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ABSTRACT: Rapid spread of antimicrobial resistance across bacterial pathogens poses a serious risk to the efficacy and sus-
tainability of available treatments. This puts pressure on research concerning development of new drugs. Here, we present 
an in-cell NMR-based research strategy to monitor the activity of the enzymes located in the periplasmic space delineated by 
the inner and outer membranes of Gram-negative bacteria. We demonstrate its unprecedented analytical power in monitor-
ing in situ and in a real time (i) the hydrolysis of β-lactams by β-lactamases, (ii) the interaction of drugs belonging to the β-lactam 

family with their essential targets, and (iii) the binding of inhibitors to these enzymes. We show that in-cell NMR provides a 

powerful analytical tool for investigating new drugs targeting molecular components of the bacterial periplasm.

INTRODUCTION 

Bacteria use multiple means to resist to the action of antibiot-
ics1. Among them, a key response employed by Gram-negative 
pathogens is the enzymatic hydrolysis of β-lactams2,3. These 
antibiotics irreversibly inactivate the essential penicillin-bind-
ing proteins (PBPs) that perform the last cross-linking step of 
cell wall peptidoglycan (PG) biosynthesis. Acylation of the ac-
tive-site serine nucleophile of these PBPs leads to their inacti-
vation and triggers the cascade of events leading to bacterial 
cell death4,5. Most bacteria classified by WHO as critical priori-
ties for the development of new drugs produce β-lactamases of 
broad spectrum substrate specificity that hydrolyze β-lactams 
belonging to the cephalosporin or carbapenem classes, or 
both1. Although β-lactamase inhibitors have been successfully 
developed in order to restore the activity of β-lactams against 
resistant bacteria, they do not cover the wide variety of β-lac-
tamases produced by Gram-negative bacteria, in particular the 
class B metallo-enzymes6. The currently available inhibitors 
belong to three chemical classes based on β-lactam (clavula-
nate), diazabicyclooctane (avibactam), and boronate (vabo-
rabactam) scaffolds7.  

The study of the mode of action and efficacy of β-lactams and 
β-lactam/β-lactamase inhibitor combinations are highly com-
plex because the drugs competitively interact with multiple en-
zymes in the bacterial periplasm. Critical reactions are trig-
gered by (i) competitive binding of β-lactams to PBPs or to β-
lactamases leading to irreversible target or β-lactam inactiva-
tion, (ii) competitive binding of β-lactams or β-lactamase inhib-
itors to β-lactamases leading to β-lactam inhibition or β-lac-
tamase inactivation, and (iii) competitive binding of β-lactams 
or PG precursors to PBPs leading to target inactivation or PG 
cross-linking.8 An additional level of complexity arises from the 

fact that the reactions catalyzed by PBPs are performed by mul-
tiple enzymes with partially redundant functions for which cur-
rently available assays based on purified enzymes do not reca-
pitulate the catalytic efficacies required to sustain PG polymer-
ization in their physiological periplasmic environment, in par-
ticular for class B PBPs9–11. In fact in vitro assays showed that 
polymerization of glycan chains is a prerequisite for transpep-
tidation. For this reason, these assays are based on the synthe-
sis and purification of the substrate of the glycosyltransferases, 
i.e. the full disaccharide-peptide PG subunit linked to the un-
decaprenyl lipid carrier (lipid II), which is difficult to obtain. In 
addition, protein cofactors need to be incorporated into the as-
says for optimal PBP activity. As a result, the complexity of the 
in vitro PG polymerization assays severely limits the evaluation 
of β-lactam efficacy based on inhibition of the catalytic activity 
of PBPs. Thus, our understanding of the mode of action of β-
lactams and the identification of the drug properties that 
should be improved to counteract resistance mechanisms will 
benefit from experimental approaches enabling to simultane-
ously monitor the fate of β-lactams, β-lactamase inhibitors, and 
of β-lactam-interacting proteins in the bacterial periplasm. The 
drug properties that should be considered for improving drug 
efficacy against resistant strains include their capacity to rap-
idly and irreversibly inactivate PBPs, to escape hydrolysis by β-
lactamases, and to effectively translocate across the outer 
membrane of Gram-negative bacteria. Absorbance and fluores-
cence spectroscopies are generally used to explore the efficacy 
of PBP inactivation by β-lactams using purified enzymes. These 
spectroscopic approaches provide the kinetic data required to 
explore the reaction paths leading to PBP acylation by β-lac-
tams or to β-lactam hydrolysis by β-lactamases using assays 
containing a single enzyme. However, these approaches cannot 
resolve multiple drug-target interactions in competitive reac-
tions (reactions i to iii, above) because rupture of the β-lactam 
ring upon target acylation or drug hydrolysis results in similar 
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decreases in absorbance. Moreover, tryptophan fluorescence 
quenching occurs both for PBPs and β-lactamases12. The cur-
rent study explores the use of NMR to fill this methodology gap. 

In recent years, we have observed the advent of in situ struc-
tural biology approaches that enable us to study molecular ma-
chines directly in their native, complex environment13–15. One 
of the quickly expanding fields in this context is in-cell (or in 
situ) NMR leveraged for studies on structural and functional 

features of proteins and other macromolecules determined di-
rectly in living bacterial and eukaryotic cells. It proved paricu-
oarly useful to follow cellular organization (e.g. structure of cell 
walls and membranes), metabolism (turnover, metabolic path-
ways elucidation), drug action in time-resolved experiments 
(screening, mode of action) or evolution of local chemical envi-
ronment (pH, viscosity, homogeneity) directly in physiological 
conditions and at atomic resolution 16–18. 

 

 Scheme 1. Cell envelope of Gram-negative bacteria and drug-protein interactions monitored in this work 

Here, we explore the possibility of using in-cell NMR to charac-
terize the bacterial periplasm, the cellular compartment at the 
frontline of drug passage and/or accumulation, in definite 
drug-target and drug-β-lactamase interactions (Scheme 1). We 
optimized experimental conditions for recording NMR spectra 
of the carbapenemase KPC-2 in situ, which further served to fol-
low chemical shift perturbations (CSPs) caused by the interac-
tion of this β-lactamase with avibactam, the prototypic inhibi-
tor of the diazabicyclooctane family. To complete the picture, 
we identified specific PG turnover products, that accumulate in 
response to peptidoglycan cross-linking inhibition by β-lac-
tams19,20 and additionally act as a molecular signal for β-lac-
tamase induction in most enterobacteria and in Pseudomonas 
aeruginosa21. Therefore, the capacity to monitor PG recycling is 
a way to characterize the effect of new antibiotics on bacterial 
physiology and resistance onset. Finally, we demonstrate that 
our experimental setup enables tracking the activity of β-lac-
tamases on β-lactams and distinguishing this activity from PBP 
inactivation without selective labelling of β-lactamases or 
PBPs. In all, we present here a comprehensive set of in-cell 
NMR experiments, providing a methodological toolkit for anti-
microbial research.  

RESULTS AND DISCUSSION 

Periplasmic PG fragments and proteins are observable in 

situ 

Our first objective was to determine whether NMR could be 
used to identify periplasmic components in entire bacterial 
cells. To this end, we performed 2D 1H-15N SOFAST experi-
ments22 at 37°C using, as a model of resistant Gram-negative 

bacteria, Escherichia coli cells producing KPC-2, following clon-
ing of the corresponding gene under the control of an IPTG-
inducible promoter. KPC-2 is a periplasmic enzyme and a mem-
ber of the most prevalent family of class A carbapenemases13. 
The cells were embedded in PBS solidified with agar (0.5%). 
This optimized agar concentration prevents cell aggregation 
during long-term NMR experiments and enables collecting sig-
nal of high quality due to the optimal cell density and sample 
viscosity (Figure 1a, Figure S1). 

Firstly, we noticed the presence of amide resonances that could 
correspond to peptidoglycan (PG) fragments, termed muro-
peptides (Figure 1b). These products are extractable in the sol-
uble periplasmic fraction (Figure S2a), which allowed us to 
discriminate them from the insoluble PG macromolecule of the 
native cell wall. To further characterize the structure of the pu-
tative periplasmic muropeptides, we isolated PG from E. coli 
cultured in M9 medium supplemented with 13C- and 15N-uni-
formly labelled carbon and ammonium sources. PG was then 
digested with a muramidase (mutanolysin) (Figure S2b), 
which cleaves β-(1→4) glycosidic bonds connecting N-acetyl-
muraminyl (MurNAc) to N-acetylglucosaminyl (GlcNAc) resi-
dues. The resulting soluble disaccharide-peptide fragments 
were subjected to specific NMR resonance assignment. Amide 
resonances showed a very nice dispersion and a high sensitiv-
ity to the chemical environment of each amino acid or N-acety-
lated saccharide (Figure S3). 3D backbone and side-chain NMR 
sequences developed for protein NMR and 3D HCCH-TOCSY ex-
periments were adapted to assign 1H, 13C and 15N resonances of 
each amino acid in dedicated peptide stems and of each saccha-
ride, respectively (Figure S3-S5). Starting from the C-terminal 
end of each peptide stem, we could differentiate amide reso-
nances of muropeptide monomers composed of the GlcNAc-
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MurNAc disaccharide and a tetrapeptide stem linked to Mur-
NAc, i.e., uncross-linked muropeptides, from muropeptide di-
mers resulting from the cross-linking of two disaccharide-pep-
tides by PBPs (Figure 1b, Figure S3)23. These muropeptides 
contained both the α and β anomers of MurNAc, which were 
identified from the unique chemical shift signature of the reso-
nance from the anomeric positions (Figure S5)24. Correspond-
ing assignments (Table S1) were then transferred to muropep-
tide NMR spectra collected in the temperature, buffer and pH 
experimental conditions used for in-cell and periplasmic ex-
tract analyses. The amide resonances identified in the in-cell 
spectrum and in the mutanolysin digest extensively over-
lapped, allowing further assignment transfer (Figure S2a). In 
addition, we also detected NMR peaks corresponding to 1,6-an-
hydro-N-acetylmuramyl residues (anhMurNAc). These resi-
dues result from digestion of PG by lytic transglycosylases 
which cleave the β-(1→4) MurNAc-GlcNAc bond with simulta-
neous cyclisation in the terminal MurNAc to form 1,6-anhy-
droMurNAc. These periplasmic anhydro muropeptides were 
identified based on the overlap in amide resonances recorded 
after digestion of PG with purified lytic transglycosylase MltG 
and on the comparison to the mutanolysin digest (Figure S2). 
The presence of anhydro muropeptides was expected because 

PG turnover and recycling is thought to be mainly meditated by 
lytic transglycosylases25. Accordingly, in-cell signals of -Mur-
NAc and β-MurNAc versus anhMurNAc were detected at an in-
tensity ratio of 5 to 1. These results show that short specific 
periplasmic PG fragments are NMR observable in situ.  

Secondly, we sought to identify amide resonances correspond-
ing to periplasmic KPC-2 in whole cells. The activity of KPC-2 
was assessed by measuring changes in light absorbance result-
ing from hydrolysis of the chromogenic cephalosporin nitro-
cefin by periplasmic extracts isolated from E. coli cultures (Fig-
ure 1c). It confirmed that E. coli produced KPC-2 in an IPTG-
inducible manner. The 1H protein amide resonances  are well 
resolved in the region between 9 and 11 ppm, and overlap par-
tially in the 7.9-8.6 ppm region that contains intrinsically dis-
ordered proteins (IDPs) signals (Figure 1a)26. To filter out sig-
nals not originating from KPC-2 amide resonances, we sub-
tracted experiments recorded without expression of the gene 
encoding KPC-2 from experiments recorded with expression of 
this gene. This subtraction process efficiently filtered out non 
KPC-2 signals, i.e. signals from IDPs and muropeptides, and 
provided an enhanced visualization of the KPC-2 1H-15N corre-
lation spectrum (Figure 1d, Figure S6)27.  
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Figure 1 Periplasm components are observable in situ 

a. 2D 1H-15N correlation spectra recorded for 14 h at 37 C and pH 7.4 on a 950 MHz spectrometer for E. coli pTRC99KΩkpc-2 not 
induced (wheat) and induced with 1 mM IPTG (black). Dashed lines indicate the region corresponding to intrinsically disordered 
proteins.  

b. Magnification of the portion of the spectrum containing PG fragments. Uncross-linked (turquoise) and cross-linked (blue) muro-
peptides were color coded. The arrow indicates the donor→acceptor polarity in the cross-linked dimer. Sc and bb as DAP subscript 
correspond to the side chain and backbone amides, respectively. 

c. Dose-dependent hydrolysis of nitrocefin by periplasmic extracts from E. coli cultures induced with increasing concentration of 
IPTG. Absorbance was monitored at 486 nm in PBS at 25 C for 3 min. 

d. Difference spectrum obtained by the subtraction of the non-induced E. coli pTRC99KΩkpc-2 from the spectrum obtained in panel 
a. Positive and negative contours are displayed in black and pale grey, respectively. 
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e. Superimposition of the 2D 1H-15N correlation spectra recorded at 37 C for E. coli pTRC99KΩkpc-2 cells induced with 1 mM IPTG 
(difference spectrum from panel d in black, negative contours in pale grey), purified KPC-2 (grey), and a periplasmic extract from 
the E. coli pTRC99KΩkpc-2 strain induced with 1 mM IPTG (wheat). Purified KPC-2 was diluted in a periplasmic extract from a WT 
strain devoid of KPC-2 to minimize pH or buffer effects on amide resonance positions.  

To further validate that the resonances observed in the pro-
cessed spectrum (Figure 1d) derive indeed from KPC-2, we 
recorded a 1H-15N correlation spectrum on the purified en-
zyme, and observed that the 2 spectra overlap to a large extent 
(Figure 1e). As a prerequisite to in situ analyses, we also deter-
mined whether the KPC-2 spectrum recorded in intact bacteria 
actually corresponds to intracellular protein rather than pro-
tein released in the external medium following cell lysis. To-
ward this aim, we (1) optimized technical aspects of NMR sam-
ple preparation (extensive rinsing of cell pellet with PBS prior 
to NMR tube preparation), and (2) compared the result with a 
2D 1H-15N correlation spectrum recorded on sample extracted 
from the periplasm of E. coli with induced KPC-2 production. 
An initial quick and efficient method of periplasm extraction 
based on Triton X-100 resulted in significant NMR peak broad-
ening due to viscosity issues. In contrast, good quality spectra 
were obtained by using the osmotic-shock extraction proce-
dure18 (Figure 1e). In addition, (3) we also comparedspectra 
recorded in intact bacteria to an NMR spectrum recorded on 
purified KPC-2 in PBS buffer (Figure S7a), which revealed 
chemical shift perturbations (CSPs). Since amide resonances 
are highly sensitive to changes in the environment, we con-
cluded that these CSPs reveal differences in the physicochemi-
cal conditions in the periplasm and in PBS.  Finally, (4) we rec-
orded 1D 1H NMR spectra of external medium of the cells col-
lected at time zero and 24 hours (Figure S7b). No NMR signals 
characteristic for KPC-2 were observed. These results collec-
tively indicate that the KPC-2 spectra recorded on the agar em-
bedded cells originate from the enzyme in its physiological 
periplasmic location.  

In situ detection of avibactam binding to β-lactamase 

KPC-2  

Our next objective was to monitor the inactivation of KPC-2 by 
the β-lactamase inhibitor avibactam in intact cells. Avibactam 
is known to reversibly form a covalent bond with the enzyme 
catalytic serine28 (Scheme 1). We first validated the formation 
of a 1:1 KPC-2:avibactam complex with the purified β-lac-
tamase (Figure 2a) and persistence of this complex over 48 
hours (Figure S8). Observed NMR CSPs correlated well with 
the avibactam binding site previously identified by X-ray crys-
tallography (PDB ID: 4ZBE)29.  

To effectively inhibit KPC-2 in cells, we first evaluated concen-
tration of this enzyme in the periplasmic extract used for NMR 
experiments (~70 µM, Figure S9a). Since avibactam needs to 
cross the outer membrane though porins30 to reach KPC-2 in 
the periplasm, we qualitatively probed KPC-2 inhibition in the 
range of increasing avibactam concentrations added to the cell 
culture using a nitrocefin assay (Figure S9b). It revealed that 
KPC-2 activity in E. coli cells decreases at the lowest tested con-
centration of avibactam (estimated 1:1 molar ratio) and is fur-
ther diminished upon increasing avibactam concentration.  

Having determined optimal in-vitro binding conditions of avi-
bactam, we switched to in-cell NMR to follow KPC-2 inhibition 
directly in the bacterial periplasm. We compared 2D 1H-15N 
correlation spectra of KPC-2, both in the absence (apo form) 
and in the presence of avibactam (Figure 2b) resulting again in 
localized NMR chemical shift changes. The KPC-2 regions that 
are the most affected upon avibactam addition in vitro (Figure 
2c) are also affected in situ (Figure 2d). Those regions are in 
agreement with the residues previously described as involved 
in the KPC-2/avibactam interaction29,31. Our in-cell NMR ap-
proach allowed the observation of -lactamase inhibition di-
rectly under native conditions. In addition, a few CSP differ-
ences between in vitro and in situ conditions are observed. In 
particular additional CSPs observed for residues 108-114 (in a 
helix-loop-helix motif) and at the C-terminus (Figure S10) sug-
gest some limited structural and dynamic changes upon avibac-
tam binding that depend on the differences in in vitro versus 
periplasmic physicochemical conditions.   

NMR differentiates mecillinam processing by KPC-2 and 

PBP2 

After having shown that 2D 1H-15N NMR is a suitable method to 
monitor the inhibition of the KPC-2 -lactamase inside the 
periplasm, we further investigated the competition between -
lactamase and PBP for -lactam antibiotics. We chose mecilli-
nam because this β-lactam selectively inactivates the essential 
PBP2 in contrast to most other β-lactams that target multiple 
PBPs. Mecillinam also has the advantage of yielding well re-
solved 1D 1H NMR spectra for the intact drug and its hydrolysis 
product generated by KPC-2 (Figure 3a and Figure S11). NMR 
resonance assignments showed that the H1 and methyl Me5 and 
Me6 protons of mecillinam were the most affected by  -lactam 
ring opening (Figure 3b and Figure S11)32. 

To evaluate the activity of KPC-2 in the periplasm, mecillinam 
was mixed with periplasmic extracts from cultures of E. coli 
strains harboring the vector pTRC99K (negative control) or its 
derivative encoding KPC-2. Recorded 1D 1H NMR experiments 
revealed distinct spectral signatures for the two strains, con-
sistent with hydrolysis of the -lactam ring by KPC-2 (Figure 
3b). Since the same peak pattern was observed for hydrolysis 
of mecillinam by purified KPC-2, we concluded that KPC-2 did 
hydrolyze mecillinam in periplasmic extracts.  

We then investigated the KPC-2/PBP2 competition for mecilli-
nam in vitro and in situ. Toward this aim, we mixed mecillinam 
with 1 molar equivalent of PBP2 in vitro, and observed that 
peaks of intact mecillinam disappeared from the 1H spectrum 
without emergence of new signals corresponding to the hydro-
lyzed product. This indicates that mecillinam was covalently 
bound to PBP2, causing NMR signals to broaden and disappear 
from the spectrum. Thus, 1D 1H NMR differentiates drug bind-
ing from drug hydrolysis in the reactions performed with PBP2 
or KPC-2 alone, respectively (Figure 3c)32. Incubation of mecil-
linam with both PBP2 and KPC-2 in a 1:1 
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Figure 2 β-lactamase inhibition by avibactam in situ 

a. Excerpt of the 1H-15N correlation spectra of 15N-labelled KPC-2 recorded at 37 °C and pH 7.4. The experiment was conducted before 
(black) and after (crimson) addition of avibactam.  

b. Excerpt of the 1H-15N correlation spectra of KPC-2 in 15N-labelled E. coli cells at 37 °C. The color code is the same as in a. 

c. Surface representation of KPC-2 (PDB ID: 4ZBE) indicating regions affected upon addition of avibactam in vitro. Avibactam is de-
picted as sticks. CSPs superior to 1 standard deviation (0.032 ppm) are colored in crimson. Unaffected and unassigned protein re-
gions are colored in wheat and pale-grey, respectively.  

d. Surface representation of KPC-2 regions affected upon in situ avibactam binding. CSPs superior to 1 standard deviation (0.031 
ppm) are colored in crimson. The color code and avibactam representation are the same as in c.

protein-to-drug ratio for both enzymes resulted in the disap-
pearance of 1H signals corresponding to H1, Me5 and Me6 of me-
cillinam. Thus, PBP2 outcompeted KPC-2 thereby preventing 
mecillinam hydrolysis. Increasing the KPC-2 to PBP2 molar ra-
tio from 1 to 5 molar equivalent resulted in the appearance of 
1H NMR resonances corresponding to H1 and Me5 of hydrolyzed 
mecillinam. This observation indicates a shift from binding of 
mecillinam to PBP2 to hydrolysis of mecillinam by KPC-2 upon 
a five-fold increase in the KPC-2 to PBP2 ratio, which enabled 
KPC-2 to outcompete PBP2. Thus, the NMR approach success-
fully monitored the competition between two purified enzymes 
for a common substrate.  

Tracking β-lactam hydrolysis in situ 

We then asked whether drug binding and drug hydrolysis can 
be tracked inside bacterial cells using 1D 1H NMR. While small 
molecules, such as -lactams, are suitable targets for such an 
NMR study,33 other cell components can negatively impact the 
quality of the spectrum, by contributing with broad and over-
lapping signals. To overcome this problem, we employed the 
T1 filtering method, which separates the present molecular 
species based on their transversal relaxation rates34. As a re-
sult, broadened NMR signals of high molecular weight mole-
cules are largely suppressed, whereas those from small mole-
cules, such as mecillinam, are mostly retained. Another chal-
lenge of in-cell NMR experiments is to ensure that the moni-
tored reactions actually and uniquely take place inside the cells. 
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This is particularly problematic for studies concerning en-
zymes, which are effective at very low (nanomolar) concentra-
tions. Periplasmic components are potentially released to the 
external environment due to cell lysis occurring during both 
sample preparation and experiment recording. We estimated 
that ~3 nM of KPC-2 was released from the E. coli culture dur-
ing the NMR data recording time of about 1.5 hours (Figure 
S12a). To remove external KPC-2, all mecillinam hydrolysis as-
says were performed in the presence of pepsin, a broad-range 
protease. We evaluated that the pepsin concentration required 
to inactivate released KPC-2 was 4 mg/ml (Figure S12b), and 
confirmed that such an extracellular concentration of pepsin 
was not harmful for the cells (Figure S12c). These results indi-
cate that the monitored reaction of mecillinam hydrolysis by 
KPC-2 mostly took place inside the periplasm. 

1D 1H NMR spectra of pepsin and mecillinam revealed that 
their signals do not overlap (Figure S13), which allows moni-
toring of the hydrolysis reaction. Within a few minutes after 
mixing cells with mecillinam, we observed peak shifts and line 
broadening for mecillinam resonances (for H1, H2, H3, Me5 and 
Me6; Figure 3d), and the appearance of new peaks correspond-
ing to hydrolyzed mecillinam. 

In the studied system PBP2 is in its physiological concentration 
range, which is below the detection limit for NMR (< 20 µM). 
Therefore, we cannot observe the disappearance of NMR sig-
nals due to mecillinam binding to PBP2. Appearance of the hy-
drolyzed products indicates that KPC-2 outcompetes PBP2 for 
mecillinam. Therefore, KPC-2 potentially compensates its low 
affinity for mecillinam with a high local abundance in the native 
context. 

Inhibition of β-lactam hydrolysis in situ 

Our last objective was to monitor the in situ inhibition of KPC-
2 activity by pre-incubating cells with avibactam at a 10:1 avi-
bactam:KPC-2 molar ratio prior to the addition of mecillinam 
(Figure 3e). This experiment revealed NMR signals corre-
sponding to both authentic and hydrolyzed mecillinam. Based 
on comparison of NMR peak intensities determined on the res-
onances of the mecillinam hydrolysis product, the pre-treat-
ment with avibactam partially (ca. 50%) prevented mecillinam 
hydrolysis under the assay conditions (Figure S14). This result 
is in agreement with the nitrocefin hydrolysis assay, which also 
revealed a ca. 50% decrease in the formation of the β-lactam 
hydrolysis product upon pre-treatment of bacterial cells with 
avibactam (Figure S9b). Residual β-lactamase activity could be 
accounted for by the fact that avibactam reversibly binds to 

KPC-228,35, leading to an equilibrium between the active and 
avibactam-inactivated forms of the β-lactamase. 

CONCLUSION 

The development of more effective treatments against drug-re-
sistant pathogens requires advanced tools allowing to monitor 
their action in native conditions. In this work, we comprehen-
sively characterized β-lactams in the bacterial periplasm, using 
a set of 1D and 2D in-cell NMR experiments. To ensure that the 
processes are observed in intact cells and not after lysis, a par-
ticular effort was made to stabilize the cells in agar medium, 
while maintaining the optimal sensitivity of the experiments. 
Observation and monitoring of drug status by 1D NMR meth-
ods was optimized, using size-dependent filters to reduce sig-
nals from larger molecules. We ensured the lack of externally 
released enzymes by washing the cells and using the external 
addition of pepsin, a non-specific peptidase. We demonstrated 
that periplasmic -lactamases can be observed with good sen-
sitivity and that the evolution of drug/enzyme complexes can 
be followed directly in cells or in periplasmic extracts obtained 
with extraction methods compatible with NMR experiments.  

This approach is particularly useful to characterize new inhib-
itors/drugs targeting periplasmic components, which includes 
(1) monitoring of drug transformation and/or binding, (2) de-
termination of the drug binding sites on protein target, and (3) 
evaluation of their effect on the performed enzymatic reactions 
in the cellular context. In-cell NMR that does not require puri-
fication and selective tagging of the studied enzymes, allows 
the evaluation of drug efficacy directly in their native environ-
ment. In addition, it offers an opportunity to connect these ob-
servations with the presence of specific PG turnover products, 
physiological signals boosting -lactamases expression21. Fol-
lowing the variation of their concentration and composition 
upon antimicrobial exposure could therefore serve as a hall-
mark of the cell fitness36.  

Using KPC-2 as an example, we observed differences between 
in vitro and in vivo conditions (inhibitor binding pattern [Fig-
ure 2c, d]) proving usefulness of selected in situ approach. 
Therefore, the major novelty of the presented work is the com-
prehensive picture of reactions monitored directly in the bac-
terial periplasm at residue resolution. The experimental strat-
egies presented here can be easily transferred to the investiga-
tion of new drugs targeting different bacterial periplasmic 
components. 
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Figure 3 β-lactamase hydrolyses mecillinam in-situ 

a. Chemical structures of mecillinam and its hydrolyzed form. Protons, for which NMR resonances were followed during the hydrol-
ysis reaction, were marked in red for mecillinam and in brown for its hydrolyzed form.32 

b. 1D 1H T1-filtered spectra recorded with a spinlock amplitude of 1.7 kHz and a duration of 50 ms at pH 8.0 and 25 C for the 
incubation of mecillinam with periplasmic extracts from E. coli strains harboring the vector pTRC99K (no KPC-2 production) or the 
recombinant plasmid pTRC99KΩkpc-2  (KPC-2 production). The numbering of mecillinam protons and the color code follow the ones 
presented in panel a.   

c. Experiments recorded as described in panel b with KPC-2, PBP2, and mecillinam at 1:1:1 and 5:1:1 molar ratios. Experiments were 
recorded in 50 mM phosphate buffer, 150 mM NaCl pH 7.0.  

d. Experiments recorded as described in panel b for E. coli pTRC99K and pTRC99KΩkpc-2 cells mixed with mecillinam and embedded 
in 0.5% agar PBS pH 7.4.  The experiments were performed in the presence of 4 mg/ml pepsin. 

e. Experiments recorded as in panel d for E. coli pTRC99KΩkpc-2 cells pre-incubated with avibactam (AviB) at 700 M.  
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