHT INTO THE FUNCTIONAL EFFECTS OF MUTATIONS CONFERRING
RESISTANCE TO CAZAVI

Below, focusing on the mutations associated with resistance to CAZavi, we give an
evolutionary perspective integrating the concept of structure-activity relationship as
well as the underlying molecular mechanisms.

Of the 126 clinical variants listed in the NCBI database (july 2022), 65 are described
as resistant to CAZavi, represented in Table 1 and with references and accession num-
bers in Table S3. Of these, 36 are KPC-2 variants, and 29 are KPC-3 variants. It appears
that 3 mutational hot spots are associated with resistance to CAZavi (Fig. 4 and Table
1): (i) the Q-loop region (residues 164 to 179 bordering the lower part of the catalytic
pocket), (ii) loop 237-243 (located between beta 3 and beta 4, close to the conserved
KTG motif and delimiting the right side of the active site), and (iii) loop 266-275
(located at a distance from the active site between beta 5 and alpha 11 helix). It should

September 2022 Volume 66 Issue 9

10.1128/aac.00447-22

5


https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00447-22

Antimicrobial Agents and Chemotherapy

Minireview

(9bed 1xau Uo panupuo)D)

AV3ISTSLT S| SLTT8LSUI/ALSLS L8l £901-Dd)

VASHMAA ™ LLT su| S1 C8LSUI/AL8LS 181 LFOL-Dd)
VASHNAANNdVYHIAA T9T su| SINILAVHAS L8L Syl 181 +80L-Dd)
A400HOdVYIVSOTLINOVISILAVEASS 0817 sul 08l «L0L-Dd)

VASHMAA ™ LLT sul 1A 081 sul 08l €7L-Dd)

HY9TA vevel S 08l sul 08l £9-Dd)
S 08l sul 08l #LL-DdM

SST08Lsul 08l ALL-DdN

5SS 08Lsul 08l 89-Dd)

A C9T sul A6/1a 61 75-Dd)

AL 6/17sul 61 S9-Dd)

AL 6/17sY| 6/1 £06-Dd)

A6/1a 61 €€-Dd)

A6/10 61 LE-DdM

WEYTL A6Z1d 6L1 «LEDN

NdVYYLAA T9C sul A6/1a 6L1 £92-Dd)

N6.1a 61 £5-Dd)

NvZZH HL¥TA N6ZLa 61 1S-DdM
96/1d 6L1 £98-Dd)

NAAYNdYY ™S9z sul v6/1d 6L1 #8£-Dd)

A9/1ld 9/L +88-Dd)

A9/1d 9/l 0L-Dd)

AZLLY (4} £G8-Dd)

A6L1A/1TLLY L S6-Dd)

1Ly L 6€-Dd)

ac/Ly (4} «CL-DdN

dLZLS/NT 0LL-691™ |19P 691 £GLL-DdY

06911 691 79-DdM

12/1V/d6911 691 8-Dd)

d6911 £9b-Dd)

d6911 691 SE-DdN

N 0ZL712Q/H6911 691 ¥6-Dd)

137691-89L7 1P 891 99-Dd)

SHYMAAX 69¢ sul 137691-89L7I9p 891 «E£-Dd)

D 9917 sy 991 LELL-DdY

1D 9L sul SolL 69-Dd)

19" €bT-2vI19p 1375917 sul Sol LCLL-Dd)

1375917 sul SolL ST-Dd)

SevzL 1375917 sul S9l Ot-DdM

137591 sul Sol £5-Dd)

HY9LY 9l +86-Dd)

SholLY 9l 6v-DdM

3€91a €91 9€-Dd)

4PA/IET/dDY T sy 4 <L L1-Dd)
uonenw JBYIO 6£7-99z doo £vz-L£7 dooT dooj ebawQ uonisod pHUBLIBA-DJY

WieIdR(IAR-3WIPIZEDD 0} ADURISISAI Ul PAIAJOAUL DY JO S3I|IV L I1dV.L

6

10.1128/aac.00447-22

September 2022 Volume 66 Issue 9


https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00447-22

Antimicrobial Agents and Chemotherapy

Minireview

‘€9|qeL

Kieyuawa|ddng ay) ul d|gejieA. dJe S3DUIRY PuUe JIIGUINN UOISSIIDY "dseqeied apNoaPNN [gIN Y1 Ul WeldeqiAe-awipizead 0} Juelsisal se paledipul Ing ‘paysiigndun sjueliea 01 puodsaliod Jels e yum pajedipul mEm_mm?
VISNA 9T syl 9T ££6-Dd)

as sLT sul S/T 8-Dd)

AV ST sul 744 05-Dd)
VVIAVISHIAAN 04T syl 0L¢C +€0L-DdA
aa)aay 69¢ sul 69¢ £9-Dd)

aay 69z sul 69¢ 6C-Dd)

MNd™ £9T sul AT £08-Dd)

MNd £9T sul £9C Ly-Dd)

NAQYNdVY S9T sul S9C £85-Dd)
VASHNAAINdVHLAA T9T syl €9¢C xS0L-Dd)
NdVHLAA 79T sul 9 £6£-Dd)
ISHIAAYNdVHLAAY 19T sul L9 -Dd)
devel €ve £¥8-Dd)

VEVTL /D TV 19P [444 ££8-Dd)

19 €vz-Tve 19p [444 71-Dd)

19 €vz-Tve 19p we 8¢-Dd)

NLVCA (A24 £96-Dd)

SLYZA (A74 €9-Dd)

DO¥CA (044 8-Dd)

VOvZA V)44 €¢-Dd)

ND 0VT-6£T 19P 6€C «VL-Dd)

uolneinw 1Yo 6/2-997 dooq cvz-,/c7 dooq dooj ebawQ uonisod LueLeA-)dY

(Penunuod) L 319V1L

7

10.1128/aac.00447-22

September 2022 Volume 66 Issue 9


https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00447-22

Minireview

FIG 4 Representative view of the overall KPC-2 fold (PDB 5UL8), showing the 3 hot spots involved in
ceftazidime-avibactam resistance: the omega loop is colored in blue, the 238-243 loop in orange and
the 267-275 loop in green. For indication, S70 is colored in red.

be noted that some mutations, particularly insertions, occur in the vicinity of these hot
spots with a probable direct impact in the loop itself.

Altogether, 43, 14, and 20 variants resistant to CAZavi harbor mutations in the
Q-loop region, in the loop 237-243 and in the loop 266-275 region, respectively. Of
note, some mutants can have multiple mutations in these different regions. A signifi-
cant proportion of KPC clinical variants resistant to CAZavi (41/65, 63%) harbor inser-
tions and/or deletions (indels), associated or not with point mutations. The insertions
correspond mostly to sequence duplications. Seventeen insertions and four deletions
are present in the Q-loop regions; Five deletions in the loop 237-243, and 20 insertions
ranging in size from 1 to 15 amino acids in the loop 266-275 (Fig. 5).

Overall, the Q-loop appears to be permissive to insertions and deletions, the loop
237-243 only to deletions, and the loop 266-275 only to insertions suggesting that
each structure exhibits a different mutational tolerance. We will now describe the
mutational tolerance of each of these 3 structures in KPC beta-lactamase and identify
the mechanisms related to the structure-activity relationship.

Mutations located in the Q-loop. The Q-loop (residues 164-179) surrounds the
active site of KPC-2, adjacent to the catalytic S70. It is a hot spot for substitutions that
widen the substrate spectrum of many class A enzymes (TEM-1, SHV-1, etc) toward ceftazi-

20

18

[N)

4 I |
OIII II H W

D163 R164 L169 S171 Al72 D176 D179 S181  del ins V240 Y241 T243 del Y264 H274N

Omega loop loop 237-243 loop 267-275

ins

FIG 5 Distribution of point mutations and indel in the different hot spots conferring resistance to CAZavi

in KPC variants.
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dime (9, 68, 69). It contains Glu166 and Asn170, 2 essential residues required for activating
a water molecule for the B-lactam deacylation (70). Structurally, the Q-loop is largely stabi-
lized by a saline bridge between the R164 and the D179 residue. This Q-loop is fundamen-
tal for maintaining the structure of the protein and interacts with many residues outside
this loop. Particularly, D179 connects to residues outside the Q-loop like Pro67, Leu68 et
Arg161 by hydrogen bonds (71). Thus, point mutations can have repercussions on the
Q-loop but also outside. So, due to their central role in the interactions between KPC-2 res-
idues, it is not surprising to frequently find variants with point mutations at position 164 (n
=2) and 179 (n = 10) in clinical alleles resistant to CAZavi.

Position 163, directly adjacent to the Q-loop, is involved in point mutations like the
D163E substitution associated with H274Y in KPC-36 that confers resistance to CAZavi. This
position is also found in other class A beta-lactamases as associated with an extension of re-
sistance to ceftazidime in TEM-1 (68, 72). The underlying mechanism is probably related to
the contiguity with position 164 which plays a major role in the stability of the loop.

The Arg164 residue is important for maintaining the Q-loop stability (69) and notably
the salt bridge’s integrity with Asp179 that insures Glu-166's position, important for the
deacylation step (72). A point mutation in this site like R164S, found in KPC-49 (also associ-
ated with H274Y), leads to a disturbance on this conserved bridge and show increased
CZA MICs (71). Levitt et al. (73) built 19 mutants with a single substitution at Ambler posi-
tion R164, and showed 58% of resistance to ceftazidime in these mutants. They showed
slow hydrolysis compared to acylation (and therefore increased accumulation of acyl-
enzyme), resulting in a form of ceftazidime “covalent trapping” by R164S (73). Winkler
et al. showed that avibactam was equally efficient on wild type KPC-2, and on R164A and
D179N variants (74). Hence, the CAZavi resistance could result from an increased and rapid
binding of ceftazidime while avibactam cannot reach the active site (74). The consequence
of these structural modifications is a widening of the active site, which increases resistance
to large beta-lactams, such as ceftazidime (72). Interestingly, point mutations at that posi-
tion also confers a broadening of the spectrum toward ceftazidime in TEM-1, SHV-1 and
CTX-M type enzymes (72, 75), underlining the important role of this site in the function of
class A beta-lactamases toward ceftazidime.

Six KPC clinical alleles have insertion at positions 165-166 (KPC-25, -40, -53, -69, -112
and -113) either alone or in combination with a point mutation (H274Y or T234S) or a
deletion in the loop 237-243 (del_242-243_GT) (45, 76). The same type of insertions (165-
YYG-167) have been found in TEM-1 and studied by Petrosino et al. (69). They reported a
100-fold ceftazidime hydrolysis increase compared to the wild type. This is probably due to
the change in the size of the Q-loop, creating instabilities at the structural level, and subse-
quently modifying the size of the active site, eventually affecting the hydrolytic capacities.
However, this mechanism remains to be clearly studied.

The deacylation water is primed by interacting with E166, N170 and S70 (56), there-
fore placing the Glu166 site as of paramount importance in the catalytic mechanism
(77). This explains why no point mutation is found at this site and why the E166 is a
conserved residue in class A beta-lactamases (78).

At position 169, a deletion of the E;¢l,¢o Motif is identified in KPC-66 and KPC-73
variants and is also described in laboratory isolates (67, 79, 80). In addition, the L169P
and L169Q point mutations are associated with reduced susceptibility to CAZavi in 4
clinical variants (KPC-35, -46, -48 and -62) (67, 79-81).

There are no clinical alleles with a point mutation at the N170 position. However,
Gottig et al. (82) showed that the N170D point mutation led to an increase in the MIC
of CAZavi from 0.5 to 32 mg/L. As previously seen, the N170 site plays a role in the
active site structure and establishes hydrogen bonds between E166 and water mole-
cules (78). It is a conserved residue in class A beta-lactamases suggesting that it has a
primary role. It's thus surprising to see recently described clinical alleles KPC-94 and
KPC-115 with deletions that include N170 (83). However, avibactam makes van der
Waals interactions with N170 and a hydrogen bond with the diacylation water that is
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held in place by E166 and N170. The loss of these interactions with avibactam probably
participate to the resistance to ceftazidime-avibactam (84, 85).

At position 172, 5 variants are found and thought to be resistant to CAZavi; A172T
(KPC-39), A172D (KPC-72), A172V (KPC-85), A172T-D179Y (KPC-95) and A172T-L169P
(KPC-48) (83, 86).

At position 176, the D176Y point mutation, alone or in combination with H274Y, is
found in the KPC-70 and KPC-88 (45). Few details are available on this site but its
impact on resistance to CAZavi was also shown in laboratory isolates (82) and is possi-
bly due to disorder in the Q-loop.

Position 179 is one of the most common position reported in CZA resistant isolates
(27, 80, 87-90) with a variety of substitutions in 10 different clinical isolates (D179Y,
D179N, D179A, D179G and D179V found respectively in KPC-31/32/33/52/76/95, KPC-
51, KPC-78, KPC-86, and KPC-57) and an insertion Ins179TY found in two other isolates
(KPC-65 and KPC-90) (67), usually associated with other mutations (82, 91-93). Point
mutations have also been characterized by Barnes et al. in laboratory isolates confirm-
ing their implication in CAZavi resistance (71, 82).

In particular, the D179N mutation confers resistance to CAZavi while maintaining a
hydrolytic profile close to KPC-2 (85). The D179Y mutation that is the most frequently
reported, increases CAZavi MIC while reducing meropenem MIC (27, 76, 79, 88, 94, 95).
Of note, Shields et al. reported a possibility of reversion to the ancestral KPC-3 allele,
thus restoring susceptibility to the strain (94).

At the mechanistic level, different hypotheses explain resistance to CAZavi. The point
mutation in position 179 leads to a break of the salt bridge with the R164 position, which
destabilizes the structure of the loop, but also prevents hydrogen bonds between D179
and other residues distant from the Q-loop, such as Pro67, Leu68 and Arg161 (71).

At the enzymological level, the impact of D179Y and R164 point mutations are simi-
lar, associated with a displacement of the E166 and N170 residues. Changes in the
Q-loop allow the ceftazidime a better access to the active site, associated with a cova-
lent trapping of the ceftazidime antibiotic in the active site (71, 73, 85). Regarding the
effect of avibactam, two mechanisms seem to contribute to a decrease in binding:
1/The covalent trapping of ceftazidime prevents avibactam from binding to and inhibi-
ting the enzyme (71, 74); 2/the D179Y has a significant effect on the efficiency of avi-
bactam acylation by the enzyme (70,000-fold decrease in the inactivation constant k,/K
value) (91). This is probably due to the destabilization of the Q-loop that prevents avi-
bactam to create hydrogen bonds with the diacylation water, which is maintained by
residues E166 and N170 (85). A recent molecular dynamic simulation and docking anal-
ysis performed by Taracila et al. also showed that the omega loop becomes larger and
more flexible in the D179Y variants (96). This apparent disorder is made possible by a
decrease in stability of the protein from 54-55°C to 47.5-51°C in the presence of the
D179Y point mutation (96).

At position 180, duplication of a serine alone (KPC-71) or associated with other
point mutations (KPC-64) have also been evidenced in vitro (67, 97). The insertion of
two amino acids (SS or YT) is also described by the same author in the KPC-68 variant,
in association with the H274Y point mutation and more recently in KPC-114 or KPC-
123 (45, 98). A large insertion of 29 amino acids is also reported in KPC-107. These
insertions, although located at the end of the Q-loop, can also modify its structure by
increasing its size, widening the active site.

At positions 181 and 182, point mutations and/or insertions are described and are
associated with insertions in loop 267-275 in KPC-104, -106, and -108.

Thus, the Q-loop which contains numerous mutations conferring resistance to
CAZavi is a major site in the KPC protein, and more generally in class A beta-lacta-
mases. Indeed, the salt bridge located between positions 164 and 179 is essential to
maintain the structure of this loop which also interacts with remote positions.
Mutations occurring in this site may lead to further modifications in the overall struc-
ture of the protein. Consequences can be a better access of the ceftazidime to the
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active site (63) and a higher affinity for ceftazidime that comes with a concomitant
decrease in both Kcat and catalytic efficiency (as shown in D179 variants) (96). This of-
ten leads to changes in susceptibility to other beta-lactams like carbapenems. Some
mutations in this loop also decrease the binding of avibactam, and lead to a reduction
in the rate of carbamylation leading to resistance to the CAZavi combination (58, 63).

Mutations located in the loop 237-243. In total, mutations in this loop were
described in 14 variants. Interestingly, these variants often have associated mutations
in other areas of beta-lactamase and in particular the Q-loop. Here are the important
sites that may be involved in resistance to CAZavi.

Residue 237 is implicated in the carbapenemase activity in class A carbapenemases
and especially KPC (99, 100) as it is part of the active site (56). The length of the active site’s
pocket is crucial for the carbapenemase activity and the interactions between the E166
and N237 determine this distance (56). It allows a good position of the beta-lactam car-
bonyl for the beta-lactam bond to be hydrolyzed. Papp Wallace et al. showed in vitro an
important role of T237 in resistance to inhibitors but the study was performed before the
CAZavi commercialization (101), therefore, this combination was not evaluated. No muta-
tions are described at this position in clinical alleles.

Positions 239-240. The residue 239 is close to the active site, explaining mutations
could impact the enzyme’s activity (100). For the positions 239 and 240, the deletion of
the pattern G,35V,, confers resistance in KPC-74, and in isolates from experimental
evolution (102). In addition, V240G and V240A point mutations are described in KPC-8
and KPC-23, respectively (87, 89, 94) and in laboratory mutants (103) as being associ-
ated with CAZavi resistance. V240G and V240A point mutations are described to
enlarge the active site for wider substrates/ligands to bind. In Mehta et al. study, the
V240G substitution strongly contributed to the hydrolysis of ceftazidime (103).
Interestingly, KPC-8 (V240G-H274Y) showed resistance to almost all beta-lactam includ-
ing ceftazidime and carbapenems (103). The combination of P104R:V240G mutations
in KPC-4 has been shown to induce a 40-fold increase of ceftazidime Kcat/Km com-
pared with KPC-2. High-resolution crystal structures inform us that after ceftazidime is
bound, these mutations could lead to a reduction in flexibility or an increase in the sta-
bility of the Q-loop. This could constrain E166 in an orientation compatible with effec-
tive deacylation which is not observed with KPC-2 (63).

At position 241, Y241H and Y241S point mutations are described as probably resistant
to CAZavi (67, 93). Indeed, in KPC-51, Y241H is associated with D179Y and H274N which
makes it difficult to interpret the impact of mutations independently. However, Gottig et
al. showed Y241N-mutated isolate was resistant to CAZavi, suggesting a possible impor-
tant role of this position (82), recently described in a clinical mutant (KPC-96).

At position 242, deletions in positions 242-GT-243 were found in KPC-14, -28 and
-112. KPC-14 and KPC-28 were well studied by Oueslati et al. (104). Their molecular
models showed that deletion did not alter the overall structure of the protein, but
resulted in a shorter 237-243 loop, shifting A244 slightly. The new A244 position led to
a clash between the A244 side chains and the residue in position 274. This can expand
the active site and allows better access to the substrate and deeper positioning of the
aminothiazole cycle of ceftazidime in the active site (104). These structural changes are
likely due to the disruption of interactions with the Q-loop; V240, Y241 and T243 inter-
act with residues 170-174 of the Q-loop (85).

Mutations at position 243 are found once alone in KPC-84 (T243P) and 3 times asso-
ciated with point mutations or indels in the Q-loop as in KPC-32 (T243M), KPC-40
(T243S), and KPC-64 (T243A) or the loop 237-243 as in KPC-87 (del_242_G/T243A).

The respective role of each point mutation in resistance to CAZavi is not clearly
defined. For Shields et al., and Haidar et al., the T243M point mutation appears to
potentiate resistance to CAZavi when associated with the D179Y point mutation (76,
87). Livermore et al. show that T243P, found in the KPC-84 allele, increases the MIC to
CAZavi, which does not seem to be the case for the T243A mutation (76, 87, 97).
Recently, Alsenani et al. described that T243 is making van der Waals interactions with
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the Q-loop and therefore a mutation at this site can lead to enhance destabilization of
the omega loop (85).

The loop 237-243 has essential residues for the enzyme activity and in particular,
site 237 which is part of the active site of class A beta-lactamases.

Mutations located in the loop 267-275. The loop 267-275 is a hot spot for muta-
tions since it is the 2nd site with the most mutations with 20 clinical isolates having muta-
tions associated with resistance to CAZavi. All insertions within this region result in a CAZavi
resistance phenotype. The number of inserted amino acids is comprised between 1 and 15.
Among the few described in the literature, the duplication of 15 amino acids in position 261
(Ins261_AVYTRAPNKDDKHSE) in KPC-44 (105) and of 3 amino acids in position 267
(Ins267_PNK) (KPC-41 and KPC-80), 269 (Ins269_KDD) (KPC-29) and 275 (Ins275_EAV) (KPC-
50) were associated with an increased affinity of ceftazidime but a reduced hydrolysis, along
with a reduced sensitivity to avibactam (45, 106, 107). This illustrates a phenomenon rela-
tively like the one conferred by mutations in position D179 responsible for a trapping of cef-
tazidime with diminished hydrolytic capacities. A similar impact on the hydrolysis spectrum
is observed whatever the precise location of these duplications in the loop (105-108).

Thus, these insertions within the loop 267-275 could modify the conformation and
increase the accessibility to the substrate. They would therefore result in an increased
affinity toward ceftazidime, and a decreased inhibitory activity of avibactam, explaining
the phenotype of resistance to CAZavi. Insertions of up to 15 amino acids have been
reported, which greatly expands the size of the loop. In contrast to the other loops,
very few mutations have been described in the wild within loop 266-275 in the other
class A beta-lactamases, suggesting a very specific mechanism to KPC (103). However,
some variants with mutations in this region have been observed in isolates from in
vitro laboratory selection (58, 109).

The main point mutation found at site 274 is H274Y. This substitution, associated
with resistance to ceftazidime, is found in KPC-3 and illustrates a high evolutionary suc-
cess since it is identified in 29/65 (44.6%) clinical variants resistant to CAZavi.

A hydrogen bond between the hydroxyl side chain of tyrosine from the H274Y and
the amine functionality of the ceftazidime’s aminothiazole ring is suggested to be
involved in increased catalytic efficiency (103). The consequence is a 9-fold increase in
catalytic efficiency compared to KPC-2 against ceftazidime (30, 110).

Interactions between hot spots. Galdadas et al. studied the loop dynamics in KPC-
2 and TEM-1 beta-lactamases (58). For them, distal loops are involved in the structure
of the active site, through their connections with other sites in the protein (57, 111,
112). In TEM-1 and KPC-2, several loops surround the active sites. The highly conserved
Glu166 and Asn170 residues are not only essential for the Q-loop’s structure (113) but
they also influence the other loops conformation. Both V240 and T243 are making van
der Waals interactions with the Q-loop explaining why this loop can participate in
destabilizing the Q-loop (85).

Changes in the loop 267-275 are necessary for a correct repositioning of the loop 237-
243 to avoid steric clashes with the ceftazidime aminothiazole ring. According to Tooke et
al,, this could be made possible through deletions or substitutions in the loop 237-243
(63). Notably, H274Y substitution, involved in increase in MIC to CAZ, can further reduce
the energy load associated with the reorganization of the loop 237-243 (63, 103).

MUTATION TRADE-OFF IN THE RESISTANCE SPECTRUM

While biochemical data have shown that KPC-2 has good hydrolytic activity on pen-
icillins, cephalosporins and carbapenems, it poorly hydrolyzes cephamycins and cefta-
zidime (15). The KPC-3 variant exhibited a ceftazidime hydrolysis capacity greater than
KPC-2 and a similar hydrolysis rate for carbapenems (104). In Mehta et al., most variants
(KPC-2 to -11) increased activity toward ceftazidime without compromising the hydro-
lysis of carbapenems or penicillins (103). However, these variants have not been
described regarding resistance to CAZavi (103).

What emerges from most studies describing KPC, CAZavi-resistant variants is an evolu-
tionary trade-off with a decreased resistance to other beta-lactams, such as carbapenems
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KPC-3 ESBL-like phenotype Highly specialized activity on
(KPC-74) ceftazidime (KPC-66)

KPC-like phenotype

FIG 6 Antibiotic susceptibility of 16 antibiotics tested representing KPC-3, and the three different phenotypes resulting from mutations
involved in ceftazidime-avibactam resistance illustrated with KPC-74, KPC-66 and KPC-29 expressed in E. coli TOP10. (AMX Amoxicillin, TIC
Ticarcillin, FEP Cefepime, CEF Cefalotin, FOX Cefoxitin, CAZ Ceftazidime, AMC Co-amoxiclav, CTX Cefotaxime, PIP Piperacillin, ETP Ertapenem,

ATM Aztreonam, PTZ Piperacillin-Tazobactam, FIX Cefixime, IMP imipenem, MERO Meropenem, and TEMO Temocillin).

(13, 94, 104). This is not surprising, as the acquisition of a new function in beta-lactamases
is often correlated with the loss of a natural function. This is the case for TEM-1, in which
there is a compromise at the hydrolysis spectrum level explained from a structural point of
view: some of these mutations confer an enlargement of the pocket of the active site,
allowing the interaction of the active site with oxy-iminocephalosporins, larger molecules,
to the detriment of interaction with penicillins. There is therefore a broadening of the hy-
drolysis spectrum of penicillins, their natural substrate, toward oxy-iminocephalosporins
(114). Regarding KPC carbapenemase, the same compromise is observed.

It is interesting to note that the 3 key regions involved in CAZavi resistance are involved
in this change in activity: Within the Q-loop, substitutions in position 179 alter the hydroly-
sis of natural substrates such as ampicillin, aztreonam and meropenem. The same applies
to substitutions in positions 163, 164, 169 and 172. The structural modification and disor-
ganization of the saline bridge therefore has a major impact on the hydrolytic spectrum.
As an example, a drastic reduction of MICs to carbapenems is observed in KPC-25 and
KPC-40, related to the insertion of 2 amino acids, Ins165_EL (76, 115).

In a study carried out by Hobson et al. (102) on clinical and in vitro variants resistant to
CAZavi, we showed that insertions in the Q-loop resulted in a very different resistance profile
(Fig. 6). We observed ESBL-like phenotypes with sensitivity to carbapenems and decreased
piperacillin-tazobactam MICs, corroborating the data demonstrated for KPC-25 and KPC-40
(102, 116). Some mutants with deletions in the Q-loop recovered susceptibility to all beta-
lactam except ceftazidime and CAZavi thus becoming “hyper-specialized” on ceftazidime.
The underlying mechanism is not yet known but could correspond to a trapping of
ceftazidime.

Concerning the duplications in the 267-275 loop of KPC described in the literature (45,
82, 93, 98, 105-107, 117), although ertapenem and meropenem MICs decreased, they
retained activity on imipenem revealing a versatile resistance of these mutants to carbape-
nems corresponding to a KPC-like phenotype (Fig. 6). The same observations of loss of
hydrolytic activity have been highlighted, particularly for cephalosporins and aztreonam.
Furthermore, the inhibition by tazobactam increases showing a greater decrease in IC50.

Mutants with deletions in loop 238-243 showed resistance to most penicillins and
cephalosporins. They were highly inhibited by clavulanic acid and tazobactam, exhibit-
ing an ESBL-like phenotype. All variants with a deletion within this loop lose their cata-
lytic activities toward carbapenems (102).

MUTATION TRADE-OFF IN THE ENZYME STABILITY

From a thermodynamic point of view, folding and stability are closely related, and
thermodynamic stability can be considered as the proportion of correctly folded pro-
teins. In this sense, low stability corresponds to a significant proportion of misfolded
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proteins. Thus, a decrease in stability can be associated with a decrease in the number
of functional proteins. Denatured proteins are controlled by degradation systems in
bacteria, such as E. coli where it has been shown that the rate of degradation is higher
for denatured proteins than for native proteins (91). Proteins of low stability therefore
confer a reduced selective value; due to fewer functional proteins; significant energy
costs and potentially other costs if the denatured proteins aggregate.

In class A beta-lactamases, substitutions close to the active site altering enzyme
function are often associated with a cost in terms of protein stability. Mehta et al. show
that simple substitutions near the active site; increasing the hydrolysis of ceftazidime;
result in a loss of 2.6°C to 7°C (103). The V240G/H274Y mutant (KPC-8) has the greatest
loss of stability among all the variants studied. Similarly, a significant decrease in stabil-
ity was shown for variants with insertions, including duplications within the loop 267-
275 far from the active site. Thus, increased hydrolysis of ceftazidime or CAZavi is asso-
ciated with a cost in terms of stability for the protein.

KPC-2 and its variants are more stable than other Class A beta-lactamases. Indeed, the
melting temperature of KPC-2 (66.5°C) is higher than that of TEM-1 (56.7°C) and CTX-M-14
(51°C) (78, 118). Despite the strong modifications caused by large insertions, stability
remains important. This could explain the propensity of KPC to acquire these insertions,
the ability to adapt to new substrates, including the CAZavi combination. The presence of
a significant number of insertions/deletions in clinical variants of KPC is likely related to
the high stability of the protein, making the structure permissive to these events.

Thus, the thermodynamic stability of the KPC enzyme compared to other class A
beta-lactamases could explain their fascinating adaptability to the environment. In
addition to their high tolerance to mutations, their evolutionary potential therefore
remains unpredictable, and needs to be further evaluated.

CONCLUSION

The number of KPC variants resistant to CAZavi increased massively since its mar-
keting, compromising the use of this antibiotic in the future. KPC shows significant
adaptive potential with 126 clinical alleles deposited to date including 65 categorized
as resistant to CAZavi. This adaptability is confirmed by numerous in vitro studies dem-
onstrating this ability to adapt (47, 76, 87, 97).

Interestingly, this evolvability is associated with three mutation hot spots: Q-loop,
the loop 237-243, and the loop 266-275. The first two loops are associated with spec-
trum modification in all class A beta-lactamases, whereas the latter is specific to KPC.
Both point mutations and indels were found in these loops and each structure exhibits
a different mutational tolerance.

When KPC has a structural modification resulting in resistance to CAZavi, an enzy-
matic compromise emerges. Indeed, in the three loops described above, there is a
decrease in carbapenemase activity with reductions in MIC for imipenem, meropenem
and ertapenem. These changes are explained enzymologically by a reduction in kcat
turnover and kcat/km catalytic efficiency.

KPC carbapenemases are remarkable for their significant proportion of insertions/dele-
tions within in vivo isolates (41/65, 63%). As a comparison, only 4/145 (2.8%) of TEM var-
iants harbor a deletion. The enzyme's ability to modify its structure and tolerate insertions/
deletions reflects its plasticity and ability to adapt to new substrates. KPC has a very high
melting temperature compared to TEM-1 or CTX-M (18, 103, 118) which remains high de-
spite destabilization by substitutions, deletions or insertions. Thus, the propensity of KPC
to acquire in vivo mutations conferring resistance to CAZavi, particularly via insertions and
deletions, could therefore be related to its high natural stability (103).

Its high mutational tolerance and adaptability facing new substrates such as
CAZavi, places beta-lactamase KPC as a real-speed evolutionary model.

The health care issue associated with this increased number of resistant mutants,
motivated our research on the existing data in vivo, structural changes in the KPC
enzyme, and their impact on resistance to CAZavi.
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The evolutionary trade-off makes it difficult for beta-lactamase to resist both CAZavi

and carbapenems revealing therapeutic options with, in particular, the new inhibitors
meropenem-vaborbactam or imipenem-relebactam (17, 18, 20, 21, 23, 26, 90, 116). But
here again, considering the adaptive potential of class A beta-lactamases, close moni-
toring of emerging resistance is necessary (11, 17, 116, 119).
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