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Case 1. The Birth of QM/MM, by Warshel 
and Levitt: Lysozyme
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The first QM/MM study is widely considered to be: Theoretical 
studies of enzymic reactions: Dielectric, electrostatic and steric 
stabilization of the carbonium ion in the reaction of lysozyme, A. Warshel
and M. Levitt, J. Mol. Biol. 1976, 103, 227-249.
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A general method for detailed study of enzymic reactions is presented. The 
method considers the complete enzyme-substrate complex together with the 
surrounding solvent and evaluates all the different quantum mechanical and 
classical energy factors that can affect the reaction pathway. These factors 
include the quantum mechanical energies associated with bond cleavage and 
charge redistribution of the substrate and the classical energies of sterio and 
electrostatic interactions between the substrate and the enzyme. The electrostatic 
polarization of the enzyme atoms and the orientation of the dipoles of the 
surrounding water molecules is simulated by a microscopic dielectric model. The 
solvation energy resulting from this polarization is considerable and must be 
included in any realistic calculation of chemical reactions involving anything 
more than an isolated molecule ilz VWUO. Without it, acidic groups can never be- 
come ionized and the charge distribution on the substrate will not be reasonable. 
The same dielectric model can also be used to study the reaction of the substrate 
in solution. In this way the reaction in solution can be compared with the 
enzymic reaction. 

In this paper we study the stability of the carbonium ion intermediate formed 
in the cleavage of a glycosidic bond by lysozyme. It is found that electrostatic 
stabilization is an important factor in increasing the rate of the reaction step 
that leads to the formation of the carbonium ion intermediate. Steric factors, such 
as the strain of the substrate on binding to lysozyme, do not seem to contribute 
significantly. 

1. Introduction 
Understanding the detailed mechanism of enzymic catalysis is one of the fundamental 
problems in biochemistry. Powerful X-ray crystallographic and biochemical methods 
have provided very many details about the mechanism of some enzymic reactions 
(see Cold Spring Harbor Symp. Quant. Biol. 1972) but a complete and general under- 
standing of these reactions is still to be achieved. At the present time, the exact role, 
relative importance, and generality of such factors as strain (Phillips, 1966; Blake 
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The whole paper is worth reading…

The whole paper is worth reading!
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et al., 1967), acid catalysis, charge stabilization (Vernon, 1967), charge relay systems 
(Blow et al., 1969), orbital steering (Storm t Koshland, 1970) and entropy (Page t 
Jencks, 1971) are still not clear. Estimation of the relative importance of all the 
factors involved in enzymic reactions requires a proper theoretical method that can 
be used together with the available experimental information. The development and 
examination of such a theoretical scheme is the main purpose of this paper. 

The conformation of the enzyme-substrate complex can be adequately studied using 
empirical energy functions based on the “classical” contributions of bond stretching, 
bond angle bending, bond twisting, non-bonded interactions, etc. (Levitt, 1974a; 
Platzer et al., 1972). The mechanism and energetics of the enzymic reaction can only 
be studied using a quantum mechanical approach. Previous quantum mechanical 
calculations on enzymic reactions have been limited in several respects. In the first 
place, they deal with an over-simplified model system consisting of only small frac- 
tions of the atoms involved in the real enzyme-substrate interaction (Loew $ Thomas, 
1972; Umeyama et al., 1973; Scheiner et al., 1975). Second, all available quantum 
mechanical methods treat the reaction as if in a vacuum and are, therefore, unable to 
include the dielectric, which has a very important effect on the energy and charge 
distribution of the system. This limitation does not depend on the actual quantum 
mechanical scheme, being equally valid for the simplest Hiickel treatment and most 
extensive ab in&o calculation. 

Because the treatment of the whole enzyme-substrate complex quantum mechanic- 
ally is computationally impossible, it is necessary to simplify the problem and use a 

hybrid classical/quantum mechanical approach. The method described here considers 
the whole enzyme-substrate complex: the energy and charge distribution of those 
atoms that are directly involved in the reaction are evaluated quantum mechanically, 
while the potential energy surfac e of the rest of the system, including the urrounding 
solvent, is evaluated classically. An important feature of the method is the treatment 
of the “dielectric” effect due to both the protein atoms and the surrounding water 
molecules. Our dielectric model is based on a direct calculation of the electrostatic 
field due to the dipoles induced by polarizing the protein atoms, and the dipoles 
induced by orienting the surrounding water molecules. With the inclusion of the 
microscopic dielectric effect we feel that our model for enzymic reactions includes all 
the important factors that may contribute to the potential surface of the enzymic 
reaction. Because we use analytical expressions to evaluate the energy and first 
derivative with respect to the atomic Cartesian co-ordinates, it is possible to allow 
the system to relax using a convergent energy minimization method. 

Here we use the method to study the mechanism of the lysozyme reaction, with 
particular emphasis on factors contributing to the stabilization of the carbonium ion 
intermediate. We first outline our theoretical scheme, paying attention to the partition 
of the potential surface into classical and quantum mechanical parts and to details 
of the microscopic dielectric model. Then we use the method to investigate factors 
that contribute to the stabilization of the carbonium ion intermediate and deal with 
the relative importance of each factor. The effect of steric strain is considered for both 
the ground and the carbonium states and found to be of minor importance. Electro- 
static stabilization is treated at some length with special emphasis on the balance 
between stabilization by induced dipoles (polarizability) and stabilization by charge- 
charge interactions. The results demonstrate the importance of electrostatic stabiliza- 
tion for this reaction. 
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FIG. I. Partition of the lysozyme/substrate system into quantum mechanical and classical 
regions. The shaded area defines the quantum mechanical region, which is presented in greater 
detail on the right-hand side of the Figure. Only part of the enzyme is drawn, although the whole 
enzyme is inaluded in the calculation. 

dealing with those regions of the ground state potential energy surfaces for which the 
localized electron description is adequate, the empirical approach is probably more 
reliable than any semi-empirical quantum mechanical approach, particularly if relaxation 
of steric repulsion is allowed. 

(ii) The quantum mechanical potential energy 
The quantum mechanical potential energy is obtained by extending the QCFF/PI 

method (Warshel & Karplus, 1972; Warshel, 1973) to include all the valence electrons 
(Warshel, unpublished work). The method, referred to as QCFF/ALL, is a semi-empirical 
quantum mechanical approach. It uses hybrid atomic orbitals with Lowdin corrections 
for overlap between adjacent orbitals on the same atom which are not always orthogonal 
in this representation. The semi-empirical integrals between these hybrid orbitals possess 
a clearer physical meaning than in other semi-empirical quantum mechanical methods, 
which use orbitals along the z,y,z axes. The quantum mechanical potential surface can be 
relined very conveniently as it is possible, for example, to fit the integrals between the 
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MM: forcefield of Levitt and Lifson
QM: semiempirical QCFF/ALL
method of Warshel and Karplus
Uses frozen hybrid orbitals
for covalent bonds across
QM-MM boundary
MM atoms are polarizable
Surrounding water treated
as a quasi-continuum: this
was a QM/MM/continuum
study!

Lysozyme
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The aim was to characterize the mech-
anism of hydrolysis of peptidoglycan by
lysozyme, in the Philipps mechanism.

Warshel – Levitt QM/MM Aims
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Figure 2.7 The chemical structure of N-acetylglucosamine (left) and N-acetyl-
muramic acid (right). Locant numbers are assigned from IUPAC 
carbohydrate nomenclature rules௔[36,௘��@—traditional systematic 
nomenclature, as used for the IUPAC names for GlcNAc௘1 and 
MurNAc,௘2 assigns the heteroatom to locant 1 and the remaining 
carbon atoms to locants 2–6.௔[38,௘��@ 

 

 

Figure 2.8 Glycan strands of peptidoglycan: alternating ȕ(1ĺ4)-linked N-acetyl-
glucosamine and N-acetylmuramic acid sugars. The arrow marks the 
bond that lysozyme cleaves. 

2.3.2 Carbohydrate nomenclature 

Carbohydrates are complex and flexible molecules. There exists a great deal of 

terminology for accurately describing the way they form monomers, dimers and 

polymers, their stereochemistry and spatial conformations, the steric intra– and 

interactions that dictate these conformations, and specific attributes such as the 

anomeric effect. Since these aspects of carbohydrate chemistry are all important in 

considering the action of hen egg-white lysozyme on bacterial cell walls, this section 

will describe the nomenclature involved, with specific reference to N-acetyl-

glucosamine and N-acetylmurarmic acid where necessary. 
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oxygen would readily take place to give a transition state ion with significant 

oxocarbenium character௔[58]). Phillips proposed that this transition state would 

collapse to an oxocarbenium ion intermediate, with its positive charge stabilized by 

the ring oxygen and also by electrostatic interaction with the carboxyl group of the 

Asp52 residue of HEWL (present in the anti-B quadrant).௔[65] In the second step, a 

solvent water molecule attacks the anomeric carbon (C1) in a base-catalyzed process 

involving Glu35, which becomes re-protonated. The resulting hydroxyl group at C1 is 

�������Ʌ-configuration, hence overall retention of configuration is observed. In the 

wild-type enzyme reaction with peptidoglycan, this second step is believed to be the 

rate-determining step.௔[66] 

 

Figure 2.14 Phillips’ SN1 mechanism for the catalytic action of HEWL, involving an 
oxocarbenium ion intermediate. 

The best evidence for substantiating this mechanism comes from secondary isotope 

effect studies, using substrates with either deuterium or tritium in place of the 

hydrogen atom at the C1 position of the χ͝�����������Ǥ ௔[47] However, critics point to 

the fact that although the oxocarbenium ion can have an appreciable, finite lifetime 

in aqueous solution,௔[67] in the presence of nucleophiles such as Asp52 they are 

known to be very short-lived௔[47,௘60] (Kirby states lifetimes of ~10χ12 seconds—‘close 

to the timescale of a single vibration’௔[65]). 

 (b) Koshland’s SN2 mechanism of reaction via a glycosyl–enzyme 
covalent intermediate 

Before Phillips’ elucidation of the 3-dimensional structure of hen egg-white 

lysozyme in 1966, D. E. Koshland had proposed general mechanisms for the action 

of glycosidases with both retention and inversion of anomeric configuration.௔[61] 
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FIG. 6. The adiabatic potential energy surface of sugar D for torsion around the Co-Oc51 
torsional angle and stretching of the C ,i,-O,,, glycosidic bond. The proton He2 has been trans. 
ferred from Glu36 to O(,,, and the Hs2-0 (4j distance constrained to remain at 1.1 A, so that the 
sugar remains protonated. 

FIG. 7. A comparison of calculated equilibrium conformations of the ground state full-chair 
(clear bonds) and the carbonium ion intermediate (solid bonds). The calculations were done with 
the complete enzyme-substrate system, which is omitted from the drawing for greater clarity. 
Note how the N-acetyl and C~gj-O~g) groups move when the sugar ring becomes more planar. 

sugar residue in our calculated carbonium ion intermediate differ by 1.1 A root-mean- 
square from the co-ordinates of tetrasaccharide-la&one determined by Ford et al. 
(1974). The net shift is -0.43 A along x (our co-ordinates move more into the active 
site) and 0.47 A along y (more to the right of the cleft as viewed in Figs 3 and 4 of 
Ford et al., 1974). The most striking difference is that atom O,,, is about 2 A closer to 
Gln57 in our co-ordin&es, yet still within hydrogen-bonding distance of Glu35. 
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Distortion of ring and C-O
heterolysis treated by 2-D
adiabatic mapping:

QM/MM Results
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“The method” is remarkably ‘modern’ with some features that have 
not become standard even 40 years later!
The mechanism studied is now not believed not to be the one 
followed by the enzyme, but some of the general conclusions 
remain topical even now:

Warshel/Levitt Summary
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carbonium ion intermediate in the reaction of lysozyme. It was found that the effect 
of steric strain is unlikely to be important because of its rapid relaxation by small 
shifts in the co-ordinates of the substrate and the enzyme. On the other hand, it was 
found that electrostatic interactions play a’ very important role in the enzymatic 
reaction. The total electrostatic stabilization of the carbonium ion relative to vacuum 
was found to be very large (40 kcal/mol; see Fig. 8). While this result is theoretically 
important in that it shows how the polarizability model a.ccounts for the stabilizat,ion 
of ionized groups on the protein, it is not biochemically relevant’. Normally the reacs- 
tion rate and transition state stabilization of the enzyme is compared t,o t,hat in 
water so that the relative stabilization of the carbonium ion is much smaller than 
40 kcal/mol. Once it is clear that the large solvation effect is due mainly to the 
polarizability of the protein, the relevant question is how much of the ionized Asp52 
conbributes to the stabilization (relative to the non-ionized case). Here we find that, 
the presence of Asp52 lowers the energy of the carbonium relative to t)he ground st’ate 
by about’ 9 kcal/mol. 

In this work we have concentrated mainly on bhe relative stability of t’he ground 
and transition states of the D ring of the substrate. The detailed energetics and path- 
way of the hydrogen transfer step (general acid catalysis) from Glu35 is still under 
study. Preliminary calculations show that it is possible to compare the energetics of 
proton transfer from Glu35 to that from a water molecule in solution, and so clarif! 
t,he importance of acid catalysis in each case. 

In view of the calculations we feel that’ the accepted mechanism of lysozyrue 
(Phillips, 1966) has to be modified to emphasize “electrostatic strain” rather than 
“steric strain”. When the substrate binds to lysozyme, pa’rt of the binding energy is 
used to increase the electrostatic energy of Asp52 by displacing tightly bound wat,er 
molecules rather than to increase the steric strain energy by distorting the D sugar 
ring, The carbonium ion, which is formed in the t8ransition state, interacts about 9 
kcal/mol more favourably with ionized Asp52 than does the ground state. In this way 
the electrostatic strain is relieved and the reaction rate accelerated by a factor of 
3 >: 10”. In general, it seems much easier to control the reaction rate by electrostatic 
interactions which vary slowly with distance, than by steric interactions which vary 
rapidly with distance and can be relaxed by small atomic movements. As the charge 
distribution on the substrate changes significantly during the lysozyme reaction 
(Table 5), the enzyme can best control the reaction rat,e by having charges and 
effective local dielectric designed to interact well with the charge distribution of the 
transition state. Although the role of strain in the lysozyme mechanism has been 
emphasized in t’he past, Vernon (1967) concluded from a study of model compounds 
that charge stabilization is likely to be the major factor in the catalysis (sue also 
Doona,n at al., 1970). 

In this work we have dealt only with the potential energy changes during the 
react,ion and not with the entropy contributions. In our model it is also possible to 
evaluate explicitly the entropy contributions by calculating the vibrational entropy 
of the system (Warshel & Lifson, 1970; Warshel & Karplus, 1974). While this contri- 
bution was not studied here in detail, a preliminary simplified calculation seems t.o 
indicate that the entropy of the bound ground state substrate and t*he bound carbon- 
ium ion transition state are similar. 

We feel that the main value of the present scheme is that it allows one bo examine 
consistent#l,v all the important factors in enzymic reactions. The usual theoret.ical 
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TABLE 5 

Calculated charge distribution of the quantum atoms in different conformations 

Residue Atom Ground state 
chair 

D ring % 0.22 (0.36) 
H (1) 0.06 (- 0.06) 
C (2, 0.00 (- 0.32) 
x -0.11 (0.09) 
:f 0.01 0.01 (0.06) (0.06) 

G 0.18 (0.18) 
0 (5) -0.24 (-0.24) 
0 (4) -0.28 (-0.28) 
C* 0.14 (0.15) 

Glu35 OE’ -0.61 (-0.53) 
062 -0.29 (-0.27) 
HE2 0.18 (0.16) 
C* 0.78 (0.64) 
CY - 0.06 (0.01) 

Conformation 
Ground state 

sofa 
Carbonium ion Carbonium ion 

chair sofa 

0.33 (0.38) 
-0.01 (-0.06) 
-0.04 (-0.33) 
-0.10 (0.09) 
- 0.01 (0.06) 

0.02 (0.05) 
0.16 (0.18) 

-0.18 (-0.24) 
-0.27 (-0.29) 

0.14 (0.16) 

0.60 (0.67) 
0.20 (0.08) 
0.16 (-0.16) 

-0.06 (0.16) 
0.01 (0.05) 
0.03 (0.04) 
0.28 (0.27) 

-0.27 (-0.31) 
-0.47 (-0.48) 

0.19 (0.19) 

-0.61 (-0.63) -0.78 (-0.62) 
-0.29 (-0.27) -0.77 (-0.63) 

0.18 (0.16) 0.22 (0.21) 
0.79 (0.64) 0.79 (0.67) 

-0.07 (0.01) -0.16 (-0.06) 

0.66 (0.63) 
0.10 (0.12) 
0.12 (-0.18) 

-0.06 (0.18) 
0.02 (0.08) 
0.02 (0.04) 
0.27 (0.29) 

--0.04 (-0.19) 
-0.38 (-0.47) 

0.16 (0.18) 

- 0.80 (-0.71) 
-0.76 (-0.77) 

0.17 (0.21) 
0.79 (0.66) 

-0.17 (-0.09) 

t The charges given in parentheses are for the corresponding calculation in vncuo without any 
charge-charge, induced dipole, or van der Waals interaction with the enzyme. 

changes in the energy contributions: V,,, is -10 kcal/mol in the ground state chair 
and -15 kcal/mol in the ground state sofa, while the corresponding values for V,, 
are -8 kcal/mol and 0 kcal/mol (see Table 4). Because of the energy compensation 
described above, the net change is smaller, and the chair is only 3 kcal/mol more 
more stable. The in vacua charges sometimes differ significantly from those calculated 
when bound to the enzyme. In one case, Glu35 is more completely ionized when there 
is dielectric stabilization. In another case, the N-acetyl group (N& and H(,,) becomes 
more negative due to a hydrogen bond to N 6l of Asn46. These differences are even 
more marked for some of the intermediate conformations generated as the O~,,-C~l, 
bond is first cleaved. Clearly, the electrostatic field of the induced dipoles and partial 
charges on the enzyme and the oriented dipoles in the surrounding solvent affect not 
only the energy but also the charge distribution of the quantum mechanical system. 

4. Conclusion 
We have presented a general method for a detailed study of enzymic reactions. 

The method treats the whole enzyme-substrate-solvent system and includes all the 
energetic factors that might contribute to the reaction. These factors include 
the energy of bond rearrangement and charge redistribution during the reaction, the 
steric and the electrostatic interaction between the enzyme and the substrate, and the 
dielectric effect due to polarization of both the enzyme and the surrounding water 
molecules. The incorporation of the polarizability of the atoms of the protein into the 
calculation allows us to reproduce, for the first time, the energetic balance found in 
hydrogen transfer reactions and to deal properly with electrostatic interactions. 

We have applied the method to study the factors that influence the stability of the THEORETICAL STUDY OF LYSOZYME C’ATALYSlS 247 

carbonium ion intermediate in the reaction of lysozyme. It was found that the effect 
of steric strain is unlikely to be important because of its rapid relaxation by small 
shifts in the co-ordinates of the substrate and the enzyme. On the other hand, it was 
found that electrostatic interactions play a’ very important role in the enzymatic 
reaction. The total electrostatic stabilization of the carbonium ion relative to vacuum 
was found to be very large (40 kcal/mol; see Fig. 8). While this result is theoretically 
important in that it shows how the polarizability model a.ccounts for the stabilizat,ion 
of ionized groups on the protein, it is not biochemically relevant’. Normally the reacs- 
tion rate and transition state stabilization of the enzyme is compared t,o t,hat in 
water so that the relative stabilization of the carbonium ion is much smaller than 
40 kcal/mol. Once it is clear that the large solvation effect is due mainly to the 
polarizability of the protein, the relevant question is how much of the ionized Asp52 
conbributes to the stabilization (relative to the non-ionized case). Here we find that, 
the presence of Asp52 lowers the energy of the carbonium relative to t)he ground st’ate 
by about’ 9 kcal/mol. 

In this work we have concentrated mainly on bhe relative stability of t’he ground 
and transition states of the D ring of the substrate. The detailed energetics and path- 
way of the hydrogen transfer step (general acid catalysis) from Glu35 is still under 
study. Preliminary calculations show that it is possible to compare the energetics of 
proton transfer from Glu35 to that from a water molecule in solution, and so clarif! 
t,he importance of acid catalysis in each case. 

In view of the calculations we feel that’ the accepted mechanism of lysozyrue 
(Phillips, 1966) has to be modified to emphasize “electrostatic strain” rather than 
“steric strain”. When the substrate binds to lysozyme, pa’rt of the binding energy is 
used to increase the electrostatic energy of Asp52 by displacing tightly bound wat,er 
molecules rather than to increase the steric strain energy by distorting the D sugar 
ring, The carbonium ion, which is formed in the t8ransition state, interacts about 9 
kcal/mol more favourably with ionized Asp52 than does the ground state. In this way 
the electrostatic strain is relieved and the reaction rate accelerated by a factor of 
3 >: 10”. In general, it seems much easier to control the reaction rate by electrostatic 
interactions which vary slowly with distance, than by steric interactions which vary 
rapidly with distance and can be relaxed by small atomic movements. As the charge 
distribution on the substrate changes significantly during the lysozyme reaction 
(Table 5), the enzyme can best control the reaction rat,e by having charges and 
effective local dielectric designed to interact well with the charge distribution of the 
transition state. Although the role of strain in the lysozyme mechanism has been 
emphasized in t’he past, Vernon (1967) concluded from a study of model compounds 
that charge stabilization is likely to be the major factor in the catalysis (sue also 
Doona,n at al., 1970). 

In this work we have dealt only with the potential energy changes during the 
react,ion and not with the entropy contributions. In our model it is also possible to 
evaluate explicitly the entropy contributions by calculating the vibrational entropy 
of the system (Warshel & Lifson, 1970; Warshel & Karplus, 1974). While this contri- 
bution was not studied here in detail, a preliminary simplified calculation seems t.o 
indicate that the entropy of the bound ground state substrate and t*he bound carbon- 
ium ion transition state are similar. 

We feel that the main value of the present scheme is that it allows one bo examine 
consistent#l,v all the important factors in enzymic reactions. The usual theoret.ical 



JNH Lect.2, 8

High-Accuracy Computation of Energy Barriers in Enzymes, F. 
Claeyssens, J. N. Harvey, F. R. Manby, R. A. Mata, A. J. Mulholland, K. E. 
Ranaghan, M. Schütz, S. Thiel, W. Thiel and H.-J. Werner, Angew. Chem. 
Int. Ed. 2006, 45, 6856-6859.

II. QM/MM with Accurate Correlated Methods

@VQM

@XMM

Chorismate Mutase
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Multiple Pathways
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B3LYP/6-31G*::
CHARMM22

Claeyssens, Ranaghan,
Manby, Harvey, 
Mulholland, Chem. 
Commun. 2005, 5068

Initial AM1 or PM3 QM/MM MD
yields starting points which are
different in detail though all
similar in QM region. 
Average barrier is 12 kcal/mol.
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QM/MM B: Accurate QM

Claeyssens, Harvey, Manby, Mata, Mulholland, Ranaghan, Schütz, S. Thiel, W. Thiel, Werner, 
Angew. Chem. Int. Ed. 2006, 45, 6856.

ΔHcalc
‡ {LCCSD(T0)/(aug-)cc-pVTZ(CHARMM)} 13.1 kcal/mol (exp. 12.7)

ΔGcalc
‡ (AM1 QM/MM umbrella sampling correction): 15.6 kcal/mol (exp 15.4)

QM: Molpro; MM: Tinker
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The cytochrome P450s are metallo-
enzymes i.e. they contain a metal
cofactor: Fe (also Cu, Zn, Mo)

Metal centres display flexible
bonding and diverse reactivity

Many metalloenzyme mech-
anisms are still not well
understood

Electronic structure aspects
are non-trivial

III. A recent application: Drug Metabolism by 
Cyp450
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Ibuprofen Oxidation

Oxidation in 1, 2 and 3 position should be competitive – the 1 and 
2 positions are intrinsically much more reactive than the 3 (and 3’) 
position.

Only oxidation in the 3 (and 3’) position is observed experimentally

1
2

3

3’
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Ibuprofen TSs
MD simulations show that 
the 2- and 3- C–H bonds 
approach the Fe–O moiety in 
the enzyme-substrate 
complex.

The mean barrier height for 
oxidation of the 3- position 
is 19 kcal/mol – for the 2-
position, it is 27 kcal/mol

Lonsdale, Houghton, Żurek, Bathelt, Foloppe, de Groot, Harvey, 
Mulholland, JACS 2013, 135, 8001
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Comparison of QM-Only and QM/MM Models for the Mechanism of 
Tungsten-Dependent Acetylene Hydratase, R.-Z. Liao and W. Thiel, J. 
Chem. Theory Comput. 2012, 8, 3793.

IV. Convergence of QM/MM: Energy Profiles 
in Acetylene Hydratase
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To assess effect of 
environment, can repeat 
single-point energy 
calculations after deleting 
some individual point 
charges. This shows in this 
case that some groups affect 
barrier heights significantly:

Charge deletion analysis
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A large QM region
yields much better 
consistency with 
experiment and with 
previous QM-only 
calculations, due to better 
treatment of electrostatics

Large QM Region
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QM/MM-Based Calculations of Absorption and Emission Spectra
of LSSmOrangeVariants, M. Bergeler, H. Mizuno, E. Fron
& J. N. Harvey, J. Phys. Chem. B 2016, 120, 12454.

V. Spectroscopy: Example of a GFP
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Methodology: Testing Excitation Energy
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Methodology: QM Region Size Effect

QM region size ranges from 63/64 atoms (chromophore only) to 650 (selecting 
residues within 5 Å)
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Spectra

MD simulations are used to sample hundreds of structures for the ground and 
excited state, and vertical excitation energies computed with QM/MM; 
convoluted to form spectra
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• The QM/MM method is extensively used to study reactivity and 
other properties in biochemical systems

• The tone was set already by the impressive Warshell & Levitt study
• Obtaining accurate results is challenging, due to issues with QM 

level accuracy, force-field used for initial structure generation, size 
of QM region, and sampling method


