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The emergence and spread of antibiotic resistance poses an increasing threat to public health. Of particular concern is the 
production of β-lactamases mostly by Gram-negative bacteria, as these enzymes have the ability to hydrolyse and inactivate 
the most important class of antibiotics, the β-lactams. Despite years of intensive research on β-lactamases, some aspects of 
the reaction mechanism remain controversial. Especially the question which residues are involved in the acylation mechanism 
to form the acyl-enzyme intermediate. Concurrently, there have been remarkable advances in the field of time-resolved serial 
crystallography (TRX), which allows the observation of molecular processes at atomic resolution, within millisecond time 
frames and at different temperatures [1,2,3,4].  
Here we aimed to elucidate the catalytic mechanisms of the extended-spectrum Class A serine β-lactamase CTX-M-14 from 
Klebsiella pneumoniae. To this end, we applied a novel multi-temperature time-resolved crystallography approach, and 
recorded 28 crystal structures, that follow the turnover reaction at 20 °C, 30 °C, and 37 °C, respectively. After triggering the 
hydrolysis of piperacillin, we observed the formation of a Michaelis-Menten state, a covalent acyl-enzyme intermediate, and 
an enzyme product complex within time frames of 0.1 s – 300 s (Fig. 1). Significant differences to existing protein structures 
of inactive CTX-M mutant variant structures, highlight the advantages of TRX with wild-type enzymes at near-physiological 
temperatures. 
In addition, we complement these time-resolved data with ultra-high resolution cryostructures of the stable intermediates 
(0.77 – 1.04 Å) using the WT and mutant variants of the enzyme, providing insight into protonation states during each step 
of the catalysis. 
The mechanistic insights into serine β-lactamase-mediated hydrolysis presented here consolidate the current state of 
knowledge and thus contribute to a better understanding of the reaction mechanism, which is of central importance for a 
pressing infectious disease problem. 

 
Figure 1. Observed reaction states during β-lactam hydrolysis reveal the (B) native state, (C) Michaelis-Menten state, (D) 

acyl-enzyme intermediate state, and the (E) product state of the wild type CTX-M-14 in complex with piperacillin. The 
occupancies of these states in the time-resolved datasets collected at 30°C are shown in (A), resembling the molecular 

kinetics of the turnover reaction.  
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