Using Computation to Predict Sites of Mutation on β-Lactamase Enzymes
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1. β-Lactamase Enzymes and β-Lactam Antibiotics
•
•

•

β-Lactamases are enzymes that hydrolyse βlactam antibiotics1.
They are the primary form of resistance
against β-lactam antibiotics
Introduction of novel β-lactam antibiotics to
the clinic is met with the emergence of new
β-lactamase variants active against such
agents.
The ability to predict mutations could
benefit the detection and monitoring of new
variants
and
foster
pre-emptive
developments of novel β-lactams and βlactamase inhibitors.
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D-NEMD simulations apply the Kubo-Onsager approach2,3,4: comparing a system
before and after a perturbation to identify a residue communication network
5x 250ns molecular dynamics simulations (physics-based simulation of atom
movements within e.g., a protein-ligand complex) of a β-lactamase with an active
site ligand bound were run. Then, at every 5ns checkpoint from 50ns to 250ns a
structure file was taken, and ligand atoms were deleted. A 5ns molecular dynamics
simulation of the perturbed system was then run.
The C⍺ positions from the final frame of this ‘perturbed’ system was compared to
the equivalent time point on the 250ns ‘unperturbed’ simulation
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Figure 2: A scheme showing the D-NEMD methodology used in this study. Structure files (black arrow) are dumped, and ligand atoms are deleted. 5ns
of MD simulation of this perturbed system are run (Blue arrow) and the resulting C⍺ positions are compared (Green dashed line) to the unperturbed
250ns MD simulation (Red arrow)

Cefotaxime

Km
Kcat/Km Kcat
(μM) (μM-1 s- (s-1)
1)

Km
(μM)

KPC-2 15.3

53.3

0.3

75.8

199.2 0.4

KPC
G89D

45.1

0.2

553.9 35.0

Steady-State Kinetics

10.8

Meropenem

Kcat/Km Kcat
(μM-1 s- (s-1)
1)
15.8

21.5

Km
Kcat/Km
(μM) (μM-1 s1)
7.14

0.0002 7.9

3.01
0.00003

Structural Characterisation
• There is almost perfect alignment between the apo KPC-2 (PDB ID 5UL8) and our solved KPC G89D
structures – the only difference is within the loop containing residue 89
• Circular dichroism shows the melting temperatures differ by just 1oC
• These data suggest the G89D mutation does not cause significant structural changes i.e., G89D mutation may
cause dynamical changes to the enzyme
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Figure 4: C⍺ RMSD plots 5ns after perturbation of KPC-2 rendered onto KPC-2 structure (PDB ID 6D16)

Figure 1: General structures of the 4 major classes of
clinically available β-lactam antibiotics

2. Dynamical Non-Equilibrium Molecular Dynamics
(D-NEMD)
•

180o

oxyiminocephalosporins

Aim
Use a computational technique, known as dynamical non-equilibrium
molecular dynamics (D-NEMD) to predict sites of mutation on βlactamase enzymes.

•

• We used D-NEMD simulations to identify the
communication networks in KPC-2 (left).
• Large C⍺ deviations were used to identify nodes in the
network e.g., Gly89
• We tested whether mutating this residue would affect the
activity of KPC-2,
• The β-lactamase database listed an uncharacterised G89D
mutation
• D-NEMD simulations of the G89D mutant show the
communication networks differ to the wild type enzyme
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4. D-NEMD Predicts an Activity Spectrum Changing Mutation in the Exemplar Class
A Carbapenemase KPC-2

Site of
Mutation
Figure 6: Aligned crystal structures of apo KPC-2 (cyan, PDB ID 5UL8) and KPC G89D (grey),
showing the active site and site of G89D mutation

Figure 5: Thermal melt curve of KPC-2 (Red) and KPC G89D (Blue) measured using circular dichroism

3. Communication Network Differences in SHV-1, SHV-2 and SHV-38 Correlate with Activity Differences
SHV-1

SHV-2

SHV-38

• Using D-NEMD simulations, we calculated the communication networks of three related β-lactamases: SHV-1 and
the non-active site single mutation variants SHV-2 (G238S) and SHV-38 (A146V)
• SHV-1, SHV-2 and SHV-38 show different activity spectrums5:
• SHV-1 is a narrow spectrum β-lactamase - active against penicillins and early-generation
oxyiminocephalosporins.
• SHV-2 is an extended spectrum β-lactamase (ESBL) – active against penicillins, early- and late-generation
oxyiminocephalosporins
• SHV-38 is a (feeble) carbapenemase – active against carbapenems and limited activity against penicillins and
early-generation oxyiminocephalosporins

Comparing Communication Networks between SHV-1, SHV-2 and SHV-38
• SHV-2 has the most dynamic communication network (A) - correlating with its extended spectrum
of activity compared to SHV-1 or SHV-38, suggesting that a more dynamic communication network
may promote an expanded activity profile.
• SHV-1 and SHV-38’s communication network is similar in how dynamic the response was, correlating
with their similar breadth of activity, but shows differences in the network's architecture. This
indicates that the architecture of the communication networks may help determine the types of
substrates that can be hydrolysed by these β-lactamases.
Figure 3: C⍺ RMSD plots 5ns after perturbation of SHV-1, SHV-2 and SHV-38 (A). C⍺ RMSD difference plots of (B) SHV-1 – SHV-2 (C) SHV-1 – SHV-38 (D) SHV-2 – SHV-38

5. Conclusions and Future Work
Conclusions
• D-NEMD simulations can identify communication networks in related β-lactamases and differences in these networks correlate with differences in activity
• Nodes on this communication network can be used to identify non-active site residues that may define the activity spectrum of β-lactamases
• D-NEMD simulations can be used to predict non-active site mutations in β-lactamases that affect activity
Future work
• How does G89D mutation affect the structure of the KPC G89D acyl-enzyme complex?
• Are inhibitor interactions are affected by the G89D mutation?
• How do the networks evolve over time after the perturbation? Does this provide further insight into key non-active site residues?
• Do the communication networks overlap with other networks calculation methods e.g., shortest pathway dynamical networks?
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