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X-ray crystallography is the major source of structural informa- by a QM calculation for a small part of the protein. Alternatively,
tion, especially for proteins. The solution of a protein structure it can be seen as a standard combined QM and MM (QM/MM)
involves repeated cycles of model building and refinem&gcause program? where the structure is restrained to be close to the
of the limited resolution obtained for biomolecules, the experimental experimental electron density. Chemical bonds between the quantum
data are normally supplemented by some sort of chemical informa- system and the surroundings are treated by the hydrogen link-atom
tion, typically in the form of a molecular mechanics (MM) force method?® Thus, the total energy is calculated as:
field. In all except the most accurate structures, this force field

determines the details of the structure (e.g., bond lengths and Bt = EQMl ~ Bumz t Bvmzz + Wa Exrer 1)
angles), V\_/hereas the experimental data determine the general foldynere Eowi is the QM energy of the quantum system truncated
and the dihedral angles. with hydrogen atomsEww: is the MM energy of the quantum

From a theoretical point of view, this is somewhat unfortunate system, still with hydrogen link atom&ww:2 is the MM energy
becau_se MM is the IeasF accurg?e (but fastes_t) theoretical meth_od,of the whole proteinExer is the crystallographic penalty function
especially as the potential traditionally used in crystallography is (we have used the default maximum-likelihood refinement target
of a simple form (a diagonal and harmonic force field without yiip amplitude®), and w, is a weight function that takes into

electrostatics). Moreover, MM involves a large number of param-  account thaEx is in arbitrary units, whereas the other terms are
eters, and the results depend on the quality of these. For the normaj, energy units.

amino acids, accurate parameters exist, based on a statistical survey |, the QM calculations, we have used the density functional

of small-molecule datdHowever, for unusual molecules, such as  Becke-Perdew method (BP88Y, and we have employed the
metal centers, substrates, and inhibitors, experimental data are ofter31G+ basis sét for all atoms, except irot2 Density functional

partly lacking. In particular, force constants are normally not methods have been shown to give excellent structures for transition-
available, and therefore the crystallographer has to construct them,metal complexes in genetaland in cytochrome models in
a complicated and error-prone procedére. particulart® Thus, Fe-Npe, Fe—Nyis, and Fe-Sye bond to the
This raises the possibility that crystal structures could be equatorial and axial bonds to the porphyrin, and His or Met ligands
improved if a more accurate level of theory was used in the gare reproduced within23, 4-5, and 6 pm, respectively, with the
refinement, e.g., quantum mechanics (QM). We have recently B3LYP density functional methot.If the latter calculations are
developed such a methagljantum refinemenimplemented inthe  repeated with the present method, the errors are reduceet3p 1
software ComQum-X.In that and later papefsye have illustrated 0-2, and +3 pm?® This is the basis of the success of the
the excellent performance of this method and tried to show that it ComQum-X method: The theoretical uncertainties are appreciably
may improve crystal structures locally. This is not a trivial task smaller than those in standard medium-resolution crystal structures
because most crystallographic quality criteria (eRyfactors and (an averageerror of ~10 pni®). Moreover, the theoretical errors
electron-density maps) compare how well the model fits the are systematic (too long bonds to the metals) and can therefore be
experimental data. Thus, the optimum fit is obtaineabiEmpirical compensated fo¥
constraints are used. However, crystallographic experience shows Al ComQum-X calculations were performed with the 170-pm
that small errors in the raw data lead to chemically unreasonable structure of cytochromessz5 the high-resolution structure was only
structures with strange bond lengths and angles, at least for low-used to judge the result of these re-refinements. The CNS
and medium-resolution protein structures. The force field in standard calculations involved the standard CNS force field. Coordinates,
refinement is used to remedy this problem at the expense of giving occupanciesB factors, structure factors, space group, unit cell
a slightly worse fit. Thus, improved factors and maps not  parameters, and resolution limits were obtained from the PDBiles.
necessarily flag an improved structure. For other entries, default CNS values were used. The full protein
A way out of this dilemma is to find a protein that has been was used in all calculations, including all crystal water molecules.
solved at both a low and atomic resolution (where geometric The quantum system was 'Fgorphyrin)(imidazole)(S(CH.),
restraints have a small influence on the structure), but otherwise atwhere the porphyrin was modeled either with or without all side
as similar conditions as possible. An improved method would then chains2°
bring the low-resolution structure closer to the high-resolution  The results of the calculations are shown in Table 1 and Figure
structure. In this study, we employ such a pair of structures, 1. It can be seen that the Figand distances in the two crystal
cytochromecsss from Bacillus pasteurii which has been solved at  structures are quite different, with errors of up to 32 pm in the
97 pm resolution with ab initio phasing and independently by the low-resolution structure. When the heme site is re-refined with
same group at 170 pm resolution in a multiple anomalous dispersionComQum-X, the distances change appreciably and become much
experimen®. closer to the high-resolution structure: The error in the-Rgis
ComQum-X is a combination of the QM software Turbomdle  bond length is reduced from 32 te-@ pm, that of the Fe Sye
and the refinement software Crystallography and NMR system bond length is reduced from 12 te-5 pm, and those of the Fe
(CNS)7 In essence, ComQum-X replaces the MM potential in CNS Npo, bond lengths are reduced from 3 to 9 te®pm. This is of
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Table 1. Fe—Ligand Distances, Strain Energies® (AE;, kJ/mole),
and R Factors for the Heme Group in Cytochrome css3 Calculated
with ComQum-X Using the Low-Resolution Data®

distance to Fe (pm)

side chain Wa Niis  Swet Npor AE; ARy ARyigh

crystal  low 231 221 202208 0.0000 0.0000
high® 199 233 197200

yes 3 201 229 197199 107.5 —0.0112 -0.0063
1 201 229 197199 66.4 —0.0107 —0.0063
0.3 199 231 199 53.9-0.0101 -0.0057
0.16 199 231 199 51.2-0.0055 —0.0057
0.03 199 232 206201 47.9 —0.0056 —0.0041
vacuum 199 233 206201 0.0

no 1 202 228 197200 37.9 —0.0064 —0.0176
0.3 200 230 198201 33.6 —0.0059 -0.0171
0.15 200 231 199201 355 —0.0055 —0.0164
vacuum 200 235 206201 0.0

Figure 1. The low- (magenta) and high-resolution (green) crystal structure
of heme cytochromess; compared to the ComQum-X structunen(=
0.16, with side chains) and the electron density (2 fc omit map at the
2.5 0 level) from the high-resolution data.

course a manifestation of the excellent performance of density
functional theory for this metal site; errors in the vacuum structures
are less than 3 pm.

This improvement can also be seen for Réactors. Unfortu-
nately, the selection of the test set of the reflections is not available
in the deposited files. Therefore, we can only measure how much
the R factor (but notRee) is reduced by ComQum-X compared to
the low-resolution structure\Rey, in Table 1). It can be seen that
it is improved by 0.006-:0.011. We can calculate a similRifactor
based on the high-resolution reflections. These are also given in
Table 1 ARigr) and show a similar improvement.

The amelioration is even clearer when we compare the Com-
Qum-X structure with the low-resolution crystal structure in Figure
1. The largest movements are seen for one of the atoms in the
substituted vinyl side chains (214 p#)the iron ion (18 pm), and
the N°! atom (21 pm; the average movement of all atoms is 10
pm). In all cases, the ComQum-X structure is closer to the high-
resolution structure. The high-resolution electron-density map also
confirms this.

Thus, we see that the inclusion of quantum chemistry in the
refinement procedure of a protein may locally improve a medium-
resolution protein structure. The result is relatively insensitive to
the wy factor, but it can be used to bias the structure toward the
crystal or QM structure (a low value gives a structure closer to the
theoretical structure). The optimum valuevef can be selected by
optimizing theRyee factor. For example, in the present case, such

a procedure indicates thag, = 0.3 (without) or 3 (with side chains)
is best, which is in reasonable agreement with the optimufiRigy,
found forw, = 1 (without) and 10 (with side chains).

At present, quantum refinement is quite costly compared to
standard refinement. Thus, the first refinement tedkweeks on
a standard PC, whereas calculations with other valuesvof
converged within a few day&.However, we predict that as the
computers become faster, quantum refinement may become a
standard tool in the refinement of nonstandard sites in proteins.
Moreover, the effort is not prohibitive if the re-refined site is of
major interest, e.g., before a theoretical investigation of the active
site of a protein. In particular, ComQum-X provides an optimum
compromise between quantum chemistry and crystallography,
giving a structure that can be directly compared to QM data.
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