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Phenotypic and genotypic characterization of HMB-3, a metallo-beta-
lactamase from Pseudomonas asiatica
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Objectives: We describe the identification and characterization of the HMB-3 variant, produced by a P. asiatica
isolate from a patient in Switzerland.

Materials and methods: A carbapenem-resistant P. asiatica isolate was sent to the Swiss National Reference
Center for Emerging Antibiotic Resistance for investigation. Antibiotic susceptibility testing was performed ac-
cording to CLSI guidelines. WGS was performed on Illumina and Oxford Nanopore platforms. The blapug alleles
were cloned into the pCR-Blunt II-TOPO plasmid. Site-directed mutagenesis was performed on blayus-1
and blayug-3 inserted into the pTOPO plasmids. Purified HMB-1, HMB-3, NDM-1 and IMP-1 were used for steady
state kinetic measurements of hydrolysis of selected beta-lactams.

Results and discussion: The isolate was obtained from a tracheostomy wound swab. Susceptibility testing
showed that it was resistant to all beta-lactams, except aztreonam; however, no classical carbapenemase
genes were identified by routine testing. WGS produced a complete chromosome of 6.1 Mb but no plasmids,
and identified a gene encoding a novel MBL, namely HMB-3, differing fromm HMB-1 by 23 amino acid substitu-
tions. HMB-3 was chromosomally encoded and located within a 25.6 kb genomic island. HMB-3 conferred resist-
ance to most beta-lactam antibiotics, except piperacillin (MIC 4 mg/L), aztreonam (0.125 mg/L) and cefiderocol
(2 mg/L). Site-directed mutagenesis of blaywp-1 and blayws-3 revealed that a single amino acid change, E181H/
H181E, in active site loop 10, could significantly alter the MIC of cefiderocol. HMB-3 demonstrated increased
hydrolytic activity against cefiderocol compared with HMB-1 and NDM-1.

Conclusions: Here we described a novel MBL enzyme responsible for acquired resistance to carbapenems and
reduced susceptibility to cefiderocol in Pseudomonas spp.

propensity to acquire resistance genes in addition to their numer-
ous intrinsic resistance mechanisms (e.q. efflux, permeability de-
fects).* The novel cephalosporin, cefiderocol, was approved by
the Food and Drug Administration and European Medicines
Agency in 2019 and 2020, respectively, and has been shown to
exhibit excellent in vitro activity against CRP that are resistant

Introduction

Carbapenem-resistant Pseudomonas spp. (CRP), particularly
those that produce metallo-beta-lactamases (MBLs), represent
a threat to public health.? Infections caused by CRP are often
multidrug resistant, leaving few viable treatment options. This

has led to its classification by the World Health Organization as
a High Priority pathogen on the 2024 Bacterial Priority
Pathogens List.* CRP are usually multidrug resistant due to their

to beta-lactam/beta-lactamase inhibitor (BL/BLI) combinations
such as ceftazidime-avibactam, ceftolozane-tazobactam and
imipenem-relebactam.>® Subsequently, the Infectious Diseases
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Society of America has listed cefiderocol as a preferred treatment
option for infections caused by MBL-producing CRP.” However, re-
duced susceptibility or resistance to cefiderocol has been reported
in CRP, usually associated with the production of some beta-
lactamases, particularly NDM-type enzymes,®® and mutations
within TonB-dependent iron transporters (e.g. piuA, pirA) that are
used for cefiderocol entry into the bacterial cell.’ Currently, there
are several novel BL/BLI inhibitor combinations under develop-
ment, or are not yet approved, that have been reported to exert
activity against MBL-producing microorganisms in in vitro stud-
ies, including aztreonam-avibactam, cefepime-taniborbactam,
cefepime-zidebactam and meropenem-xeruborbactam.!!

Among CRP, the most frequently identified acquired MBLs glo-
bally are members of the B1 subclass, namely NDM-, VIM- and
IMP-type enzymes, although numerous other members of this
subclass have been reported in Pseudomonas spp., with distribu-
tions often varying geographically (e.g. SPM enzymes predomin-
ating in Brazil, but being rare elsewhere).'? The B1 subclass
Hamburg MBL (HMB)-1 was initially described in 2017 from a clin-
ical Pseudomonas aeruginosa isolate, first recovered in 2012
from the rectal swab of a patient hospitalized in Germany.!?
Since then just one other HMB variant, HMB-2, has been reported
in P. aeruginosa in the USA.'* The HMB-1 variant was described as
conferring resistance to broad-spectrum cephalosporins and to
the carbapenems imipenem and meropenem, but not to ertape-
nem, piperacillin and aztreonam.*® HMB-1 belongs to the mono-
phyletic group B1.2, along with KHM-like and IMP-like enzymes,*®
with which it shares roughly 74% and 58% amino acid identity,
respectively.

Here, we describe the identification and characterization of a
novel HMB variant, HMB-3, found in a P. asiatica isolate in Switz-
erland.

Materials and methods

Bacterial isolates and antimicrobial susceptibility testing

A carbapenem-resistant isolate, initially identified as Pseudomonas putida,
was sent to the Swiss National Reference Centre for Emerging Antibiotic
Resistance (NARA) for further investigation. The HMB-1-producing
P. aeruginosa isolate was obtained from the German National
Reference Laboratory for Multidrug-Resistant Gram-negative Bacteria.’®
Susceptibility testing to beta-lactam antibiotics was performed by disc dif-
fusion, and MICs were determined by broth microdilution according to CLSI
guidelines.’® Avibactam, taniborbactam, and zidebactam were used at a
fixed concentration of 4 mg/L, and xeruborbactam was used at a fixed con-
centration of 8 mg/L. The concentrations for taniborbactam, zidebactam
and xeruborbactam were selected to be in line with those used in previous
publications.”"18

WGS

WGS was performed on an Illumina NextSeq1000 instrument as previ-
ously described.!® Assemblies were performed using the Shovill v.1.1.0
pipeline (https:/github.com/tseemann/shovill) and contigs were anno-
tated using Prokka v.1.14.6.°° Species identification, sequence types
(STs), the presence of resistance genes, and plasmid replicon types
were determined using KmerFinder v.3.2, MLST v.2.0, ResFinder v.4.7.2%1
and PlasmidFinder v.2.1,%? on the Center for Genomic Epidemiology plat-
form (https:/cge.cbs.dtu.dk/services/).

For long-read sequencing, total genomic DNA (gDNA) was extracted
from a bacterial culture grown overnight, using the QIAamp DNA Mini

Kit (Qiagen, Valencia, CA, USA) and sequenced using the MinION Mk1B
(Oxford Nanopore Technologies, Oxford, UK). Sequencing libraries were
prepared using a 1D chemistry Ligation Sequencing Kit (SQK-LSK114;
Oxford Nanopore Technologies) and performed on a R10.4.1 Flongle
Flow Cell (FLO-FLG114; Oxford Nanopore Technologies). Hybrid assem-
bles, using both short and long-read data, were performed using
UniCycler v.0.5.1.23

Sequencing reads from this study were deposited in the NCBI Sequence
Read Archive under BioProject accession number PRINA1391036.

Cloning and site-directed mutagenesis experiments

The blaymg alleles, respectively encoding HMB-1 and HMB-3, were ampli-
fled using primer pairs HMB-1-Fw/HMB-1-Rv, HMB-3-Fw/HMB-3-Rv,
HMB-1-pUCP-Fw/HMB-1-pUCP-Rv and HMB-3-pUCP-Fw/HMB-3-pUCP-Rv
(Table S1, available as Supplementary data at JAC Online), and cloned
into vectors pCR-Blunt II-TOPO (Invitrogen, ThermofFisher), and pUCP24,
before transformation into Escherichia coli Top10. Transformants were
selected on LB agar plates supplemented with either kanamycin
(50 mg/L for pCR-Blunt II-TOPO) or gentamicin (15 mg/L for pUCP24).
Successful transformants were confirmed by PCR amplification and se-
quencing of the alleles. Vectors pUCP24-HMB-1 and pUCP24-HMB-3 were
subsequently transformed into P. aeruginosa PAO1 by electroporation.

Site-directed mutagenesis was performed using the Q5®
Site-Directed Mutagenesis Kit (New England Biolabs) on plasmids
pTOPO-HMB-1 and pTOPO-HMB-3 to make the change from glutamic
acid to histidine at position 181 (E181H, position relative to HMB-3 amino
acid numbering) in pTOPO-HMB-1 and the inverse change in
pTOPO-HMB-3. The primers used (HMB-1-E181H-Fw/HMB-1-E181H-Rv
and HMB-3-H181E-Fw/HMB-3-H181E-Rv) are listed in Table S1.

Expression and purification of HMB-1 and HMB-3

The blayme-1 and blaywme-3 alleles, both lacking the signal peptide sequence
as predicted by SignalP-5.0 (https:/services.healthtech.dtu.dk/services/
SignalP-5.0/), were amplified by PCR using primers pOPINF-HMB-1-Fw,
pOPINF-HMB-1-Rv, pOPINF-HMB-3-Fw and pOPINF-HMB-3-Rv (Table S1),
and cloned into the pOPINF vector’® featuring a protease-cleavable
N-terminal His-tag. The resulting plasmids were transformed into E. coli
BL21 DE3 (pLysS), and protein expression and purification were performed
as previously described.?®

Determination of kinetic parameters

Enzyme assays were performed at 25°C in 50 mM HEPES pH 7.5, 150 mM
NaCl, 0.02 mM ZnSO, and 50 pug/mL bovine serum albumen in half-area
96-well plates (Greiner), and a CLARIOstar microplate reader (BMG
Labtech, Ortenberg, Germany). Kinetic parameters were determined by
measuring initial rates of substrate hydrolysis and subsequently analysed
using the Michaelis-Menten function in GraphPad Prism version 10.0.0 for
Windows (GraphPad Software, Boston, MA, USA, www.graphpad.com).
The following wavelengths and extinction coefficients were used: nitroce-
fin (Ae485=17 420 M~* cm™1);¢ cefepime (Ac260=-9970 M~! cm~1);?’
cefiderocol  (Ae259=-9430M~1 cm™);® ertapenem  (Ae295=
—-9970 M~! cm™1);28 imipenem (A¢300=-9000 M~ cm~1)2® and mero-
penem (Ae300=9600 M~! cm™1).2°

IC5o measurements

ICso measurements were performed over a range of concentrations for
inhibitors taniborbactam and xeruborbactam, as previously described.*°
Measurements were performed on a Genesys 10S UV/VIS spectropho-
tometer (Thermo Scientific) spectrophotometer using a wavelength of
262 nm for cephalothin. Enzymes were preincubated with inhibitor for
5 minutes before the addition of cephalothin All measurements were
performed in triplicate.
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Results and discussion

Phenotypic and genotypic profiling of PA342

Isolate PA342 was recovered from a tracheostoma wound swab
of a 45-year male. Susceptibility testing showed that the isolate
was non-susceptible to all tested beta-lactams (penicillins, ce-
phalosporins, aztreonam and carbapenems) with the exception
of cefiderocol (MIC of 1 mg/L) (Table 1). By testing cefepime
and meropenem in combination with the zidebactam, xerubor-
bactam and taniborbactam BLIs, either marginal (2-fold) or no
decrease in MICs was observed. Results obtained from the
NG-Test® CARBA-5 immunochromatographic test for the most
common carbapenemases (KPC, OXA-48-like, NDM, VIM and
IMP enzymes) as well as from PCRs for the MBL encoding genes
blanpwm, blayim and blagpvwe were all negative. Subsequently, WGS
was performed using both Illumina (short-read) and Oxford
Nanopore Technologies (long-read) platforms, to allow for further
characterization. WGS identified the isolate as Pseudomonas asia-
tica, recently designated as a new species in 2019 and a member of
the Pseudomonas putida group,®* and could be assigned to ST15
according to the P. putida MLST scheme.*? Analyses using
ResFinder!? identified the presence of beta-lactamase genes en-
coding the intrinsic AmpC and the class A carbenicillinase,
CARB-2. Since the presence of either of these beta-lactamases
did not explain the observed phenotype, a manual examination
of the assembled and annotated genome was performed, and
this allowed the identification of a protein with an MBL motif.
BLAST analyses showed that this protein exhibited closest similarity
to HMB-1 and HMB-2 (94% and 90% amino acid identity respect-
ively), hence its designation as HMB-3.

Phenotypic profiling of recombinant E. coli and
P. aeruginosa strains producing HMB-like MBLs

Susceptibility testing of recombinant E. coli Top10 and P. aerugi-
nosa PAO1 strains expressing either the blaywg-3 gene from iso-
late PA342 or the blayms-1 gene, showed that in both strain
backgrounds, the HMB-variant genes conferred resistance to
most beta-lactams (except piperacillin, aztreonam and cefidero-
col), and reduced susceptibility or resistance to the carbapenems
(Table 1). The gene sequence of novel variant was therefore sub-
mitted to GenBank and was assigned allele number HMB-3
(GenBank accession no. PV035090). Some notable differences
were observed between the phenotypes of recombinant E. coli
strains expressing blaymg-1 and blayve-3, namely to cefepime,
meropenem and cefiderocol (Table 1). Interestingly, strains pro-
ducing HMB-1 and HMB-3 exhibited the same MIC values when
comparing cefepime and cefepime-taniborbactam (MIC of
16 mg/L), suggesting a lack of significant inhibitory activity of ta-
niborbactam towards HMB enzymes, similar to previous observa-
tions for strains producing IMP enzymes.® By contrast,
supplementation with the zidebactam and xeruborbactam BLIs
significantly reduced the MIC of meropenem and cefepime, re-
spectively. The lack of inhibition by taniborbactam could be ex-
plained by structural similarities between IMP and HMB
enzymes, in particular the presence of positively charged resi-
dues within the active site binding pocket that have been hy-
pothesized to inhibit efficient binding of taniborbactam.®® Of
note, the inhibitory property of xeruborbactam towards HMB

Table 1. Susceptibility testing of clinical isolate PA342, and recombinant E. coli Top10 strains producing HMB-1, HMB-3 and HMB-3/H181E

MIC (mg/L)

CEF FOX CTX CAZ FEP FEP-TAN  FEP-ZID Z1D ATM  ATM-AVI ETP IPM MEM  MEM-XER FDC

PIP

AMX

Strain

128 64

8

>256

128 >256 >256 >256 >256 256 256 128 32 16
2

>256
4

PA342

<0.06

<0.25

<0.06

<0.06

<0.06 <0.06 <0.06

<0.125

<0.125

<0.125

<0.125

<0.125

<0.125

EC Top10

0.25

<0.25

0.5

0.25

0.5
8
1

0.125 0.125

<0.125

<0.125

128
256
128

32

>256
>256
256

256

4
4
4

>256
>256
>256

pTOPO-HMB-1

16 16 <0.125 <0.125 0.125 0.125

64
32

>256
256

pTOPO-HMB-3

2

<0.25

0.5

0.25

0.125 0.125

<0.125

<0.125

pTOPO-HMB-

1/E181H
pTOPO-HMB-

0.5

0.125 0.125 2

<0.125

<0.125

256 16 16

>256 64

>256

4

>256

3/H181E

PAO1

0.25

0.5

0.5

2
2

<0.125

16

>256
>256

>256
>256

4
4

>256
>256

16

16

128

>256 >256 <0.125

>256

>256

PAO1-pUCP24-

HMB-1
PAO1-pUCP24-

16

32

32

256

2

<0.125

>256 >256 >256 >256 >256 >256

4

>256

HMB-3

AMX, amoxicillin; PIP, piperacillin; CEF, cephalothin; FOX, cefoxitin; CTX, cefotaxime; CAZ, ceftazidime; FEP, cefepime; FEP-TAN, cefepime-taniborbactam; FEP-ZID, cefepime-zidebactam;
Z1D, zidebactam; ATM, aztreonam; ATM-AVI, aztreonam-avibactam; ETP, ertapenem; IPM, imipenem; MEM, meropenem; MEM-XER, meropenem-xeruborbactam; FDC, cefiderocol.
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IMP-1

NDM-1

HMB-3

HMB-1

Table 2. Kinetic parameters of purified HMB-1, HMB-3, NDM-1 and IMP-1

keat/Km
(M~s7h

kCGt

keat/Kn

(M~s7h

kCGt

s™

ND

keat/Km
(M~1s7h

keat/Km
(M~s7h)

Km (LM)
ND
ND

s™

ND
ND
1.0

Kt (M)

ND

Keat (571 K (UM)
90.75+4.05 25.76+5.24 3.5x10°

Kut (M)
25.9+4.90

Keat (s7H)

Antibiotic

ND

ND
ND

6.42+0.74 135x10°

0.86+0.02
35.42+1.29 51.59+5.82 6.87x10°

4.26x10°

8.89+0.76 1.36x10°

110.4 +4.40

Nitrocefin
Cefepime

ND

ND

ND

1.21+0.02
19.86+0.75 90.15+8.03 2.20x10°

6.50x10°

10.95

154.8 +
ND
ND
ND

2.21 x10° +

12.55

121.2+
ND

1.3

26.8+

Cefiderocol

0.04
ND
ND
ND

ND

ND
ND
ND

11.85+2.13 4.54x10*

0.54+0.01
34.94+0.85 91.41+7.33 3.82x10°

1.82x10%
23.81+0.77 72.75+8.15 3.27x10°

0.35+£0.01 19.39+1.85

Ertapenem

ND

ND

ND
ND

6.42+0.74 134+10°

0.86+0.02

5.23+0.49 837x10%

0.44+0.01

Imipenem

ND

ND

Meropenem

ND, not determined.

Table 3. Inhibitory concentrations of taniborbactam (TAN) and
xeruborbactam (XER) against HMB-1, HMB-3, IMP-1 and NDM-1

ICso (UM)
Enzyme TAN XER
HMB-1 >100 1.78
HMB-3 >100 1.51
IMP-1 >100 1.15
NDM-1 1.07 0.73

enzymes also mirrors what is observed with IMP-like enzymes.
However, in the PAO1 strain background, no reduction in merope-
nem MICs was observed when combined with xeruborbactam.
This observation is in line with previous reports that meropenem-
xeruborbactam exhibits limited activity in carbapenemase-
producing P. aeruginosa strains, largely due to intrinsic efflux me-
chanisms (e.g. MexAB-OprM) that hinder its effect.*® Finally, the
reduction of the cefepime MICs when combined with zidebactam
probably resulted from the well described very significant anti-
bacterial activity of zidebactam rather than from its capacity to
inhibit the hydrolytic activity of the HMB-1 or HMB-3, due to the
overall lack of inhibitory action of zidebactam against MBLs as
a whole.** This is illustrated by the low MICs determined to zide-
bactam alone.

A sequence alignment of HMB-1 and HMB-3 identified one
amino acid, namely residue 181, that differed between the two
variants, with HMB-1 possessing Glu181 and HMB-3 His181.
Position 181 is located within active site loop 10, an area where
mutations have previously been implicated in beta-lactam resist-
ance in other subclass B1 MBLs.>* To gain insight into the discrep-
ant MICs observed between the HMB-1 and HMB-3 producers,
site-directed mutagenesis of both blaymg-1 and blaymg-3 was per-
formed to generate either E181H (blaymp-1) or H181E (blaHMB-3)
substitutions. These changes resulted in increased in MICs for
ertapenem and cefiderocol in the HMB-1 E181H mutant and
the inverse in the HMB-3 H181E mutant. This suggested that
this residue was, at least in part, responsible for the increased
MICs observed for these agents in recombinant E. coli strains ex-
pressing blaymg-3, relative to blaymg-1.

Enzyme kinetics

Comparative biochemical characterization of purified recombin-
ant HMB-1 and HMB-3 showed that both enzymes could hydro-
lyse all substrates tested, including nitrocefin, cefepime,
cefiderocol, ertapenem, imipenem and meropenem (Table 2).
Comparable kt/Ky values were observed for nitrocefin, cefepime
and imipenem (all within 20%), however, HMB-3 exhibited signifi-
cantly higher catalytic efficiency against cefiderocol, ertapenem
and meropenem. Compared with NDM-1, an enzyme known to
efficiently hydrolyse cefiderocol,®® HMB-1 exhibited similar cata-
lytic activity, but HMB-3 exhibited markedly increased (3-fold
higher) keqt/Ku values. One notable difference was the signifi-
cantly higher affinity of HMB-3 for cefiderocol, as evidenced by
the decrease in Ky values, compared with NDM-1. Despite both
enzymes types belonging to the B1.2 monophyletic group, the

~
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Figure 1. The genetic environment of blayms-3, comprising a 25.6 kb chromosomally encoded resistance island.

HMB enzymes, exhibited significantly greater turnover (Keqt) va-
lues for cefiderocol, compared with IMP-1.

ICsp assays showed no significant inhibitory activity of tanibor-
bactam against HMB-1, HMB-3 or IMP-1, correlating with the pre-
vious literature on IMP-1°2 and the susceptibility testing results in
this study (Table 3). However, xeruborbactam was shown to be
effective with ICsq values of 1.51 and 1.78 for HMB-1 and
HMB-3, respectively.

Genetic environment of blaymg-3

The combined Illumina and Nanopore sequencing methods al-
lowed the complete genome of PA342 to be sequenced to closure.
No plasmids were harboured by PA342, and the chromosome had
a size of 6.1 Mb, with a GC content of 62.3%. The gene encoding
HMB-3 was found to be located on the chromosome and was
found withina 25.6 kb region comprising multiple genes encoding
mobile genetic elements and 12 additional antibiotic resistance
genes encoding resistance to aminoglycosides (aadA1, aadA2b
and ant(2”)-Ia, ant(2”)-like), fluoroquinolones (gnrVC1), sulpha-
methoxazole [sull (two copies)], trimethoprim (dfrB5), macro-
lides (mphE, msrE) and beta-lactams (blacars-2 and blayms-3)
(Figure 1). The gene encoding HMB-3 was encoded within a class
1 integron, and immediately flanked downstream by the amino-
glycoside resistance gene, ant(2”)-like, and upstream by genes
encoding the VapBC toxin-antitoxin system. In addition, a
DUF3592 domain protein exhibiting 97% homology to a protein
found in Cellvibrio chitinivorans (WP_323813451) was deter-
mined. The GC content of the genes encoding the HMB-1, -2
and -3 variants are 43.3%, 44.4% and 43.8%, respectively, sug-
gesting that their origin lies outside of the Pseudomonas genus,
in which species typically have GC contents in the range of
62%-67%. The significantly lower GC content of 48% observed
in C. chitinivorans indicates a possible origin. C. chitinivorans is are-
cently described and designated chitinolytic Gram-negative bac-
terial species, identified from mudflats in China.>® BLAST analyses
of the HMB-3 protein sequence revealed that C. chitinivorans
strain NN19 harbours a blaymg-iike gene encoding a protein sharing
87% identity to HMB-3, further suggesting that this species may
be the origin of the corresponding HMB-encoding genes.
However, as only a single C. chitinivorans genome is currently
available itis not possible to draw any solid conclusions regarding
the source of HMB enzymes.

Conclusions

Here we described HMB-3, a class B1 carbapenemase, including
cefiderocol in its hydrolytic substrate profile. The properties of
HMB-3 are notable due to the enzymes lack of inhibition by

taniborbactam, whereas it was well inhibited by xeruborbactam.
similar to its B1.2 counterpart, IMP-1. In contrast to IMP-1, HMB-3
exhibited significantly increased activity against cefiderocol. This
observation highlights the divergence in properties and activity,
and hence phenotype of strains, expressing genes encoding
members of the B1.2 group. Despite the relative rarity of reports
of HMB-type enzymes, the continuous monitoring of these and
other emerging B1 MBLs is of clinical importance, particularly if
activity is observed against important last line antimicrobials, in-
cluding cefiderocol.
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