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Abstract

A method is developed for the combination of quantum chemical geometry optimisations and
crystallographic structure refinement. The method isimplemented by integrating the quantum
chemical software Turbomole with the crystallographic software Crystallography and NMR System
(CNS), using three small procedures transferring information between the two programs. The
program (ComQum-X) isused to study the binding of the inhibitor N-methylmesoporphyrin to
ferrochelatase and we show that the method behaves properly and leads to an improvement of the
structure of the inhibitor. It allows us to directly quantify in energy terms how much the protein
distort the structure of the bound inhibitor compared to the optimum vacuum structure (4-6 kJ/mole).
The approach improves the standard combined quantum chemical and molecular mechanics
(QC/MM) approach by guaranteeing that the final structure isin accordance with experimental data
(the reflections) and avoiding the risk of propagating errorsin the crystal coordinates. The program
can also be seen as an improvement of standard crystallographic refinement, providing an accurate
empirical potential function for any group of interest. The results can be directly interpreted in
standard crystallographic terms (e.g. R factors or electron density maps). The method can be used to
interpret crystal structures (e.g. the protonation status of metal-bound water molecules) and even to

locally improve them.

Key words: crystallographic refinement, ferrochelatase, N-methylmesoporphyrin, QC/MM methods,

strain energy.
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Introduction

During the last years, the explosive development of computers have allowed quantum chemical
methods to establish themselves as a promising technique for the study of structure and function of
proteins [1-3]. Various levels of sophistication have been used for modelling the influence of the
protein on the properties of the quantum system. One of the most popular type of methodsisthe
combination of quantum chemical and molecular mechanics (QC/MM) methods [4,5]. In these, a
small part of the protein (e.g. the active site) is studied by quantum chemical methods, whereas the
rest of the protein and the surrounding solvent are treated by molecular mechanics. Thereby, they
combine the accuracy of the quantum mechanical calculations with the speed of the molecular
mechanics method. Several variants of QC/MM methods have been suggested, e.g. Quest,  MOMM,
Oniom, and ComQuwm [6-9]. They differ mainly in the treatment of electrostatic interactionsand in
the interface between the quantum and molecular mechanics systems (the link region).

In standard QC/MM methods, the geometry of a part of the protein is optimised within the
protein. However, amajor problem with such methods is the restricted accuracy of molecular
mechanics potentials used, which may distort the final structure so that it no longer is compatible
with the crystal data. This problem could be partly solved by keeping the protein coordinates at or
close to the positions observed in the crystal structure of the protein. Y et, crystallographic datafor
proteins have also a limited accuracy, so thiswould propagate errorsin the crystal coordinates into
the calculated structures. A natural solution to both these problems is to include the crystallographic
raw datain the calculations, i.e. the reflections. These are normally deposited in the data banks
together with the coordinates, so they are readily available.

Such an approach could also improve standard crystallographic refinement. In normal protein
crystallography, the reflections are supplemented by a molecular mechanics force field, which
ensures that the bond lengths and angles are realistic. For the amino acids, such force field exist and
are accurate. However, for unusual molecules or groups (heterocompounds), such aforcefield is
normally not available and has to be constructed by the crystallographers, atime-consuming and
error-prone procedure. The use of quantum chemical methods could avoid this problem.

In this article, we develop a program which combines quantum chemica geometry optimisations
with crystallographic refinement. We have modified our QC/MM program (ComQum) to use

crystallographic raw data instead of (or together with) the molecular mechanics potential, using the



freely available crystallographic refinement program CNS (Crystallography and NMR system) [10].
We discuss the method and its possible devel opments, and apply it to the structure of atransition-
state analogue in the enzyme ferrochel atase, which insertsiron into the porphyrin ring, yielding
haem. We show that the program behaves properly and that it allows us to calculate strain energies
directly from the crystal data and discuss the accuracy of crystal structures. Possible applications of
the method are also suggested.

Methods
The modular ComQum-01

The new geometry optimisation method is based on our local QC/MM program ComQum-00
[9,11]. Wewill therefore briefly describe this program, before we discuss how crystallographic data
can be introduced into it. For a more thorough discussion of the method, we refer to the original
articles[9,11].

ComQuwm divides the protein (including solvent) into three subsystems. The central system 1is
optimised by a quantum chemical method. System 2 consists of all atomsin al amino acids (and
solvent molecules) within aradiusr, of any atom in the quantum system. It is optimised with
molecular mechanics methods. Similarly, system 3 comprises al atomsin all amino acids and
solvent molecules within aradiusr, of any atom in system 2. Typically, the rest of the protein and a
sphere of water molecules are included in system 3. It is considered in all calculations, but it is kept
fixed at the crystal geometry.

In the quantum chemical calculations, system 1 is represented by a wavefunction, whereas
systems 2 and 3 are modelled by an array of point charges, one for each atom. Therefore, the
polarisation of the quantum system by the protein is considered in a self-consistent way. In the
classical energy and force calculations, systems 1-3 are represented by the molecular mechanics
force field, but without any electrostatic interactions (which are already treated by quantum
mechanics). The program flow of ComQum-00 is shown in Scheme 1. Special action is taken when
there is abond between the classical and quantum chemical systems (ajunction) [9]. The quantum
chemical system istruncated by hydrogen atoms at the junctions, the positions of which are linearly
related to the corresponding heavy (typically carbon) atomsin the full system.

Thetotal energy is calculated as:



Eit = Eqc + Wim(Emmizs - Emwi) Q)
Here, Eqc isthe quantum chemical energy of system 1 with H junction atoms, including all the
electrostatic interactions. Similarly, Eww: iSthe classical energy of system 1, still with H junction
atoms, but without any electrostatic interactions. Finally, Euvizs is the classical energy of systems 1-3
with C junction atoms and no electrostatics. wum IS aweight factor between the quantum chemical
and molecular mechanics energy, which we introduce for future convenience. In ComQum-00 and
-01, itisaways 1. This approach is similar to the one used in the Oniom method [8]. The calculated
forces are the gradient of this energy, taking into account the variation in the junction atoms [11].

In the original version, ComQum-00 is a combination of the quantum chemical software
Turbomole 5.3 [12]: and the classical simulation package Amber 5.0 [13] (although the approach is
independent of the programs used in the actual implementation). ComQum-00 is an interface
consisting of six small procedures which transfer information between the two programs or
constructs the files needed. The philosophy behind ComQuwm is that the QC and MM programs shall
be used without any modifications, so that they can be easily changed. This ensures that we always
can use state-of-the-art programs, without needing to develop them.

Since we wanted to change the molecular mechanics program to include crystallographic raw
data, we started by rewriting all the programsin a modular and program-independent fashion. This
means that each of the six interface programs were divided into three or four new programs (cf.
Figure 1). One of these programs is the core ComQum procedure, which reads QC and MM data
from temporary text filesin a specified format and writes QC and MM output to other text filesin the
same format. These six programs defines the ComQum core and they need not to be changed if the
QC or MM software is changed (but they will change if ComQum is modified).

In addition, for each of the six interface programs, two or three input and output programs were
also written. These programs either read or write the temporary text files, using data from or
transferring data to the QC or MM software. These programs are specific for the QC and MM
software and need to be changed if you want to switch software. A detailed description of the various
programs and file formats is available on our home page
(http://www.teokem.lu.se/~ulf/comgum.html). Together, they define ComQum-01, implemented for

Turbomole and Amber.



ComQum-X

We now describe how crystal dataisincorporated into the ComQum agorithm. The first step was
to shift the classical program from Amber to Crystallography & NMR System (CNS) [10]. Itisa
free and widely used software for the determination of structures using crystallographic and nuclear
magnetic resonance data. The program contains procedures for molecular mechanics minimisations,
so thefirst step can be seen only as a change of the MM program from Amber to CNS.

CNS consists of a symbolic language so the existing task files could be used with small
modifications (reading in or writing out coordinates, energies, and forces). A complication is that
CNS readsin coordinates only in the form of Brookhaven protein data bank (PDB) files. Thus, the
accuracy isrestricted to only three decimal places. This led to convergence problemsin some cases,
so we modified the scriptsto read in coordinates as two PDB files, one with the first three decimals,
and one with the following six. Otherwise, the switch from Amber to CNS was straightforward using
the modular implementation of ComQum-01.

Next, we wanted to include the crystallographic raw data into the calculations. Thiswas donein
the molecular mechanics calculations of systems 1-3 only (i.e. in the Eumizz termin Egn. 1), because
it should be included only in the calculations with the whole protein with C junction atoms. The
energy comes from anormal CNS calculation, where the crystallographic data were included. Thus,
the Ewmmizs term in Egn. 1 was replaced by Exumizs, defined by:

Exvmizs = Emmizs + Wa Exer )
Here, Emvizs isthe normal MM (CNS) energy for systems 1-3 with C junction atoms, as above, but
with the addition of symmetry-related Van der Waalsinteractions. Ex. iS the crystallographic penalty
function. Sinceit isin arbitrary units, aweight factor (wa) hasto be included. By default, thisterm is
determined so that the gradients of the two terms have a similar magnitude [14-16]. By changing this
weight, the importance of the crystallographic data and the molecular mechanics and quantum
chemical data can be varied, aswill be discussed below.

In practice, we used the CNS sample input file minimize.inp (crystallographic conjugate gradient
minimisation refinement) for this calculation (so that all the normal crystallographic manipulations
were included, such as calculation of the R factors, the wa weight, bulk solvent correction, etc.), with
only two modifications: two sets of PDB files were read, giving a numerical accuracy of 108 (aswas

described above), and a number of lines were added for the output of energies and forces. The



number of minimisation steps was set to 0 (no change in the coordinates) and we used the default
maximum likelihood refinement target using amplitudes (mif) [17,18]. For the other entries we used
the default values or choices. Naturally, we have to include the appropriate coordinate, structure,
parameter, and reflection file names, and input the appropriate crystallographic data (resolution
range, space group, and unit cell parameters).

In the molecular mechanics minimisations of system 2, we also included the crystallographic
data. In fact, we used the same CNS script for this calculation (minimize.inp), with the only
modification that atoms of systems 1 and 3 were kept fixed and that the number of minimisation
steps was one (it will be discussed why below). In addition, we also run arestrained refinement of
individual B factorsfor all atoms after each molecular mechanics minimisation. This was done using
the CNS sample input file bindividual.inp, using default choices (but only one step of minimisation).
Thisfile was only modified to read in the second PDB file. Optionally, other crystallographic
mani pulations can also be run during this step.

Crystalographic refinement traditionally ignores electrostatic interactions in the molecular
mechanics force field and hydrogen atoms are not considered, except for the most accurate
structures. For practical convenience (we thereby avoid the problem of determining the protonation
status of the histidine residues and the position of hydrogen atoms) and to get results that are directly
comparable to the original crystal structures, we decided to follow this practice, at least in thisfirst
version of the program. This forced us to afew modifications of the ComQuwm algorithm. First,
electrostatics were not included in the CNS cal culations and no point-charge model of the
surrounding protein was included in the quantum chemical calculations. Second, hydrogen atoms
were included in the quantum chemical calculations but not in any of the MM calculations. The only
exception to thisisthat H junction atoms must be included in the MM system 1, so that energies and
forces are corrected for the conversion of carbon to hydrogen atomsin system 1. Third, all programs
were modified to allow hydrogen atoms to be missing in the MM systems. Thus, the positions of the
QC (non-junction) hydrogen atoms were determined from the QC forces only, because the
corresponding MM forces are zero.

The fina algorithm of ComQum-X is shown in Scheme 2. It can be seen that the exclusion of
el ectrostatics reduce the number of ComQum specific procedures from five to three (one for adding

the forces, one for adding the energies, and one for moving the coordinates of system 1 to the CNS



representation). In the present implementation of ComQum-X, three calculations are performed by
Turbomole (evaluation of wavefunction, gradient calculations, and relaxation of the quantum
system), and four calculations are performed by CNS (calculation of the crystallographic energy
function and the forces, minimisation of system 2, and refinement of the individual B factors). The

whole optimisation procedure is driven by asimple UNIX shell script.

Applications on ferrochelatase

The performance of ComQum-X was evaluated by optimising the inhibitor N-
methylmesoporphyrin (MMP) inside the enzyme ferrochel atase. Ferrochel atase is the terminal
enzyme in haem synthesis, which inserts an iron ion into the porphyrin ring. It is believed that the
protein distorts the porphyrin ring so that one of the pyrrole nitrogen atoms becomes exposed and
may bind theion [19]. MMPis closely similar to the porphyrin substrate (cf. Figure 2), but the two
vinyl groups of the substrate have been replaced by ethyl groups (increasing the solubility) and one
of the pyrrole nitrogen atoms has been methylated, thereby forcing it out of the porphyrin plane. The
structure of MM P bound to the enzyme has recently been solved at 190 pm resolution [20]. Our
calculations are based on this structure.

The porphyrin ring of MMP shows interesting distortions, besides the out-of-plane tilt of the
methylated pyrrole ring [20]. The goal of the present investigation was, in addition to test the
ComQum-X method and evaluate its potential, to examine whether these additional distortions are
real or caused by an improper force field in the rfinement. We also wanted to cal culate how much
MMP is distorted by the protein in energy terms. Thisis not possible directly in the protein, because
small errorsin the crystal structure (especially in bond lengths) and systematic errorsin the B3LYP
method give rise to an unrealistically high strain energy. Thus, if hydrogen atoms are added to the
MMP ring at standard positions using the crystal structure, side chains are replaced by hydrogen
atoms, and the energy is calculated at the B3LY P/6-31G* level, the resulting structure is 156 kJ/mole
less stabl e than the same molecule optimised in vacuum (if the side chains are included in the
calculation, the difference is even higher, 264 kJ/mole).

As atest of the new ComQum-X program, we optimised the geometry of MMP inside the enzyme
ferrochelatase. The coordinates (2848 atoms) of the protein were downloaded from the Brookhaven

protein databank, access code 1c1h [20]. Space group (P2:2:2:), unit cell symmetry (48.51, 49.97,



and 119.24 A), and resolution (20.0-1.90 A) were retrieved from thisfile. The structure factors
(21 958 unique reflections, 93.5 % completeness), the test set for the structure factors (for the
evaluation of the Ry factor; 4.9 % of the reflections, i.e. 1042 reflections), as well as the topology
and parameter filesfor MMP and Mg(H.O)s were obtained directly from the authors. Thisis not
necessary, but it makes the comparison with the published results easier.

The full protein was used in all calculations, including all atomsin the structure. For simplicity
however, we excluded the alternative configuration of residues 33 and 120-122 (we used the A
conformation). This omission did not change the Rye factor (but the standard R factor increased from
0.181t0 0.183), so it is questionable if these alternative configurations are justified by the crystal
data. The quantum system (system 1) consisted either of the MMP ring system with the side groups
replaced by hydrogen atoms or of the whole MMP ring including the side chains. In the former case,
there were eight hydrogen junction atoms in the quantum chemical calculations; in the latter case, no
junction atoms were needed.

The quantum chemical calculations were performed at the density functional B3LYPlevel of
theory for calculations without side chains, and at the Becke-Perdew86 level for the calculations
with side chains [21-23]. In the latter calculations, the Coulomb operators were treated with the RI
(resolution of identity) approximation [24,25]. In al calculation, we used the 6-31G* basis set [26]
and the Turbomol e software [12,21]. Only the five pure d-type functions were used. Becke-
Perdew86 gives excellent geometries, whereas B3LY P has been shown to give the most reliable
energetic results among the widely available density functional methods [27]. Test calculations
showed that for MMP without side chains, the two methods give closely similar results. For
example, the MMP tilt angle differs by less than 0.2° for the optimum vacuum geometries. Similarly,
for the same ComQum-X calculation, the results of the B3LY P and Becke-Perdew86 methods
differed by lessthan 0.1 kJ/mole in strain energy and 0.00003 in the Ry factor.

For the MM calculations on MMP we used the force fields developed by the crystallographers
and employed when they solved the structure of the MMP:ferrochelatase complex [20]. In some
calculations, we corrected a few detailsin thisforce field, as is described below. The force field for
the quantum system was the same as for MMP, except for the junction atoms, where the ideal bond
lengths were taken from the vacuum cal culation of the quantum system, the force constant for the

bond was determined from the force constant of the same bond with C junction atoms multiplied



with the square of the quotient of the corresponding ideal bond lengths (this is necessary to not
introduce an unphysical force), whereas the other parameters were identical to the parameters of the
corresponding interactions with the C junction atoms.

The full geometry of all models was optimised until the change in energy between two iterations

was below 106 Hartree (2.6 Jmole) and the norm of the internal gradients was below 10 a.u. (0.053
pm or 0.057°). Unless otherwise stated, the whole enzyme was included in system 2 (i.e. there was
no system 3), and it was kept fixed during the geometry optimisation of MMP.

The strain energy ( Ei) of the MMPring in the ComQum-X calculationsis calculated as the
quantum chemical energy difference of the quantum system at the optimum vacuum geometry and at
the ComQum-X geometry. It should be noted that this energy includes terms that normally are not
considered as strain, in particular electrostatic effects [11,28]. We aso study the tilt angle of the A
pyrrole ring out of the plane of the other pyrrolerings. Thisangleis called smply the tilt angle
below and it is defined as the angle between the two planes NA-CA2-CA3 and NB-NC-ND (the

names of the atoms are defined in Figure 2).

Results and Discussion
The wa weight factor

The performance of ComQum-X was tested by optimising N-methylmesoporphyrin (MMP) inside
the protein ferrochelatase. Wefirst run a series of calculations where the whole MMP molecule,
including the side chains, was in the quantum system, because we then avoid the use of junction
atoms, which may make the results harder to interpret. Similarly, the surrounding protein was kept
fixed at the crystal structure during these calculations.

The present version of ComQum-X involves two new parameters, the weight factors wiw and wi,
defined in Eqgns. 1 and 2, respectively. Our first goal was to determine appropriate values for these
two factors. The wuw factor determines the relative weight between the quantum chemical and
molecular mechanics energy (cf. Egn. 1). For anormal energy-based force field, it should always be
1 (thisisthe value used in ComQum-00/01). However, the MM force field in CNS s not based on
energies, but rather on a statistical analysis of crystal structures [29]. Therefore, the QC and MM
energies are not comparable. In practice, it has turned out that CNS MM forces are typically 3 times

larger than energy-based forces (like the QC forces) [29]. Therefore, wuv should normally be /3 in
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all ComQum-X calculations. Weaways use this value, if not otherwise stated.

The factor wa determines the relative importance of the reflections (the crystallographic data) and
the empirical energy function in the forces used for the geometry optimisation (Egn. 2). In CNS, itis
determined so that the MM and crystallographic forces have a similar magnitude [14-16]. In Table 1,
we have studied how thetilt angle, the strain energy ( Ei), and the R factors change when w, is
varied.

The results show that  E; is sensitive to the value of this factor. For low values of wa, E;
approaches 24 kJmole. The reason why it does not go towards zero ( E; isthe differencein QC
energy of the ComQuwm-X structure and the optimum structure in vacuum) is that MMP makes Van
der Waalsinteractions with the surrounding protein. In the absence of junction atoms, Evmizs and
Ewmmi in EgN. 1 includes exactly the same terms for MMP, except for the Van der Waalsinteractions
between MM P and surrounding amino acids. Apparently, these interactions are quite strong and
important, as we will also see below.

Similarly, E; increaseswhen w, isincreased. Interestingly, E. can become larger than the
value observed in the crystal structure (264 kJ/mole). Thisillustrates that also the original crystal
structure involves a compromise between the crystallographic raw data and an empirical (MM) force
field (determined by the wa factor in CNS); if only the crystallographic data were used, the structure
would become unrealistic with strange bond lengths and angles.

The tilt angle is much less sensitive to the wi factor, even if it varies from sightly larger than the
crystal value (38°) down to ~35° as wa is decreased. This parameter does not either approach the
vacuum value (30°; thetilt anglein crystals of free MMPis 28° [30]) when wa is decreased, again
owing to the Van der Waals interactions.

The R factors show an even smaller variation. Rqe varies from 0.2314 for low values of wa to
0.2308 for the structure optimised with wa = 0.1. Encouragingly, the lowest value is clearly lower
than in the original crystal structure 0.2312, showing that ComQum-X actually improves the crystal
structure locally. At first, the small improvement, 0.0004, may seem a bit disappointing (we will see
below that this can be dightly improved). However, it must be remembered that Ry is a global
property of the whole protein (with 308 residues, 338 water molecules, and 2848 atoms). Even the
vacuum structure of MMP, with completely different orientation of the the side chains, gives only an

increase in Rye Of 0.0049.
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Interestingly, the normal R factor does not improve in the same way as Ryre.. On the contrary, the
R factor tends to increase as Ry decreases. Thisillustrates that the original crystal structureis
strongly optimised (refined) with respect to the normal R factor. Ideally (without overfitting), the two
R factor should be equal. Therefore, both the decrease in Ry and the decrease in the difference
between Ry and R flag an improvement in the structure.

Thisisthe reason why we cannot use aresidue R factor [31] (whichisamost 100 times more
sensitive to the variations in the MMP structure than the R factors) as the quality criterion: Itis
strongly correlated to the normal R factor, but not to the Ry factor, and therefore tends to increase
for the ComQum-X structures. Moreover, the residue R factor (asimplemented in the CNS and O
[32] programs) is sensitive to detailsin the calculation (e.g. the type of density map, resolution
range, and parameters in the equation used when the factor is calculated) [32].

Consequently, the choice of the wa factor is crucia for the results. Apparently, the default choice
of wa by CNS (0.8707) does not give the best structure of MMP, in terms of the Ry factor. Thisis
also manifested by the fact that the QC energy converges appreciably faster than the total ComQum-
X energies. Thus, the default choice of wa, determined automatically by CNS for the whole proteinis
not optimal for ComQum-X. A natural choice, given the datain Table 1 isto select the value of wi
that gives the lowest value of the Rqe factor. Thisisfound for wa = 0.1 (Rye = 0.2308). At this value,
we obtain a strain energy of 35 kJ/mole and atilt angle of ~36°.

However, this procedure is quite time consuming. A smpler way would be to use the same
criterion as CNS, i.e. to select wa so that the QC and crystallographic forces have equal magnitude.
CNS runs a short molecular dynamics simulation to determine wa. Such a procedure would be too
expensive with ComQum-X, because a new QC energy and force calculation would be needed for
each dynamics step. Instead, we decided to use the data already available during the geometry
optimisation. Thus, we compared the change in the various energy terms during each step in the
geometry optimisation. It turned out that the quotient of the change in Eqc and in Wiym(Ewmmizs - Evmi),
averaged over the latest geometry optimisation steps, indicated that the two forces would be similar
for wa around 0.02, which is slightly too low (it gives an Rye factor of 0.2309). It seemsto be
reasonably general that this quotient suggests a wa factor that is about ten times too small. Therefore,
such a procedure to determine wa can be used for crude calculations, whereas an investigation of the

relation between Ryee and Wi is best for accurate results.
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Calculations with junction atoms

These results show that ComQum-X behaves well and that a reasonabl e choice can be made for
the w, factor with a moderate effort. However, the quantum system was large, making these
calculations quite expensive, and there were no junction atoms, i.e. no chemical bonds between the
quantum system and the surroundings. Therefore, we next performed a series of calculations with
only the porphyrin ring of MMP in the quantum system (the methyl, ethyl, and propionate side
chains on the periphery of the MMP ring were in the MM system, giving atotal of eight junction
atoms). The molecular mechanics force field for MMP was the one used during the original
refinement of the crystal structure of the MM P:ferrochel atase complex [20].

The results of a series of ComQum-X optimisations of MMP in ferrochelatase with different
values of wx is presented in Table 2. The trends are similar those observed in Table 1. In particular,
neither the strain energy nor the tilt angle converge towards the QC values as Wi is decreased;
instead they stabilise at 9 kJ/mole and 37°, respectively. With junction atoms, there are two
additional reasons for this, besides the Van der Waals interactions. First, the junction atoms are
connected to the surrounding MM system (the side chains), which in these calculations are kept
fixed at the crystal positions. Therefore, the junction atoms cannot move freely.

Second, the bonded interactions for MMP in Ewvizs and Ewma N0 longer cancel, because Eymy
contains terms from the H junction atoms, whereas Ewwvi2s contains terms with C junction atoms.
Ideally, these differences should correct for the truncation of the quantum system. This can be tested

by varying the wyw factor.

The wuw weight factor

As discussed above, the www factor determines the relative weight between the quantum chemical
and molecular mechanics energy (Egn. 1) and should normally be 1/3 in ComQum-X calculations.
However, this factor can also be used to increase the weight of the QC calculations, independent of
the MM forces, i.e. to bias the results toward the QC structure (which could be more accurate than
the crystal datafor low-resolution structures). It can also be used to test the quality of the MM force

field and the treatment of the junction atoms.
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Thiswas investigated in Table 3, where www has been varied from 3 to /300, using the default
CNS value of wx (~0.84). As expected, the strain energy decreases smoothly toward 0 as W is
decreased, and the tilt angle also converges towards the vacuum value of 34°. Wealso note that the
strain energy and the tilt angle becomes larger than in the crystal structure for large values of Wi,
like in the other calculations.

Interestingly, Rye attainsits lowest value at wyw = 0.001, and the value is lower (0.2310) thanin
the calculations in Table 2. Thisindicates that there are some problems with the MM force field or
the positions of the side chains. Therefore, we performed another series of calculations where the
MM force field was omitted in all calculations. This was done by simply turning off all MM termsin
the CNS calculations. Thisis possible because the electron density alone can determine the position
of all the atoms (but the MM force field normally improves the local structure, i.e. the bond lengths
and angles).

The results of such calculations with different values of www are shown in Table 4. They show
that the problem comes from the MM force field. When it is removed, the strain energy decreases by
afactor of 2-3 for every value of wuw. Already at the normal value wuvw=21/3, the strain energy is only
7 kJ/mole. Moreover, Ry has slightly decreased to 0.2309 and it attains its minimum value close to
the normal value of www, ~1/6. At this value, the tilt angle is 38° and the strain energy is 4 kJ/mole.
This gives an indication of the actual strain energy of the MMPring in the crystal.

Thus, ComQum-X can be used to identify problemsin the MM force field for the molecul e of
interest. The problem can be localised by systematically removing terms from the force field.
However, such a procedure is quite tedious and very time consuming. A direct inspection of the force
field of MMP identifies two inconsistencies in the definition of improper dihedrals which keep the
ring system flat (the asymmetric CMA, CAA, CMD, and CAD atoms seem to have been mixed up),
and several suboptimal choices. A correction of these improper torsions leads to an improvement of
the Rye factor by 0.00015.

A more general procedure, if the accuracy of the MM force field for the quantum systemisin
doubt, isto remove all bonded interactions (bond, angle, and dihedral terms) of it (or, equivalently,
only those interactions involving the junction atoms). Such a procedure has the advantage over the
resultsin Table 4 of including Van der Waal sinteractions with the surrounding protein, but on the

other hand it gives up the opportunity to correct for the truncation of the quantum system.
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Encouragingly, such a procedure gave the most accurate structure (in terms of the Ry factor,
0.2308), as can be seen in Table 5, row 13. Therefore, we recommend such a procedure, unless you
are certain that the MM force field for the junction atoms will lead to an improvement. Thereby, you

also avoid the considerable work of developing and testing the force field.

Relaxation of the surrounding protein

In all calculations up to now, the surrounding protein has been kept fixed at the crystal structure.
Thisis not necessary. On the contrary, it is probable that changes in the quantum system will affect
the structure of the surroundings also. Conversely, a fixed protein will restrict the possible changes
of the quantum system, especiadly if there are any junction atoms (as was discussed above).
Therefore, we have tested various methods to allow the surrounding protein to relax during the
geometry optimisation.

First, we observed that a reoptimisation of the B factors of the quantum-system atoms in general
improved the Ry factor for al calculations by ~0.0001. Strictly speaking, thisis not arelaxation of
the surroundings, but rather an optimisation of other crystallographic variables for the quantum
system than the coordinates. Such an optimisation could either be done in each step in the geometry
optimisation or as afinal improvement at the end of the optimisation. These two possibilities gave
closely similar results for the present calculations of MMP in ferrochelatase. Therefore, it seemsto
be sufficient to optimise them only after the geometry optimisation.

In standard QC/MM calculations, the whole protein is normally not allowed to relax, but only the
atoms closest to the quantum system (typically atoms within 0.8-2.0 nm of the quantum system).
Thisrestriction is used to ensure that the protein does not move too far from the crystal structure.
However, in ComQum-X, such restrictions are unnecessary because the crystallographic raw data
ensure that the final structure will always be close to (and normally even better than) the crystal
structure. Therefore, no system 3 is necessary in the ComQum-X and all non-quantum atoms are
included in system 2, which is optimised by standard crystallographic methods.

Inour initial calculations, we optimised system 2 by afew (5-50) steps of crystallographic
conjugate gradient minimisation and restrained individual B-factor refinement in each cycle of the
ComQum-X optimisation. However, it was invariably observed that both the R and Ry factors

increased steadily by such atreatment. The reason for thisisthat the original structureis strongly
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optimised with respect to the reflections and this optimisation was aways stopped as soon asthe R
factors started to increase.

After several tests, we decided to follow this practice also in the ComQum-X calculations. Thus,
we do only one step of crystallographic conjugate gradient minimisation refinement and one step of
restrained individual B factor refinement in each cycle of the ComQum-X geometry optimisation.
However, the new coordinates and B factors are accepted only if the Ry factor decreases; otherwise,
the old variables are kept unchanged. Since atypical geometry optimisation runs for 50-200
iterations, there can still be an appreciable improvement in the structure of the surrounding protein.
Moreover, it is normally observed that during the end of the optimisation, few new coordinates and
B factors are accepted, indicating that also the surroundings has converged. In particular, we have
invariably observed that the Ry factor does not improve if the surroundings are optimised by several
steps of optimisation after convergence of the ComQum-X geometry optimisation.

Relaxation of the surrounding protein, typically leads to improved structures in terms of the Ryee
factor, but only by 0.0001-0.0002. The effect islargest for the calculations with the whole MMP
molecule in the quantum system. Some typical examples (the best results in Tables 1-4) are collected
in Table 5. It is notable that the lowest value for the Ry factor is not always found for the same
value of the weight factors if the protein was allowed to relax or not. However, the differencein
strain energy and thetilt angle for the best calculationsis not very large.

Evenif the effect is not very large, the cost in computer time to relax the protein is quite small,
less than atenth of the total computer-time consumption for the current calculations. Moreover, if
there are larger changes in the quantum system, relaxation of the surroundings may be important.

Therefore, we recommend all ComQum-X calculations be run with the surroundings free to relax.

Comparison with standard QC/MM methods

Finally, it could be very interesting to compare the ComQum-X results with those obtained with
standard QC/MM methods. Therefore, we have aso optimised MMP in ferrochel atase with two
different QC/MM protocols. The first is ComQum-01 in its original version, i.e. Turbomole
combined with Amber. The other is based on ComQum-01 in the modified version, i.e. Turbomole
combined with CNS, but without any crystallographic data (i.e. not ComQum-X). For the Amber

calculations we run one optimisation with the protein fixed at the crystal positions and one
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calculation where all amino acids within 0.8 nm of the quantum system were allowed to relax by a
full MM energy minimisation in each geometry optimisation cycle. Apart from the change in the
MM program, the two sets of calculations differ also in the force field for the protein (Amber or
CNS) and in that electrostatics are included in the Amber calculations, but not in those with CNS.
The results of the calculations are collected in Table 6 and two structures are shown in Figure 3.

Apparently, the various cal cul ations gave quite differing results for the strain energy: 10-21
kJmole. E;ishigher for the Amber calculations than for those with CNS, which is most likely an
effect of the inclusion of electrostatics in these calculations, which may significantly distort the
structure. The strain energy increases slightly when the surroundings are alowed to relax, which is
somewhat unexpected (the opposite is normally observed). This indicates that the surrounding
protein structure is strained in the crystal structure (at least according to the Amber force field) and
thisstrain isreleased by slightly distorting MMP. However, theincreasein  E; issmall, 2 kJ/mole.

Thetilt angles are more similar, 37-39° and also close to the crystallographic value (37°).
Likewise, the crystallographic Ry factors are quite similar; it is 0.2312 for both calculations with
fixed surroundings. Thus, the ComQum-01 calculations fit the experimental electron density about as
well asthe crystal structure (but slightly worse than the ComQum-X result). The reason for thisis
that the coordinates are very similar.

However, if the surroundings are alowed to relax, the ComQum-01 structure changes more. In
particular, the MMP ring becomes more planar. This effect islargest if the proteinis alowed to
equilibrate before the ComQum-01 calculation. Then, the MMP ring becomes almost completely
planar except for the tilt of the methylated pyrrole ring, as can be seen in Figure 3b. Thisindicates
that the force field for MMP is not fully satisfactorily (thering istoo stiff) and it nicely illustrates the
risk of using QC/MM calculations (the structure may diverge from the experimental structure).

Quite naturally, the R factors increase strongly for the calculations where the protein is allowed to
relax, especialy in the equilibrated structure. Thisis caused by the change in the coordinates of the
surrounding protein. It is partly an effect of the fact that the simulation is run in solvent and not in
the crystal, partly an effect of shortcomings of the force field.

The pure QC/MM calculations can be used to identify the interactions that give rise to the
distortions of the MMP ring. The fact that similar distortions are seen in the ComQum-01

calculations both with Amber and CNS (i.e. both with and without el ectrostatics) show that
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electrostaticsif of lessimportance. Instead, Van der Waalsinteractions turned out to give the whole
effect: If the Van der Waalsradii of the MMP atoms were decreased by 0.1 nm in the ComQum-CNS
calculations, the MMP ring became completely planar. This was accompanied with aminimal strain
energy but large R factors (Rree = 0.2334).

Thus, Van der Waalsinteractions are important for the MMP structure. Wetherefore tried to
modify these parameters also in the ComQum-X calculations. However, this did not lead to any
improvement of the structure - the lowest value of Ry Was obtained for the original parameters.

In conclusion, we see that the standard QC/MM methods give reasonable structuresif the
surroundings are fixed at the crystal structure. However, if the surroundings are alowed to relax, the
structure may start to diverge from the crystal structure. Consequently, it is strongly advisableto
keep the surroundings fixed during QC/MM calculations, if the aim of the calculationsisonly to
study the crystal conformation. Even if another conformation is studied, it is probably wise to relax
as little of the surroundings as possible. Moreover, we see that the strain energies are 4-15 kJmole
too high compared to the best ComQum-X estimate. Thus, ComQum-X seems to give appreciably

more accurate strain energies than QC/MM methods, provided that the crystal structure is known.

Implications for ferrochelatase

We have shown that ComQum-X behaves properly and can give rise to improved structures. It is
now time to collect the results and discuss their implications for the function of the enzyme
ferrochelatase.

The best structure of MMP in ferrochel atase seems to be obtained in the cal culations of MMP
with side chains, with aw, factor of 0.1 (cf. Table 5). This structure fits excellently into the electron
density, as can be seen in Figure 4. The density iswell-defined for the porphyrin ring, whereas the
side groups, especially the propionate side chains, are not so easy to position. Consequently, the
largest differences between this ComQum-X structure and the original crystal structure are seen for
the side chains (the propionate carboxylic atoms have moved by up to 155 pm), as can be seenin
Figure 5.

However, also the ring atoms have moved; the average movement of all the heavy atomsis 48
pm. The differences are most pronounced around the A ring, which is affected by the erroneous

improper dihedral parameters. Thisis most clearly seen for the position of the CHA atom relative to
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the A ring; in the original structure, CHA shows a strange and sharp kink. In the ComQum-X
structure, there isamore gradual transition between the A ring and the rest of the porphyrin ring.
This shows that crystal structures are sensitive to the MM force field used in the refinement and that
possible errorsin thiswill propagate to the final coordinates. ComQum-X can be used to identify and
correct such errors.

Thetilt angle in the ComQum-X structure (36°) is similar to the that in the crystal structure (37°).
Encouragingly, the best ComQum-X calculations without side chains gives the same result, showing
that the tilt angle isinsensitive to the theoretical treatment. Thistilt angleis significantly larger than
in the optimised structure of free MMP (30°) or in the crystal structure of free MMP (28°) [30].

Interestingly, in the vacuum structure of MMP, the porphyrin ring is completely planar except for
the tilt of the A ring. However, thisis not the case in the crystal, where the ring is strongly ruffled (it
looks like the figure eight seen from the edge; cf. Figure 3a) [33]. Thisruffling is also seenin the
ComQum-X structure. Thus, this ruffling isinherent in the crystal structure and clearly caused by
Van der Waalsinteractions in the protein. However, this distortion is alow-energy mode. This can be
seen from the strain energies.

The strain energies are very different in the ComQum-X calculations with or without side chains.
In the former, the strain energy is quite high 34 kJ/mole, whereas in the best of the latter
calculations, it isvery low 1-10 kJ/mole. Thislarge difference illustrates the problem of directly
interpreting E; asastrain energy.

E. isddined as the difference in vacuum energy of the ComQum-X structure and the optimum
vacuum structure. If the quantum system contains polar groups, these will form strong hydrogen
bonds or ion pairs with the surrounding protein or solvent, leading to an extended conformation of
these groups. However, in vacuum, these interactions are not present, and the polar groups instead
have to curl back to the moleculeitself and try to form as favourabl e interactions as possible. When

E. is calculated, we compare the energy of the extended conformation in vacuum, i.e. without any
compensation hydrogen bonds, with the compact vacuum structure with internal hydrogen bonds.
Therefore, E; can become quite large. However, these differences in electrostatic interactions are
not strain in the normal sense of the word [34]. This has been thoroughly discussed before [11,28].

Thus, the large values of  E; for the calculations of MMP with side chains are caused by

el ectrostatic interactions between the propionate side chains and the other side chains. In MMP
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without side chains, there are no flexible polar groups in the molecule. Therefore, there are no
dubious electrostatic termsin  E; for this molecule. Consequently, E; islow and it can directly be
interpreted as a strain energy in the normal sense of the word (mechanical distortions of the molecule
when it is bound to a protein) [34].

Our best estimate of the strain energy of MMP when bound to ferrochelatase is 6 kJ/mole. This
estimate is obtained from the cal culations where the bonding interactionsin the MM force field for
MMP are ignored (rows 13-14 in Table 5). It is probably advantageous to calculate strain energiesin
calculations without any bonded MM interactions for the quantum system, because you then avoid
the risk of distorting the results by errorsin the force field. This strain energy is much lower than

E: values observed in other QC/MM calculations 20-70 kJ/mole [28], but the latter calculations
have invariably involved polar groups (note that the values are similar to  E; for MMP with side
chains, 34 kJmole). However, it isfully in line with the suggestion that a molecule bound to a
protein isin general strained by lessthan 10 kJ/mole [35].

Thus, we can conclude that MMP is very little strained by the protein in energy terms, although
thereisaclear distortion (ruffling) of the porphyrin ring and a change in the tilt angle, which
undoubtedly are caused by the protein. Apparently, these distortions are low-energy modes.
However, it should be noted that MMP is not the true substrate of the protein, but rather a strong
inhibitor. Therefore, the observed distortions may give rise to larger energy terms for the true

substrate and in the transition state of the chelatase reaction.

Concluding remarks

In this paper, we have devel oped a method, quantum refinement, to incorporate crystallographic
raw data into a quantum chemical geometry optimisation. The method isimplemented in the
program ComQum-X and we have illustrated its possibilities. We show that the program behaves
well and that reasonabl e structures are obtained. These structures provides an optimum compromise
between quantum chemistry and crystallography. The method provides a clear improvement of
normal QC/MM calculations, because the resulting structures are guaranteed to be consistent with
the experimental data. Moreover, there is no risk that the structure is biased by errorsin the crystal
coordinates, as there would be if you fix some atoms at their positionsin the crystal structure.

Thus, the method could be used to dock quantum mechanical vacuum structures into a protein.
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The study of enzymatic reaction mechanisms with quantum chemical methodsisarapidly growing
area of research [1-3]. Normally, the structures are obtained in vacuum and there is no guarantee that
they may fit into the protein. ComQum-X can be used to test if the structure may apply also in the
protein.

We have a so seen that the method allow us to compare structures and energies obtained with and
without the protein. The method avoids any bias from systematic errors in the quantum chemical
method or errors in the experimental coordinates. Naturally, strain energies become much more
realistic than those obtained directly from the crystal structure (for example 6 kJ/mole compared to
156 kJmole for MMP in ferrochelatase). Therefore, ComQum-X may become avaluabletool in the
study of how a protein may distort a bound group.

We have thoroughly discussed and tested how the two new weight factorsin ComQum-X (which
are needed to make the three types of energies, quantum chemical, molecular mechanics, and
refinement penalty function, comparable) affect the results. For www, the only realistic choiceis
around 1/3 when the CNS force fields are used, and 1 when an energy-based force field isused. The
W, factor, on the other hand, can be determined by running several calculations and select the one
with the lowest value for the Ry factor. Alternatively, but less accurately, it could be determined as
the value that gives QC and crystallographic forces of the same magnitude.

Even more interestingly, the wiuv and wa weights can be used to bias the structure towards the
quantum chemical structure. A medium-resolution crystal structure of a heterocompound, e.g. a
metal site, in aprotein typically has an uncertainty in the bond lengths of at least 10 pm. A quantum
chemical calculation of the same site has an uncertainty of 3-7 pm [36,37]. Moreover, the latter
errors are systematic, whereas the crystallographic errors are random. Therefore, the quantum
chemical errors can be compensated for, e.g. by the method of offset forces [38]. We could even use
other experimental data, e.g. EXAFS data, to improve the quantum chemical structure. Therefore,
we can expect that the quantum chemical calculations are more accurate than the crystal structures.
By giving a higher weight to the quantum chemical calculations, we could therefore actually
improve the crystal structure locally. Weare currently investigating this possibility.

ComQum-X can also be regarded as an improved crystallographic refinement procedure. The
refinement of protein structures aready involves the use of theoretical methods, so the change is not

very large. We have replaced (or supplemented) the normal molecular mechanics potential by a
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quantum chemical potential. Naturally, this can be expected to give improved results. For normal
amino acids, the molecular mechanics potential used in standard refinement programsis quite
accurate. However, for other groups and molecules, such as metal centres, substrates, inhibitors, etc.
(i.e. heterocompounds), experimental datais often partly lacking and the potential is much worse
(and normally constructed by the crystallographers themselves). Naturally, this makes these parts of
the crystal structure less well-determined. ComQum-X may solve this problem in an unbiased way.
In fact, we can remove the molecular mechanics potential fully, giving a purely quantum chemical
potential for the heterocompound. This gives an ultimate test of the potential used in the crystal
structure. In the studied example, we have seen that the force field for MMP contains errors, which
propagates to the final crystallographic coordinates.

An interesting and probably the most important application of ComQum-X isto interpret crystal
structures. Quite often, it is not clear exactly what atoms are seen in the electron density or in what
oxidation states the atoms are. By performing several ComQum-X calculations on different
alternative structures, we may identify the most probable structure with an appropriate quality
criterion, e.g. the Ry« factor. The advantage with quantum chemical methods is that we can calcul ate
the optimum structure for each alternative and see how well it fitsinto the electron density.
Numerous examples of promising projects of thistype can be found.

One example would be to study the protonation status of metal-bound water moleculesin the
active site of proteins. The protonation status (i.e. if it isawater molecule or ahydroxide ion) is
most important for the reaction mechanism of metalloenzymes, but it is not available by normal
crystallographic techniques. The reason for thisis mainly that the ideal bond lengths of water and a
hydroxide ion to the metal ion are not known. By quantum chemical methods, the two ligands can
easily be compared, and their bond lengths typically differ by 30 pm. Moreover, they often giverise
to further changes in the surrounding structure. Therefore, it should be possible to decide which
structure fits the electron density best using ComQum-X. There is alarge number of enzymes that
can be investigated with such techniques. This possibility will be thoroughly explored in afuture
publication.

In the present version of ComQum-X, we have followed the crystallographic practice of not
including hydrogen atoms and el ectrostatics in the force field used in the refinement. The reason for

this decision is mainly that the hydrogen atoms are not discernible in the crystal structure, so we
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would have to speculate about their positions. For many hydrogen atoms, this can be done with a
satisfactorily accuracy. However, for other atoms, e.g. methyl groups or hydroxyl groupsthereisa
rotational degree of freedom which is not easily settled. For water molecules, the situation is even
worse and for histidine residues, it is not even clear to what atom the hydrogen atom should be
added. Therefore, there is alarge risk of making an erroneous choice when the positions of the
hydrogen atoms are determined and this may bias the structure in an unwanted way.

On the other hand, the lack of electrostatics in the quantum chemical calculations will distort the
structure. For example, it is known from earlier QC/MM calculations that the structure of metal sites
change significantly when hydrogen bonds and solvation effects are included in the calculations. For
example, the Fe-S distances in reduced rubredoxin decrease by 6 pm when the site is moved from
vacuum into the protein [39]. Therefore, we need to include electrostatics (and at |east polar
hydrogens also) in the calculations in order to obtain accurate results for such systems. This can be

attained by minor changes in the ComQum-X and we currently investigate this possibility.
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Table 1. Variation of the strain energy ( Ei, kJ/mole), tilt angle (°), and R factors with the wa factor
when MMP (with side chains) is optimised in ferrochel atase with ComQum-X.
The surrounding protein was not allowed to relax and wwv = 1/3. For comparison, data for the crystal

structure and a geometry optimisation in vacuum with the same QC method are also included.

Wa E: Tilt angle Riree R
Crysta 264.5 37.2 0.23120 0.18271
30 333.6 42.2 0.23143 0.18256
10 131.7 40.7 0.23129 0.18263
3 74.2 394 0.23119 0.18272
1 53.4 38.3 0.23111 0.18286
0.8707 52.7 38.3 0.23109 0.18288
0.3 41.8 37.0 0.23106 0.18319
0.1 34.6 36.3 0.23084 0.18390
0.03 28.1 35.6 0.23093 0.18577
0.01 24.9 355 0.23129 0.18655
0.003 24.3 35.3 0.23136 0.18670
0.001 24.3 35.3 0.23138 0.18671
QC 0.0 29.9 0.23606 0.18859
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Table 2. Variation of the strain energy ( Ei, kJ/mole), tilt angle (°), and R factors with the wa factor
when MMP (without side chains) is optimised in ferrochelatase with ComQum-X.
The surrounding protein was not allowed to relax and wwv = 1/3. For comparison, data for the crystal

structure and a geometry optimisation in vacuum with the same QC method are also included.

Wa E: Tilt Riee R
Crysta 156.3 37.2 0.23120 0.18271
30 188.2 42.3 0.23123 0.18262
10 65.8 40.5 0.23117 0.18264
3 23.6 38.8 0.23117 0.18269
1 12.9 37.7 0.23114 0.18272
0.84 12.2 37.6 0.23114 0.18273
0.3 9.6 37.1 0.231117 0.18277
0.1 8.8 36.9 0.231116 0.18282
0.03 9.0 37.0 0.23119 0.18296
0.01 9.3 37.2 0.23124 0.18308
QC 0.0 34.1 0.23373 0.18490
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Table 3. Variation of the strain energy ( Ei, kJ/mole), tilt angle (°), and R factors with the www factor
when MMP (without side chains) is optimised in ferrochelatase with ComQum-X.

The surrounding protein was not allowed to relax and wa was calculated by CNS (wa = 0.841-0.848).
For comparison, data for the crystal structure and a geometry optimisation in vacuum with the same

QC method are al so included.

Wiim E: Tilt Riee R
Crysta 156.6 37.2 0.23120 0.18271
3 188.4 41.1 0.23149 0.18267
1 37.2 39.3 0.23128 0.18269
/3 12.2 37.6 0.23114 0.18273
110 4.9 36.2 0.23100 0.18279
1/30 2.2 35.7 0.230982 0.18292
1/100 0.7 35.0 0.230978 0.18313
1/300 0.1 34.1 0.23119 0.18331
Pure QC 0.0 34.1 0.23373 0.18490
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Table 4. Variation of the strain energy ( Ei, kJ/mole), tilt angle (°), and R factors with the www factor
when MMP (without side chains) is optimised in ferrochel atase with ComQum-X but without any
molecular mechanics force field.

The surrounding protein was not allowed to relax and wx was set to 1 (it cannot be determined by
CNSwithout aMM potential). For comparison, data for the crystal structure and a geometry

optimisation in vacuum with the same QC method are also included.

Wim E: Tilt Riee R
Crystal 156.6 37.2 0.23120 0.18271
10 180.5 42.3 0.23102 0.18263
3 50.7 40.7 0.23098 0.18270
1 16.3 39.6 0.23096 0.18276
1/3 7.3 38.5 0.23092 0.18279
1/6 4.4 37.9 0.23086 0.18281
/10 2.9 37.3 0.23091 0.18285
115 2.0 36.4 0.23098 0.18288
1/30 10 35.8 0.23109 0.18296
1/100 0.1 34.1 0.23147 0.18311
Pure QC 0.0 34.1 0.23373 0.18490
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Table 5. Changein the strain energy ( Ei, kJ/mole), tilt angle (°), and R factors when the protein

was allowed to relax during the optimisation of MMP in ferrochel atase with ComQum-X.

Relaxed? Side Wnum Wa E: Tilt Riree R
chains?

No Yes 13 0.1 34.6 36.3 0.23084 0.18390
Yes Yes 13 0.1 34.3 36.1 0.23067 0.18388
No No 1/3 0.3 9.6 37.1 0.23112 0.18277
Yes No 1/3 0.3 9.6 37.2 0.23103 0.18277
No No 13 0.1 8.8 36.9 0.23112 0.18282
Yes No 13 0.1 8.8 36.9 0.23107 0.18284
No No 1/10 0.8423 4.9 36.2 0.23100 0.18279
Yes No 1/10 0.8423 4.9 36.2 0.23095 0.18280
No No 1/100 0.8422 0.7 35.0 0.23098 0.18313
Yes No 1/100 0.8423 0.8 35.0 0.23096 0.18311
No No 1/6 No MMa 4.4 37.9 0.23086 0.18281
Yes No 1/6 No MMa 4.4 37.9 0.23076 0.18281
NoP No 1/3 0.03 6.3 35.7 0.23085 0.18300
Yes No 1/3 0.03 6.2 35.2 0.23078 0.18321
Crystd 156.6 37.2 0.23120 0.18271

2 These calculations were run without any MM interactions.

b These calculations were run without any bonded MM interactions for MMP.
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Table 6. Strain energy ( Ei, kImole), tilt angle (°), and R factors for three standard QC/MM

(ComQum-01) optimisations of MMP (without side chains) in ferrochel atase.

The calculations differ in the MM program and force field used (Amber or CNS) and whether the

MM system (system 2) is allowed to relax or not. The R factors are calculated after arefinement of

the individual B factors of the quantum system or the whole protein, if it was relaxed.

MM progran MM relaxed? E:
Amber No 191
Amber Yes 21.4
Amber Yest 131

CNS No 9.6
CN& No 0.0

2|n this calculation, the protein was first equilibrated with Amber.

Tilt
38.7
37.7
29.8
374
33.6

Reree
0.23115
0.24834
0.45926
0.23122
0.23336

R
0.18276
0.20833
0.45450
0.18327
0.18440

b |n this calculation, the Van der Waalsradii of the MMP atoms were decreased by 1.0 A
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Figure 1. The structure and logic of the modular ComQum-01 program, illustrated by the division of
one of the six interface programs (fixforce, the program which adds the QC and MM forces) into
four independent programs (one of which there are two variants in this figure, depending on the MM
program). Programs are shown in bold face, MM or QC program filesin italics, and intermediate

filesin normal face.

gradient forcel || force2 forcel || force2
FixForce_Turboln FixForce Amberln FixForce CNSIn
FixForce.QClIn FixForce. MMIn

i v

ComQum.dat P FixForce
FixForce.out

v

gradient P FixForce TurboOut

v

gradient
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Figure 2. A comparison between MMP (&; optimised vacuum structure) and a haem group (b).
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Figure 3. A comparison of MMP optimised (not the side chains) with ComQum-01/Amber without

(@) or with (b) arelaxation of the surrounding protein.




Figure 4. The ComQuwm-X structure of MMP in ferrochel atase, compared to the experimental

electron density (2f,- f. map, 1.4 level) and the crystal structure of MMP (blue).

35



Figure 5. A comparison between the ComQum-X structure of MMP (with side chains) in

ferrochel atase (wa = 0.03, wuv = 1/3) and the crystal structure (green and no hydrogen

atoms) of the MM P:ferrochel atase complex [20].
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Scheme 1. A flow scheme of the original ComQum-01 program. Stepsin bold face constitute the
actual ComQuwm interface (five small programs, which in the modular ComQum-01 version are
divided into four programs each, two for input from the QC and MM programs, one for the actual
ComQuwm procedure, and one for moving data to either the QC or MM program). The other steps are
performed either by the QC or the MM program, whereas the whole program isa simple UNIX shell
script. S1, S2, and S3 denotes systems 1 to 3.

Eval uate QC wavefuncti on
Repeat
Eval uate the QC forces (from S1-S3 onto S1)
Eval uate the MM forces (from S2-S3 onto S1)
Add the forces
Rel ax the geonetry of S1 using these forces
Change the coordinates of S1 in MMrepresentation
If S2 is to be rel axed
Cal cul ate the QC charges of Sl
Insert theminto the MM representation
Rel ax S2 by MM mnimsation with S1 & S3 fixed
Change the coordinates of S2 in QC representation
Eval uate the QC wavefunction (and energy) of Sl
Eval uate the MM potential energy
Add the energies
until convergence
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Scheme 2. A flow scheme of the ComQum-X program. S1 and S2 denotes systems 1 and 2. Note that
thereisno system 3 in ComQum-X. Stepsin bold face constitute the actual ComQum-X interface
(three sets of four small programs). Stepsin italics are performed by the crystallographic refinement
program (CNS), whereas those underlined are run by the quantum chemistry (QC) program
(Turbomole). The relaxation step could in principle be run with any relaxation program. In the
current version, it isrun by the Relax program in the Turbomole suite. The whole procedure is

driven by asimple UNIX shell script.

Eval uate QC wavef uncti on
Repeat

Eval uate the forces (within S1
Eval uate the crystallographic forces (fromSl & S2 onto Sl)
Add the forces
Rel ax the geonetry of S1 using these forces
Change the coordinates of S1 in CNS representation
Rel ax S2 by crystall ographic refinenent with S1 fixed
Performan individual B factor refinenment of S1 & S2
Eval uate the QC wavefunction and energy of Sl
Eval uate the crystall ographic energy function
Add the energies

until convergence
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