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QM/MM for enzymes

Reaction occurs in small core: Electrons
iInvolved - Electronic structure
calculations

Scaffold: Explicit electronic interactions
can be ignored - Lower level of theory
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QM/MM for enzymes
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QM/MM for enzymes
Outer Region (O)
Inner Region ()

Reaction occurs in small core: Electrons
iInvolved - Electronic structure
calculations

Scaffold: Explicit electronic interactions
can be ignored - Lower level of theory

Boundary Region (L)

Tochnology. Eqm/mm (S) = Eqm (I + L) + Emm (O) + Eqm-mm (I, O)

Electrostatic embedding




QM/MM for enzymes

¢ Investigate mechanisms

@ Characterise intermediates that are experimentally
elusive; e.qg., transition states

€ Make predictions of selectivity

€ Understand the stabilising interactions around the
active site/binding pockets

€ Emission properties of chromophoric substrates/
cofactor

© Look at effect of mutants

€ Free energy of binding
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QM/MM: General Considerations

Science and
Technology
Facilities Council

QM/MM Choice of QM
partitioning method

Active region Amount of

during conformational
minimisation sampling



QM/MM partitioning

€ QM region must be large enough to
capture reactivity

¢ Experiment with different QM regions

@Try to avoid placing QM-MM boundary
across polar bond

» C-C bond often best choice

P

Science and
Faciities Eouncil Boundary Region

Chemshell - use link atom scheme; generally H-atom




Choice of QM method

Dictated by:

Semi-empirical methods

- - « Fast (for QM/MM MD — umbrella sampling profiles)
» Size of QM region * Less accurate than other types of method
* Many not parameterised for d-metals

» Elements present in
active site (e.g. transition
metals)

» Type of modelling (e.qg.
umbrella sampling)

» Level of accuracy

required Post Hartree-Fock ab initio methods

Very accurate
Computationally demanding

% Science and Too expensive for d-metals
Technology . -
Facilities Council Applicable to small QM regions




Choice of QM method

Effect of Dispersion

» Missing from most functionals

B3LYP
B3LYP-D

» Attractive interaction

» Large effect on QM-only optimised

geometries
» Smaller effect on QM/MM
geometries (
L
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R. Lonsdale, J. Harvey, A. Mulholland, JPCL, 1, 3232, (2011); JCTC, 8, 4637 (2012)




Active atoms

Selection of MM atoms included in optimisation
can have a large effect on the results

(and time required for calculation) — need
benchmarking

» Shell around QM region

» Sphere of a defined radius
from a QM atom

» QM atoms always active
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Typically: ~7 A shell (addition of 1-2 layers of residues)



Conformational Sampling

transition state PES

QM/MM optimised
structures for an intermediate (from MD

simulation)

Energy

AE,
AtE, AE; A*E,
AE, AtE,

reactant PES

Calculated barriers vary depending

1SCnnuIivgy
F .l.t. c .I .
acilities Counci on Start”']g structure from MD




Reaction coordinate

@Simple: distance, angle, dihedrals etc

@ Combination of simple ones

€ Concerted mechanism

» 2-dimensional energy surface

@ Not obvious

» Nudged elastic band
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http://ambermd.org/tutorials/advanced/
tutorial5_amber11/index.php



QM/MM for enzymes

¢ Investigate mechanisms

¢ Characterise intermediates that are experimentally
elusive; e.q., transition states

e
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€ Emission properties of chromophoric substrates/

cofactor % ( -
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Reaction coordinate: Simple distance

* Heme containing enzyme ,4
* Important in drug metabolism d |
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QM/MM for enzymes P450 Enzymes

¢ Investigate mechanisms

ry-
o

A— B

Reaction coordinate: Simple distance

* Heme containing enzyme ,4
* Important in drug metabolism d |
- Insert a single atom of oxygen (from O,) “

into substrate

» React with wide range of substrates \’\DJ

;zg::ir"cg:%%uncil R—H + 02 + 2H+ + 26_ ﬁ R—OH + HZO
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P450 Catalysis

Substrate e, 0,

—F|e3+— 7 _F|e3+_ —_—

S S
Resting Enzyme Cys H20 Cys
RCH,OH
RCHj
o+ I I I H+
— Fe ﬁ — Fod+— <«
H,O H+
S\ CyS 2 H S\Cys
Compound | Hydroperoxo

0=0

— FEe2+_

o~ Cys

Oxyferrous
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o—0

— Fe3+_

o~ Cys

Peroxo
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P450 Catalysis

& Activation of the catalytic cycle
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P450 Catalysis
& Activation of the catalytic cycle

H H
~o” o= o
Substrate e, 0,
— Fe¥*— T —Fe3t= —— —Fe2t—
oo CYS M0 >~Cys S~Cys
Resting Enzyme
Oxyferrous
RCH,OH l -
RCHj

O/OH 0/0-

| He |

Hydroperoxo Peroxo
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P450 Catalysis

& Activation of the catalytic cycle
& Oxidation of substrate

H H
Substrate e, 0,
— Fed*— 7 —Fe3— —— —Fe2h—
Resting Enzyme CyS H2O CyS CyS
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RCH,OH l e
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P450 Catalysis

& Activation of the catalytic cycle
& Oxidation of substrate

H H
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O 0 ~Cys #~Cys

Resting Enzyme

Oxyferrous
l e-

O/OH 0/0-

| He |

Hydroperoxo Peroxo

Science and
Technology
Facilities Council

20 H+




P450 Catalysis

& Activation of the catalytic cycle
& Oxidation of substrate

0=0

— Fe2i—

o~ Cys

Oxyferrous
l e-

O/OH 0/0-

| He |

—Fedf—m «— —Fed—

Hydroperoxo Peroxo
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P450 Catalysis
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Activation of the catalytic cycle: P450EryF

X-ray Crystal | Add missing
Structure protein

(PDB Database)

Dock substrate

Add hydrogen j Assign protonation
atoms I states

Solvate +
neutralise pYTTa——m—
\ . . . " :
Oxyferrous Cys ) minimisation d_ynam!CS
’ simulation
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P450 Catalysis

Activation of the catalytic cycle: P450EryF dynamics
simulation

Molecular

water network 2  (MD)

Sen & Thiel JPCB, 118, 2810 (2014)
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P450 Catalysis

Activation of the catalytic cycle: P450EryF dynamics —> Structures representing both
simulation water network

Molecular Select structures:

water network 2  (MD)

excess water/
counterions

QM/MM calculations

Sen & Thiel JPCB, 118, 2810 (2014)
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% Technology
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P450 Catalysis

Activation of the catalytic cycle: P450EryF dynamics —> Structures representing both
simulation water network

Molecular Select structures:

water network 2  (MD)

excess water/ O

: —

counterions o=
' — Fe2+—
: ~~Cys

QM/MM calculations l Oxyferrous
.
" |,

et < SRt < et

% Science and H20 H+
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Compound | Hydroperoxo Peroxo




P450 Catalysis

Activation of the catalytic cycle: P450EryF dynamics —> Structures representing both
simulation water network

Molecular Select structures:

water network 2  (MD)

excess water/ O
. -
counterions o=
' — Fe2i—
~~Cys

Oxyferrous

O/OH

I I He
Sen & Thiel JPCB, 118, 2810 (2014) — F o4t ﬁ — F 3t —
Science and I I A
H,O H+
Technol 2
Facilities Council —Cys —~Cys

~~Cys

Peroxo

Compound | Hydroperoxo



P450 Catalysis
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Activation of the catalytic cycle: P450EryF

Water Network 2
Reaction coordinate:
Substrate H - peroxo O distance

A Step1 2 - |

— F|e3+— _p’ — Fles"'— &a’ T F|e4+_

I IS S~Cys

: S\Cys ~~Cys y
Peroxo Hydroperoxo Compound |

Water Network 1 : Barrier 19.3 kcal/mol Water Network 1 : Barrier 17.6 kcal/mol L
. Water Network 2 : Barrier less Water Network 2 : Barrier 19.7 kcal/mol §

Water Network 2 : Preferred route



QM/MM for enzymes

Copper nitrite reductases

¢ Characterise intermediates that are experimentally
elusive; e.q., transition states

€ Investigate mechanisms

CuNiRs are typically trimeric proteins containing two types of Cu sites:

Sci d .
Technology € T1Cu: electron-donating Cu centre
Facilities Council

€ T2Cu: the catalytic centre where the reduction of NO2 to NO occurs
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QM/MM for enzymes

Copper nitrite reductases

¢ Characterise intermediates that are experimentally
elusive; e.q., transition states

€ Investigate mechanisms

A— B

Reaction coordinate: Not obvious
» Nudged Elastic Band

CuNiRs are typically trimeric proteins containing two types of Cu sites:

Sci d .
Technology € T1Cu: electron-donating Cu centre
Facilities Council

€ T2Cu: the catalytic centre where the reduction of NO2 to NO occurs




Multiple Structures from One Xtal (MSOX)

Structural Movie of Catalysis

X-ray
generated
electrons

X-ray
generated
electrons ~100 further steps

X
............................... .
W ;
>

............................... )

»

y

Crystal structure
(substrate-bound)

Crystal structure
(intermediate 1)

Crystal structure
(intermediate 2)

Crystal structure
(product formed)

Spectroscopy Spectroscopy Spectroscopy Spectroscopy
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S. Horrell et al., IUCrJ, 5, 283 (2018)



Copper nitrite reductases

DENITRIFICATION
Nitrate Nitrite Nitric oxide Nitrous oxide
reductase reductase reductase reductase

NO, == NO, ==> NO, == NO ==> N,0 ==) N,

NH,OH ¢ NH,’ _|,:'|

AMMONIFICATION NITROGEN FIXATION

NITRIFICATION

Achromobacter cycloclastes nitrite NOZ- te + 2H+ > NO + HZO
reductase (AcNiR) PDB ID: 2BW4

Technology
Facilities Council

Scionce and Reduction reaction: Ideal for MSOX



Copper nitrite reductases

Resting state (ds50) Top-hat nitrite (ds1)
Cu(l1)-OH, Cu(ll)-NO, 2

Assignment of structures to states
along the structural movie

v

Side-on NO (ds18) Side-on nitrite (ds2)

Cu(l)-NO,?
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S. Horrell et al., IUCrJ, 5, 283 (2018)




Copper nitrite reductases

Resting state (ds50) Top-hat nitrite (ds1)
Cu(ll)-OH, Cu(ll)-NO, 2

-

Assignment of structures to states
along the structural movie

v

Parameters MSOX | QM/MM
K Metal redox state No Yes
Protonation No Yes

states of ligands
and side chains

Side-on NO (ds18) Side-on nitrite (ds2)

Cu(l)-NO,?
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S. Horrell et al., IUCrJ, 5, 283 (2018)




Resting state (ds50)
Cu(ll)-OH,

Copper nitrite reductases

Top-hat nitrite (ds1)
Cu(ll)-NO, 2

v

Side-on NO (ds18)
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Side-on nitrite (ds2)
Cu(l)-NO,?

Assignment of structures to states
along the structural movie

Parameters MSOX | QM/MM
Metal redox state No Yes
Protonation No Yes

states of ligands
and side chains

Characterise intermediates that are experimentally

elusive

S. Horrell et al., IUCrJ, 5, 283 (2018)



Copper nitrite reductases
WorkFlow

Add hydrogen <,, | Assign
atoms protonation states

N

QM/MM calculations
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QM/MM identification of the MSOX observed intermediates at the T2Cu site
_MSOX Intermediates

His135 His100

Cu(ll)-NO2- (HAT) Cu(l)-NO2- (SIDEON) Cu(l)-NO*
QM/MM Intermediates




Copper nitrite reductases
Assignment of Intermediates

Resting state (ds50) Top-hat nitrite (ds1)
Cu(Il)-OH, Cu(ll)-NO,
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Side-on NO (ds18) ?d((le)-ol\jlonitrite (ds2)
utl)-Nu,

S. Horrell et al., IUCrdJ, 5, 283 (2018)

K. Sen et al., JPCB, 125, 9102 (2021)



Copper nitrite reductases
Investigate mechanism: NO»>- + e- + 2Ht —— NO + H»0

| Cu(l)-NO2- (Top-Hat) Cu(l)-NO2- (Side-on) |

Cu(ll)-NO2- (Top-Hat)—

Science and
% Tect:nolo%y :
Facilities Counci C +
u(l)-NO



Copper nitrite reductases
Investigate mechanism: NO»>- + e- + 2Ht —— NO + H»0

| Cu(l)-NO2- (Top-Hat) Cu(l)-NO2- (Side-on) |

Cu(ll)-NO2- (Top-Hat)—

Side-on (-1.9) [-2.3]

Top-Hat Monodentate (0.0) [0.0]

Science and l
% Teci:nolo%y :
Facilities Counci C +
u(l)-NO




Copper nitrite reductases

Nudged Elastic Band

1l Transition State

Top-Hat Monodentate (0.0) [0.0]

Barrier: 0.9 kcal/mol

Energy (kcal/mol)
I

ggl?';;jozr;d | 0 2 4 o 6 Side-on (-1.9) [-2.3]
Facilities Council path Iength (A)

K. Sen et al., JPCB, 125, 9102 (2021)




Copper nitrite reductases

Nudged Elastic Band

Dimer Method
TraSition State /

Top-Hat Monodentate (0.0) [0.0]

Barrier: 0.9 kcal/mol

Energy (kcal/mol)
I

?:l??;?:&?d | 0 2 4 o 6 Side-on (-1.9) [-2.3]
Facilities Council path Iength (A)

K. Sen et al., JPCB, 125, 9102 (2021)
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Emission property of chromophoric substrate

Extending QM/MM
Tyrosine Kinase with TD-DFT | s

P isomerization
‘ rem anllREN 7N A
' c NS
Chromophore: HABT 2| |enol keto e
. . _ ‘8' emission emission /' ~
Phenylbenzothiazole (PBT) derivative - IR 2 —
_ Y T -

-HN2 group at * position

\

v S —

o]

Science and (D:S @:S S >\:

Technology / * * *

Facilities Council N : N ; @N
HO H O H

enol cis-keto trans-keto




QM/MM for enzymes

Emission property of chromophoric substrate
Excited-State Proton Transfer Can Tune the Colour of Protein Fluorescent Markers )

Extending QM/MM
Tyrosine Kinase with TD-DFT | <%

. /ES_IQ isomerization
N ( N | ng/ A P’ ‘\\_ —/"-‘\\ II’_
2 ) - \\ /
) %f“ Chromophore: HABT 2| |enol keto e
. . _ ‘8' emission emission /' ~
Phenylbenzothiazole (PBT) derivative r —— —
i o -

-HN2 group at * position

_‘—
-
(0]
Science and S S S
Technology / * * *
Facilities Council N N N
HO H O H

enol cis-keto trans-keto




Tyrosine Kinase Aim: Dual fluorescence

. . . ESIPT . ..
Emission properties of chromophore HABT — Isomerization
T e A
B N Observed in non-
= I keto < : - -
g enot ° 1 IC biological environment
8 emission emission ',' s‘\
-g —---_\V——--""

— -

Native protein micro- §
environment
2> no fluorescence
@ purple emission

So Y
E(S,) K(S,) Twist-K E(S,)  E(Sy)

K(S;) Twist-K

Photoemission properties of a PBT compound bound to the protein is very sensitive to
the active site conformation.
Sclence and The interaction of water and polar residues with the hydroxyl group of the PBT controls
Technology the rates of ESIPT and internal conversion.

Facilities Council

D. Mancini et al., ChemPhysChem, 16, 3444 (2015)




Conclusion
lllustrated the wide range of application of QM/MM

Very effective method to study systems where we need both electronic
and structural information

These calculations are not like black-box calculations and needs
careful inspection at each step as it comes with it own pitfalls

» Incorrect setup of model
Wrong protonation state of amino acids at active site

» QM region too small
» Basis set size
» Not enough atoms in active region
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