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Abstract The refinement of protein crystal structures

currently involves the use of empirical restraints and force

fields that are known to work well in many situations but

nevertheless yield structural models with some features

that are inconsistent with detailed chemical analysis and

therefore warrant further improvement. Ab initio electronic

structure computational methods have now advanced to the

point at which they can deliver reliable results for macro-

molecules in realistic times using linear-scaling algorithms.

The replacement of empirical force fields with ab initio

methods in a final refinement stage could allow new

structural features to be identified in complex structures,

reduce errors and remove computational bias from struc-

tural models. In contrast to empirical approaches, ab initio

refinements can only be performed on models that obey

basic qualitative chemical rules, imposing constraints on

the parameter space of existing refinements, and this in turn

inhibits the inclusion of unlikely structural features. Here, we

focus on methods for determining an appropriate ensemble

of initial structural models for an ab initio X-ray refinement,

modeling as an example the high-resolution single-crystal

X-ray diffraction data reported for the structure of lysozyme

(PDB entry ‘‘2VB1’’). The AMBER force field is used in a

Monte Carlo calculation to determine an ensemble of 8

structures that together embody all of the partial atomic

occupancies noted in the original refinement, correlating

these variations into a set of feasible chemical structures

while simultaneously retaining consistency with the X-ray

diffraction data. Subsequent analysis of these results strongly

suggests that the occupancies in the empirically refined

model are inconsistent with protein energetic considerations,

thus depicting the 2VB1 structure as a deep-lying minimum

in its optimized parameter space that actually embodies

chemically unreasonable features. Indeed, density-func-

tional theory calculations for one specific nitrate ion with an

occupancy of 62% indicate that water replaces this ion 38%

of the time, a result confirmed by subsequent crystallo-

graphic analysis. It is foreseeable that any subsequent

ab initio refinement of the whole structure would need to

locate a globally improved structure involving significant

changes to 2VB1 which correct these identified local struc-

tural inconsistencies.

Keywords Monte Carlo � Density-functional theory �
Protein refinement � Ensemble refinement � Lysozyme

1 Introduction

X-ray crystallography is the most important experimental

technique in protein structure determination. In order to
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Linköping University, 581 83 Linköping, Sweden
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understand biological functions and chemical mechanisms,

the structures of macromolecules need to be obtained with

high accuracy. In general, crystal structures of small mol-

ecules (*150 atoms) determined at high resolution match

closely with models derived from ab initio calculations due

to the low complexity of their molecular structure, the

overdetermination of the refinement process and the use of

unbiased free atom refinement methods. In contrast, despite

technological enhancements during the last 30 years, it is

difficult to generate accurate atomic-resolution macromo-

lecular structures. For macromolecular systems, the struc-

tures are often highly complex and usually the number of

observations per atomic parameter is low and therefore

empirical information must be included to enable a struc-

ture to be refined. Even in a handful of cases, where

structures have been subjected to free atom refinement

against high-resolution data, the structural models are

inadequate in representing the unknown ensemble of con-

formers which compose the observed average structure of

the molecule.

For X-ray refinement, an initial protein model structure is

generated and then improved by matching it to observed

reflection data while simultaneously maintaining geomet-

rical restraints. Geometrical restraints have a large impact

on the structure if the reflection data is poor but are nor-

mally weighted down in high-resolution refinements. A

common approach is to use the geometrical parameters

derived from accurate measurements of bond and angle

parameters in small protein structures [1]. These standard-

ized parameters are used in refinement programs such as

SHELXL [2] and REFMAC5 [3] that are used widely. For a

‘‘normal’’ protein structure, these values are in general

realistic, but for unusual structural features, such as cofac-

tors, this methodology can yield inaccurate results. For

example, we recently optimized the structure of photosys-

tem-I by linear-scaling density-functional theory without

reference to the original X-ray diffraction data [4]. This

introduced only small changes to well-represented features

such as main chain conformations but significant changes to

the chlorophylls, cofactors, oligomerization features and

group orientations. More generally, significant problems

with even the determination of the backbone structure have

been noted [5–12], and Eyal et al. [13] have shown that

structures by the same authors in the PDB are more similar

to each other than structures from independent groups.

Restrained refinement was pioneered by Konnert and

Hendrickson [14–17], and the function minimized is the

weighted sum of the difference of the observed and pre-

dicted intensities combined with the differences of the

squared ideal and observed interatomic distances together

with other types of geometrical restraints. Jack and Levitt

[18] introduced a refinement approach where a sum of

energy and X-ray terms was minimized. Brunger et al. [19]

further developed the methods and combined the X-ray

data with a potential from molecular dynamics.

Due to the computational time and problematic scaling

properties, high-level density functional calculations have

typically not been applicable to protein structure refine-

ment. During the last few years, a number of linear-scaling

semi-empirical and density-functional theory (DFT) algo-

rithms have been developed [4, 20–39] (for recent reviews,

see e.g., [40–44]). The development of modern density

functionals capable of describing dispersion interactions

[45–61] allows such methods to properly describe all of the

chemical bonding types associated with protein structure.

These methods are commonly used to enhance descriptions

of protein active sites but have also been used to optimize

whole protein structures, but without reference to the ori-

ginal raw diffraction intensities used to generate them

[4, 23–25, 27–29, 33]. Recently, dispersion-corrected DFT

optimization led to the revision of a protein X-ray struc-

ture, reducing the R factor to increase the quality of the

interpretation of the diffraction data [62].

For many reasons, it is preferable to employ such

methods within the refinement stage, however. Pioneering

studies employing quantum chemical methods focused on

improving low-resolution structures. Ryde et al. [63–66]

have developed a method that combined quantum

mechanics and molecular mechanics, where only a part of

the structure used restraints from quantum mechanical

calculations. Also, Merz et al. [67–73] and Stewart [23, 33,

43] made use of another approach using a semi-empirical

method for the energy restraints. These approaches have

yielded more chemically reasonable aspects of critical

structural features than was previously obtained using tra-

ditional refinement methods, often also increasing agree-

ment between observed and calculated diffraction

intensities.

A major challenge at this time is the demonstration that

quantum chemical methods can be used to enhance the

refinement of all aspects of, in particular, high-resolution

X-ray structures. These are the structures that have the

most significant features resolved. The advantage that

ab initio methods have to offer protein crystallography is

that they know most about the highest-resolution features

of the protein, precisely the area in which little information

is directly available from current experiments. Comple-

mentary to this, ab initio calculations know least about the

overall protein conformation and other lower-resolution

features that are readily determined using crystallography.

There is, however, an intermediate regime concerning

torsional motions and short-range intermolecular forces in

which useful information could be expected from both

approaches, and indeed it is important to verify that any

used computation method can accurately reproduce such

features. All computational methods will suffer from some
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systematic failures, and perhaps now the time has come

where ab initio methods can be utilized to simply add

information to crystallographic refinements.

Here, we investigate one of the most basic issues facing

the melding of ab initio computations of protein structure

with X-ray structure refinement: the presence of multiple

conformations in protein structures, a feature that often

leads to poor X-ray structural models [7]. A multiple-copy

refinement scheme (ensemble refinement) [74–80] is

developed, which treats multiple conformations as an

ensemble of fully connected structures, each of which

obeys basic chemical rules. Modern X-ray structures often

detect many atoms with multiple sites. Major correlations

between the locations of such atoms, especially those

directly related to function, are often noted in structural

models, but systematic approaches to determining such

correlations are rare, and PDB files are rarely constructed

so as to make correlations explicit. As a result, most cor-

relations go unnoticed, yet such features are critical to any

ab initio refinement of crystal structures. Ensemble

refinement can lead to significant improvements of

observed and fitted diffraction intensities [75] and are

currently of great interest as a means of improving struc-

tural models [11, 81–91], including refinement of NMR

data [92].

The structure of lysozyme is used as a sample system to

consider the issue of correlated structural fluctuations as

lysozyme is one of the most studied proteins. It was dis-

covered by Fleming [93], and its three-dimensional struc-

ture was first solved by Blake et al. [94], providing the first

enzyme structure to be solved by X-ray crystallography.

The number of lysozyme structures contained in the Pro-

tein Data Bank (PDB) [95] is large. Even so, the exact

catalytic mechanism of lysozyme is still a subject of debate

[96, 97], indicating that further structural characterization

and computational analysis may be required. From an

experimental point of view, lysozyme is, in comparison

with other proteins, easy to purify and crystallize, and

crystals diffract at high resolution. Moreover, lysozyme

crystallizes in different polymorphic space groups

depending on the crystallization conditions [98]. We con-

sider only the refined ‘‘2VB1’’ structure from the PDB of

triclinic hen egg white lysozyme (HEWL) by Wang et al.

[98]. This is currently the third-highest-resolution protein

structure deposited in the PDB and is at a resolution of

0.65 Å. This structure was refined in SHELXL by remov-

ing the restraints for the well-ordered parts of the model

(those in a single conformation) and represents a close

approximation to the structures resulting from free

atom refinements conducted in small-molecule X-ray

crystallography.

In Sect. 2, we review features of standard protein X-ray

structure refinement that are critical to the development of

enhanced methods. These methods focus on providing the

best-possible representation of the raw X-ray diffraction

data in terms of atomic coordinates, given options for the

application of non-experimental features such as con-

straints and empirical force fields. Our aim is to replace

these empirical conditions with ab initio ones, but in order

to commence such an operation, many significant issues

involving lack of experimental knowledge of required

information must first be addressed. Section 3 describes

critical data that is either present or absent from the 2VB1

X-ray structure of lysozyme [98]. Section 4 describes a

Monte Carlo technique for determining an ensemble of

chemically realistic structures that represent the multiple

conformations detected in the original refinement. This

involves adding additional constraints to the refinement

that enforce basic chemical rules, but otherwise this Monte

Carlo step uses the AMBER force field to distinguish

between a vast number of chemically realistic structures

that would each generate the same R factor during X-ray

refinement. Section 5, however, considers basic chemical

features that appear inconsistent with the original refine-

ment, indicating that the construction of a chemically

realistic model that is also in good agreement with the raw

diffraction data is a considerable challenge.

2 Basic relevant features of protein X-ray diffraction

analyses

The raw data collected during X-ray diffraction experi-

ments consist of diffraction intensities I (h, k, l) and

associated structure-factor amplitudes Fobs (h, k, l), with

Iðh; k; lÞ / F2
obsðh; k; lÞ ð1Þ

where h, k and l index the observed reflections. The

electron density within the crystal at point (x, y, z) may be

generated from a Fourier transform of the structure factors,

qobsðx; y; zÞ ¼ 1

V

X

h

X

k

X

l

Fobsðh; k; lÞ

� expð�2piðhxþ kyþ lzÞ þ iaobsðh; k; lÞÞÞ;
ð2Þ

where V is the volume of the unit cell, if the phases aobs (h,

k, l) are known [99]. Phases and structure factors may both

be readily determined from an atomic model of the crystal

structure, allowing for the construction of the comparable

electron density

qcalcðx; y; zÞ ¼ 1

V

X

h

X

k

X

l

Fcalcðh; k; lÞ

� expð�2piðhxþ kyþ lzÞ þ iacalcðh; k; lÞÞÞ:
ð3Þ
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However, phases are not directly determinable from the

diffraction data and so estimated phases aobs & acalc are

utilized in Eq. 2. The aim of crystallographic refinement is

to determine a reliable atomic coordinate model and

therefore reliable estimates of the phases. This scenario is

readily achievable for small-molecule crystallography as

realistic initial phases are derived using direct methods, but

this approach cannot usually be applied in the case of

protein crystallography [99]. While femtosecond nano-

crystallography [100] offers in the next decade a possible

experimental solution to this problem, the analysis of

protein X-ray diffraction data currently usually proceeds

through a number of stages, with at each stage the phases

deduced from the atomic coordinate model; as better

phases are obtained in each cycle, the ‘‘observed’’ electron

density qobs (x, y, z) reveals more of the atomic structure,

leading then to better phases. Use of ab initio calculations

in aiding protein structure refinement should be conceived

as simply adding another stage to the existing analysis

sequence, striving again to improve accuracy and provide a

better interpretation of the raw diffraction data.

The final steps of the structure determination of a pro-

tein involve the refinement of the structure. In a structure

refinement, the model structure is refined against the

experimental diffraction data to improve the R factor

defined as

R ¼
P

hkl Fobsj j � ~k Fcalcj j
�� ��
P

hkl Fobsj j ; ð4Þ

where ~k is a scale factor. Note that this involves comparing

functions of purely observed quantities Fobs to those of

purely calculated ones Fcalc; the precise nature of the

function that is actually minimized depends on the software

used, with the maximum likelihood method [3] being a

common choice.

Density difference maps such as

Dqðx; y; zÞ ¼ qobsðx; y; zÞ � qcalcðx; y; zÞ

� ‘‘FO � FC’’ ¼ 1

V

X

hkl

ðjFobsj � jFcalcjÞ

� exp½�2piðhxþ kyþ lzÞ þ iacalc� ð5Þ

are usually created in order to enhance refinement but

because of the use of acalc in approximating qobs, their

quality varies spatially within the structure and so they can

be difficult to interpret. Of particular concern for the

generation of a structural model suitable for ab initio

refinement is the feature that typically acalc has a more

significant influence on FO - FC than does jFobsj � jFcalcj,
sometimes allowing the magnitude of FO - FC to decrease

while R increases [1]. Note too that a commonly reported

type is also the combined map with an observed density

added to the difference map [99]

‘‘2FO � FC’’ ¼ 1

V

X

hkl

ð2jFobsj � jFcalcjÞ exp½�2piðhxþ ky

þ lzÞ þ iacalcj�: ð6Þ

The electron density around an atomic nucleus is

typically temperature independent, though large-

amplitude motions of atoms with frequencies less than

kT=�h can blur the density. If all of the equivalent molecules

in a protein crystal do not adopt the same conformation,

then the electron density will be distributed, possibly

mimicking the effects of thermal motion. The effects of

large thermal motions are not usually included explicitly

via ensemble representations in protein structure

refinements, though the presence of multiple conformers

can sometimes be detected and explicit structures modeled

for each conformer [99]. Explicitly identified conformers

are ascribed weights indicating the fraction of molecules

adopting each particular conformer. Thermal effects and

non-explicitly represented conformational effects are

usually treated in protein structure refinement implicitly

by smearing out the atomic electron density using

Tiso ¼ exp �B
sin2 h

k2

� �
¼ exp �B

4

2 sin h
k

� �2
 !

; ð7Þ

where B is an ‘‘atomic displacement parameter’’ that

reflects isotropic thermal motion with mean square

displacement, u2,

B ¼ 8p2u2: ð8Þ

If high-resolution experimental data are available, then this

isotropic approximation may be inadequate so that an

alternate anisotropic temperature factor

Tanisoðh; k; lÞ ¼ exp½�2p2ðU11h2a�2 þ U22k2b�2 þ U33l2c�2

þ 2U12hka�b� þ 2U13hla�c�

þ 2U23klb�c�Þ� ð9Þ

is often used, where a*, b* and c* are the lengths of the axes

in the reciprocal space. Here, Uij is the element in the ith

row and jth column of the displacement tensor with respect

to the axes in reciprocal space.

Every observation is associated with some level of

noise. Since the aim is to model real features and not noise

through over-fitting, the experimental data are usually

divided into a working and a test set. Only reflections from

the working set are used in the refinement. The indicator of

the quality of the model is the Rfree-factor, which is an R

factor calculated considering only the reflections from the

test set that was not used during the refinement [101].
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Hydrogen atoms give a very weak signal in the dif-

fraction pattern. Usually, only non-hydrogen atoms are

modeled in X-ray structures. If the hydrogen atoms are

included, they are commonly included as riding groups and

follow the movement of their neighboring heavy atom.

From a chemical point of view, hydrogen atoms are crucial

for the understanding of the stability and mechanisms of

the structures and must be considered carefully [99]. Any

ab initio calculation requires an accurate description of the

locations of the hydrogen atoms.

The observed number of reflections per fitting parameter

is usually low, and to enhance refinement, extra-geomet-

rical conditions are usually included. Jack and Levitt pro-

posed a method that takes an energy term into account,

Q ¼ ð1� wxÞ � E þ wx �
X

hkl

wðh; k; lÞðjFobsðh; k; lÞj

� jFcalcðh; k; lÞjÞ2 ð10Þ

where the function involving an atomic energy contribution

E was minimized, and wx 2 ½0; 1� controls the relative

contributions of the energy and the X-ray term [18]. It is

this function E that could be replaced with an ab initio

estimate rather than its estimation using empirical force

fields.

Large volumes in the crystal may be occupied primarily

by solvent molecules, however; and in these regions, it is

typically not adequate to use atomic models to describe the

diffraction as the degree of disorder is typically too large.

Such regions are typically modeled more realistically as a

homogeneous electron gas. It is, however, critical that the

best-possible description of these regions be obtained as

diffraction contributions from them add to the structure

factors and influence the determination of phases. A

commonly used correction based on Babinet’s principle

[102] is

Fcalc ¼ 1� K exp �Bsolvent

sin2 h

k2

� �� �
� Fprotein: ð11Þ

3 Hen egg white lysozyme 2VB1 structure properties

The observed [98] crystal structure of HEWL is triclinic

with just one molecule in the asymmetric unit. The unit-

cell parameters are |a| = 27.07 Å, |b| = 31.25 Å,

|c| = 33.76 Å, a = 87.98�, b = 108.00� and c = 112.11�.

Only one protein chain, containing 129 amino acids, is

present per cell. Other identified molecules at least partially

included in the structure are one acetate ion, nine nitrate

ions, three ethylene glycol molecules and 170 water mol-

ecules. The structure 2VB1 contains coordinates for all

hydrogen atoms except those in the water molecules. Nine

atoms are missing in the B conformation of TYR-20. Based

on our analysis, 17.5% of the volume of the unit cell is not

explicitly represented using atoms, enough volume to

accommodate 146 additional water molecules. However,

the identified regions of the unit cell are also positively

charged and so at least some counter anions are missing,

and it is impossible that some of the identified areas in

hydrophobic regions contain no atoms at all.

Most significantly, 33% of the atoms are identified with

multiple sites, reflecting observed conformational differ-

ences between molecules in different unit cells within the

crystal. At most three configurations were identified for any

one atom, named ‘‘A’’, ‘‘B’’ and ‘‘C’’; conformation ‘‘A’’

of one atom is not necessarily correlated with conformation

‘‘A’’ of another atom, however. Nevertheless, the set of

atoms from LEU-17 to LEU-25 have been identified as

giving rise to two distinct conformations of the protein

chain, depicting a correlated structural fluctuation. As such,

chemical rules indicate that the occupancy of each atom in

the set in each configuration must be the same, but despite

this, the reported structure optimizes individual weights for

each atom in each conformation. Such a feature is not

allowed if ab initio computations are to be used to refine

the structure. In other cases, for example, for the anions

and ethylene glycols, the same occupancy is specified for

all atoms in a chemical group. However, no correlations

were presented between the occupancies of the vast

majority of atoms with multiple identified sites. As ab ini-

tio calculations manipulate explicit knowledge of correla-

tions between atoms, the 2VB1 structure is far from one

that is suitable for such a treatment. Yet it is only because

2VB1 is obtained at such high resolution that the very

presence of multiple conformations is identified, and so

only for structures like this can an ab initio calculation be

conceived. As an indication of the severity of the problem

faced by an ab initio calculation, only 25% of the residues

of the protein are surrounded by a 5-Å region in which the

atomic structure is unambiguously defined in 2VB1.

The structure 2VB1 was also refined using anisotropic

displacement parameters. This process is desirable in that it

improves phases and allows the structure to be indentified

in more regions of the crystal. However, these enhance-

ments arise at the cost of increasing the number of

parameters per heavy atom in a single conformer from 4 to

9. Just as a chemically meaningful structure suitable for

ab initio refinement requires consistent values for the

occupancies of each atom in a fluctuating chain confor-

mation, so it also requires the anisotropy values of atoms

need to be correlated with each other. Such correlations are

not built into the 2VB1 analysis, however, and as a result,

many parameters are introduced into the anisotropic

refinement that have no physical basis but significantly

improve accuracy measures such as R: for lysozyme, R

decreases from 19.48 for an isotropic analysis to 8.40 for

an anisotropic one, but it is not clear what fraction of this
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decrease can be attributed to the inclusion of real chemical

effects and how much can be attributed to over-parame-

terization. Indeed, 20025 free parameters were fitted to

187165 observed reflections, locating just 1814 non-

hydrogen atoms, or 11 parameters per heavy atom on

average. It is most likely that ab initio refinement will

preclude the use of unconstrained anisotropic temperature

factors, however.

4 A Monte Carlo scheme to determine a small set

of chemically reasonable structures that represent

the original 2VB1 X-ray model

In an ab initio calculation, all atoms must be explicitly

represented. Variations in conformers within the protein

crystal can be accounted for by performing calculations on

an ensemble of possible protein structures, averaging the

energies and forces. To represent truly disordered regions

such as the 17.5% of the protein structure not so far

explicitly represented, a large number of configurations

could be necessary but the use of a small number of struc-

tures may be feasible [103, 104]. While this task is a central

feature in all molecular dynamics simulations of protein

function performed outside the scope of X-ray structural

refinement, we focus here on other, more basic, ambiguous

features of the data analysis and choose to ignore this region

completely. In a subsequent improved implicit approach,

this region could be represented by a dielectric material [9,

105–107] or by explicit molecules [108, 109].

We focus on the atoms in the 2VB1 structure that are

attributed partial or multiple occupancies, and an experi-

mental error bar of ±10% in these occupancies is stated

[98]. Given this and the triclinic symmetry of the crystal,

the simplest possibly realistic description of conformation

variation of the represented atoms would include an

ensemble of 8 chemically complete structures, allowing

occupancies to be represented to an accuracy of ±6.25%.

Converting all of the stated occupancies to their nearest

multiple of one-eighth increases the R factor from 19.48 to

19.52% for an isotropic analysis and from 8.40 to 8.51%

for an anisotropic analysis, as determined using REFMAC5

[3]; these increases are much less than what could be

considered as physically meaningful. However, changing

these occupancies to enforce the chemical restriction that

all atoms in a particular conformation have the same

weight has a larger effect, increasing the R factors to 19.60

and 8.88%, respectively. The quality of some subsequent

ab initio optimization should be compared to these modi-

fied R factors rather than the originals as these increased

values reflect mostly the chemically realistic requirement

that occupancies are assigned to conserved chemical

groups as whole entities.

An ensemble of 8 chemically feasible structures is then

produced that maintains the generated atomic-site occu-

pancies (i.e., this procedure essentially does not alter the R

factor). This ensemble is represented in two different ways.

As presented to the X-ray refinement codes, 8 all-atom

structures are defined in which every atom has precisely an

occupancy of one-eighth. As presented to a subsequently

described energy analysis program, the coordinates are

obtained expanding the original unit cell into a 2 9 2 9 2

superlattice. Each site of the superlattice is assigned one of

the 8 structures from the ensemble, the entire structure

satisfying the new boundary conditions. It is possible to

transform between these two representations without dif-

ficulty, and using an explicit superlattice representation

during X-ray refinement would be inconvenient as the unit-

cell parameters, and hence all diffraction indices, would

require modification. In either case, refinement of the

expanded model using standard means would not be pos-

sible as the number of atomic coordinates required to be

fitted is increased eightfold, making such an analysis

overparameterized. However, if ab initio forces are inclu-

ded during refinement and a chemically based scheme is

used to specify ab initio the thermal parameters, then a

solution should be possible as our model includes 10,871

heavy atoms in the 2 9 2 9 2 superlattice and 187,165

reflections are observed. It is also feasible to constrain the

coordinates of some atomic fragments in the 8 cells to be

equivalent, thus reducing overparameterization for chemi-

cal units dominated by only one significant structure.

Here, we focus not on such a refinement but rather on

the required task of generating a starting structure for the

2 9 2 9 2 superlattice. Fluctuations of conformations of

nearby atoms are likely to be highly correlated (e.g., the

presence or absence of a nearby nitrate ion can determine

the conformation of a cationic residue), yet such correla-

tions are not identified in the existing crystal structure [98].

A realistic configuration of the 2 9 2 9 2 superlattice

must take these correlations into account. We consider a

vast number of possibilities, rating them using a molecular

mechanics energy function. All of the structures considered

in this section essentially share the same R factors (there

are trivial variations between them caused by differing

hydrogen locations that have no quantitative effect) and

hence the energy function is being used purely to add

additional information required for a subsequent refine-

ment process.

As previously mentioned, all atoms in the identified [98]

nine-residue group LEU-17 to LEU-25 that form a loop

region with two distinct conformations were given the

same weights and treated as one chemical unit. Similarly,

the residues [98] ASP-87 to ALA-90, LYS-97 to VAL-99,

and ASN-103 and GLY-104 were treated each as single

correlated chemical units. All other single residues were
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identified as chemical units and assigned the same weight

in each configuration. A single chemically realistic struc-

ture was added for the nine missing atoms in the B con-

formation of TYR-20, with subsequent structural

refinement being assumed to be sufficient to describe the

required conformational variations of these atoms.

To determine all other correlations, Monte Carlo simu-

lations were conducted using specifically developed soft-

ware. If a chemical unit has a weight of say 5/8 for one

conformation and 3/8 for a second, then 5 copies of the first

configuration and three of the second are added in random

order to occupy the 8 sections of the 2 9 2 9 2 superlat-

tice. Alternatively, if say a water molecule had an occu-

pancy of 5/8, then water molecules were added to 5 of the 8

sections with the other 3 sections remaining vacant. The

purpose of the Monte Carlo program is to determine the

optimum distribution for the included chemical groups

among the 8 cells of the 2 9 2 9 2 superlattice, estab-

lishing correlations between the occupancies of different

chemical sites. Note that the full crystallographic symme-

try properties of the superlattice are used in all calculations.

The AMBER force field [110, 111] was used to drive the

Monte Carlo simulations. This is made up of a local part

(bond stretches, bends, torsions) and a long-range part

(dispersion and electrostatic interactions). If the correlation

between fluctuations of two neighboring residues needs to

be determined, then bond bending and torsional motions

will differ between conformations. This effect is small,

however, and is also a rare occurrence, and hence we

consider only the long-range part of the AMBER force

field,

ELR ¼
X

i\j

Aij

R12
ij

� Bij

R6
ij

þ qiqj

eRij

" #
: ð12Þ

The dielectric constant, e, was set to unity and Aij ¼
e�ijðR�ijÞ

12
and Bij ¼ 2e�ijðR�ijÞ

6
, where Rij

* and eij
* are the

equilibrium bond length and bond energy, respectively, of

the Lennard–Jones potential between atoms i and j. For

interacting atoms of different types, the Lennard–Jones

bond length was taken as a sum of the van der Waals radius

of each atom, R�ij ¼ R�i þ R�j , while the well depth was

taken as the geometric average of the well depths for each

atoms, e�ij ¼
ffiffiffiffiffiffiffiffiffi
e�i e�j

p
. The Lennard–Jones parameters and

atomic charges of the residue atoms were taken from the

study of Cornell et al. [111]. For acetate, nitrate and eth-

ylene glycol, charges were calculated, after optimization, at

the B3LYP/6-31G(d) level of theory [112, 113] by

GAUSSIAN 09 [114] including the ‘‘prop = (fitcharge,

dipole)’’ and ‘‘scrf = cosmo’’ options; the resulting char-

ges are shown in Fig. 1. Use of a unit dielectric constant is

appropriate if all atoms in the crystal are explicitly repre-

sented and properly sampled, and its use herein is based on

the somewhat crude assumption that most correlations are

induced by short-range intermolecular forces rather than by

long-range electrostatics. Note that the full crystallographic

boundary conditions are used in all calculations.

Hydrogen atoms were added to all of the water mole-

cules in the 2VB1 structure [98]. To describe the gross

features of the possible water configurations, a grid of 72

different water orientations per water molecule was set up.

These grid points were distributed on the surface of two

cones pointing toward each other with an angular dis-

placement of 30� between each point. By using such a grid,

the water molecule were able to do physically unlikely

movements and jump between possible alternate local

minima in a single Monte Carlo step. To make the grid

more flexible and address more subtle bonding features,

each individual molecule was also allowed to rotate small

amounts about its x-, y- and z-axes. The TIP3P water

molecule model by Jorgensen et al. [115] was applied with

both fixed bond length (0.9572 Å) and bond angle

(104.45�).

The Monte Carlo scheme functioned by selecting at

random one of five possible operations, making a random

move for that operation, and determining the associated

change in the total energy. This Monte Carlo move was

accepted according to the Metropolis algorithm:

If Enew�Eold always accept;

If Enew [ Eold accept if n� exp Eold�Enew

kBT

� 	
;

ð13Þ

where n 2 ½0; 1� is a random number. The five possible

operations and the relative weighting used in determining

which type of operation to make next are described in

Table 1. Four of these operations involve simply inter-

changing the conformations between a selected two of the

eight sections of the 2 9 2 9 2 superlattice containing

either part of the protein chain or else interchanging present

and absent sites for ethylene glycol, nitrate ions or waters,

while the fifth operation involves small-angle changes to

the configuration of a specific water molecule. For the

water molecules, seven random numbers are generated per

move: selecting the water to move, selecting a new grid

point number, selecting a rotation axis, selecting the

C

O

O

0.072

-0.808

0.766

Acetate

O C

H H

H

C

H

H

O

H

Ethylene glycol

-0.651
0.154

0.4270.035

NO

O

O

-0.455

0.365

Nitrate

H

H

H
-0

.366

Fig. 1 Atomic charges used for acetate, ethylene glycol and nitrate;

AMBER atom types ‘‘C’’, ‘‘N’’, ‘‘H’’ and ‘‘O’’ were also applied
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rotation angle and optionally three specifying a small

translation of the oxygen coordinates.

The Monte Carlo simulations must be run at some

temperature T. This temperature does not reflect that used

in the crystallography experiments but instead is adjusted

to produce an optimized representative structure at 0 K.

Hence, a run is initially performed at a temperature suffi-

ciently high to sample all of the available parameter space.

As a typical quantity associated with a configuration

change is the making or breaking of a hydrogen bond,

likely temperatures fall in the region of 5–10 kcal mol-1

energy, or 2,000–4,000 K. We found a temperature of

*4,300 K to be sufficient based on the generally accepted

criterion that a Monte Carlo calculation works best if ca.

half of the moves are accepted and half rejected. After this,

the calculation was slowly quenched to 0 K; Table 2 shows

the temperatures used, the total number of Monte Carlo

moves made and the fraction of accepted moves. As the

five classes of operations have intrinsically different asso-

ciated energy scales, the fraction of accepted moves varies

between each class. Acceptance ratios for each class are

shown in Table 3 and indicate acceptable rates, the most

difficult operation being exchange of nitrate ions with an

acceptance ratio of just 0.158. In total, 108 Monte Carlo

moves were made per calculation, and 10 separate calcu-

lations were performed.

Since the Monte Carlo simulations embody a constant

total number for each possibility of each chemical group

and hence fixed marginal distributions, Fisher’s exact test

[116] is a suitable independency test for the configuration

of each chemical unit considered. It was calculated under

the null hypothesis that the configurations of the different

units are independent and 4.7% were found to have a p

value below 0.05 in a two-sided test. This two-sided test

was performed as described by Freeman and Halton [117–

119], where the p value is the sum of all possibilities with a

probability less or equal to the observed one. It reveals that

some of the variations noted originally in the 2VB1

structure, in particular groups close to each other, are

indeed strongly correlated.

In order to compare the ten individual configurations

(named ‘‘A’’–‘‘J’’) obtained after quenching to 0 K each

simulation of the 2 9 2 9 2 superlattice, a similarity value

S was evaluated,

Spq ¼
P

Ipq
ii

N
ð14Þ

where

Ipq
ii ¼

1 if Ip
i ¼ Iq

i

0 if Ip
i 6¼ Iq

i



; ð15Þ

N is the total number of independent chemical units cor-

related, and Ii
p and Ii

q are the states (1 if present, 0 if absent,

etc.) of chemical unit number i in simulation runs p and q,

respectively. As the 8 individual structures may be placed

inside a 2 9 2 9 2 superlattice in a number of equivalent

ways, all possibilities were considered and the largest

similarity value chosen. Table 4 shows the deduced simi-

larities between the 10 final structures, and all values are

close to 0.7. Since this value is larger than the lowest-

possible value of about 0.5, many features are conserved

throughout the 10 structure, indicating that essential cor-

relations have indeed been identified by the Monte Carlo

procedure. Furthermore, this value is less than unity,

indicating that there are some significant differences

between the 10 structures and hence many correlations are

possibly not of great significance. Such a result is a

requirement if just any one configuration of a 2 9 2 9 2

superlattice is to provide a useful description of the actual

inhomogeneity evidenced in the original X-ray refinement.

Simulation J had the lowest total interaction energy and the

relative energies of the other runs are plotted against the

similarity to this structure in Fig. 2. It is found that the total

energy is not dependent on the similarity, another desired

feature. This result shows that the Monte Carlo simulation

has sampled and obtained low energy structures in different

Table 1 Types of Monte Carlo operations

Operation Weight

Residue conformation (A, B or C) 35 (1/group)

Ethylene glycol (present or absent) 3 (1/group)

Nitrate (present or absent) 9 (1/group)

Water (present or absent) 170 (1/group)

Water configuration 1,700 (10/group)

Table 2 Average fraction of accepted moves after each temperature

step used in the Monte Carlo simulation

Cycles Temperature/K Acceptance rate

1–20,000,000 4,273 0.522

20,000,001–40,000,000 4,173 0.518

40,000,001–60,000,000 4,073 0.514

60,000,001–80,000,000 3,773 0.506

80,000,001–100,000,000 0 0.405

Table 3 Average fraction of accepted trial moves for each operation

Group type Acceptance rate

Residue 0.287

Ethylene glycol 0.518

Nitrate 0.158

Water 0.348

Water configuration 0.413
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parts of the configuration space. The energy variation

between the 10 structures appears quite large, but there are

840 df in the Monte Carlo simulations, and so the energy

spread per degree of freedom is just 0.18 kcal mol-1, less

than thermal energy at 300 K (0.3 kcal mol-1 per degree

of freedom). Nevertheless, this result indicates that it is

worthwhile maximizing the number of quenches made in

calculations of this type.

Further, the calculated wide dispersion in the total

energies indicates that the energy landscape is composed of

a large number of local minima. All 10 structures have

been determined to be local minima in the parameter space

by considering all possible single-parameter variations,

with the energy increasing in all cases. Figure 3 shows the

energy increases determined for the lowest-energy struc-

ture, J, as well as for the highest-energy structure, G. These

profiles are quite similar, as indeed are also those for the

other 8 configurations. The left-most peaks ðDE ¼ 0�
1 kcal mol�1Þ arise typically from ILE, TRP, PRO and

VAL residues, uncharged groups that in specific instances

occupy different sites without steric hindrance. Strong

correlations manifest through large (say [10 kcal mol-1)

to extreme (100 kcal mol-1) costs for a single exchange,

mostly due to steric repulsion and ion–ion interactions. In

summary, this energy analysis thus also indicates that while

the 2 9 2 9 2 superlattice model does capture many

(previously unknown) essential correlations, further

expansion in its size would yield an improved description.

However, such an expansion would undesirably add more

parameters to a subsequent X-ray refinement, so careful

choice of the superlattice size must be made.

5 Possible changes of the solvent atoms in the X-ray

structure

In this section, we consider the chemical feasibility of the

partial occupancies attributed in 2VB1 to many of the

nitrate ions, ethylene glycol molecules, and water mole-

cules. In earlier models for the triclinic lysozyme, some of

the molecules identified in 2VB1 as nitrate ions and eth-

ylene glycol molecules were identified as water molecules

instead [120], and it is clear that only very high-quality

data and analyses can accurately discriminate between

various explanations of observed electron density in these

regions. In this section, we consider variations of the pro-

posed atomic structures for the nitrates, ethylene glycols

and water molecules, examining them in terms of both the

associated energetics and induced changes to the R factor.

Figure 4 shows the calculated AMBER energy for

inserting water molecules into holes left by vacant nitrate

ions, ethylene glycol molecules or water molecules in the

optimized 2 9 2 9 2 superlattice structure J representing

the 2VB1 optimized coordinates. For a missing nitrate ion,

one water molecule is used to fill the resulting cavity,

whereas two water molecules are used to fill an ethylene

glycol hole.

Table 4 Comparison of the similarities between the 10 different Monte Carlo runs

A B C D E F G H I J

A 1.00 0.72 0.72 0.73 0.73 0.73 0.72 0.72 0.72 0.72

B 0.72 1.00 0.73 0.71 0.71 0.73 0.74 0.73 0.72 0.72

C 0.72 0.73 1.00 0.71 0.71 0.72 0.72 0.74 0.72 0.73

D 0.73 0.71 0.71 1.00 0.71 0.71 0.72 0.72 0.72 0.73

E 0.73 0.71 0.71 0.71 1.00 0.70 0.72 0.73 0.71 0.71

F 0.73 0.73 0.72 0.71 0.70 1.00 0.71 0.72 0.71 0.72

G 0.72 0.74 0.72 0.72 0.72 0.71 1.00 0.73 0.72 0.72

H 0.72 0.73 0.74 0.72 0.73 0.72 0.73 1.00 0.71 0.71

I 0.72 0.72 0.72 0.72 0.71 0.71 0.72 0.71 1.00 0.72

J 0.72 0.72 0.73 0.73 0.71 0.72 0.72 0.71 0.72 1.00

Fig. 2 The energy of quenched optimized 2 9 2 9 2 superlattice

structure x, less that of structure J, as a function of the similarity of the

two structures. This energy arises from variations in 840 df
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Addition of a water molecule from the gas phase to a

nitrate hole was always found to be attractive, but the

energy change DE varied from -3 to -23 kcal mol-1.

However, the calculated energy for liquid water is

-9.9 kcal mol-1 [115], close to the observed enthalpy

change for formation of liquid water of -10.5 kcal mol-1

[121], and so, ignoring entropy changes between the liquid

and protein environments, only insertions that are more

exothermic than this are likely to proceed. The calculations

thus indicate that many of the nitrate vacancies in the

2VB1 structure will in fact be filled with water. For eth-

ylene glycol holes, Fig. 4 shows that a similar situation

arises with most substitutions resulting in exothermicities

of up to 40 kcal mol-1, well in excess of the 20 kcal mol-1

required to extract two water molecules from the bulk

liquid. However, even larger exothermicities per molecule

are also depicted in Fig. 4 for the situation in which a water

molecule fills a water hole, up to 35 kcal mol-1. Strong

interactions of water in these holes often arise from direct

hydrogen-bonding interactions with charged residues such

as LYS, ARG, GLU and ASP, and the desolvation of these

residues seems highly unlikely.

A limitation of these calculations is that they ignore the

17.5% of the volume of the unit cell for which no atomic

structure has been proposed. Some of the sites considered

will be near this vacant volume and so may be poorly

described, missing perhaps additional local attractive for-

ces. The long-range effect of dielectric media is to mitigate

the effects of electrostatic forces, however, and so could

significantly reduce some of the calculated water substi-

tution energies. Conversely, other effects such as thermal

motion of solvent could easily enhance these energies.

Despite such uncertainties, the emphatic result from

these calculations, that water molecules should spontane-

ously fill many of the holes created by partially occupied

water sites, stands in contrast to the current experimental

interpretation of the occupancies of the water sites: simply

increasing the water occupancies as demanded by the cal-

culations would, by construct, automatically lead to an

increase in the refined R factor. This implies that the per-

ceived electron density from Eq. 2 in the vicinity of these

water sites is underestimated, an effect possibly attributable

to poor calculated phases caused by an incorrect descrip-

tion of other either explicitly or implicitly represented

regions of the unit cell.

Such a dramatic contradiction of calculated and refined

properties is not automatically implied by the prediction

that water molecules should fill nitrate or ethylene glycol

holes, however. The changes to the assigned compositions

of these sites with improved structural refinement [98]

indicate that the total electron densities and its distribution

in these regions are difficult to determine. Adding water to
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previously vacant cells could even lead to a decrease in the

R factor, indicating, by all measures, an improved structure.

In a second set of Monte Carlo simulations, all nitrate

ions and ethylene glycol holes were filled with water,

setting the occupancies of each species so as to conserve

the total number of electrons perceived in the region.

Because of the nonlinear nature of crystallographic

refinement with calculated phase factors used in generating

density maps (Eqs. 5–6), such conservation of net charge is

not a requirement, but here it is used in a minimalist

approach to modification of the original structural model. A

sequence of simulations with reducing temperature was

performed as before, finally quenching the structure to 0 K.

This structure was verified to be a local minimum in con-

figuration space.

When two water molecules filled an ethylene glycol

hole, the optimized structure always located the waters on

one side of the hole, producing an electron density map that

looks quite different from the original (that coming from

assuming either ethylene glycol or else nothing occupied

the cavity). For the nitrate holes, the water molecules often

located in regions of unaccounted electron density in the

original maps, however, suggesting that an improved

structure is possible. Specifically, nine nitrate ions are

identified in 2VB1, named NO3-401 to NO3-409. Of these,

five (NO3-402, NO3-403, NO3-405, NO3-407 and NO3-

409) have FO - FC maps showing significant observed

electron density that is not accounted for by the structural

model; these groups have occupancies of 73, 62, 68, 69 and

49%, respectively. Conversely, the other four nitrates

(NO3-401, NO3-404, NO3-406 and NO3-408) with occu-

pancies of 73, 52, 85 and 100%, respectively, appear to

account for most of the observed electron density. Here,

we focus only on the nitrates with unaccounted electron

density, specifically NO3-403 whose 2FO - FC and FO - FC

maps from structure J are shown in Fig. 5. The appearance

of substantial unaccounted electron density near one of the

nitrate oxygen atoms is readily apparent.

Nitrate NO3-403, with 62% occupancy (thus present in

only 5 of the 8 cells in the superlattice structure J) forms a

hydrogen bond to ILE-88, and indeed, it is near this residue

that the unaccounted electron density is centered. Other

close residues include ARG-14, while LYS-1 is more dis-

tant, and many water molecules are also found nearby.

Most significant, however, is ASP-87 that is located above

the plane of the nitrate molecule and hence not visualized

in Fig. 5. This residue has two observed conformations,

one that is in van der Waals contact with NO3-403 with

82% occupancy, while the less-prevalent conformer is most

distant, but in supercell J the vacant NO3-403 cells all have

ASP-87 very close. As additional electron density needs to

be accounted for, water molecules were added to the three

cells unoccupied by NO3-403 rather than utilizing the

simplistic density-conserving scheme used in the previous

Monte Carlo simulations. These added molecule interact

strongly with ASP-87, ILE-88 and the surrounding water

molecules.

The structures of the added water molecules, as well as

the surrounding water molecule orientations, were then

optimized using our ONIOM-based linear-scaling DFT

scheme [4] implemented in GAUSSIAN-09 [114] using the

PW91 density functional [122] and the 6-31G* basis set for

all atoms except those bearing anions, for which 6-31?G*

was used. This scheme breaks a full optimization down into

small pieces, and for the three critical units, this included

27, 29 and 60 nearby water molecules and 1213, 1290 and

1915 atoms in total; such significant variation in the size of

the critical units occurs owing to unoccupied water sites in

structure J as complete local hydrogen-bonded networks

are included in all calculations. The energies for water

molecules placed into the three holes were thus calculated

to be -18, -20 and -21 kcal mol-1, typical of the values

found in the previous Monte Carlo simulations using the

Amber force field. Single-point energy calculations using

an external reaction field to model neglected paths of the

structure has no effect on these energy differences, as one

Original, 5 × NO3
− Modified, 5 × NO3

− + 3 × H2O

ILE-88

PHE-3

HOH-2164

HOH-2001 ARG-14

HOH-2163

HIS-15

NO3-403

New H2O

Fig. 5 Electron density maps

(blue: 2FO - FC,

green: FO - FC positive,

red: FO - FC negative) around

NO3-403 as is the 2VB1

refinement, showing significant

unmodeled electron density on

one side of the ion, and after the

vacant, nitrate locations in the

2 9 2 9 2 supercell are

occupied by additional water

molecules
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would expect given that the calculations involve large

regions of explicitly included matter (effective cavity radii

13–15 Å). Energetic considerations thus strongly favor

occupation of these three nitrate holes.

Figure 5 shows also the density maps generated using

the revised structure with water molecules filling the three

NO3-403 holes. It is clear from the figure that this modi-

fication results in significant reduction of the unaccounted

electron density, but this is not a good measure of the

quality of the modified model as the nonlinearities in the

refinement procedure can easily result in the R factor

increasing despite the visualized apparent improvement to

the model. However, using an isotropic temperature factor

of 8 for the added water molecules, the R factors are found

to decrease by 0.01%, a value that is significant given that

artificially changing the occupancy of NO3-403 from 5/8 to

1 increase the R factors by 0.01% and that decreasing the

occupancy to 0 increases R by 0.08%. Hence, both ener-

getic and crystallographic measures indicate that water

molecules fill the site when NO3-403 is not present.

The unaccounted electron density manifest for the ori-

ginal structure in Fig. 5 can readily be accounted for using

anisotropic B factor chosen for each atom in the nitrate ion,

but such a choice would not be consistent with the actual

motions of a nitrate ion. Hence, we see that while the

anisotropic X-ray structure refinement resulted in a deep

local minimum in its parameter space, some of the deduced

structural features may not necessarily be realistic. While

anisotropic B factors can account for real non-spherical

electron density and produce a dramatic decrease in the

R factor in 2VB1, they may do this simply by over-

parameterization, eroding the physical meaning of all

deduced parameters. We thus recommend that use of

anisotropic thermal displacement parameters be minimized

during subsequent ab initio refinement.

6 Conclusions

A Monte Carlo procedure utilizing the AMBER force field

was developed to find an ensemble of 8 structures repre-

sented in a 2 9 2 9 2 superlattice that embodies in a

properly correlated fashion all of the structural variations

previously reported in the 2VB1 structure of lysozyme

crystal. This calculation included explicitly all correlations

between atoms identified by high-resolution X-ray refine-

ment methods [98] and deduced many new correlations

manifested through large calculated interaction energies.

Statistical analyses indicate that an average structure (with

only some local multiple conformations) does include

many key correlations and suggest that expanded super-

lattices could yield improved results. Such superlattices are

a critical requirement before ab initio electronic structure

computational methods can be embedded inside any X-ray

refinement packages, but expansion is limited as an unde-

sired feature of their inclusion is an increase in the number

of free parameters during refinement. Further extensions of

this method are required, however, in order to include the

17.5% of the crystal volume that was not explicitly rep-

resented in the original X-ray structure.

The development of such a structure by necessity

introduces chemically meaningful constraints, constraints

not present in the original X-ray refinement. In this case,

these constraints ensured that all atoms appearing in dif-

ferent chain conformations have the same occupancy, an

important physical property, yet their introduction by

necessity decreases the quality of the structural refinement

as perceived by increases in R and Rfree. In addition, use of

the 2 9 2 9 2 superlattice does decrease the quality of the

refinement in real terms by limiting the occupancies to a

discrete set of values, multiples of one-eighth for the

present example. The quality of ab initio refined structures

needs to be compared to the values of R and Rfree deter-

mined at this stage, not the original unconstrained values.

Ab initio refinement will, in general, require some

modifications to the way X-ray refinements are completed.

In particular, B factors should be modified to include only

the effects of thermal motion and not the effects of multiple

conformations as multiple conformations are now being

included explicitly. Such isotropic or anisotropic dis-

placement factors could be determined ab initio using say

molecular dynamics simulations and hence not appear as

free parameters during X-ray structure refinement [81, 86,

123].

The development of a single 2 9 2 9 2 superlattice

representing an ensemble of 8 structures to describe con-

formational variations by default allows for individual

coordinates for all atoms in each of the 8 cell copies. While

this is demanded for regions showing significant variation,

it may not be justified for other regions in which one single

structure dominates the X-ray diffraction. In this region,

replicated copies of all coordinates could be maintained in

some or all of the 8 cells, reducing considerably the

number of free parameters in an X-ray refinement. Estab-

lished methods for treating the B factors would be appro-

priate for such atoms.

Initially, superlattices were developed embodying most

the features of the original 2VB1 structure for lysozyme.

Each considered superlattice thus generated essentially the

same R factor and so was equally consistent with the raw

X-ray diffraction data. These structures varied considerably

in terms of their perceived total energies although the

maximum energy difference per degree of freedom was

quite small. Many of the geometrical fluctuations apparent

in the 2VB1 structure were found to be strongly correlated

with each other, while many others were found to be
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uncorrelated. The lowest-energy structure found was con-

sidered as a starting point for future ab initio X-ray

refinement. Subsequently, however, the question as to the

chemical feasibility of the originally deduced nitrate, eth-

ylene glycol and water occupancies was examined. The

calculations predict that it is highly exothermic to fill many

of these holes with water molecules taken from bulk

solution, indicating that the original occupancies are not

actually feasible. While authoritative calculations require

an improved treatment of missing solvent atoms than is

used herein, one specific example is considered, nitrate

NO3-403, for which DFT calculations predict that water

fills the nitrate holes while this change actually does result

in a decrease in the R factor, indicating that indeed an

improved structural model is produced.

Such a simple correlation between predicted and actual

model improvements will not be universal, however, and it

could be that the application of ab initio computational

methods to X-ray structure refinement does not easily lead

to improved measures of structure quality such as simply a

decrease in Rfree. Because of the nonlinearities inherent in

X-ray diffraction modeling, it is feasible that such a

decrease could only be obtained by taking the whole

optimized structure from its original local minimum in

parameter space and transforming it to a quite different

local minimum, affecting many of the atomic parameters of

the structure, especially perhaps solvent and unassigned

regions. This is a difficult task.
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