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Multiscale modelling for 
chemical biology 

• Many problems in biology 
are inherently multiscale

• E.g. drugs are typically small 
molecules

• Chemical change has 
macroscopic effects

• Multiscale methods couple 
together different levels of 
theory

Amaro and Mulholland, Nature Reviews Chemistry 2018
Vol. 2 | Article no. 0148 https://rdcu.be/LdBw
Jagger et al. Curr. Opin. Struct. Biol. 2020

https://rdcu.be/LdBw


Transition state analogues 
as enzyme inhibitors
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• AM1/ CHARMM   
QM/MM

• Suggests neutral 
histidine

Bash et al. Biochemistry 1991

Martin Karplus



QM/MM methods

Modelling enzyme catalytic 
mechanisms with QM/MM 

methods
Warshel & Karplus JACS 1972

Warshel & Levitt J. Mol. Biol. 1976
Field, Bash & Karplus J. Comp. Chem. 1990

Nobel Prize for Chemistry 2013: 
Karplus, Levitt & Warshel

Senn & Thiel Angewandte Chemie 2009
van der Kamp & Mulholland Biochemistry 2013



Combined ‘quantum mechanics/molecular 
mechanics’ (QM/MM) methods

• Small QM region (active site)
• MM for surrounding protein, solvent
• QM & MM regions interact – (van der Waals 

and electrostatic)
• QM atoms ‘feel’ MM atomic charges: i.e. the 

QM region is polarized by them
• ‘Ab initio’, DFT or more approximate 

semiempirical QM  

QM MM 

Boundary 

A practical guide to modelling 
enzyme-catalysed reactions 

https://doi.org/10.1039/C2CS15297E


QM/MM partitioning

• ‘Link’ H-atom added to satisfy QM atom valence 
when QM/MM border is across a bond

• MM bonded energy terms (e.g. bond stretching 
etc.) included when at least 1 MM atom is involved
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Some early applications of QM/MM in CHARMM
• Citrate synthase (Mulholland & Karplus, Biochem Soc Trans 1996; Mulholland 

& Richards, Proteins 1997; Mulholland, Lyne and Karplus, JACS 2000)

• Chorismate mutase (Lyne et al., JACS 1995)

• DNA cross-linking (Elcock et al., JACS 1995)

• para-hydroxybenzoate hydroxylase (Ridder et al., JACS 1998)



Comparison with experiment
• Can we discriminate between alternative 

possible mechanisms? 
• Test by comparison with experiment
• E.g. simple transition state theory, 

dynamical contributions to rate contained 
in transmission coefficient, k
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Consistency with 
experimental rates 
(e.g. agree within 
10kcal/mol? 5?)

Claeyssens et al. Angewandte 2006 Glowacki et al. Nature Chemistry 2012

https://doi.org/10.1002/anie.200602711
https://doi.org/10.1038/nchem.1244


Correlation of QM/MM energy barriers with 
experimental kcat for phenol hydroxylase

• Symmetrical phenols • All phenols
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Citrate synthase Ab initio QM/MM calculations 
predict arginine as an acid

High-level QM/MM modelling predicts an arginine 
as the acid in the condensation reaction catalysed 
by citrate synthase
van der Kamp et al. Chem Commun. 1874-6 (2008) 
doi: 10.1039/b800496j

https://pubmed.ncbi.nlm.nih.gov/18401503/


Arginine as the acid for citryl-CoA 
formation in citrate synthase?

• Experimental ∆‡G ≈ 15 kcal/mol)
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Testing QM/MM: chorismate mutase (CM) 
and p-hydroxybenzoate hydroxylase 

(PHBH)
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Claeyssens et al. Angewandte 2006

https://doi.org/10.1002/anie.200602711


QM/MM activation enthalpies Δ‡H
for CM and PHBH (kcal/mol) 

Method CM PHBH
Hartree-Fock 28.3  (2.1) 36.7  (2.6)
B3LYP 10.2  (1.8) 8.4  (1.4)
LMP2 9.5  (1.0) 10.7  (1.2)
LCCSD(T0) 13.1  (1.1) 13.3  (1.5)
Experiment 12.7 12.0

Activation enthalpies from averages of energy differences from single-point QM/MM 
calculations for the reactant complex and the TS on different adiabatic pathways. aug-

cc-pVTZ basis used on oxygen and cc-pVTZ on all other atoms, and a point-charge 
representation of the MM environment was included in the QM calculations 



Calculating activation free energies
• Molecular dynamics simulations at low 

QM/MM levels (e.g. AM1, SCC-DFTB) 

• Entropic contributions from difference 
between activation free energy and mean 
activation enthalpy at low QM/MM level

• For CM, entropic contribution (300K) is 2.5 
kcal/mol (experiment gives 2.7 kcal/mol)

• PHBH activation free energy = 13.7 
kcal/mol (experiment gives 14-15 kcal/mol)

Claeyssens et al. Angewandte 2006

https://doi.org/10.1002/anie.200602711


Implications
• High-level QM/MM gives near-

quantitative activation enthalpies and 
free energies for CM and PHBH

• ‘Chemically accurate’ QM/MM 
calculations of activation energies in 
best cases

• Agreement with experiment shows 
transition state theory works well

• Allows reliable predictions of reaction 
mechanisms in enzymes 

https://doi.org/10.1186/1752-153X-1-19


Transition 
state 

stabilization 
in enzyme 
catalysis

(TS in para-
hydroxybenzoate 
hydroxylase)

Claeyssens et al. 
Angewandte 2006

Ridder et al. 1999
Ridder et al. 2003

https://doi.org/10.1002/anie.200602711
https://doi.org/10.1016/S1093-3263(99)00027-3
https://doi.org/10.1021/jp026213n


Chorismate mutase: catalytic field

•Electrostatic interactions stabilize TS
•Charged residues positioned to stabilize TS

Szefczyk et al. 
JACS 2004

https://doi.org/10.1021/ja049376t


Chorismate mutase TS stabilization: 
B3LYP/6-31G(d)-CHARMM (for 

multiple pathways sampled from 
AM1/MM MD)
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Correlation of barrier with TS stabilization
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https://doi.org/10.1039/C0OB00691B


Analysing catalysis: reaction in enzyme 
versus same reaction in water

Reaction in 
chorismate mutase 
enzyme: barrier = 
12.0 ±1.7 kcal/mol

Reaction in water: 
barrier = 17.7 ±1.9
kcal/mol

(B3LYP/MM QM/MM 
potential energy 
barriers)

Experimental ∆∆‡G = 9.1 
(∆∆‡H = 8) kcal/mol Ranaghan et al. Org. Biomol. Chem. 2011

https://doi.org/10.1039/C0OB00691B


TS stabilization: reaction in 
enzyme versus reaction in water
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Chorismate mutase: catalysis is due 
to a combination of TS stabilization 

and conformational effects 
• Experimental ∆∆‡G = 9.1 (∆∆‡H = 8) kcal/mol
• Better TS stabilization in enzyme than in water (4.2 

kcal/mol vs 1.3 kcal/mol) = 2.9 kcal/mol
• Substrate compression/strain contributes 2.2 

kcal/mol (positioning of carboxylates); + 0.6 kcal/mol 
(shorter C-C distance)

• Binding of reactive pseudo-diaxial conformation 
contributes ~1.5-3 kcal/mol (from QM/MM MD FEP)

• All these effects are probably due to TS 
complementarity 



Large scale QM calculations on chorismate mutase: 
excellent agreement of QM and QM/MM

• 2000 QM atoms (ONETEP)
• Full TS optimization
Lever et al. JPC Lett. (2014)

https://doi.org/10.1021/jz5018703


QM/MM with projector embedding:
citrate synthase, CCSD(T):DFT/MM 

• Citrate synthase forms citric acid via an enolate intermediate
• Proton abstraction from  acetyl-CoA by Asp375
• Structures from B3LYP/6-31+G(d)/CHARMM27 QM/MM
• Projector-based embedding: Molpro
Bennie et al. JCTC 2016; Zhang et al. Royal Society Open Science 2018

MM

QM

DFT

CCSD(T)



QM/MM with projector embedding: 
citrate synthase, CCSD(T):DFT/MM

Embedding removes DFT/HF variation of of ~20 kcal mol-1 for the 
reaction barrier and ~6 kcal mol-1 for the reaction energy
B: 0.0001 truncation threshold (62% of the environment)
C: 0.001 truncation threshold (40% of the environment)

Bennie et al. 
JCTC 2016



Testing QM/MM: chorismate mutase

DFT/aug-cc-pVDZ//B3LYP/6-
31G(d)/CHARMM27 QM/MM 
theory, using PBE, BH&HLYP, 
MO6, M06-2X, M06-L and B3LYP 

Projector-based embedding profiles 
SCS-MP2-in-DFT/aug-cc-pVDZ// 

B3LYP/6-31G(d)/CHARMM27 level 
of QM/MM theory

Ranaghan et al.
J. Chem. Inf. Model. 2019

https://doi.org/10.1021/acs.jcim.8b00940
https://doi.org/10.1021/acs.jcim.8b00940


DFT/aug-cc-pVDZ//B3LYP/6-
31G(d)/CHARMM27 QM/MM 
theory, using PBE, BH&HLYP, 
MO6, M06-2X, M06-L and B3LYP 

Ab initio projector-based embedding 
SCS-MP2-in-DFT/aug-cc-pVDZ// 

B3LYP/6-31G(d)/CHARMM27 level of 
QM/MM theory

Projector-based embedding eliminates 
density functional dependence in DFT 
QM/MM calculations: chorismate mutase

Ab initio in DFT/MM

Ranaghan et al.
J. Chem. Inf. Model. 2019

https://doi.org/10.1021/acs.jcim.8b00940
https://doi.org/10.1021/acs.jcim.8b00940


Testing QM/MM: chorismate-
prephenate reaction in solution

No. of QM 
water 

molecules

D‡V / 
kcal/mol

DrV / 
kcal/mol

0 19.6 -14.1
1 20.0 -13.9
2 19.5 -12.9
5 19.6 -12.7
7 19.0 -13.3

10 17.8 -14.4
11 17.4 -13.9
14 17.0 -14.4
16 17.7 -14.7

• Potential energy 
barriers (D‡V) and 
reaction energies for 
uncatalyzed reaction 
in water 

• B3LYP/6-
31G(d)/CHARMM27 
QM/MM 

• Varying no. of water 
molecules treated QM

Ranaghan et al.
J. Chem. Inf. Model. 2019

https://doi.org/10.1021/acs.jcim.8b00940
https://doi.org/10.1021/acs.jcim.8b00940


Testing QM/MM: chorismate-prephenate 
reaction in solution, projector-based 
embedding

Projector-based 
embedding SCS-
MP2 in B3LYP, 
QM/MM with 
different 
numbers of DFT 
water molecules 
(cc-pVDZ basis) 

Ranaghan et al.
J. Chem. Inf. Model. 2019

https://doi.org/10.1021/acs.jcim.8b00940
https://doi.org/10.1021/acs.jcim.8b00940


Ribulose 1,5-bisphosphate 
carboxylase-oxygenase (RuBisCO)

• Projector-based 
embedding QM/MM 
removes dependence 
on DFT functional

• MP2, SCS-MP2, CCSD, 
and CCSD(T)/aug-cc-
pVDZ and cc-pVDZ

Douglas-Gallardo et al.
J. Comput. Chem. 2020

https://doi.org/10.1002/jcc.26380
https://doi.org/10.1002/jcc.26380


Predicting reactivity and selectivity

A + B

C + D

AB

E0

k = kBT
h

× e
−ΔG‡

kBT

• Explore alternative mechanisms

• Rationalize substituent effects

Reactants

Products A Products B

DDG‡

Yield A / Yield B =
exp(–ΔΔG‡/RT)

Harvey et al. JPOC 2006

https://doi.org/10.1002/poc.1030


‘Lethal synthesis’ 
of fluorocitrate by 
citrate synthase

• (2R,3R)-fluorocitrate  
formed predominantly 
from fluoroacetyl-CoA

• This enantiomer inhibits 
aconitase

• Responsible for the lethal 
toxicity of fluoroacetate

• Minor product, (2R,3S)-
fluorocitrate, is 2-3% i.e. 
∆∆‡G = 2.1-2.3 kcal mol−1



QM/MM calculations reproduce observed 
stereospecificity of ‘lethal synthesis’

SCS-MP2/AVDZ//B3LYP/6-31+G(d)/CHARMM27 
energy profiles for formation of E- (▲) and Z- (□) 

enolates from fluoroacetyl-CoA in CS. Average profiles 
from 5 different enzyme-substrate conformations

∆∆Eact ∆∆Ereact
1.8 ± 0.3 2.1 ± 0.4

Van der Kamp et al. Angewandte
Chemie (2011); Zhang et al. 

Royal Soc.Open Science (2018) 



Alkene oxidation in bacterial P450s

Propene – epoxidation only

20-Dec-20 Prediction of Enzyme Selectivity by 
QM/MM Modelling
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Cyclohexene – epoxidation and hydroxylation observed

OP450cam

O

OH

P450LM2
+

2 1

Lonsdale, Harvey, Mulholland, J. Phys. Chem. B, 2010; J. Phys. Chem. Lett. 2010, JCTC 2011 



Mechanisms

20-Dec-20 Prediction of Enzyme Selectivity by 
QM/MM Modelling

38

Fe(IV)

S

O

Cys

Fe(IV)

S

O

Cys

Fe(III)

S

O

Cys

R R

Fe(III)

S

O

Cys

H HR

+ H2O

O

R
-

C–O bond
formation

Ring
closure

Epoxidation

Fe(IV)

O

S

R H

S

R

Fe(III)

S

R OH

Fe

S

O
R H

Fe

O
H

Hydrogen 
Abstraction

Radical 
Recombination

Hydroxylation



Alkene oxidation in bacterial P450s 
Relating to experiments: what should 

we expect to find?

20-Dec-20 Prediction of Enzyme Selectivity by 
QM/MM Modelling
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• Lower barrier for epoxidation of propene
• Approximately equal barriers for hydroxylation 

and epoxidation of cyclohexene



P450cam Alkene oxidation: QM/MM 
calculations

20-Dec-20 Prediction of Enzyme Selectivity by 
QM/MM Modelling
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• QM region:
– Compound I + substrate
– B3LYP/6-31G** and LACVP 

(Jaguar) for QM/MM 
optimization

– B3LYP and BP86 single point 
QM/MM calculations using the 
LACV3P basis set for iron, with 
6-311G* and 6-311G**

– Focus on quartet state
• MM region:

– 25Å radius sphere of protein + 
water

– CHARMM27 (Tinker)
• QM/MM optimization

– QoMMMa interface
– QM region polarized by MM 

atoms



Molecular dynamics simulations

20-Dec-20 Prediction of Enzyme Selectivity by 
QM/MM Modelling
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Free tumbling of substrate in active site found for both substrates

cyclohexenepropene
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Reaction modelling

20-Dec-20 Prediction of Enzyme Selectivity by 
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P450 alkene epoxidation versus hydroxylation: 
need for conformational sampling

20-Dec-20 Prediction of Enzyme Selectivity by 
QM/MM Modelling
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ΔH‡
E = 12.5 kcal/mol ΔH‡

E = 20.2 kcal/mol

• Substrates move and tumble freely in the active site
• Large variation in energy barrier depending on 

substrate orientation



Predicting selectivity for hydroxylation vs. 
epoxidation: need for conformational sampling

ΔΔH‡ = ΔHE
‡ - ΔHH

‡ Cyclohexene Propene
Experiment (est.) –0.5 –2.3

Cohen et al.1 +7.6a +1.4a

This work2 +1.5b +0.3b

20-Dec-20 Prediction of Enzyme Selectivity by 
QM/MM Modelling

44

Energies in kcal/mola LACVP (Fe), 6-31G (all other atoms)  
b LACV3P (Fe), 6-311G* (all other atoms)

Barriers for this work are Boltzmann-weighted averages from a minimum of 6 
snapshots

1. Cohen et al., J. Am. Chem. Soc., 2006, 128, 11028
2. Lonsdale et al. J. Phys. Chem. B 2010, 114, 1156



Dispersion correction improves agreement with 
experiment for P450 alkene oxidation

• B3LYP-D calculated ∆∆E‡ values are within 3 kcal/mol of the 
experimental values for both substrates.

∆∆E‡ = ∆EE
‡ - ∆EH

‡ cyclohexene propene

experiment −0.5 −2.3 (upper bound 
estimate)

B3LYP/BS2//B3LYP +3.1 +1.8
B3LYP-D/BS2//B3LYP-D −0.4 +0.4



Alkene oxidation in bacterial P450s

Improvement over previous calculations for cyclohexene

• Better agreement with experiment (to within error of 
DFT/QMMM method (“~3 kcal/mol?”)?)

• B3LYP consistently underestimates hydroxylation 
barriers, compared to epoxidation; need dispersion

Large variation in barriers – dependence on geometry

• This is despite pre-screening starting geometries
• Conformational sampling must be included by using 

multiple starting geometries – the more the better

20-Dec-20 Prediction of Enzyme Selectivity by 
QM/MM Modelling

46



Drug metabolism by cytochrome P450 
enzymes

• A small number of P450 
isoforms metabolise
most drugs 

• Catalyse a variety of 
reactions
– E.g. hydroxylation, 

epoxidation, N/O-
dealkyation

• Increases solubility
– aids removal by kidneys

• Toxic products formed 
with some drugs
– e.g. paracetamol



Modelling drug metabolism in 2C9
diclofenac ibuprofen warfarin

major product product in 
CYP3A4

major 
products minor product

major product minor product



Ibuprofen

• Correct preference for C3 
hydrogen abstraction

green = C2 transition state
orange = C3 transition state

Lonsdale, Houghton, Zurek, Foloppe, de Groot, Harvey, Mulholland, JACS, 2013, 135, 8001

[kcal/mol] C3 C2
ΔE‡ (Boltzmann average) 19.2 26.5



Warfarin

• Correct preference for C7 
C-O bond formation

Lonsdale, Houghton, Zurek, Foloppe, de Groot, Harvey, Mulholland, JACS, 2013, 135, 8001

green = C6 transition state
orange = C7 transition state

[kcal/mol] C7 C6
ΔE‡ (Boltzmann average) 15.1 22.4



Diclofenac

Lonsdale, Houghton, Zurek, Foloppe, de Groot, Harvey, Mulholland, JACS, 2013, 135, 8001

• Incorrect preference for C5 
C-O bond formation

• Different binding 
orientations required

green = C4’ transition state
orange = C5 transition state

[kcal/mol] C4’ C5
ΔE‡ (Boltzmann average) 17.8 12.1



Conformational effects in catalysis:
Fatty Acid Amide Hydrolase (FAAH)

Inactivates neuromodulatory fatty acid amides:
• Anandamide, endogenous cannabinoid involved 

in the regulation of pain and anxiety
• Oleamide (‘sleep-inducing substance’)
• Unusual Ser-Ser-Lys catalytic triad



Fatty acid amide hydrolase: reactive 
and unreactive conformations

Snapshot O1-C
(Å)

H1-O2
(Å)

N1-H2
(Å)

N1-O1
(Å)

PM3/MM
kcal/mol

B3LYP/MM
kcal/mol

1 2.679 1.816 1.752 4.668 43 28

2 2.705 1.807 1.791 4.660 49 32

3 2.613 1.816 1.757 4.510 53 30

4 2.795 1.758 1.762 4.097 36 18

PM3/CHARMM22: CHARMM; B3LYP/CHARMM22: Jaguar/Tinker



Analysis of QM/MM profiles in FAAH 
identifies ‘families’ of reactive conformations

• PCA, PLS and MLR analysis
• Lodola et al JCTC 2010



FAAH: reactive and unreactive 
conformations 

Active conformation-
white carbons; inactive 
conformation-
orange carbons

Lys142

Ser217
Ser241

Oxyanion hole

Substrate dihedral angle 
changes from 180° to –90°.

Conformational effects in enzyme catalysis: 
reaction via a high energy conformation in fatty 
acid amide hydrolase Lodola et al. Biophys J. 2007
Structural Fluctuations in Enzyme-Catalyzed 
Reactions: Determinants of Reactivity in Fatty Acid 
Amide Hydrolase from Multivariate Statistical 
Analysis of Quantum Mechanics/Molecular 
Mechanics Paths Lodola et al. J Chem Theory 
Comput. 2010
Computational enzymology Lodola & Mulholland 
Methods Mol Biol. 2013

https://pubmed.ncbi.nlm.nih.gov/17098788/
https://pubmed.ncbi.nlm.nih.gov/26616091/
https://pubmed.ncbi.nlm.nih.gov/23034746/
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FAAH: reactive conformation ~3 kcal/mol above 
ground state

Lys142  N1 Ser241 O1 Distance Distribution 
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1 ns stochastic boundary MD; (umbrella sampling gives similar result)

DG = − ln (N1/N0)*2.479/4.184

-cooperative fluctuations at active site
-important for selectivity?



FAAH: Conformer populations

Lys142  N1 Ser241 O1 Distance Distribution 
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Populations from MD

Reactive conformation is ~3 kcal/mol higher
(umbrella sampling gives similar result)

DG = − ln (N1/N0)*2.479/4.184



Fatty acid amide hydrolase: QM/MM 
identifies covalent inhibitor binding mode

Thr488

Leu192

Ser241 Ser241

Gln273

Leu380

A B

QM/MM prediction (Lodola et al Chem Commun 2008) validated 
by subsequent crystal structure (Mileni et al. J. Mol. Biol. 2010) 



QM/MM modelling suggests inhibitors 
of the SARS-CoV-2 main protease

• Main protease is a potential drug target for COVID-19
• QM/MM simulations identify mechanism of reaction of N3 

covalent inhibitor, and suggest chemical modifications to 
tune reversibility of inhibition  

Arafet et al. Chemical Science in press 2021
https://doi.org/10.1039/D0SC06195F

https://doi.org/10.1039/D0SC06195F


Experiments: John Hung, Wilfred van der Donk, UIUC, 
Ranaghan et al., Chemical Science (2014)

Transition state stabilization by 
methionine: phosphite dehydrogenase 

• Methionine stabilizes TS 
for hydride transfer by 
interaction with histidine

• Potentially wide 
importance (since found 
in PDB and CSD)

TS from AM1/CHARMM27 QM/MM MD



A novel role for methionine in catalysis
• Methionine not previously thought to be 

involved in enzyme catalysis
• QM/MM simulations of phosphite

dehydrogenase identified interaction
• Tested by experiments: natural and non-

natural amino acid mutants (e.g. Nle, 
SeMet)

• Met53 mutation affects kcat, not KM
• Methionine stabilizes transition state

Ranaghan et al, Chemical Science (2014)



Quantum tunnelling in enzyme reactions: 
aromatic amine dehydrogenase

• Experimental KIE = 55
• Calculated KIE (kH/kD) = 30-58
• Expt. D‡G = 12.7 kcal/mol
• Calculated D‡G = 9.4-11.3 

kcal/mol (VTST/SCT QM/MM 
PM3(corrected)/CHARMM 
using CHARMMRATE)

• Tunnelling reduces barrier by 
~3 kcal/mol

OT

NT

TRP90

HNT

C CH2

N

HNW

H

C

OD2
OD1

ASP58

Masgrau et al. Science 2006; J. Phys. Chem. B 2007; Ranaghan et al. J Phys Chem B. 2017

https://science.sciencemag.org/content/312/5771/237
https://doi.org/10.1021/jp067898k
https://doi.org/10.1021/acs.jpcb.7b06892


Antibiotic resistance



Carbapenem resistant enterobacteria: resistance 
to ‘last resort’ antibiotics



QM/MM modelling of antibiotic breakdown 
in E. coli TEM1 b-lactamase

Hermann et al. 
JACS 2003, 
JACS 2005, 
OBC 2006, 
JPCA 2009 
https://www.yo
utube.com/wat
ch?v=FRsjMm
4eop4

Class A 
b-lactamase

https://www.youtube.com/watch?v=FRsjMm4eop4
https://www.youtube.com/watch?v=FRsjMm4eop4


Reaction [% complete]

TI

TS

AC

QM/MM ‘assay’ for carbapenem breakdown?
• Follow processes in rate-limiting step with QM/MM MD1

∆G [kcal/mol]

∆G‡ = 9.36

1 EI Chudyk, MAL Limb, C Jones, J Spencer, MW van der Kamp,
AJ Mulholland (2014) Chem Comm 50: 14736



A ‘computational assay’ for carbapenemases: 
QM/MM MD simulations of deacylation

enzyme kcat
(s−1)

ΔG‡calc (kcal/mol)

Full MEP-20 MEP-2
BlaC 1.7 x 10-3 17.9 (0.1) 17.6 (2.3) 21.8 (1.8)
CTX-M 4.2 x 10-3 18.9 (1.1) 17.3 (1.9) 20.3 (3.5)
SHV-1 1.3 x 10-3 17.0 (0.4) 18.0 (0.7) 20.8 (1.0)
TEM-1 2.3 x 10-3 17.1 (0.4) 16.4 (1.4) 20.6 (1.3)
KPC-2 3.6 10.5 (0.9) 10.5 (1.9) 11.1 (2.3)
NMC-A 12.0 7.5 (0.4) 7.5 (1.7) 10.5 (1.3)
SFC-1 6.5 10.9 (0.9) 8.7 (1.1) 11.5 (0.8)
SME-1 3.2 10.3 (2.8) 10.7 (2.9) 12.9 (0.5)

• QM/MM assays may help predict effects of 
mutations and in design of future antibiotics

Δ
G
‡ c
al
c

(k
ca

l/m
ol

)

ΔG‡exp (kcal/mol)
Time for 1 ΔG‡calc ~20 days

Hirvonen, Spencer, van der Kamp et al. 
J. Chem. Inf. Model. 2019

Each enzyme repeated 3 times
SCC-DFTB QM/MM MD

38 hrs <4 hrs

https://doi.org/10.1021/acs.jcim.9b00442
https://doi.org/10.1021/acs.jcim.9b00442


QM/MM modelling reveals origins of 
differences in antibiotic breakdown enzymes 

• Class D b-lactamases
• QM/MM MD simulations 

reproduce differences in 
barriers between enzymes

• Small differences in active 
site hydration determine 
activity against 
cephalosporins 

Hirvonen, Mulholland, Spencer, van der Kamp
ACS Catalysis 2020

https://doi.org/10.1021/acscatal.0c00596
https://doi.org/10.1021/acscatal.0c00596


Ketosteroid isomerase (KSI)
• Highly efficient catalyst: reaction rate near diffusion limit
• Catalyses isomerization of 3-oxo-Δ5-steroids to 3-oxo-Δ4-steroids

[1] Feierberg (2002) Biochem 41: 15728; Chakravorty (2009) 
Biochem 48: 10608; Kamerlin (2010) PNAS 107: 4075.
[2] Mazumder (2003) JACS 125: 7553.

• Popular model system for enzyme catalysis
• EVB modelling indicates catalysis is mainly electrostatic1

• MM MD studies suggest intermediate more desolvated2



KSI: QM/MM reaction modelling
• Run (short) AM1/CHARMM27 MD with intermediate state
• Calculate potential barriers for proton transfers along reaction 

coordinate

Reaction coordinate1:
PT = dOH − dCH

MMQM
Asp38

Van der Kamp, Chaudret, Mulholland (2013) FEBS J. 
doi: 10.1111/febs.12158

https://doi.org/10.1111/febs.12158
https://doi.org/10.1111/febs.12158


KSI: QM/MM potential energy profiles for reaction
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• Barriers in line with experiment (diffusion-limited reaction)
• For first step, AM1 is similar to SCS-MP2/aug-cc-pVDZ
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Van der Kamp, Chaudret, Mulholland (2013) FEBS J. 
doi: 10.1111/febs.12158

https://doi.org/10.1111/febs.12158
https://doi.org/10.1111/febs.12158


KSI: structures during reaction

PT1 PT2

• Change required between PT1 and PT2 is small and sampled in 
QM/MM MD (AM1/CHARMM)

Van der Kamp, Chaudret, Mulholland (2013) FEBS J. 
doi: 10.1111/febs.12158

https://doi.org/10.1111/febs.12158
https://doi.org/10.1111/febs.12158


KSI: (de)solvation of Asp38

• Strong dependence of free energy on starting structure in 
QM/MM umbrella sampling MD: not converged

• AM1 QM/MM MD: 1 H2O around Asp38 in intermediate state, up 
to 4xH2O in reactant or product state

Asp38

Van der Kamp, Chaudret, Mulholland (2013) FEBS J. 
doi: 10.1111/febs.12158

https://doi.org/10.1111/febs.12158
https://doi.org/10.1111/febs.12158


Van der Kamp, Chaudret, Mulholland (2013) FEBS J. 
doi: 10.1111/febs.12158

• The more hydrated Asp38 becomes, the higher the barrier 
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KSI: Asp38 desolvation is crucial for catalysis

https://doi.org/10.1111/febs.12158
https://doi.org/10.1111/febs.12158


Van der Kamp, Chaudret, Mulholland (2013) FEBS J. 
doi: 10.1111/febs.12158

• QM barrier (gasphase) and TS structure similar throughout
• Electrostatic interactions with MM region affect barrier
• Water is ‘squeezed’ out so that efficient reaction can occur
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Conformational changes and 
catalysis: loop motion in TIM

• Effective 
catalysis 
requires full
closure of 
loop 6 (Q > 
0.99)

• Desolvation 
of Glu165 
raises pKa

Liao et al. J. Am. Chem. Soc. 
140 15889–15903 (2018)

EVB simulations on structures from BE-metaD

https://doi.org/10.1021/jacs.8b09378
https://doi.org/10.1021/jacs.8b09378


Multiscale analysis of drug resistance:
Osimertinib and mutant epidermal growth 
factor receptor (EGFR)

• Osimertinib: AstraZeneca treatment for non-small cell lung 
cancer, approved 2017

• Third generation EGFR tyrosine kinase receptor
• Covalent inhibitor: alkylates Cys797 
• Targets T790M mutant EGFR
• Most patients respond well, but drug resistance appears in 

around a year
• L718Q resistant mutant; origins of resistance not clear
• QM/MM umbrella sampling of reactivity; WaterSwap 

binding affinity predictions; MM metadynamics

Callegari et al. Chemical Science 2018

https://doi.org/10.1039/C7SC04761D


EGFR/osimertinib: impact of L718Q mutation on reactivity

• Mechanism of EGFR Cys797 alkylation modelled by QM/MM
• Cys797 modelled as thiolate (pKaexp = 5.5)
• Asp800  involved in the protonation of acrylamide Ca

• Direct addition taken as likely mechanism
• Reaction modelled for two complexes 

• EGFR T790M (osimertinib sensitive)
• EGFR T790M/L718Q  (osimertinib resistant)  
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SCC-DFTB/AMBER99SB QM/MM umbrella sampling 

Callegari et al. Chemical Science 2018

https://doi.org/10.1039/C7SC04761D


QM/MM free energy surface for EGFR Cys797 
alkylation by Osimertinib

T790M T790M/L718Q

SCC-DFTB/AMBER99SB QM/MM with umbrella sampling 

• L718Q mutation does not affect
• Activation barrier (DA* = 9 kcal/mol) for sensitive and resistant EGFR mutant
• Reaction energy (DA = -10 kcal/mol) for sensitive and resistant EGFR mutant

Callegari et al. Chemical Science 2018

https://doi.org/10.1039/C7SC04761D


Drug resistance in EGFR: Reactive vs non-reactive 
conformations from molecular dynamics

T790M T790M/L718Q

Reactive conformation is 
the global minimum
Sensitive to Osimertinib

Non-Reactive conformation is global minimum
Resistant to Osimertinib

Reactive conformation is no longer  a 
minimum for T790M/L718Q mutant 

Callegari et al. Chemical Science 2018



QM/MM methods for predicting 
protein-ligand binding affinities

Predict relative binding affinities through 
QM/MM free energy simulations



Free energy calculations to test 
QM/MM interactions 

• Software: SIRE with Molpro

• Free energy Monte Carlo simulations (60 M steps) using 
ab initio QM (MP2/AVDZ) in 2 days

• Free energy changes from replica exchange 
thermodynamic integration (RETI) over a λ coordinate

• Calculate DG for QM to MM perturbation
• QuantoMM app: https://siremol.org/pages/apps/quantomm.html

C.J. Woods et al., J. Chem. Phys., 2008, 128, 014109

K.E. Shaw et al., J. Phys. Chem. Letters, 2010, 1

https://siremol.org/pages/apps/quantomm.html


QM/MM testing of water models
Perturbation QM Method DG

QM → TIP3P
BLYP 0.5 (± 0.3)

HF 3.3 (± 0.5)
MP2 1.7 (± 0.4)

QM → TIPS3P
BLYP 0.5 (± 0.3)

HF 2.7 (± 0.4)
MP2 1.5 (± 0.5)

QM → TIP4P
BLYP 0.0 (± 0.3)

HF 2.4 (± 0.2)
MP2 1.2 (± 0.2)

QM → TIP5P
BLYP 10.4 (± 1.9)

HF 12.7 (± 1.8)
MP2 11.8 (± 1.9)

K.E. Shaw et al., J. Phys. Chem. Letters, 2010, 1

•TIP5P not suitable for QM/MM; TIP4P better than TIP3P
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PDB 
structure Water ∆Gpert

HF
∆G pert 
BLYP

Wat A
1f8c 2.0±0.2 1.1±0.2

1mwe 0.9±0.2 0.5±0.2
2qwj 0.7±0.2 0.6±0.2
2qwk 1.0±0.2 0.7±0.2

Wat B
1mwe 2.0±0.2 0.7±0.2
2qwj 1.8±0.2 1.2±0.2
2qwk 2.7±0.2 1.5±0.1

1lf7 3.7±0.2 2.9±0.2

QM/MM calculations of binding affinity 
show importance of polarization

• QM to TIP4P 
perturbation for 
bound water 
molecules

• Flu Neuraminidase
• Compare to ΔG

(BLYP→TIP4P) in 
bulk water of 0.0 
(± 0.3 kcal.mol-1)

Shaw et al. JPC Lett (2014)



Binding kinetics: Imatinib binding to c-Src

Federico Comitani, Giorgio Saladino, Francesco Gervasio, UCL; JCTC 2018

o Free energy profile for binding from well- tempered 
ensemble parallel tempering metadynamics using 
optimal path collective variable, atomistic MM MD

https://doi.org/10.1021/acs.jctc.8b00687


Imatinib/c-Src: 
QM/MM for drug (un)binding

• Ligand is treated QM: BLYP/VDZ
• Replica Exchage Thermodynamic Integration 

(RETI) Metropolis-Hastings Monte Carlo using 
Sire (www.siremol.org ); 8λ values

Minimum QM/MM→MM 
correction 
(kcal/mol) 

Charge Swap*
HF/6

A 2.3
C 2.4

TS 3.9
Unbound 4.7Haldar et al. JCTC 2018

http://www.siremol.org/
https://doi.org/10.1021/acs.jctc.8b00687


Interactive MD in VR for teaching

Bennie et al. 
J. Chem. Ed. 2019

iMD-VR is effective and 
intuitive to teach and learn: 
• Structure and dynamics
• Chemical reactivity
• Reaction discovery
• Catalysis
• Materials
• Drug docking
Immersive, multiuser 
environment for 
demonstration

https://doi.org/10.1021/acs.jchemed.9b00181
https://doi.org/10.1021/acs.jchemed.9b00181


Teaching enzyme catalysis using 
interactive molecular dynamics in 
virtual reality

Bennie et al. J. Chem. Ed. 2019

Claisen rearrangement via 
interactive DFT 

Substrate docking in chorismate
mutase via interactive MD

• Students found VR more engaging 
• VR improved their perceived educational outcomes

https://vimeo.com/320188113

https://doi.org/10.1021/acs.jchemed.9b00181


Interactive docking with 
iMD-VR correctly 
predicts enzyme-ligand 
complexes

Benzamidine/trypsin

Oseltamivir/neuraminidase

HIV-1 protease/ amprenavir

Oseltamivir/neuraminidase

Deeks et al.
PLoS One 2020

https://doi.org/10.1371/journal.pone.0228461
https://doi.org/10.1371/journal.pone.0228461


Interactive Molecular Dynamics in 
Virtual Reality Is an Effective Tool for 
Flexible Substrate and Inhibitor Docking 
to the SARS-CoV-2 Main Protease

Deeks et al. 
JCIM 2020

https://doi.org/10.1021/acs.jcim.0c01030


Interactive simulation in VR O’Connor et al. J. 
Chem. Phys. (2019)

Video Index URL Description Force Engine

Video 1 vimeo.com/244670465

Multi-person demo showing:8
(a) C60 being passed back and forth;
(a) CH4 transit through a nanotube;
(b) helicene changing from right to left-handed twist;
(c) 17-ALA peptide being tied in a knot

(a) MM340

(b) MM340

(c) MM340

(d) OpenMM41

Video 2 vimeo.com/305459472 Illustrating the iMD-VR selection interface with 
Cyclophilin A

OpenMM41

Video 3 vimeo.com/315239519 Narupa secondary structure visualization demo of 
neuraminidase (PDB 3TI6)

OpenMM41

Video 4 vimeo.com/315218999 Reactive & non-reactive OH + CH4 scattering DFTB+42

Video 5 vimeo.com/311438872 Exploring reactive PESs for CN + isobutane for NN 
fitting using interactive ab initio quantum chemistry13

SCINE43

Video 6 vimeo.com/312963823 On-the-fly reaction discovery for OH + propyne 
using interactive ab initio quantum chemistry

SCINE43

Video 7 vimeo.com/306778545 Reversible Loop Dynamics in Cyclophilin A OpenMM41

Video 8 vimeo.com/274862765 Using the Narupa-OpenMM plugin to dock 
benzamindine with trypsin

OpenMM41

Video 9 vimeo.com/296300796 Using the Narupa-OpenMM plugin to dock 
oseltamivir with neuraminidase

OpenMM41

Video 10 vimeo.com/312957045 Guiding 2-methyl-hexane through a ZSM-5 zeolite 
using the Narupa-PLUMED interface

PLUMED/DL_POLY44, 45

Video 11 vimeo.com/312994336 Real-time sonification of a biomolecule’s potential 
energy illustrated by tying a knot in 17-ALA peptide

OpenMM41

Video 12 vimeo.com/305823646 Use of our custom Extextile VR gloves to tie a knot 
in 17-ALA peptide46

OpenMM41

https://doi.org/10.1063/1.5092590
https://vimeo.com/244670465
https://vimeo.com/305459472
https://vimeo.com/315239519
https://vimeo.com/315218999
http://www.vimeo.com/311438872
https://vimeo.com/312963823
https://vimeo.com/306778545
https://vimeo.com/274862765
https://vimeo.com/296300796
https://vimeo.com/312994336
https://vimeo.com/305823646


CCP-BioSim: the UK 
Collaborative Computational 
Project on Biomolecular Simulation 

• BioSimSpace: interoperability of different simulation 
packages (biosimspace.org – tutorials etc) 
• 4th Conference on Multiscale Modelling Manchester 
Mar 29th-31st 2021 (with CCP5)

www.ccpbiosim.ac.uk

http://www.ccpbiosim.ac.uk/events/eventdetail/123/-/4th-conference-on-multiscale-modelling-of-condensed-phase-and-biological-systems-ccpbiosim-ccp5


Training and outreach
•Training workshops; www.ccpbiosim.ac.uk
•Software development: making new methods accessible

http://www.ccpbiosim.ac.uk/


• Coarse-grained MD
– Build model of protein in 

the membrane
– Study orientation of protein 

in membrane
• Atomistic MD simulations

– Relaxation
– Explore conformations of 

protein and binding modes 
of drugs

• QM/MM
– Model reactions of drugs in 

P450s (e.g. Lonsdale et al. 
JACS 2013; PLoS Comp. 
Biol. 2014)

Amaro and Mulholland, Nature 
Reviews Chemistry 2018

Multiscale modelling of 
CYP450 drug metabolism



Acknowledgements






