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Summary	

	

	 The	intensive	and	misuse	of	b-lactam	antibiotics	selected	a	large	number	of	resistant	
environmental	and	nosocomial	strains.	Nowadays,	more	than	one	million	people	per	year	die	
because	 of	 the	 antimicrobial	 resistance	 reflecting	 the	 lack	 of	 solutions	 to	 fight	 this	
phenomenon.	A	major	factor	of	resistance	consists	 in	the	expression	of	enzymes,	called	b-
lactamases	 (BLAs),	which	 are	 able	 to	hydrolyze	 the	b-lactam	antibiotics.	 The	apparition	of	
Multi-Drug	Resistance	(MDR)	bacteria	able	to	express	more	than	one	b-lactamase	scares	the	
health	society	because	of	their	non-susceptibility	to	all	known	clinically	used	antibiotics	even	
the	carbapenems.	In	this	context,	many	groups	develop	new	antibiotics	or	inhibitory	peptides	
to	 fight	 the	 bacterial	 resistance.	 Others	 develop	 new	 technics	 in	 order	 to	 diagnose	more	
rapidly	the	expression	of	the	b-lactamases	to	avoid	the	misuse	of	antibiotics.		
	
	 In	this	work,	we	selected	and	characterized	camelid	antibody	fragments	(nanobody,	
VHH)	 for	 the	 detection	 and	 the	 inhibition	 of	 the	b-lactamases	 TEM-1,	 NDM-1	 and	 CMY-2	
widely	spread	in	the	animal	and	the	human	health.		
	
	 A	complete	kinetic	characterization	showed	nanobodies	inhibited	TEM-1	and	CMY-2	
following	 a	 non-competitive	 trend.	 Structural	 studies	 on	 the	 VHH/TEM-1	 and	 VHH/CMY-2	
complexes	 emphasized	 a	 binding	 area	 located	 near	 to	 the	 active	 site.	 Moreover,	 we	
demonstrated,	by	molecular	dynamic	simulations	and	relaxation	experiments	by	NMR,	that	
the	VHH	directed	against	TEM-1	disrupted	 the	mobility	of	 the	protein	with	propagation	 in	
regions	located	far	from	the	binding	area,	reflecting	an	interaction	in	an	allosteric	site	of	the	
enzyme.	Interestingly,	the	kinetic	characterization	indicated	the	VHHs	against	NDM-1	acted	
as	competitive	 inhibitors.	 In	parallel,	we	developed	a	sandwich	ELISA	using	both	VHHs	and	
rabbit	polyclonal	antibodies	to	detect	specifically	different	members	of	the	TEM	family	and	of	
the	CMY-2	sub-group.	The	utilization	of	the	VHH	in	a	bivalent	form	improved	the	sensitivity	of	
the	assay	for	the	detection	of	CMY-2,	without	modifying	the	specificity	of	the	ELISA.		
	
	 To	conclude,	we	demonstrated	the	VHH	could	be	used	as	a	powerful	tool	for	either	its	
capability	 to	 inhibit	 the	activity	of	β-lactamases,	and/or	ensure	their	detection	with	a	high	
specificity	 and	 sensitivity.	 The	 design	 of	 new	 constructs	 based	 on	 the	 VHH	 renders	 this	
antibody	fragment	particularly	useful,	as	 the	development	of	peptides	by	peptidomimetics	
able	 to	 pass	 through	 the	 bacterial	 outer-membrane,	 or	 multivalent	 VHH	 to	 improve	 the	
sensitivity	of	detection	assays.	
	

	

	



 

 

	

	

Résumé	

	

	 L’utilisation	abusive	d’antibiotiques	à	noyau	b-lactame	entraine	la	sélection	d’un	grand	
nombre	 de	 souches	 environnementales	 et	 nosocomiales	 résistantes.	 De	 nos	 jours,	 la	
résistance	 antimicrobienne	 entraine	 plus	 d’un	million	 de	 décès	 par	 an	 dû	 au	manque	 de	
solutions	pour	combattre	la	résistance	bactérienne.	Un	des	principaux	facteurs	de	résistance	
consiste	en	la	production	d’enzymes	(b-lactamases)	capables	d’hydrolyser	ces	antibiotiques.	
L’apparition	de	bactéries	multi-résistantes	qui	produisent	plusieurs	b-lactamases	effraie	 les	
soins	de	santé.	En	cause,	l’inefficacité	des	antibiotiques	utilisés	en	milieu	clinique,	même	les	
carbapénèmes.	Dès	 lors,	 de	nombreux	groupes	développent	de	nouveaux	antibiotiques	et	
peptides	inhibiteurs	pour	contrer	la	résistance	bactérienne.	D’autres	groupes	développent	des	
alternatives	 pour	 un	 diagnostic	 plus	 rapide	 des	 facteurs	 de	 résistance	 afin	 d’assurer	 une	
meilleure	utilisation	des	antibiotiques.		
	
	 Dès	lors,	nous	avons	sélectionné	et	caractérisé	des	fragments	d’anticorps	de	camélidé	
(nanobody,	 VHH)	 pour	 détecter	 et	 inhiber	 les	 b-lactamases	 TEM-1,	 NDM-1	 et	 CMY-2	
largement	répandues	en	médecine	humaine	et	vétérinaire.		
	
	 La	caractérisation	cinétique	des	VHHs	dirigés	contre	TEM-1	et	CMY-2	a	montré	qu’ils	
agissaient	 en	 tant	 qu’inhibiteurs	 non-compétitifs.	 Les	 données	 structurales	 des	 complexes	
VHH/TEM-1	et	VHH/CMY-2	ont	mis	en	évidence	un	site	d’interaction	localisé	autour	du	site	
actif	de	 l’enzyme.	De	plus,	des	expériences	de	dynamique	moléculaire	et	de	relaxation	par	
RMN	ont	montré	que	le	VHH	dirigé	contre	TEM-1	perturbait	la	dynamique	de	l’enzyme	dû	à	
un	 phénomène	 allostérique.	 A	 contrario,	 des	 premières	 données	 cinétiques	 semblent	
indiquées	 que	 les	 VHHs	 inhiberaient	 l’activité	 de	 NDM-1	 selon	 un	 modèle	 compétitif.	 En	
parallèle,	nous	avons	développé	un	test	ELISA	sandwich	en	utilisant	les	VHHs	et	des	anticorps	
polyclonaux	de	lapin	pour	la	détection	spécifique	des	b-lactamases	de	la	famille	TEM	et	du	
sous-groupe	CMY-2.	 L’utilisation	d’un	VHH	bivalent	 améliora	 la	 sensibilité	de	détection	de	
CMY-2,	sans	modifier	la	spécificité	du	test.		
	
	 Pour	conclure,	le	nanobody	est	un	outil	puissant	pour	sa	capacité	à	inhiber	l’activité	
d’enzymes,	 mais	 également	 pour	 assurer	 une	 détection	 spécifique	 et	 sensible	 des	 b-
lactamases.	 Le	 développement	 de	 molécules	 sur	 base	 du	 VHH	 rend	 cet	 anticorps	
particulièrement	utile	comme	le	développement	de	peptides	capables	de	passer	au	travers	de	
la	membrane	externe	des	bactéries	par	peptidomimétique,	ou	un	VHH	multivalent	qui	a	 la	
capacité	d’améliorer	la	sensibilité	d’une	méthode	de	détection.					
	

	

	



 

 

	

	

Abbreviation	list	

	

AA	 :	 Amino	Acid	
ABR	 :	 Antibacterial	Resistance	
ACA	 :	 Aminocephalosporanic	acid	
AIC	 :	 Akaike	Information	Criteria	
AMR	 :	 Antimicrobial	Resistance	
APA	 :	 Aminopenicillanic	acid	
ATP	 :	 Adenosine	triphosphate	
AVI	 :	 Avibactam	
BCA	 :	 Bicinchoninic	Acid	Assay	
BLA	 :	 b-lactamase	
BLI	 :	 b-lactamase	inhibitor	
BLIP	 :	 b-lactamase	inhibitor	Protein	
BSA	 :	 Bovine	Serum	Albumine	
C	 :	 Carbone	
cAmpC	 :	 Chromosomal	AmpC	
CD	 :	 Circular	Dichroism	
CDR	 :	 Complementary	Determining	Region	
CPE	 :	 Carbapenemase	Producing	Enterobacterales	
CTRL	 :	 Control	
cUTI	 :	 Complicated	urinary	tract	infection	
cIAI	 :	 Complicated	intra-abdominal	infection	
CV	 :	 Column	Volume	
DBO	 :	 Diazabicyclo[3.2.1]octanone	
DNA	 :	 Deoxyribonucleic	acid	
DAP	 :	 Diaminopimelic	acid	
EDTA	 :	 Ethylenediaminetetraacetic	acid	
ELISA	 :	 Enzyme-Linked	Immunosorbent	Assay		
ESBL	 :	 Extended-spectrum	b-lactamase	
FDA	 :	 Food	and	Drug	Administration	
FR	 :	 Framework	
FT	 :	 Flow-Through	
GT	 :	 Glycosyltransferase	
HA	 :	 Hemagglutinin	
H-bond	 :	 Hydrogen	Bond	
HCAb	 :	 Heavy	Chain	only	Antibody	
HER-2	 :	 Human	Epidermal	Receptor-2	
HP	 :	 High	Performance	
HRP	 :	 Horseradish	Peroxidase	
HSQC	 :	 Heteronuclear	Single	Quantum	Coherence		
IgNAR	 :	 Immunoglobulin	New	Antigen	Receptor	
IMAC	 :	 Immobilized	Metal	Affinity	Chromatography	
IPTG	 :	 Isopropyl	b-D-1-thiogalactopyranoside	
IRT	 :	 Inhibitor	Resistant	TEM	
KB	 :	 Kinetic	Buffer	



 

 

	

	

LB	 :	 Lysogeny	Broth	
LFA	 :	 Lateral	Flow	Assay	
LOD	 :	 Limit	of	Detection	
LPS	 :	 Lipopolysaccharide	
LSBL	 :	 Limited	Spectrum	b-lactamase	
MBL	 :	 Metallo-b-lactamase	
MCS	 :	 Multiple	Cloning	Site	
MD	 :	 Molecular	Dynamic	
MDR	 :	 Multi-drug	resistance	
Mg	 :	 Magnesium	
MSSA	 :	 Methicillin-susceptible	Staphylococcus	aureus	
N	 :	 Azote	
Ni	 :	 Nickel	
NMR	 :	 Nuclear	Magnetic	Resonance	
NOE	 :	 Nuclear	Overhauser	effect	
NTA	 :	 Nitrilotriacetic	acid	
OD	 :	 Optic	Density	
ON	 :	 Overnight	
ori	 :	 Origin	
PA	 :	 Phosphatase	Alkaline	
pAbs	 :	 Polyclonal	Antibodies	
pAmpC	 :	 Plasmid-mediated	AmpC	
PBC	 :	 Periodic	boundary	conditions	
PBMC	 :	 Peripheral	Blood	Mononuclear	Cell	
PBP	 :	 Penicillin	Binding	Protein	
PCR	 :	 Polymerase	Chain	Reaction	
REL	 :	 Relebactam	
RMSD	 :	 Root-mean-square	deviation	
RMSF	 :	 Root-mean-square	fluctuation	
RNA	 :	 Ribonucleic	acid	
RT	 :	 Room	Temperature	
SDS-PAGE	 :	 Sodium	Dodecylsulfate	Polyacrylamide	Gel	
TB	 :	 Terrific	Broth	
TEA	 :	 Triethanolamine	
Tm	 :	 Thermal	melt	
TMB	 :	 3,3’,5,5’-Tetramethylbenzidine	
TP	 :	 Transpeptidase	
TROSY	 :	 Transverse	Relaxation-Optimized	Spectroscopy	
UDP	 :	 Uridine	diphosphate	
UV	 :	 Ultraviolet	
VAB	 :	 Vaborbactam	
VEGF	 :	 Vascular	Endothelial	Growth	Factor	
VHH	 :	 Variable	heavy-chain	domain	of	heavy-chain	antibody	
VNAR	 :	 Variable	New	Antigen	Receptor	
WT	 :	 Wide	Type	
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1. Introduction	

	

1.1) The	antimicrobial	resistance,	a	global	concern	

	

	 Antimicrobial	resistance	(AMR)	is	a	major	risk	to	human	health	around	the	world,	with	

a	 lot	 of	 organisms	 capable	 to	 resist	 bioactive	 molecules.	 In	 particular,	 the	 emergence	 of	

resistance	factors	commonly	used	by	bacteria	to	fight	the	last	antibiotics	coming	to	market	is	

a	growing	source	of	concern.	A	first	review	on	AMR	published	in	2016	indicated	that	resistance	

kills	around	700.000	people	per	year	and	could	reach	10	million	per	year	by	2050	(O’Neill,	

2016).	 This	 forecast	 was	 largely	 criticized,	 but	 a	 more	 recent	 study	 published	 in	 2022	

estimated	that	1.3	million	deaths	in	2019	in	204	countries	were	attributable	to	ABR	with,	at	

the	top	of	the	list,	the	following	pathogens:	Escherichia	coli,	Staphylococcus	aureus,	Klebsiella	

pneumoniae,	 Streptococcus	 pneumoniae,	 Acinetobacter	 baumannii	 and	 Pseudomonas	

aeruginosa	 (Antimicrobial	 Resistance	 Collaborators,	 2022).	 Numbers	 may	 vary	 from	 one	

study	to	another.	However,	all	studies	demonstrate	a	dramatically	elevated	number	of	deaths	

associated	to	AMR,	which	is	probably	underestimated.	

	

	 Consequently,	 the	AMR	 increases	 considerably	 the	public	health	 cost	 as	 a	 result	of	

more	expensive	antibiotics,	 the	use	of	 specialized	equipment	and	 longer	hospital	 stays	 for	

patients.	Moreover,	 it	also	 indirectly	 impacts	the	economy	by	the	 loss	of	productivity	of	 ill	

people	(World	Bank	Group,	2017).			

	

	 The	antibiotic	resistance	occurs	when	microorganisms	are	exposed	to	antibiotic	drugs.	

This	 creates	 a	 selective	 pressure	 killing	 the	 susceptible	 organisms,	 but	 where	 organisms	

naturally	resistant	or	which	acquire	resistance	genes	can	survive.	The	main	factor	contributing	

to	the	emergence	of	antibiotic	resistance	is	the	overuse	of	antibiotics,	especially	in	developed	

countries,	but	also	their	inappropriate	use	often	related	to	an	inefficient	diagnosis	and/or	a	

self-medication	 with	 an	 inappropriate	 use	 of	 antibiotics.	 Another	 source	 of	 resistance	

concerns	the	use	of	antibiotics	in	food-producing	animals	and	aquaculture.	Even	though	it	was	

completely	abolished	in	Europe,	it	is	currently	a	common	practice	in	the	USA	and	Asia.	Finally,	
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the	 environment	 is	 now	 recognized	 as	 a	 reservoir	 of	 antibiotic	 resistance	 genes	 with	 the	

transmission	to	humans	caused	by	contaminated	water	or	soils	(Prestinaci	et	al,	2015).	

	

	 Healthcare	facilities,	the	food	production	and	the	environment	(water,	soil)	represent	

the	major	sources	of	antibiotic	resistance	(Woerther	et	al,	2013).	Then,	the	health	of	people	

is	directly	connected	to	the	health	of	animals	and	the	environment	facilitating	the	spread	of	

antibiotic	resistance.	It	is	well-known	that	toilets	and	sink	drains	are	an	important	source	of	

germs	in	healthcare	facilities	transmitting	resistance	genes	between	people,	but	also	releasing	

resistance	 genes	 or	 traces	 of	 antibiotics	 in	 wastewater	 contaminating	 rivers	 and	 lakes.	

International	travels	drastically	spread	germs	person	to	person	resulting	in	some	outbreaks	or	

pandemic	 episodes	 worldwide.	 Finally,	 people	 may	 also	 be	 sick	 by	 the	 consumption	 of	

contaminated	foods	(animals	and	vegetables)	(CDC,	2019).	However,	these	statements	must	

be	qualified,	 as	 the	 transmission	of	 resistant	 bacteria	 between	human/environmental	 and	

animal	reservoirs	is	not	self-evident	(Miltgen	et	al,	2022).					

					

	 Mobile	 genetic	 elements	 contribute	 to	 the	 worldwide	 dissemination	 of	 genes	

rendering	susceptible	strains	resistant	to	the	antibiotic	exposure.	The	selective	pressure	due	

to	a	high	exposure	to	antibiotics	lead	to	the	random	mutagenesis	of	resistance	genes	during	

the	bacterial	 replication	 cycles	allowing	 the	 survival	of	bacteria.	Moreover,	 the	 transfer	of	

resistance	genes	between	bacteria	 is	mainly	conducted	via	plasmids.	Those	plasmids	carry	

multiple	resistance	genes	which	are	often	a	part	of	integron	ensuring	their	expression.	The	

resistance	genes	are	generally	carried	by	transposons	for	their	transfer	between	plasmids	or	

between	a	plasmid	and	the	bacterial	chromosome	(Bush	&	Bradford,	2020).			

	

1.2) The	antibiotics	and	their	mechanism	of	action		

	

	 Fleming	 was	 the	 first	 to	 highlight	 the	 efficacy	 of	 an	 antibiotic	 in	 1929	 via	 the	

competition	 between	 Penicillium	 notatum	 and	 a	 Staphylococcus	 (Fleming,	 1929).	 The	

penicillin	was	 identified	and	developed	 in	1939	by	Florey	and	Chain	 (Chain	et	al,	1940).	 It	

followed	the	discovery	of	a	large	number	of	other	molecules	throughout	the	20th	century,	all	

active	against	prokaryotic	organisms,	but	presenting	a	weak	toxicity	against	eukaryotic	cells,	

a	significance	advantage	for	a	use	in	human	medicine	(Fig	1.1).			



 

 3 

	

	
	
Fig	 1.1.	 Classification	 and	 introduction	 dates	 of	 the	 antibiotics	
(https://www.compoundchem.com/2014/09/08/antibiotics/).	
	
	 The	 antibiotics	 are	 classified	 following	 their	 mechanism	 of	 action,	 their	 chemical	

structure,	 the	 spectrum	 of	 action	 (bacterial	 type…)	 and	 their	 bacteriostatic	 or	 bactericide	

effect	 (Fig	 1.2).	 Some	 antibiotics	 act	 directly	 on	 the	 cell	 wall	 as	 the	 b-lactam	 antibiotics	

inhibiting	 the	 Penicillin	 Binding	 Protein	 activity	 (section	 1.3),	 the	 glycopeptides	 (e.g.	

vancomycin)	preventing	the	bridging	of	the	peptidoglycan	and	the	polymyxins	(e.g.	colistin)	

binding	the	lipopolysaccharides	(LPS)	and	disrupting	the	cell	membrane.	The	antibiotics	can	

also	interfere	with	the	synthesis	of	nucleic	acids	as	the	quinolones	(e.g.	nalidixic	acid)	and	the	

fluoroquinolones	targeting	the	DNA	gyrase	and	the	topoisomerases	preventing	the	replication	

of	the	bacterial	DNA,	the	rifampicin	(e.g.	rifampin)	blocking	the	bacterial	RNA	polymerase	and	

generally	utilized	to	 treat	 infections	caused	by	Mycobacterium	 tuberculosis	and	 finally,	 the	

sulfonamides	interfering	with	the	folate	biosynthesis	playing	the	role	of	cofactor	for	enzymes	

involved	 in	 the	 DNA	 and	 the	 RNA	 synthesis.	 A	 lot	 of	 antibiotics	 also	 prevent	 the	 protein	

synthesis	 by	 interaction	 with	 the	 ribosomal	 subunit	 50S	 such	 as	 the	 macrolides	 (e.g.	

spiramycin)	 or	 the	 chloramphenicol	 used	 as	 topical	 for	 ocular	 infections	 (conjunctivitis,	

corneal	 ulcers),	 or	 with	 the	 subunit	 30S	 as	 the	 tetracyclines	 or	 the	 aminoglycosides	 (e.g.	

streptomycin)	(Kohanski	et	al,	2010).			

DIFFERENT CLASSES OF ANTIBIOTICS - AN OVERVIEW
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Fig	1.2.	Mechanisms	of	action	of	the	antibiotics	(Boolchandani	et	al,	2019).	
	

1.3) The	b-lactam	antibiotics	

	

	 The	D-D-transpeptidases	are	involved	in	the	peptidoglycan	biosynthesis	and	interacts	

via	a	conserved	active-site	serine	with	the	extremity	of	the	D-Ala-D-Ala	peptide	to	form	an	

acyl-enzyme.	 It	 is	 hydrolyzed	 by	 a	 water	 molecule	 to	 release	 the	 terminal	 D-Ala	

(carboxypeptidation	 reaction).	 It	 can	 also	 be	 attacked	 by	 the	 free	 NH2	 function	 of	 the	

diaminopimelic	acid	(DAP)	(transpeptidation	reaction)	forming	an	interpeptidic	bond	to	bridge	

two	neo-synthesized	glycan	chains	(Fig	1.3	&	1.4B).	

	

	

	
Fig	 1.3.	 Illustration	 of	 the	 glycosyltransferase	 (GT)	 and	 the	 transpeptidase	 (TP)	 activities	
catalyzed	by	the	Penicillin	Binding	Proteins	(PBP)	in	the	peptidoglycan	biosynthesis	(Sauvage	
&	Terrak,	2016).	
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	 The	b-lactam	antibiotics	are	made	of	a	four-piece	ring	(b-lactam	ring)	associated	to	a	

heterocycle	and	carrying	 lateral	chains	 (R)	chemically	different	 in	 function	of	 the	antibiotic	

family.		They	act	as	suicide	substrates	towards	the	DD-transpeptidases	(Fig	1.4C).	Indeed,	their	

structure	mimics	the	structure	of	the	D-Ala-D-Ala	resulting	in	the	formation	of	a	highly	stable	

acyl-enzyme	 complex	 (Fig	 1.4A).	 Then,	 the	 transpeptidases	 are	 unable	 to	 ensure	 the	

peptidoglycan	biosynthesis	anymore,	resulting	in	the	bacterial	lysis.	The	DD-transpeptidases	

are	 called	 Penicillin	 Binding	 Protein	 (PBP)	 for	 their	 ability	 to	 bind	 the	 penicillin	 (Ghuysen,	

1991).	

	

	
	
Fig	 1.4.	 General	 catalytic	 pathway	 of	 Penicillin	 Binding	 Proteins.	 (A)	 Structural	 mimicry	
between	 the	 penicillin	 antibiotic	 and	 the	 D-Ala-D-Ala	 peptide.	 (B)	 Transpeptidation	 and	
carboxylation	reactions	of	the	PBP	for	the	D-Ala-D-Ala	substrate.	(C)	Penicillin	catalysis	by	the	
PBP.	 k1	 is	 the	 association	 constant	 between	 the	 enzyme	 and	 the	 substrate,	 while	 k-1	
corresponds	 to	 the	 dissociation	 of	 the	 Michaelis-Menten	 complex	 (ES).	 k2	 and	 k3	 are	 the	
acylation	and	the	deacylation	constants	of	complexes	ES	and	ES*,	respectively	(adapted	from	
phD	thesis	of	Patricia	Lassaux).	
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	 There	are	4	 families	of	b-lactam	antibiotics:	 the	penicillins,	 the	 cephalosporins,	 the	

monobactams	and	the	carbapenems.	They	all	present	a	common	mode	of	action	but	differ	by	

their	 spectrum	of	 activity	 and	 their	 tolerance	 to	 the	bacterial	 resistance	 (Fig	 1.5)	 (Bush	&	

Bradford,	2016).	

	

	 The	penicillins	 include	all	b-lactams	carrying	a	6-aminopenicillanic	acid	ring	(6-APA).	

The	first	generation	comprises	natural	(e.g.	benzylpenicillin,	penicillin	V)	and	semi-synthetic	

(e.g.	 methicillin,	 oxacillin)	 penicillins	 largely	 utilized	 to	 threat	 infections	 caused	 by	 Gram-

positive	bacteria	as	Streptococcus	spp.	and	Staphylococcus	aureus.	 In	the	early	1970s,	new	

penicillins	were	 developed	 such	 as	 ampicillin,	 amoxicillin	 and	 piperacillin	which	 are	 active	

against	 the	 Enterobacterales	 and	 P.	 aeruginosa.	 Nowadays,	 the	 increasing	 number	 of	 b-

lactamases	 compromise	 the	 use	 of	 penicillins	 as	 monotherapy	 and	 some	 of	 them	 are	

combined	to	b-lactamase	inhibitors	(e.g.	amoxicillin/clavulanate).		

	

	 The	 cephalosporins	 were	 firstly	 isolated	 by	 Giuseppe	 Brotzu	 from	 Cephalosporium	

acremonium	in	1948.	Those	cultures	produced	an	active	substance	(cephalosporin	C)	against	

Salmonella	Typhi	causing	the	typhoid	fever.	It	carries	a	7-aminocephalosporanic	acid	ring	(7-

ACA)	very	similar	to	the	penicillins,	but	formed	by	6	atoms.	The	first	(e.g.	cephalexin,	cefaclor)	

and	the	second	(e.g.	cefuroxime)	generation	of	cephalosporins	were	introduced	before	the	

80s	 and	 are	 mainly	 active	 against	 the	 Gram-positive	 cocci	 (e.g.	 Streptococcus	 and	

Staphylococcus).	They	are	currently	used	to	treat	mild	to	moderate	skin	infections	caused	by	

the	methicillin-susceptible	S.	aureus	(MSSA)	and	respiratory	infections	such	as	sinusitis	and	

bronchitis.	However,	they	were	rapidly	rendered	ineffective	by	the	apparition	of	the	TEM-1	

penicillinase	that	rapidly	spread	in	Enterobacterales	after	its	first	description	in	the	60’s.	Then,	

new	agents	were	introduced	in	the	1980s	such	as	the	cefotaxime	and	the	ceftazidime	(class	

III),	 the	 cefepime	 (class	 IV)	 and	 the	 cefoxitin	 (cephamycin).	 They	 present	 a	 higher	 activity	

against	Gram	negative	organisms	but	are	less	potent	against	staphylococci	and	enterococci.	

They	are	used	for	severe	infections	such	as	pneumonia	and	sepsis.		

	

	 The	 carbapenems	 are	 natural	 or	 semi-synthetic	 and	 were	 developed	 from	 the	

thienamycin	isolated	for	the	first	time	in	Streptomyces	cattleya	in	1976.	They	present	a	high	

affinity	for	PBPs,	penetrate	easily	through	the	bacterial	wall	and	resist	to	many	b-lactamases.	
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They	are	employed	to	treat	infections	caused	by	Gram-positive	and	Gram-negative	bacteria,	

sometimes	in	combination	with	inhibitors	(e.g.	imipenem/relebactam).	

	

	 Finally,	the	monobactams	(e.g.	aztreonam)	are	only	formed	by	one	b-lactam	ring.	They	

are	highly	efficient	against	Gram-negative	bacteria,	but	not	against	Gram-positive	bacteria.	

The	 aztreonam	 combined	 to	 a	 b-lactamase	 inhibitor	 is	 probably	 a	 future	 option	 to	 treat	

infection	caused	by	bacteria	carrying	multiple	factors	of	resistance.	

	

	
	
Fig	1.5.	Classification	of	the	b-lactamines	(adapted	from	Bush	&	Bradford,	2016).	
	
	



 

 8 

	

1.4) Resistance	to	b-lactam	antibiotics	

	

	 The	intensive	use	of	antibiotics	lead	to	different	mechanisms	of	resistance	adopted	by	

bacteria	to	abolish	the	efficacy	of	the	b-lactam	antibiotics.		

	

	 The	Gram-positive	bacteria	acquired	the	ability	to	produce	PBPs	presenting	a	reduced	

affinity	 for	 the	 b-lactam	 substrates,	 recovering	 their	 ability	 to	 play	 their	 transpeptidase	

function	 (Lu	et	al,	 2001).	 It	 is	notably	 the	 case	of	 the	PBP2a	expressed	by	 the	methicillin-

resistant	Staphylococcus	aureus	where	some	structural	constrains	in	the	active	site	strongly	

decrease	 the	 formation	 of	 the	 acyl-PBP	 intermediate	 (Lim	 &	 Strynadka,	 2002).	 A	 second	

strategy	consists	in	the	up-regulation	of	weakly	expressed	PBPs	in	order	to	compensate	other	

PBPs	inhibited	by	the	b-lactams	(e.g.	PBP4	by	S.	aureus)	(Basuino	et	al,	2018).		

	

	 The	Gram-negative	bacteria	carry	an	external	membrane	reducing	the	diffusion	of	the	

antibiotics	 into	 the	periplasm.	However,	 this	membrane	 is	 composed	by	porins	 allowing	a	

passive	diffusion	of	small	and	charged	molecules	such	as	the	b-lactam	antibiotics.	Then,	the	

drug	 resistance	 is	 often	 associated	 to	 the	 decrease	 in	 porins	 expression	 or	 by	 mutations	

unfavorable	for	the	permeation	(Vergalli	et	al,	2019).	Moreover,	efflux	pumps	are	employed	

to	actively	expel	antibiotics	or	other	toxic	substances.	They	utilize	either	the	hydrolysis	of	ATP	

or	 electrochemical	 gradient	 (Na+,	 H+)	 as	 energy	 supply,	 and	 can	 be	 overexpressed	 by	

regulatory	 systems	 activated	 by	 environmental	 signals	 such	 as	 the	 pH	 or	 the	 exposure	 to	

antibiotics	(e.g.	AraC,	TetR).	They	are	classified	into	MDR	efflux	pumps	expelling	a	large	range	

of	substrates	(e.g.	Acr)	or	single-substrate	efflux	pumps	generally	conferring	a	high	level	of	

resistance	for	a	specific	substrate	(e.g.	macrolide-specific	efflux	pumps	MacAB)	(Huang	et	al,	

2022).	

	

	 Finally,	the	most	commonly	used	mechanism	of	resistance,	especially	in	Gram-negative	

bacteria,	is	the	production	of	enzymes	able	to	hydrolyze	antibiotics	carrying	a	b-lactam	ring.	

They	 were	 firstly	 identified	 in	 1940	 by	 Abraham	 and	 Chain	 and	 were	 called	 penicillinase	

(Abraham	&	Chain,	1940).	Few	decades	later,	this	family	of	enzymes	was	called	b-lactamases.	

I	will	be	mainly	interested	in	this	mode	of	resistance	in	the	further	part	of	this	work.		
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1.5) The	b-lactamases	

	

1.5.1) Classification	of	b-lactamases	

	

	 The	 increasing	 number	 of	b-lactamases	 rendered	 their	 classification	 necessary	 (Fig	

1.6).	This	classification	largely	evolved	over	time	and	is	based	on	either	the	sequence	identity	

(I)	 or	 the	 functionality	 of	 the	 enzyme	 (II).	 We	 will	 mainly	 use	 the	 sequence	 identity	

classification	in	the	manuscript.	

	

	 (I)	The	simplest	classification	is	based	on	the	protein	sequence	(Ambler,	1980).	In	1980,	

Ambler	 determined	 two	 classes	 of	 b-lactamases	 from	 five	 known	 sequences.	 The	 class	 A	

gathered	the	active-site	serine	b-lactamases	presenting	a	penicillinase	activity,	while	the	class	

B	comprised	the	metallo-b-lactamases.	 In	1981,	Jaurin	and	Grundström	proposed	a	second	

class	of	serine	b-lactamases,	the	class	C.	They	present	a	low	sequence	identity	with	the	class	

A	and	were	originally	considered	as	cephalosporinases	(Jaurin	&	Grundstrom,	1981).	Finally,	

Dale	described	a	third	class	of	active-site	serine	b-lactamases	(class	D)	called	oxacillinases	due	

to	their	capability	to	hydrolyze	the	oxacillin	(Dale	et	al,	1985).			

	 	

	 (II)	 In	 2009,	 Karen	 Bush	 updated	 the	 functional	 classification	 and	 regrouped	 all	b-

lactamases	 in	 three	 different	 groups	 (Bush	 &	 Jacoby	 2009).	 The	 group	 1	 corresponds	 to	

cephalosporinases	 and	 belongs	 to	 class	 C.	 The	 majority	 are	 more	 active	 against	 the	

cephalosporins	 than	 penicillins	 and	 few	 of	 them	 hydrolyze	 oxymino-b-lactams	 (e.g.	

cefotaxime,	 ceftazidime)	 or	 cephamycins	 (cefoxitin).	 All	 resist	 to	 clavulanic	 acid	 and	

tazobactam.	The	group	2	comprises	all	active-site	serine	b-lactamases	belonging	to	classes	A	

and	 D	 and	 presenting	 a	 large	 range	 of	 activity	 profiles.	 Finally,	 the	 group	 3	 regroups	 the	

metallo-b-lactamases	 (class	 B)	which	 present	 zinc	 ion(s)	 in	 their	 active	 site	 crucial	 for	 the	

hydrolysis	of	the	carbapenems.	They	are	not	inhibited	by	clavulanic	acid	or	tazobactam,	but	

their	activity	drops	dramatically	in	presence	of	EDTA	chelating	metal	ions.	This	group	is	divided	

in	three	subclasses	(B1,	B2	and	B3)	which	differ	by	the	zinc	ion(s)	content	and	their	activity	

profile.	
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Fig	1.6.	Molecular	and	functional	classifications	of	the	b-lactamases	(Bush,	2018).	P:	penicillin,	
Cp:	cephalosporin,	E:	extended-spectrum	cephalosporin,	M:	monobactam,	Cb:	carbapenem,	
AV:	avibactam,	CA:	clavulanic	acid.		
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1.5.2) Active-site	serine	b-lactamases	

	

	 Active-site	serine	b-lactamases	and	PBPs	present	a	similar	catalytic	pathway	(Fig	1.4B	

&	 1.7).	 This	 mechanism	 starts	 with	 the	 formation	 of	 the	 non-covalent	 Michaelis-Menten	

complex	(ES),	followed	by	a	covalent	acyl-enzyme	(ES*).	Finally,	a	water	molecule	attacks	the	

carbonyl	carbon	of	the	ester	group	to	break	the	ester	bond	and	to	release	the	inactive	product.	

As	opposed	to	PBPs,	the	deacylation	rate	in	b-lactamases	is	very	fast	(high	k3)	resulting	in	a	

unstable	complex	(Matagne	et	al,	1998).	

	

	
	
Fig	1.7.	Mechanism	of	hydrolysis	of	a	b-lactam	ring	by	a	b-lactamase.	
	

	 The	active-site	serine	b-lactamases	are	structurally	similar	to	PBPs	strengthening	the	

idea	whereby	both	enzymes	diverged	 from	a	common	ancestor.	There	are	 formed	by	 two	

domains,	 one	a	 and	 one	a/b,	 between	which	 is	 found	 the	 active	 site.	 Even	 though	 they	

present	 low	 sequence	 identities,	 some	motifs	 are	 conserved	 and	 crucial	 for	 the	 catalytic	

activity	of	the	enzymes	and	the	binding	of	the	substrate	(Table	1.1).	The	next	sections	will	

describe	in	depth	each	class	of	b-lactamases.	

	

b-lactamase	 Motif	1	 Motif	2	 Motif	3	 w	loop	
General	

Base	

A	 *S70XXK73	 R/K234T/S235G236	 S130D131X132	 164-179	 E166	

C	 *S64XXK67	 K315T/S316G317	 Y150D/A151N152	 189-226	 Y150	

D	 *S67XXK70	 K205T/S206G207	 S115XV117	 140-161	 K70	carbo	

	
Table	1.1.	Conserved	motifs	and	general	base	of	serine	active	b-lactamases.	*S	active	serine.	
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1.5.3) Class	A	b-lactamases	

	

1.5.3.1) Classification	

	

	 Class	A	b-lactamases	are	mainly	subdivided	in	6	phylogenetic	groups	(A-F),	five	in	the	

subclass	 A1	 (B-F)	 and	 one	 group	 (A)	 belonging	 to	 the	 isolated	 subclass	 A2	 (Fig	 1.8).	 The	

subclass	 A2	 consists	 in	 chromosomic-encoded	 b-lactamases	 and	 are	 species-specific	 (e.g.	

CfxA-Bacteroides	vulgatus)	 (Parker	&	Smith,	1993).	They	hydrolyze	cephalosporins	and	are	

also	active	against	penicillins	and	monobactams.	The	five	other	groups	include	b-lactamases	

with	 different	 profiles	 of	 activity.	 Most	 b-lactamases	 of	 group	 C	 possess	 an	 activity	 LSBL	

(limited	 spectrum	b-lactamase).	 They	 hydrolyze	 penicillins,	 first-generation	 cephalosporins	

and	monobactams	(e.g.	TEM,	SHV).	The	group	D	represents	the	largest	diversity	of	enzymes	

encoded	by	Gram-positive	bacteria	(e.g.	BlaZ).	The	group	E	includes	ESBL	clusters	(extended-

spectrum	b-lactamase)	active	against	the	oxyminocephalosporins	(e.g.	CTX-M,	BES-1),	but	also	

a	CARBA	cluster	(carbapenemase)	where	the	representatives	hydrolyze	the	carbapenems	(e.g.	

KPC).	Finally,	the	group	F	mainly	comprises	enzymes	identified	in	environmental	species	with	

a	limited	pathogenicity	in	humans.	Some	of	them	are	carbapenemase	such	as	BKC-1	and	PAD-

1	(Philippon	et	al,	2019).	

	

	
	
Fig	 1.8.	 Phylogram	 representing	 the	 diversity	 of	 700	 class	 A	 b-lactamases.	 LSBL	 (limited-
spectrum	 b-lactamase);	 ESBL	 (extended-spectrum	 b-lactamase);	 CARBA	 (carbapenemase);	
BURK	(Burkholderia);	XANT	(Xanthomonas);	FRAN	(Francisella);	(Philippon	et	al,	2019).	
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1.5.3.2) Structural	characterization	of	class	A	b-lactamases	

	

	 Despite	 a	 low	 sequence	 identity	 (Fig	 1.9),	 class	A	b-lactamases	 share	 an	 important	

structural	analogy	(Fig	1.10B),	reflecting	a	divergent	evolution	from	a	common	ancestor.	

	

	
	
Fig	1.9.	Multiple	sequence	alignments	of	class	A	b-lactamases	belonging	to	sub-groups	B,	C,	E	
and	 F.	 (A)	 Strictly	 conserved	motifs	 and	 the	 conserved	 arginine	 are	 surrounded	 in	 red	 and	
green,	respectively.	The	main	loops	forming	the	active	site	are	indicated	by	a	black	line.	(B)	
Percentage	sequence	identities	of	class	A	members	and	TEM-1.		
	

	 Class	A	b-lactamases	are	made	up	of	two	domains:	one	domain	only	composed	by	a-

helices	(the	a	domain),	and	one	domain	with	a-helices	and	b-strands	(the	a/b	domain)	(Fig	

1.10A).	The	active	site	is	located	between	the	two	domains	and	presents	several	conserved	

elements	involved	in	the	substrate	recognition	and	the	in	catalytic	activity	of	the	enzyme	(Fig	

1.10C).		
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	 The	active	 site	 is	 firstly	 composed	by	 the	N-terminal	part	of	 the	 first	helix	of	 the	a	

domain	carrying	the	first	conserved	motif	(S70XXK73),	with	the	active-site	serine	involved	in	

the	formation	of	the	acyl-enzyme.		

	

	 The	second	element	(S130D131N132)	 is	 located	on	the	short	SDN	loop.	The	S130	is	

involved	in	the	hydrogen	bond	network,	while	the	residue	N132	plays	a	role	in	the	transition-

state	stabilization	via	a	H-bond	with	the	O16	of	the	benzylpenicillin	(Jacob	et	al,	1990).		

	

	 The	third	conserved	motif	(K234T235G236)	is	located	on	a	b-strand	constituting	the	b-

sheet	from	the	a/b	domain.	The	K234	forms	a	H-bond	with	the	S130	and	also	belongs	to	the	

hydrogen	bond	network	(Brannigan	et	al,	1991).	Furthermore,	the	S235	makes	a	H-bond	with	

the	 carboxylate	 group	 of	 the	 substrate	 (C3	 for	 penicillin)	 and	 contributes	 to	 create	 the	

“carboxylic	pocket”	resulting	in	the	correct	positioning	of	the	antibiotic	and	the	stabilization	

of	the	acyl-enzyme.		

	

	 The	residue	R244	(e.g.	TEM-1)	contributes	to	the	“carboxylic	pocket”	since	it	directly	

interacts	with	 the	 carboxylate	 group	 of	 the	 substrate	 and	 indirectly	 via	 a	water	molecule	

stabilized	by	the	carbonyl	group	of	the	V216	(hinge	region)	and	the	side	chain	of	the	R244	

(Strynadka	et	al,	1992	&	Lamotte-Brasseur	et	al,	1991).	In	class	A	b-lactamases,	the	guanidium	

function	can	be	brought	by	the	R244	such	as	TEM-1	and	SHV-2,	but	also	by	another	arginine	

like	 in	 CTX-M-2	 (R272)	 and	 KPC-2	 (R220)	 (Marciano	 et	 al,	 2009).	 The	 conservation	 of	 this	

positive	 charge	 highlighted	 its	 primordial	 role	 for	 the	 activity	 of	 almost	 all	 class	 A	 b-

lactamases.	

	

	 Importantly,	 the	 catalytic	 activity	 of	 class	 A	 b-lactamases	 induces	 the	 formation	 a	

tetrahedral	intermediate	where	the	carbonyl	oxygen	is	negatively	charged	(section	1.5.3.3).	

This	negative	charge	is	stabilized	by	the	main	chain	nitrogen	of	the	S70	and	the	residue	237	

(e.g.	alanine	for	TEM-1)	forming	the	oxyanion	hole.		

	 	

	 The	 last	conserved	element	corresponds	to	the	omega	 loop	(residues	164	to	179	 in	

TEM-1)	which	takes	an	“omega”	shape	via	a	salt	bridge	between	the	residues	R164	and	D179.	
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The	 N-terminal	 part	 of	 the	w	 loop	 contains	 the	 general	 base	 E166	 and	 the	 residue	 N170	

assuring	the	correct	positioning	of	the	catalytic	water	molecule	located	near	to	S70.	

	

	
	
Fig	 1.10.	 Structural	 characterization	 of	 class	 A	b-lactamases.	 (A)	Overall	 representation	 of	
TEM-1	 (PDB	 code	1m40)	with	 helices,	b-strands	and	 loops	 colored	 in	 red,	 green	and	 cyan,	
respectively.	(B)	Superposition	of	class	A	b-lactamases	TEM-1	(PDB	code	1m40),	L2	(PDB	code	
1N4O),	SHV-1	(PDB	code	1ONG-3),	KPC-2	(PDB	code	2OV5),	GES-1	(PDB	code	2QPN)	and	CTX-
M-15	 (PDB	 code	 4HBT-2).	 (C)	 Representation	 of	 the	 acyl-enzyme	 TEM-1	 E166N	 with	
benzylpenicillin	in	green	(PDB	code	1FQG).	Loops	forming	the	active	site	are	illustrated	in	cyan.	
Conserved	motif	1	(S70XXK73),	motif	2	(S130D131N132)	and	motif	3	(K234T235G236)	residues	
are	colored	 in	orange.	The	H-bond	network	between	residues	K73,	S130,	K234	and	N132	 is	
represented	by	dotted	yellow	lines;	The	H-bond	between	the	residue	N132	and	the	substrate	
by	a	dotted	green	line;	The	H-bond	networks	involved	in	the	“carboxylate	pocket”	and	in	the	
oxyanion	hole	are	represented	by	dotted	red	and	magenta	lines,	respectively.	
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1.5.3.3) Catalytic	mechanism	of	class	A	b-lactamases	

	

	 Even	though	the	accumulation	of	x-ray	models,	NMR	studies,	QM/MM	studies…	the	

acylation	mechanism	of	class	A	b-lactamases	remains	controversial	(Fig	1.11).	

	

	 The	first	pathway	implies	the	residue	E166	acting	as	the	general	base	to	activate	the	

S70	via	a	catalytic	water	molecule.	The	activated	Og	of	the	S70	attacks	the	b-lactam	carbonyl	

group	forming	a	tetrahedral	intermediate	where	the	carbonyl	oxygen	is	negatively	charged.	

Then,	 the	 residue	 S130	 delivers	 back	 a	 proton	 to	 N4	 of	 the	 thiazolidine	 group	 by	 the	

intermediate	of	the	residue	K73	(Lamotte-Brasseur	et	al,	1991	&	Hermann	et	al,	2005).		

	

	 However,	 the	E166N	mutant	retains	 its	 long-lived	acyl-enzyme	(Adachi	et	al,	1991),	

resulting	in	an	alternative	acylation	pathway	where	the	residue	K73	acts	as	a	proton	abstractor	

to	activate	the	S70	(Strynadka	et	al,	1992).	The	K73A	mutant	strengthens	this	hypothesis	since	

it	completely	abolishes	the	formation	of	a	covalent	acyl-enzyme	(Tremblay	et	al,	2010).	To	be	

functional,	K73	must	be	unprotonated	and	its	location	in	an	electrostatic	environment	(e.g.	

K234,	N132)	is	favorable	to	attenuate	its	side	chain	pKa	to	8.0-8.5	(Golemi-Kotra	et	al,	2004).	

This	is	debated	with	another	publication	where	they	measured	the	pKa	of	the	K73	which	was	

superior	to	10	rendering	this	residue	unable	to	accept	a	proton	(Damblon	et	al,	1996).	But	this	

is	 insufficient	 at	 neutral	 pH	 and	NMR	 titrations	 clearly	 demonstrated	 the	 protonated	 and	

unprotonated	forms	of	the	residues	K73	and	E166,	respectively,	in	the	apo-enzyme.	The	two	

residues	are	close	to	each	other	and	it	is	conceivable	that	E166	becomes	protonated	in	the	

non-covalent	Michaelis	complex,	resulting	in	the	unprotonated	K73	able	to	activate	the	S70	

(Golemi-Kotra	 et	 al,	 2004).	 Nowadays,	 it	 was	 suggested	 a	 dual	 participation	 of	 the	 two	

pathways	for	the	formation	of	the	tetrahedral	species	via	the	S70	(Meroueh	et	al,	2005).				

	

	 The	mechanism	of	deacylation	is	widely	accepted	and	corresponds	to	the	hydrolysis	of	

the	covalent	link	between	the	b-lactam	and	the	active	serine.	The	catalytic	water	coordinated	

by	both	E166	and	N170	is	activated	via	the	residue	E166	and	attacks	upon	the	carbonyl	carbon	

of	the	acyl-enzyme.	This	provokes	the	release	of	the	cleaved	b-lactam	and	the	regeneration	

of	the	enzyme	(Lamotte-Brasseur	et	al,	1991).	
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Fig	1.11.	Acylation	mechanisms	of	class	A	b-lactamases.	The	E166	and	K73	are	deprotonated	
and	protonated,	respectively,	in	the	apo-enzyme	(a).	The	serine	S70	is	activated	by	the	E166	
via	a	water	molecule	(b),	or	by	the	K73	with	the	subtraction	of	one	proton	via	the	residue	E166	
(c),	 leading	 to	 a	 negatively	 charged	 tetrahedral	 intermediate	 (d)	 and	 followed	 by	 the	
protonation	of	the	amide	nitrogen	from	S130	to	form	the	acyl-enzyme(e)	(Tooke	et	al,	2019a).						
	

1.5.3.4) Extended-spectrum	TEM	family	b-lactamases	(TEMESBL)	

	

	 TEM-1	 presents	 a	 high	 activity	 for	 penicillins	 and	 first	 and	 second-generation	 of	

cephalosporins.	However,	the	oxymino-cephalosporins	are	poor	substrates	since	their	lateral	

chains	hardly	enter	into	the	active	site.	Their	massive	use	since	the	beginning	of	the	80s	have	

led	to	mutations	improving	the	efficacy	of	the	enzyme	for	the	oxymino-cephalosporins,	with	

better	affinities	(lower	Km)	and/or	a	more	rapid	turnover	(higher	kcat)	(Palzkill,	2018).	

	

	 The	 G238S	mutation	 is	 the	 best	 representative	 of	 the	 TEM	 extended	 spectrum	 b-

lactamases	(TEMESBL).	The	hydroxyl	group	of	the	serine	forms	a	H-bond	with	the	oxime	group	

of	the	oxymino-cephalosporins	increasing	the	affinity	of	the	enzyme	for	the	substrate	(Cantu	

&	 Palzkill,	 1998).	 Another	 study	 described	 the	 lateral	 chain	 of	 the	 serine	 creates	 a	 steric	

hindrance	with	the	surrounding	residues	and	the	asparagine	at	position	170	provoking	the	

motion	of	the	b3-strand	and	the	w	 loop	and	expanding	the	active	site	(Saves	et	al,	1995a).	
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Then,	 the	 oxymino-cephalosporins	 are	more	 easily	 accommodated	 in	 the	 active	 site.	 The	

G238S	 mutation	 can	 be	 co-expressed	 with	 other	 mutations	 as	 in	 TEM-52	

(E104K/M182T/G238S).	TEM-52	presents	a	more	opened	conformation	of	the	active	site	due	

to	the	reorientation	of	the	238-243	loop	out	of	the	active	site	(Orencia	et	al,	2001)	(Fig	1.12A).	

	

	 The	R164S	mutant	increases	the	activity	for	the	oxymino-cephalosporins,	but	presents	

a	 decreased	 efficacy	 for	 penicillins	 and	 small	 cephalosporins.	 The	 residue	 R164	 normally	

interacts	with	D179	in	TEM-1	for	the	stabilization	of	the	w	loop.	The	mutation	R164S	provokes	

the	motion	of	the	omega	loop	and	the	reorganization	of	some	residues	located	on	the	a5-

Helix	(e.g.	N132).	It	also	displaces	the	residues	85-142	with	a	better	access	for	large	oxymino	

side	 chain	 cephalosporins	 (Maveyraud	 et	 al,	 1996).	 This	 substitution	 in	 the	 triple	mutant	

E104K/R164S/M182T	(TEM-64)	induces	the	flip	of	the	residue	N170	by	almost	180°	opening	a	

large	 cavity	 in	 the	 active	 site	 (Wang	 et	 al,	 2002a).	 (Fig	 1.12B).	 More	 recently,	 the	 x-ray	

structure	of	 the	R164S	mutant	 described	 the	high	heterogeneity	 of	 the	w	 loop	 allowing	 a	

better	accommodation	of	the	substrate	in	the	active	site	(Dellus-Gur	et	al,	2015).		

	

	 It	 was	 firstly	 suggested	 that	 the	 substitutions	 E104K	 and	 E240K	 established	

electrostatic	 interactions	with	 the	 oxymino-cephalosporins	 (Sowek	 et	 al,	 1991).	 However,	

advanced	molecular	dynamic	studies	highlighted	the	lysines	were	unable	to	directly	bind	the	

substrate	meaning	their	respective	roles	are	still	unclear	(Singh	&	Dominy,	2012).		

	

	 Finally,	 the	mutation	M182T	 increases	 the	 stability	of	 the	enzyme.	 It	 is	not	directly	

involved	in	the	ESBL	behavior	of	the	enzyme,	but	it	compensates	for	the	loss	of	stability	due	

to	ESBL	mutations	(e.g.	G238S	and	R164S).	The	threonine	in	position	182	establishes	a	H-bond	

with	 the	 residue	 E63	 by	 the	 intermediate	 of	 a	water	molecule	 strengthening	 the	 junction	

between	the	domains	a	and	a/b.	Moreover,	it	makes	an	additional	H-bond	with	the	nitrogen	

atom	of	A185	for	the	stabilization	of	the	adjacent	a-helix	(Wang	et	al,	2002a)	(Fig	1.12C).	
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Fig	1.12.	Overlay	views	of	TEM-1	(PDB	code	1FQG)	and	TEMESBL	represented	in	gray	and	green,	
respectively.	 (A)	 In	 TEM-52	 (E104K/M182T/G238S)	 (PDB	 code	 1HTZ),	 the	 mutation	 G238S	
displaces	the	E240	side	chain	by	2.9	Å	from	its	original	position	and	induces	the	movement	of	
the	adjacent	267-271	and	40-43	loops	(illustration	adapted	from	Orencia	et	al,	2001).	(B)	The	
mutation	R164S	in	TEM-64	(E104K/R164S/M182T)	(PDB	code	1JWZ)	disrupts	the	interaction	of	
the	residue	with	the	D179	changing	the	configuration	of	the	w	loop	and	consequently	opening	
more	space	 in	the	active	site.	 (C)	The	mutation	M182T	(PDB	code	1I7U)	establishes	new	H-
bonds	with	residues	E63	and	A185	increasing	the	stability	of	the	enzyme.		
	

1.5.3.5) Inhibitor	resistant	TEM	family	b-lactamases	(TEMIRT)	

	

	 The	intensive	use	of	old-age	inhibitors	(section	1.5.7.1)	resulted	in	the	selection	of	a	

large	panel	of	mutations	abolishing	the	efficacy	of	the	inhibitors	but	maintaining	a	sufficient	

activity	for	the	enzyme	against	b-lactam	substrates.	(Matagne	et	al,	1998).	

	

	 The	residue	R244	binds	directly	the	carboxylate	group	of	the	inhibitor,	as	for	the	b-

lactam	antibiotic	(Ness	et	al,	2000),	while	the	water	molecule	is	implicated	in	the	inactivation	

mechanism	by	the	clavulanic	acid	and	the	sulbactam	(Fig	1.13A)	(Imtiaz	et	al,	1993	&	Imtiaz	

et	 al,	 1994).	 Then,	 the	 substitution	 R244S	 (e.g.	 TEM-30)	 disrupts	 the	 H-bond	 for	 the	
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stabilization	of	 the	 complex	 inhibitor/enzyme	and	 the	 serine	 cannot	 coordinate	 the	water	

molecule	essential	in	the	inactivation	process	by	the	clavulanic	acid	(Fig	1.13B)	(Wang	et	al,	

2002b).			

	

	
	
Fig	1.13.	(A)	Open-ring	acetylated	complex	of	clavulanate	with	TEM-1	calculated	by	docking	
simulations	(Imtiaz	et	al,	1993).	(B)	Superposition	of	the	acyl-enzyme	PenG/TEM-1	E166N	(PDB	
code	1FQG)	and	TEM-30	(PDB	code	1hly)	represented	in	gray	and	green,	respectively.		
	

	 The	mutations	M69I	(TEM-32),	M69L	(TEM-33)	and	M69V	(TEM-34)	slightly	modify	the	

active	site	of	the	enzyme.	As	an	example,	the	isoleucine	at	position	69	distorts	the	active-site	

serine	 S70	 resulting	 in	 a	 dual	 configuration	 (e.g.	 TEM-32)	 (Fig	 1.14).	 It	 was	 not	 clearly	

demonstrated	that	this	flexibility	may	impact	the	formation	of	the	acyl-enzyme.	However,	this	

effect	 is	 transmitted	 to	 the	 S130	 which	 adopts	 a	 new	 conformation	 far	 from	 its	 original	

position,	rendering	the	serine	inefficient	in	the	process	of	inactivation	by	the	clavulanic	acid	

(section	1.5.7.1)	 (Wang	et	 al,	 2002b).	Moreover,	 the	 replacement	of	 the	methionine	by	a	

longer	hydrophobic	side	chain	alters	 the	oxyanion	hole	and	changes	the	positioning	of	 the	

R244	located	on	the	b4	strand	(Bonomo	et	al,	1995).	
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Fig	1.14.	Schematic	representation	of	TEM-32	(M69I,	M182T)	active	site	(PDB	code	1LI0,	green)	
superimposed	to	the	apo-enzyme	TEM-1	(PDB	code	1m40,	gray).	The	isoleucine	at	position	69	
induces	a	dual	configuration	of	the	S70	(1)	and	the	rotation	of	the	Og	S130	64°	away	from	the	
original	configuration	(2).			
	

	 The	S130G	substitution	(e.g.	TEM-76)	is	very	rare,	notably	due	to	the	importance	of	

the	 S130	 in	 the	 catalytic	 activity	 of	 the	 b-lactamase.	 Nevertheless,	 TEM-76	 retains	 some	

activity	against	the	b-lactam	due	to	a	new	catalytic	water	molecule	replacing	the	Og	function	

of	the	S130	as	proton	donor	for	the	hydrolysis	of	the	substrate.	This	explains	why	the	serine	

is	 exclusively	 changed	 in	 glycine	 to	 easily	 accommodate	 the	water	molecule	 (Jacob	 et	 al,	

1990).	As	expected,	the	substitution	S130G	mainly	confers	the	resistance	to	inhibitors	due	to	

the	 deletion	 of	 the	 cross-linking	 between	 the	 residues	 S70	 and	 S130	 essential	 in	 the	

inactivation	process	(section	1.5.7.1).	Intriguingly,	this	mutation	also	brings	subtle	structural	

modifications	observed	in	other	IRTs	mutants,	as	the	disorder	of	the	catalytic	water	molecule	

stabilized	by	the	guanidium	group	of	the	R244	and	the	carbonyl	 function	of	the	V216	(e.g.	

TEM-30	(R244S)	and	TEM-84	(N276D))	perturbing	the	inactivation	process	(Fig	1.15)	(Thomas	

et	al,	2005).			
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Fig	 1.15.	 Active	 site	 representation	 of	 TEM-76	 (S130G)	 (PDB	 code	 1YT4)	 with	 the	 water	
molecule	(in	a	dual	configuration	(W1	and	W2))	replacing	the	Og	function	of	the	S130	(1)	and	
the	absence	of	the	water	molecule	stabilized	by	the	R244	and	the	carbonyl	function	of	the	V216	
(WTEM-1)	(2).	
	

	 One	last	mutation	which	accounts	for	the	inhibitor-resistance	behavior	of	TEM	is	the	

substitution	N276D	(e.g.	TEM-84).	The	residue	N276,	located	on	the	a12-helix,	establishes	one	

electrostatic	 interaction	with	 the	 guanidium	 group	 of	 the	 residue	 R244	 (Olehnovics	 et	 al,	

2021).	 Interestingly,	the	mutant	forms	more	 interactions	with	the	residue	R244	decreasing	

the	positive	electrostatic	potential	of	the	arginine.	Consequently,	this	disrupts	its	interaction	

with	the	carboxylate	group	of	the	substrate	resulting	in	a	lower	affinity	(Saves	et	al,	1995b).	

Moreover,	 the	 coordinated	water	molecule	 is	 absent	 in	 the	 crystallographic	model	 of	 the	

mutant	what	totally	affects	the	inactivation	process	(Fig	1.16)	(Swaren	et	al,	1999).	

	

	
	
Fig	1.16.	Superposition	of	TEM-1	(PDB	code	1BTL,	gray)	and	TEM-84	(PDB	code	1CK3,	green).	
The	water	molecule	involved	in	the	inactivation	process	is	lacking	in	TEM	N276D.		
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1.5.3.6) Carbapenemase	activity	of	class	A	b-lactamases	

	

	 Carbapenems	 (Fig	 1.5)	 are	 generally	 utilized	 as	 last	 barrier	 to	 fight	 the	 bacterial	

resistance.	They	inactivate	almost	all	class	A	b-lactamases	such	as	TEM-1	(Maveyraud	et	al,	

1998)	or	SHV-1	(Nukaga	et	al,	2008).	

	

	 The	structure	of	SHV-1	in	complex	with	the	meropenem	(Fig	1.17A)	emphasized	the	

stabilization	of	the	acyl-enzyme	via	the	interaction	of	the	carbapenem	C3-carbonyl	group	with	

the	a-amine	functions	of	A237	and	S70	(oxyanion	hole).	Moreover,	the	reorientation	of	the	

Og	function	of	the	S130	creates	an	interaction	with	K234	and	disrupts	the	H-bound	network	

with	K73	amino	group	present	in	the	apo-enzyme.	In	this	conformation,	S130	is	not	able	to	

transfer	the	proton	for	the	hydrolysis	of	the	substrate	anymore.	Finally,	the	structure	of	the	

complex	finally	demonstrated	that	the	6-a-1-R-hydroxyethyl	group	of	the	carbapenem	is	the	

main	determinant	for	the	reduction	of	the	deacylation	rate.	It	firstly	obligates	the	SDN	loop	to	

change	its	configuration	to	accommodate	the	hydroxyethyl	group	with	the	hydroxyl	function	

interacting	with	the	lateral	chain	of	the	residue	N132.	Furthermore,	the	structure	revealed	

the	catalytic	water	molecule	 interacts	with	 the	 residues	E166	and	N170,	but	also	with	 the	

hydroxyethyl	substituent.	This	reduces	the	nucleophelicity	of	the	deacylation	water	molecule	

and	 contributes	 to	 the	 acyl-enzyme	 stability.	 Intriguingly,	 the	 residue	 E166	 is	 normally	

deprotonated	 to	 activate	 the	water	molecule.	 The	 general	 base	 presents	 a	 proton	 in	 the	

complex	 to	 optimize	 the	 hydrogen	 bond	 network	 around	 the	 deacylation	water	molecule	

contributing	to	decrease	the	deacylation	rate	of	the	enzyme	for	carbapenems	(Fig	1.17B).				

	

	 Serine	carbapenemases	such	as	KPC	(Klebsiella	pneumoniae	carbapenemase)	acquired	

the	 ability	 to	 hydrolyze	 carbapenems.	 The	 structure	 of	 KPC-2	 in	 complex	 with	 the	 bicine	

molecule	highlighted	features	in	the	active	site,	compared	to	classical	class	A	b-lactamases,	

explaining	 its	carbapenemase	activity	 (Ke	et	al,	2007).	The	majority	of	 residues	 in	 the	KPC	

active	site	are	identical	to	TEM-1	or	SHV-1	excepted	for	residues	T235,	T237,	R220	and	H274	

interacting	with	the	carboxyl	moiety	of	the	bicine	and	probably	of	carbapenems	(Fig	1.17C).	

The	complex	faropenem/KPC-2,	compared	to	the	complex	imipenem/TEM-1,	illustrated	the	

shift	of	some	residues	which	may	explain	the	carbapenemase	activity	of	KPC-2.	Firstly,	the	S70	

is	 positioned	 less	 deep	 in	 the	 active	 site	 creating	 more	 space	 to	 accommodate	 bulkier	
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substrates	 and	 avoiding	 steric	 clashes	 between	 the	 6-a-1-R-hydroxyethyl	 group	 and	 the	

nearby	residues.	Moreover,	the	S130	returns	to	its	original	position	ensuring	the	bridging	with	

the	residue	K73.	Finally,	the	reorientation	of	the	residue	N132	disrupts	the	H-bond	established	

with	 the	 6-a-1-R-hydroxyethyl	 group	 in	 non-carbapenemase	 class	 A	 b-lactamases	 and	

unfavorable	for	the	carbapenem	hydrolysis	(Fig	1.17D)	(Pemberton	et	al,	2017).	

	

	
	
Fig	1.17.	Carbapenemase	activity	of	class	A	b-lactamases.	(A)	Superposition	of	the	apo-enzyme	
SHV-1	 (green,	 PDB	 code	 1SHV)	 and	 SHV-1	 complexed	 to	 the	meropenem	 (gray,	 PDB	 code	
2ZD8).	The	meropenem	takes	two	configurations	with	the	carbonyl	function	into	(1)	or	away	
(2)	from	the	oxyanion	hole.	(B)	H-bond	network	around	the	catalytic	water	molecule	for	the	
acyl-enzyme	meropenem/SHV-1	and	 for	 the	complex	between	SHV-1	and	a	good	substrate	
(Nukaga	et	al,	2008).	(C)	Model	of	KPC-2	in	complex	with	the	bicine	molecule	(PDB	code	2OV5)	
highlighting	 interactions	applied	 in	the	carboxylate	group	stabilization.	(D)	Superposition	of	
complexes	faropenem/KPC-2	(PDB	code	5UJ4,	gray),	imipenem/TEM-1	(PDB	code	1BT5,	green)	
and	 meropenem/SHV-1	 (cyan).	 Both	 imipenem	 and	 meropenem	 were	 removed	 for	 more	
visibility.	Shifts	of	crucial	residues	for	the	carbapenemase	activity	of	KPC-2	are	represented	by	
black	dotted	lines.		
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1.5.4) Class	C	b-lactamases	

	

1.5.4.1) Structural	generalities	of	class	C	b-lactamases	

	

	 As	for	the	class	A	b-lactamases,	the	class	C	b-lactamases	(AmpCs)	present	an	a-helical	

and	an	a/b	domain,	with	the	active	site	located	in	the	center	of	the	enzyme	(Fig	1.18A).	The	

active	 site	 is	 subdivided	 in	 two	 distinct	 domains	 formed	 by	 different	 loops:	 the	 R1	 site	

accommodating	the	R1	side	chain	of	the	b-lactam	via	the	w	loop,	the	c-loop	and	the	P2	loop;	

the	R2	 site	 interacting	with	 the	R2	 side	chain	via	 the	R2	 loop	 (Fig	1.18B).	 Their	active	 site	

contains	the	three	conserved	motifs	S64XXK67,	Y150XN152	and	K315XXA318	intervening	in	

the	catalytic	activity	of	the	enzyme.	As	opposed	to	class	A	b-lactamases,	the	active	site	of	the	

AmpCs	 possesses	 a	 more	 open	 configuration,	 mainly	 due	 to	 the	 large	 number	 of	 loops,	

allowing	the	accommodation	of	cephalosporins	with	a	bulkier	side	chain.		

	

	
	
Fig	1.18.	Structural	characterization	of	class	C	b-lactamases.	(A)	Global	representation	of	ACC-
1	(B)	General	overview	of	cefotaxime/ACC-1	acyl-enzyme	(PDB	code	6K9T)	with	the	active	site	
delimited	by	the	w	loop	(blue),	the	R2	loop	(purple),	the	P2	loop	(yellow),	the	P	loop	(cyan)	and	
the	 c-loop	 (orange).	 The	 R1	 and	R2	 binding	 sites	 are	 represented	 by	 black	 and	 red	 dotted	
circles,	respectively.				
	

1.5.4.2) Kinetic	properties	of	class	C	b-lactamases	

	

	 The	 class	 C	 b-lactamases	 hydrolyze	 efficiently	 the	 penicillins	 and	 both	 first	

cephalosporin	 generations	 (e.g.	 cefalotin,	 cephaloridine).	 The	 oxyminocephalosporins	 (e.g.	
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ceftazidime,	cefotaxime),	the	monobactams	(e.g.	aztreonam)	and	the	penams	(e.g.	imipenem)	

generally	constitute	poor	substrates.	However,	AmpCs	bind	nearly	all	b-lactams	with	a	high	

affinity	(low	Km	values)	representing	an	advantage	in	low	substrate	concentrations	(Galleni	&	

Frère,	1988;	Bauvois	et	al,	2005).	Unfortunately,	AmpCs	are	not	inhibited	by	b-lactamase’s	

classical	inhibitors	such	as	the	clavulanic	acid	(Bush	et	al,	1993	&	Endimiani	et	al,	2010).	

	

	 Some	AmpCs	possess	an	extended-spectrum	cephalosporinase	profile	and	are	able	to	

hydrolyze	 carbapenems.	 This	 activity	 was	 found	 for	 the	 chromosomal	 AmpC	 ADC-68	

expressed	by	A.	baumannii	(Jeon	et	al,	2015)	and	the	plasmid	AmpC	CMY-10	(Kim	et	al,	2006).	

Compared	to	classical	AmpCs,	 the	main	alterations	occur	 in	 the	w	 loop	and	 in	 the	R2	 loop	

expanding	the	active	site	and	decreasing	the	steric	clashes	between	the	active	site	residues	

and	the	bulkier	lateral	chain	of	oxymino-cephalosporins	and	carbapenems	(Fig	1.19).		

	

	
	
Fig	1.19.	Superposed	models	of	imipenem	(blue)	with	ADC-1	(red)	and	ADC-68	(green).	The	R1	
and	 R2	 binding	 sites	 are	 illustrated	 by	 a	 yellow	 and	 blue	 dotted	 circle,	 respectively.	 The	
mutated	 residues	D220	and	G320	 in	ADC-68	allow	a	more	opened	 configuration	of	 the	R1	
binding	site	for	the	accommodation	of	the	R1	bulkier	lateral	chain	of	the	cephalosporins	and	
the	carbapenems	(Jeon	et	al,	2015).	
	
	 The	AmpCs	can	also	be	involved	in	a	carbapenem	resistance	profile	when	the	reduction	

of	the	membrane	permeability	(mutations	or	under-expression	of	porins)	is	associated	with	

over-expression	of	efflux	pumps	and	the	hyper-production	of	AmpCs	(Quale	et	al,	2006).		
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1.5.4.3) Chromosomal	AmpCs	(cAmpCs)	

	

	 Some	Enterobacterales	present	an	ampC	gene	located	on	their	chromosome	with	the	

particularity	to	be	expressed	in	a	constitutive	or	an	inducible	manner	(Fig	1.20).	In	the	absence	

of	inducible	agent,	the	expression	of	the	chromosomal	AmpC	(cAmpC)	is	maintained	at	a	weak	

basal	 level.	 The	 cell	wall	 is	 constantly	 recycled	 forming	 1,6-anhydro-N-acetylmuramic	 acid	

oligopeptides	(muropeptides)	which	reintegrate	the	cytosol	via	the	AmpG	transporter.	AmpD	

(N-acetyl-muramyl-L-alanine-amidase)	 regulates	 the	 concentration	of	 the	muropeptides	by	

cleaving	 the	 stem	 peptides	 from	 1,6-anhydro-N-acetymuramic	 acid	 peptides	 which	 are	

recycled	in	UDP-N-acetylmuramic	acid	peptide	utilized	in	the	peptidoglycan	biosynthesis.	This	

peptide	binds	to	the	transcriptional	regulator	AmpR	repressing	the	expression	of	the	ampC	

gene	(Bugg	et	al,	2011).					

	

	 The	presence	of	a	b-lactam	inhibiting	the	activity	of	the	PBPs	leads	to	the	instability	of	

the	 cell	wall	with	an	 increase	 in	peptidoglycan	degradation	products	 (muropeptides).	As	a	

consequence,	the	AmpD	is	saturated	and	the	accumulation	of	muropeptides	displace	the	UDP-

N-acetylmuramic	acid	peptide	from	AmpR	which	undergoes	conformational	changes	resulting	

in	the	transcription	of	ampC	(Tamma	et	al,	2019).	

	

	 Mutations	in	regulatory	genes	can	occur	in	response	to	an	antibiotic	therapy	and	cause	

an	overexpression	of	AmpC	production	(ampD	mutants,	the	more	frequent)	or	a	derepression	

(ampR	 mutants,	 less	 frequent)	 of	 ampC	 transcription,	 even	 in	 absence	 of	 the	 b-lactam	

(Schmidtke	&	Hanson,	2006	&	Kuga	et	al,	2000).		

	

	 E.	 coli	 expresses	 constitutively	 cAmpCs	 at	 low	 level.	 It	 does	 not	 possess	 regulatory	

elements	 allowing	 an	 inducible	 expression	 of	 AmpC.	 The	 strain	 ensures	 a	 higher	 level	 of	

cAmpCs	production	by	a	gene	duplication	and/or	mutations	 in	the	ampC	promotor	 (Peter-

Getzlaff	et	al,	2011).				
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Fig	1.20.	cAmpC	expression	regulation	without	exposure	to	a	b-lactam	(1),	under	an	induced	
b-lactam	(2)	and	under	the	apparition	of	mutations	in	regulatory	elements	(AmpD	and	AmpR)	
(3)	(Harris,	2015).	
	

	 Aminopenicillins,	amoxicillin,	the	first	generation	cephalosporins	and	the	cephamycins	

highly	 induce	 the	 expression	 of	 the	 cAmpCs	which	 effectively	 hydrolyze	 those	 antibiotics.	

Carbapenems	are	also	considered	as	potent	 inducers	of	 the	enzyme	overexpression,	but	 it	

remains	 stable	 resulting	 in	 a	 general	 non-susceptibility	of	 strains,	 excepted	 in	presence	of	

porins	 mutations	 or	 efflux	 pumps	 overexpression.	 Piperacillin,	 the	 third	 generation	

cephalosporins	and	aztreonam	are	weak	inducers	rendering	susceptible	the	strains	in	a	basal	

level	 expression.	 However,	 strains	 with	 a	 constitutive	 expression	 of	 the	 cAmpC	 display	 a	

resistant	profile	due	to	the	good	kinetic	features	for	those	substrates.	Finally,	cefpirome	and	

cefepime	are	both	weak	inducers	and	stable	acyl-enzyme	compounds	conferring	a	resistance	

in	nearly	all	cases	(Meini	et	al,	2019).		
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1.5.4.4) Plasmid-mediated	AmpCs	(pAmpCs)	

	

	 The	first	discovered	plasmid-encoded	AmpC	corresponded	to	MIR-1.	 It	was	 isolated	

from	Klebsiella	pneumoniae	Isolates	in	the	United	States	by	Papanicolaou	(Papanicolaou	et	

al,	1990).	This	enzyme	hydrolyzed	the	oxymino-b-lactams	and	has	a	90	%	sequence	identity	

with	the	chromosomal	ampC	of	E.	cloacae.		

	

	 The	majority	of	pAmpCs	are	originated	from	chromosomal	AmpCs	expressed	by	Gram-

negative	bacteria	and	are	mainly	spread	in	five	phylogenetic	groups:	The	Enterobacter	group	

(MIR,	ACT),	the	Citrobacter	freundii	group	(CMY-2-like,	LAT),	the	Morganella	morganii	group	

(DHA),	 the	 Hafnia	 alvei	 group	 (ACC)	 and	 the	 Aeromonas	 group	 (CMY-1-like,	 FOX).	 The	

sequence	identity	between	the	species-specific	chromosomal	AmpC	and	the	related	plasmid-

encoded	AmpC	is	very	close	(Philippon	et	al,	2002).		

	

	 The	pAmpCs	are	mainly	expressed	constitutively	but	some	are	inducible	such	as	DHA-

1	(Luan	et	al,	2014)	and	ACT-1	(Reisbig	&	Hanson,	2002).	The	kinetic	properties	of	the	plasmid-

encoded	AmpCs	are	very	similar	to	cAmpCs	with	low	Km	values	for	the	majority	of	substrates	

and	 a	 higher	 activity	 against	 the	 penicillins,	 the	 first	 and	 the	 second	 generation	 of	

cephalosporins	than	the	oxymino-cephalosporins.	The	profile	of	inhibition	is	also	very	similar	

(Philippon	et	al,	2002).	

	

	 CMY-2	is	the	most	prevalent	pAmpC	and	is	now	geographically	distributed	worldwide	

(Bauernfeind	&	Yunsop,	1998).	 It	has	been	intensively	studied	since	the	first	publication	in	

1996	 (Bauernfeind	et	al,	 1996)	 and	 is	often	co-expressed	with	ESBLs	 (e.g.	 SHV,	CTX-M)	or	

oxacillinases	(e.g.	OXA-1-like)	(Pietsch	et	al,	2018).	Even	though	this	category	of	b-lactamases	

is	 not	 a	 high	 risk	 in	 human	medicine,	 the	dissemination	of	 pAmpCs	 in	 the	 environment	 is	

frightening	and	their	surveillance	is	crucial	for	the	management	and	prevention.	We	notably	

found	a	high	prevalence	of	pAmpCs	 in	 the	aquatic	environment	 (Coertze	&	Bezuidenhout,	

2020),	 in	healthy	food	animals	(Ewers	et	al,	2021),	 in	wildlife	(Palmeira	et	al,	2021)	and	in	

livestock	(Ewers	et	al,	2012).				
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1.5.4.5) Catalytic	mechanism	of	the	AmpC		

	

	 Initial	 studies	 suggested	 that	 the	 Y150	 acts	 as	 general	 base	 for	 the	 acylation	 and	

deacylation	 steps,	 resulting	 in	 a	 deprotonated	 form	 of	 the	 tyrosine	 along	 all	 the	 catalytic	

mechanism	(Oefner	et	al,	1990).	It	was	discredited	by	other	crystallographic	models	(Chen	et	

al,	2006)	and	NMR	experiments	(Kato-Toma	et	al,	2003)	that	highlighted	the	neutral	form	of	

the	tyrosine	in	all	phases.			

	

	 Then,	 QM/MM	 studies	 on	 a	 complex	 AmpC/aztreonam	 highlighted	 that	 the	 K67	

(conserved	motif	S64XXK67)	was	involved	in	the	acylation	of	the	substrate,	while	the	Y150	was	

mainly	 implicated	 in	 the	 protonation	 of	 the	 b-lactam	 ring	 N-atom	 (Fig	 1.21).	 Similar	

observations	were	observed	for	the	complex	AmpC/cephalotin	(Tripathi	&	Nair,	2013).	

	

	
	
Fig	1.21.	Schematic	representation	of	the	acylation	mechanism	based	on	QM/MM	studies	on	
the	complex	AmpC/aztreonam.	Y67	acts	as	an	acceptor	of	proton	allowing	the	nucleophilic	
attack	of	 the	b-lactam	 ring	by	 the	S64	 (1).	 Y150	acts	as	a	donor	of	proton,	permitting	 the	
protonation	of	the	b-lactam	ring	N-atom	via	a	water	molecule	(2)	and	leading	to	a	stable	acyl-
enzyme	(3)	(Tripathi	&	Nair,	2013).		
	

	 Authors	also	hypothesized	two	different	ways	to	explain	the	deacylation	phase.	At	first,	

a	proton	is	transferred	between	the	K67,	Y150	and	a	catalytic	water	molecule	resulting	in	the	

hydrolysis	of	the	acyl-enzyme	and	the	release	of	the	cleaved	antibiotic	(Fig	1.22A)	(Tripathi	&	

Nair,	2016).	The	second	option	consists	in	the	deprotonation	of	the	catalytic	water	molecule	

via	the	b-lactam	ring	nitrogen	(Fig	1.22B)	(Patera	et	al,	2000).		
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Fig	1.22.	Class	C	b-lactamases	deacylation	mechanisms	involving	a	proton	transfer	between	
the	K67	and	Y150	to	activate	the	catalytic	water	molecule	(A),	or	via	the	b-lactam	ring	nitrogen	
(Tooke	et	al,	2019a).	
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1.5.5) Class	D	b-lactamases		

	

	 The	class	D	b-lactamases	are	called	OXA	due	to	their	capability	to	hydrolyze	oxacillin,	

a	 semisynthetic	 penicillin.	 They	 are	 mainly	 expressed	 by	 Acinetobacter	 baumannii,	

Pseudomonas	aeruginosa,	Escherichia	 coli	 and	Proteus	mirabilis.	We	 currently	 count	more	

than	250	different	OXA	enzymes	belonging	to	three	major	groups:	the	narrow-spectrum	OXAs	

(e.g.	OXA-1	and	OXA-20)	(Naas	et	al,	1998),	the	ESBL	OXAs	(e.g.	OXA-14)	(Danel	et	al,	1995)	

and	the	carbapenemases	OXAs	(e.g.	OXA-24/40	and	OXA-48)	(Bou	et	al,	2000).		

	

	 The	 topology	 of	 the	 class	 D	 b-lactamases	 is	 similar	 to	 other	 active-site	 serine	 b-

lactamases	despite	a	very	low	sequence	identity	(e.g.	8	%	between	OXA-10	and	TEM-1).	The	

a/b	domain	includes	a	seven-stranded	antiparallel	b	sheet,	while	6	a-helices	compose	the	a	

domain		(Fig	1.23A).	The	active	site	is	located	between	both	domains	and	is	mainly	structured	

by	the	a3-helix,	one	short	loop	between	the	a4	and	a5-helices,	and	the	b5-strand.	Their	w	

loop	 (residues	 145-161)	 is	 shorter	 than	 in	 class	 A	 and	 C	 b-lactamases	 and	 carries	 mainly	

hydrophobic	 residues	oriented	 toward	 the	active	 site.	 Those	 structural	 elements	 carry	 the	

three	conserved	motifs	(S67XXK70,	K205T/S206G207	and	S115XV117)	involved	in	the	binding	

of	the	substrate	and	crucial	for	the	catalytic	activity	of	the	enzyme	(Fig	1.23B)	(Maveyraud	et	

al.,	2000).	

	

	 The	 class	 D	 b-lactamases	 possess	 a	 more	 hydrophobic	 active	 site	 than	 other	 b-

lactamase	classes.	On	one	hand,	this	correlates	with	the	oxacillinase	activity	of	OXA	enzymes	

since	 a	 hydrophobic	 patch	 complements	 the	 hydrophobic	 R1	 side	 chain	 of	 the	 oxacillin	

explaining	a	very	efficient	activity	of	OXA-1	for	this	substrate	(Fig	1.23C)	(June	et	al,	2014).	In	

the	other	hand,	 the	hydrophobic	nature	of	 the	 class	D	BLAs	active	 site	 also	promotes	 the	

carboxylation	of	the	general	base	K70	resulting	 in	a	carbamate	functional	group.	 Indeed,	 it	

was	 suggested	 that	 non-polar	 residues	 (e.g.	 V117)	 decrease	 the	 pKa	of	 the	 catalytic	 lysine	

favoring	the	deprotonation	at	neutral	pH	required	for	the	attack	on	the	CO2	(Golemi	et	al,	

2001).	The	carbamate	moiety	is	stabilized	by	a	number	of	hydrogen	bonds,	notably	to	the	S67,	

the	S115	and	the	conserved	residue	W154	ensuring	the	correct	positioning	of	the	functional	

group	crucial	for	both	acylation	and	deacylation	steps	(Fig	1.23B&D)	(Leonard	et	al,	2013).	
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Fig	1.23.	Active	site	description	of	class	D	b-lactamases.	 (A)	General	overview	of	class	D	b-
lactamases.	 (B)	 Zoom	on	 the	OXA-10	 active	 site	 in	 complex	with	 the	 imipenem	 (PDB	 code	
6SKP).	The	H-bond	networks	stabilizing	the	carbamate	moiety	(S67-S115-W154)	and	ensuring	
the	deprotonation	of	the	K70	(K205-S115-K70)	are	illustrated	by	yellow	dotted	lines,	while	the	
oxyanion	 hole	 and	 the	 “carboxylic	 pocket”	 by	 red	 dotted	 lines.	 (C)	 Hydrophobic	 patch	
representation	of	OXA-1	in	complement	with	the	R1	side	chain	of	the	oxacillin	(June	et	al,	2014)	
(D)	Catalytic	mechanism	of	class	D	b-lactamases	where	the	carboxylate	K70	activates	the	S67	
which	 makes	 a	 nucleophile	 attack	 on	 the	 lactam	 carbonyl	 (1)	 to	 form	 a	 tetrahedral	
intermediate	(2).	Then,	the	ester	linkage	is	cleaved	by	an	activated	water	molecule	(3)	with	the	
release	of	the	inactivated	product	(4)	(Leonard	et	al,	2013).		
	

	 The	first	OXA	b-lactamases	(e.g.	OXA-1,	OXA-10)	cannot	hydrolyze	carbapenems.	As	

described	for	class	A	and	C	b-lactamases,	the	reorientation	of	the	6a-hydroxyethyl	function	

of	 the	 antibiotic	 which	 binds	 the	 carbamate	 moiety	 of	 the	 K70	 and	 the	 absence	 of	 the	

deacylation	water	molecule	prevent	the	hydrolysis	of	the	acyl-enzyme,	resulting	in	a	very	low	

deacylation	rate	(Fig	1.24A)	(Schneider	et	al,	2009).	
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	 The	 emergence	 of	 OXA	 carbapenemases	 started	 in	 1995	 with	 the	 first	 identified	

enzyme	OXA-23	(Scaife	et	al,	1995).	Nowadays,	dozens	of	new	OXA	carbapenemase	have	been	

identified	 and	were	 classified	 in	 five	 sub-groups:	OXA-23,	OXA24/40,	OXA-48,	OXA-51	and	

OXA-58	presenting	different	subtitle	mechanisms.	For	example,	the	complex	doripenem/OXA-

24	revealed	a	hydrophobic	bridge	between	the	residues	Y112	and	M223	establishing	nonpolar	

interactions	with	 the	 pyrrolidine	 ring	 of	 the	 doripenem	 side	 chain,	while	 the	 doripenem’s	

hydroxyethyl	 group	 points	 away	 from	 the	 carbamate	 of	 the	 carboxy-K70	 (Fig	 1.24B)	

(Schneider	 et	 al,	 2011).	 By	 contrast,	 OXA-48	 does	 not	 present	 this	 hydrophobic	 bridge.	

However,	a	more	open	configuration	of	its	active	site	and	the	positioning	of	the	b5-b6	loop	

(T213)	disrupts	the	interaction	of	the	hydroxyl	group	of	the	meropenem	and	the	carbamate	

group	 of	 the	 carboxy-K70	 creating	 space	 for	 the	 deacylating	 water	 molecule	 (Fig	 1.24C)	

(Stojanoski	et	al,	2021).		

	

	
	
Fig	1.24.	Active	site	of	OXA	carbapenemases.	(A)	OXA-1	in	complex	with	the	doripenem	(PDB	
code	3ISG)	where	the	interaction	of	the	two	configurations	of	antibiotic	6a-hydroxyethyl	group	
with	the	carbamate	moiety	of	the	K70	is	illustrated	by	a	blue	dotted	line.	(B)	Representation	of	
the	 complex	 doripenem/OXA-24	 V130D	 (PDB	 code	 3PAG)	 where	 residues	 Y112	 and	M223	
forming	the	hydrophobic	bridge	are	colored	in	purple.	(C)	Zoom	on	the	OXA-48	K73A	mutant	
active	site	in	complex	with	the	imipenem	(PDB	code	7KH9).	The	A73	is	highlighted	in	rose,	while	
the	b5b6	loop	is	illustrated	in	purple.		
	

	 Since	it	first	identification	from	Klebsiella	pneumoniae	in	Istanbul	in	2001	(Poirel	et	al,	

2004),	OXA-48-like	b-lactamases	largely	disseminated	worldwide	and	currently	cause	a	real	

health	concern.	Frighteningly,	OXA-48	enzymes	are	detected	in	human	bacterial	Isolates,	but	

also	in	the	environment	as	in	rivers	or	livestock.	They	disseminate	rapidly	since	the	bla	gene	

is	commonly	harbored	by	the	plasmid	lncL	which	acquired	an	upstream	transposon	Tn1999	

and	the	downstream	insertion	sequence	IS1999.	It	is	often	not	detected	correctly	resulting	in	
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a	wrong	diagnosis	and	making	the	treatment	complicated	(Boyd	et	al,	2022).	More	and	more	

studies	 describe	 an	 increasing	number	of	OXA-48-like/NDM	co-producers	 providing	 a	 high	

level	of	resistance	to	carbapenems	and	current	inhibitor	therapies	(Bush	&	Bradford,	2020).	
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1.5.6) Class	B	b-lactamases,	the	metallo-b-lactamases	(MBLs)	

	

1.5.6.1) Classification	of	MBLs	

	

	 The	metallo-b-lactamases	can	be	divided	 in	 three	sub-groups	 following	 their	amino	

acids	sequence	(Galleni	et	al,	2001).	All	sub-groups	present	different	substrate	profiles	and	

loop	configurations	intervening	in	the	enzyme	activity.		

	

	 Historically,	 the	 first	 described	 metallo-b-lactamases	 belonged	 to	 the	 subclass	 B1	

which	hydrolyze	all	b-lactams	excepted	the	monobactams	(Marcoccia	et	al,	2016).	However,	

this	isolated	susceptibility	can	be	hindered	by	the	co-expression	with	b-lactamases	belonging	

to	 other	 classes	 (Gao	 et	 al.,	 2020).	 They	 are	 mono-zinc	 or	 bi-zinc	 and	 studies	 on	 BCII	

demonstrated	that	the	binding	of	a	second	zinc	ion	improves	its	activity	(Davies	&	Abraham,	

1974).	But	a	more	recent	study	showed	that	the	bi-zinc	form	is	essential	for	the	activity	of	BCII	

(Jacquin	et	al,	2009).	BCII	was	discovered	 in	1966	 in	Bacillus	subtilis	and	 is	chromosomally	

encoded	 (Sabath	et	Abraham,	1966).	However,	 the	majority	of	 the	sub-class	B1	genes	are	

carried	 by	 plasmids	 such	 as	 IMP-1	 (Imipenemase)	 firstly	 isolated	 from	 Pseudomonas	

aeruginosa	 and	Serratia	marcescens	 in	 Japan	 in	 1990	 and	 actually	 counting	 for	 85	 variant	

sequences	 (Watanabe	 et	 al,	 1991);	 the	most	 relevant	 Verona-Integron-encode	metallo-b-

lactamase	(VIM)	found	in	Pseudomonas	aeruginosa	in	1997	and	represented	by	69	variants	

(Lauretti	 et	 al,	 1999);	NDM-1	 (New-Delhi	metallo-b-lactamase)	 corresponding	 to	 the	most	

prevalent	MBL	in	Enterobacterales	(55	variants)	and	identified	for	the	first	time	in	Klebsiella	

pneumoniae	and	E.	coli	in	2008	(Yong	et	al,	2009).		

	

	 The	subclass	B2	MBLs	are	exclusively	mono-zinc	and	are	inhibited	by	the	association	

with	a	second	zinc	ion	(Hernandez	Valladares	et	al,	1997).	They	are	strictly	carbapenemase	

and	 are	 inefficient	 against	 other	 penam	 families	 (Bebrone	 et	 al,	 2008).	 CphA	 is	 the	most	

known	subclass	B2	MBL	and	was	discovered	in	1991	in	Aeromonas	hydrophila	(Massidda	et	

al,	1991).	Up	to	date,	17	variants	of	CphA	are	found	in	Aeromonas.		
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	 The	 subclass	 B3	 MBLs	 have	 a	 broad	 spectrum	 activity	 against	 all	 penams	 and	

coordinate	 two	 zinc	 ions	 (Horsfall	 et	 al,	 2011).	 Their	 genes	 are	 generally	 encoded	 by	 the	

chromosome	and	are	species-specific	such	as	the	MBL	L1	 isolated	from	Stenotrophomonas	

maltophilia,	previously	called	Pseudomonas	maltophilia,	in	1982	(Saino	et	al,	1982)	and	GOB	

enzymes	 expressed	 by	 the	 species	Chryseobacterium	meningoseptica	 (Bellais	 et	 al,	 2000).	

Furthermore,	some	horizontally	transferable	bla	genes	are	also	present	in	this	subgroup	as	

AIM-1	firstly	identified	in	the	chromosome	of	Klebsiella	pneumoniae	in	2019	(Zhou	et	al,	2019)	

or	 LMB-1	 found	 on	 a	 plasmid	 in	 Rheinheimera	 pacifica	 and	 flanked	 by	 immobilization	

sequences	(Lange	et	al,	2018).	

	

1.5.6.2) Structure	and	active	site	

	

	 The	three	subclasses	present	an	abba	fold	with	two	central	b-sheets	and	a	helixes	on	

each	side	(Fig	1.25A-C).	The	active	site	is	located	between	both	domains	and	contains	the	Zn2+	

ions	coordinated	by	conserved	motifs	and	crucial	for	the	activity	of	the	enzyme	(Table	1.2)	

(Boyd	et	al,	2020).		

	

MBLs	 Histidine	site	 Cysteine	site	
B1	 Zn1		H116-H118-H196	 Zn2		D120-C221-H263	
B2	 Zn2		H118-H263	 Zn1	D120-C221-H263	
B3	 Zn1		H116-H118-H196	 Zn2	D120-C221-H263	

	
Table	1.2.	Zinc	ions	coordination	by	motifs	conserved	in	the	three	MBL	subclasses.	The	Zn2	ion	
coordinated	by	the	histidine	site	in	the	subclass	B2	is	unfavorable	(indicated	in	red).				
	

	 The	 subclass	B1	MBLs	 carry	a	 flexible	 loop	 (flapping	 loop)	between	 the	b2	and	b3-

strands	(residues	65-73)	where	some	hydrophobic	residues	(L65,	M67,	F70	and	V73)	tightly	

bind	the	lateral	chain	of	the	antibiotic	as	illustrated	by	the	complexes	NDM-1/ampicillin	(Fig.	

1.25D)	 and	NDM-1/imipenem	 (Fig.	 1.25G).	 Those	hydrophobic	 residues	 combined	with	 an	

important	 flexibility	of	 the	 flapping	 loop	accommodate	a	 large	panel	of	substrates	 (King	&	

Strynadka,	2011).	W94	on	the	L5	loop	closes	the	active	site	what	is	essential	for	the	activity	

of	 the	enzyme	 (Huntley	et	al,	 2003).	Moreover,	 the	 L10	 loop	contributes	 to	 the	 substrate	

binding	 via	 their	 residues	 K211	 and	 N220	 interacting	 with	 the	 carboxylate	 group	 of	 the	

antibiotic.	It	also	carries	the	residue	C221	crucial	for	the	coordination	of	the	zinc	ion	(King	&	
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Strynadka,	2011).	Mutations	on	the	L10	loop	totally	disrupt	its	dynamic	and	reduce	the	activity	

of	NDM-1	(Piccirilli	et	al,	2021).		

	

	 On	the	contrary,	the	subclass	B2	MBLs	do	not	possess	a	long	flexible	loop	between	the	

b2	and	b3-strands	(Fig	1.25F).	However,	the	model	CphA/biapenem	highlighted	an	elongated	

a3-helix	 (residues	 140-161)	 which	 carries	 steric	 and	 hydrophobic	 residues	 (e.g.	 I153	 and	

F156).	They	reduce	the	size	of	the	active	site	and	restrain	the	CphA	activity	to	carbapenems.	

On	the	other	hand,	the	involvement	of	residues	T119	and	T157,	able	to	establish	H-bonds	with	

the	C7	carbonyl	group	of	the	biapenem,	combined	to	the	L10	loop,	contributes	to	the	optimal	

activity	of	the	enzyme	(Garau	et	al,	2005).	Finally,	mutagenesis	experiments	demonstrated	

the	essential	role	of	different	prolines	brought	by	the	highly	conserved	L8	loop	(Bottoni	et	al,	

2016).			

	

	 The	structure	of	the	subclass	B3	MBL	L1	 in	complex	with	moxalactam	also	revealed	

hydrophobic	interactions	via	the	L9	loop	(mobile	loop)	located	between	the	a3-helix	and	the	

b7-strand	 with	 the	 lateral	 chain	 of	 the	 substrate	 (Fig	 1.25E).	 Some	 additional	 H-bonds	

between	the	residues	S221	and	S223	on	the	L13	loop	and	the	carboxylate	group	brought	by	

the	carbon	C4	of	the	moxalactam	complete	the	stabilization	of	the	acyl-enzyme	(Ullah	et	al,	

1998).	The	b-lactamase	L1	has	the	particularity	to	form	a	tetramer	via	its	20-AA	N-terminal	

extension	ensuring	the	interaction	between	subunits	A-B	and	C-D	(Fig	1.25H).	Moreover,	the	

residue	M175	from	the	subunit	A	penetrates	in	a	hydrophobic	pocket	on	the	subunit	B	(the	

same	between	subunits	C	and	D)	(Simm	et	al,	2002).	Finally,	both	L40	and	L43	take	place	in	an	

apolar	cavity	of	the	opposite	subunit	and	constitute	the	main	contacts	between	the	subunit	A	

and	 C	 with	 B	 and	 D,	 respectively	 (Ullah	 et	 al,	 1998).	 The	 majority	 of	 class	 B3	 MBLs	 are	

monomeric	 such	 as	 FEZ-1	 which	 lacks	 the	 N-terminus	 region	 making	 electrostatic	 and	

hydrophobic	 interactions	essential	 for	 the	 tetramerization.	Moreover,	 the	 residue	M175	 is	

mutated	in	a	positively	charged	residue	H175	unfavorable	for	its	insertion	in	the	hydrophobic	

pocket	(Garcia-Sáez	et	al,	2003).	
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Fig	 1.25.	Global	 representation	 of	 the	 subclass	 B1	MBL	 NDM-1	 (PDB	 code	 4H0D)	 (A),	 the	
subclass	B3	MBL	L1	(PDB	code	2AIO)	(B)	and	the	subclass	B2	MBL	CphA	(PDB	code	1X8I)	(C).	
The	helixes,	the	b-strands	and	the	loops	are	colored	in	red,	green	and	blue,	respectively.	Active	
site	of	NDM-1	in	complex	with	the	ampicillin	(D)	and	the	imipenem	(PDB	code	5YPL)	(G),	of	L1	
with	the	moxalactam	(E)	and	CphA	with	the	biapenem	(F).	Tetrameric	complex	of	the	MBL	L1	
(Ullah	et	al,	1998)	(H).	Zinc	ions	(purple)	are	coordinated	by	residues	represented	in	orange.	
The	N-terminal	extremity	of	the	MBL	L1	is	illustrated	in	yellow.		
	

1.5.6.3) NDM-1,	the	most	spread	and	critical	subclass	B1	MBL	

	

	 NDM-1	 catalyzes	 the	 hydrolysis	 of	 all	 b-lactam	 antibiotics	 with	 the	 exception	 of	

monobactams	and	resist	to	all	available	inhibitors.	It	was	first	identified	in	a	Swedish	patient	

presenting	a	urinary	tract	infection	in	2009	due	to	a	Klebsiella	pneumoniae	and	hospitalized	
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in	New-Delhi	(Yong	et	al,	2009).	NDM-1	presents	a	low	sequence	identity	with	other	B1	MBLs	

(e.g.	34	%	for	IMP-1	and	35	%	for	VIM-2)	(Bush,	2013).		

	

1.5.6.3.1) 	NDM-1	as	a	lipoprotein	

	

	 NDM-1	 is	 anchored	 to	 the	 outer	 membrane	 of	 the	 Gram-negative	 bacteria	 via	 a	

lipidation	 amino	 acids	 sequence	 LSGC	 called	 “lipobox”	 at	 the	 end	of	 the	 signal	 peptide.	 It	

stabilizes	the	apo-enzyme	when	the	concentration	of	zinc	ions	decreases	in	an	infection	site	

where	 the	 metal-chelating	 protease	 calprotectin	 is	 released.	 The	 NDM-1	 C26A	 mutant	

presents	an	important	instability	and	a	high	rate	of	degradation.	Moreover,	the	secretion	of	

NDM-1	in	outer-membranes	vesicles	(OMV)	also	provides	bacterial	resistance	to	external	b-

lactams	secreted	by	neighboring	producers	(Fig	1.26)	(Gonzalez	et	al,	2016).	

	

	

	
	
	
	
	
Fig	1.26.	Membrane-anchoring	NDM-1	mechanism	for	the	
enzyme	 stabilization	 in	 a	 low	 zinc	 ions	 concentration	
environment	 and	 the	 outer-membrane	 vesicles	 (OMV)	
formation	 for	 resistance	 to	 the	 external	 presence	 of	
antibiotics	(Gonzalez	et	al,	2016).	
	
	

	

1.5.6.3.2) NDM	variants	

	

	 The	NDM	family	contains	a	lot	of	variants	with	mutations	spread	on	17	AA	(Fig	1.27).	

The	mutations	are	generally	located	far	from	the	active	site	(Wu	et	al,	2019).	M154L	is	the	

more	largely	identified	mutation	and	increases	the	activity	against	penicillins,	also	at	 lower	

zinc	 ions	 concentration	 (Stewart	 et	 al,	 2017).	 It	 reflects	 the	 ability	 of	NDM-1	 to	 evolve	 in	
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function	of	the	scarcity	of	zinc	ions	in	the	environment.	The	substitution	V88L	is	also	largely	

represented	and	is	generally	co-expressed	with	the	mutation	M154L	(e.g.	NDM-5)	(Zou	et	al,	

2020).	 The	 association	 of	 the	 two	 mutations	 contributes	 to	 increase	 the	 carbapenemase	

activity	notably	due	to	a	higher	stability	of	NDM-5	with	carbapenems	(Ali	et	al,	2018).						

	

	
	

Fig	1.27.	NDM-1	sequence	and	mutants.	All	mutations	are	illustrated	in	red,	while	the	related	
NDM	variants	are	indicated	in	parentheses	(Wu	et	al,	2019).	
	

1.5.6.3.3) Worldwide	expansion	of	the	NDM	family			

	

	 Since	 its	 first	apparition	 in	2008,	 some	studies	 reported	a	high	distribution	and	 the	

prevalence	 of	 NDM	 MBLs	 worldwide.	 The	 Study	 for	 Monitoring	 Antimicrobial	 Resistance	

Trends	(SMART)	provided	a	global	surveillance	on	103960	Isolates	of	Enterobacterales	from	

55	countries	isolated	between	2008	and	2014	(Karlowsky	et	al,	2017).	It	revealed	a	significant	

proportion	of	NDM	variants	everywhere	in	the	world,	especially	in	the	Middle	East	(UAE),	in	

Asia	(Pakistan,	India),	in	North	Africa	(Egypt)	and	in	South	Pacific	(Philippines).	They	are	mainly	

expressed	in	Klebsiella	pneumoniae,	Escherichia	coli	and	Enterobacter	cloacae.	NDM	variants	

represent	the	third	most	widespread	carbapenemases	(19	%),	just	after	the	OXA	(20	%)	and	
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KPC	(50	%)	b-lactamases	(Fig	1.28).	The	SMART	study	did	not	take	into	account	China	where	

recent	 studies	 demonstrated	 that	 NDM	MBLs	 could	 reach	 30	 %	 of	 total	 carbapenemases	

(Dong	et	al,	2022).		

	

	
	
Fig	 1.28.	Geographical	 distribution	 of	 carbapenemases	 based	 on	 the	 Study	 for	Monitoring	
Antimicrobial	Resistance	Trend	(SMART)	(Karlowsky	et	al,	2017).	The	positive	strains/tested	
strains	ratio	is	indicated	in	parentheses.		
	

	 Traveling	 remains	 the	main	 factor	explaining	 the	 large	 spread	of	b-lactamases.	 The	

appearance	of	NDM	MBLs	in	Europe	like	in	Italy	(Gaibani	et	al,	2011)	or	in	Greece	(Voulgari	

et	al,	2014),	in	2011.	This	is	a	consequence	of	patients	traveling	in	India	and	being	hospitalized	

in	their	respective	country	after	their	return.		

	

	 NDM-1	 is	 carried	 by	 more	 than	 11	 bacterial	 families	 and	 particularly	 by	

Enterobacterales.	 It	 is	 also	 expressed	 by	 Klebsiella	 pneumoniae	 species	 associated	 with	

multiple	pathologies	such	as	bloodstream	infections,	intra-abdominal	infections,	meningitis,	

or	urinary	tract	infections.	Genes	coding	for	NDM	variants	are	essentially	found	on	plasmids	

rendering	possible	their	rapid	dissemination	by	a	horizontal	gene	transfer.	Nowadays,	around	

20	replicon	types	of	blaNDM	carrying	plasmids	were	 identified	with	 the	more	represented	

lncX3	 (Wu	 et	 al,	 2019).	 NDM-encoding	 genes	 are	 usually	 located	 in	 tandem	with	 mobile	

genetic	elements	as	insertion	sequences,	transposons…	allowing	their	mobilization	between	

different	plasmids	or	between	a	plasmid	and	a	chromosome	(Poirel	et	al,	2011).		
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1.5.6.3.4) Mechanism	for	b-lactam	hydrolysis	by	MBLs	

	

	 Despite	the	catalytic	activity	of	bi-zinc	MBLs	slightly	vary	depending	on	the	active	site	

and	substrate,	MBLs	share	a	general	mechanism	for	b-lactam	antibiotics	hydrolysis.	Feng	et	al	

performed	 NMR	 and	 structural	 studies	 on	 carbapenem/NDM-1	 complexes.	 They	

demonstrated	 identical	 features	during	the	hydrolysis	of	penicillins	and	cephalosporins	but	

also	some	peculiar	aspects	(Fig	1.29).	Similarly,	the	delocalization	of	the	negative	charge	from	

positions	N4	to	C2	by	tautomerization	also	follows	the	nucleophilic	attack	by	the	hydroxide	

group.	An	equilibrium	is	established	between	the	two	species	EI1	and	EI2	shifted	toward	the	

second	 intermediate.	 Then,	 the	 protonation	 of	 the	 intermediate	 EI2	 takes	 two	 different	

pathways:	(I)	it	is	directly	undertaken	on	the	C2	carbon	leading	to	the	intermediate	EI3	that	

evolves	 to	 EP	 and	 the	 release	 of	 the	 final	 product;	 (II)	 EI2	 undergoes	 some	 structural	

modifications	(EP’)	 facilitating	 its	protonation	and	resulting	 in	the	complex	EP.	On	contrary	

with	the	cephalosporin	hydrolysis	(Feng	et	al,	2014),	the	proton	uptake	corresponds	to	the	

rate-limiting	step	for	the	protonation	of	the	intermediate	EI2	and	they	demonstrated	that	the	

protonation	was	only	possible	by	a	bulky	solvent	molecule	entering	in	the	pocket	from	the	

exterior	space.	By	consequence,	it	exclusively	attacks	the	b-lactam	ring	configuration	with	the	

negative	charge	delocalized	on	the	C2	carbon	(Feng	et	al,	2017).		
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Fig	1.29.	Carbapenems	hydrolysis	catalyzed	by	NDM-1.	The	Michaelis	Menten	complex	(ES)	
undergoes	 a	 nucleophile	 attack	 by	 the	 hydroxide	 group	 leading	 to	 the	 intermediate	 EI1	 in	
equilibrium	with	 EI2	 by	 tautomerization.	 Then,	 the	 protonation	 immediately	 occurs	 (EI3)	 or	
after	some	changes	of	the	complex	EI2	(EP’)	finally	leading	to	the	release	of	the	product	and	
the	regeneration	of	NDM-1	(Feng	et	al,	2017).		
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1.5.7) b-lactamase	inhibitors	(BLI)	

	

1.5.7.1) The	old-age	b-lactamase	inhibitors	

	

	 The	 old-age	 b-lactamase	 inhibitors	 act	 as	 irreversible	 “suicide”	 substrates	 and	

inactivate	the	b-lactamase	by	forming	a	stable	BLI/Enzyme	complex.	The	common	clinically	

used	 inactivators	 are	 clavulanic	 acid,	 a	 natural	 inhibitor	 first	 isolated	 from	 Streptomyces	

clavuligerus	in	1970s	(Reading	&	Cole,	1977),	and	sulbactam	and	tazobactam	(Fig	1.30),	two	

synthetic	penicillinate	sulfones	developed	by	pharmaceutical	companies	 in	1978	and	1980,	

respectively	(Fisher	et	al,	1980).	Those	inhibitors	disrupt	the	activity	of	class	A	b-lactamases	

with	high	 association	 and	 low	dissociation	 rates.	 They	however	present	 a	 lower	 efficiency	

against	class	B,	C	and	D	b-lactamases	(Drawz	&	Bonomo,	2010).	

	

	
	
Fig	1.30.	Chemical	structure	of	irreversible	mimicking	b-lactam	inhibitors		
	

	 Those	 inhibitors	 follow	 a	 similar	 pathway	 beginning	with	 the	 formation	 of	 an	 acyl-

enzyme	species	(Fig	1.31).	The	five-membered	ring	of	the	inhibitor	is	opened	and	leads	to	a	

transient	 imine	 intermediate.	 The	 imine	 species	 follows	 different	 pathways	 and	 results	 in	

alternate	products	varying	in	function	of	the	enzyme	and	the	BLI.	The	imine	species	can	be	

rearranged	in	a	cis	or	a	trans	enamine	configuration	(e.g.	clavulanate/SHV).	The	stabilization	

of	those	transient	intermediates	is	crucial	for	the	prolonged	enzyme	inhibition.	Moreover,	the	

ratio	between	 the	different	 species	depends	on	 the	 inhibitor	 considered:	 the	acyl-enzyme	

tazobactam/SHV	undergoes	mainly	to	a	trans-enamine	population,	whereas	the	clavulanate	

and	the	sulbactam	form	a	mixture	of	intermediates	(Meroueh	et	al,	2002).	Mass	spectroscopy	

experiments	also	 revealed	a	series	of	 irreversible	 inactivation	products	as	 the	cross-linking	

between	the	residues	S70	and	S130	rendering	possible	via	the	water	molecule	stabilized	by	

the	residue	R244	and	the	carbonyl	function	of	the	V216	(Sulton	et	al,	2005).		
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Fig	 1.31.	 Mechanism	 of	 class	 A	 b-lactamases	 inhibition	 by	 clavulanate,	 sulbactam	 and	
tazobactam	(Drawz	&	Bonomo,	2010).		
	

	 The	BLI	are	generally	combined	with	different	b-lactams.	Clavulanate	is	associated	to	

amoxicillin	 (Augmentin,	 GlaxoSmithKline)	 to	 expand	 its	 activity	 against	 a	 large	 variety	 of	

bacteria	such	as	Staphylococcus	aureus,	E.	coli	and	Klebsiella	spp.	It	corresponds	to	the	only	

combination	 for	 the	 oral	 use	 and	 is	 commonly	 employed	 in	 the	 therapy	 of	 primary	 care	

settings	 and	 community-acquired	 respiratory	 infections.	 The	 sulbactam	 also	 restores	 the	

activity	of	the	ampicillin	against	a	wide	range	of	bacteria	as	S.	aureus,	E.	coli	and	Klebsiella	spp.	

It	 was	 marketed	 in	 1987	 and	 is	 indicated	 for	 ventilation-associated	 pneumonia,	 for	

polymicrobial	 infections	 (e.g.	abdominal	and	gynecological	 surgical	 infections)	and	diabetic	

foot	infections.	It	is	not	well	suited	for	an	oral	use	and	is	administrated	parenterally.	Sulbactam	

can	also	be	associated	to	cefoperazone,	a	third-generation	cephalosporin,	which	exhibits	a	

better	antimicrobial	activity	against	ESBL	and	AmpC-producing	Enterobacterales.	Finally,	the	

combination	 tazobactam/piperacillin	 (Tazocin)	 has	 an	 activity	 against	 Gram-positive	 and	

Gram-negative	bacteria.	This	association	is	notably	utilized	in	the	treatment	of	complicated	

intra-abdominal	infections,	pneumonia	and	sepsis	(Schonning	&	Tvede,	2002).	
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1.5.7.2) Diazabicyclo[3.2.1]octanone	(DBO)	family		

	

	
	
Fig	1.32.	Avibactam	and	relebactam,	two	major	DBO	family	members.			
	

1.5.7.2.1) 	Avibactam	(NXL-104)	

	

	 Avibactam	 (NXL-104)	 (Fig	 1.32)	 belongs	 to	 the	 bridged	 diazabicyclo[3.2.1]octanone	

(DBO)	non	b-lactam	family	and	inhibits	the	activity	of		class	A	ESBL	and	CPE	(e.g.	CTX-M-15	

and	KPC),	but	also	class	C	and	class	D	b-lactamases	(e.g.	OXA-48)	(Krishnan	et	al,	2015).	

	

	 Avibactam	acts	as	a	reversible	 inhibitor	since	 it	recovers	a	closed-ring	conformation	

during	the	deacylation	step	(Fig	1.33A).	This	recyclization	results	from	the	proximity	of	the	

sulfactam	nitrogen	N6	able	to	make	a	nucleophilic	attack	to	the	carbamoyl	carbonyl	C7	leading	

to	the	release	of	the	avibactam	in	its	original	configuration.		

	

	 In	class	A	b-lactamases	(e.g.	CTX-M-15),	the	general	base	E166	is	protonated	during	

the	 deacylation	 phase	 rendering	 the	 hydrolytic	water	molecule	 ineffective	 and	 enables	 to	

hydrolyze	the	avibactam	(Fig	1.33B).	In	class	C,	the	sulfamate	group	of	the	avibactam	provokes	

the	displacement	of	the	water	molecule	involved	in	the	hydrolysis	of	the	substrate	(Fig	1.33C)	

(Lahiri	et	al,	2013).	Finally,	the	change	in	charge	distribution	upon	avibactam	binding	in	the	

proximity	of	the	carboxy-K84	of	OXA-48	induces	the	decarboxylation	of	K84	and	its	inability	to	

activate	the	hydrolytic	water	molecule	(Lahiri	et	al,	2014).	
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Fig	1.33.	Inhibitory	mechanism	of	the	avibactam.	(A)	Illustration	of	the	general	pathway	for	
the	avibactam	inhibition.	(B)	Active	site	representation	of	the	native	CTXM-15	(PDB	code	4HBT,	
on	left)	and	the	acyl-enzyme	CTXM-15/avibactam	(PDB	code	4HBU,	on	right).	The	2Fo-Fc	and	
Fo-Fc	were	represented	 in	blue	and	red,	respectively,	on	the	residue	E166	and	the	catalytic	
water	molecule	(red	circle,	w).	The	protonated	state	of	the	residue	E166	in	the	complex	CTXM-
15/avibactam	is	highlighted	by	the	symbol	H.	(C)	Active	site	of	complexes	AmpC/ceftazidime	
(PDB	code	1IEL,	on	left)	and	AmpC/avibactam	(PDB	code	4HEF,	on	right).	The	hydrolytic	water	
is	 present	 in	 the	 complex	 AmpC/ceftazidime	 (red	 circle,	 w)	 and	 absent	 in	 the	 complex	
AmpC/avibactam.	Water	molecules	 stabilizing	 the	 sulfonate	 function	 of	 the	 avibactam	are	
represented	by	blue	circles,	whereas	H-bonds	stabilizing	the	acyl-enzyme	are	illustrated	by	red	
dotted	lines.	Pictures	are	adapted	from	Lahiri	et	al,	2013.	
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	 Avibactam	combined	with	the	ceftazidime	displays	the	highest	efficiency	against	the	

ESBL	and	CPE	class	A	b-lactamases,	the	AmpC	and	the	OXAs	found	in	some	Enterobacterales	

and	Pseudomonas	aeruginosa	Isolates	(Aktas	et	al,	2012).	This	association	(Avycaz,	Zavicefta)	

was	officially	approved	by	FDA	and	commercialized	in	2015	to	treat	complicated	urinary	tract	

infections	(cUTI)	and	complicated	intra-abdominal	infections	(cIAI)	(Mosley	et	al,	2016).	More	

recently,	ceftazidime/avibactam	was	used	in	combination	with	aztreonam	to	treat	infections	

due	to	isolates	of	Enterobacterales,	Pseudomonas	aeruginosa	and	Acinetobacter	baumannii	

co-expressing	serine	and	metallo-b-lactamases.	Indeed,	avibactam	efficiently	inhibits	serine	

b-lactamases	 which	 could	 hydrolyze	 aztreonam,	 allowing	 restoration	 of	 susceptibility	 to	

aztreonam	spread	by	metallo-b-lactamases	(Mauri	et	al,	2021).	

	

	 Resistant	b-lactamases	such	as	CMY-172	and	KPC-41	emerged	directly	after	the	use	of	

avibactam/ceftazidime.	CMY-172	carries	a	deletion	in	its	R2	loop	(K290-V291-A292)	creating	

more	 space	 in	 the	 active	 site	 of	 the	 enzyme	 which	 is	 more	 active	 against	 ceftazidime.	

Moreover,	the	N346I	substitution	disrupts	the	binding	of	the	enzyme	with	the	sulfate	group	

of	the	avibactam	due	to	a	steric	clash	with	the	isoleucine	(Xu	et	al,	2021).	On	the	other	hand,	

KPC-41,	 first	 identified	 in	a	clinical	Klebsiella	pneumoniae	 isolate	 in	Switzerland,	presents	a	

three	AA	insertion	(Pro-Asn-Lys)	between	residues	269	and	270	leading	to	an	increased	affinity	

for	ceftazidime	and	a	decreased	sensitivity	to	avibactam.	(Hobson	et	al,	2022).	

	

1.5.7.2.2) Relebactam	(MK-7655)	

	

	 Relebactam	differs	from	avibactam	by	the	presence	of	a	piperidine	ring	at	position	C2	

(Fig	 1.32).	 It	 is	 marketed	 in	 combination	 with	 imipenem	 and	 the	 renal	 dehydropeptidase	

inhibitor	 cilastatin	 for	 the	 treatment	 of	 hospital-acquired	 pneumonia	 and	 ventilator-

associated	bacterial	pneumonia	(Theuretzbacher	et	al,	2020).	Relebactam	inhibits	clinically-

relevant	ESBL	and	CPE	class	A	b-lactamases	such	as	CTX-M-15	or	KPC-2	(Tooke	et	al,	2019b),	

the	AmpC	PDC-3	(Barnes	et	al,	2018),	but	not	OXA-48	(Canver	et	al,	2019).	

	

	 It	acts	as	a	reversible	inhibitor	with	a	binding	affinity	generally	10	to	100-fold	lower	

than	the	avibactam	(e.g.	IC50	AVI/CTX-M-15	=	3.4	nM	versus	IC50	REL/CTX-M-15	=	400	nM).	Its	
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piperidine	ring	presents	unfavorable	clashes	with	some	residues	of	class	A	b-lactamases	(e.g.	

N104	of	CTXM-15)	(Fig	1.34)	(Tooke	et	al,	2019b).	

	

	
	
Fig	1.34.	Schematic	representation	of	the	acyl-enzyme	CTXM-15/relebactam	(PDB	code	6qw8).	
The	 BLI	 (in	 green)	 has	 a	 dual	 configuration.	 The	 residue	 N104	 colored	 in	 pink	 makes	
unfavorable	clashes	with	the	relebactam	piperidine	ring.		
	

1.5.7.3) Bicyclic	boronate	family		

	

	 The	cyclic	boronic	acids	pharmacophore	is	another	important	family	of	inhibitors	able	

to	mimic	the	tetrahedral	intermediate	formed	by	the	serine	or	the	MBL	b-lactamases	with	the	

antibiotic	 (Fig	 1.35),	 (Langley	 et	 al,	 2019).	 The	 bicyclic	 boronate	 family	 presents	 a	 better	

activity	against	the	serine	b-lactamases	than	the	MBL	b-lactamases.	

	

	
	
Fig	1.35.	Schematic	 representation	of	 the	b-lactam	catalysis	 by	 the	 SBL	and	MBL	with	 the	
formation	of	a	tetrahedral	intermediate	mimicked	by	the	cyclic	boronate	(Langley	et	al,	2019).		
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1.5.7.3.1) 	Vaborbactam	(RPX7009)	

	

	 The	 vaborbactam	was	 the	 first	 cyclic	 boronic	 compound	 initially	 developed	 against	

class	A	carbapenemases	(KPC)	in	2015	(Fig	1.35).	It	inhibits	all	class	A	and	class	C	b-lactamases,	

while	MBLs	and	class	D	carbapenemases	are	not	impacted	(Tsivkovski	&	Lomovskaya,	2020).	

	

	 The	vaborbactam	behaves	as	a	two-step	tight-binding	inhibitor.	Firstly,	the	formation	

of	a	non-covalent	complex	with	the	enzyme	via	a	sub-micromolar	binding	affinity	results	from	

favorable	interactions	between	the	lateral	groups	of	the	vaborbactam	and	the	enzyme	(Fig	

1.36A)	 (Pemberton	 et	 al,	 2020).	 This	 is	 followed	 by	 the	 enzyme	 inactivation	 during	 the	

formation	of	 the	 covalent	bond	between	 the	boron	 residue	and	 the	active-site	 serine	 (Fig	

1.36B).	 Interestingly,	 the	 rate	 of	 dissociation	 is	 low,	 rendering	 the	 complex	

Vaborbactam/enzyme	very	stable	(e.g.	koff	VAB/KPC-2	=	4.3	X	10-5	s-1).	It	illustrates	the	high	

potency	of	this	compound	to	restore	the	activity	of	the	antibiotics	against	ESBLs	and	class	A	

carbapenemases	producing	strains	(Langley	et	al,	2019).	

	

	
	
Fig	1.36.	Crystal	structures	of	CTX-M-14	in	complex	with	vaborbactam.	(A)	Interactions	(black	
dotted	line)	between	CTX-M-14	and	the	BLI	explaining	the	high	affinity	of	the	enzyme	for	the	
inhibitor.	 (B)	 Protonation	 state	 (red	mesh)	 of	 the	 residues	 K73	 and	 E166	 and	 the	 distance	
between	residues	S130	and	K73	preventing	the	deacylation	(Pemberton	et	al,	2020).		
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	 The	microbiological	studies	demonstrated	the	vaborbactam	restores	the	activity	of	the	

ceftazidime	(Castanheira	et	al,	2016a)	and	carbapenems	(Castanheira	et	al,	2016b)	against	

KPC	 and	 other	 class	 A	 and	 class	 C	 b-lactamases	 producing	 Enterobacterales	 Isolates.	 Its	

association	with	 the	meropenem	 (Vabomere)	 represents	 the	highest	efficient	 combination	

against	 KPC-producing	 Enterobacterales.	 It	 was	 approved	 by	 the	 FDA	 in	 2017	 to	 treat	

complicated	urinary	tract	infections	(cUTI),	the	acute	pyelonephritis	and	the	hospital-acquired	

or	the	ventilator-associated	bacterial	pneumonia	(Lee	et	al,	2019).	

	

	 Interestingly,	the	vaborbactam	can	cross	the	outer	membrane	of	some	KPC-producing	

Klebsiella	 pneumoniae	 using	 the	 OmpK35	 and	 OmpK36	 porins.	 Nevertheless,	 their	 down-

expression	or	mutated	porins	lead	to	a	lower	activity	of	the	vaborbactam.	On	the	other	hand,	

the	 vaborbactam	 is	 not	 a	 suitable	 substrate	 of	 the	 AcrAB-TolC	 efflux	 pump	 and	 the	

overexpression	of	the	pump	impacts	less	the	activity	of	the	vaborbactam	(Lomovskaya	et	al,	

2017).	

	

1.5.7.3.2) Tanitorbactam	(VNRX-5133)	

	

	 Tanitorbactam	was	designed	from	classical	boronic	compounds	where	a	hydrophobic	

linker	establishes	more	interactions	with	the	hydrophobic	environment	of	the	enzyme	active	

site,	while	a	polar	group	favors	the	penetration	of	the	BLI	through	the	outer	membrane	of	

Gram-negative	 bacteria	 (Fig	 1.35).	 The	 tanitorbactam	 inhibits	 class	 A	 and	 C	b-lactamases.	

Interestingly,	it	is	also	active	against	the	carbapenemase	OXA-48	and	the	sub-group	B1	MBLs	

(Liu	et	al,	2019).		

	

	 	As	 for	 the	vaborbactam,	 it	acts	via	a	 two-step	model	with	 the	 formation	of	a	non-

covalent	 complex	 followed	 by	 a	 tetrahedral	 intermediate	 where	 a	 covalent	 bound	 is	

established	between	the	boron	ion	and	the	active-site	serine	of	class	A,	C	and	D	b-lactamases	

(Fig.	1.37A).	This	intermediate	is	observable	in	the	complex	tanitorbactam/VIM-2	where	the	

boron	atom	interacts	with	the	Zn1	ion	and	the	conserved	residues	N233	and	D120,	while	the	

carboxylate	and	the	oxygen	atom	of	the	cyclic	oxaborinane	binds	to	the	Zn2	ion	mimicking	the	

tetrahedral	intermediate	in	sub-class	B1	MBL	(Fig.	1.37B)	(Hamrick	et	al,	2020).	
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Fig	 1.37.	 (A)	 Overall	 representation	 of	 the	 complex	 CTX-M-15/tanitorbactam	 (green)	
superimposed	to	the	apo-enzyme	CTX-M-15	(cyan).	The	binding	with	the	inhibitor	displaces	the	
deacylation	 water	 molecule	 (wd,	 red	 circle	 for	 the	 complex)	 decreasing	 the	 deacylation	
efficiency.	(B)	In	comparison	with	the	native	VIM-2	(grey),	the	interaction	of	VIM-2	with	the	
tanitorbactam	(cyan)	induces	motion	of	the	conserved	residue	N233	creating	a	H-bond	with	
the	boronate	(Hamrick	et	al,	2020).	
	

	 This	 BLI	 restitutes	 the	 susceptibility	 to	 the	 cefepime	 against	 most	 of	 the	

Enterobacterales	 and	 Pseudomonas	 aeruginosa	 Isolates	 (Kloezen	 et	 al,	 2021).	 This	

combination	 is	currently	 in	phase	 III	clinical	 trials	 for	 the	treatment	of	complicated	urinary	

tract	 infections	 (cUTIs)	 and	hospital-acquired	bacterial	 pneumonia	or	 ventilator-associated	

bacterial	pneumonia	(Venatorx	Pharmaceuticals).	

	

1.5.7.4) Thiol	derivatives	

	
	
Fig	1.38.	Structures	of	thiol	derivatives	
	

	 So	far,	the	discovery	of	inhibitors	against	the	metallo-b-lactamases	remains	the	most	

crucial	 challenge	 to	 fight	 bacterial	 resistance,	 mainly	 due	 to	 the	 absence	 of	 a	 covalent	

intermediate	during	the	catalytic	mechanism	and	the	diversity	of	structures.	Therefore,	the	

MBLs	are	not	sensitive	to	old	age	inhibitors	(e.g.	clavulanic	acid,	sulbactam	and	tazobactam)	

and	present	a	low	sensitivity	to	new	generation	of	inhibitors.		
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	 However,	the	thiol	derivatives	as	the	mercaptocarboxylate	and	the	thiomandelic	acid	

represent	a	real	potential	for	the	neutralization	of	the	metallo-b-lactamases	(Fig	1.38).	They	

interact	 with	 the	 sub-classes	 B1	 and	 B3	 MBLs	 with	 affinities	 inferior	 to	 the	 micromolar,	

whereas	 Ki	 values	 are	 at	 least	 200	 times	 higher	 for	 the	 sub-class	 B2	MBLs	 such	 as	 CphA	

(Mollard	et	al,	 2001).	 Those	 substrates	present	a	binding	mode	mimicking	 the	 classical	b-

lactam	antibiotics	 (Concha	et	al,	2000).	 Indeed,	 the	 thiol	 group	chelates	 the	Zn2+	 ions	and	

interferes	with	the	binding	network	established	between	the	hydrolytic	water	molecule	and	

the	zinc	 ions.	Moreover,	 it	presents	a	hydrophobic	 lateral	group	entering	 in	a	hydrophobic	

pocket	formed	by	the	flapping	loop	and	the	L5	loop.	Finally,	the	function	COOH	associated	to	

the	thiol	group	of	the	BLI	makes	H-bonds	with	the	mobile	L10	loop	increasing	their	affinity	for	

the	enzyme	(Fig	1.39A&B)	(Yamaguchi	et	al,	2007	&	Karsisiotis	et	al,	2013).		

	

	 The	 captopril	 is	 another	 thiol	 derivative	 inhibiting	 the	 three	 MBLs	 sub-classes	 b-

lactamases	(Fig	1.38).	It	was	developed	in	the	1970s	and	targets	the	zinc	ion-utilizing	human	

angiotensin-converting	enzyme	(ACE)	regulating	the	arterial	pressure.	Actually,	it	is	employed	

as	treatment	for	the	arterial	hypertension.	The	captopril	binds	the	subclass	B1	MBLs	following	

the	same	binding	mode	than	other	thiol	derivatives	(Fig	1.39C)	(King	et	al,	2012).	However,	

the	binding	mode	for	the	subclass	B2	CphA	from	A.	hydrophila	 is	deeply	different	since	the	

captopril	interacts	mainly	with	the	single	zinc	ion	via	its	carboxylate	group	(Fig	1.39D)	(Brem	

et	 al,	 2016).	 Interestingly,	 it	 also	 inhibits	MBLs	 from	 the	 subclass	 B3	 as	 illustrated	 by	 the	

complex	D-captopril/FEZ-1	 but	without	 chelating	 the	 zinc	 ions	 leading	 lower	 affinities	 (Fig	

1.39E)	 (Garcia-Sáez	 et	 al,	 2003).	 The	 captopril	 is	 among	 the	more	 potent	 thiol-derivative	

molecule	for	MBLs	inhibitors	and	is	actually	utilized	as	a	scaffold	in	the	development	of	the	

new	generation	of	inhibitors	(Ma	et	al,	2021).			
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Fig	1.39.	Schematic	representation	of	BCII	in	complex	with	the	thiomandelic	acid	(PDB	code	
2M5D)	(A),	VIM-2	 in	complex	with	the	PhenylC3SH	(B)	(PDB	code	2YZ3),	NDM-1	in	complex	
with	 the	 L-captopril	 (PDB	 code	 4EXS)	 (C),	 CphA	 in	 complex	with	 the	D-captopril	 (PDB	 code	
2QDS)	(D)	and	FEZ-1	in	complex	with	the	D-captopril	(PDB	code	1JT1)	(E).		
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1.6) The	nanobody,	an	antibody	fragment	from	camelids		

	

1.6.1) Canonical	antibodies	versus	Heavy-Chain	Only	Antibodies	(HCAbs)		

	

	 Antibodies	constitute	the	central	point	of	the	adaptive	immunity	and	are	produced	by	

lymphocytes	B.	They	ensure	functions	to	efficiently	detect	and	neutralize	foreign	bodies	by	

preventing	the	entry	of	the	microbe	into	the	cells,	by	activation	of	the	complement	system	

and	finally,	by	ensuring	the	opsonization	activity	via	macrophages.		

	

	 A	classical	immunoglobulin	is	composed	by	two	heavy	chains	(50	kDa)	and	two	light	

chains	(25	kDa).	Each	heavy	chain	contains	three	constant	domains	(CH1,	CH2,	CH3)	and	one	

variable	 domain	 (VH),	while	 each	 light	 chain	 comprises	 one	 constant	 domain	 (CL)	 and	 one	

variable	 domain	 (VL)	 (Fig	 1.40).	 Both	 variable	 domains	 VH	 and	 VL	 constitute	 the	 antibody	

paratope	 which	 binds	 to	 its	 specific	 antigen	 while	 the	 CH2	 and	 CH3	 domains	 form	 the	

crystallisable	fraction	(FC).	It	corresponds	to	the	effector	domain	of	the	antibody	recognized	

by	FC	receptors	on	cellular	membranes	triggering	the	phagocytose,	the	release	of	cytokines	

or	the	complement	activation.	

	

	 In	bioengineering,	the	use	of	the	entire	immunoglobulin	is	often	difficult	because	of	its	

voluminous	 size,	 its	 high	 immunogenicity	 and	 its	 very	 long	 half-life	 time	 in	 the	 serum.	

Moreover,	the	recognition	of	the	effector	domain	by	cellular	receptors	could	impede	some	in-

vivo	experiments	due	to	an	important	background.	The	use	of	antibodies	fragments	as	Fab	(57	

kDa)	 or	 Fab2	 (110	 kDa)	 obtained	 by	 enzymatic	 digestion	 are	 more	 favorable,	 notably	 by	

removing	 the	 effector	 domain	 (FC).	 The	 ScFv	 domain	 (28	 kDa)	 is	 also	 largely	 utilized	 and	

consists	 in	 the	 assembly	of	 both	 variable	 domains	 via	 a	 linker.	However,	 despite	 all	 these	

interesting	features,	their	use	remains	challenging	because	of	their	tendency	to	oligomerize,	

their	poor	solubility,	stability	and	their	challenging	production.			

						

		 The	Camelidae	 family	 (llamas,	camels,	dromedaries	and	alpacas)	also	owns	another	

type	of	antibodies	named	HCAb	(Heavy-Chain	Only	Antibody)	(90	kDa)	smaller	than	classical	

antibodies	(150	kDa).	HCAbs	comprise	two	heavy	chains	lacking	the	CH1	domain	and	the	light	

chains.	This	kind	of	antibodies	probably	appeared	25	million	years	ago	and	surprisingly,	they	
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are	not	present	 in	very	close	 families	as	 for	 the	ruminant	 (bovine)	and	the	suiformes	 (pig)	

(Flajnik	et	al,	2011).	Cartilaginous	fishes	possess	also	heavy-chain	antibodies	called	 IgNARs	

carrying	five	constant	domains	(Feige	et	al,	2014).	Both	HCAbs	and	IgNARs	possess	a	unique	

variable	 domain,	 VHH	 and	 VNAR,	 respectively,	 corresponding	 to	 the	 smallest	 antibody	

fragment	 (15	kDa)	able	 to	bind	 the	antigen	with	a	comparable	specificity	and	affinity	 than	

classical	immunoglobulins	(Fig	1.40).	

	

	
	

Fig	 1.40.	 Schematic	 illustrations	 of	 a	 canonical	 antibody	 (IgG)	 and	 Heavy-Chain	 Only	
Antibodies	 produced	 by	 camelids	 (HCAb)	 and	 cartilaginous	 fishes	 (IgNAR)	
(https://synapse.koreamed.org/).	
	

1.6.2) Physical	and	chemical	features	of	variable	domains		

	

	 The	VHH	is	organized	in	two	b-sheet	domains	formed	by	4	and	5	b-strands	(Fig	1.41).	

It	 is	 organized	 in	 four	 highly	 conserved	 regions	 called	 framework	 (FR)	 separated	 by	 three	

complementary	 determining	 regions	 (CDR1,	 CDR2	 and	 CDR3)	 presenting	 a	 high	 sequence	

variability.	CDRs	are	located	in	the	N-terminal	part	of	the	VHH	and	are	involved	in	the	binding	

to	the	antigen.	On	contrary	with	VH,	the	VHH	possesses	a	conserved	intramolecular	disulfide	

bound	between	cysteines	at	positions	23	and	94	in	the	FR1	and	FR3,	respectively.	

	

	 The	 high	 sequence	 identity	 between	 the	VH	 and	 the	VHH	domains	 results	 in	 a	 low	

immunogenicity	of	the	VHH	for	in-vivo	applications.	However,	few	differences	are	noticeable	

between	both	variable	domains.	Within	the	FR2,	some	conserved	hydrophobic	residues	(V47,	
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G49,	L50	and	W52),	 involved	in	the	classical	 immunoglobulin	VH-VL	pairing,	are	replaced	by	

hydrophilic	amino	acids	(F42,	E49,	R50,	G52)	rendering	the	VHH	more	soluble	and	decreasing	

the	risk	of	aggregation.		

	

	 Another	important	difference	between	the	VH	and	the	VHH	concerns	the	length	of	the	

CDR	loops.	Indeed,	the	VHH	carries	CDR1	and	CDR3	generally	longer	than	the	VH	compensating	

the	lack	of	VL	domain	in	HCAbs.	Usually,	a	VHH	interacts	with	its	antigen	via	a	rapid	association	

rate	(104-105	M-1	s-1)	and	a	low	dissociation	trend	(10-2	and	10-4	s-1)	 leading	to	a	nanomolar	

affinity	comparable	to	classical	antibodies	(VH-VL).	

	

	 As	opposed	to	VH-VL	pair	which	generally	presents	a	groove	or	a	flat	paratope,	the	CDR3	

presents	 in	 the	VHH	can	 form	a	convex	paratope	able	 to	enter	easily	 in	hidden	cavities	or	

enzyme	active	sites.	For	example,	the	cAb-Lys3	developed	against	the	lysozyme	is	able	to	form	

a	protruding	loop	via	its	CDR3	entering	in	the	enzyme	active	site	and	inhibiting	the	enzyme	

activity	(Desmyter	et	al,	1996).	

	 	

	 The	nanobodies	present	 a	high	 robustness	 to	 extreme	 conditions.	 It	 resists	 to	high	

temperatures	 (60-80°C)	 and	acidic	pH	allowing	oral	 administration	of	VHHs	as	 therapeutic	

agents	 or	 in	 organic	 solvents	 generally	 utilized	 to	 solubilize	 pesticides	 in	 diagnostic	 assays	

(Amcheslavsky	et	al,	2021).	

	

	 Finally,	the	small	size	(2.5	nm	diameter)	and	the	globular	aspect	of	the	VHH	is	exploited	

to	easily	penetrate	tissues	such	as	tumors.		This	allows	a	better	visualization	of	cancer	markers.	

Its	 small	 size	 also	 ensures	 a	 rapid	 clearance	 from	blood	 by	 kidneys	 decreasing	 the	 risk	 of	

toxicity	(Wang	et	al,	2016).	
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Fig	 1.41.	 Illustration	 of	 the	 VH	 domain	 (classical	 immunoglobulin)	 and	 the	 VHH	 (HCAb).	
Hydrophobic	residues	(V42,	G49,	L50	and	W52)	implied	in	the	VH-VL	pairing	are	mutated	in	
hydrophilic	residues	 in	the	VHH.	A	disulfide	bond	(yellow)	between	the	CDR1	and	CDR3	can	
take	place	in	case	of	a	remarkably	long	CDR3	(Flajnik	et	al,	2011).			
	

1.6.3) Genome	H-locus	organization	in	camelids.		

	

	 Genes	 coding	 for	 the	 heavy	 chain	 of	 classical	 immunoglobulins	 and	 the	HCAbs	 are	

located	on	the	H-locus	carried	by	the	chromosome	6.	The	first	part	consists	in	a	multitude	of	

V,	D	and	J	elements	forming	the	variable	domain	of	the	heavy	chain,	whereas	downstream	

IGH	genes	code	for	the	constant	domains	(Fig	1.42).	

	

	 Interestingly,	the	IGHG2	gene	codes	for	the	constant	domains	CH1,	CH2	and	CH3	of	the	

HCAbs	(Fig	1.42).	However,	the	CH1	exon	is	removed	during	the	mRNA	splicing.	This	difference	

impacts	directly	the	ontogeny	of	antibodies.	Indeed,	the	translated	heavy	polypeptide	chain	

is	retained	in	the	reticulum	endoplasmic	via	the	chaperone	protein	BiP	which	recognizes	the	

unfolded	CH1	domain	(Feige	et	al,	2010).	The	BiP	protein	contributes	to	the	complete	folding	

of	the	heavy	chain	and	can	be	substituted	by	the	light	chain	forming	the	heterodimer	H2L2.	

HCAbs	do	not	express	the	CH1	domain	resulting	in	the	inability	of	the	BiP	protein	to	anchor	

the	heavy	chain	 in	 the	 reticulum	and	 results	 in	 the	secretion	of	a	homodimer	H2	antibody	

(Muyldermans,	2020).	

	

		 The	 camelid	 genome	harbors,	 on	 the	 same	H-locus,	 a	 lot	 of	 VHH	 (IGHVH3)	 and	VH	

germlines	(IGHV3)	(e.g.	50	 IGHV	and	40	IGHVH	genes	for	the	dromedary).	These	genes	are	
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very	distinguishable,	notably	by	the	expression	of	hydrophobic	or	hydrophilic	residues	in	the	

FR2	 for	 the	VH	 and	 the	VHH,	 respectively.	 These	 residues	 are	essential	 for	 the	 good	VH-VL	

pairing	and	for	the	VHH	solubility.	IGHVH	genes	present	a	larger	panel	of	particular	sequences,	

as	palindromic	sequences,	leading	to	more	often	DNA	recombinations,	mutations	and	gene	

conversions.	This	results	in	a	faster	gene	evolution	increasing	the	VHHs	repertoire.												

	

	 Interestingly,	D	and	J	elements,	coding	for	the	CDR3	and	the	FR4,	are	common	for	the	

VH	and	the	VHH.	But	the	differences	observed	in	the	CDR3	are	still	controversial.	The	VHHs	

with	a	shorter	CDR3	would	be	eliminated	during	the	B-cells	maturation	since	they	are	enabled	

to	compensate	the	absence	of	the	VL	domain	rendering	them	less	functional.	Furthermore,	a	

longer	CDR3	in	the	VHH	generally	requires	a	second	disulfide	bond	with	the	CDR1	or	the	FR2	

due	to	somatic	hypermutations	of	IGHVH	and	D	elements	and	the	acquisition	of	2	cysteines.	

The	 absence	 of	 one	 cysteine	 disrupts	 the	 disulfide	 bond	 rendering	 inefficient	 the	 VHH	

(Muyldermans,	2013).	

	

	
	

Fig	1.42.	Genome	H-locus	on	the	camelid	chromosome	6.	The	IGHV	and	IGHVH	genes	code	for	
the	FR1-FR3	 regions	of	 the	VH	and	 the	VHH,	 respectively.	The	D	and	 J	elements	commonly	
express	the	CDR3	and	the	FR4	for	both	domains.	They	are	followed	by	regions	coding	for	the	
constant	domains	of	the	conventional	immunoglobulins	(IGHM,	IGHG1,	IGHE	and	IGHA)	and	
the	HCAb	(IGHG2)	(Muyldermans,	2013).		
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1.6.4) Engineering	and	selection	of	VHHs	

	

	 The	use	of	VHHs	in	biotechnological	applications	exploded	since	the	HCAb	discovery	in	

1989	 at	 the	Vrije	Universiteit	 Brussel	 (VUB,	 Brussels,	 Belgium).	 This	was	 facilitated	 by	 the	

development	of	a	method	allowing	the	selection	of	VHH	against	an	antigen	(Fig	1.43).	

	

	 The	 process	 starts	with	 the	 camelid	 immunization	with	 repetitive	 injections	 of	 the	

immunogen.	Then,	blood	is	recovered	from	the	animal,	peripheral	blood	mononuclear	cells	

(PBMCs)	are	isolated	and	the	total	mRNA	is	extracted	from	PBMCs.	A	reverse	transcription	

and	a	nested	PCR	are	 carried	out	 to	 amplify	 genes	 coding	 for	 the	VHHs	 in	 tandem	with	 a	

restriction	enzyme	sequence	on	each	side.	The	VHH	genes	are	subcloned	 into	a	phagemid	

vector	forming	the	final	 immune	 library	and	permitting	the	replication	of	phages.	They	co-

express	the	VHH	to	the	phage	capsid	protein	GIII	for	the	selection	of	binders	by	phage	display.	

Successive	rounds	of	bio-panning	enrich	the	VHH	library	meaning	the	number	of	binders	 is	

amplified,	but	the	diversity	of	the	VHH	repertoire	decreases.	Then,	the	selected	clones	are	

sequenced	and	the	VHHs	are	produced	to	verify	their	capacity	to	bind	the	antigen.	Finally,	the	

positive	clones	are	generally	sub-cloned	 in	another	vector	 for	a	 large-scale	production	and	

their	use	as	diagnostic	or	therapeutic	agents	(Dmitriev	et	al,	2016).		

	

	
	
Fig	1.43.	Illustration	of	the	VHHs	selection	process	(Dmitriev	et	al,	2016).		
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	 Camelid	immunization	is	sometimes	more	complicated	due	to	the	non-immunogenic	

feature	of	the	antigen,	its	instability	or	its	toxicity.	We	can	consider	the	construction	of	a	VHH	

naïve	 library	 generated	 from	 a	 large	 volume	of	 non-immunized	 animal	 blood	 (Sabir	 et	 al,	

2014).	Another	alternative	is	the	development	of	a	synthetic	library	with	an	in	vitro	optimized	

gene	 synthesis	 (Moutel	 et	 al,	 2016	&	Cawez	et	 al,	 2018).	Due	 to	 the	 lack	of	 lymphocytes	

maturation,	those	libraries	require	a	significant	larger	amount	of	transformants:	1010	against	

107	transformants	for	an	immune	library.	

	

	 Nowadays,	 the	 phage	 display	 remains	 the	 “best-seller”	 technique	 to	 develop	

nanobodies.	However,	other	methods	are	more	and	more	used	to	substitute	this	technique	

as	the	cell	surface	display	consisting	in	the	expression	of	the	antibody	in	tandem	with	a	cell	

surface	protein.	For	example,	the	yeast	display,	first	published	by	the	laboratory	of	professor	

K.	Dane	Wittrup	 (Boder	&	Wittrup,	1997),	corresponds	to	the	expression	of	 the	nanobody	

with	the	Aga2p	subunit	on	the	surface	of	the	yeast	(Fig	1.44A).	One	tag	brought	by	the	VHH	is	

recognized	 by	 a	 fluorescence	 dye	 coupled	 antibody	 allowing	 the	 revelation	 of	 the	 system	

(Uchański	 et	 al,	 2019).	 The	 ribosome	 display	 is	 another	 largely	 spread	 method	 with	 the	

advantage	 to	be	performed	 in	 vitro	 (Fig	1.44B).	A	 library	of	DNA	coding	 for	nanobodies	 is	

transcripted.	The	mRNA	is	translated	in	vitro	and	forms	a	tertiary	complex	(ribosome-mRNA-

native	protein).	Successive	rounds	of	panning	allow	the	selection	of	complexes	binding	to	the	

antigen.	Once	the	elution	completed,	a	lysis	buffer	dissociates	the	selected	complexes	and	the	

genetic	information	will	be	recovered	from	the	mRNA	by	a	RT-PCR	(Amstutz	et	al,	2006).		

	

	
	
Fig	 1.44.	 Alternative	 VHH	 selection	 methods:	 Yeast	 display	 (A)	 (Uchański	 et	 al,	 2019);	
Ribosome	display	(B)	(Amstutz	et	al,	2006).		
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1.6.5) The	nanobody,	a	multi-functional	antibody	fragment		

	

	 Initially,	nanobodies	were	 largely	utilized	for	biotechnological	applications	such	as	a	

chaperone	protein	for	co-crystallization.	It	facilitates	the	packing	of	the	crystal	by	increasing	

crystal	 contacts	 and	 can	 be	 utilized	 for	 the	 phasing	 of	 the	 crystal	 via	 the	 molecular	

replacement	technic.	Moreover,	it	could	rigidify	flexible	structures,	which	are	not	compatible	

with	crystal	(Koide,	2009).	

	

	 The	bivalent	VHH,	corresponding	to	two	identical	VHHs	separated	by	a	linker,	presents	

an	important	advantage	for	in	vitro	diagnostic.	This	construction	increases	the	avidity	of	the	

system	improving	the	sensibility	of	detection	assays	as	by	ELISA	(Morales-Yanez	et	al,	2019).	

VHHs	are	 robust	 to	extreme	conditions	 (e.g.	pH,	organic	 solvents,	desiccation…)	 rendering	

them	exploitable	to	detect	pesticides	(Li	et	al,	2021),	or	to	be	utilized	for	more	actual	detection	

methods	as	the	Lateral	Flow	Assay	(LFA)	useful	for	a	rapid	detection	in	field	tests	(Doerfilinger	

et	 al,	 2016).	 The	 nanobody	 can	 be	 associated	 with	 a	 fluorescent	 dye	 to	 ensure	 a	 simple	

therapeutic	drug	monitoring	as	the	Quenchbody	(Q-body)	(Inoue	et	al,	2020).			

	

	 The	linkage	of	the	VHH	with	a	radioisotope	represents	a	useful	tool	for	the	non-invasive	

in	 vivo	 diagnostic	 (Liu	 et	 al,	 2021).	 Indeed,	 their	 small	 size	 ensures	 an	 efficient	 tissue	

penetration	and	a	rapid	clearance	by	kidneys	avoiding	a	 too	 long	exposure	to	 the	 isotope.	

Moreover,	the	lack	of	crystallisable	fraction	decreases	background	in	non-targeted	organs.	It	

is	mainly	 employed	 for	 the	 visualization	of	 cancer	markers	 such	 as	 the	 detection	of	HER2	

overexpressed	breast	cancer	carcinoma	via	an	anti-HER2	nanobody	conjugated	68Ga	currently	

in	a	phase	II	study	(Keyaerts	et	al,	2016).								

	

	 Its	small	size,	its	stability	and	its	easy	manufacturing	are	interesting	for	the	selection	

of	VHHs	as	therapeutic	agents.	Caplacizumab	(Cablivi)	was	the	first	VHH	approved	by	the	FDA	

in	 2019.	 This	 humanized	 bivalent	 VHH	was	 developed	 by	 Ablynx-Sanofi	 and	 prevents	 the	

interaction	between	the	von	Willebrand	A1	domain	 factor	 (vWF)	and	platelets	causing	 the	

acquired	thrombotic	thrombocytopenic	purpura,	a	rare	blood	disorder	leading	to	blood	clots	

limiting	or	blocking	the	flow	of	blood	to	organs	such	as	kidneys	and	heart	(Blair	&	Williamson,	

2019).	 Since	 the	 Caplacizumab,	 several	 companies	 initiated	 VHHs	 constructions	 (e.g.	
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multivalent,	 multispecific,	 with	 an	 effector	 domain)	 as	 therapeutic	 agents	 against	 cancer	

markers,	neurological	diseases…	(Muyldermans,	2020).	Developers	are	unanimous	that	the	

use	 of	 radionuclide	 VHHs	 for	 therapy,	 such	 as	 the	 131I-labeled	 VHH_1028,	 presents	 a	 real	

potential	as	radiopharmaceutical	agent	(Feng	et	al,	2022).	
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2. Objectives	

	

	 This	 thesis	 was	 part	 of	 a	 project	 funded	 by	 the	 SPF	 (Service	 Public	 Fédéral)	 Santé	

Publique	(RU-BLA-ESBL-CPE	RF	17/6317)	and	was	collaboration	a	collaboration	between	the	

Center	for	Protein	Engineering	(CIP,	ULiege),	the	Department	of	Infectious	Disease	(DMI)	from	

the	Faculty	of	Veterinary	Medicine	(ULiege)	and	the	ARSIA	(Association	Regional	de	Santé	et	

d’Identification	 Animale).	 This	 project	 has	 two	 major	 aims:	 (I)	 the	 determination	 of	 the	

repertoire	 of	 bla	 genes	 found	 in	 bovine	 enterobacteria	 in	 Wallonia	 following	 the	 new	

regulation	for	the	use	of	antibiotics	in	the	veterinary	medicine	(2016),	(II)	the	targeting	of	the	

main	b-lactamases	 identified	with	 VHHs,	 specific	 camelid	 antibody	 fragments,	 in	 order	 to	

develop	a	system	of	detection	and	inhibitors.	

	

	 Based	on	results	obtained	by	Dr.	Virginie	Guérin	(Department	of	 Infectious	Disease,	

Uliege)	and	published	in	Microb	Drug	Resist	in	2021	(Annexe	1),	I	focused	my	work	mainly	on	

the	class	A	b-lactamase	TEM-1	(section	4)	and	the	class	C	b-lactamase	CMY-2	(section	5)	with	

a	publication	as	first	author	accepted	in	AAC	in	2023	(Annexe	2).	Despite	no	carbapenemase	

was	 detected	 in	 bovine	 isolates,	 we	 also	 developed	 nanobodies	 against	 the	 metallo-b-

lactamase	NDM-1	(section	6)	which	remains	a	huge	concern	in	human	health.	

	

	 For	TEM-1,	we	chose	to	work	with	a	VHH	published	by	Conrath	in	2001	(cAbTEM-1	(13))	

acting	like	a	tight	inhibitor	for	the	activity	of	TEM-1	(Conrath	et	al,	2001).	For	CMY-2	and	NDM-

1,	 the	 strategy	 was	 to	 immunize	 alpacas	 and	 select	 VHHs	 by	 phage	 display	 with	 Dr.	 Rita	

Maalouf	(ALPANANO,	CIP,	ULiege)	and	Dr.	Francisco	Morales	(NEPTUNS,	CIP,	ULiege)	under	

the	supervision	of	the	Dr.	Mireille	Dumoulin	(NEPTUNS,	CIP,	ULiege).	

	 	

	 The	second	phase	was	the	characterization	of	the	affinity	and	the	specificity	of	all	the	

VHHs	for	their	target	by	bio-layer	interferometry	and	the	selection	of	the	one	able	to	inhibit	

the	activity	of	the	b-lactamases.	This	included	the	implementation	of	different	steady-state	

kinetic	experiments	to	check	the	ability	of	VHHs	to	inhibit	the	activity	of	the	b-lactamases	for	

a	multitude	of	substrates.		
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	 In	 addition,	we	 also	 intended	 to	demystify	 the	molecular	mechanism	by	which	 the	

different	 VHHs	 were	 able	 to	 inhibit	 the	 activity	 of	 the	 b-lactamases	 by	 determining	 the	

structures	of	the	VHH/b-lactamase	complex	by	x-ray	crystallography.	This	part	was	realized	

under	 the	 supervision	 of	 Frédéric	 Kerff	 (CIP,	 ULiege).	 Because	 in	 the	 case	 of	 the	 cAbTEM-1	

(13)/TEM-1	 complexe,	 molecular	 dynamic	 was	 involved,	 three	 different	 techniques	 were	

considered	to	further	our	understanding	of	the	phenomenon:	(I)	circular	dichroism	with	the	

help	of	Mireille	Dumoulin	(NEPTUNS,	CIP,	ULiege),	(II)	molecular	dynamic	simulations	with	the	

help	of	 the	Pr.	Maximiliano	Figueroa	 (university	of	Conception,	Chile)	 and	NMR	 relaxation	

experiments	 realized	 by	 Marius	 Wanko	 (Department	 of	 Chemistry,	 ULiege)	 under	 the	

supervision	 of	 Pr.	 Christian	 Damblon	 (Department	 of	 Chemistry,	 ULiege).	 For	 the	 latter	

technique,	I	mainly	provided	the	labelled-proteins	and	interpreted	the	biological	significance	

of	the	results.		

	

	 In	parallel	with	these	characterizations,	we	developed	efficient	sandwich	ELISAs	for	the	

detection	of	TEM-1	and	CMY-2.	Because	these	assays	require	the	use	of	two	different	VHHs	

with	non-overlapping	epitopes	that	were	not	available,	we	considered	the	development	of	

rabbit	polyclonal	antibodies.	In	the	optimization	phase,	we	verify	if	the	bivalent	VHHs,	known	

to	improve	the	stability	of	the	antibody/antigen	complex,	were	able	to	improve	the	sensitivity	

of	the	ELISA,	without	impeding	the	specificity	of	the	assay.		
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3. Material	and	method	

	

3.1) Production	and	purification	of	TEM	b-lactamases	

	

3.1.1) Production	of	TEM	b-lactamases	

	

Two	plasmids	(ptac11	(Fig	3.1A)	and	pET26b	(Fig	3.1B))	were	used	for	the	recombinant	

production	of	TEMWT	and	TEM	variants.	The	strain	E.	coli	JM-109	hosted	the	ptac11	for	the	

production	 of	 wild	 type	 TEM-1.	 The	 genes	 coding	 for	 all	 TEM	mutants	 (TEM-121,	 TEM-1	

D214A,	TEM-1	R244S	and	TEM-121	S244R)	were	inserted	between	the	NdeI-BamHI	restriction	

sites	 of	 the	 pET26b	 to	 yield	 the	 pET26b-tem	 plasmids.	 The	 plasmids	 were	 incubated	 in	

presence	of	competent	E.	coli	BL21(DE3)	to	generate	the	recombinant	strains	to	produce	the	

mutants.	 The	 recombinant	 strains	 were	 plated	 on	 LB	 agar	 supplemented	 by	 100	 µg/mL	

ampicillin	 for	 the	 ptac11	 and	 70	µg/mL	 kanamycin	 for	 the	 pET26b.	 They	 were	 incubated	

overnight	(ON)	at	37°C.	One	picked	colony	was	added	to	100	mL	of	M9	minimal	medium	(3	

g/L	KH2PO4,	7	g/L	K2HPO4,	0.5	g/L	sodium	citrate,	0.1	g/L	MgSO4.7H2O,	1	g/L	NH4Cl	and	4	g/L	

of	D-glucose).	The	preculture	was	grown	at	37°C	ON	in	presence	of	the	requisite	antibiotic.	

The	cultures	(flasks)	were	started	by	adding	the	preculture	into	fresh	M9	medium	to	a	final	

OD600	»	 0.2.	 They	were	 incubated	 at	 37°C	until	 the	OD600	»	 0.6.	 The	production	of	 the	b-

lactamase	was	induced	by	adding	ITPG	(400	µM	final	concentration).	After	6	hours	of	growth	

at	37°C,	the	cultures	were	centrifuged	for	30	minutes	at	10000	g,	and	the	supernatant	was	

recovered.	Interestingly,	most	of	the	b-lactamases	were	secreted	into	the	culture	medium	and	

not	 in	 the	 periplasmic	 space	 as	 expected.	 This	 constituted	 an	 advantage	 since	 the	 crude	

extract	contains	less	contaminants.	The	solution	was	concentrated	by	ultrafiltration	using	a	

semi-permeable	 membrane	 with	 a	 cutoff	 =	 10	 kDa.	 Finally,	 the	 samples	 were	 dialyzed	

overnight	at	4°C	against	20	mM	TRIS-HCl	pH	7.8	buffer	using	a	dialysis	membrane	(cutoff	=	10	

kDa).	

	

For	 the	 NMR	 experiments,	 15N	 TEM-1,	 15N	 13C	 TEM-1	 (deuterated	 2D	 or	 not)	 were	

produced	in	M9	media	as	described	above.	However,	we	used	15NH4Cl	and/or	13C	glucose	to	

favor	the	labelling	of	the	enzyme.	The	2D	TEM-1	was	obtained	by	growing	the	bacteria	in	the	
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minimal	media	made	with	D2O.	The	production	was	done	overnight	at	25°C	in	presence	of	400	

µM	 IPTG.	The	cells	were	centrifuged	at	6000	g,	and	 the	culture	media	was	discarded.	The	

pellets	were	suspended	in	20	mM	TRIS-HCl	pH	7.8.		The	bacterial	suspension	was	lysed	with	a	

French	 Press	 system.	 The	 cell	 extracts	 were	 centrifuged	 at	 20000	 g	 for	 30	 minutes.	 The	

supernatants	were	dialyzed	against	20	mM	TRIS-HCl	pH	7.8.	

	

	
	
Fig	 3.1.	Map	 of	 the	 Ptac	 vector	 (A)	 and	 the	 pET26b	 vector	 (B).	 The	 Ptac	 vector	 carries	 a	
resistance	 to	ampicillin	 (ampr),	a	MCS	 (multiple	cloning	site)	preceded	by	an	 inducible	Ptac	
promotor	and	the	ompA	allowing	the	protein	expression	in	the	periplasm	and	the	upstream	
T1T2	terminator.	The	pET26b	carries	the	gene	coding	for	the	resistance	to	kanamycin	(KanR)	
and	a	MCS	with	an	inducible	T7	promotor	a	signal	peptide	pelB	and	a	T7	terminator.		
	

3.1.2) Purifications	of	TEM-1	

	

	 TEM-1,	labelled-TEM-1,	and	the	D214A	and	R244S	mutants	were	purified	by	an	anion-

exchange	chromatography	using	a	Q	Sepharose	HP	24	mL	column	(Cytiva,	United-States).	The	

column	was	first	equilibrated	with	5	column	volumes	(CV)	of	20	mM	TRIS-HCl	pH	7.8	buffer.	

The	samples	were	loaded	on	the	column.	A	washing	step	was	realized	in	5	CV	of	equilibration	

buffer	until	the	A280	was	lower	than	0.05.	Then,	TEM	enzymes	were	eluted	using	a	linear	salt	

gradient	(0-100	%)	in	10	CV	using	20	mM	TRIS-HCl	pH	7.8	with	500	mM	NaCl.	Fractions	(4	mL)	

were	 collected	and	 the	presence	of	 the	b-lactamase	was	 checked	by	electrophoresis	 on	a	

precast	 polyacrylamide	 gel	 (Bio-Rad,	 United-States)	 in	 denaturing	 conditions	 (SDS-PAGE).	
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Fractions	containing	the	b-lactamase	were	pooled	and	dialyzed	against	10	mM	cacodylate	pH	

6.0	buffer	ON	at	4°C.		

	 	

The	second	purification	was	carried	out	using	the	same	column	but	equilibrated	in	10	

mM	cacodylate	pH	6.0	buffer.	The	samples	were	loaded,	and	the	column	was	washed	with	the	

equilibration	buffer.	The	proteins	were	eluted	in	a	multistep	gradient	(0-20	%	in	4	CV,	20-50	

%	 in	5	CV	and	50-100	%	 in	1	CV	of	10	mM	cacodylate	pH	6.0,	500	mM	NaCl).	All	 fractions	

containing	the	b-lactamase	were	dialyzed	twice	against	20	mM	HEPES	pH	7.8.	The	labelled-

TEM-1	enzymes	were	dialyzed	against	a	50	mM	NaH2PO4/Na2HPO4	pH	6.6	buffer.	The	purity	

and	the	activity	of	the	samples	were	controlled	by:	(I)	UV	spectrum	between	240	nm	and	340	

nm	 to	 assess	 a	 possible	 nucleic	 acid	 contamination	 (A260>>A280)	 and	 the	 presence	 of	

aggregates	 (A320),	 (II)	 the	 electrophoresis	 pattern	 of	 increasing	 quantities	 of	 protein	 on	 a	

polyacrylamide	gel	in	denaturing	conditions	(SDS-PAGE),	(III)	the	determination	of	the	exact	

mass	of	the	protein	by	ESI-Q-TOF	mass-spectroscopy	and	(IV)	by	measuring	the	specific	activity	

of	the	different	samples.		

	

3.1.3) Purifications	of	TEM-121	

	

The	flow	chart	for	the	purification	of	TEM-121	and	TEM-121	S244R	was	similar	of	the	

TEM-1	purification.	 In	 this	 case,	 the	anion-exchange	 chromatography	 step	was	 realized	by	

using	a	capto-Q	HP	10	mL	column	(Cytiva,	United-States)	equilibrated	with	10	CV	of	20	mM	

TRIS-HCl	pH	7.8.	Even	though	TEM-121	has	an	isoelectric	point	largely	inferior	to	the	pH	of	the	

buffer,	 we	 observed	 that	 the	b-lactamase	 passed	 through	 the	 column	 during	 the	 sample	

loading.	 The	 flow-through	was	 concentrated	 until	 500	µL	with	 an	Amicon	 10	 kDa	 (Merck,	

Germany)	and	loaded	on	a	Superdex	75	10/300	GL	20	mL	column	equilibrated	in	20	mM	HEPES	

pH	7.8	buffer.	The	fractions	containing	the	protein	were	collected	and	the	presence	of	the	b-

lactamase	 was	 detected	 by	 SDS-PAGE.	 All	 fractions	 with	 the	 b-lactamase	 were	 pooled	

together.	The	purity	and	the	activity	of	the	enzyme	were	determined	as	described	in	section	

3.1.2.						
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3.2) CMY-2	and	NDM-1	b-lactamases	

	

	 CMY-2	was	produced	as	previously	described	by	Cédric	Bauvois	(Bauvois	et	al,	2005).	

The	CMY-2	protein	was	 stored	at	 -20°C	 in	50	mM	MOPS	buffer	at	pH	7.0	containing	10	%	

glycerol	(w/v).	 Its	 integrity	was	verified	on	a	polyacrylamide	gel	by	Coomassie-stained	SDS-

PAGE	and	mass-spectroscopy	(ESI-Q-TOF).	The	concentration	of	the	enzyme	was	determined	

by	its	absorbance	at	280	nm	(e280	=	93850	M-1	cm-1).	

	

	 NDM-1	was	produced	by	the	Purification	Platform	(Protein	Factory)	of	the	Center	for	

Protein	Engineering	(CIP)	at	the	University	of	Liège	(Marcoccia	et	al,	2016).	The	protein	was	

stored	at	-20°C	in	a	50	mM	TRIS	pH	8.0	buffer	supplemented	by	50	µM	ZnCl2.	The	sample	was	

analyzed	 by	 Coomassie-stained	 SDS-PAGE	 and	 the	 concentration	 was	 measured	 via	 its	

absorbance	at	280	nm	(e280	=	27960	M-1	cm-1).	

	

3.3) Development	of	VHHs	against	the	b-lactamases	NDM-1	and	CMY-2	

	

3.3.1) Immunization	of	alpacas	and	immune	library	development	

	

	 One	alpaca	(V.	pacos)	was	weekly	immunized	by	a	sub-cutaneous	injection	of	100	µg	

of	LPS-free	antigen	mixed	with	a	Gerbu	adjuvant.	Five	days	after	the	last	injection,	80	mL	of	

peripheral	 blood	 was	 recovered,	 and	 lymphocytes	 were	 extracted	 by	 a	 density	 gradient	

centrifugation	using	LymphoprepTM	tubes	(Nycomed,	Switzerland).	Total	mRNA	was	extracted	

with	RNeasy	Mini	Kit	(Qiagen,	United	States).	The	immune	library	was	constructed	following	

a	protocol	developed	by	Conrath	(Conrath	et	al,	2001).	The	amplified	genes	coding	for	the	

VHHs	against	CMY-2	were	ligated	into	a	phagemid	vector	derived	from	the	pHEN4	plasmid	in	

frame	with	a	myc	tag	(c-myc	derived	gene)	and	a	His6	tag	(Fig	3.2A).	The	anti-NDM-1	VHHs	

were	 sub-cloned	 into	 the	 phagemid	 pMECS	 (Vincke	 et	 al,	 2012)	 in	 frame	 with	 a	 HA	 tag	

(Hemagglutinin	gene	derived)	and	a	His6	tag	(Fig	3.2B).	The	VHH	repertoire	was	transformed	

in	E.	coli	electrocompetent	TG1	cells	(Lucigen,	United	States).	The	recombinant	strains	were	

collected	in	LB	medium	supplemented	with	10	%	glycerol	(w/v)	and	stored	at	-80°C.	
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Fig	 3.2.	Maps	 of	 the	 pHEN4	 vector	 (A)	 and	 the	 pMECS	 vector	 (B).	 Both	 vectors	 possess	 a	
replication	 origin	 of	 M13	 phages	 (M13	 ori),	 a	 resistance	 gene	 to	 ampicillin	 (ampR),	 a	
promotor/operator	Plac	and	a	sequence	signal	(pelB)	upstream	the	VHH	gene	insertion	site	
(MCS).	The	VHH	is	in-tandem	with	different	tags	(HA	tag	for	both	vectors	and	a	His6	tag	only	
for	the	pMECS)	and	the	protein	GIII	(from	the	capsid	of	the	phage	M13).	An	amber	stop	codon	
is	found	downstream	tags	and	upstream	the	gene	coding	for	the	protein	GIII.	The	E.	coli	TG1	
strain	is	a	suppressor	strain,	not	able	to	recognize	the	amber	codon	(UAG)	allowing	the	full-
length	protein	translation.					
			

3.3.2) Selection	of	VHHs	by	phage	display		

	

	 Three	rounds	of	panning	from	the	immune	library	were	performed	by	phage	display	to	

enrich	the	library	of	anti-CMY-2	and	anti-NDM	1	VHHs	binders	as	described	by	Pardon	(Pardon	

et	al,	2014).	One	mL	of	the	VHH	library	was	cultured	at	37°C	in	a	2XTY	medium	supplemented	

with	1	%	glucose	(v/v)	and	100	µg/mL	ampicillin.	When	the	OD600	of	the	culture	reached	0.6-

0.8,	 the	 cells	 were	 incubated	 in	 presence	 of	 1012	 particles	 of	 the	 phage	 helper	 M13K07	

(ThermoFisher	Scientific,	United	States)	for	30	minutes	at	room	temperature	(RT)	and	without	

agitation.	Then,	the	infected	cells	were	centrifuged	and	resuspended	in	a	2XTY	medium,	100	

µg/mL	ampicillin	(resistance	brought	by	the	phagemid)	and	70	µg/mL	of	kanamycin	(resistance	

brought	by	the	phage	helper).	The	cells	were	incubated	ON	at	37°C	under	agitation.	The	next	

day,	they	were	centrifuged	for	30	minutes	at	12000g	at	4°C.	The	supernatant	was	recovered,	

and	the	phages	were	precipitated	by	the	addition	of	30	mM	polyethylene	glycol-6000/2.5M	

NaCl	solution	(20	%	w/v).	The	solution	was	incubated	for	30	minutes	on	ice	and	centrifuged	at	
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4000	g	at	4°C.		The	pellets	corresponding	to	the	phages	were	resuspended	in	1	mL	of	50	mM	

PBS	pH	7.5	buffer.	The	concentration	of	phages	was	determined	by	measuring	the	absorbance	

of	the	suspension	at	260	nm	(OD260	=	1	equals	3	x	1010	phage	particles/mL).	Two	strategies	of	

panning	were	undertaken	 to	 select	 the	VHHs:	 (I)	by	antigen	adsorption	on	a	96-well	plate	

(CMY-2	and	NDM-1)	and	(II)	in	solution	(NDM-1,	confidential,	not	detailed	in	this	work).	

	

For	the	panning	by	adsorption,	1	µg/well	of	antigen	(CMY-2	and	NDM-1		b-lactamases)	

diluted	in	50	mM	MES	pH	5.5	buffer	was	coated	by	adsorption	on	a	96-well	multisorp	NUNC	

ELISA	 plate	 (ThermoFisher	 Scientific,	 United	 States)	 ON	 at	 4°C.	 The	 negative	 control	

corresponded	to	a	well	filled	with	the	coating	buffer	only.	The	next	day,	the	wells	were	washed	

five	times	with	a	50	mM	PBS	with	0.05	%	tween-20	(PBST).	They	were	blocked	by	addition	of	

0.1	%	casein	(w/v),	0.1	%	BSA	(w/v)	and	protein	free	buffer	(ThermoFisher	Scientific,	United	

States)	in	rounds	1,	2	and	3	of	panning,	respectively.	The	panning	was	realized	by	adding	1011	

phages	particles	per	well.	The	plates	were	incubated	for	an	hour	at	RT.	Then,	20	washes	with	

PBST	were	carried	out	to	eliminate	the	unspecific	binders.	The	elution	of	the	specific	VHHs	

was	performed	by	a	pH	shock	with	the	addition	of	100	µL	of	100	mM	TEA	(Triethanolamine)	

pH	11.5	in	each	well.	After	an	incubation	of	10	minutes	at	RT,	the	supernatant	was	recovered	

and	neutralized	with	100	µL	of	1	M	TRIS-HCl	pH	8.0.		

	

	 10	µL	of	the	eluted	phages	were	diluted	107-fold	and	incubated	in	presence	of	90	µL	

of	competent	TG1	E.	coli	for	30	minutes	at	RT.	50	µL	of	the	suspension	was	plated	on	a	LB	agar	

plate	with	100	µg/mL	of	ampicillin,	2	%	glucose	 (w/v)	and	 incubated	ON	at	37°C	to	obtain	

individual	colonies.	Moreover,	10	µL	of	each	dilution	(101	-107)	were	also	deposited	on	square	

LB	agar	plate	supplemented	with	100	µL	of	ampicillin	to	check	the	enrichment	of	the	positive	

assay	compared	to	the	negative	control	where	no	antigen	was	present.	Finally,	the	remaining	

fraction	of	the	eluted	phages	was	used	to	infect	TG1	cells	for	the	subsequent	round	of	panning.				
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3.3.3) Screening	of	binders	by	indirect	ELISA		

	

	 90	colonies	from	each	round	of	selection	were	picked	with	the	MicroLab	Star	robot	

(HAMILTON,	United	States)	from	ROBOTEINTM	platform.	The	colonies	were	grown	in	100	µL	of	

2XTY	 medium	 supplemented	 with	 ampicillin	 (100	 µg/mL),	 0.1	 %	 glucose	 (w/v)	 and	 10	 %	

glycerol	(w/v)	in	a	96-well	flat-bottom	plate	(Greiner-BioOne,	Belgium)	ON	at	37	°C.	10	µL	of	

each	glycerol	stock	were	added	to	1	mL	of	2XTY	medium	supplemented	with	ampicillin	and	

glucose	in	96-deep	well	plates.	After	an	incubation	of	4	hours	under	constant	agitation	at	37°C,	

the	production	of	the	VHHs	was	induced	by	the	addition	of	1	mM	IPTG.	Then,	the	cultures	

were	incubated	for	5	hours	at	37°C	or	ON	at	28°C.	The	cells	were	recovered	by	centrifugation	

and	an	extraction	of	the	VHHs	was	performed	by	one	cycle	freeze-thaw	at	minus	80°C.	The	

selection	 of	 VHHs	 was	 performed	 by	 an	 indirect	 ELISA.	 96-well	 NUNC	 multisorp	 plates	

(ThermoFisher	Scientific,	United	States)	were	coated	with	1	µg	of	antigen	diluted	in	a	50	mM	

MES	pH	5.5	buffer.	After	an	incubation	ON	at	4°C,	the	plate	was	blocked	by	addition	of	1	%	

(w/v)	non-fat	dried	milk	solution	for	2	hours	at	RT.	We	used	a	different	blocking	agent	in	order	

to	avoid	selection	of	VHHs	directed	against	the	blocking	agents	used	for	the	panning’s	steps.	

Once	 the	 blocking	 step	 ended,	 the	 plates	 were	 incubated	 with	 the	 E.	 coli	 crude	 extract	

containing	the	VHHs	for	one	hour	at	RT.	We	considered	one	negative	control	(one	well	without	

coated	antigen	for	each	VHH).	Finally,	the	revelation	was	carried	out	using	a	primary	antibody	

corresponding	to	a	1/2000	diluted	mouse	anti-His	antibody	(Biolegend,	United	States)	and	a	

1/2000	diluted	mouse	anti-HA	antibody	 (Biolegend,	United	 States)	 for	CMY-2	and	NDM-1,	

respectively.	 In	both	cases,	 this	primary	antibody	was	recognized	by	a	1/2000	diluted	goat	

anti-mouse	 antibody	 coupled	 to	 a	 phosphatase	 alkaline	 (PA)	 (Bethyl	 Laboratories,	 United	

States).	We	used	the	4-phenyl	phosphate	disodium	(Sigma-Aldrich)	(2	mg	mL-1)	as	PA	substrate	

and	 the	 plates	 were	 read	 at	 405	 nm	with	 a	 SpectraMx	M2	microplate	 reader	 (Molecular	

Devices,	 United	 States).	 All	 steps	 were	 followed	 by	 10	 washes	 with	 a	 50	mM	 PBS	 buffer	

supplemented	 by	 0.05	 %	 Tween-20	 (PBST).	 Primary	 and	 secondary	 antibodies	 were	 also	

diluted	in	PBST.	A	clone	was	considered	positive	if	the	signal	ratio	positive/negative	was	larger	

than	1.5.	All	positive	VHHs	were	sequenced	and	grouped	in	families	in	function	of	the	CDRs	

sequences.												
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3.4) VHHs	sub-cloning,	production	and	purification	

	

3.4.1) Sub-cloning	of	the	VHHs	into	the	vector	pHEN14	

	

	 All	the	candidates	were	subcloned	into	the	phagemid	pHEN14.	This	plasmid	derived	

from	 the	 pHEN6	 vector	 where	 the	 cassette	 coding	 for	 the	 resistance	 to	 ampicillin	 was	

substituted	by	a	gene	coding	for	the	resistance	to	chloramphenicol	(Fig	3.3).		

	

	 Firstly,	 20	µg	of	 pHEN4-derived-VHH	or	pMECS-VHH	plasmids	were	digested	ON	at	

37°C,	by	40	units	of	HindIII	HF	and	BstEII	HF	(New-England	BioLabs,	United-States)	restriction	

enzymes	at	extremity	5’	and	3’,	respectively.	The	digestion	allowed	the	recovery	of	the	DNA	

fragment	 containing	 the	 PelB	 signal	 peptide	 in	 frame	 with	 the	 sequence	 of	 the	 VHH.	 All	

digested	fragments	were	deposited	on	a	1	%	Agar	gel	and	the	desired	DNA	bands	(around	400	

BP)	were	purified	with	a	NucleoSpinÒ	Plasmid	EasyPure	(Macherey-Nagel).	150	ng	of	digested	

fragments	 coding	 for	 the	 VHHs	 were	 ligated	 in	 50	 ng	 of	 pHEN14	 digested	 by	 the	 same	

restriction	enzymes	(ratio	3:1)	using	10	U	of	the	T4	ligase	(ThermoFisher	Scientific,	United-

States)	ON	at	16°C.	Competent	E.	coli	DH5a	cells	were	transformed	with	the	ligation	product	

by	 a	 thermic	 shock	 and	 deposited	 on	 LB	 agar	 plate	 supplemented	 by	 25	 µg/mL	 of	

chloramphenicol.	Some	individual	colonies	were	picked	and	transferred	in	LB	medium	in	order	

to	extract	the	plasmid	and	to	verify	their	nucleotide	sequences	by	sequencing.			

	

	 Genes	coding	for	the	bivalent	VHHs,	corresponding	to	two	identical	VHHs	in	tandem	

repeats	and	joined	by	a	peptide	linker	(GGGS)3,	were	ordered	into	the	pHEN14	from	Genecust	

(Boynes,	France)	and	were	integrated	with	the	same	restriction	enzymes	(Morales-Yanes	et	

al,	2019).						
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Fig	3.3.	Vector	map	of	the	phagemid	pHEN6.	It	is	derived	from	the	pHEN4	phagemid	where	the	
HA	tag	is	replaced	by	a	His6	Tag	and	the	gene	coding	for	the	protein	GIII	is	deleted.		
	

3.4.2) Scale-up	Production		

	

	 The	production	of	the	monovalent	and	bivalent	VHHs	started	with	the	transformation	

by	thermic	shock	of	competent	E.	coli	cell	WK6	by	the	plasmid	pHEN14-VHH.	The	cells	were	

plated	on	LB	agar	supplemented	by	chloramphenicol	25	µg/mL.	The	next	day,	one	colony	was	

cultured	ON	at	37°C	in	a	LB	medium	added	with	the	same	antibiotic.	VHHs	were	produced	in	

flasks	in	a	Terrific	Broth	medium	(24	g/L	yeast	extract,	12	g/L	tryptone,	17	mM	KH2PO4,	72	mM	

K2HPO4,	glucose	0.1	%	(w/v))	containing	chloramphenicol	(25	µg/mL)	and	few	milliliters	of	the	

preculture	to	reach	an	initial	OD600	»	0.2.	The	growth	was	realized	at	37°C	until	the	beginning	

of	 the	 exponential	 phase	 (OD600	 »	 0.8).	 Then,	 1	 mM	 of	 IPTG	 was	 added	 to	 induce	 the	

production	of	the	VHH	ON	at	25	°C.								

	

3.4.3) Periplasmic	extraction	by	osmotic	shock		

	

	 Since	 the	 VHHs	 were	 expressed	 in	 the	 periplasm	 via	 their	 signal	 peptide	 (PelB),	 a	

periplasmic	extraction	was	realized	by	osmotic	shock.	First,	the	cells	were	centrifuged	for	30	

min	at	10000	g	and	the	supernatant	was	discarded.	The	cells	were	resuspended	in	a	solution	

of	TES	(30	mL/liter	culture)	and	incubated	for	45	minutes	at	4°C	using	a	rotation	shaker.	The	

TES	solution	contained	20	mM	TRIS-HCl	pH	8.0	corresponding	which	is	not	well	tolerated	by	
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cells,	 500	 µM	 of	 EDTA	 able	 to	 chelate	 metal	 ions	 and	 500	 mM	 sucrose	 allowing	 the	

destabilization	 of	 the	 outer	membrane	 of	 cells	 by	 an	 osmotic	 shock.	 50	U/liter	 culture	 of	

benzonase	(Merck,	Germany)	was	added	in	presence	of	1	mM	MgCl2	to	avoid	contamination	

by	nucleic	acids.	Mg	ions	are	essential	for	the	benzonase	activity.	Then,	a	second	incubation	

with	the	solution	TES	diluted	four	times	was	performed	for	90	min	at	4°C	using	the	rotation	

shaker.	 The	 suspension	 was	 centrifuged	 at	 45000	 g	 for	 20	 minutes.	 The	 supernatant,	

corresponding	to	the	periplasmic	extract,	was	recovered	and	filtered	on	0.22	µm	filter.		

	

3.4.4) Purification	by	affinity	chromatography	

	

	 The	VHHs	containing	a	His6	 tag	at	 their	c-terminal	end	allowed	their	purification	by	

Immobilized	metal	affinity	 chromatography	 (IMAC).	We	used	a	HisTrapTM	HP	5	mL	column	

(Cytiva,	United-States).	The	presence	of	nitrilotriacetic	acid	 (NTA)	chelates	Ni	 ions	that	will	

interact	with	the	poly-His	sequence	of	the	protein.	The	column	was	first	equilibrated	by	10	CV	

in	20	mM	HEPES	pH	8.0	buffer,	100	mM	NaCl,	10	mM	imidazole.	The	periplasmic	extract	was	

loaded	on	the	column.	The	washing	step	was	realized	with	5	CV	of	the	equilibration	buffer	to	

eliminate	contaminants.	Finally,	the	VHHs	were	eluted	with	a	linear	gradient	of	imidazole	(0-

100	%)	 on	 20	 CV	 using	 20	mM	HEPES	 20	mM	pH	 8.0	 buffer,	 NaCl	 100	mM	 and	 500	mM	

imidazole.	Fractions	of	2	mL	were	collected	and	the	presence	of	the	VHH	was	checked	by	SDS-

PAGE.	 All	 fractions	 containing	 the	 VHH	 were	 pooled	 and	 purified	 by	 size	 exclusion	

chromatography.			

	

3.4.5) Purification	by	size	exclusion	chromatography	

	

	 Pooled	fractions	were	firstly	concentrated	until	500	µL	with	an	Amicon	3	kDa	(Merck,	

Germany).	The	sample	was	loaded	on	a	Superdex	75	10/300	GL	equilibrated	in	50	mM	HEPES	

pH	7.2	buffer,	 100	mM	NaCl	 for	 the	anti-TEM-1	VHH,	50	mM	PBS	pH	6.1	buffer	 for	VHHs	

against	CMY-2	and	50	mM	PBS	pH	7.5	buffer	for	anti-NDM-1	VHHs.	Fractions	containing	the	

VHH	 were	 pooled	 together	 and	 some	 controls	 were	 carried	 out	 with:	 (I)	 a	 UV-spectrum	

between	240	and	340	nm,	(II)	growing	quantities	of	VHH	on	a	polyacrylamide	gel	(SDS-PAGE),	

(III)	mass-spectroscopy	(ESI-Q-TOF)	and	(IV)	an	activity	assay	by	bio-layer	interferometry.						
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3.5) Production	and	purification	of	polyclonal	antibodies	(pAbs)		

	

	 Rabbit	immunizations	were	carried	out	by	the	CER	group	(Marloie,	Belgium)	to	obtain	

polyclonal	antibodies	(pAbs).	4	subcutaneous	injections	of	500	µg	of	antigen	were	done	every	

two	weeks.	The	sera	were	recovered	from	blood	and	were	conditioned	in	a	50	mM	PBS	pH	7.5	

buffer.	The	pAbs	were	purified	with	a	HiTrap	Protein	A	HP	1	mL	column	(Cytiva,	United-States).	

After	an	equilibration	with	10	CV	and	the	load	of	the	sample,	the	pAbs	were	eluted	with	a	20	

mM	 glycine	 pH	 2.0	 buffer	 and	 directly	 neutralized	 via	 a	 100	mM	 TRIS-HCl	 pH	 8.5	 buffer.	

Fractions	containing	the	pAbs	were	pooled	and	dialyzed	against	a	50	mM	PBS	pH	7.5	buffer	

ON	at	4°C.	The	integrity	and	the	purity	of	the	pAbs	were	assessed	by	a	coomassie-stained	SDS-

PAGE,	 whereas	 the	 concentration	 of	 the	 pAbs	 was	 measured	 by	 BCA	 (Bicinchoninic	 Acid	

Assay).	

	

3.6) In-vitro	biotinylation		

	

	 Some	bio-layer	interferometry	experiments	and	ELISAs	required	biotinylated	proteins.	

To	 this	 aim,	we	 used	 the	 EZ-link@NHS-PEG4	 biotin	 kit	 (ThermoScientific,	 United	 States)	 to	

covalently	bind	a	NHS-PEG4-Biotin	to	primary	amines	such	as	on	the	side-chains	of	lysines.	This	

reaction	was	performed	at	RT,	for	30	minutes	in	presence	of	a	[Biotin]:[protein]	ratio	of	3:1.	

The	excess	of	free	biotin	was	removed	using	a	Sephadex	G25	1	mL	desalting	column	(Cytiva,	

United-States)	and	the	biotinylated	proteins	were	conserved	in	a	50	mM	PBS	pH	7.5	buffer.	

The	protein	concentration	was	determined	by	BCA.	

	

3.7) Binding	study	by	bio-layer	interferometry							

	

3.7.1) Principle		

	

	 Bio-layer	 interferometry	 is	 a	 label-free	 method	 consisting	 in	 the	 measure	 of	 an	

interference	pattern	for	the	wavelengths	of	light	in	function	of	time	(Fig	3.4).	Briefly,	the	light	

is	directed	down	a	fiber-optic	biosensor	and	is	reflected	from	an	internal	reference	layer	and	

the	biocompatible	layer.	It	creates	an	interference	pattern	for	all	wavelengths	of	light.	When	

molecules	bind	at	the	biocompatible	layer,	the	distance	between	the	reflected	light	from	the	
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internal	reference	and	the	biocompatible	surface	increases	creating	a	shift	in	the	interference	

pattern	of	light	(Dl)	which	can	be	monitored	in	real	time	providing	kinetic	data	on	molecular	

interactions	(Fig	3.5D).								

	

	
	
Fig	 3.4.	 Schematization	 of	 the	 bio-layer	 interferometry	 principle	 used	 by	 the	 OCTET	 HTX	
(ForteBio,	 Sartorius).	 Illustrations	 were	 adapted	 from	 Renee	 Tobias,	 Application	 note	 14,	
ForteBio.	
	

3.7.2) Experimental	setup	

	

	 All	 bio-layer	 interferometry	 experiments	 were	 performed	 on	 the	 OCTET	 HTX	

instrument	 (ForteBio,	 Sartorius)	 at	 30°C	 using	 96-well	 polypropylene	microplates	 (Greiner	

BioOne,	Belgium).	All	proteins	were	diluted	in	a	kinetic	buffer	(KB)	corresponding	to	50	mM	

PBS	pH	7.4	with	0.1	%	BSA	(w/v)	and	0.05	%	tween-20	(v/v).	All	data	were	analyzed	with	the	

OCTET	software	version	12.0	 (Sartorius,	France).	All	negative	controls	corresponded	to	the	

load	of	the	analyte	directly	on	the	biosensor.	

	

	 Qualitative	and	quantitative	measurements	were	carried	out	using	His1K	biosensors	

(Sartorius,	France)	to	determine	the	specificity	and	the	affinity	of	the	VHHs,	respectively	(Fig	

3.5A).	These	biosensors	are	coated	by	anti-His	antibodies	able	to	recognize	the	His6	 tag	of	

VHHs	 that	were	 loaded	 in	 a	 range	 of	 concentrations	 between	 0.5	 and	 5	µg	mL-1.	 Then,	 a	

baseline	was	realized	using	the	KB	for	60	s.	The	binding	of	the	b-lactamase	to	the	VHH	was	

monitored	 by	 immersing	 the	 bio-activated	 sensor	 into	 a	 solution	 of	 500	 nM	 of	 different	

representative	 of	 b-lactamases	 for	 the	 specificity	 assays	 and	 into	 solutions	 of	 at	 least	 4	

different	concentrations	of	their	specific	antigen	for	quantitative	measurements	(indicated	on	
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each	sensorgram).	The	dissociation	rate	was	measured	by	dipping	the	biosensor	 into	wells	

containing	the	KB.						

	

	 Avidity	studies	were	performed	using	streptavidin	biosensors	(SA	sensor,	Sartorius)	on	

which	biotin-TEM-1	and	biotin-CMY-2	were	immobilized	at	2	µg	mL-1	and	between	10	and	50	

µg	mL-1,	respectively	(Fig	3.5B).	A	quench	reaction	was	carried	out	by	immersing	the	sensors	

into	10	µM	biocytine	for	300	s	followed	by	a	baseline	for	60	s	in	the	KB.	Then,	the	binding	of	

rabbit	 pAbs	 or	 the	 bivalent	 VHH	were	monitored	with	 at	 least	 5	 different	 concentrations	

(indicated	on	each	sensorgram).	The	dissociation	of	the	complexes	was	measured	for	600	s	in	

the	KB.		

	

	 The	specificity	of	the	pAbs	was	also	monitored	on	streptavidin	bio-sensors	using	only	

a	concentration	of	500	µM	of	pAbs	to	determine	the	binding	to	representative	biotinylated	b-

lactamases	(Fig	3.5B).		

	

	 Finally,	 competition	 binding	 assays	 were	 performed	 by	 a	 premix	 method	 with	 SA	

biosensors	(Takkar	et	al,	application	note	16)	(Fig	3.5C).	Firstly,	a	biotinylated	anti-CMY-2	VHH	

at	2	µg	mL-1	was	immobilized	on	the	biosensor	to	reach	a	variation	of	signal	(Dl)	around	1	nm.	

Complexes	VHH/CMY-2	were	obtained	by	incubating	CMY-2	(200	nM)	and	the	VHH	(100	nM	

–	4	µM)	for	15	min	at	30°C.	Then,	the	biosensors	were	immersed	into	the	solutions	containing	

the	preformed	complexes	in	order	to	assess	the	association	between	the	immobilized	VHH	

and	 the	 complexes	 VHH/CMY-2.	 Binding	 rates	 were	 measured	 for	 the	 first	 120	 s	 of	 the	

association	phase	with	an	exponential	model	(not	described	by	the	manufacturer).	The	same	

experimental	setup	was	used	to	check	the	presence	of	an	overlapping	epitope	of	the	anti-

NDM-1	 VHHs	 on	 NDM-1.	 However,	 in	 this	 case,	 we	 only	 performed	 a	 qualitative	 binding	

measurement	with	the	complex	formed	by	NDM-1	at	200	nM	and	1	µM	of	VHH.	
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Fig	 3.5.	 Experimental	 setups	 using	 Anti-His	 biosensors	 (His1K	 sensor)	 (A)	 and	 streptavidin	
biosensors	 (SA	sensor)	 (B)	 for	qualitative	and	quantitative	binding	measurements.	The	only	
difference	consists	in	a	quench	reaction	to	block	all	free	sites	on	streptavidin	for	SA	biosensors	
(not	 indicated	 on	 the	 illustration).	 (C)	 Competition	 binding	 assays	 using	 SA	 biosensors	 and	
where	only	associations	were	monitored.	The	epitope	overlapping	results	in	no	association	(red	
crosses	 on	 the	 picture).	 (D)	 Typical	 sensorgram	 obtained	 by	 a	 bio-layer	 interferometry	
experiment	(quench	reaction	for	the	SA	biosensors	not	indicated).		
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3.7.3) Binding	kinetics	model	

	

	 The	kinetics	 constants	 (kon:	 kinetic	 constant	 for	 the	association	of	 the	antigen/VHH	

complex	and	koff:	kinetic	constant	for	the	dissociation	of	the	complex)	and	the	thermodynamic	

equilibrium	constant	(KD)	were	calculated	using	a	1:1	interaction	model	(scheme	1)	where	A	

corresponds	to	the	ligand	immobilized	on	the	biosensor	and	B	the	analyte	in	solution	(Tobias,	

Application	note	14).		

	

	
	
Scheme	1.	1:1	binding	model	reflecting	the	interaction	of	one	molecule	of	ligand	(A)	with	one	
molecule	of	analyte	(B)	to	form	a	complex	AB.		

	

The	equation	I	describes	the	association	of	two	Interactants:					

	

Y = Y# + A	(1 −	e+,-./∗1)					(I)	

	

Where	Y	reflects	the	association	between	A	and	B	in	function	of	time	t,	Y0	corresponds	to	the	

binding	at	start	of	association,	A	the	constant	reflecting	the	nature	of	the	reactants	and	kobs	

the	observed	kinetic	rate	constant.	

	

	 Once	the	biosensors	are	dipped	into	wells	containing	only	the	KB,	complexes	AB	start	

to	 dissociate	 in	 function	 of	 the	 dissociation	 rate	 and	 the	 concentration	 of	 complex	 at	 the	

beginning.	This	is	described	by	the	equation	II:			

	

Y = 	Y# + A	e+,-33∗1					(II)	

	

Where	 Y0	 is	 the	 level	 of	 binding	 at	 start	 of	 dissociation	 and	 the	 koff	 is	 the	 first	 order	 rate	

constant	(s-1)	that	corresponds	to	the	dissociation	of	the	complex.	
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	 The	 association	 rate	 constant	 kon	 can	 be	 calculated	 based	 on	 both	 kobs	 and	 koff	

constants	following	the	equation	III:			

	

k56 = 	
,-./	+	,-33
[869:;1<]

					(III)	

	

where	 kon	 (M-1	 s-1)	 illustrates	 the	 second	 order	 kinetic	 constant	 for	 the	 formation	 of	 the	

complex	AB.		

	

	 The	equilibrium	constant	(KD)	assesses	the	stability	of	the	AB	complex.	It	corresponds	

to	the	ratio	koff	/kon	ratio	described	in	equation	IV:							

	

K? = 	
8 ∗[@]
[8@]

= 	 ,-33
,-A

					(IV)	

	

Where	KD	is	expressed	in	molar	(M)	and	is	generally	considered	as	the	concentration	of	analyte	

at	50	%	of	complexes.	Obviously,	higher	is	the	KD	value,	lower	is	the	affinity	and	inversely.				

	

3.8) pAbs	specificity	by	indirect	ELISA	

	

	 The	specificity	of	pAbs	was	determined	by	 indirect	ELISA.	First,	500	ng	of	all	classes	

representing	b-lactamases	diluted	in	50	mM	MES	pH	5.5	buffer	were	coated	by	adsorption	on	

a	96-well	NUNC	maxisorp	plate	(ThermoScientific,	United	States)	ON	at	4°C.	The	next	day,	the	

plate	was	blocked	using	a	1	%	BSA	(w/v)	solution	for	two	hours.	Then,	500	ng	of	pAbs	were	

added	 in	 each	 well.	 Finally,	 the	 presence	 of	 complex	 b-lactamase/pAbs	 was	 revealed	 by	

addition	of	a	1/2000	diluted	goat	anti-rabbit	antibody	conjugated	to	horseradish	peroxidase	

(HRP)	(Abcam,	UK).	All	steps	were	followed	by	5	washes	with	PBST.	All	proteins	were	diluted	

in	 the	wash	 buffer	 and	 the	 incubation	was	 performed	 for	 1	 hour	 at	 28°C.	 TMB	 (3,3’,5,5’-

Tetramethylbenzidine,	Merck,	Germany)	was	used	as	substrate	for	the	system	revelation.	The	

reaction	was	quenched	with	1M	H3PO4	and	the	absorbance	of	the	wells	was	measured	at	450	

nm	with	the	help	of	an	Infinite	M200	Pro	microplate	reader	(Tecan,	Switzerland).			
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3.9) Development	of	a	sandwich	ELISA	for	the	detection	of	TEM-1	and	CMY-2	

	

	 A	 sandwich	 ELISA	 was	 carried	 out	 to	 assess	 the	 limit	 of	 detection	 (LOD)	 and	 the	

specificity	of	the	different	assays	for	the	detection	of	TEM-1	and	CMY-2.	In	this	aim,	several	

combinations	of	capture	and	detection	antibodies	were	tested	(Fig	3.6).					

	

	
	
Fig	3.6.	Sandwich	ELISA	format	for	TEM-1	and	CMY-2	detection.	The	first	assays	consisted	in	
immobilizing	 the	 biotinylated	 monovalent	 (A)	 and	 the	 bivalent	 VHH	 (B)	 on	 a	 streptavidin	
coated	plate,	while	the	detection	was	ensured	by	rabbit	polyclonal	antibodies	recognized	by	a	
secondary	antibody	conjugated	to	HRP.	Inversely,	two	other	assays	were	carried	out	with	the	
biotinylated	 polyclonal	 antibodies	 as	 capture	 antibody,	 while	 the	 monovalent	 (C)	 and	 the	
bivalent	VHH	(D)	recognized	by	the	anti-VHH	antibodies	coupled	to	HRP	allowed	the	revelation	
of	the	system.	
	

	 Briefly,	500	ng	of	biotinylated	cAbCMY-2	(254)	VHH	(monovalent	or	bivalent)	or	2	µg	of	

biotinylated	anti-CMY-2	pAbs	were	used	as	 capture	agent	on	a	96-well	NUNC	 streptavidin	

polysorp	plate	incubated	ON	at	4°C.	Only	200	ng	of	biotinylated	monovalent	cAbTEM-1	(13)	VHH	

was	utilized	to	detect	TEM-1.	The	plate	was	blocked	with	a	1	%	BSA	(w/v)	solution.		

	 	

	 Then,	the	purified	TEM-1	and	CMY-2	were	added	in	serial	dilutions	from	10-4	to	1	µg	

mL-1	and	10-4	to	2	µg	mL-1,	respectively,	to	determine	the	limit	of	detection	(LOD)	of	all	assays.		
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The	LOD	value	was	calculated	with	a	sigmoidal	model	illustrated	by	the	equation	V:	

	

LOD = @E(F+@)
GE	G# H-IJKLMNO ∗PQRN-33					(V)						

	

Where	T	corresponds	to	the	top	of	the	curve	and	B	to	the	pre-transition	state,	the	IC50	is	the	

concentration	of	antigen	at	50	%	of	the	top	Y	value	and	the	cut-off	represents	the	average	

absorbance	at	450	nm	of	the	negative	control	plus	three	times	the	standard	deviation.	

	

	 The	 in	 vitro	 specificity	 assays	were	 evaluated	with	 200	 ng	 of	 purified	b-lactamases	

belonging	to	the	four	classes	of	b-lactamases.	We	used	at	least	three	wells	where	antigen	was	

omitted	as	blank	for	all	assays.	

	

	 Moreover,	 we	 also	 decided	 to	 verify	 the	 in	 vivo	 specificity	 of	 our	 assays	 by	 the	

detection	of	 TEM-1	and	CMY-2	 in	human	and	bovine	bacterial	 Isolates.	 The	bacteria	were	

grown	 in	 TB	 medium	 supplemented	 by	 100	 µg	 mL-1	 ampicillin	 for	 4	 hours	 at	 37°C.	 We	

discarded	the	medium	by	centrifugation	at	4800	g.	Then,	the	cells	were	lysed	by	sonication	

with	a	Bioruptor	Plus	(Diagenode,	Belgium)	and	centrifuged	at	18000	g	to	recover	the	soluble	

fraction	of	the	bacteria.	All	assays	on	bacterial	isolates	were	realized	using	5	µg	of	the	bacterial	

crude	extract.	E.	coli	DH5a	strain	was	employed	as	negative	control.	

	

	 The	detection	of	CMY-2	was	performed	as	 follows.	500	ng	of	anti-CMY-2	pAbs	was	

added	 to	 the	different	wells	and	 the	 immobilized	antibodies	were	 recognized	by	a	1/2000	

diluted	goat	anti-rabbit	antibody	conjugated	to	HRP	(Abcam,	UK).	In	the	other	way,	we	added	

200	ng/well	of	cAbCMY-2	(254)	VHH	(monovalent,	bivalent)	followed	by	a	1/2000	diluted	rabbit	

anti-VHH	antibody	conjugated	to	HRP	(Genscript,	United-States).	The	detection	of	TEM-1	was	

ensured	with	500	ng/well	of	anti-TEM-1	pAbs	recognized	by	1/2000	diluted	goat	anti-rabbit	

antibody	conjugated	to	HRP	(Abcam,	UK).	TMB	was	used	as	substrate	and	the	reaction	was	

stopped	by	addition	of	1	M	H3PO4.	Absorbance	at	450	nm	was	recorded	using	an	Infinite	M200	

Pro	microplate	reader	(Tecan,	Switzerland).	All	steps	described	above	were	performed	for	one	

hour	at	28°C	and	were	followed	by	5	washes	of	PBST.	All	samples	were	diluted	in	the	same	

buffer.	
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3.10) Steady-state	kinetic	studies	

	

3.10.1) 			Binding	kinetics	model	

	

	 Steady-state	 kinetics	 were	 performed	 at	 30°C	 using	 a	 50	 mM	 PBS	 pH	 7.5	 buffer	

supplemented	by	50	µg/mL	BSA.	Experiments	with	NDM-1	required	also	the	addition	of	50	

µM	ZnCl2.	Absorbances	were	measured	with	a	Specord	75	spectrophotometer	(AnalytikJena,	

Germany)	and	a	SpectraMx	M2	microplate	reader	(Molecular	Devices,	United	States).	

	

	 Initial	rates	and	a	complete	hydrolysis	of	substrate	by	CMY-2	were	measured	for	the	

hydrolysis	of:	50	µM	ampicillin	(De235	=	-820	M-1	·cm-1),	100	µM	cefalotin	(De273	=	-6300	M-1	

·cm-1),	100	µM	cephaloridin	(De260	=	-10000	M-1	·cm-1)	and	40	µM	nitrocefin	(De482	=	+	15000	

M-1	 ·cm-1).	 The	 CMY-2	 concentration	 for	 the	 hydrolysis	 of	 the	 substrates	 was	 comprised	

between	0.2	nM	to	5	nM	and	was	mixed	with	increasing	amounts	of	the	cAbCMY-2	(254)	VHH	

(0-1500	nM).		

	

	 For	 TEM	 experiments,	 we	 firstly	 measured	 initial	 rates	 for	 a	 fixed	 substrate	

concentration:	 300	 µM	 benzylpenicillin	 (De235	 =	 -775	 M-1	 cm-1),	 200	 µM	 cefalotin	 and	

cephaloridin,	 100	 µM	 nitrocefin.	 The	 TEM-1	 and	 TEM-121	 concentrations	 used	 for	 the	

hydrolysis	of	the	different	substrates	were	in	a	range	of	0.07–	20	nM	and	were	mixed	with	

increasing	 amounts	 of	 the	 cAbTEM-1	 (13)	 VHH	 (0-1000	 nM).	 Moreover,	 initial	 rates	 were	

measured	for	cefalotin	(250-1000	µM)	in	presence	of	TEM-1	(10	nM)	pre-incubated	with	at	

least	three	concentrations	of	VHH	(5-100	nM).	The	same	experiments	were	realized	for	the	

hydrolysis	 of	 nitrocefin	 (25-300	 µM)	 by	 TEM-1	 (0.5	 nM)	 or	 3.7	 nM	 TEM-121	 (3.7	 nM),	

respectively,	in	complex	with	the	inhibitor	cAbTEM-1	(13)	(0.25-0.75	nM	for	TEM-1	and	5-25	nM	

for	TEM-121).	Those	experiments	allowed	the	determination	of	the	inhibition	mechanism	by	

Hanes	linearization	of	the	Michaelis-Menten	equation.	Finally,	the	initial	rates	of	hydrolysis	of	

the	 four	 substrates	 described	 above	 by	 the	 TEM-1	R244S	 and	 TEM-121	 S244R	mutants	 in	

complex	with	1	µM	of	cAbTEM-1	(13)	VHH	were	calculated	to	determine	the	role	of	the	arginine	

at	position	244	in	the	inhibition	mechanism.	
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	 Similar	experiments	were	carried	out	for	the	hydrolysis	of	100	µM	of	imipenem	(De300	

=	-9000	M-1	cm-1)	and	meropenem	(De297	=	-6500	M-1	cm-1)	by	1	nM	of	NDM-1	or	variants	in	

complex	with	the	VHH	(between	0	and	600	nM).	

	

3.10.2) 			Steady-state	kinetic	constants		

	

	 All	graphs	and	equations	are	adapted	from	Cornish-Bowden	et	al,	2005.		

	

		 The	steady-state	kinetic	constants	were	calculated	from	the	Henri-Michaelis-Menten	

equation	VI:	

	

v = 	 TU	[V]
WUE[V]

					(VI)	

	 					

Where	v	(expressed	in	M/s)	is	the	initial	velocity	of	hydrolysis	of	the	substrate	by	the	enzyme,	

Km	(the	Henry-Michaelis-Menten	constant	expressed	in	M)	corresponds	to	the	concentration	

of	substrate	for	what	v	=	Vm/2,	Vm	(M/s)	is	the	maximum	rate	reached	by	the	system	and	[S],	

the	concentration	of	substrate	(M).	

	

	 The	turnover	number	kcat	(in	s-1)	was	calculated	from	the	equation	VII.	It	reflects	the	

number	 of	 substrate	 molecules	 transformed	 by	 molecule	 of	 enzyme	 and	 per	 second.	 E0	

corresponds	to	the	total	enzyme	concentration.	

	

VY = 	kZ91	E#					(VII)	

	

	 Then,	the	adjustment	of	the	Henry-Michaelis-Menten	equation	on	the	experimental	

data	was	achieved	by	a	linear	regression	following	the	Hanes-Woolf	equation	VIII:	

	

[V]
\
= 	 G

TU
	 S +	WU

TU
					(VIII)	
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Plotting	[S]/v	versus	[S]	(Fig	3.7)	gives	an	intercept	of	Km/Vm	on	the	y	axis	and	an	intercept	of	

-Km	 on	 the	 x	 axis.	 The	 slope	 of	 the	 line	 is	 1/Vm.	 Knowing	 the	 Vm	 value	 and	 the	 initial	

concentration	of	enzyme,	the	kcat	value	can	be	calculated	via	the	equation	VII.	

	

	
	
Fig	3.7.	Hanes-Woolf	graph	
	

	 A	second	methodology	to	assess	the	steady-state	kinetic	constant	Km	and	kcat	consisted	

in	linearizing	curves	resulted	from	the	complete	hydrolysis	of	the	substrate	using	the	equation	

IX:	

	

G
1
	 ln	( VM

VM	+	`
) = 	 G

WU
	(VY −	

`
1
)					(IX)	

	

Where	t	corresponds	to	the	time	of	reaction,	S0	the	initial	concentration	of	substrate	and	P	

the	final	concentration	of	product.	Plotting	
G
1
	 ln	( VM

VM	+	`
)	versus		`

1
		(Fig	3.8)	gives	an	intercept	

of	Vm/Km	on	the	y	axis	and	an	intercept	of	Vm	on	the	x	axis.	The	slope	of	the	line	is	-	1/Km.	

Knowing	the	Vm	value	and	the	initial	concentration	of	enzyme,	the	kcat	value	can	be	calculated	

via	the	equation	VII.	

	
	
Fig	3.8.	Linearization	of	the	complete	hydrolysis	of	the	substrate		
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3.10.3) 		Inhibition	models		

	

3.10.3.1) Competitive	inhibition	

	

	 In	a	competitive	 inhibition,	the	substrate	and	the	 inhibitor	present	the	same	site	of	

fixation	on	the	enzyme,	generally	in	the	active	site	(scheme	2).			

	

	
	
Scheme	2:	Competitive	inhibition	model	
	

	 The	equation	defining	a	competitive	inhibition	mechanism	corresponds	to	equation	X:		

	

𝑣b = 	
TU	[V]

WU	 GE	
J
cd

E[V]
					(X)	

	

with	VY
9ee	=	Vm	and	KY

9ee	=	 1 + f
Wd

	KY.	Then,	the	presence	of	a	competitive	inhibitor	does	

not	 influence	 Vm	 but	 KY
9ee	 will	 be	 higher	 than	 Km.	 Hanes	 plot	 in	 presence	 of	 different	

concentrations	 in	 inhibitor	 give	 parallel	 straight	 lines	with	 an	 identical	 slope,	 but	with	 an	

intercept	on	the	abscissa	decreasing	when	the	inhibitor	concentration	increases	(Fig	3.9).	

	

	
	
Fig	3.9.	Hanes-wolf	profile	for	a	competitive	inhibitor	
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	 In	presence	of	a	competitive	inhibitor,	the	inhibition	constant	(Ki)	can	be	determined	

via	the	equation	XI:	

	

\M
\d
= 	1 + WU

WUE[V]
	 [f]
Wd
					(XI)	

	

Plotting	v0/vi	versus	[I]	gives	an	intercept	of	1	on	the	y	axis	and	an	intercept	corresponding	to	

–Ki	on	the	x	axis	(Fig	3.10).	The	slope	of	the	straight	line	corresponds	to	
WU

WUE[V]
	 G
Wd
.	

	

	
	
Fig	3.10.	Linearization	of	the	initial	rate	hydrolysis	of	an	enzyme	in	complex	with	a	competitive	
inhibitor.		
	

3.10.3.2) Uncompetitive	inhibition	
	

	 An	 uncompetitive	 inhibitor	 is	 not	 able	 to	 bind	 to	 the	 free	 enzyme	 but	 only	 to	 the	

enzyme	complexed	with	the	substrate	(scheme	3).	It	is	generally	accepted	that	the	interaction	

with	 the	 substrate	 leads	 to	 conformational	 modifications	 on	 the	 enzyme	 whose	 aids	 the	

interaction	with	the	inhibitor	resulting	in	an	inactive	or	poorly	active	ternary	complex.	Then,	

this	mechanism	does	not	require	the	same	site	of	fixation	for	the	substrate	and	the	inhibitor	

and	is	uncommon.	

	

	
	
Scheme	3:	Uncompetitive	inhibition	model	
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	 This	 results	 in	both	KY
9ee	and	VY

9ee	 reduced	by	 1 + f
Wd
g 	 compared	to	Km	and	Vm	as	

illustrated	by	the	equation	XII.	Hanes	linearization	gives	the	convergence	of	straight	lines	on	

the	y	axis	(Fig	3.11).	

v = 	
TU	 V 		/	 GE	

J
cd
g

V EWU	/	 GE	
J
cd
g

					(XII)	

	

	
	
Fig	3.11.	Hanes-wolf	profile	for	an	uncompetitive	inhibitor	
	

3.10.3.3) Non-competitive	inhibition		

	

	 The	non-competitive	model	is	the	more	complete	kinetic	model,	where	the	inhibitor	

binds	to	the	free	enzyme	and	the	ES	population	to	form	the	complexes	EI	and	ESI,	respectively	

(scheme	4).			

	

	
	

Scheme	4:	Non-competitive	model		
	

	 VY
9ee	 decreases	 in	 all	 configurations	defining	 the	parameter	b	 <	 1	 and	a	decreased	

deacylation	 rate	of	 the	 complex	ESI.	On	 the	other	hand,	KY
9ee	 could	be	 superior,	 equal	 or	

inferior	to	Km	following	a	Ki	inferior	(a	>	1),	equal	(a	=	1)	or	superior	(a	<	1)	to	Kij	(equation	
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XIII).	Hanes	linearization	will	describe	straight	lines	which	converge	above,	on,	or	below	the	x	

axis	in	the	first,	second	and	third	case,	respectively	(Fig	3.12).		

	

v = 	
TU	 V 		/	 GE	

J
cd
g

V EWU	(	
kl J

cd
kl	 J

cd
g
	)

					(XIII)	

	

	
	
Fig	 3.12.	Hanes-Wolf	 profile	 for	 a	 non-competitive	 inhibitor	 considering	 the	 parameter	a	
inferior	(A),	equal	(B)	or	superior	(C)	to	1.	

	

	 The	plot	of	1/kZ91
9ee	in	function	of	the	concentration	in	inhibitor	allowed	to	determine	

the	impact	of	the	inhibitor	on	the	deacylation	constant:		

	

- A	straight	line	fitted	with	equation	XIV	indicates	the	ability	of	the	inhibitor	to	suppress	

completely	the	deacylation	of	the	acyl-enzyme	(b	=	0)	(Fig	3.13).	Combined	with	a	KY
9ee	

equals	Km,	this	described	a	pure	non-competitive	inhibition.	

	
G

,PmR
mnn = 	 k

a	cd	oPmR
	fE	 k

pqrs
					(XIV)	
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Fig	3.13.	Pure	tendency	of	a	non-competitive	inhibitor.			
	

- A	 hyperbole	 fitted	 with	 the	 equation	 XV	 can	 be	 interpreted	 as	 the	 ability	 of	 the	

inhibitor	to	partially	reduce	the	deacylation	rate	(0	<	b	>	1)	resulting	in	a	mixed	non-

competitive	inhibition	where	both	complexes	ES	and	ESI	are	functional	(Fig	3.14).		

	

G
,PmR
mnn = 	

G
,PmR

	
(GE J

acd
)

(GE	 bJ
acd

)
					(XV)	

	

	
	
Fig	3.14.	Mixed	tendency	of	a	non-competitive	inhibitor.			
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3.11) X-ray	crystallography		

	

3.11.1) Crystallization	conditions	

	

	 All	 complexes	were	 previously	 purified	 by	 a	 size-exclusion	 chromatography	 using	 a	

Superdex	 75	 10/300GL	 (Cytiva,	 United-States)	 to	 ensure	 the	 homogeneity	 of	 the	 sample.	

Crystals	were	grown	at	20°C	using	the	sitting	drop	vapor	diffusion	method.	It	consists	in	a	drop	

containing	a	mixture	of	 the	protein	sample	and	reagents	 (buffer,	adduct,	 salts)	which	 is	 in	

vapor	equilibration	with	a	reservoir	containing	also	reagent	but	more	concentrated	than	the	

drop.	Then,	water	vapor	leaves	the	drop	and	has	for	consequence	to	concentrate	the	sample	

and	the	reagent	in	the	drop	to	reach	the	supersaturation	state	and	to	obtain	crystals	of	our	

sample	 (Chayen,	2004).	 Four	96	conditions	 screening	were	setup	 for	each	protein	 sample,	

Crystalscreen	HT	 (Hampton	Research),	Wizard	 screen	 (Molecular	Dimension),	 Index	 screen	

(Hampton	Research)	and	a	homemade	salt	screening.	

	

	 The	crystal	of	CMY-2	in	complex	with	the	cAbCMY-2	(254)	VHH	were	obtained	by	mixing	

a	0.2	µL	drop	of	the	protein	sample	at	a	14	mg/mL	concentration	and	0.2	µL	of	0.1	M	TRIS-HCl	

pH	 8.5,	 1.4	 M	 (NH4)2	 tartarate.	 For	 the	 cAbTEM-1	 (13)/TEM-1	 and	 cAbTEM-1	 (13)/TEM-121	

complexes,	 the	 protein	 concentrations	 were	 14	 and	 14.5	 mg/	 mL,	 respectively.	 The	

crystallization	solutions	were	0.1	M	Bis-Tris	propane	pH	7.0,	1	M	tri-ammonium	citrate	for	the	

first	complex	and	a	0.1	M	Tacsimate	pH	5.0	containing	a	mixture	of	organic	acids	(HAMPTON	

Research)	 for	 the	 second	 one.	 Crystals	 were	 transferred	 in	 a	 cryo-protectant	 solution	

containing	 1.8	 M	 ammonium	 sulfate	 and	 45	 %	 (v/v)	 glycerol	 for	 the	 cAbTEM-1(13)/TEM-1	

complex,	4.5	M	Na	formate	and	50	%	(v/v)	glycerol	for	the	cAbTEM-1(13)/TEM-121	complex,	

and	 finally	 50	 %	 (v/v)	 polyethylene	 glycol	 400	 and	 50	 %	 (v/v)	 glycerol	 for	 the	 cAbCMY-2	

(254)/CMY-2	complex.	All	were	frozen	in	liquid	nitrogen.	

	

3.11.2) Data	collection,	phasing,	model	building	and	refinement	

	

	 Data	were	collected	at	the	Proxima	1	beam	line	of	the	Soleil	synchrotron	(Saint	Aubin,	

France)	for	cAbTEM-1(13)/TEM-121	and	cAbCMY-2	(254)/CMY-2	complexes	and	at	the	Proxima	2a	

beam	line	for	the	cAbTEM-1(13)/TEM-1	complex.	Indexing,	integration	and	scaling	of	the	data	
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were	performed	using	XDS	(Kabsch,	2010).		For	the	cAbCMY-2	(254)/CMY-2	complex,	the	initial	

phases	were	obtained	by	molecular	replacement	with	the	CMY-2	structure	(PDB	code	1ZC2)	

and	a	lama	antibody	fragment	(PDB	code	6GKU)	as	search	model	using	Phaser	(McCoy,	2007).	

For	 the	model	of	 the	cAbTEM-1	(13)/TEM-1	complex,	we	applied	 the	molecular	 replacement	

with	the	TEM-1	structure	(PDB	code	1m40)	and	the	lama	antibody	fragment	against	the	b-

lactamase	BlaP	(PDB	code	4M3J),	whereas	the	cAbTEM-1	(13)/TEM-121	complex	was	based	on	

our	previously	determined	model	of	the	complex	with	TEM-1.	Structures	were	built	with	Coot	

(Emsley	et	al,	2010)	and	refined	with	Phenix	refine	(Liebschner	et	al,	2019).	All	figures	were	

prepared	using	PyMOL	(The	PyMOL	Molecular	Graphics	System,	Version	2.4.1	Enhanced	for	

Mac	OS	X,	Schrödinger,	LLC.).	

	

3.12) Thermal	denaturation	by	circular	dichroism	and	intrinsic	fluorescence	

	

3.12.1) Circular	dichroism	(CD)	

	

	 CD	 spectra	 were	 recorded	 in	 the	 far-UV	 (210-260	 nm)	 using	 a	 Jasco	 J-810	

spectropolarimeter	equipped	with	a	thermostated	cell	holder.	TEM	alone	and	in	complex	with	

the	 VHH	 (molar	 ratio	 1:1)	 were	 diluted	 at	 a	 final	 concentration	 of	 3.4	 µM	 in	 a	 50	 mM	

NaH2PO4/Na2HPO4	pH	7.0	buffer.	The	CD	spectra	were	acquired	in	a	0.1	cm	path	length	cell	

with	a	scan	rate	of	50	nm/min,	a	1	nm	bandwidth	and	an	integration	time	of	2	seconds.	All	CD	

spectra	resulted	from	the	average	of	four	accumulations	and	were	subtracted	by	the	buffer	

spectrum	measured	in	identical	conditions.		

	

	 Denaturation	curves	were	realized	at	224	nm	since	the	higher	transition	between	the	

native	 and	 the	 denatured	 form	 of	 the	 enzyme	 TEM	 was	 observed	 at	 this	 wavelength.	 A	

temperature	 gradient	 from	 30°C	 to	 80°C	 at	 a	 rate	 of	 0.5°C	min-1	 was	 used,	 with	 a	 1	 nm	

bandwidth	and	an	integration	time	of	4	seconds.	

	

3.12.2) Intrinsic	fluorescence	

	

	 Intrinsic	 fluorescence	 emission	 spectra	 were	 performed	 using	 a	 Carry	 Eclipse	

Fluorimeter	 (California,	 United-States)	 in	 a	 50	 mM	 NaH2PO4/Na2HPO4	 pH	 7.0	 buffer	 with	
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proteins	concentrated	at	3.4	µM.	The	excitation	and	emission	spectra	were	recorded	at	280	

nm	and	between	305	and	440	nm,	respectively,	with	slit	widths	of	4	nm,	a	1	cm	path	length	

cell	and	a	scan	speed	of	600	nm/min.	

	

	 Denaturation	 curves	 were	 carried	 out	 at	 0.5	 nm/min	 from	 25°C	 to	 90°C	 with	 an	

excitation	wavelength	at	280	nm	and	an	emission	signal	at	333	nm	corresponding	to	the	higher	

transition	between	the	native	and	unfolded	form.		

	

3.12.3) Thermal	denaturation	curve	analysis		

	

	 The	 thermal	 denaturation	 of	 the	 proteins	 measured	 by	 CD	 and	 fluorescence	

experiments	were	interpreted	following	an	apparent	single	transition	curve	(N	D	U)	according	

to	 a	 two-state	model	 (Hajjaji	 et	 al,	 2009).	 The	 experimental	 curves	were	 fitted	 using	 the	

equation	XVI:	

	

y5uv = 	
;wEeF E ;xEyF z <ze 	[9]

GE<ze 	[9]
					(XVI)	

	

		 	 	 	 a	=			–	(DHm	(1	–	T/Tm))/RT	

	

Where	yobs	corresponds	to	the	observed	signal	at	a	given	wavelength	and	temperature,	yN	and	

yU	to	values	for	the	native	and	unfolded	states,	respectively,	p	and	q	to	the	slopes	of	the	pre-	

and	 post-transition	 states,	 R	 the	 gas	 constant	 equals	 to	 8.314	 J	 mol-1	 K-1,	 T	 the	 different	

temperatures	expressed	in	Kelvin,	Tm	the	temperature	of	mid-transition	and	DHm	the	enthalpy	

at	the	mid-transition	state.	Since	we	only	performed	our	experiment	in	denaturing	conditions,	

we	only	determined	the	apparent	Tm	value	(TY
9ee).			
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3.13) Molecular	Dynamic	Simulations			

	

3.13.1) Principle	

	

	 The	molecular	dynamic	simulation	(MD)	is	a	largely	used	method	to	study	the	dynamics	

of	proteins	based	mainly	on	the	atomic	motion	in	function	of	time.	It	consists	in	three	steps	

crucial	to	ensure	the	best	representation	of	the	experimental	conditions	of	proteins	in	solution	

(Fig	3.15)	(Pandya	et	al,	2018).	Firstly,	the	protein	is	placed	into	a	box	where	ions	and	water	

molecules	allow	the	solvation	of	the	protein.	Then,	an	energy	minimization	is	calculated	to	

find	the	minimum	energy	configuration	of	the	system.	Finally,	the	real	MD	is	performed	using	

a	force	field	and	the	integration	of	the	Newton’s	laws	of	motion	for	each	atom	of	the	system	

results	in	the	equation	XVII:	

|}~d(1)
|1}

= 	 �d(1)
Yd

					(XVII)	

	

Where	Fi(t)	corresponds	to	the	force	applied	on	atom	i	at	time	t,	ri(t)	is	the	position	vector	of	

the	atom	i	at	time	t	and	mi	which	is	the	mass	of	the	atom	i	(Adcock	&	MacCammon,	2006).	

	

	

	
	
Fig	3.15.	Illustration	of	a	classical	molecular	dynamic	simulation	divided	in	three	steps:	(I)	the	
solvation	of	the	protein,	(II)	the	energy	minimization	and	the	equilibration	of	the	system,	(III)	
modelisation	(MD)	run	(Pandya	et	al,	2018).	
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	 Then,	 the	 Verlet	 integration	 (equations	 XVIII-XX)	 allows	 to	 integrate	 the	 Newton’s	

equation	for	partitioned	time	(dt),	generally	in	the	order	of	the	femtosecond,	to	assess	the	

position	and	the	velocity	of	the	atom	i	at	time	t+dt	with	a	starting	time	t	(Verlet,	1967)	

	

ri	 t + dt = 	 ri t + 	vi	 t dt + 	
G
�
	ai	(t)	dt					(XVIII)	

	

vi	 t + dt = 	 vi t + 	
G
�
	 ai	 t + 	ai	 t + dt 	dt						(XIX)				

	

ai	 t = 	 �d	(1)
Yd

= 	−	 |T	(1)
Yd|�d(1)

					(XX)	

							

Where	ri(t),	vi(t)	and	ai(t)	correspond	to	position,	velocity	and	acceleration	of	the	atom	i	at	

time	 t,	 respectively,	while	 ri(t	 +	dt)	 and	 vi(t	 +	dt)	 are	 position	 and	 velocity	 at	 time	 t	 +	dt,	

respectively.	The	acceleration	ai	(t)	is	function	of	the	force	sustained	by	the	atom	i	at	time	t	

which	 is	 directly	 related	 to	 the	 potential	 energy	 V(t)	 issued	 from	 the	 force	 field	 and	

corresponding	 to	 the	 sum	 of	 potential	 energies	 due	 to	 interactions	 (Vbond),	 angles	 (Vangle),	

torsions	(Vdihed)	and	non-bonded	interactions	(Vnb)	summarized	in	equation	XXI:	

	

V = 	 Vu56| +	 V96�:< + 	 V|i�<|
��d���
i�G

�mAI��
i�G

�.-A�
i�G +	 V6u

�A.
i�G 					(XXI)	

	

3.13.2) Root-mean-square	deviation/fluctuation		

	

	 The	data	generated	by	modelisation	describes	the	position	(r)	of	an	atom	during	the	

time	of	a	simulation.	Therefore,	it	is	possible	to	calculate	two	important	parameters:		the	root-

mean-square	 deviation	 (RMSD)	 and	 the	 root-mean-square	 fluctuation	 (RMSF).	 The	 RMSD	

corresponds	to	the	distance	between	the	structure	at	time	t	and	a	reference	meaning	we	are	

able	to	follow	major	changes	in	the	protein	structure	over	time.	We	could	compare	the	RMSD	

to	 the	 position	 of	 the	 Ca	 in	 a	 x-ray	 structure.	 Similarly,	 the	 RMSF	 describes	 the	 average	

deviation	for	each	amino	acid	in	function	of	a	reference	position	(at	time	0	s).	Its	value	can	be	

compared	to	the	b-factor	in	crystallography	(Kuzmanic	&	Zagrovic,	2010).	
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3.13.3) Experimental	setup	

	

	 Our	modelisation	experiments	were	carried	out	on	three	different	models:	a	model	of	

TEM-1	obtained	 at	 0.86	Å	 (TEM-1	HR,	 PDB	 code	 1m40),	 the	 cAbTEM-1	 (13)/TEM-1	 complex	

(VHH/TEM-1)	and	the	structure	of	TEM-1	extracted	from	the	X-ray	structure	of	the	complex	

(TEM-1).	We	removed	all	water	molecules,	buffer	and	other	molecules	to	work	with	“naked”	

proteins	 and	 to	 let	 the	 program	 add	 water	 molecules	 to	 ensure	 more	 homogeneity.	 All	

simulations	were	performed	with	the	GROMACS	software	(Lindahl	et	al,	2001)	using	the	force	

field	Amber03	and	the	model	TIP3	for	the	water	molecules.	

	

	 The	first	step	consisted	in	the	calculation	of	the	local	energy	minimum	and	to	identify	

the	best	protein	configuration.	Then,	the	protein	was	placed	 in	a	box	where	 it	was	able	to	

move	 to	 remove	 potential	 steric	 hindrances.	 It	 was	 realized	 by	 the	 command	 “Steepest	

descent”	 with	 10000	 cycles.	 We	 also	 chose	 the	 option	 “xyz”	 for	 the	 periodic	 boundary	

conditions	 (pbc)	 which	 illustrates	 the	 periodicity	 of	 the	 system	 allowing	 to	 maintain	 the	

protein	into	the	predetermined	box.		

	

	 Then,	waters	molecules	and	ions	Na+	and	Cl-	(0.15	M)	were	added	in	the	box	and	the	

system	was	equilibrated	following	the	protocol	“md”	(molecular	dynamics)	with	a	dt	 (time	

between	 two	measurements)	 of	 2	 fs	with	 500	 000	 steps	 (simulation	 of	 1	 ns).	 The	 option	

DPOSRES	was	applied	allowing	the	motion	of	water	molecules	and	ions	but	restraining	the	

protein.	This	avoids	mismatches	between	all	added	molecules	and	the	protein.	As	previously	

described	for	the	energy	minimization,	we	chose	the	option	“xyz”	for	the	parameter	pbc	and	

experiments	were	realized	at	25°C.	

	

	 Finally,	 the	 dynamic	molecular	 simulations	 were	 carried	 out	 with	 the	 system	 CECI	

(http://www.ceci-hpc.be/)	 using	 Dragon2	 from	UMons	 (University	 of	Mons).	 The	 protocol	

“md”	was	applied	but	we	did	not	 consider	 the	option	DPORES	meaning	 that	 the	protein's	

motion	was	tolerated.	We	performed	5	simulations	for	each	model	to	further	obtain	more	

statistically	significant	results.	We	considered	a	dt	of	2	fs	with	50	000	000	steps	(simulation	of	

100	ns)	with	a	periodicity	xyz	and	at	25°C.	The	option	gen_seed	=	-1	implies	strength	vectors	

in	different	completely	random	spatial	orientation	for	each	simulation.		
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3.14) Dynamic	study	by	relaxation	NMR	experiments	

	

	 This	section	will	briefly	describe	the	general	concepts	of	relaxation	 in	NMR	and	the	

relation	 with	 the	 dynamic	 of	 molecules	 for	 a	 better	 understanding	 of	 all	 biological	

interpretations	resulting	from	the	NMR	experiments.	All	illustrations	are	derived	from	the	M.	

H.	Levitt	book	(Levitt,	2008)	and	the	R.D.	Majumdar’s	thesis	(Majumdar,	2015).	

	

3.14.1) Nuclear	spin		

	

	 The	nuclear	spin	is	a	magnetic	property	of	nucleus	atoms	which	is	characterized	by	two	

quantum	numbers:	 	I	representing	the	total	angular	momentum	and	varying	 in	function	of	

protons	 and	 neutrons	 in	 the	 nucleus	 and	m	 reflecting	 the	 Z-component	 of	 the	 angular	

momentum	which	takes	values	of	-1/2	and	1/2	for	a	spin	1/2	or	-1,	0	and	1	for	a	spin	1.	The	

angular	momentum	leads	to	the	magnetic	moment	µ		describes	by	the	equation	XXII:	
	

µ	 = 	g	. ℏ	.	𝑚	 (XXII)	

	

with	 g	 reflecting	 the	magnetogyric	 ratio	 (specific	 to	 each	 nucleus),	ℏ	 the	 reduced	 Planck	

constant	and	m	corresponding	to	the	z-component	quantum	number.	

	

	 The	application	of	an	external	magnetic	field	𝐵0	along	the	Z-axis	creates	a	population	

difference	between	the	spin	state	leading	to	the	sample	polarization.	As	an	example	for	the	

more	studied	spin	equals	to	1/2,	two	states	of	the	magnetic	moment	are	possible:	m	=	1/2	

aligned	in	the	same	direction	of	𝐵0	and	called	the	a	state	(Fig	3.16A)	and,	m	=	-1/2	oriented	

in	 the	opposite	 sense	of	 the	external	magnetic	 field	and	corresponding	 to	 the	b	 state	 (Fig	

3.16B).	The	nuclear	spin	submitted	to	the	magnetic	field	leads	to	its	rotation	with	an	angular	

frequency	w0,	called	the	Larmor	frequency,	which	is	nucleus-specific.		
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Fig	3.16.	Nuclear	magnetic	moment	µ	 in	an	external	magnetic	field	B0	with	a	frequency	w0.	
This	illustrates	the	spin	½	at	the	a-state	(A)	and	the	b-state	(B).	
	
	 The	polarization	resulting	from	the	spins	oriented	in	the	same	direction	of		𝐵0	relative	

to	those	in	the	opposite	sense	(difference	of	populations)	is	represented	by	the	Boltzmann	

distribution	described	by	the	equation	XXIII:	

	

�b
�a
= exp 	(− D�

kF
	)	 (XXIII)	

	 	

with	Na	and	Nb	representing	the	number	of	spins	at	the	a	and	b	states,	respectively,	DE	the	

difference	of	energy	between	the	two	states,	k	the	Boltzmann	constant	(1.38	x	10-23	joules/°K)	

and	T	the	temperature	in	Kelvin.	The	ensemble	of	spins	results	in	a	net	magnetization	aligned	

and	parallel	to	𝐵0	(longitudinal	magnetization),	generally	represented	by	the	vector	𝑀Z	(Fig	

3.17).		

	

	
	
Fig	3.17.	Longitudinal	magnetization	𝑀Z	aligned	and	parallel	to	𝐵0.	
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3.14.2) Excitation	phenomenon	in	NMR	

	

	 At	this	stage,	the	system	is	not	in	coherence	and	in	order	to	measure	an	NMR	signal	

via	 the	 relaxation,	 an	 excitation	 is	 required.	 It	 consists	 in	 the	 application	 of	 a	 secondary	

magnetic	field	B1	(B1	^	B0)		that	oscillates	in	the	x,y	plane	at	the	Larmor	frequency	(w0).	As	a	

consequence,	the	longitudinal	magnetization	(Mz)	is	rotated	to	the	transversal	plane	(x,y).	The	

magnetization	(Mx,y)	of	all	spins	becoming	in	phase	(coherence)	(Fig	3.18).	

	

	
	
Fig	3.18.	Rotation	of	the	longitudinal	magnetization	(Mz)	in	the	transverse	plan	(Mxy)	(B).		
	

3.14.3) 	Relaxation	phenomenon	in	NMR	

	

	 Once	the	pulse	is	finished,	the	transverse	magnetization	is	rotating	around	the	z-axis	

because	 of	 its	 interaction	 with	 B0.	 The	 transverse	 magnetization	 returns	 to	 equilibrium	

following	a	relaxation	phenomenon	divided	in	two	components:	the	longitudinal	relaxation	

(T1)	and	the	transverse	relaxation	(T2).	This	results	in	a	helical	trajectory	of	the	magnetization	

which	returns	along	the	z-axis	corresponding	to	the	external	magnetic	field	(𝐵0)	on	the	z-axis	

(Fig	3.19).	
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Fig	3.19.	Helical	trajectory	of	the	magnetization	due	to	the	longitudinal	(T1)	and	the	transverse	
(T2)	relaxations.	
	

	 The	longitudinal	(spin-lattice)	relaxation	T1	is	the	return	to	the	equilibrium	state	due	

to	the	recovery	of	the	z	component	of	the	nuclear	spin	magnetization	(Mz)	(Fig	3.20A).	The	

transverse	 (spin-spin)	 relaxation	 time	 T2	 is	 the	 measure	 of	 time	 taken	 by	 the	 transverse	

magnetization	(Mx,y)	to	lose	coherence	resulting	from	different	spins	precession	frequencies	

(incoherence)	(Fig	3.20B).		

	

	
	
Fig	 3.20.	Magnetization	 representations	 of	 the	 longitudinal	 relaxation	 time	 T1	 (a)	 and	 the	
transverse	relaxation	time	T2	(b)	(Xu	et	al,	2019).	
	

	 The	Nuclear	Overhauser	Effect	(NOE)	is	a	particular	form	of	relaxation	called	the	cross-

relaxation	 and	 based	 on	 the	 dipole-dipole	 coupling	 in	 space.	 Briefly,	 it	 implies	 a	 state	

population	change	of	one	spin	(e.g.	azote)	as	a	consequence	of	the	saturation	of	a	nearby	spin	

(e.g.	proton).	As	described	by	the	Boltzmann	equation,	the	vector	𝑀Z	depends	on	a	difference	

of	spin	populations	at	a	and	b	states	(DN	=	Na	-	Nb).	When	the	proton	is	saturated,	the	system	
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is	 no	 longer	 at	 equilibrium	 (Na	 -	 Nb)H	 and	 tries	 to	 return	 at	 equilibrium	 via	 a	 relaxation	

phenomenon.	This	is	only	possible	with	an	energy	transfer	to	the	azote	(cross-relaxation).	

		

3.14.4) The	correlation	time		

	

	 The	 NMR	 relaxation	 is	 dependent	 of	 the	 rotational	 diffusion	 of	 the	 molecule	

corresponding	on	the	random	rotational	motion	of	small	amplitude.	This	is	directly	related	to	

the	correlation	time	tC	representing	the	average	time	it	takes	for	one	molecule	to	rotate	one	

radian	and	described	by	the	equation	XXIV:	

	

t� = 	
�ph~�

�,F
					(XXIV)	

	

with	h	 corresponding	 to	 the	 viscosity	 coefficient,	 r	 the	molecule	 radius,	 k	 the	 Boltzmann	

constant	(1.38	x	10-23	m2	kg	s-2	K-1)	and	T	the	temperature	in	kelvin.	It	generally	occurs	in	the	

pico-nanosecond	timescale	and	in	presence	of	a	magnetic	field	B2	modulated	by	the	electronic	

distribution	of	each	atom	and	oscillated	in	the	Larmor	frequency	(w0).	This	correlation	time	is	

directly	impacted	by	the	size	and	the	mobility	of	the	molecule.	

	

3.14.5) The	spectral	density	function	

	

	 The	 spectral	 density	 function	 (j(w))	 represents	 the	 molecular	 rotational	 frequency	

(velocity)	distribution	of	a	molecule	and	is	 illustrated	by	the	equation	XXV	(Lipari	&	Szabo,	

1982):	

	

j	 w =	 �
�
	( tP
GE	w}tK

})					(XXV)	

	

with	tC	corresponding	to	the	correlation	time	and	w	the	frequency.	

	

	 The	 three	 NMR	 relaxation	 phenomena	 depend	 on	 motions	 at	 four	 frequencies	

(velocities):	wH,	 wN,	wH+N,	wH-N.	 The	 NOE	 and	 T1	 parameters	 are	 sensitive	 to	 high-
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frequency	motions	 (108-1012	 s-1)	 giving	 an	 information	 about	 internal	motions	 on	 the	 fast	

timescale	 (pico-nanosecond),	 while	 T2	 values	 also	 depends	 on	 lower	 motions	 (micro-

millisecond)	 allowing	 a	 larger	 point	 of	 view	 on	 the	 protein	 dynamic.	 R1	 and	 R2	 values	 are	

obtained	by	the	inverse	of	their	respective	relaxation	time	(e.g.	R1	=	1/T1)	(Kay	et	al,	1989	&	

Zhang	et	al,	2012).		

	

3.14.6) The	Lipari-Szabo	model-free	analysis	

 

	 Without	going	into	details,	the	Lipari-Szabo	model-free	analysis	aims	the	fitting	of	the	

three	experimental	parameters	with	five	models	derived	from	the	spectral	density	function	

(Mandel	et	al,	1995).	This	allows	the	measurement	of	motions	at	the	ps-ns	timescale	(Global	

order	 parameter	 S2).	 Some	 of	 those	models	 also	 integrate	 the	 Rex	 parameter	 to	 calculate	

motions	in	the	µs-ms	time	scale.	
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4. Insight	on	the	 inhibition	mechanism	of	 the	cAbTEM-1	 (13)	VHH	against	 the	

class	A	b-lactamase	TEM-1	

	

4.1) Production	and	purification	of	the	cAbTEM-1	(13)	VHH	

	

4.1.1) Affinity	chromatography	by	a	Ni-NTA	HisTrap	HP	column		

	

	 All	the	nanobodies	were	produced	in	a	rich	medium	(TB	medium).	They	contain	a	N-

terminal	signal	peptide	(pelB)	allowing	their	expression	in	the	periplasm,	and	a	C-terminal	His6	

tag	facilitating	their	purification	by	an	affinity	chromatography	using	a	Ni-NTA	HisTrap	column.	

The	A280	measured	during	the	loading	of	the	sample	represents	contaminants	did	not	bind	to	

the	column	matrix	(Fig	4.1A).	During	the	elution	step	(10	to	500	mM	of	imidazole),	we	mainly	

observed	two	peaks:	one	between	100	and	200	mM	of	imidazole	and	another	in	a	range	of	

200	and	300	mM	(Fig	4.1B).	A	polyacrylamide	gel	in	denatured	conditions	confirmed	that	the	

majority	of	contaminants	did	not	bind	to	the	column	(Flow-Through)	or	were	found	in	the	first	

elution	fractions	 (Fig	4.1C).	Some	contaminants	were	however	co-eluted	with	the	VHH	(14	

kDa)	requiring	a	second	purification	by	size-exclusion	chromatography.	

	

	
	

Fig	 4.1.	 Purification	 of	 the	 VHH	 cAbTEM-1	 (13)	 by	 a	 Ni-NTA	 HisTrap	 chromatography.	 (A)	
Chromatogram	illustrating	the	loading	of	the	sample	and	the	wash	of	the	column.	(B)	Elution	
of	the	VHH	following	a	0-100	%	gradient	of	500	mM	imidazole.	(C)	Coomassie-stained	SDS-
PAGE.	The	positive	control	(+)	corresponds	to	purified	VHH.	LD:	Load,	FT:	Flow-Through,	WS:	
Wash			
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4.1.2) Size-exclusion	chromatography		

	

	 The	second	purification	by	size-exclusion	chromatography	allowed	the	separation	of	

the	higher	molecular	weight	contaminants	from	the	VHH	(Fig	4.2).	We	observed	a	first	weak	

peak	of	absorbance	 in	 the	death	volume	of	 the	column	(7-8	mL)	corresponding	to	the	 last	

contaminants	while	the	purified	VHH	was	eluted	in	the	second	peak	(fractions	12	to	16).				

	

	
	
Fig	 4.2.	 Purification	 of	 the	 cAbTEM-1	 (13)	 VHH	 by	 size-exclusion	 chromatography.	 (A)	
Chromatogram	representing	the	elution	of	the	sample	on	the	column.	(B)	Purity	assessment	
by	Coomassie-stained	SDS-PAGE.	
	

4.1.3) Quality	controls	of	the	purified	cAbTEM-1	(13)	VHH	

	

	 Quality	 controls	were	 performed	 to	 verify	 the	 purity	 of	 our	 VHHs.	 First,	 increasing	

quantities	of	VHHs	were	loaded	on	a	polyacrylamide	gel	(SDS-PAGE)	and	a	single	band	was	

observed	around	14	kDa	even	for	the	large	VHHs	quantities	(Fig	4.3A).	Then,	a	UV-spectrum	

(240-340	nm)	allowed	to	check	the	lack	of	nucleic	acid	contaminations	(A280/A260	>	1.7)	and	

aggregates	 (A320	 »	 0)	 (Fig	 4.3B).	 Finally,	 an	 analysis	 of	 the	 sample	 by	 ESI-Q-TOF	 mass	

spectroscopy	 confirmed	 the	 high	 purity	 of	 our	 samples	 with	 a	 main	 peak	 at	 13860	 Da	

corresponding	to	the	exact	mass	of	the	VHH	cAbTEM-1	(13)	with	its	disulfide	bonds	(Fig	4.3C).	

Relative	to	the	main	peak,	the	one	at	-18	Da	(13842	Da)	could	be	due	to	a	post	translational	

modification	(https://abrf.org/delta-mass)	whether	the	peaks	upstream	the	main	peak	(13883	

and	 13897	 Da)	 are	 mostly	 due	 to	 adducts	 related	 to	 formulation	 traces	 (e.g.	 possible	

potassium	 adduct	 and/or	 two	 water	 molecules).	 The	 VHH	 cAbTEM-1	 (13)	 was	 generally	

produced	with	1-2	mg/liter	yield.	
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Fig	4.3.	Controls	of	the	purity	of	the	cAbTEM-1	(13)	VHH.	(A)	Coomassie-stained	SDS-PAGE	with	
increasing	 quantities	 in	 VHH.	 (B)	 UV	 spectrum	 (240-340	 nm).	 (C)	 Mass	 spectroscopy	
chromatogram	of	the	VHH	cAbTEM-1	(13).		
	

4.2) Production	and	purification	of	TEM	b-lactamases		

	

4.2.1) Production	of	TEM	b-lactamases		

	 	

	 During	the	productions,	we	noticed	that	the	majority	of	the	b-lactamases	was	found	in	

the	culture	medium.	It	constituted	an	advantage	since	there	were	less	contaminants	than	a	

total	extraction	of	the	cellular	content.	However,	it	required	productions	in	a	minimal	medium	

to	avoid	pigments.	The	main	explanation	for	the	b-lactamase	secretion	consists	probably	in	

the	production	of	outer-membrane	vesicles	(OMV)	as	a	result	of	the	stress	undergone	by	the	

high	production	of	the	b-lactamases	(Schwechheimer	&	Kuehen,	2015).					

	

	 TEM-1,	TEM-121	and	all	variants	were	produced	in	a	classical	M9	minimal	medium	for	

6	hours	at	37°C	and	were	purified	from	the	culture	medium.	Yields	were	generally	comprised	

between	10	and	20	mg/L	except	for	the	TEM-1	D214A	mutant	produced	at	around	1	mg/L.	We	

also	 produced	 TEM-1	 labelled	 by	 15N	 and/or	 13C	 in	 deuterium	 for	 NMR	 experiments.	 The	

productions	were	 performed	ON	 at	 25°C	 corresponding	 to	 the	 optimal	 conditions	 for	 the	

expression	 of	 TEM-1	 in	 deuterated	 water.	 However,	 the	 protein	 stayed	 in	 the	 periplasm	
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certainly	due	to	the	reduced	stresses	sustained	by	the	bacteria	and	deuterated	TEMs	were	

recovered	by	a	total	cellular	extraction.		

	

4.2.2) Purification	of	TEM-1	by	an	anion-exchange	chromatography			

	 	

	 Two	successive	purifications	were	performed	on	a	Q-sepharose	HP	column	at	pH	7.8	

and	6.0	where	TEM-1	is	able	to	bind	to	the	column	due	to	the	theoretical	isoelectric	point	(PI)	

of	4.95.	During	the	first	step,	TEM-1	was	eluted	with	100-200	mM	of	NaCl	while	the	majority	

of	contaminants	did	not	interact	with	the	column	or	were	eluted	at	higher	salt	concentrations	

(Fig	4.4A-B&E).	The	use	of	a	pH	closer	to	the	PI	value	for	the	second	step	allowed	the	elution	

of	the	b-lactamase	in	lower	salt	concentrations	(50-100	mM)	separating	TEM	from	the	rest	of	

the	contaminants	(Fig	4.4C-D&F).							

	

	
	
Fig	4.4.	Purification	of	TEM-1	by	an	anion-exchange	chromatography	using	a	Q-sepharose	HP	
column.	(A)	Loading	and	(B)	elution	of	TEM-1	in	a	basic	buffer	(pH	7.8).	(C)	Loading	and	(D)	
elution	of	TEM-1	in	the	second	step	with	an	acid	buffer	(pH	6.0).	Coomassie-stained	SDS-PAGE	
to	check	the	purity	of	TEM-1	in	a	basic	(E)	and	an	acid	buffer	(F).			
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4.2.3) Purification	 of	 TEM-121	 by	 an	 anion-exchange	 and	 a	 size-exclusion	

chromatography		

	

	 The	purification	of	TEM-121	was	more	complicated.	Despite	a	theoretical	pI	around	

5.9,	it	was	impossible	to	favor	the	interaction	of	the	b-lactamase	with	the	Q-sepharose	column	

HP	as	described	 for	TEM-1.	We	 therefore	 tried	an	anion-exchange	chromatography	with	a	

capto-Q	HP	column	presenting	a	better	resolution	than	the	Q-sepharose	HP.		Even	at	a	pH	of	

8.5,	the	majority	of	TEM-121	was	found	in	the	FT	during	the	loading	of	the	sample.	However,	

a	 large	amount	of	 contaminants	 remained	bound	 to	 the	 column	allowing	 to	discard	 some	

contaminants	from	TEM-121	(Fig	4.5A-B&D).	We	eliminated	the	last	contaminants	by	a	size-

exclusion	 chromatography	 (Superdex75	 column).	 We	 observed	 two	 peaks:	 the	 first	

corresponded	to	contaminants	and	the	second	to	TEM-121	(Fig	4.5C&E).									

	

	
	
Fig	4.5.	TEM-121	purification.	(A-B)	Anion-exchange	chromatography	by	a	capto-Q	HP	column.	
(C)	 Size-exclusion	 chromatography	with	 a	 preparative	 Superdex75	 column.	 (D)	 Coomassie-
stained	SDS-PAGE	of	the	anion-exchange	chromatography.	(E)	Coomassie-stained	SDS-PAGE	
of	the	size-exclusion	chromatography.		
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4.2.4) Quality	Controls	of	the	purified	TEM-1		

	

	 Different	controls	were	carried	out	to	check	the	purity	of	the	produced	b-lactamases	

TEM-1	 and	 TEM-121.	 Firstly,	 increasing	 quantities	 of	 TEM-1	 on	 a	 polyacrylamide	 gel	 in	

denatured	conditions	emphasized	one	band	at	29	kDa	near	to	the	molecular	mass	of	TEM-1	

(28.9	kDa)	(Fig	4.6A).	Furthermore,	we	also	noticed	the	absence	of	nucleic	acid	and	aggregate	

contaminations	(Fig	4.6B).	 	Finally,	an	exact	mass	analysis	by	ESI-Q-TOF	mass	spectroscopy	

illustrated	a	main	population	at	28905	Da	(exact	mass	of	TEM-1	with	its	disulfide	bond)	(Fig	

4.6C)	 and	 some	 intermediate	 peaks	 probably	 due	 to	 post-translational	 modifications	 or	

formulation	traces.	There	were	seemingly	a	 few	minor	species,	at	9635,	12386,	14452	and	

16517	 Da	 (Fig	 4.6D)	 which	 may	 reflect	 the	 degradation	 of	 the	 main	 product	 or	 few	

contaminants.	However,	their	proportions	were	clearly	less	predominant	than	the	major	peak	

corresponding	to	TEM-1.	Similar	controls	were	performed	for	TEM-121	and	all	the	mutants.	

	

	
	
Fig	4.6.	Quality	controls	of	TEM-1	purity.	(A)	SDS-PAGE	of	different	quantities	of	TEM-1	(µg).	
(B)	 UV	 spectrum	 at	 wavelengths	 between	 240	 and	 340	 nm.	 (C-D)	 Mass	 spectroscopy	
chromatograms	of	TEM-1.		
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4.3) Binding	characterization	of	the	cAbTEM-1	(13)	VHH	by	bio-layer	interferometry	

	

4.3.1) Specificity	of	the	cAbTEM-1	(13)	VHH	

	

	 Qualitative	 binding	 measurements	 were	 performed	 by	 bio-layer	 interferometry	 to	

determine	the	specificity	of	the	cAbTEM-1	(13)	VHH	for	representative	b-lactamases	belonging	

to	the	four	molecular	classes	A,	B,	C	and	D.	We	decided	to	test	TEM-1	and	TEM-121,	the	second	

b-lactamase	 presenting	 four	 ESBL	 mutations	 (E104K,	 R164S,	 A237T,	 E240K)	 and	 one	 IRT	

mutation	 (R244S)	 located	 in	 its	 active	 site.	 We	 also	 checked	 the	 ability	 of	 the	 VHH	 to	

distinguish	different	class	A	families	such	as	CTX-M-1	and	SHV-104	(R202S	mutant	of	SHV-1).	

Finally,	VIM-4,	a	metallo-b-lactamase	belonging	 to	 the	class	B,	CMY-II,	a	plasmid-mediated	

AmpC	from	the	class	C	and	OXA-48,	a	carbapenemase	belonging	to	the	class	D	were	used	to	

explore	all	classes	of	b-lactamases.		

	

The	 VHH	 was	 loaded	 on	 a	 His1K	 sensor	 by	 its	 His6	 tag,	 while	 the	 association	 and	

dissociation	rates	were	measured	by	diving	the	sensor	into	wells	containing	the	b-lactamases	

and	the	experimental	buffer,	respectively.			

	

	
	

Fig	 4.7.	 Specificity	 binding	 between	 the	 cAbTEM-1	 (13)	 VHH	 and	 different	 representative	
members	of	b-lactamase	classes	performed	by	BLI.	Names	and	classes	(in	brackets)	of	the	b-
lactamases	are	indicated.	The	negative	control	(CTRL	-)	corresponds	to	the	loading	of	TEM-1	
directly	on	the	sensor.	All	those	experiments	were	performed	twice	independently.		
A:	Association	phase,	D:	Dissociation	phase.										
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	 The	interaction	assay	demonstrated	that	the	cAbTEM-1	(13)	VHH	was	able	to	specifically	

interact	with	TEM-1	and	TEM-121,	even	though	a	low	signal	was	also	noticeable	for	SHV-104	

(Fig	4.7).	Indeed,	the	ability	of	this	VHH	to	distinguish	TEM	b-lactamases	from	other	class	A	b-

lactamases	was	predictable	due	to	the	low	sequence	identity	between	the	tested	enzymes	(98	

%	with	TEM-121,	69	%	with	SHV-104	and	40	%	with	CTX-M-1).		

	

4.3.2) Kinetics	(kon,	koff)	and	equilibrium	(KD)	constants	of	the	cAbTEM-1	(13)	VHH	

	

	 Quantitative	binding	measurements	were	performed	by	BLI	between	the	cAbTEM-1	(13)	

VHH	and	 TEM-1	 (Fig	 4.8A)	 and	 TEM-121	 (Fig	 4.8B)	 to	 determine	 the	 association	 (kon)	 and	

dissociation	(koff)	rates	as	well	as	the	dissociation	equilibrium	constant	(KD)	(Table	4.1).		The	

association	 kinetic	 constants	 of	 the	 cAbTEM-1	 (13)	 VHH	 with	 both	 b-lactamases	 were	 very	

similar	with	a	 value	around	105	M-1	 s-1	 highlighting	a	 rapid	association	of	 the	VHH	 for	 the	

antigen.	Moreover,	with	a	dissociation	constant	near	to	10-3	s-1,	all	the	complexes	were	quite	

stable	leading	to	high	affinities	(KD	»	10	nM).		

	

	
	
Fig	4.8.	Quantitative	binding	measurements	of	the	interaction	between	the	cAbTEM-1	(13)	VHH	
and	TEM-1	(A)	and	TEM-121	(B).	Experimental	data	(Dl,	blue)	were	fitted	on	a	global	1:1	model	
based	 on	 seven	 different	 analyte	 concentrations	 (red).	 As	 the	 previous	 experiment,	 the	
negative	control	(CTRL	-)	corresponds	to	the	respective	analyte	directly	loaded	on	the	sensor.					
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Table	4.1.	Association	(kon),	dissociation	(koff)	and	equilibrium	(KD)	constants	derived	from	a	
global	fit	with	at	least	seven	TEM	concentrations	using	the	equation	of	a	1:1	binding	model.	
All	values	in	the	table	resulted	from	averages	and	standard	deviations	of	twice	experiments	
realized	independently.				
	

	 Identical	affinity	constants	for	VHH/TEM-1	and	VHH/TEM-121	complexes	seemed	to	

indicate	 a	 similar	 pattern	 of	 interactions	 for	 TEM-1	 and	 TEM-121	 probably	 implying	 a	

conserved	epitope	in	both	antigens.	Compared	to	VHHs	directed	against	other	b-lactamases,	

the	 cAbTEM-1	 (13)	 VHH	 presented	 a	 high	 affinity	 for	 TEM-1.	 For	 example,	 one	 VHH	 able	 to	

partially	inhibit	VIM-4	displayed	a	KD	=	9	µM,	a	value	1000	times	greater	than	the	KD	of	the	

complexes	VHH/TEM	(Sohier	et	al,	2013).	Another	example	is	the	cAbBCII	(10)	VHH	directed	

against	the	BCII	metallo-b-lactamase	and	presenting	an	IC50	around	200	nM	(Conrath	et	al,	

2001).		

	

4.4) Binding	effect	of	the	cAbTEM-1	(13)	VHH	on	TEM-1	and	TEM-121	activity		

	

	 The	cAbTEM-1	(13)	VHH	was	described	to	behave	as	a	competitive	inhibitor	of	TEM-1	in	

the	presence	of	nitrocefin	as	reporter	substrate	(Conrath	et	al,	2001).	In	this	work,	we	decided	

to	 compare	 the	binding	 effect	 of	 the	VHH	on	 TEM-1	 and	 TEM-121	 activity.	Moreover,	we	

completed	our	study	by	testing	the	VHH	influence	on	TEM	activity	by	using	four	different	b-

lactams	 as	 reporter	 substrates	 corresponding	 to	 one	 penicillin	 (benzylpenicillin)	 and	 three	

cephalosporins	(nitrocefin,	cefalotin,	cephaloridine)	possessing	different	sizes	and	charges	on	

their	C3	lateral	chains	(C2	for	the	penicillin)	(Fig	1.5).		

	

	 Our	results	indicated	an	inhibitory	effect	of	the	VHH	varying	in	function	of	the	enzyme	

and	the	substrate.	In	fact,	the	residual	activity	of	the	VHH/TEM-1	complex	for	all	the	substrates	

displayed	lower	values	than	the	complex	VHH/TEM-121	(Fig	4.9).	Indeed,	the	residual	activity	

of	the	VHH/TEM-1	complex	for	the	benzylpenicillin	and	the	cefalotin	plateaued	between	25	

	 kon	(105	M-1	s-1)	 koff	(10-3	s-1)	 KD	(nM)	

TEM-1	 1.7	±	0.1	 2.2	±	0.2	 13	±	2	

TEM-121	 6.1	±	2.2	 3.2	±	0.1	 6	±	1	
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and	30	%.	On	the	other	hand,	a	strong	inhibition	of	TEM-1	was	observed	using	cephaloridine	

or	nitrocefin	as	substrate	(nearly	100	%).	The	benzylpenicillin	carries	a	very	small	C2	lateral	

chain	with	two	methyl	groups,	while	the	only	difference	between	cefalotin,	cephaloridine	and	

nitrocefin	is	the	nature	of	the	C3	substituent.	It	corresponds	to	an	acetyloxymethyl	group	for	

cephalotin,	 a	 bulky	 positively	 charged	 pyridinium	 moiety	 for	 cephaloridine	 and	 a	 2,4-

dinitrophenylethenyl	group	for	nitrocefin	(Fig	1.5).	On	the	contrary,	the	binding	effect	of	the	

VHH	on	TEM-121	activity	was	identical	for	all	the	reporter	substrates	with	an	activity	of	the	

VHH/TEM-121	complex	that	plateaued	between	50	and	60	%	except	for	cefalotin	where	no	

inhibition	was	observed	(Fig	4.9B).	All	results	highlighted	that	the	nature	of	the	substrate	and	

the	mutations	located	in	the	class	A	active	site	may	influence	the	inhibitory	effect	of	the	VHH.	

	

	
	

Fig	4.9.	Binding	effect	of	the	cAbTEM-1	(13)	VHH	on	TEM	activity	for	300	µM	of	benzylpenicillin	
(A),	 200	 µM	 of	 cefalotin	 (B),	 200	 µM	 of	 cephaloridin	 (C)	 and	 100	 of	 nitrocefin	 (D).	
Concentrations	of	TEM-1	and	TEM-121	used	for	each	substrate	described	above	were	0.1	and	
5	nM,	1.1	and	20	nM,	0.5	and	4	nM,	0.07	and	2.8	nM,	respectively.	All	data	were	fitted	on	a	
one	phase	exponential	decay	equation.	Each	experiment	was	realized	twice	independently.					
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4.5) Structures	of	the	VHH/TEM	complexes	

	

4.5.1) Data	collection	and	refinement	statistics	

	

	 The	crystal	of	the	cAbTEM-1	(13)/TEM-1	and	cAbTEM-1	(13)/TEM-121	complexes	belonged	

to	 the	P42212	and	P43	 space	group,	and	diffracted	at	a	 final	 resolution	of	1.6	Å	and	2.3	Å,	

respectively	(Table	4.2).	The	cAbTEM-1	(13)/TEM-1	structure	includes	residues	H1	to	W263	for	

TEM-1	and	Q1	to	H120	for	the	VHH.	The	cAbTEM-1	(13)/TEM-121	structure	contains	residues	E3	

to	W263	for	TEM-121	and	Q1	to	S119	for	the	VHH.		

	

Table	4.2.	Data	collection	and	refinement	statistics		
	

Crystal	 cAbTEM-1(13)/TEM-1	 cAbTEM-1(13)/TEM-121	

Data	collection	 	 	

Space	group	 P	43	21	2	 P	43	
Cell	constants	 	 	
a,	b,	c	[Å]	 94.72,	94.72,	139.68	 56.97,	56.97,	139.64	
a,	b,	g	[°]	 90,	90,	90	 90,	90,	90	

Resolution	range	[Å]a	 48,4	–	1.64	(1.74-1.64)	 46.55-2.2	(2.33-2.2)	
Rmerge	[%]a	 13.2	(330)	 25.8	(218.2)	
<I>/<sI>a	 19.7	(0.96)	 7.6	(0.7)	

Completeness	[%]a	 99.6	(97.4)	 96.1	(79.8)	
Redundancya	 26.0	(25.2)	 11.7	(5.6)	
CC	(1/2)a	 99.9	(51.8)		 99.6	(41.1)	

Refinement	 	 	

No.	of	unique	reflections	 78086	 21459	
R	work	[%]	 14.7	 21.63	
R	free	[%]	 18.2	 24.52	
No.	atoms	 	 	
Protein	 3030	 2935	
Solvent	 429	 98	

RMS	deviations	from	 	 	
Bond	lengths	[Å]	 0.015	 0.005	
Bond	angles	[°]	 1.15	 1.063	

Mean	B	factor	[Å2]	 	 	
Protein	 32.7	 44.3	
Solvent	 48.1	 42.4	

Ramachandran	plot:	 	 	
Favored	region	[%]	 98.4	 98.4	
Allowed	regions	[%]	 1.6	 1.6	
Outlier	regions	[%]	 0.0	 0.0	

	

aValues	in	parentheses	are	related	to	high	resolution	shell.	
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4.5.2) Binding	interface	of	the	cAbTEM-1	(13)/TEM-1	complex	

	

	
	
Fig	4.10.	Structure	of	the	cAbTEM-1	(13)/TEM-1	complex	obtained	by	x-ray	crystallography.	(A)	
Surface	representation	of	TEM-1	with	the	VHH	shown	as	cartoon	and	the	relevant	side	chains	
as	sticks,	the	CDR1	in	magenta,	the	CDR2	in	green	and	the	CDR3	in	cyan.	(B)	Same	as	A	with	
an	180°	rotation.	(C)	hydrogen	bonds	(H-bonds)	representation	between	the	cAbTEM-1	(13)	VHH	
and	TEM-1.	TEM-1	is	represented	in	grey	and	the	residues	forming	the	motif	1	(S70XXK73),	the	
motif	 2	 (S130D131N132),	 the	motif	 3	 (K234S235G236)	 and	 both	 residues	 E166	 and	 N170	
brought	by	the	omega	loop	are	colored	in	orange.	Dotted	red	lines	illustrate	H-bonds	between	
the	 VHH	 and	 TEM-1.	 (D)	 Hydrophobic	 interactions	 between	 the	 CDR2	 from	 the	 VHH	 and	
residues	located	on	TEM-1.	
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The	complex	formed	by	the	cAbTEM-1	(13)	VHH	and	TEM-1	is	characterized	by	a	binding	

area	of	773	Å2.	The	VHH	interacted	mainly	with	its	CDR2	(Fig	4.10B)	and	CDR3	(Fig	4.10A)	at	

the	 junction	between	 the	a	 and	a/b	 domains	of	 TEM-1.	 In	more	detail,	 the	 residue	D214	

located	 on	 a	 loop	 between	 the	 a10-helix	 and	 the	 b3-strand	 on	 TEM-1	 (hinge	 region)	

established	two	H-bonds	with	the	residues	Y52	and	S103	on	the	CDR2	and	the	CDR3	of	the	

VHH,	respectively	(Fig	4.10C).	Furthermore,	the	residue	D273	located	on	the	a12-helix	of	TEM-

1	 interacts	with	 the	CDR3	of	 the	VHH	 through	 two	H-bonds	with	 residues	R99	and	W100.	

Finally,	a	hydrophobic	cluster	was	formed	by	both	tyrosine	residues	(Y52	and	Y56)	of	the	CDR2	

of	the	VHH	and	the	side	chains	of	residues	P219,	R222,	L225	and	I231	located	on	the	hinge	

region	of	the	b-lactamase	(Fig	4.10D).		

	

4.5.3) The	molecular	binding	specificity	of	the	cAbTEM-1	(13)	VHH	

	

	 Based	on	specificity	binding	measurements	realized	by	bio-layer	 interferometry,	we	

concluded	to	a	high	specificity	of	cAbTEM-1	(13)	for	TEM-1	and	TEM-121.	Indeed,	no	interaction	

was	revealed	for	SHV-104	and	CTX-M-1.	SHV-104	presents	a	sequence	identity	of	69	%	with	

TEM-1	and	few	mutations	in	the	hinge	region	(Fig	4.11).	However,	the	D273A	mutation	found	

in	SHV-104	compared	to	TEM-1	disrupts	the	H-bonds	established	with	residues	R99	and	W100	

(CDR3)	of	the	VHH.	Furthermore,	the	hinge	region	of	SHV-2	(no	structure	for	SHV-104	but	the	

epitope	region	is	conserved)	presents	a	different	configuration	than	TEM-1	(Fig	4.12A&B).	This	

may	perturb	the	positioning	of	the	VHH	and	decrease	the	strength	of	its	interaction	for	SHV-

104.	By	contrast,	CTX-M-1	possesses	a	low	sequence	identity	with	TEM-1	(40	%)	resulting	in	

many	mutations	in	the	concerning	region	(Fig	4.11).	The	comparison	of	TEM-1	and	CTX-M-15	

(no	structure	for	CTX-M-1)	mainly	reveals	changes	in	the	hinge	region	and	in	the	a/b	domain	

which	could	explain	the	inability	of	the	cAbTEM-1	(13)	VHH	to	bind	to	CTX-M-1	(Fig	4.12C&D).	
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Fig	4.11.	Multiple	sequence	alignment	of	the	loop	comprised	between	the	a10-helix	and	the	
b3-strand	(hinge	region).	Residues	colored	in	red	and	green	are	involved	in	the	H-bonds	and	
the	 hydrophobic	 interactions,	 respectively,	 between	 the	 VHH	 and	 TEM-1.	 Their	 overall	
sequence	identity	with	TEM-1	are	indicated	in	brackets.						
	
	

	
	

Fig	4.12.	Molecular	binding	specificity	of	the	cAbTEM-1	(13)	VHH.	(A	&	B)	Cartoons	illustrating	
the	superposition	of	the	cAbTEM-1	(13)/TEM-1	complex	and	the	b-lactamase	SHV-2	(PDB	code	
1ONG-3)	colored	in	purple.	(C	&	D)	Superposition	of	the	cAbTEM-1	(13)/TEM-1	complex	and	the	
b-lactamase	 CTX-M-15	 (PDB	 code	 4HBT-2)	 colored	 in	 red.	 The	 residue	D273	 is	mutated	 in	
alanine	 in	 SHV-2	 and	 in	 acid	 glutamic	 in	 CTX-M-15.	 The	 active	 site	 residues	 are	 colored	 in	
orange	while	the	H-bonds	are	represented	by	dotted	red	lines.			
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4.5.4) Demystification	of	the	cAbTEM-1	(13)	VHH	inhibition	of	the	TEM-1	activity	

	

	 The	model	obtained	by	x-ray	crystallography	clearly	 indicated	that	 the	cAbTEM-1	(13)	

VHH	interacted	outside	of	the	TEM-1	active	site,	on	the	hinge	region	connecting	the	a12-helix	

and	 the	 b3-strand	 participating	 to	 the	 structure	 of	 the	 catalytic	 pocket.	 However,	 the	

comparison	 of	 the	 cAbTEM-1	 (13)/TEM-1	 complex	 and	 the	 TEM-1	 apo-enzyme	 highlights	 a	

reduced	flexibility	of	the	hinge	region	in	the	complex.	Indeed,	the	structure	of	the	apo-enzyme	

presents	 multiple	 conformations	 for	 residues	 K215,	 V216	 and	 A217,	 whereas	 only	 one	

conformation	was	visible	for	these	residues	in	the	complex	(Fig	4.13A).	Therefore,	the	cAbTEM-

1	 (13)	 VHH	may	 disturb	 the	 intrinsic	 dynamic	 of	 TEM-1	 required	 for	 its	 biological	 function	

(Sohier	et	al,	2013).	On	the	other	hand,	the	model	of	the	cAbTEM-1	(13)/TEM-1	complex	was	

obtained	at	a	lower	resolution	than	the	apo-enzyme	(1.64	Å	versus	0.83	Å)	which	may	explain	

the	 lack	of	visible	double	conformations	 in	 the	hinge	region	of	 the	complex.	We	therefore	

decided	to	more	deeply	 investigate	 the	 influence	of	 the	VHH	on	the	TEM-1	dynamic	by	 (I)	

circular	dichroism,	(II)	molecular	dynamic	simulations	and	(III)	NMR	relaxation	experiments.	

	

	 Our	kinetic	studies	demonstrated	a	different	binding	impact	of	the	cAbTEM-1	(13)	VHH	

on	TEM-1	and	TEM-121	activity	for	different	b-lactams.	However,	both	complexes	perfectly	

superimposed	with	the	same	binding	area	between	the	VHH	and	the	hinge	region	(Fig	4.13B).	

We	 concluded	 that	mutations	 on	 TEM-121	 and	more	 probably	 the	 R244S	mutation	 could	

explain	the	different	mechanisms	of	inhibition.	This	arginine	carries	a	guanidium	group	which	

may	lead	to	a	steric	hindrance	with	the	reorientation	of	hydrophobic	elements	towards	the	

active	site	of	TEM-1	in	the	complex	(e.g.	V216,	A217)	(Fig	4.13A).	This	steric	hindrance	is	less	

pronounced	in	TEM-121	since	the	serine	brings	a	hydroxide	group	rendering	less	efficient	the	

inhibition	 by	 the	 VHH.	 The	 variants	 TEM-1	 R244S	 and	 TEM-121	 S244R	 were	 kinetically	

characterized	to	verify	this	hypothesis.	
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Fig	4.13.	Superposition	of	TEM-1	complexed	to	the	cAbTEM-1	(13)	VHH	(grey)	with	the	high	apo-
enzyme	 TEM-1	 resolved	 at	 high	 resolution	 (PDB	 code	 1m40,	 blue)	 (A)	 and	 with	 cAbTEM-1	

(13)/TEM-121	complex	(B)	where	TEM-121	is	colored	in	magenta.	
	

	 Finally,	the	structures	of	the	complexes	highlighted	a	reorientation	of	the	V216	with	

the	switch	of	its	carbonyl	function	outside	the	active	site.	As	a	consequence,	this	disrupts	the	

H-bond	network	stabilizing	the	carboxylic	function	brought	by	the	residue	C3	(penicillin)	or	C4	

(cephalosporin)	of	the	antibiotic	 (section	1.5.3.2)	 (Fig	4.14).	This	may,	 in	complement	with	

dynamic,	contributed	to	decrease	the	acylation	rate	and/or	destabilize	the	acyl-enzyme.		

	

	
	
Fig	4.14.	Superposition	of	 the	VHH/TEM-1	complex	and	the	PenG/TEM-1	acyl-enzyme	(PDB	
code	1FQG).	TEM-1	in	the	complex	with	the	VHH	and	in	the	acyl-enzyme	are	colored	in	grey	
and	purple,	respectively.	In	the	acyl-enzyme,	the	H-bonds	forming	the	“carboxylic	pocket”	are	
represented	by	blue	dotted	lines.	The	unique	hypothesized	H-bond	between	the	residue	R244	
and	the	carboxylic	function	of	the	penicillin	in	the	complex	is	illustrated	by	a	red	dotted	line.	
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4.6) Thermal	denaturation	studies	by	far-UV	Circular	Dichroism	(CD)	

	

4.6.1) Far-UV	CD	spectra	of	TEM-1	and	the	cAbTEM-1	(13)	VHH	

	

	 To	visualize	the	cAbTEM-1	(13)	VHH	binding	impact	on	TEM-1	and	TEM-121	dynamic,	we	

performed	thermal	denaturation	studies	by	circular	dichroism	(CD).	We	first	recorded	far-UV	

CD	 spectra	 of	 TEM-1	 in	 its	 folded	 (25	 °C)	 and	 unfolded	 (97	 °C)	 forms	 to	 determine	 the	

wavelength	where	the	denaturation	should	be	followed.	 It	appeared	that	the	higher	signal	

difference	between	both	forms	was	measured	at	224	nm	(Fig	4.15A).		

	

Considering	our	interest	to	check	a	potential	change	in	the	denaturation	temperature	

of	TEM-1	and	TEM-121	by	the	VHH,	it	was	essential	to	dissociate	the	thermal	transition	of	the	

enzyme	and	the	VHH	in	the	complex.	Previous	studies	reported	a	value	of	51	°C	for	the	thermal	

denaturation	 of	 TEM-1	 (Raquet	 et	 al,	 1995),	 while	 CD	 spectra	 of	 the	 cAbTEM-1	 (13)	 VHH	

recorded	between	25	and	97	°C	highlighted	a	signal	change	at	224	nm	from	65	to	70	°C	(Fig	

4.15B).	We	concluded	the	possibility	to	separate	the	thermal	transitions	of	TEM	and	the	VHH	

even	in	the	complex.		

	

	
	
Fig	4.15.	 (A)	 Far-UV	CD	 spectra	of	TEM-1	at	25°C	 (blue)	and	97	 °C	 (brown).	 (B)	 Far-UV	CD	
spectra	of	the	cAbTEM-1	(13)	VHH	in	a	range	of	temperatures	between	25	and	97	°C.		
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4.6.2) CD	denaturation	curves	of	TEM	enzymes	and	the	cAbTEM-1	(13)	VHH	

	

	 The	thermal	denaturation	experiments	confirmed	a	two-state	model	(NÛU)	for	the	

VHH	with	the	midpoint	of	the	transition	(	𝑇�
���	)	around	70	°C	(Table	4.3)	allowing	to	separate	

the	denaturation	transitions	of	the	VHH	and	TEM	in	the	complex.	Thermal	denaturation	curves	

also	emphasized	a	shift	of	the	curves	to	higher	temperatures	for	both	VHH/TEM	complexes	

(Fig	 4.16)	 with	 increased	 𝑇�
���	 values	 (Table	 4.3).	 However,	 this	 phenomenon	 is	 more	

probably	due	to	a	shift	of	the	equilibrium	to	the	native	form	of	TEM	by	adding	the	VHH.	A	

similar	 effect	 was	 observed	 for	 PC1	 (Staphylococcus	 aureus)	 in	 the	 presence	 of	 various	

substrates	(Lejeune	et	al,	2001).										

	

	

	

	
	
	
	
	
	
	
Table	4.3.	𝑇�

���	values	of	TEM-1	and	TEM-121	alone	and	in	complex	with	the	VHH.	They	were	
obtained	 by	 fitting	 the	 thermal	 denaturation	 curves	 using	 the	 equation	 XVI.	 Averages	 and	
standard	deviations	correspond	to	twice	experiments.	
	

	
	
Fig	 4.16.	 Thermal	 denaturation	 curves	 of	 the	 apo-enzymes	 and	 in	 complex	with	 the	 VHH.	
Experiments	were	performed	at	224	nm	using	3.4	µM	of	free	enzymes,	VHH	and	VHH/TEM	
complexes	at	a	molar	ratio	1:1.		

	 𝑻𝒎
𝒂𝒑𝒑	[°C]	

TEM-1	 51.4	±	0.1	

VHH/TEM-1	 61.1	±	0.3	

TEM-121	 50.8	±	0.6	

VHH/TEM-121	 59.0	±	0.3	

cAbTEM-1	(13)	 69.5	±	0.3	
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4.7) Dynamic	simulations	using	the	GROMACS	program	

	

	 The	impact	of	the	cAbTEM-1	(13)	VHH	binding	on	the	TEM-1	dynamic	was	also	studied	

molecular	dynamic	simulations	using	the	program	GROMACS.	We	carried	out	five	simulations	

(100	ns)	with	an	identical	force	vector,	but	in	random	three-dimensional	orientations	to	be	

statistically	significant	(section	3.13.3).	We	decided	to	study	three	different	models:	the	model	

TEM-1	at	high	resolution	(PDB	code	1m40)	(TEM-1	HR),	TEM-1	from	the	complex	where	the	

VHH	was	 removed	 (TEM-1)	and	 the	complex	VHH/TEM-1.	We	 focused	our	analysis	on	 the	

parameters	RMSF	 (root-mean	 square	 fluctuation)	and	RMSD	 (root-mean	 square	deviation)	

describing	the	flexibility	of	residues	in	the	different	simulations	(section	3.13.2).			

	

4.7.1) Root-mean	square	fluctuation	(RMSF)		

	

	 The	 RMSF	 values	 for	 the	 backbone	 and	 the	 side	 chains	 of	 TEM-1	 HR	 and	 TEM-1	

confirmed	major	motions	of	the	loops	compared	to	helices	and	b-strands,	except	for	the	loop	

connecting	the	b2-strand	to	the	a2-helix	carrying	the	active-site	serine	and	the	SDN	loop	(Fig	

4.17A&B).	

	

	 TEM-1	alone	and	in	the	complex	present	motion	differences,	mostly	for	the	backbone	

of	the	protein	(Fig	4.17A)	and	less	for	the	lateral	chain	residues	except	in	the	hinge	region	(Fig	

4.17B).	The	RMSF	studies	brought	out	the	ability	of	the	VHH	to	alter	the	overall	flexibility	of	

the	 b-lactamase	 with	 some	 loops	 and	 helices	 (a	 domain)	 presenting	 a	 higher	 flexibility	

compared	to	TEM-1	(Fig	4.17C&D).	It	is	mainly	applied	to	the	protruding	loop	(residues	85-

120)	with	 higher	RMSF	 values	 for	 TEM-1	 complexed	 to	 the	VHH	 (Fig	 4.18A).	 The	dynamic	

changes	along	TEM-1	may	describe	an	allosteric	effect	of	the	cAbTEM-1	(13)	VHH	on	the	activity	

of	TEM-1	(Sohier	et	al,	2013).		



 

 124 

	

	
	

Fig	4.17.	Root-mean	square	fluctuation	(RMSF)	of	the	backbone	(A)	and	the	side	chain	(B)	of	
all	 the	 residues	 from	 the	 three	models	 TEM-1	 (grey),	 TEM-1	HR	 (orange)	 and	 VHH/TEM-1	
(blue).	 Each	RMSF	corresponds	 to	 the	average	of	 the	 five	modellings.	 For	more	 clarity,	 the	
standard	 deviations	 for	 RMSF	 were	 not	 indicated	 on	 these	 graphs.	 The	 red	 dotted	 lines	
correspond	 to	 the	 average	 RMSF	 for	 all	 the	 protein	 residues.	 (C-D)	 Representation	 of	 the	
flexibility	(graduated	blue	scale)	and	the	rigidity	(graduated	orange	scale)	brought	by	the	VHH	
in	TEM-1	HR	(C)	or	in	TEM-1	(D)	based	on	the	backbone	RMSF.				
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	 We	also	studied	the	dynamic	of	the	w	loop	(residues	164-179).	It	is	divided	in	two	parts:	

(I)	the	N-terminal	part	(164-170)	carrying	the	general	base	(E166)	and	the	N170	involved	in	

the	catalytic	activity	of	TEM-1	and	(II)	the	C-terminal	part	(171-179).	It	appears	that	the	VHH	

does	not	affect	the	overall	dynamic	of	the	w	 loop	except	 in	the	region	near	to	the	residue	

N170	 with	 a	 weak	 increase	 in	 flexibility	 for	 TEM-1	 in	 complex	 with	 the	 VHH	 (Fig	 4.18B).			

Interestingly,	the	C-terminal	extremity	of	the	w	 loop	was	more	flexible	than	the	N-terminal	

part	in	all	models.	This	is	in	agreement	with	other	studies	predicting	different	conformations	

in	a	µs-ms	timescale	(Shcherbinin	et	al,	2019	&	Fisette	et	al,	2010	&	Morin	&	Gagné,	2009).	

On	one	hand,	the	rigidity	of	the	first	part	of	the	w	loop,	carrying	the	general	base	E166,	was	

considered	as	essential	for	the	correct	positioning	of	the	catalytic	residues.	On	the	other	hand,	

the	mobility	of	the	second	part	of	the	loop	is	essential	for	the	correct	substrate	delivery	in	the	

active	site	and	for	the	substrate	gating.	It	is	notably	known	that	the	motion	of	the	C-terminal	

part	of	 the	w	 loop	 favors	 the	 formation	of	 a	H-bond	between	 the	 residues	N175	and	R65	

ensuring	the	gating	of	the	substrate	and	the	rigidification	of	the	N-terminal	part	of	the	loop	

for	the	correct	positioning	of	the	general	base	(Roccatano	et	al,	2005).	

			

	 The	 presence	 of	 the	 VHH	 stabilized	 the	 hinge	 region	 as	 observed	 by	 x-ray	

crystallography	 (Fig	 4.18C&D).	 Its	 stiffening	mainly	 occurred	 in	 the	 region	 comprising	 the	

residues	K215-V216-A217	 located	 in	 the	 active	 site	 and	 in	 the	C-terminal	 part	 of	 the	 loop	

forming	the	hydrophobic	pocket	in	interaction	with	the	CDR2	of	the	VHH.	The	decrease	in	the	

hinge	region	mobility	was	more	visible	 for	 the	side	chain	residues	 than	 for	 their	backbone	

atoms.	This	may	be	related	by	the	timescale	of	the	simulations	(100	ns)	which	is	not	sufficient	

to	visualize	the	entire	motion	of	the	loop.		

	

	 The	RMSD	(root-mean	square	deviation)	values	validated	the	loss	in	flexibility	of	the	

hinge	region	by	the	VHH	binding	confirming	the	RMSF	values	(Annexe	3).	The	simulation	of	

the	VHH/TEM-1	complex	reached	an	equilibrium	before	5	ns	and	did	not	present	variation	

higher	than	0.15	nm.	By	contrast,	TEM-1	and	TEM-1	HR	got	to	the	equilibrium	state	at	20	ns	

of	 the	 simulation	 and	 the	 RMSD	 fluctuated	 between	 0.22-0.27	 nm	 and	 0.18-0.24	 nm,	

respectively.	The	global	RMSD	for	the	three	models	reached	an	equilibrium	state	around	60	

ns	after	the	beginning	of	the	simulation	and	confirmed	the	stability	all	systems	(Annexe	3).	
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Fig	4.18.	Root-mean	square	fluctuation	(RMSF)	of	the	protruding	loop	(A),	the	w	loop	(B)	and	
the	hinge	region	backbone	(C)	and	side	chain	(D).	Averages	and	standard	deviations	resulted	
from	the	5	modeling	experiments.	The	red	dotted	lines	correspond	to	the	RMSF	average	of	all	
the	protein	residues.		
	

4.7.2) Involvement	of	the	residue	D214	in	the	H-bond	network	stabilizing	the	hinge	

region	

	

	 Our	dynamic	 simulations	 highlighted	 a	 higher	 flexibility	 of	 the	 hinge	 region	 for	 the	

TEM-1	model	compared	to	TEM-1	HR	(Fig	4.18C).	Therefore,	the	interaction	with	the	VHH	may	

impact	the	integrity	of	the	loop	resulting	in	the	amplified	motion.			

	

	 In	fact,	the	residue	D214	in	TEM-1	HR	established	some	H-bonds	with	the	main	chain	

of	the	residues	K215,	V216	and	A217.	However,	 the	residue	D214	 interacted	with	Y52	and	

S103	 in	 the	VHH/TEM-1	complex,	disrupting	 the	H-bonds	network	 in	 the	hinge	 region	 (Fig	

4.19A).	This	may	explain	why	we	observed	an	amplified	motion	of	 the	hinge	region	 in	 the	

dynamic	 simulations	 of	 the	 TEM-1	 model.	 We	 confirmed	 our	 interpretations	 by	 the	

cartography	of	the	H-bonds	established	by	D214	with	the	rest	of	the	hinge	region	during	a	100	

ns	simulation	(Fig	4.19B).	We	counted	for	an	average	of	3	H-bonds	during	the	first	60	ns	in	
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TEM-1	HR	and	this	amount	increased	up	to	8	H-bonds	in	the	last	ns	of	simulation.	In	contrast,	

the	H-bond	network	was	clearly	reduced	to	one	bond	when	the	simulation	was	performed	on	

the	TEM-1	template.	Therefore,	we	suggested	that	the	flexibility	of	the	hinge	region	in	the	

enzyme	is	controlled	by	a	H-bonds	network	between	the	residue	D214	and	the	N-terminal	

part	of	the	hinge	region,	probably	crucial	for	the	stability	and/or	the	activity	of	the	enzyme.	

Finally,	some	simulations	of	TEM-1	illustrated	that	the	residue	D214	was	able	to	flip	and	to	

recover	 a	 position	 near	 to	 the	 V216	 leading	 to	 new	 H-bonds	 with	 the	 hinge	 region	 and	

confirming	the	role	of	D214	in	the	integrity	of	the	loop	(Fig	4.19C).		

	

	 The	H-bond	network	in	the	hinge	region	is	conserved	among	class	A	b-lactamases.	Two	

configurations	stand	out:	the	first	involving	H-bonds	between	the	residue	D214	with	the	main	

chains	of	residues	215	to	217	as	in	TEM-1	or	SHV-2;	the	second	network	where	a	residue	N214	

binds	to	the	main	chain	of	residues	215,	216	and	the	lateral	chain	of	the	T216	(e.g.	KPC-1).	

This	probably	orients	the	carbonyl	function	of	the	V/T216	involved	in	the	stabilization	of	the	

carboxylic	function	of	the	antibiotic	(section	1.5.3.2).		

	

	
	

Fig	4.19.	(A)	Superposition	of	TEM-1	(grey)	in	complex	with	the	VHH	and	TEM-1	HR	(blue,	PDB	
code:	1m40).	H-bonds	are	represented	by	red	dotted	lines.	(B)	H-bonds	established	between	
the	residue	D214	and	the	hinge	region.	(C)	Distance	and	H-bonds	between	the	residue	D214	
and	the	hinge	region.	
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4.8) Thermal	denaturation	studies	of	the	TEM-1	D214A	mutant	

	

	 To	verify	the	impact	of	the	H-bond	network	established	between	the	residue	D214	and	

the	main	chains	of	the	triad	K215-V216-A217	on	TEM-1	stability,	we	compared	the	thermal	

denaturation	curves	of	TEM-1	WT	and	TEM-1	D214A	by	far-UV	CD	and	fluorescence.	

	

	 Thermal	 denaturation	 curves	 by	 far-UV	 CD	 and	 fluorescence	 highlighted	 a	 shift	 of	

lowest	TY
9ee	for	the	TEM-1	D214A	mutant	(Fig	4.20).	Compared	to	TEM-1,	we	obtained	a	lower	

TY
9ee	than	1.7	°C	and	7	°C	by	CD	and	fluorescence	experiments,	respectively	(Table	4.4).	This	

mutation	probably	destabilized	 the	enzyme	by	 the	disruption	of	 the	H-bonds	between	the	

residue	 214	 and	 the	 main	 chain	 triad	 K215-V216-A217.	 Furthermore,	 both	 CD	 and	

fluorescence	experiments	described	a	cooperative	unfolding	of	TEM-1	with	a	single	transition	

curve	according	to	a	two-state	model.	Nevertheless,	the	thermal	denaturation	of	the	variant	

did	not	follow	a	cooperative	unfolding.	Indeed,	the	TY
9ee	value	was	around	5	degrees	lower	by	

intrinsic	 fluorescence	 compared	 to	 the	 value	 calculated	 on	 the	 basis	 of	 the	 CD	 data.	We	

concluded	 to	 the	accumulation	of	 intermediate	species	 for	 the	TEM-1	D214A	mutant.	This	

study	proved	the	crucial	role	of	the	residue	D214	in	the	stability	of	TEM-1	even	though	we	did	

not	verify	the	activity	of	the	variant.	This	may	explain	why	this	mutation	is	not	naturally	found	

in	actual	TEM	enzymes.		

	

	

	

	

	
	
Table	 4.4.	 𝑇�

���	 values	 of	 TEM-1	 and	 TEM-1	 D214A	 by	 CD	 and	 fluorescence.	 They	 were	
obtained	 by	 fitting	 the	 thermal	 denaturation	 curves	 using	 the	 equation	 XV.	 Averages	 and	
standard	deviations	correspond	to	twice	experiments.	
	

𝐓𝐦
𝐚𝐩𝐩		[°C]	 Far-UV	CD	 Fluorescence	

TEM-1	 51.4	±	0.1	 51.5	±	0.1	

TEM-1	D214A	 49.7	±	0.2	 44.5	±	1.7	
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Fig	4.20.	(A)	Thermal	denaturation	curves	of	TEM-1	and	TEM-1	D214A	mutant	performed	by	
circular	dichroism	recorded	at	224	nm	and	(B)	intrinsic	fluorescence	(lexct	=	280	nm;	lemi	=	333	
nm).	The	protein’s	concentrations	were	equal	to	3.4	µM	and	the	temperature’s	gradient	was	
realized	at	0.5	°C	min-1.		
	 	

	
4.9) Dynamic	studies	by	NMR	relaxation	experiments	

	

4.9.1) Relaxation	data	of	TEM-1	and	the	VHH/TEM-1	complex	

	

	 R1	and	NOE	values	highlighted	a	high	rigidity	of	the	apo-enzyme	TEM-1	at	timescale	

picosecond-to-nanosecond	as	already	described	by	Savard	(Savard	&	Gagné,	2006).	Only	few	

residues	 presented	more	 flexibility,	 e.g.	 residues	 43,	 52,	 197	 and	 198,	 all	 exposed	 to	 the	

solvent	and	located	far	from	the	active	site.	The	binding	with	the	VHH	seemed	did	not	seem	

to	impede	the	global	rigidity	of	TEM-1	in	this	timescale	(Fig	4.21A&B).	

	

	 R2	 pattern	 describes	 motions	 with	 a	 larger	 timescale,	 lower	 and	 higher	 values	

indicating	motions	in	a	range	of	ps-ns	and	µs-ms,	respectively.	We	noticed	a	lower	movement	

of	the	hinge	region	(212	and	218)	for	the	apo-enzyme	TEM-1	(Fig	4.21C).	It	was	completely	

disrupted	 in	 the	 complex	 confirming	 results	 obtained	 by	 dynamic	 simulations	 (Fig	 4.18C).		

Surprisingly,	the	interaction	of	the	VHH	with	TEM-1	also	led	to	rigidification	in	other	locations	

of	TEM-1	as	for	the	residue	T128	located	at	the	N-terminal	part	of	the	SDN	loop.	
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Fig	4.21.	Relaxation	data	for	TEM-1	alone	(blue)	or	in	complex	with	the	VHH	(red).	(A)	15N	R1,	
(B)	í1H-ý	15N	NOE,	(C)	15N	R2.	The	different	dynamic	parameters	derived	from	the	model-free	
analysis:	(D)	the	order	parameter	(S2)	and	(E)	the	exchange	parameter	(Rex).	Black	dotted	lines	
on	the	S2	graph	describe	the	range	of	S2	of	 residues	presenting	a	high	rigidity	on	the	ps-ns	
timescale	(between	0.8	and	0.9).	The	secondary	structure	of	TEM-1	is	represented	above	all	
graphs:	helices	and	b-strands	are	illustrated	by	a	blue	and	red	rectangle,	respectively,	while	
loops	are	represented	by	a	black	line.	PTD	loop:	protruding	loop,	Hinge:	hinge	region.					
	

4.9.2) The	Lipari-Szabo	model-free	analysis	

	

	 The	model-free	analysis	aims	to	characterize	internal	motions	at	timescale	ps-ns	such	

as	 the	 order	 parameter	 S2.	 Moreover,	 this	 also	 provides	 information	 on	 slow	 timescale	

motions	from	the	microsecond-to-millisecond	via	the	Rex	parameter	(section	3.14.6).		
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	 We	 attributed	 a	 value	 comprised	 between	 0	 and	 1	 to	 the	 S2	 parameter	with	 rigid	

regions	 comprised	 between	 0.8	 and	 0.9	 and	 inferior	 values	 for	 flexible	 regions	 (Savard	&	

Gagné,	2006).	The	analysis	of	the	global	S2	highlighted	a	high	rigidity	of	the	enzyme	with	an	

average	value	of	0.86	and	0.87	s-1	for	TEM-1	alone	and	in	the	complex,	respectively,	confirming	

experimental	R1	and	NOE	values	(Fig	4.21D).	Some	locations	had	also	values	higher	than	0.9	

illustrating	regions	highly	structured.	 In	the	two	models,	some	punctual	 residues	displayed	

more	flexibility	on	the	protruding	loop.	We	also	observed	values	slightly	lower	than	0.8	as	the	

residue	R164	able	 to	 form	a	 salt	bridge	with	 the	 residue	D179	 forming	 the	w	 loop,	or	 the	

residue	N175	in	the	apo-enzyme	establishing	an	H-bond	with	the	residue	R65	due	to	a	flap-

like	movement	of	the	w	loop	allowing	the	tethering	of	the	loop	into	the	core	of	the	protein	

and	the	substrate	gathering	(Roccatano	et	al,	2005).	However,	we	need	to	stay	careful	since	

the	literature	generally	describes	a	slow	motion	of	the	w	 loop	(Olehnovics	et	al,	2021)	(Fig	

4.22).	

	

	

	
	

Fig	 4.22.	Cartoon	 representations	 of	 the	 order	 parameter	 (S2)	 for	 TEM-1	 alone	 (A)	 and	 in	
complex	with	the	VHH	(B).	Residues	with	values	below	0.8	present	a	high	flexibility	in	the	ps-
ns	timescale	while	residues	with	S2	above	present	more	rigidity.				
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	 Rex		confirmed	results	for	what	the	binding	with	the	VHH	induced	a	rigidification	of	the	

hinge	region,	mainly	residues	K215-V216-A217	(Fig	4.23C).		

	

	 The	VHH	induced	more	motions	on	TEM-1	(Fig	4.23B),	specially	in	loops	and	the	b3,	b4	

and	 b5-strands	 forming	 the	 a/b	 domain	 (Fig	 4.23C).	 The	 VHH	 establishes	 hydrophobic	

interactions	via	the	tyrosines	at	positions	52	(CDR2)	and	56	(CDR3)	with	residues	P219,	L225	

and	I231	on	the	hinge	region.	These	residues	belong	to	a	hydrophobic	node	constituted	by	the	

a11,	a12-helices	and	the	b3,	b4	and	b5-strands.	In	this	hydrophobic	node,	the	presence	of	a	

conserved	class	A	allosteric	site	formed	by	the	triad	P226-W229-P252	which	sets	up	stacking	

interactions	modulating	the	flexibility	of	the	a11-helix	and	their	interactions	with	the	b-sheet	

(Avci	 et	 al,	 2016).	 The	 disruption	 of	 this	 hydrophobic	 node	 by	 the	 W229A	 mutant	

(Meneksedag	et	al,	 2013)	or	by	allosteric	 inhibitors	 (Horn	&	Soichet,	2004)	 led	 to	motion	

changes	 impeding	the	activity	of	the	enzyme.	Moreover,	recent	studies	describe	the	signal	

transmission	of	the	allosteric	site	perturbation	associated	with	the	cooperative	coupling	of	

loops	dynamic,	even	for	loops	located	far	from	the	allosteric	site	(Galdadas	et	al,	2021).	The	

binding	with	 the	VHH	clearly	displaced	P226,	disrupting	 the	 stacking	 interactions	between	

P226	and	the	W229	(Fig	4.23D).	This	may	generate	more	flexibility	in	the	hydrophobic	node	

as	for	the	b-sheet,	but	also	for	loops	near	or	far	from	the	VHH	binding	site.	

	

	 Interestingly,	the	VHH	also	induces	more	mobility	of	the	residue	R244	(Fig	4.23C).	This	

result	was	already	observable	by	x-ray	crystallography	where	one	conformation	was	visible	in	

the	high-resolution	model	of	TEM-1	(PDB	code	1m40)	and	two	conformations	in	the	complex.	

Both	residues	L220	and	N276	brought	by	the	hinge	region	and	the	a12-helix,	 respectively,	

stabilize	 the	 residue	 R244	 essential	 for	 its	 interaction	 with	 the	 carboxylic	 function	 of	 the	

antibiotic	 (Fig	 4.23A)	 (Olehnovics	 et	 al,	 2021	 &	 Horn	 &	 Soichet,	 2004).	 In	 the	 complex,	

residues	R99	 and	W100	 (VHH)	 interact	with	 the	 residue	D273	on	 the	a12-helix	 of	 TEM-1,	

resulting	 in	 the	displacement	of	 the	 residue	N276	abolishing	 its	 interaction	with	R244	 (Fig	

4.23E).	Combined	with	the	displacement	of	the	L220,	the	residue	R244	is	less	stabilized.	This	

impedes	the	biological	activity	of	TEM-1.	
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	 	Our	NMR	data	indicated	that	the	VHH	perturbs	the	dynamic	of	loops	located	far	from	

the	binding	site	by	an	induce-fit	mechanism.	It’s	the	case	of	the	w	loop	where	motions	allow	

the	correct	positioning	of	the	residue	E166	for	its	function	(Fisette	et	al,	2010	&	Fisette	et	al,	

2012).	In	the	complex,	the	VHH	disrupted	the	dynamic	of	the	w	loop,	mostly	for	residues	E166	

and	N170	directly	implied	in	the	catalytic	activity	of	the	enzyme,	but	also	for	some	residues	

involved	in	the	configuration	of	the	loop	such	as	the	residues	R164	and	D179	(Fig	4.23C).		

	

	 	The	 protruding	 loop	 underwent	 also	motion	 perturbation	 as	 already	 described	 by	

molecular	modelling	results	(Fig	4.17C).	This	loop	was	notably	able	to	interact	with	the	a4	and	

a5-helices	 required	 to	 be	 structured	 (e.g.	 interactions	 between	 residues	 V103,	 S106	 and	

T133).	The	increased	flexibility	of	the	protruding	loop	may	disrupt	these	interactions	inhibiting	

the	activity	of	TEM-1.	Another	study	on	the	b-lactamase	Inhibitor	Protein	(BLIP)	highlighted	

that	the	interaction	of	the	inhibitor	with	the	protruding	loop	perturbed	the	dynamic	of	other	

loops	including	the	hinge	region	demonstrating	the	cooperativity	between	loops	constituting	

the	active	site	of	TEM-1	(Huang	et	al,	2020).	

	

	 Finally,	 it	 is	 recognized	 that	 the	 binding	 of	 some	 substrates	 on	 TEM-1	 results	 in	

fundamental	dynamic	changes	into	the	enzyme	leading	to	hydrolysis	of	the	substrate.	In	its	

apo-form,	 the	a	 and	a/b	 domains	 establish	 rotational	 and	 translational	movements	 each	

other	 and	 the	 enzyme	 “breathes”.	 This	 phenomenon	 allows	 the	 accommodation	 of	 the	

substrate	in	the	active	site.	During	the	substrate	binding,	the	amplitude	of	the	movements	of	

the	two	domains	is	reduced	what	defines	the	active	site.	In	the	same	vein,	the	w	loop	makes	

flap-like	motions,	more	randomly	in	the	free	enzyme	and	more	organized	during	the	substrate	

binding,	 allowing	 to	 anchor	 the	 loop	 in	 the	 protein	 core	 and	 stabilized	 by	 some	 H-bonds	

established	between	residues	N175	and	R43	and/or	R65	(Fisette	et	al,	2012).	The	VHH	may	

therefore	influence	the	dynamic	of	the	enzyme	and	may	disrupt	the	activity	of	the	enzyme.		
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Fig	4.23.	Cartoon	representation	of	the	Rex	parameter	for	TEM-1	alone	(A)	and	in	complex	with	
the	VHH	(B).	 (C)	DRex	corresponding	to	the	difference	between	the	Rex		of	TEM-1	complexed	
with	the	VHH	and	the	Rex		of	the	free	enzyme.	Higher	is	the	value	of	this	parameter,	higher	is	
the	flexibility	of	the	residue	in	the	microsecond-to-millisecond	timescale.	(D)	Illustration	of	the	
allosteric	site	forming	by	the	triad	P226-W229-P252.	(E)	Stabilization	of	the	R244	ensured	by	
the	residues	L220	and	N276.	For	the	both	last	pictures,	TEM-1	in	the	free	form	(PDB	code	1m40)	
and	in	interaction	with	the	VHH	is	colored	in	grey	and	blue,	respectively.	Residues	highlighted	
in	red	belong	to	the	TEM-1	model.		
	

4.10) Steady-state	Kinetic	studies	of	TEM-1	and	TEM	variants	

	

	 As	a	reminder,	the	cAbTEM-1	(13)	VHH	was	able	to	interact	with	TEM-1	and	TEM-121.	

Despite	a	shared	epitope	by	the	antibody	for	both	antigens,	we	noticed	that	the	VHH	inhibited	

with	more	efficacy	TEM-1	than	TEM-121.	The	presence	of	an	arginine	at	position	244	in	TEM-

1,	 mutated	 in	 serine	 in	 TEM-121,	 seemed	 to	 be	 the	more	 plausible	 cause	 to	 explain	 the	

different	mechanisms	of	inhibition.	The	large	charged	lateral	chain	of	the	arginine	(guanidium	

group),	combined	with	the	reorientation	of	hydrophobic	elements	due	to	the	interaction	with	

the	VHH,	may	lead	steric	hindrance	and/or	electrostatic	repulsions	preventing	the	entry	of	the	

substrate	 in	 the	 active	 site	 and/or	 destabilizing	 the	 acyl-enzyme.	 Then,	 the	 presence	 of	 a	
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serine	 in	TEM-121	suppresses	 the	positive	charge	and	may	release	space	 in	 the	active	site	

decreasing	the	efficiency	of	the	inhibitory	activity	of	the	VHH.						

	

	 To	verify	this	hypothesis,	we	carried	out	kinetic	experiments	on	TEM-1	and	on	the	TEM-

121,	TEM-1	R244S	and	TEM-121	S244R	mutants.	We	decided	to	work	at	only	one	saturating	

concentration	of	the	cAbTEM-1	(13)	VHH	and	with	four	b-lactam	substrates.	

	 	

4.10.1) Cefalotin		

	

	 	Cefalotin	was	the	most	intriguing	substrate.	The	VHH	was	unable	to	inhibit	the	activity	

of	 TEM-1	 R244S	 and	 TEM-121,	while	 the	 residual	 activities	 of	 TEM-1	 and	 TEM-121	 S244R	

plateaued	at	20	and	40	%,	respectively	(Table	4.5).	This	highlighted	the	involvement	of	the	

arginine	in	the	inhibitory	activity	of	the	VHH	for	the	cefalotin	hydrolysis	by	TEM-1.	

	

Cefalotin	 v0	(µmol	min-1	mg-1)	
TEM	

v0	(µmol	min-1	mg-1)	
VHH/TEM	

Residual	activity	[%]	

TEM-1	 130	±	20	 26	±	5	 20	±	1	
TEM-1	R244S	 1.2	±	0.3	 1.9	±	0.3	 157	±	13	
TEM-121	 3.0	±	0.3	 3.6	±	0.3	 117	±	1	

TEM-121	S244R	 28	±	13	 12	±	4	 42	±	5	
	
Table	4.5.	Initial	rates	of	cefalotin	hydrolysis	for	5	nM	of	TEM-1,	100	nM	of	TEM-1	R244S,	40	
nM	of	TEM-121	and	10	nM	of	TEM-121	S244R.	Measures	were	performed	for	the	apo-enzymes	
and	 for	 complexes	 in	 one	 saturating	 VHH	 concentration	 (1µM).	 Rates	 of	 hydrolysis	 are	
expressed	in	µmol	of	cefalotin	(200	µM)	hydrolyzed	per	minute	and	per	milligram	of	enzyme.			
	
	 	In	 order	 to	 complete	 our	 analysis,	 we	 performed	 measures	 of	 TEM-1	 velocity	 at	

different	concentrations	of	cefalotin	for	increasing	VHH	concentrations.	Hanes	linearization	

revealed	parallel	straight	lines	indicating	that	the	VHH	acts	as	a	competitive	inhibitor	for	TEM-

1	activity	for	the	cefalotin	(Fig	4.24A).	This	resulted	in	higher	KY
9ee	values	for	TEM-1	in	the	

complex.	On	the	contrary,	no	effect	was	observable	on	the	deacylation	constant	kZ91
9ee.	The	

inhibition	constant	(KI)	of	the	cAbTEM-1	(13)	VHH	for	TEM-1	was	determined	from	the	equation	

XI	(Fig	4.24B)	and	is	equal	to	1.9	±	0.1	nM,	a	slightly	lower	value	compared	to	the	equilibrium	

constant	of	dissociation	of	the	complex	obtained	by	bio-layer	interferometry	(Table	4.1).	This	

technique	enables	direct	measurement	of	biomolecular	interactions,	unlike	the	steady-state	
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kinetic	studies	where	the	inhibition	constant	is	determined	by	an	indirect	method	(reporter	

substrate).	It	seems	that	the	VHH,	by	the	intermediate	of	R244,	directly	blocks	the	entry	of	

the	 cefalotin	 in	 the	 active	 site	 and/or	destabilizes	 the	 correct	 positioning	of	 the	 substrate	

preceding	the	acylation	process.	On	the	contrary,	the	S244R	mutation	in	TEM-121	is	sufficient	

to	suppress	the	inhibitory	activity	of	the	VHH	confirming	the	crucial	function	of	R244	in	the	

inhibition	of	TEM-1	measured	in	presence	of	cefalotin.	

	

	
	
Fig	4.24.	Steady-state	kinetic	studies	of	TEM-1	inhibition	by	the	cAbTEM-1	(13)	VHH.	(A)	Hanes-
Woolf	 linearization	 of	 TEM-1	 activity	 (10	 nM)	 for	 the	 cefalotin	 at	 concentrations	 of	 VHH	
indicated	on	the	graph.	(B)	Linearization	of	the	initial	rates	of	cefalotin	hydrolysis	in	function	
of	the	inhibitor	concentration	to	determine	the	inhibition	constant	(Ki)	from	the	equation	XI.		
	

	

[cAbTEM-1	(13)]	[nM]	 𝐾�
���	[µM]	 𝑘ª�«

���[s-1]	
0	 224	±	4	 139	±	4	
5	 393	±	9	 138	±	4	
10	 652	±	175	 138	±	4	
100	 1555	±	407	 145	±	5	

	
Table	4.6.	Steady-state	kinetic	parameters	of	TEM-1	in	complex	with	the	VHH	determined	from	
the	Hanes-Woolf	linearization.	The	𝐾�

���	corresponds	to	the	intercept	with	the	x-axis	while	the	
𝐾ª�«
���	was	calculated	from	the	slope	as	described	by	the	equation	X.	Averages	and	standard	

deviations	result	from	two	independent	experiments.					
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4.10.2) Benzylpenicillin	and	nitrocefin	

	

	 Interestingly,	the	activity	of	the	TEM-1	and	TEM-121	enzymes	against	benzylpenicillin	

was	not	affected	by	the	mutation	at	position	244	(Table	4.7).	The	presence	of	the	b-lactam	in	

the	active	site	did	not	generate	any	steric	hindrance	and	electrostatic	repulsions	with	the	R244	

lateral	chain	and	can	probably	diffuse	more	easily.	The	different	impacts	of	the	VHH	on	TEM-

1	and	TEM-121	may	be	explained	by	another	mutation	and/or	by	different	intrinsic	dynamic.	

We	noticed	similar	results	using	the	nitrocefin	as	reporter	substrate.		

	

PenG	 v0	(µmol	min-1	mg-1)	
TEM	

v0	(µmol	min-1	mg-1)	
VHH/TEM	

Residual	activity	[%]	

TEM-1	 3473	±	520	 1016	±	438	 29	±	8	
TEM-1	R244S	 1485	±	162	 551	±	102	 37	±	11	
TEM-121	 36	±	7	 22	±	4	 60	±	0.3	

TEM-121	S244R	 25	±	6	 15	±	1	 60	±	11	

Nitrocefin	 v0	(µmol	min-1	mg-1)	
TEM	

v0	(µmol	min-1	mg-1)	
VHH/TEM	

Residual	activity	[%]	

TEM-1	 1262	±	557	 7	±	1	 1	±	0.1	
TEM-1	R244S	 150	±	17	 17	±	3	 11	±	0.5	
TEM-121	 133	±	11	 48	±	7	 36	±	2	

TEM-121	S244R	 51	±	1	 11	±	1	 22	±	2	
	
Table	4.7.	Initial	rates	of	benzylpenicillin	hydrolysis	for	0.5	nM	of	TEM-1,	1	nM	of	TEM-1	R244S,	
10	nM	of	TEM-121	and	10	nM	of	TEM-121	S244R	(table	part	above).	Initial	rates	of	nitrocefin	
hydrolysis	for	0.5	nM	of	TEM-1,	1	nM	of	TEM-1	R244S,	1	nM	of	TEM-121	and	2	nM	of	TEM-121	
S244R	(table	part	above).	
	

	 Because	the	Km	values	for	benzylpenicillin	are	small,	it	is	difficult	to	use	it	as	a	reporter	

substrate	to	determine	the	type	of	 inhibition.	We	performed	these	experiments	for	TEM-1	

and	TEM-121	using	nitrocefin	as	reporter	substrate.	Our	data	showed	that	the	VHH	behaved	

as	a	non-competitive	inhibitor	(Fig	4.25A&B).	The	VHH	is	not	able	to	directly	block	the	entry	

of	the	nitrocefin	in	the	active	site	but	acts	more	probably	on	the	acyl-enzyme	stability	and/or	

on	 the	 deacylation	 efficacy.	 This	 was	 reflected	 by	 constant	KY
9ee	 values	 for	 any	 inhibitor	

concentrations	while	the	deacylation	constant	(kZ91
9ee)	decreased	for	increasing	concentrations	

in	 VHH	 (Table	 4.8).	 Moreover,	 the	 plots	 illustrating	 1/kZ91
9ee	 as	 function	 of	 the	 inhibitor	

concentration	displayed	a	linear	and	a	hyperbole	trend	for	TEM-1	and	TEM-121,	respectively,	

suggesting	a	pure	and	a	mixed	non-competitive	inhibition	(Fig	4.25C&D).	This	emphasized	that	

the	VHH	was	 able	 to	 inhibit	 completely	 the	 activity	 of	 TEM-1	 for	 the	 nitrocefin	when	 the	
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concentration	 of	 inhibitor	 is	 significantly	 higher	 than	 the	 inhibition	 constant	 value	 (Ki),	

whereas	the	activity	of	TEM-121	was	simply	reduced.	Based	on	the	general	kinetic	scheme	

(scheme	4),	the	theoretical	parameter	a	was	equal	to	1	in	both	cases	while	the	parameter	b	

was	estimated	to	0	and	0.43	±	0.01	for	TEM-1	and	TEM-121,	respectively.	Finally,	the	Ki	of	the	

CAbTEM-1	(13)	VHH	for	TEM-1	(equation	XIV)	and	TEM-121	(equation	XV)	were	equal	to	4.7	±	

2.5	nM	and	6.6	±	0.9	nM,	respectively,	which	were	in	agreement	with	the	equilibrium	constant	

of	dissociation	determined	by	bio-layer	interferometry	(Table	4.1).	

	

	
	
Fig	4.25.	Inhibitory	model	of	TEM-1	and	TEM-121	for	the	nitrocefin	by	the	cAbTEM-1	(13)	VHH.	
Hanes-Woolf	 linearization	 of	 0.5	 nM	 TEM-1	 (A)	 and	 3.7	 nM	 TEM-121	 (B)	 activity	 for	 the	
nitrocefin.	Linear	and	hyperbole	trend	of	1/𝐾ª�«

���	in	function	of	the	VHH	concentration	for	TEM-
1	(C)	and	TEM-121	(D).			
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Table	4.8.	Steady-state	kinetic	parameters	of	TEM-1	and	TEM-121	in	complex	with	the	VHH	
determined	from	the	Hanes-Woolf	linearization.	Averages	and	standard	deviations	result	from	
two	independent	experiments.					
	

4.10.3) Cephaloridin	

	

	 The	hydrolysis	of	cephaloridin	by	TEM-1	and	the	TEM-1	R244S	mutant	in	the	presence	

of	the	VHH	highlighted	the	crucial	role	of	the	R244	in	the	inhibition.	The	replacement	of	the	

arginine	by	a	serine	completely	abolished	the	inhibitory	activity	of	the	cAbTEM-1	(13)	VHH	(Table	

4.9).	 The	 cephaloridin	 is	 a	 zwitterion	 at	 physiological	 pH	 and	 owns	 a	 pyridinium	 cycle	 at	

position	C3	which	is	positively	charged	(section	1.3).	The	presence	of	the	VHH	increased	the	

number	of	conformations	adopted	by	the	lateral	chain	of	the	R244.	Therefore,	the	diffusion	

of	the	cephaloridin	in	the	active	site	is	impaired	by	the	electrostatic	repulsions	between	the	

R244	positive	charge	and	the	C3	pyridinium	moiety	of	the	cephaloridin.	A	different	pattern	of	

inhibition	 was	 observed	 for	 TEM-121.	 The	 mutation	 R244S	 was	 not	 able	 to	 abolish	 the	

enzyme’s	inhibition	in	the	presence	of	the	VHH.	In	addition,	the	TEM-121	S244R	mutant	was	

at	least	twice	less	efficient	in	the	presence	of	saturating	concentrations	of	VHHs	compared	to	

TEM-121.	Our	data	indicate	the	probable	involvement	of	another	mutation	present	in	TEM-

121	and	not	in	the	TEM-1	R244S	mutant.	

	

	

	

TEM-1	

[cAbTEM-1	(13)]	[nM]	 𝑲𝒎
𝒂𝒑𝒑	[µM]	 𝒌𝒄𝒂𝒕

𝒂𝒑𝒑[s-1]	
0	 73	±	1	 953	±	19	

0.25	 76	±	4	 710	±	49	
0.5	 75	±	2	 454	±	24	
0.75	 80	±	3	 154	±	2	

TEM-121	

[cAbTEM-1	(13)]	[nM]	 𝑲𝒎
𝒂𝒑𝒑	[µM]	 𝒌𝒄𝒂𝒕

𝒂𝒑𝒑[s-1]	
0	 26	±	6	 66	±	8	
5	 27	±	9	 50	±	7	
10	 25	±	9	 44	±	6	
25	 27	±	11	 36	±	6	
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Cephaloridin	 v0	(µmol	min-1	mg-1)	
TEM	

v0	(µmol	min-1	mg-1)	
VHH/TEM	

Residual	activity	[%]	

TEM-1	 568	±	335	 21	±	1	 4	±	2	
TEM-1	R244S	 20	±	5	 25	±	1	 125	±	26	
TEM-121	 45	±	8	 21	±	1	 48	±	12	

TEM-121	S244R	 128	±	7	 24	±	8	 19	±	7	
	
Table	4.9.	Initial	rates	of	cephaloridin	hydrolysis	in	presence	of	TEM-1	(2	nM)	or	TEM-121	(20	
nM).	The	concentration	of	the	cAbTEM-1	(13)	VHH	was	equal	to	1	µM	
	

4.11) Conclusions	and	perspectives	

	

	 The	main	objective	of	this	study	was	to	demystify	the	mechanism	behind	the	cAbTEM-1	

(13)	VHH	inhibition	of	the	TEM-1	activity.	X-ray	structures,	molecular	dynamic	simulations	and	

NMR	experiments	highlighted	two	main	pathways	involved	in	the	reduced	activity	of	TEM-1.		

	

	 First,	the	VHH	disrupts	“the	carboxylic	pocket”	of	TEM-1	which	is	required	to	stabilize	

the	carboxylic	function	of	the	antibiotic	during	the	acylation	phase	(Fig	4.26A).	The	residues	

Y52	(CDR2)	and	S103	(CDR3)	are	in	interaction	with	D214	of	TEM-1.	Those	interactions	disrupt	

the	H-bonds	network	established	between	the	aspartate	and	residues	K215-V216-A217	on	the	

hinge	region.	This	leads	to	the	reorientation	of	the	side	chain	of	the	V216	in	the	active	site	and	

does	not	allow	the	stabilization	of	the	carboxylic	function	of	the	antibiotic	via	a	water	molecule	

(1).	Furthermore,	the	H-bonds	between	the	residues	R99	and	W100	(CDR3)	of	the	VHH	with	

the	residue	D273	located	on	the	a12-helix	of	TEM-1	displaces	the	residues	L220	and	N276	

required	for	the	correct	orientation	of	R244	also	involved	in	the	“carboxylic	pocket”	(2).	

	

	 The	VHH	 is	 also	 able	 to	 interact	with	 residues	 P219,	 L225	 and	 I231	 belonging	 to	 a	

hydrophobic	node	constituted	by	a11,	a12-helices	and	b3,	b4	and	b5-strands	(Fig	4.26B).	An	

allosteric	site	is	present	in	this	hydrophobic	node	formed	by	the	triad	P226-W229-P252.	The	

VHH	binding	 in	 this	area	changes	 the	conformation	of	 the	P226	which	 is	unable	 to	 realize	

stacking	interactions	with	W229	(3).	Via	the	cooperative	coupling	of	loops	dynamic,	this	may	

perturb	the	dynamic	of	secondary	structures	located	near	and	far	from	the	binding	site	as	in	

the	a/b	domain,	but	also	in	crucial	loops	for	the	enzyme	activity,	as	the	protruding	loop	and	

the	w	 loop.	As	 shown	 for	 the	 inhibitor	protein	BLIP,	 the	understanding	of	mechanisms	by	
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which	this	antibody	inhibits	TEM-1	activity	opens	a	new	way	for	the	development	of	allosteric	

inhibitors	(Huang	et	al,	2020).	

	

	
	
Fig	4.26.	Global	impact	of	the	VHH	binding	on	TEM-1	activity.	(A)	“Carboxylic	pocket”	allowing	
the	stabilization	of	the	carboxylic	function	of	the	antibiotic.	(B)	Allosteric	site	corresponded	to	
the	triad	P226-W229-P252	and	belonging	to	a	hydrophobic	node	formed	by	both	a11,	a12-
helices	and	the	b3,	b4	and	b5-strands.	The	acyl-enzyme	correspond	to	the	PenG-TEM-1	model	
(PDB	code	1FQG).	Residues	in	orange	and	beige	belong	to	the	VHH/TEM-1	and	PenG/TEM-1,	
respectively.	For	more	clarity,	the	rest	of	the	both	models	are	colored	in	grey	(except	for	the	
VHH).	 Dotted	 red	 lines	 illustrate	 the	 H-bonds	 stabilizing	 the	 carboxylic	 function	 of	 the	
antibiotic,	whereas	the	blue	ones	highlight	the	H-bonds	between	the	enzyme	and	the	VHH.											
	

	 The	VHH	presents	a	high	specificity	since	it	does	not	interact	with	other	class	A	families	

such	as	SHV	and	CTX-M	b-lactamases.	But,	 it	was	able	to	interact	with	another	TEM	family	

member,	 TEM-121,	 presenting	 4	 ESBL	 and	 one	 IRT	 mutations.	We	 demonstrated	 that	 its	

inhibition	efficiency	is	lower	for	TEM-121	than	TEM-1	for	all	tested	b-lactam	substrates.	The	

R244S	 mutation	 clearly	 impacts	 the	 inhibitory	 activity	 of	 the	 VHH	 for	 cefalotin	 and	

cephaloridin.	 But	 for	 benzylpenicillin	 and	 nitrocefin,	 this	 mutation	 does	 not	 impede	 the	

enzyme	activity	resulting	in	a	probable	involvement	of	another	mutation	present	in	TEM-121	

and/or	different	dynamic	motions	which	should	be	verified	by	NMR	relaxation	experiments.	
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5. Development	of	VHHs	as	theranostic	agents	against	the	class	C	BLA	CMY-2		

	

5.1) Immune	VHHs	library,	biopanning	and	selection	of	binders	specific	to	CMY-2	

	

	 An	immune	library	of	1010	transformants	with	75	%	of	clones	containing	a	VHH	gene	

was	obtained	from	the	blood	of	an	immunized	V.	pacos	(alpacas).	We	realized	three	rounds	

of	panning	with	the	immune	library	to	decrease	the	diversity	of	the	library	and	to	enrich	the	

library	in	CMY-2	specific	binders.	We	only	obtained	an	enrichment	at	round	3	with	about	30	

times	more	clones	for	the	antigen	coated	well	(positive	experiment)	compared	to	the	negative	

assay	(Fig	5.1).		

	

A	 	 	 	 	 	 							B	

	
	

Fig	5.1.	LB	Agar	plates	illustrating	the	enrichment	of	the	VHHs	immune	library	against	CMY-2.	
(A)	 TG1	 cell	 transformants	with	 10	 times	 serial	 diluted	 phages	 that	 were	 eluted	 from	 the	
panning	without	the	coating	of	CMY-2	(negative	control).	(B)	TG1	cell	transformants	with	10	
times	serial	diluted	phages	that	were	eluted	from	the	panning	with	the	coating	of	CMY-2.	
	

	 Ninety	clones	of	each	round	of	panning	were	isolated	and	tested	for	their	production	

of	VHHs.	They	were	screened	by	indirect	ELISA	to	detect	the	presence	of	binders.	Only	eight	

clones,	all	coming	from	the	round	3	of	panning,	gave	a	signal	1.5	times	greater	 in	the	well	

containing	CMY-2	than	the	non-coated	well	(Fig	5.2).		
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Fig	5.2.	Screening	of	VHHs	for	CMY-2	by	an	indirect	ELISA	assay.	This	graph	illustrates	only	the	
eight	clones	giving	a	positive	signal.	The	negative	control	corresponds	to	signal	for	the	ELISA	
without	VHHs.						
	

	 The	 clones	were	 sequenced.	Our	 results	 indicated	 three	 genetically	 different	 VHHs	

based	on	the	sequence	of	their	CDRs.	The	cAbCMY-2	(250)	and	cAbCMY-2	(272)	VHHs	present	a	

deletion	of	 4	AA	 in	 the	CDR3	and	1	AA	 in	 the	CDR2	 compared	 to	 the	 cAbCMY-2	 (254)	VHH.	

Moreover,	 the	cAbCMY-2	(272)	VHH	presents	a	2	AA	deletion	 in	 the	FR3	compared	 to	other	

VHHs.	We	also	noticed	punctual	mutations	in	the	three	CDRs	and	in	both	FR2	and	FR3	(Fig	

5.3).	

	

	
	

Fig	 5.3.	 Multiple	 sequence	 alignment	 of	 VHHs	 selected	 by	 phage	 display	 performed	 with	
CLUSTALW	 program.	 Polar	 residues	 are	 colored	 in	 green,	 hydrophobic	 residues	 in	 red,	
negatively	 charged	 residues	 in	 blue	 and	 finally,	 positively	 charged	 residues	 in	 magenta.	
Frameworks	(conserved	regions,	FRs)	and	Complementary-Determining	Region	(CDRs)	of	the	
VHHs	are	indicated	by	double	arrows	on	the	alignment.	
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5.2) Binding	characterization	of	cAbCMY-2	(250),	cAbCMY-2	(254)	and	cAbCMY-2	(272)	VHHs	

for	CMY-2		

	

5.2.1) Specificity	of	the	cAbCMY-2	(250),	cAbCMY-2	(254)	and	cAbCMY-2	(272)	VHHs	

	

	 Qualitative	 binding	 measurements	 by	 bio-layer	 interferometry	 were	 performed	 to	

determine	the	specificity	of	cAbCMY-2	(250),	cAbCMY-2	(254)	and	cAbCMY-2	(272)	VHHs	for	CMY-2	

via	Anti-His	sensors.	We	assessed	their	abilities	to	interact	with	different	representatives	of	

all	molecular	classes	of	b-lactamases:	TEM-1	(class	A),	VIM-4	 (class	B),	CMY-1,	CMY-2	 (two	

sub-groups	of	CMY	family),	P99	belonging	to	Enterobacter	cloacae	for	the	class	C	and	finally,	

the	carbapenemase	OXA-48	 for	 the	class	D.	 Interestingly,	 cAbCMY-2	(254)	and	cAbCMY-2	(272)	

recognized	specifically	CMY-2	(Fig	5.4B&C),	while	cAbCMY-2	(250)	was	also	able	to	bind	to	P99	

highlighting	a	cross	reaction	and,	in	consequence,	less	specificity	(Fig	5.4A).	

	

	
	
Fig	5.4.	Specificity	binding	assessment	performed	by	bio-layer	interferometry	for	cAbCMY2	(250)	
(A),	cAbCMY-2	(254)	(B)	and	cAbCMY-2	(272)	(C)	VHHs.	Names	and	classes	of	the	b-lactamases	are	
indicated	in	brackets.	The	CTRL	-	corresponds	to	the	assay	performed	without	VHH.		
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5.2.2) Kinetic	(kon,	koff)	and	equilibrium	(KD)	constants	

	

	 Quantitative	binding	measurements	were	performed	by	bio-layer	 interferometry	 to	

determine	the	kinetic	constants	of	association	(kon)	and	dissociation	(koff),	and	the	equilibrium	

constant	(KD)	following	the	same	experimental	set-up	as	the	specificity	assessment	(Fig	5.5).	

	

	
	

Fig	5.5.	Quantitative	binding	measurements	of	cAbCMY-2	(250)	(A),	cAbCMY-2	(254)	(B)	and	cAbCMY-

2	(272)	(C)	performed	by	bio-layer	interferometry.	The	experimental	data	(Dl,	blue)	recorded	
with	seven	different	concentrations	were	fitted	using	a	1:1	binding	model	(red).	The	CTRL	-	was	
measured	without	VHH	loading.		
	
	 Association	 kinetic	 constants	 (kon)	 of	 the	 three	 VHHs	 for	 CMY-2	 were	 comprised	

between	105	and	106	M-1	s-1	highlighting	a	rapid	association	of	the	VHHs	for	the	antigen	(Table	

5.1).	 In	opposition,	 complexes	were	quite	unstable	with	dissociation	 constants	 (koff)	 larger	

than	5.10-3	 s-1	 leading	 to	moderate	affinities	 (KD	>	60	nM).	Nevertheless,	among	 the	 three	

VHHs,	the	cAbCMY-2	(254)	presents	the	best	kinetic	features	essentially	due	to	a	dissociation	20	

times	lower	than	the	two	other	VHHs	(Fig	5.5B).	This	result	indicated	that	the	cAbCMY-2	(254)	

VHH	forms	the	most	stable	complex.	
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Table	 5.1.	 The	 kinetic	 (kon,	 koff)	 and	 equilibrium	 (KD)	 constants	 determined	 by	 bio-layer	
interferometry.	Values	were	obtained	with	a	global	fit	on	seven	CMY-2	different	concentrations	
with	the	equation	of	a	1:1	binding	model.	Values	in	the	table	above	correspond	to	averages	
and	standard	deviations	from	two	independent	experiments.			
	

5.2.3) Competition	binding	assay	by	a	premix	method.			

	

	
	
Fig	5.6.	Competition	binding	assays	of	VHHs	for	CMY-2	monitored	by	bio-layer	interferometry.	
The	 biotinylated	 cAbCMY-2	 (250)	 (A),	 cAbCMY-2	 (254)	 (B)	 or	 cAbCMY-2	 (C)	 VHHs	were	 coated	 on	
streptavidin	 sensor	 (SA	 sensor)	 while	 the	 associations	 were	 measured	 with	 analytes	
corresponding	 to	 cAbCMY-2	 (250)/CMY-2	 (brown),	 cAbCMY-2	 (254)/CMY-2	 (blue),	 cAbCMY-2	

(272)/CMY-2	(purple)	complexes	pre-incubated	at	30°C.	The	binding	rates	were	assessed	by	
fitting	 the	 association	 hyperbole	 with	 an	 exponential	 mathematic	 model	 on	 the	 first	 120	
seconds.	 The	 CTRL	 -	were	measured	 by	 loading	 the	 different	 complexes	 directly	 on	 the	 SA	
sensor.	This	represents	a	single	representation	of	experiments	realized	twice.		
	

	 kon	(105	M-1	s-1)	 koff	(10-3	s-1)	 KD	(nM)	

cAbCMY-2	(250)	 6.6	±	0.1	 140	±	10	 220	±	10	

cAbCMY-2	(254)	 0.9	±	0.1	 5.9	±	0.7	 66	±	1	

cAbCMY-2	(272)	 3.7	±	0.5	 36	±	9	 100	±	40	
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	 We	carried	out	competition	binding	assays	by	bio-layer	interferometry	with	a	premix	

method	consisting	in	the	loading	of	a	biotinylated	VHH	on	a	streptavidine	sensor	(SA	sensor)	

and	to	measure	its	association	rate	in	presence	of	increasing	molar	ratios	of	soluble	complexes	

formed	by	a	second	VHH	and	CMY-2	(section	3.7.2).	In	all	cases,	we	noted	a	decrease	in	the	

binding	rates	with	 increasing	VHH/CMY-2	molar	ratios	 indicating,	at	 least,	a	partial	epitope	

overlapping	of	the	three	VHHs	for	CMY-2	(Fig	5.6).	

	

	 The	epitope	overlapping	of	the	three	VHHs	does	not	allow	the	development	of	a	VHHs-

based	sandwich	assay.	Therefore,	we	decided	to	develop	and	characterize	a	second	type	of	

antibodies:	polyclonal	antibodies.	

	

5.3) Binding	properties	of	rabbit	polyclonal	antibodies	(pAbs)	directed	against	TEM-

1	(anti-TEM-1	pAbs)	and	CMY-2	(anti-CMY-2	pAbs)		

	

	 We	 produced	 and	 characterized	 polyclonal	 antibodies	 against	 CMY-2	 (anti-CMY-2	

pAbs)	with	the	purpose	to	be	used	in	pair	with	the	cAbCMY-2	(254)	VHH,	the	VHH	forming	the	

most	stable	complex	with	CMY-2.	Comparatively,	we	also	developed	pAbs	against	TEM-1	(anti-

TEM-1	pAbs)	to	design	a	sandwich	ELISA	with	the	cAbTEM-1	(13)	VHH.	

	

5.3.1) Rabbit	pAbs	titration	against	TEM-1	and	CMY-2	

	

	 The	production	of	pAbs	was	achieved	by	immunizations	of	rabbits	consisting	in	four	

injections	with	the	antigen.	The	first	blood	sample	was	recovered	around	five	weeks	after	the	

first	injection	and	the	sera	were	tittered	by	an	indirect	ELISA.	Results	indicated	an	important	

immune	response	against	TEM-1	(Fig	5.7A)	and	CMY-2	(Fig	5.7B).					
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Fig	5.7.	 Indirect	ELISA	assay	to	detect	the	presence	of	pAbs	directed	against	TEM-1	(A)	and	
CMY-2	(B).		
	

5.3.2) Purification	of	pAbs	by	an	affinity	chromatography	

	

	 The	pAbs	were	purified	by	an	affinity	chromatography	using	a	HiTrap	A	HP	antibody	

purification	column	 (Cytiva,	United-States).	This	 chromatography	allows	 the	binding	of	 the	

antibodies	to	the	protein	A	on	the	matrix	by	the	FC	(Fragment	Crystallizable)	region	of	the	

antibodies.	The	elution	of	the	pAbs	was	realized	with	a	20	mM	glycine	buffer	at	pH	2.0	(acid	

condition).	 The	 chromatogram	of	 the	 purification	 illustrates	 a	 high	 absorbance	 at	 280	 nm	

during	the	loading	corresponding	to	all	contaminants	not	fixed	on	the	protein	A	and	one	pic	

at	26-30	mL	of	elution	buffer	(Fig	5.8A).	The	Coomassie-stained	SDS-PAGE	demonstrated	two	

bands	in	the	elution	pic	at	25	and	50	kDa	corresponding	to	the	light	and	heavy	chains	of	the	

pAbs,	respectively	(Fig	5.8B).		

	

	
	
Fig	5.8.	Purification	of	rabbit	anti-TEM-1	pAbs	by	a	HiTrap	A	HP	antibody	purification	column	
(Cytiva,	United-States).	(A)	chromatogram	of	the	different	steps	of	purification.	(B)	Coomassie-
stained	SDS-PAGE	to	assess	the	efficiency	of	the	affinity	purification.	The	CTRL	+	corresponds	
to	pAbs	already	purified,	LD:	loading,	FT:	flow-through	and	WS:	wash.	The	same	profile	was	
obtained	for	pAbs	directed	against	CMY-2.	
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5.3.3) Binding	characterization	of	anti-TEM-1	and	anti-CMY-2	pAbs		

	 	

	 Firstly,	the	specificity	of	the	pAbs	was	analyzed	by	an	indirect	ELISA	where	a	panel	of	

b-lactamases	representative	of	all	classes	were	adsorbed	on	a	96-well	plate.	The	data	clearly	

indicated	that	the	anti-TEM-1	pAbs	(Fig	5.9A)	and	anti-CMY-2	pAbs	(Fig	5.9B)	were	unspecific.	

Indeed,	they	cross-reacted	with	other	members	from	the	class	A	b-lactamases	such	as	SHV-

104	and	BlaP	(Bacillus	licheniformis)	and	with	other	members	from	the	class	C	b-lactamases	

as	CMY-1	and	P99	for	anti-TEM-1	and	anti-CMY-2	pAbs,	respectively.	A	second	assay	via	bio-

layer	interferometry	was	also	conducted	to	further	investigate	the	specificity	of	the	pAbs.	The	

biotinylated	antigens	were	 loaded	on	a	streptavidin	sensor	 (SA	sensor)	and	 immerged	 in	a	

pAbs	solution.	These	experiments	confirmed	the	 lack	of	 specificity	of	 the	anti-CMY-2	pAbs	

since	interactions	were	measured	for	CMY-2	and	P99	(Fig	5.9D).	By	contrast	with	the	indirect	

ELISA	 results,	 the	 pAbs	 did	 not	 bind	 to	 CMY-1.	 The	 anti-TEM-1	 pAbs	 seemed	 to	 be	more	

specific	in	this	assay	since	no	cross-reaction	was	observed	for	CTX-M-1	and	only	a	weak	signal	

for	 BlaP	 (Fig	 5.9C).	 Finally,	 the	 dissociation	 constants	 (koff)	 were	 evaluated	 by	 bio-layer	

interferometry	and	correspond	to	koff	=		1.1	±	0.1	x	10-4	s-1	and	koff	=	3.6	±	0.9	x	10-5	s-1	for	TEM-

1/anti-TEM-1	pAbs	(Fig	5.9E)	and	CMY-2/anti-CMY-2	pAbs	(Fig	5.9F)	complexes,	respectively.	

These	slow	dissociation	constants	reflect	a	multi-avidity	behavior	commonly	observed	for	the	

polyclonal	antibodies	(Lipman	et	al,	2005).	
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Fig	5.9.	Binding	properties	of	rabbit	polyclonal	antibodies.	(A-B)	Indirect	ELISAs	where	antigens	
were	adsorbed	on	a	maxisorp	plate	(except	for	the	CTRL	-)	to	investigate	the	specificity	of	the	
anti-TEM-1	pAbs	(A)	and	the	anti-CMY-2	pAbs	(B).	Values	correspond	to	averages	and	standard	
deviations	from	at	least	twice	experiments	realized	independently.	(C-D)	Qualitative	binding	
specificity	assays	monitored	with	SA	biosensors	of	anti-TEM-1	pAbs	(C)	and	anti-CMY-2	pAbs	
(D)	 for	 their	 respective	 antigen.	 (E-F)	 Quantitative	 binding	 assays	 performed	 with	 SA	
biosensors	to	assess	avidity	of	polyclonal	antibodies	directed	against	TEM-1	(E)	and	CMY-2	(F).	
The	experimental	data	(Dl,	blue)	recorded	with	five	different	concentrations	were	fitted	using	
a	1:1	binding	model	only	on	the	dissociation	phase.	The	negative	control	(green)	corresponds	
to	pAbs	directly	loaded	on	the	biosensor.	CAP:	capture,	REV:	revelation	
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5.4) Sandwich	ELISA	for	the	detection	of	the	b-lactamases	TEM-1	and	CMY-2	

	

5.4.1) Limit	of	detection	(LOD)	and	specificity	of	TEM-1	detection	

	

	 The	 first	 step	of	 the	ELISA	development	consisted	 in	defining	 the	 limit	of	detection	

(LOD)	for	a	sandwich	ELISA	using	the	cAbTEM-1	(13)	VHH	as	capture	antibody	and	the	anti-TEM-

1	pAbs	as	detection	antibodies	(Fig	5.10A).	The	LOD	was	calculated	from	the	average	of	the	

CTRL	–	(without	antigen)	plus	three	times	the	standard	deviation	and	corresponded	to	0.2	ng	

mL-1.	It	means	that	our	assay	was	able	to	detect	20	pg	of	TEM-1.	Moreover,	the	specificity	of	

the	sandwich	ELISA	was	also	evaluated	on	purified	enzymes	(Fig	5.10B).	The	VHH	is	able	to	

abolish	 the	possible	 lack	of	 specificity	of	 the	 anti-TEM-1	pAbs	 since	no	 cross-reaction	was	

observed	for	other	class	A	b-lactamases.	However,	this	configuration	allows	the	detection	of	

different	members	of	the	TEM	family	including	the	IRTs	and	ESBLs.	

	

	
	
Fig	5.10.	Sandwich	ELISA	on	purified	enzymes	for	TEM-1	detection.	(A)	Limit	of	detection	(LOD)	
where	the	cAbTEM-1	(13)	VHH	was	used	as	antibody	for	the	capture	of	the	antigen	and	the	anti-
TEM-1	pAbs	for	the	revelation	of	the	system.	The	curve	was	fitted	with	the	equation	V.	The	
inset	 includes	 the	A450	 for	 the	negative	control	corresponding	 to	 the	assay	without	antigen	
(CTRL	-).	The	LOD	(red	line)	was	calculated	from	the	average	of	the	CTRL	–	plus	three	times	the	
standard	deviation.	(B)	Specificity	assessment	following	the	same	experimental	scheme	than	
for	the	LOD.	Averages	and	standard	deviations	of	the	both	experiments	resulted	from	at	least	
twice	measurements.		
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5.4.2) Screening	of	bacterial	isolates	for	TEM-1	detection	

	

	 Based	on	previous	 results	using	purified	enzymes,	we	designed	 the	 same	sandwich	

ELISA	 to	detect	 the	presence	of	TEM-1	 in	bovine	and	human	bacterial	 isolates	 (Table	5.2).	

Foremost,	 the	 ELISA	 permitted	 to	 detect	 a	 large	 number	 of	 TEM	members	with	 different	

activity	spectra.	 Indeed,	we	detected	TEM-1	but	also	the	TEMIRT	(TEM-30	and	TEM-78)	and	

TEMESBL	 such	 as	 TEM-24	 and	 TEM-52.	 Interestingly,	 no	 cross-reactions	were	measured	 for	

other	 class	 A	 b-lactamases	 such	 as	 SHV	 and	 CTX-M	 families,	 but	 also	 PER-7	 and	 LEN	 b-

lactamases.	Moreover,	our	assay	presented	a	high	sensitivity	since	all	the	56	bacterial	isolates	

presenting	 a	 gene	 coding	 for	 a	 b-lactamase	 TEM	were	 detected	 by	 the	 ELISA.	We	 finally	

demonstrated	our	assay	could	be	used	for	a	 large	panel	of	Enterobacterales	 increasing	the	

ability	to	use	this	kind	of	assay	for	a	routinely	application.		

	

Table	5.2.	Detection	of	TEM	b-lactamases	in	bovine	and	human	bacterial.	

	

Bacterial	

isolates
a
	

Species	 Detected	bla	genes
b,c

	
A450	

VHH	capture	
pAbs	revelation	

RUBLA0127	 E.	coli	 TEM-1	+	DHA	 0.92	±	0.07	
RUBLA0188	 E.	coli	 TEM-1	 1.89	±	0.02	
RUBLA0328	 E.	coli	 TEM-30	+	MutAmpC	(3)	 1.89	±	0.11	
RUBLA0396	 E.	coli	 TEM-1	+	MutAmpC	(3)	+	OXA-1	 0.19	±	0.03	
RUBLA0463	 E.	coli	 TEM-1	+	MutAmpC	(3)	+	OXA-1	 1.91	±	0.05	
RUBLA0482	 E.	coli	 TEM-1	+	MutAmpC	(3)	+	OXA-1	 1.95	±	0.06	
RUBLA0512	 E.	coli	 TEM-1	+	OXA-1	 1.12	±	0.10	
RUBLA0549	 E.	coli	 TEM-1	+	MutAmpC	(2)	 1.82	±	0.07	
RUBLA0565	 E.	coli	 TEM-1	+	MutAmpC	(3)	+	OXA-1	 1.60	±	0.08	
RUBLA0625	 E.	coli	 TEM-1	+	MutAmpC	(3)	+	OXA-1	 1.34	±	0.05	
RUBLA0671	 E.	coli	 TEM-1	+	CTX-M-1		+	OXA-1	 1.46	±	0.03	
RUBLA0730	 E.	coli	 TEM-1	 1.14	±	0.03	
RUBLA0765	 E.	coli	 TEM-78	+	CTX-M-2	+	MutAmpC	(2)	 1.63	±	0.05	
RUBLA0884	 E.	coli	 TEM-1	+	CMY-2	 1.08	±	0.05	
RUBLA0945	 E.	coli	 TEM-1	+	CMY-2	 1.14	±	0.04	
RUBLA0949	 E.	coli	 TEM-1	+	MutAmpC	(3)	 1.65	±	0.06	
RUBLA0963	 E.	coli	 TEM-1	 1.53	±	0.09	
RUBLA1008	 E.	coli	 TEM-1	+	CTX-M-1	+	MutAmpC	(2)	 1.43	±	0.12	
RUBLA1013	 E.	coli	 TEM-1	+	CMY-2	 0.95	±	0.06	
RUBLA1151	 E.	coli	 TEM-1	+	CTX-M-1	 1.16	±	0.03	
RUBLA1170	 E.	coli	 TEM-1	+	OXA-1	 1.58	±	0.10	
RUBLA1212	 E.	coli	 TEM-1	+	CTX-M-14	+	MutAmpC	(2)	 1.48	±	0.05	
RUBLA1241	 E.	coli	 TEM-35	+	CTX-M-1	(1)	 1.89	±	0.01	
RUBLA1411	 E.	coli	 TEM-1	+		CTX-M-156	+	OXA-1	 1.34	±	0.04	
RUBLA1442	 E.	coli	 TEM-1	 0.87	±	0.04	
RUBLA1448	 E.	coli	 TEM-1	 0.90	±	0.06	
RUBLA0045	 E.	coli	 MutAmpC	(3)	+	OXA-1	 0.00	±	0.00	
RUBLA0195	 E.	coli	 CTX-M-2	 0.00	±	0.00	
RUBLA0229	 E.	coli	 CTX-M-2	 0.02	±	0.00	
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RUBLA0315	 E.	coli	 MutAmpC	(3)	 0.03	±	0.01	
RUBLA0319	 E.	coli	 MutAmpC	(3)	 0.01	±	0.01	
RUBLA0677	 E.	coli	 OXA-1	 0.02	±	0.01	
RUBLA0686	 E.	coli	 CTX-M-32	 0.02	±	0.00	
RUBLA0791	 E.	coli	 MutAmpC	(3)	 0.04	±	0.01	
RUBLA0825	 E.	coli	 MutAmpC	(3)	 0.04	±	0.01	
RUBLA0944	 E.	coli	 OXA-1	+	MutAmpC	(2)	 0.01	±	0.00	
RUBLA0967	 E.	coli	 MutAmpC	(3)	 0.00	±	0.01	
RUBLA0982	 E.	coli	 MutAmpC	(3)	 0.03	±	0.01	
RUBLA1048	 E.	coli	 MutAmpC	(3)	 0.04	±	0.00	
RUBLA1143	 E.	coli	 MutAmpC	(3)	 0.04	±	0.03	
RUBLA1274	 E.	coli	 MutAmpC	(3)	 0.06	±	0.00	
RUBLA1354	 E.	coli	 OXA-1	 0.02	±	0.01	
RUBLA1365	 E.	coli	 MutAmpC	(3)	 0.05	±	0.00	
RUBLA1358	 E.	coli	 CMY-2	 0.04	±	0.01	
RUBLA1390	 E.	coli	 CTX-M-1	 0.02	±	0.01	
RUBLA1401	 E.	coli	 OXA-1	+	MutAmpC	(3)	 0.01	±	0.02	

A450	positive	cut-off
d	 E.	coli	DH5a	 X	 0.07	

PEP-010	 E.	aerogenes	 TEM-24	 2.37	±	0.04	
COL20140042	 E.	aerogenes	 TEM-24	 2.02	±	0.06	
COL20140125	 E.	aerogenes	 TEM-121	 1.61	±	0.06	
COL20140080	 E.	cloacae	 TEM-1	+	CTX-M-15	+	OXA-1	+	OXA-1-like	 2.25	±	0.07	

PEP-008	 E.	asburiae	 TEM-1	+	SHV-12	+	ACT	 0.70	±	0.03	
COL20140047	 E.	coli	 TEM-52	 2.30	±	0.07	

PEP-007	 E.	coli	 TEM-1	+	SHV-12	+	DHA-7	 1.24	±	0.07	
PEP-060	 E.	coli	 TEM-1	+	CTX-M-2	 1.72	±	0.01	
CP40	 E.	coli	 TEM-1	+	CMY-2	+	OXA-1	+	OXA-1-like	 1.11	±	0.07	
CP42	 E.	coli	 TEM-1	+	CMY-2	 1.21	±	0.00	

COL20140090	 E.	coli	 TEM-1	+	CTX-M-15	+	OXA-1	+	OXA-1-like	 0.42	±	0.05	
COL20140113	 E.	coli	 TEM-1	+	CTX-M-15	+	OXA-1	+	OXA-1-like	 2.12	±	0.05	

PEP-041	 K.	pneumoniae	 TEM-1/10	+	SHV-11	+	ACT-1	+	OXA-2	 2.05	±	0.06	
PEP-194	 K.	pneumoniae	 TEM-1/52	+	SHV-1	+	CMY-10	+	OXA-4	 2.34	±	0.04	
PEP-108	 K.	pneumoniae	 TEM-1	+	CTX-M-15	+	SHV-28	+	OXA-1	 0.64	±	0.01	

COL20140054	 K.	pneumoniae	 TEM-1	+	CTX-M-19	+	SHV-1	 1.98	±	0.03	
COL20140070	 K.	pneumoniae	 TEM-1	+	CTX-M-15	+	SHV-1	+	DHA-2	+	OXA-1	+	OXA-1-like	 1.34	±	0.03	
COL20140087	 K.	pneumoniae	 TEM-1	+	CTX-M-15	+	CTX-M-9	+	SHV-1	+	CMY-2	 2.22	±	0.06	
COL20140135	 K.	pneumoniae	 TEM-1	+	CTX-M-9	(19)	+	SHV-1	 1.71	±	0.03	
COL20140137	 P.	aeruginosa	 TEM-4	 0.53	±	0.07	
COL20140051	 C.	freundii	 TEM-1/3	 1.88	±	0.08	
COL20140083	 C.	freundii	 TEM-1/3	 2.04	±	0.03	
COL20140084	 C.	freundii	 TEM-1	+	CTX-M-15	+	CMY-2	+	OXA-1/9/10	 1.69	±	0.11	
COL20140129	 A.	baumannii	 TEM-1	+	PER-7	+	OXA-23	 0.89	±	0.08	

PEP-001	 P.	vulgaris	 TEM-24	 0.37	±	0.03	
COL20140136	 P.	stuartii	 TEM-24	 1.22	±	0.02	

PEP-058	 E.	cloacae	 CTX-M-9	+	SHV-12	 0.16	±	0.01	
COL20140062	 E.	coli	 CTX-M-1	 0.15	±	0.00	
COL20140064	 E.	coli	 CTX-M-14	+	OXA-1	+	OXA-1-like	 0.16	±	0.01	
COL20140069	 E.	coli	 CTX-M-2	 0.16	±	0.00	

PEP-013	 K.	pneumoniae	 LEN	 0.17	±	0.00	
PEP-121	 K.	pneumoniae	 SHV-1	+	DHA-1	+	OXA-1	 0.21	±	0.00	
PEP-205	 K.	pneumoniae	 SHV-11	+	CMY-2	 0.15	±	0.00	
PEP-140	 K.	pneumoniae	 SHV-11	+	OXA-48	 0.15	±	0.01	
PEP-177	 K.	pneumoniae	 CTX-M-15	+	SHV-28	+	NDM-1	+	OXA-1	 0.14	±	0.00	

CNR20120135	 K.	pneumoniae	 KPC-2	+	SHV-4	like	+	SHV-1	 0.15	±	0.00	
CNR20130483	 K.	pneumoniae	 SHV-2	+	SHV-1	+	VIM	 0.14	±	0.00	
COL20140067	 K.	oxytoca	 X	 0.14	±	0.01	

PEP-095	 P.	aeruginosa	 IMP-13	 0.12	±	0.01	
PEP-014	 C.	koseri	 X	 0.12	±	0.01	

A450	positive	cut-off
d	 E.	coli	DH5a	 X	 0.17	
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aRUBLA	 isolates	 (bovine	 isolates)	 belong	 to	 ARSIA	 (Association	 Régionale	 de	 Santé	 et	
d’Identification	Animale),	Ciney,	Belgium.	Col,	PEP	and	CNR	isolates	(human	isolates)	belong	
to	 the	National	 Reference	 Center	 for	 Antimicrobial	 Resistance	 in	Gram	 -,	 CHU	UCL	Namur	
(Mont-Godinne),	Belgium.	bGene	content	of	RUBLA	isolates	was	determined	by	Whole	Genome	
Sequencing	(WGS)	while	gene	content	of	Col,	PEP	and	CNR	isolates	was	determined	by	PCR	
and	 amplified	 fragment	 sequencing.	 cMutAmpC:	 chromosomal	 overexpressed	 AmpC	
presenting	two	or	three	mutations	in	the	promotor	at	positions	-1	and	-18	for	MutAmpC	(2)	
and	-1,	-18	and	-42	for	MutAmpC	(3).	dThe	A450	positive	cut-off	values	were	calculated	as	an	
average	A450	 value	of	 the	 strain	E.	 coli	DH5a	 presenting	no	bla	genes	plus	 three	 times	 the	
standard	deviation.	

	

5.4.3) LOD	and	specificity	for	CMY-2	detection	 	

	

	

	
Fig	5.11.	Sandwich	ELISA	performed	with	purified	CMY-2.	(A)	Limits	of	detection	(LOD)	when	
the	cAbCMY-2	(254)	VHH	was	used	as	capture	antibody	and	the	anti-CMY-2	pAbs	as	revelation	
antibody	(full	blue	line)	or	inversely	(blue	dotted	line).	Curves	were	fitted	with	equation	V.	The	
inset	indicates	the	A450	for	the	CTRL	-.	The	LOD	was	assessed	with	the	A450	of	the	CTRL	-		plus	
three	times	the	standard	deviation.	This	is	indicated	by	a	full	red	line	for	the	assay	using	the	
VHH	as	capture	antibody	and	the	pAbs	for	the	revelation	and	a	red	dotted	line	for	the	inverse.		
(B)	Specificity	assessment	of	CMY-2	detection	using	the	cAbCMY-2	(254)	VHH	as	capture	antibody	
and	the	pAbs	for	the	revelation	(grey)	or	inversely	(grey,	pattern).	For	both	experiments,	the	
CTRL	–	represents	the	same	assay	without	antigen	(e.g.	CMY-2).	All	averages	and	standard	
deviations	resulted	from	at	least	two	experiments.	
	

	 We	 determined	 the	 minimal	 quantity	 of	 CMY-2	 detectable	 by	 an	 ELISA	 using	 the	

cAbCMY-2	(254)	VHH	and	the	anti-CMY-2	pAbs	as	capture	and	revelation	antibodies	(full	blue	

line),	or	inversely	(blue	dotted	line).	The	LODs	were	equivalent	to	13.3	and	3.9	ng	mL-1	using	

the	cAbCMY-2	(254)	VHH	as	capture	and	detection	antibody,	respectively	(Fig	5.11A).	Compared	
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to	the	LOD	for	TEM-1	detection,	our	assays	were	characterized	by	a	sensitivity	around	15	to	

60	times	lower	for	CMY-2	detection	probably	due	to	the	rapid	dissociation	rate	of	the	cAbCMY-

2	(254)/CMY-2	complex.	We	showed	that	the	use	of	pAbs	as	capture	antibody	and	VHH	for	the	

revelation	 did	 not	 bring	 any	 gain	 since	 the	 responses	were	 lower	 compared	 to	 the	 initial	

settings.	The	specificity	of	the	sandwich	ELISA	was	checked	on	purified	enzymes	(Fig	5.11B).	

Both	set-ups	clearly	allow	the	specific	detection	of	CMY-2	since	no	signal	was	measured	for	

other	families	of	b-lactamases.	

	

5.4.4) Production	and	characterization	of	the	bivalent	cAbCMY-2	(254)BIV	VHH	

	

	 To	 improve	the	sensitivity	of	 the	sandwich	ELISA,	we	decided	to	develop	a	bivalent	

VHH	based	on	cAbCMY-2	(254)	sequence.	A	bivalent	antibody	may	exhibit	a	higher	apparent	

affinity	or	avidity	mainly	due	to	a	decrease	in	the	dissociation	rate.	This	engineered	antibody	

(cAbCMY-2	 (254)BIV)	 consisted	 in	 the	 fusion	of	 two	 cAbCMY-2	 (254)	VHHs	 repeated	 in	 tandem,	

joined	by	a	peptide	linker	(GGGS)3	(Morales-Yanez	et	al,	2019).	It	was	produced	in	the	same	

quantity	as	the	monovalent	VHH	and	was	not	more	sensitive	to	degradation.	As	expected,	the	

dissociation	rate	of	the	bivalent	cAbCMY-2	(254)BIV	VHH	significantly	decreased	compared	to	the	

monovalent	VHH	(Fig	5.12).	In	fact,	the	koff	value	was	15	times	lower	for	the	cAbCMY-2	(254)BIV	

VHH	(koff	=	3.8	±	0.4	x	10-4	s-1)	than	cAbCMY-2	(254)	(koff	=	6.3	±	0.5	x	10-3	s-1)	indicating	a	more	

stable	antigen/antibody	complex.	

	

	
	
Fig	5.12.	Quantitative	binding	measurement	of	 the	biotinylated	cAbCMY-2	(254)	VHH	(A)	and	
bivalent	cAbCMY-2	(254)BIV	VHH	(B)	for	CMY-2	using	streptavidin	bio-sensors.	Experimental	data	
(Dl)	were	 fitted	on	at	 least	 five	CMY-2	 concentrations	using	a	1:1	 fitting	model	 (red).	 The	
negative	control	(green)	was	obtained	by	loading	the	VHH	directly	on	the	sensor.		
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5.4.5) LOD	and	specificity	for	CMY-2	detection	with	the	cAbCMY-2	(254)BIV	VHH	

	

	 As	for	the	monovalent	counterpart,	we	determined	the	LODs	of	the	ELISA	using	the	

cAbCMY-2	(254)BIV	as	capture	antibody	and	pAbs	for	the	revelation	of	the	system	(full	blue	line)	

or	inversely	(blue	dotted	line)	(Fig	5.13A).	Those	sets	up	provided	LODs	values	around	2.3	and	

1.4	ng	mL-1	for	the	first	and	the	second	configurations,	respectively.	Therefore,	the	use	of	the	

bivalent	VHH	clearly	 improved	the	detection	of	CMY-2.	Moreover,	 the	bivalent	VHH	didn’t	

affect	the	specificity	of	the	assay	since	only	CMY-2	was	detected	in	both	ELISAs	(Fig	5.13B).	

Indeed,	higher	sensitivity	of	the	assay	combined	with	its	high	specificity	gave	an	interest	to	

use	the	cAbCMY-2	(254)BIV	for	the	detection	of	CMY-2	produced	in	bacterial	isolates.			

	

	
	
Fig	5.13.	Sandwich	ELISA	for	the	sensitivity	(LODs)	(A)	and	the	specificity	(B)	of	CMY-2	detection	
by	the	bivalent	cAbCMY-2	(254)BIV	VHH.	The	LOD	was	assessed	with	the	A450	of	the	CTRL	-		plus	
three	times	the	standard	deviation.	For	both	assays,	 the	CTRL	–	represents	the	same	assay	
without	 antigen.	 All	 averages	 and	 standard	 deviations	 result	 from	 at	 least	 twice	
measurements.	
	

5.4.6) Detection	of	CMY-2	in	bacterial	isolates	via	the	cAbCMY-2	(254)BIV	VHH	

	 	

	 Based	 on	 previous	 results	 obtained	with	 purified	 enzymes,	we	 decided	 to	 develop	

three	 ELISAs	 for	 the	 detection	 of	 CMY-2	 in	 bacterial	 isolates.	 In	 these	 experiments,	 the	

monovalent	cAbCMY-2	(254)	was	only	used	as	capture	antibody	and	the	pAbs	for	the	revelation	

of	 the	 system.	 On	 the	 other	 hand,	 the	 bivalent	 VHH	 was	 used	 for	 the	 capture	 and	 the	

revelation	of	the	system	since	both	configurations	improved	the	sensitivity	of	the	assay	(Table	

5.3).	Firstly,	the	three	different	ELISA	allowed	the	detection	of	different	variants	of	the	CMY-
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2	sub-group	(e.g.	CMY-16,	CMY-60).	Moreover,	no	cross	reaction	was	detected	for	other	class	

C	 b-lactamases	 as	 CMY-10	 (CMY-1-like),	 DHA,	 ACT	 or	 chromosomal	 encoded	 AmpC.	

Interestingly,	the	bivalent	cAbCMY-2	(254)BIV	ensured	a	higher	sensitivity	of	the	assay.	In	fact,	

only	17	on	22	bacterial	isolates	presenting	one	CMY-2	sub-group	bla	gene	were	detected	by	

the	ELISA	using	cAbCMY-2	(254)	VHH	while	21	isolates	had	a	positive	signal	with	the	bivalent	

VHH.	Our	data	demonstrated	the	use	of	the	bivalent	cAbCMY-2	(254)BIV	VHH	favors	the	specific	

detection	of	CMY-2	with	a	better	sensitivity	than	the	monovalent	VHH	counterpart.	However,	

a	 screening	 on	 a	 larger	 panel	 of	 bacterial	 isolates	 will	 be	 considered	 to	 be	 statistically	

significant.		

	

Table	5.3.	Detection	of	CMY-2	in	bovine	and	human	bacterial	isolates	by	a	sandwich	ELISA.	

Bacterial
a
	

isolates	
Species	

Detected	bla	

genes
b,c

	

A450	 A450	 A450	
VHH	

capture	
pAbs	

revelation	
VHHbiv	
capture	

pAbs	
revelation	

pAbs	
capture	

VHHbiv		
revelation	

PEP031	 E.	coli	 TEM-1,	CTX-M-15,	NDM-1,	
CMY-58,	OXA-1	 1.28	±	0.01	 1.60	±	0.03	 1.96	±	0.03	

PEP135	 E.	coli	 TEM-1,	NDM-1,	CMY-16,	
OXA-10	 0.94	±	0.05	 1.37	±	0.01	 1.88	±	0.06	

PEP175	 K.	pneumoniae	
TEM-1,	SHV-1,		

CTX-M-15,NDM-1,	CMY-2,	
DHA,	OXA-9	

0.06	±	0.00	 0.12	±	0.01	 0.55	±	0.05	

PEP224	 E.	coli	 TEM,	NDM-5,	CMY-2-like	 0.06	±	0.00	 0.24	±	0.03	 0.69	±	0.04	
PEP202	 E.	coli	 CMY-60	 1.10	±	0.04	 1.67	±	0.06	 1.37	±	0.02	
PEP203	 E.	coli	 CMY-61	 1.42	±	0.01	 1.78	±	0.01	 2.05	±	0.00	
PEP205	 K.	pneumoniae	 SHV-11,	CMY-2	 1.08	±	0.03	 1.62	±	0.01	 2.03	±	0.06	
PEP206	 E.	coli	 OXA-1,	CMY-42	 0.41	±	0.02	 1.13	±	0.05	 1.87	±	0.04	
PEP207	 P.	mirabilis	 CMY-2	 1.37	±	0.03	 1.72	±	0.00	 1.89	±	0.03	
PEP218	 E.	coli	 TEM-39,	TEM-84,	CMY-2	 0.27	±	0.02	 0.85	±	0.01	 1.58	±	0.10	

PEP234	 K.	pneumoniae	 TEM,	SHV,	CTX-M	(G1),		
VIM-19,	CMY-2	 0.12	±	0.01	 0.41	±	0.00	 0.97	±	0.01	

PEP235	 E.	coli	 VIM-19,	CMY-2	 0.19	±	0.00	 0.67	±	0.01	 1.81	±	0.06	
PEP006	 C.	freundii	 TEM-1,	CMY-2-like		 1.28	±	0.06	 1.82	±	0.03	 2.01	±	0.03	

PEP157	 C.	freundii	 TEM-1,	CTX-M-9,	CMY-2-
like,	OXA-9,	OXA-48	 0.05	±	0.00	 0.12	±	0.00	 0.67	±	0.03	

CP40	 E.	coli	 TEM-1,	OXA-1	,	OXA-1-like,	
CMY-2	 0.04	±	0.00	 0.06	±	0.00	 0.08	±	0.01	

CP42	 E.	coli	 TEM-1,	CMY-2	 0.18	±	0.01	 0.43	±	0.01	 1.46	±	0.04	

Col20140084	 C.	freundii	 TEM-1,	CTX-M-15,		
OXA-1/9/10,	CMY-2	 0.04	±	0.01	 0.08	±	0.01	 1.76	±	0.02	

Col20140087	 K.	pneumoniae	 TEM-1,	CTX-M-9/15,	SHV-1,	
CMY-2	 0.86	±	0.11	 1.39	±	0.01	 1.87	±	0.07	

RUBLA0884	 E.	coli	 TEM-1,	CMY-2	 0.45	±	0.03	 1.19	±	0.00	 1.76	±	0.04	
RUBLA0945	 E.	coli	 TEM-1,	CMY-2	 0.25	±	0.02	 0.87	±	0.05	 1.58	±	0.17	
RUBLA1013	 E.	coli	 TEM-1,	CMY-2	 0.11	±	0.01	 0.28	±	0.01	 1.02	±	0.11	
RUBLA1358	 E.	coli	 CMY-2	 0.20	±	0.01	 0.40	±	0.01	 1.32	±	0.06	
PEP121	 K.	pneumoniae	 SHV-1,	OXA-1,	DHA-1	 0.05	±	0.00	 0.06	±	0.00	 0.09	±	0.00	

PEP194	 K.	pneumoniae	 TEM-1/52,	SHV-1,	OXA-4,		
CMY-10	 0.05	±	0.00	 0.06	±	0.01	 0.08	±	0.00	

PEP041	 K.	pneumoniae	 TEM-1/10,	SHV-11,	OXA-2,	
ACT-1	 0.05	±	0.00	 0.06	±	0.00	 0.07	±	0.00	

PEP007	 E.	coli	 TEM-1,	SHV-12,	DHA-7	 0.04	±	0.00	 0.05	±	0.00	 0.07	±	0.01	

Col20140070	 K.	pneumoniae	 TEM-1,	CTX-M-15,	SHV-1,		
OXA-1,	OXA-1-like,	DHA-2	 0.04	±	0.00	 0.05	±	0.00	 0.08	±	0.00	

RUBLA0127	 E.	coli	 TEM-1,	DHA	 0.05	±	0.00	 0.05	±	0.00	 0.09	±	0.00	
RUBLA0045	 E.	coli	 MutAmpC	(3),	OXA-1	 0.08	±	0.01	 0.05	±	0.00	 0.07	±	0.00	
RUBLA0315	 E.	coli	 MutAmpC	(3)	 0.06	±	0.01	 0.05	±	0.00	 0.07	±	0.00	
RUBLA1048	 E.	coli	 MutAmpC	(3)	 0.08	±	0.01	 0.05	±	0.00	 0.08	±	0.00	

PEP032	 M.	morganii	 TEM-1,	CTX-M-15,	NDM-1,	
DHA,	OXA-1	 0.04	±	0.00	 0.07	±	0.01	 0.08	±	0.00	
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aRUBLA	 isolates	 (bovine	 isolates)	 belong	 to	 ARSIA	 (Association	 Régionale	 de	 Santé	 et	
d’Identification	Animale),	Ciney,	Belgium.	Col,	PEP	and	CNR	isolates	(human	isolates)	belong	
to	 the	National	 Reference	 Center	 for	 Antimicrobial	 Resistance	 in	Gram	 -,	 CHU	UCL	Namur	
(Mont-Godinne),	Belgium.	bGene	content	of	RUBLA	isolates	was	determined	by	Whole	Genome	
Sequencing	(WGS)	while	gene	content	of	Col,	PEP	and	CNR	isolates	was	determined	by	PCR	
and	 fragment	 sequencing.	 cMutAmpC:	 chromosomal	overexpressed	AmpC	presenting	 three	
mutations	in	the	promotor	at	positions	-1,	-18	and	-42	for	MutAmpC	(3).	dThe	A450	positive	cut-
off	values	were	calculated	as	an	average	A450	value	of	the	strain	E.	coli	DH5a	presenting	no	bla	
genes	plus	three	times	the	standard	deviation	(Highlighted	in	red	in	the	table).	
	

5.5) Effects	of	the	VHHs	on	the	enzymatic	activity	of	CMY-2	

	

5.5.1) Residual	activity	of	CMY-2	in	presence	of	VHHs	

	

	 The	 CMY-2	 activity	 in	 complex	 with	 cAbCMY-2	 (254)	 was	 studied	 for	 4	 b-lactam	

substrates	(Fig	5.14A).	They	were	chosen	on	the	nature	of	the	side	chain	in	position	C2	for	the	

penicillin	and	C3	for	the	cephalosporins	in	order	to	evaluate	the	potential	link	between	the	

size,	the	charge	brought	by	the	side	chain	of	the	antibiotics	and	the	VHH	inhibitor	properties.	

Interestingly,	the	results	highlighted	a	residual	activity	of	CMY-2	in	complex	with	the	cAbCMY-2	

(254)	VHH	at	around	15-20	%	compared	to	the	free	enzyme	for	all	cephalosporins.	Moreover,	

the	residual	activity	of	CMY-2	for	the	ampicillin	remained	equal	to	40	%	even	at	saturating	

concentration	of	the	nanobody.	Those	data	may	underlie	a	different	mechanism	of	inhibition	

than	 the	 cephalosporins.	 Finally,	 we	 also	 studied	 the	 residual	 activity	 of	 CMY-2	 for	 the	

nitrocefin	 in	 complex	with	 the	 cAbCMY-2	 (250)	 and	 cAbCMY-2	 (272)	 VHHs	 (Fig	 5.14B).	 Results	

indicated	a	similar	inhibition	profile	than	the	cAbCMY-2	(254)	VHH	and	support	the	hypothesis	

that	the	three	VHHs	bind	to	an	overlapping	epitope.	

	

PEP033	 E.	cloacae	 TEM-1,	SHV-12,	CTX-M-15,	
NDM-1,	MIR,	OXA-1	 0.05	±	0.00	 0.08	±	0.00	 0.09	±	0.00	

PEP122	 M.	morganii	 TEM-1,	CTX-M-15,	NDM-1,	
DHA-1,	OXA-1	 0.06	±	0.00	 0.07	±	0.00	 0.09	±	0.00	

PEP042	 E.	coli	 TEM-1,	CTX-M-9,	CMY-10,	
OXA-4,	OXA-224	 0.06	±	0.01	 0.07	±	0.01	 0.08	±	0.00	

PEP176	 A.	Baumannii	 NDM-1	 0.05	±	0.00	 0.06	±	0.00	 0.08	±	0.00	
PEP239	 K.	pneumoniae	 SHV-28,	NDM-1,	OXA-1	 0.04	±	0.00	 0.07	±	0.00	 0.07	±	0.00	

PEP177	 K.	pneumoniae	 SHV-28,	CTX-M-15,	NDM-1,	
OXA-30	 0.05	±	0.00	 0.08	±	0.00	 0.08	±	0.01	

Col20140047	 E.	coli	 TEM-52	 0.05	±	0.00	 0.05	±	0.00	 0.08	±	0.00	

Col20140090	 E.	coli	 TEM-1,	CTX-M-15,	OXA-1,	
OXA-1-like	 0.05	±	0.00	 0.06	±	0.00	 0.09	±	0.00	

A450	positive	cut-off
d
	 0.08	 0.08	 0.09	
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Fig	5.14.	Residual	activity	of	CMY-2	in	complex	with	the	cAbCMY-2	(254)	VHH	for	four	b-lactam	
ring	substrates	(A).	Ampicillin,	cefalotin	and	cephaloridin	were	used	at	a	concentration	of	100	
µM	and	nitrocefin	at	40	µM.	The	concentration	of	CMY-2	for	each	substrate	described	above	
were	5	nM,	1	nM,	0.2	nM	and	0.5	nM,	respectively.	(B)	Residual	activity	of	CMY-2	in	complex	
with	the	cAbCMY-2	(250)	(blue	line)	and	cAbCMY-2	(272)	(brown	line)	VHHs.	Nitrocefin	was	used	at	
40	µM	and	CMY-2	at	0.5	nM.	Data	resulted	from	twice	experiments	and	were	fitted	with	a	one	
phase	exponential	decay	equation	from	graph	prism	program.	
	

5.5.2) Inhibitory	model	of	CMY-2	activity	for	the	nitrocefin	by	cAbCMY-2	(254)	
	

	 We	characterized	the	mechanism	of	inhibition	of	CMY-2	activity	for	the	nitrocefin	by	

the	 cAbCMY-2	 (254)	 VHH.	 Complete	 hydrolysis	 of	 40	µM	 nitrocefin	 by	 0.5	 nM	 of	 CMY-2	 in	

complex	with	 the	 VHH	was	 performed	 and	 the	 linearization	 of	 curves	 by	 the	 equation	 IX	

allowed	 to	obtain	 the	different	 steady-state	kinetic	parameters.	 The	𝐾�
���values	of	CMY-2	

were	not	affected	by	the	presence	of	the	VHH	suggesting	cAbCMY-2	(254)	does	not	prevent	the	

entry	 of	 the	 substrate	 in	 the	 active	 site.	 On	 the	 contrary,	 the	 deacylation	 constant	

𝑘ª�«
���decreased	in	presence	of	increasing	concentrations	of	VHH	(Fig	5.15A).	This	highlighted	

a	 non-competitive	 inhibition	 of	 CMY-2	 activity	 for	 the	 nitrocefin	 where	 the	 VHH	 is	 more	

probably	able	to	impact	the	stability	of	the	acyl-enzyme	and/or	to	influence	the	dynamic	of	

the	enzyme.	Moreover,	the	plot	illustrating	1/𝑘ª�«
���	in	function	of	an	increasing	concentration	

of	the	cAbCMY-2	(254)	VHH	displayed	a	linear	trend	indicating	a	pure	non-competitive	inhibition	

(Fig	5.15B).	Based	on	the	classical	kinetic	schema	(scheme	IV),	it	means	that	the	complex	ESI	

is	completely	inactive	when	the	concentration	of	inhibitor	is	largely	superior	to	the	inhibition	

constant	value	(Ki).	Based	on	this	model,	the	theoretical	parameters	a	and	b	equal	to	1	and	0,	

respectively.	The	Ki	value	of	the	VHH	for	CMY-2	was	very	similar	to	the	equilibrium	constant	

(KD)	determined	by	bio-layer	interferometry	(Table	5.4).			



 

 160 

	

	
	
Fig	5.15.	Inhibitory	model	of	CMY-2	activity	for	the	hydrolysis	of	nitrocefin	by	cAbCMY-2(254).	
(A)	The	𝐾�

���	(blue)	and	the	𝑘ª�«
���	(brown)	are	derived	from	the	linearization	of	the	complete	

hydrolysis	of	40	µM	of	nitrocefin	by	0.5	nM	of	CMY-2	 in	complex	with	cAbCMY-2	(254).	𝑘ª�«
���	

values	were	fitted	with	an	exponential	decay	equation	from	graph	prism.	(B)	Trend	of	1/𝑘ª�«
���	

in	function	of	the	concentration	in	cAbCMY-2	(254).	All	values	resulted	from	three	independent	
experiments.		
	

5.5.3) Inhibitory	model	of	CMY-2	activity	for	other	b-lactams	by	cAbCMY-2	(254)		
	

	 A	similar	 inhibitory	pattern	of	cAbCMY-2	(254)	was	observed	for	the	activity	of	CMY-2	

using	 the	 three	 cephalosporins	 as	 reporter	 substrates.	 Hence,	 considering	 𝐾�
���	 values	

unchanged	for	any	concentrations	of	inhibitors,	the	tendency	of	𝑘ª�«
���	and	1/𝑘ª�«

���	in	function	

of	 increasing	 VHH	 concentrations	 also	 illustrated	 a	 pure	 non-competitive	 inhibition	 (Fig	

5.16A&B)	 (Table	 5.4).	 On	 the	 contrary,	 for	 ampicillin,	 the	 hyperbole	 trend	 of	 1/kZ91
9ee	 as	 a	

function	of	the	VHH	concentration	was	indicative	of	a	mixed	non-competitive	inhibition	(Fig	

5.16C).	In	this	case,	the	parameter	b	equaled	to	0.41	±	0.01	and	the	Ki	value,	calculated	from	

the	equation	XV,	was	assessed	at	352	±	62	nM	(Table	5.4).	This	observation	indicated	that	the	

ESI	complex	presents	a	reduced	but	not	abolished	activity	compared	to	the	ES	complex	when	

the	concentration	of	cAbCMY-2(254)	 is	significantly	higher	than	the	 inhibition	constant	value	

(Ki).	
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Fig	5.16.	Inhibitory	model	for	CMY-2	activity	for	the	cephaloridin	(A),	the	cefalotin	(B)	and	the	
ampicillin	(C)	by	the	cAbCMY-2	(254)	VHH.	The	𝑘ª�«

���	values	were	obtained	from	the	linear	phase	
(equation	X)	of	hydrolysis	of	the	corresponding	substrate.	All	experiments	were	achieved	twice	
independently.	

	

	
Table	 5.4.	 Resuming	 of	a	 and	 b	 parameters	 and	 Ki	 values	 for	 the	 four	 studied	 b-lactam	
substrates.	
	
	

	

	

	

	

	
	

aThis	b	value	corresponds	to	the	plateau	obtained	by	residual	activities	experiments.		
bThe	Ki	values	for	the	three	cephalosporins	were	calculated	from	the	equation	XIV	while	the	Ki	
value	for	the	ampicillin	is	derived	from	the	equation	XV.	
	

	

	

	 a	 b	 Ki	[nM]b	

Nitrocefin	 1	 0	 88	±	3	

Cefalotin	 1	 0	 107	±	13	

Cephaloridin	 1	 0	 48	±	10	

Ampicillin	 1	 0,41	±	0.01a	 352	±	62	
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5.6) Structural	model	of	the	cAbCMY-2	(254)/CMY-2	complex	

	

	 The	crystal	of	the	cAbCMY-2	(254)/CMY-2	complex	belonged	to	the	P6222	space	group	

and	diffracted	 at	 a	 final	 resolution	of	 3.2	Å.	 Each	 asymmetric	 unit	 contained	one	 cAbCMY-2	

(254)/CMY-2	 complex.	 Our	 model	 included	 residues	 K3	 to	 Q361	 of	 the	 b-lactamase	 and	

residues	Q1	to	H124	of	cAbCMY-2	(254)	except	for	residues	G108	and	E109	in	the	CDR3	which	

were	not	defined	in	the	electronic	density.	All	data	and	refinement	statistics	are	summarized	

in	the	Table	5.5.		

	

Table	5.5.	Data	collection	and	refinement	statistics	

	

Crystal	 cAbCMY-2	(254)/CMY-2	
PDB	code	 7PA5	

Data	collection	 	

Space	group	 P	6222	
Cell	constants	 	
a,	b,	c	[Å]	 95.12,	95.12,	242.94	
a,	b,	g	[°]	 90.00,	90.00,	120.00	

Resolution	range	[Å]a	 48.88	–	3.18	(3.37-3.18)	
Rmerge	[%]a	 71	(342)	
<I>/<sI>a	 7.1	(1.28)	

Completeness	[%]a	 99.6	(97.9)	
Redundancya	 37.8	(34.8)	
CC	(1/2)a	 0.999	(42.9)	

Refinement	 	

No.	of	unique	reflections	 11518	
R	work	[%]	 0.2067	
R	free	[%]	 0.2502	
No.	atoms	 7475	
Protein	 7467	
Solvent	 8	

RMS	deviations	from	 	
Bond	lengths	[Å]	 0.004	
Bond	angles	[°]	 1.03	

Mean	B	factor	[Å2]	 78.0	
Ramachandran	plot:	 	
Favored	region	[%]	 96	
Allowed	regions	[%]	 4	

	
a	Values	in	parentheses	are	related	to	high	resolution	shell.	
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Fig	5.17.	Binding	interface	of	the	cAbCMY-2	(254)/CMY-2	complex.	(A)	Cartoon	representing	the	
overall	view	of	the	complex	between	CMY-2	(grey	with	S64XXK67,	Y150XN152	and	K315TG317	
conserved	motifs	as	orange	sticks)	and	cAbCMY-2(254)	(yellow	with	CDR1,	CDR2	and	CDR3	in	
magenta,	 green	and	 cyan	 respectively).	 (B)	 Same	 illustration	with	 CMY-2	 represented	as	 a	
surface.	(C)	Hydrophobic	interactions	between	the	CDR1	and	the	N-terminal	extremity	of	the	
VHH	and	CMY-2.	 (D)	Hydrogen	 bonds	 between	 the	 CDR3	and	CMY-2.	Hydrogen	 bonds	 are	
displayed	as	red	dashed	line.	Residues	G108	and	D109	from	the	CDR3	of	cAbCMY-2(254)	are	not	
illustrated	in	the	model	due	to	a	lack	of	information	in	the	electronic	density.	
	

	 The	binding	area	between	the	cAbCMY-2	(254)	VHH	and	CMY-2	was	about	950	Å2.	cAbCMY-

2	(254)	interacted	mainly	via	its	CDR1	and	CDR3	loops	at	the	junction	between	the	a	and	a/b	

domains	 near	 the	 active	 site	 of	 CMY-2	 (Fig	 5.17A&B).	 In	 more	 details,	 a	 first	 cluster	 of	

hydrophobic	interactions	was	formed	by	residues	V2	(N-terminal),	F27	and	Y32	(CDR1)	and	

I98	(CDR3)	of	cAbCMY-2	(254)	and	residues	K290,	V291,	A294	and	L296	located	mainly	on	the	

a12-helix	and	a	loop	comprised	between	the	a12-helix	and	the	b13-strand	from	CMY-2	(Fig	

5.17C).	Furthermore,	we	noticed	that	the	N-terminal	residues	of	CDR3	(e.g.	D99,	R100	and	

L102)	established	H-bonds	with	the	main	chain	residues	L293	and	A295	(a12b13	loop)	and	the	

side	chain	of	residue	Q141	of	CMY-2	(a5b5	loop).	Finally,	the	C-terminal	residues	D111	and	
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Y112	of	the	VHH	CDR3	were	involved	in	H-bonds	with	residues	S289	and	K290	located	on	the	

a12-helix	of	CMY-2	(Fig	5.17D).	All	these	interactions	induced	a	partial	entry	of	the	CDR3	VHH	

in	the	CMY-2	active	site	mainly	by	the	intermediate	of	the	residue	Y110.	However,	the	lack	of	

information	 in	 the	 electronic	 density	 for	 residues	 G108	 and	 D109	 indicated	 an	 important	

flexibility	of	this	CDR3	region	and	could	explain	the	inability	of	the	VHH	to	directly	block	the	

entrance	of	the	substrate	in	the	CMY-2	active	site.				

	

5.7) Discussion	and	perspectives		

	

5.7.1) Overlapping	epitopes	of	the	VHHs		

	

	 The	immunization	of	alpacas	allowed	the	selection	of	three	VHHs.	Competition	binding	

assays	 highlighted	 that	 the	 three	 VHHs	 bind	 to	 an	 overlapping	 epitope	 on	 CMY-2.	 The	

structure	of	the	cAbCMY-2	(254)/CMY-2	complex	revealed	the	insertion	of	the	CMY-2	K290	into	

a	 pocket	 located	 at	 the	 surface	 of	 cAbCMY-2	 (254)	 (Fig	 5.17C)	 and	 a	 second	 binding	 area	

involving	 most	 of	 the	 CDR3	 (Fig	 5.17D).	 The	 residues	 forming	 the	 pocket	 are	 conserved	

between	the	three	VHHs	except	for	the	I98	which	is	mutated	in	an	alanine	(Fig	5.3).	Despite	

the	CDR3	constitutes	the	least	conserved	region	among	the	VHHs,	it	is	probable	that	the	three	

VHHs	share	a	similar	binding	mode	with	different	affinities	related	to	the	ability	of	the	CDR3	

to	bind	to	CMY-2.	

	

5.7.2) Biochemical	features	of	the	VHHs	for	the	CMY-2	sub-family						

	

	 In	vitro	binding	assays	demonstrated	that	cAbCMY-2	(254)	and	cAbCMY-2	(272)	present	a	

higher	 specificity	 for	b-lactamases	 belonging	 to	 the	 CMY-2	 sub-family	 than	 cAbCMY-2	 (250)	

which	also	binds	to	P99.	The	high	affinity	and	specificity	of	the	cAbCMY-2	(254)	VHH	justified	its	

use	for	the	screening	of	bovine	and	human	bacterial	isolates	by	a	sandwich	ELISA.	

	

	 		In	vivo	binding	assays	on	bacterial	isolates	highlighted	the	ability	to	detect	different	

variants	from	the	CMY-2	sub-family	as	CMY-16,	-42,	-58,	-60	and	-61.	In	fact,	the	sequence	

involved	 in	the	 interaction	with	the	VHH	 is	conserved	for	all	variants	 from	the	CMY-2	sub-

family	 reflecting	 the	 high	 probability	 to	 detect	 also	 other	 CMY-2-like	 b-lactamases.	 We	
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observed	exactly	the	same	ability	of	the	cAbTEM-1	(13)	VHH	to	interact	with	a	multitude	of	TEM	

mutants	resulting	in	the	high	conservation	of	the	sequence	of	the	binding	site.	Moreover,	we	

were	not	able	to	detect	other	class	C	b-lactamases	such	as	ACT-1,	DHA-1	and	CMY-10.	ACT-1	

and	P99	present	 a	high	 sequence	 identity	with	CMY-2	 (77	%	 for	ACT-1	 and	76	%	 for	 P99)	

providing	a	similar	conformation	of	the	a12-helix	(Fig	5.18).	However,	A295	is	substituted	by	

a	 proline	 in	 P99	 and	ACT-1	which	may	 explain	 the	 inability	 to	 interact	with	 the	VHH.	 The	

presence	of	a	proline	may	introduce	a	steric	hindrance	in	the	helix	and	displace	the	H-bonds	

network	 stabilizing	 the	 VHH/CMY-2	 complex	 (Fig	 5.19A).	 The	 steric	 hindrance	 with	 the	

glutamate	E294	and	the	conformation	change	of	the	a12-helix	due	to	a	low	sequence	identity	

with	CMY-2	could	prevent	the	interaction	of	CMY-1	and	CMY-10	with	the	VHH	(Fig	5.19B).		

	

	
	

Fig	 5.18.	 Multiple	 sequence	 alignment	 of	 class	 C	 b-lactamases.	 Only	 the	 sequence	
corresponding	 to	 the	 binding	 interface	 between	 the	 VHH	 and	 CMY-2	 is	 represented	 here.	
Percentages	indicate	the	sequence	identity	of	all	the	protein	with	CMY-2.		
	

	
	

Fig	5.19.	Superposition	of	cAbCMY-2	(254)/CMY-2	complex	with	P99	(PDB	code	1XX2)	(A)	and	
CMY-10	(PDB	code	1ZKJ)	(B).	CMY-2,	P99	and	CMY-10	are	colored	in	grey,	red	and	magenta,	
respectively.	Only	the	CDR3	of	the	VHH	is	illustrated	in	cyan	and	active	site	residues	in	orange.	
H-bonds	are	represented	by	red	dashed	lines.			



 

 166 

	

5.7.3) Biochemical	features	of	Anti-CMY-2	pAbs	

		

	 The	overlapping	epitope	shared	by	the	three	VHHs	required	the	development	of	rabbit	

polyclonal	antibodies.	These	antibodies	were	less	specific	since	they	were	able	to	recognize	

P99	and	CMY-1.	They	correspond	to	a	mix	of	antibodies	able	to	bind	epitopes	shared	by	a	large	

panel	of	AmpC	b-lactamases	what	could	explain	their	lack	of	specificity	(Lipman	et	al,	2005).		

Fortunately,	the	use	of	the	cAbCMY-2	(254)	VHH	permitted	to	offset	the	low	specificity	of	the	

pAbs	for	the	detection	of	CMY-2	in	the	sandwich	ELISA.	This	was	confirmed	by	the	same	kind	

of	development	for	the	detection	of	TEM-1.		

	

5.7.4) Development	of	tandem-repeats	cAbCMY-2	(254)BIV	VHH	

	

	 Another	 interesting	aspect	with	the	VHHs	 is	the	possibility	to	fuse	them	in	order	to	

decrease	 the	 dissociation	 rate	 by	 an	 avidity	 phenomenon	 leading	 to	 more	 stable	

Antigen/Antibody	complexes	(Hultberg	et	al,	2011).	Associated	with	the	multi-avidity	ensured	

by	 the	 polyclonal	 antibodies,	 this	 allowed	 to	 detect	 lower	 quantities	 of	 CMY-2	 than	 the	

monovalent	 counterpart	 despite	 we	 did	 not	 reach	 an	 identical	 sensitivity	 than	 for	 TEM-1	

detection.		

	

5.7.5) Applicability	in	an	ELISA	

	

	 One	goal	of	the	project	RU-BLA-ESBL-CPE	consisted	to	develop	a	sandwich	ELISA	for	

the	detection	of	one	of	the	most	spread	b-lactamase,	CMY-2,	in	bovines	and	more	largely	in	

the	animal	world.	However,	our	next	aim	is	to	develop	an	Immunochromatographic	Lateral	

Flow	Assay	(LFA)	that	ensures	a	detection	more	rapidly	and	in	an	easier	manner	which	could	

become	 an	 interesting	 alternative	 for	 veterinarians	 to	 phenotypic	methods	 (Rösner	 et	 al,	

2019).	

	 	

	 Finally,	despite	this	test	is	probably	suitable	for	CMY-2	detection	in	animals,	it	is	less	

applicable	in	human	medicine	where	phenotypic	assays	constitute	an	unavoidable	method	for	

selection	of	the	best	antibiotic.	However,	we	could	use	this	kind	of	set	up	to	interpret	unclear	

phenotypic	profiles	generally	found	in	MDR	strains	(Conen	et	al,	2015),	to	distinguish	plasmid	
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to	chromosomic	AmpC	(Hujer	et	al,	2002)	and	to	highlight	the	involvement	of	an	AmpC	in	a	

carbapenemase	activity	of	an	isolate	(Majewski	et	al,	2016).	

	

5.7.6) The	cAbCMY-2	(254)	VHH,	a	non-competitive	inhibitor	of	CMY-2	activity		

	

	 This	 work	 also	 allowed	 the	 selection	 of	 VHHs	 which	 behave	 as	 non-competitive	

inhibitors.	 The	 structure	 of	 the	 cAbCMY-2	 (254)/CMY-2	 complex	 highlighted	 an	 important	

flexibility	of	the	CDR3	loop	located	in	the	active	site	that	does	not	prevent	the	entry	of	the	

substrate	in	the	active	site.	Nevertheless,	Y110	brought	by	the	CDR3	is	situated	near	to	Q120	

which	is	a	crucial	residue	in	the	stabilization	of	the	acyl-enzyme	by	the	establishment	of	a	H-

bond	with	the	C7	amide	carbonyl	of	the	substrate	(Beadle	&	Shoichet,	2002).	A	study	of	the	

P99	 Q120E	 mutant	 demonstrated	 a	 significantly	 reduced	 activity	 against	 ampicillin	 and	

cefalotin	compared	to	the	WT	proving	its	essential	role	for	the	b-lactamase	activity	(Goldberg	

et	al,	2003).	Therefore,	despite	the	Y110	does	not	bind	directly	the	Q120	in	CMY-2,	 it	may	

disrupt	the	stabilization	of	the	acyl-enzyme	(Fig	5.20).	Moreover,	as	described	for	the	cAbTEM-

1(13)/TEM-1	 complex,	 the	 interaction	 of	 the	 VHH	 around	 the	 active	 site	may	 perturb	 the	

dynamic	of	the	enzyme	which	is	known	to	be	essential	for	its	optimal	activity.		

	

	
	
Fig	 5.20.	 Superposition	 of	 the	 cAbCMY-2	 (254)/CMY-2	 complex	 and	 an	 AmpC	 from	 E.	 coli	 in	
complex	with	a	covalently	bound	cefalotin	(PDB	code	1KVM).	CMY-2	and	AmpC	are	colored	in	
grey	and	blue,	respectively.		
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	 Our	 study	 provided	 evidence	 that	 the	mechanism	 of	 inhibition	will	 be	 different	 in	

function	of	the	substrate.	We	found	that	the	VHH	behaved	as	a	non-competitive	inhibitor	with	

its	ability	to	completely	inhibit	the	activity	of	CMY-2	for	all	tested	cephalosporins.	However,	

in	presence	of	ampicillin,	the	complex	maintained	a	reduced	activity	corresponding	to	a	mixed	

non-competitive	 inhibition.	 The	 more	 plausible	 explanation	 consists	 in	 the	 fact	 that	 the	

ampicillin	can	easily	diffuse	in	the	active	site	due	to	its	smaller	size.	Then,	the	presence	of	the	

nanobody	has	a	minor	impact	on	the	penicillin	hydrolysis.	
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6. Development	of	inhibitors	against	the	class	B	b-lactamase	NDM-1	

	

6.1) Selection	of	binders	against	NDM-1		

	

	 The	alpaca	immunization	and	the	selection	of	VHHs	against	NDM-1	were	carried	out	

following	the	same	general	protocol	as	CMY-2.	Three	rounds	of	panning	were	performed	to	

enrich	 the	 VHHs	 able	 to	 bind	 specifically	 NDM-1.	 Finally,	 ninety	 clones	 of	 each	 round	 of	

selection	were	randomly	selected,	cultured	and	lysed	to	test	their	periplasmic	extract	by	an	

indirect	 ELISA.	 The	 different	 methods	 of	 panning	 to	 select	 VHHs	 against	 NDM-1	 are	

confidential	and	cannot	be	discussed	in	this	work.		

	

	
Fig	 6.1.	Multiple	 sequences	 alignment	 of	 VHHs	 selected	 by	 phage	 display	 performed	with	
CLUSTALW	program.	Residues	are	colored	following	their	chemical	behavior:	polar	feature	in	
green,	hydrophobic	residues	in	red,	negatively	charged	residues	in	blue	and	finally,	positively	
charged	 residues	 in	 magenta.	 Frameworks	 (FRs)	 and	 Complementary-Determining	 Region	
(CDRs)	of	the	VHHs	are	indicated	by	double	arrows	on	the	alignment.	
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	 We	 obtained	 8	 different	 VHHs	 belonging	 to	 four	 families	 with	 the	major	 diversity	

observed	for	the	CDR2	and	the	CDR3	(Fig	6.1).	Compared	to	the	cAbNDM-1	(220)	VHH	presenting	

the	longer	CDR2	(20	AA)	and	CDR3	(19	AA),	the	cAbNDM-1	(194)	VHH	displays	a	deletion	of	1	

and	13	AA	in	its	CDR2	and	CDR3,	respectively.	The	cAbNDM-1	(211)	VHH	is	only	depleted	of	6	AA	

in	 its	 CDR3.	 Finally,	 the	 cAbNDM-1	 (203),	 cAbNDM-1	 (224),	 cAbNDM-1	 (233),	 cAbNDM-1	 (254)	 and	

cAbNDM-1	(264)	VHHs	belong	to	the	same	family	but	present	some	point	mutations	along	their	

sequence.		

	

6.2) Characterization	of	the	VHHs	binding	for	NDM-1		

	

	 Based	on	the	previous	results,	we	decided	to	characterize	the	binding	of	the	four	VHH	

families	for	NDM-1	by	bio-layer	interferometry.	

	

6.2.1) Specificity		

	

	 We	first	carried	out	qualitative	binding	measurements	to	determine	the	specificity	of	

the	VHHs	as	previously	described	in	chapters	3	and	4.	In	this	case,	we	assessed	their	ability	to	

distinguish	the	B1	sub-class	metallo-b-lactamases	IMP-1,	VIM-1	and	NDM-1.	Interestingly,	all	

VHHs	specifically	interacted	with	NDM-1.	The	low	signal	intensity	for	the	binding	to	VIM-1	may	

indicate	a	low	cross-reactivity	(Fig	6.2).	

	

	
	

Fig	6.2.	Specificity	binding	of	VHHs	against	NDM-1	by	bio-layer	 interferometry.	The	CTRL	–	
consists	in	the	loading	of	NDM-1	directly	on	the	His	bio-sensor.	For	the	VHH	family	4,	only	the	
cAbNDM-1	(254)	VHH	is	illustrated.	
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6.2.2) Kinetic	(kon,	koff)	and	equilibrium	(KD)	constants		

	

	 To	 complete	 the	 binding	 characterization,	 we	 determined	 the	 kinetic	 constants	 of	

association	(kon),	dissociation	(koff)	and	the	equilibrium	constant	(KD)	of	all	VHHs	for	NDM-1	

(Table	6.1).	As	for	TEM-1	and	CMY-2,	association	kinetic	constants	were	comprised	between	

105	and	106	M-1	s-1	highlighting	a	rapid	association	rate.	The	VHHs	belonging	to	the	family	4	

mainly	present	three	ranges	of	affinity.	cAbNDM-1	(254)	(Fig	6.3G)	has	the	highest	affinity	(KD	=	

13	nM)	due	to	a	high	stability	of	the	complex.	It	is	followed	by	the	cAbNDM-1	(203)	(Fig	6.3B),	

cAbNDM-1	(224)	(Fig	6.3D)	and	cAbNDM-1	(264)	(Fig	6.3H)	VHHs	which	possess	a	KD	value	around	

70	 nM	 and,	 cAbNDM-1	 (233)	 (KD	 =	 320	 nM)	 (Fig	 6.3E)	 corresponding	 to	 the	 most	 unstable	

VHH/NDM-1	complex.	In	the	other	families,	the	cAbNDM-1	(211)	(Fig	6.3C)	and	cAbNDM-1	(220)	

(Fig	6.3D)	VHHs	have	a	KD	»	50	nM	while	the	cAbNDM-1	(194)	VHH	(Fig	6.3A)	bound	six	times	

and	dissociated	three	times	more	rapidly	than	cAbNDM-1	(254)	resulting	in	a	similar	equilibrium	

constant	(KD).		

	

VHHs	 kon	[105	M-1	s-1]	 Koff	[10-2	s-1]	 KD	[nM]	
cAbNDM-1	(203)	 2.9	±	0.1		 1.8	±	0.1		 62	±	1	
cAbNDM-1	(224)	 2.5	±	0.2		 2.4	±	0.1		 100	±	5	
cAbNDM-1	(233)	 1.1	±	0.1		 3.6	±	0.3		 319	±	14	
cAbNDM-1	(254)	 2.3	±	0.2		 0.3	±	0.0		 13	±	1		
cAbNDM-1	(264)	 1.8	±	0.0		 1.4	±	0.0		 79	±	1		
cAbNDM-1	(211)	 8.0	±	1.3		 6.0	±	0.8		 75	±	2	
cAbNDM-1	(194)	 12	±	2		 0.9	±	0.1		 7	±	2	
cAbNDM-1	(220)	 5.9	±	1.4		 2.1	±	0.2		 36	±	5		

	
Table	 6.1.	 The	 kinetic	 (kon,	 koff)	 and	 equilibrium	 (KD)	 constants	 obtained	 by	 bio-layer	
interferometry.	Values	were	calculated	with	a	global	fit	on	at	least	four	NDM-1	concentrations	
with	 a	 1:1	 binding	 model.	 All	 averages	 and	 standard	 deviations	 resulted	 from	 two	
experiments.	
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Fig	 6.3.	 Quantitative	 binding	 experiments	 carried	 out	 by	 bio-layer	 interferometry	 for	 the	
cAbNDM-1	(194)	(A),	cAbNDM-1	(203)	(B),	cAbNDM-1	(211)	(C),	cAbNDM-1	(220)	(D),	cAbNDM-1	(224)	(E),	
cAbNDM-1	(233)	 (F),	 cAbNDM-1	(254)	 (G),	 cAbNDM-1	(264)	 (H)	VHHs.	The	experimental	data	 (Dl,	
blue)	recorded	with	at	least	four	NDM-1	concentrations	were	fitted	with	a	1:1	binding	model	
(red).		
	

6.2.3) Competition	binding	assay	for	NDM-1	

	

	 We	decided	to	verify	the	presence	of	an	overlapping	epitope	at	the	surface	of	NDM-1.	

We	carried	out	competition	assays	by	bio-layer	interferometry	following	the	same	protocol	as	

for	 CMY-2	 with	 only	 one	 5:1	 VHH/NDM-1	 molar	 ratio.	 The	 sensorgrams	 illustrate	 the	

association	between	the	biotinylated	VHHs	loaded	on	SA	sensor	and	the	different	complexes	

(Fig	6.4).	Remarkably,	the	cAbNDM-1	(194)/NDM-1	complex	prevented	any	other	VHH	to	bind	

the	 b-lactamase,	 while	 cAbNDM-1	 (194)	 could	 only	 interact	 with	 the	 complex	 cAbNDM-1	

(254)/NDM-1	(Fig	6.4A).	Furthermore,	the	VHHs	cAbNDM-1	(211),	cAbNDM-1	(220)	and	cAbNDM-1	

(254)	seemed	to	recognize	different	epitopes	on	NDM-1	with	an	amplified	association	signal	

for	all	configurations	(Fig	6.4	B-D).		
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Fig	6.4.	Epitope	binding	assays	performed	by	bio-layer	interferometry.	The	biotinylated	VHH	
cAbNDM-1	(194)	(A),	cAbNDM-1	(211)	(B),	cAbNDM-1	(220)	(C)	and	cAbNDM-1	(254)	(D)	were	loaded	on	
streptavidin	 sensors	 while	 associations	 were	 measured	 on	 60	 seconds	 with	 cAbNDM-1	

(194)/NDM-1	 (green),	 cAbNDM-1	 (211)/NDM-1	 (brown),	 cAbNDM-1	 (220)/NDM-1	 (orange)	 and	
cAbNDM-1	(254)/NDM-1	(purple)	complexes	at	a	molar	5:1	ratio.	The	negative	control	(CTRL	-,	
red)	corresponded	to	the	VHH/NDM-1	complex	directly	loaded	on	the	sensor.				
					

6.3) Inhibitory	effect	of	the	VHHs	on	NDM-1	activity	for	carbapenems	
	

	 The	enzymatic	activity	of	the	different	NDM-1/VHH	complexes	were	measured	for	two	

clinically	used	carbapenems,	the	imipenem	and	the	meropenem	(Fig	6.5).	The	cAbNDM-1	(211)	

and	cAbNDM-1	(254)	VHHs	were	unable	to	inhibit	the	NDM-1	activity	for	imipenem.	By	contrast,	

the	results	highlighted	a	residual	activity	of	the	cAbNDM-1	(220)/NDM-1	complex	around	15	%	

compared	 to	 the	 free	 enzyme	 for	 both	 carbapenems.	 The	 cAbNDM-1	 (194)	 VHH	 inhibited	

similarly	 the	 NDM-1	 activity	 for	 imipenem.	 But,	 the	 activity	 of	 the	 cAbNDM-1	 (194)/NDM-1	

complex	 for	 meropenem	 displayed	 a	 residual	 activity	 of	 30	 %	 demonstrating	 a	 different	

mechanism	of	inhibition.		
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Fig	6.5.	Residual	activity	of	1	nM	NDM-1	in	complex	with	the	cAbNDM-1	(194),	cAbNDM-1	(211),	
cAbNDM-1	(220)	and	cAbNDM-1	(254)	VHHs	for	100	µM	of	imipenem	and	meropenem.	Data	were	
fitted	with	an	exponential	decay	equation	from	graph	prism.	Averages	and	standard	deviations	
resulted	from	two	independent	experiments.					
	

	 The	linearization	of	NDM-1	residual	activity	by	the	equation	XI	described	a	competitive	

inhibition	 trend	 of	 cAbNDM-1	 (194)	 for	 imipenem	 and	 cAbNDM-1	 (220)	 for	 both	 tested	

carbapenems	 (Fig	 6.6).	 The	 inhibitory	 constants	 (Ki)	 were	 in	 the	 same	 range	 as	 for	 the	

equilibrium	 constants	 (KD)	 obtained	 by	 bio-layer	 interferometry	 (Table	 6.2).	 However,	 the	

hyperbole	trend	of	the	cAbNDM-1	(194)/NDM-1	complex	activity	for	meropenem	confirmed	a	

different	mechanism	of	inhibition.	

	

	
	

Fig	6.6.	Linear	representation	of	cAbNDM-1	(194)/NDM-1	and	cAbNDM-1	(220)/NDM-1	complexes	
activity	for	the	imipenem	and	the	meropenem.	
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VHH	 Antibiotics	 Ki	(nM)	
cAbNDM-1	(194)	 imipenem	 16	±	7	
cAbNDM-1	(194)	 meropenem	 no	linear	
cAbNDM-1	(220)	 imipenem	 19	±	0,4	
cAbNDM-1	(220)	 meropenem	 31	±	5	

	
Table	 6.2.	 Inhibition	 constants	 (Ki)	 of	 cAbNDM-1	 (194)	 and	 cAbNDM-1	 (220)	 VHHs	 for	 NDM-1	
assessed	 from	 the	 equation	XI.	No	 value	was	 provided	 for	 inhibition	 of	NDM-1	activity	 for	
meropenem	by	the	cAbNDM-1	(194)	VHH	given	that	data	were	fitted	on	a	hyperbole	model.	
	

6.4) Inhibitory	effect	of	the	VHHs	on	NDM	variants	for	imipenem		

	

	 In	order	to	have	a	preliminary	idea	of	the	epitope	for	both	inhibitors,	we	studied	the	

impact	of	some	mutations	on	VHH/NDM-1	complexes	inhibition	rate	(Table	6.3).	Because	all	

mutants	present	similar	steady-state	kinetic	constants,	the	inhibition	measurements	with	100	

µM	of	imipenem	were	performed	in	similar	conditions.	All	mutations	led	to	a	low	impact	of	

the	 inhibitory	 activity	 of	 the	 cAbNDM-1	 (220)	 VHH	with	 a	 residual	 activity	 of	NDM	enzymes	

comprised	between	15	and	30	%.	On	the	contrary,	the	E152K	(NDM-9)	and	M154V	(NDM-11)	

mutations	suppressed	the	inhibitory	effect	of	the	cAbNDM-1	(194)	VHH	with	residual	activities	

of	 93	 %	 and	 79	 %,	 respectively.	 Surprisingly,	 the	M154L	mutation	 had	 no	 impact	 on	 the	

inhibitory	activity	of	the	cAbNDM-1	(194)	VHH	as	observed	for	NDM-4,	NDM-7	and	NDM-15.	This	

remains	unclear	considering	leucine	is	one	methylene	group	larger	than	valine.	

	

Variants	 Mutation(s)	
Km		

(µM)	
kcat		
(s-1)	

cAbNDM-1	

(194)	
cAbNDM-1	

(220)	
NDM-1	 WT	 35	±	1	 64	±	3	 3	%	 15	%	
NDM-4	 M154L	 67	±	4	 13	±	1	 14	%	 18	%	
NDM-6	 A233V	 40	±	3	 26	±	1	 8	%	 33	%	
NDM-7	 M154L/D130N	 50	±	3	 15	±	1	 6	%	 15	%	
NDM-9	 E152K	 44	±	3	 53	±	2	 93	%	 25	%	
NDM-11	 M154V	 49	±	3	 11	±	1	 79	%	 26	%	
NDM-15	 M154L/A233V	 87	±	6	 23	±	1	 16	%	 28	%	
NDM-24	 V88L	 50	±	4	 36	±	1	 10	%	 24	%	

	
Table	6.3.	Binding	effect	of	500	nM	cAbNDM-1	(194)	and	cAbNDM-1	(220)	VHHs	on	1	nM	NDM	
mutants	activity	for	100	µM	imipenem.	The	percentages	correspond	to	residual	activity	of	the	
VHH/NDM	complex	compared	to	the	free	enzyme.			
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6.5) Bio-layer	 interferometry	 measurements	 of	 cAbNDM-1	 (194)	 and	 cAbNDM-1	 (220)	

VHHs	for	NDM	variants		

	

	 Steady-state	kinetic	measurements	 indicated	 the	 involvement	of	 residues	E152	and	

M154	 in	 the	 binding	 interface	 of	 NDM-1	 with	 cAbNDM-1	 (194).	 This	 was	 confirmed	 by	 the	

absence	 of	 interaction	 between	 NDM-9	 (E152K)	 and	 NDM-11	 (M154V)	 mutants	 with	 the	

cAbNDM-1	(194)	VHH	(Fig	6.7C&E).	We	also	hypothesized	different	epitopes	are	recognized	by	

cAbNDM-1	(194)	and	cAbNDM-1	(220).	Bio-layer	interferometry	experiments	highlighted	a	similar	

affinity	of	cAbNDM-1	(220)	for	NDM-1	and	NDM-9	(Fig	6.7D,	Table	6.4).	However,	its	affinity	for	

NDM-11	was	 ten	times	 lower	compared	to	NDM-1	 (KD	»	400	nM).	This	probably	 reflects	a	

shared	epitope	of	both	VHHs	for	NDM-1	but	with	a	different	positioning	of	the	nanobody	(Fig	

6.7F,	Table	6.4).	The	binding	of	cAbNDM-1	(194)	and	cAbNDM-1	(220)	with	NDM-4	confirmed	that	

the	M154L	mutation	 impacts	 less	 the	 interaction	between	the	VHHs	and	the	enzyme.	This	

interpretation	remains	complex	in	the	absence	of	structural	models.		

	

	 Mutation	 VHH	 kon	[105	M-1	s-1]	 koff	[10-2	s-1]	 KD	[nM]	

NDM-1	 X	
cAbNDM-1(194)	 12	±	2	 0.9	±	0.1	 7	±	2	
cAbNDM-1(220)	 5.9	±	1.4	 2.1	±	0.2	 36	±	5	

NDM-4	 M154L	
cAbNDM-1(194)	 4	±	0.3	 2.4	±	0.4	 60	±	6	
cAbNDM-1(220)	 2.3	±	0.2	 3.2	±	0.1	 145	±	17	

NDM-9	 E152K	
cAbNDM-1(194)	 ND	 ND	 ND	
cAbNDM-1(220)	 11.5	±	0.4	 7.1	±	0.9	 62	±	10	

NDM-11	 M154V	
cAbNDM-1(194)	 ND	 ND	 ND	
cAbNDM-1(220)	 1.5	±	0.1	 5.6	±	1.0	 393	±	89	

	
Table	6.4.	Kinetic	constants	obtained	by	bio-layer	interferometry	with	a	global	fit	on	at	least	
four	 concentrations	 in	 NDM	 variants	with	 a	model	 1:1.	 All	 values	 represent	 averages	 and	
standard	deviations	from	twice	experiments.			
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Fig	6.7.	Sensorgrams	illustrating	the	binding	of	cAbNDM-1	(194)	(left)	and	cAbNDM-1	(220)	(right)	
VHHs	coated	on	His1K	sensor	with	NDM-4	(A-B)	with	NDM-9	(C-D)	and	NDM-11	(E-F).	The	CTRL	
–	corresponds	to	the	antigen	loading	directly	on	the	biosensor.			
	

6.6) Conclusions	and	perspectives	

	

	 This	 project	 aimed	 at	 selecting	 VHHs	 able	 to	 inhibit	 the	 NDM-1	 activity	 for	

carbapenems.	 This	 b-lactamase	 is	 one	 of	 the	 most	 epidemiologically	 successful	

carbapenemases,	 for	which	 therapeutic	 resources	 are	 limited.	 The	 bio-panning	 led	 to	 the	

selection	 of	 four	 genetically	 different	 families	 of	 VHHs	 against	 NDM-1.	 Only	 two	 families	

comprising	 the	 cAbNDM-1	 (194)	 and	 cAbNDM-1	 (220)	 VHHs	 acted	 as	 inhibitors	 since	 the	

VHH/NDM-1	complexes	presented	a	 reduced	activity	compared	to	 the	 free	enzyme.	These	

VHHs	probably	present	an	overlapping	epitope	on	NDM-1	as	described	by	kinetic	studies	and	

competition	binding	assays.	It	revealed	the	involvement	of	both	residues	E152	(a3-helix)	and	

M154	 (L9	 loop)	 from	NDM-1	 in	 the	binding	 interface	with	cAbNDM-1	(194).	These	mutations	

impacted	less	the	binding	of	the	cAbNDM-1	(220)	VHH	with	the	enzyme.	The	different	epitopes	
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recognized	by	both	VHHs	were	confirmed	by	residual	activity	studies	where	inhibition	of	NDM-

1	 activity	 for	meropenem	was	 less	 efficient	 by	 cAbNDM-1	 (194)	 than	 by	 cAbNDM-1	 (220).	 The	

residues	E152	and	M154	are	located	close	to	residues	H120	and	H122	coordinating	the	zinc	

ion	 (Zn1)	 essential	 for	 the	 activity	 of	 the	 enzyme	 (Fig	 6.8).	 Combined	with	 kinetic	mutant	

results,	it	seems	clear	that	the	inhibitors	probably	interact	near	the	active	site,	disrupting	the	

stability	of	the	enzyme	and/or	blocking	directly	the	entry	of	the	substrate	into	the	active	site	

as	emphasized	by	the	linearization	of	initial	velocities	which	generally	indicate	a	competitive	

inhibition.	However,	we	cannot	explain	the	different	behavior	of	the	cAbNDM-1	(194)/	NDM-1	

complex	for	the	meropenem.	

	

	
	

Fig	6.8.	Representation	of	NDM-1	in	complex	with	the	methicillin	(PDB	code	5NOH).	Both	zinc	
ions	 are	 represented	 by	 red	 dots.	 The	 both	 zinc	 are	 coordinated	 by	 the	 both	 consensus	
sequences	 H120-H122-H189	 and	 D124-C208-H250.	 The	 residues	 E152	 and	 M154	 largely	
involved	in	the	epitope	recognized	by	cAbNDM-1	(194)	and	less	by	cAbNDM-1	(220)	are	colored	in	
cyan,	while	other	mutations	are	illustrated	in	purple.	
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7. General	conclusions	and	perpsectives	
	

	 We	selected	and	characterized	VHHs	recognizing	specifically	b-lactamases	from	TEM	

family,	CMY-2	sub-group	and	NDM	family,	respectively.	They	bind	their	target	with	affinities	

generally	comprised	between	10	and	100	nM,	which	is	of	interest	for	developing	detection	

assays	and	new	inhibitor’s	scaffolds.	

	

	 cAbTEM-1	(13)	and	cAbCMY-2	(254)	VHHs	behaved	as	non-competitive	inhibitor	of	TEM-1	

and	CMY-2,	respectively.	The	analysis	of		the	cAbTEM-1	(13)/TEM-1	complex	revealed	that	the	

CDR3	of	the	VHH	binds	an	allosteric	site	brought	by	the	hinge	region	close	to	the	active	site	

triggering	conformational	changes	of	TEM-1	that	affect	the	b-lactamase	activity.	The	cAbCMY-2	

(254)	VHH	also	interacts	with	the	R2	loop	of	CMY-2	active	site	while	the	C-terminal	end	of	its	

CDR3	partially	entry	into	the	CMY-2	active	site.		

	

	 	Interestingly,	the	sequence	of	the	hinge	region	(TEM-1)	and	R2	loop	(CMY-2)	are	less	

impacted	by	naturally	occurring	mutations.	For	TEM	variants,	we	only	find	mutations	in	the	C-

terminal	part	of	the	hinge	region,	mainly	yielding	the	substitution	of	hydrophobic	residues	by	

other	hydrophobic	residues	(e.g.	A225V).	No	mutations	are	detectable	in	the	CMY-2	sub-group	

variants.	Ultimately,	it	could	be	more	interesting	to	target	allosteric	sites	or	regions	crucial	for	

the	 activity	 of	 the	 enzyme,	 and	 not	 directly	 the	 active	 site	 which	 is	 more	 susceptible	 to	

mutations.	As	an	example,	no	natural	TEM	mutants	were	identified	for	the	residue	D214	of	

TEM-1,	interacting	with	the	cAbTEM-1	(13)	VHH,	probably	due	to	its	crucial	role	for	the	stability	

of	 the	 hinge	 region	 and	 the	 activity	 of	 TEM-1.	 This	 hypothesis	 is	 validated	 by	 the	 results	

obtained	on	the	non-natural	D214A	mutation	which	is	characterized	by	decreased	activity	and	

stability.	One	perspective	could	be	to	focus	on	the	analysis	of	non-natural	mutants	of	TEM	

involved	in	the	interactions	with	VHH.	The	same	approach	could	be	developed	for	CMY-2.	

	

	 Unfortunately,	we	didn’t	obtain	VHH/NDM-1	structures	but	a	preliminary	analysis	of	

E152K	 (NDM-9)	 and	M154V	 (NDM-11)	 variants	demonstrated	 that	 the	 cAbNDM-1	 (194)	VHH	

probably	interacts	with	the	L9	loop	located	close	to	residues	involved	in	the	coordination	of	

the	zinc	ion	1.	We	very	much	hope	that	this	VHH	directly	blocks	the	entry	of	the	substrate	into	
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the	 active	 site,	 since	 preliminary	 steady-state	 kinetic	 experiments	 indicated	 that	 cAbNDM-1	

(194)	VHH	behaved	as	a	competitive	inhibitor.		In	the	future,	it	would	be	interesting	to	perform	

Hydrogen/Deuterium	 Exchange	Mass	 Spectroscopy	 in	 order	 to	more	 precisely	 localise	 the	

epitope	of	NDM-1	that	is	recognized	by	cAbNDM-1	(194).		

	

	 Despite	that	VHHs	are	smaller	than	classical	antibodies	(15	kDa	versus	150	kDa),	they	

are	still	too	bulky	to	penetrate	the	periplasm	of	bacteria.	One	strategy	to	further	minimize	the	

size	 of	 inhibitors	 consists	 in	 the	 development	 of	 small	 peptides	 based	 on	 the	 VHH	 CDRs	

sequence	by	 peptidomimetics.	 Potent	 inhibitors	 could	 therefore	 be	 rationally	 designed	by	

targeting	allosteric	site	of	structural	features	located	near	the	enzyme’s	active	site.		

	

	 Peptides	present	several	advantages:	(I)	an	easier	production	in	large	scale-up	with	a	

cheaper	cost,	(II)	the	small	size	of	peptides	rendering	more	efficient	the	drug	delivery	and	its	

action	 in	 vivo	 due	 to	 a	 better	 penetration	 through	 the	 bacterial	 outer-membrane	 (Cho	&	

Juliano,	 1996)	 and	 (III)	 peptides	 do	 not	 need	 humanization	 as	 opposed	 to	 therapeutics	

antibodies	 (Goulet	 et	 al,	 2022).	 Peptides	 are	 developed	 based	 on	 the	 protein-protein	

interactions	(PPI)	which	intervene	mainly	in	the	tumorigenesis	and	cancers.	Some	of	them	are	

currently	in	clinical	trials	or	on	the	market	as	the	ATSP-7041	which	disrupts	the	interaction	

between	 the	 protein	 P53,	 implied	 in	 the	 DNA	 repair	 and	 the	 apoptosis,	 and	 the	 proteins	

MDMX	upregulated	in	some	cancers	and	blocking	the	activity	of	the	protein	P53	(Chang	et	al,	

2013).	 A	 second	 category	 implies	 the	 development	 of	 peptides	 based	 on	 the	 therapeutic	

monoclonal	antibodies	such	as	the	rhuMAb	4D5	(trastuzumab)	utilized	in	the	treatment	of	the	

breast	cancer	where	a	gene	HER-2	is	upregulated	inducing	the	cellular	proliferation	(Baselga	

et	al,	1998	&	Ramachandran	et	al,	2012).		More	interestingly,	VHHs	were	also	used	as	scaffold	

for	 the	 development	 of	 peptides	 as	 against	 the	VEGF	 factor	 (Vascular	 Endothelial	 Growth	

Factor)	 implied	 in	 angiogenesis	 in	 tumor	development	 (Karami	 et	 al,	 2020)	 or	 against	 the	

receptor	b-2	adrenergic	associated	with	chronic	inflammation	(Martin	et	al,	2017).	The	main	

drawback	consists	in	generally	lower	affinities	of	the	peptides	(KD	>	1	µM)	compared	to	the	

corresponding	antibodies.	However,	some	studies	demonstrated	that	lower	affinities	resulted	

from	a	decrease	in	the	association	rate	(Geng	et	al,	2015	&	Ding	et	al,	2017).	
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	 We	setup	sandwich	ELISAs	for	the	specific	detection	of	different	variants	of	TEM	b-

lactamases	family	(TEM-1,	TEMIRT	and	TEMESBL)	and	members	from	the	CMY-2	sub-group	using	

nanobodies.	 They	 are	 already	 used	 in	 the	 detection	 of	 the	 alpha-fetoprotein	 (Chen	 et	 al,	

2016),	a	cancer	biomarker.	They	can	be	employed	for	the	monitoring	of	the	evolution	of	the	

multiple	myeloma	 cancer	by	measuring	 the	 rate	of	 soluble	CD38	with	 a	 limit	 of	 detection	

which	reached	10	pg/mL	of	antigen	(Li	et	al,	2018).		

	 	

	 Our	final	aim	was	to	develop	a	LFA	(Lateral	Flow	Assay)	which	is	a	one-step	assay,	rapid	

compared	 to	 classical	 phenotypic	 tests	 (diffusion	 tests)	 and	 inexpensive	 on	 contrary	 to	

methods	such	as	MALDI-TOF	or	PCR	(Boutal	et	al,	2022).		

	

	 LFA	are	commercialized	and	currently	utilized	in	hospital	settings	for	the	detection	

of	CTX-M	enzyme	sub-groups	(Bernabeu	et	al,	2020)	and	carbapenemases.	As	an	example,	NG	

CARBA-5	 is	 a	 multiplex	 LFA	 triggering	 NDM,	 VIM,	 IMP,	 OXA-48	 and	 KPC	 carbapenemases	

(Jenkins	et	al,	2020).	However,	the	available	LFAs	cannot	detect	the	presence	of	b-lactamases	

in	clinical	samples	(e.g.	saddle,	urine).		The	bacteria	need	to	be	cultivated	and	isolated	on	an	

agar	medium	before	proceeding	to	the	identification	of	the	resistance	factors.	

	 	

	 We	demonstrated	that	a	bivalent	VHH	could	improve	the	sensitivity	for	the	detection	

of	 CMY-2.	We	 could	 imagine	 a	multivalent	 VHH	 as	well,	 with	 three	 or	more	 VHHs	 linked	

together.	Combined	to	the	association	of	VHHs,	it	is	easier	to	make	affinity	maturation	of	VHHs	

compared	to	classical	antibodies.	This	maturation	could	also	improve	the	ability	of	the	VHH	to	

bind	stronger	with	its	antigen	and	potentially	improving	the	sensitivity	of	the	assay.		

	

			 Most	of	the	actual	LFA	detect	carbapenemases	and	ESBLs.	Nevertheless,	these	assays	

miss	minor	ESBL	and	cephalosporinases	which	are	more	represented	in	veterinary	health.	As	

for	 clinical	 applications,	 we	 could	 develop	 very	 sensitive	 LFA	 able	 to	 detect	b-lactamases	

directly	in	biological	samples	against	CMY-2.	It	could	lead	to	a	rapid	and	simple	detection	test	

that	can	be	used	directly	on	field	by	veterinarians.	It	will	also	help	the	selection	of	adequate	

antibiotic	in	chemotherapy.	Of	course,	it	could	be	applicable	for	livestock,	but	also	for	the	food	

control.	
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	 My	 work	 focused	 exclusively	 on	 b-lactamases.	 But	 it	 is	 clear	 that	 this	 kind	 of	

development	could	be	adopted	 for	 the	detection	of	other	resistance	 factors	such	as	efflux	

pumps	or	porins.	Actually,	several	LFA	allow	the	detection	of	PBP2a	expressed	in	Methicillin-

resistant	Staphylococcus	aureus	(MRSA)	(Yamada	et	al,	2013)	or	the	detection	of	VanA	ligase	

in	Enterococcus	spp.	conferring	the	resistance	to	vancomycin	(Oueslati	et	al,	2021).				

	

	 To	conclude,	this	thesis	provided	the	evidence	that	the	VHH	acts	as	a	powerful	tool	for	

the	 development	 of	 diagnostic	 assays	 and	 inhibitors	 against	 b-lactamases.	 As	 proof	 of	

concept,	we	decided	to	work	on	TEM-1,	CMY-2	and	NDM-1	where	the	accumulation	of	kinetics	

and	 structural	 data	 provided	 strategies	 for	 a	 future	 design	 of	 inhibitory	 peptides	 by	

peptidomimetics,	while	 the	 use	 of	 a	multivalent	 VHH	 presents	 the	 capability	 to	 detect	b-

lactamases	with	a	better	sensitivity	which	could	be	interesting	for	the	future	development	of	

LFA	applicable	in	clinical	settings,	by	veterinarians	or	for	a	safest	food	control.			
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Annexe	3	
	

	
	
Root-mean	square	deviation	(RMSD)	of	the	hinge	region	backbone	(residues	212-218)	(A)	and	
the	 global	 protein	 backbone	 (B).	 All	 data	 correspond	 to	 the	 average	 of	 5	 simulations.	 For	
clarity,	the	standard	deviations	were	not	represented	on	graphs.				
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