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Popular science summary

The understanding of how the human body and other multicellular organisms
function is one of the biggest current scientific tasks. The final goal is to find
treatment for diseases, slowing down aging and in general providing a better
quality of life, but we cannot achieve these goals without a deep knowledge of
how the parts function together at a detailed level. All organisms are made up of
cells, which in turn are made up of a variety of molecules, which are made up of
atoms arranged and bonded together in different ways. Therefore, the most
detailed level we can go to in biology is the atomic level.

Proteins are the most versatile of the biological molecules. Each cell contains tens
of thousands of different proteins, each performing a certain function. Proteins
are composed of a combination of building blocks, called amino acids, which
arrange themselves in three dimensions to provide stability, localisation and
function. The structure of proteins is a chemical problem, as the amino acids
interact through covalent chemical bonds and through non-bonded interactions.
It is known that the atomic structure of proteins influences their function.
Explaining this structure-function relationship is still challenging for many
proteins, as we require better understanding to do so, which is why this topic is a
research focus in both biology and chemistry.

Thus, we need to determine the structures of as many important proteins as we
can and understand how this contributes to their function on a case-by-case basis.
If we do achieve this understanding, we can then try to modify proteins such that
they perform that function better or we can design drugs that can bind to specific
target proteins and thus treat certain diseases.

The forefront method for protein structure determination is crystallography. For
this, proteins are crystallised and the crystals are exposed to X-rays. Upon
interacting with the atoms in proteins, X-rays are diffracted and this can be
recorded as an image. From this image we can deduce the atomic structure.
However, the process of going from an image to an atomic structure is complex
and makes use of many computational analysis tools in order to correctly interpret
the data.

As protein structure determination is a chemical problem and we use
computational tools to interpret X-ray crystallography experiments, one would
expect these studies to belong to a field called “computational chemistry”.
However, the term computational chemistry usually denotes computational
studies performed after the atomic structure is known, for example to predict
affinities of drugs to target proteins or to understand how an enzyme works.
Computational chemistry uses physics-based knowledge, such as quantum
mechanics, in order to conduct these studies.
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Even though computational chemistry and macromolecular crystallography are
different fields, they share many methods and problems, Thus, combining
computational chemistry and crystallography should lead to improved results in
both fields. Images can be more easily interpreted if we use physics-based
knowledge of how the protein structure should look like at the end and
computational chemistry can make more accurate predictions if it uses as much
data as possible from crystallography.

This thesis shows the development and application of combined methods for
macromolecular crystallography and computational chemistry. Quantum
mechanical calculations are employed to refine crystallographic structures in
order to obtain more accurate geometries for interesting parts of the protein.
Additionally, information on atomic dynamics present in crystallographic
structure is used directly in simulations and the distribution of water molecules
that are present around the proteins are improved using computational methods.

12
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1. Introduction

Proteins are arguably the most important molecules in the human body.
Therefore, understanding how they function is crucial for medicine, biology and
chemistry. In order to reveal the detailed processes taking place inside proteins,
protein structures need to be studied at an atomic level. This allows us to study
interactions between biomolecules and rationally develop tools that may change
these interactions while not affecting the global function of the protein. For
example, knowledge of the atomic structure of a target protein is crucial for
developing drugs that strongly bind to it and thus help treat diverse diseases.

X-ray crystallography is currently the dominating technique for structure
determination of proteins. Due to technological advances, X-ray crystal structures
can be rapidly obtained once the proteins are crystallised and the resulting data is
of high enough quality to allow detection of individual atoms in the structures.
However, subjecting proteins to X-ray beams does not directly give an atomic
structure. The diffraction data need to be processed and interpreted. Furthermore,
the diffraction data does not contain all information needed to obtain an atomic
model, as phase information is not determined experimentally. Thus, the atomic
structure is merely a model that fits the data. Protein models contain thousands
of atoms, which means the data-to-parameter ratio is rather low in protein
crystallography. Because of this, the interpretation of the data does not rely solely
on the measurements, but also on some a priori chemical knowledge. This
chemical knowledge is integrated into the interpretation in the form of restraints,
which are very similar to the energy function (the force field) used in
computational chemistry to calculate various chemical properties. Modelling the
information on protein dynamics, which is present in crystallographic data, may
also benefit from using methods employed in computational chemistry to study
protein dynamics.

Atomic structures are paramount to computational chemistry. All computational
studies in chemistry at the atomic scale need to start from an initial structure and
the results depend on the structure chosen. This is especially true in biochemistry,
where molecules are too large for an exhaustive sampling of all conformational
space. Thus, X-ray crystallography is a very important method for computational
chemists as well. However, most scientists in computational chemistry use the
deposited protein structures as if they are showing the experimental truth, without
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delving into the experimental data and investigating the electron density maps to
understand the limitations of the model. This is especially problematic for old
structures, for which modern processing techniques had not been used, but also
when studying more disordered regions of a protein, which have weak
experimental data. Additionally, often the information on atomic dynamics in the
protein is ignored when starting a computational study, even if the study is
directed towards atomic dynamics.

Unfortunately, there is a gap between macromolecular crystallography and
computational chemistry, although they have a lot of methods and problems in
common. Crystallography would benefit from using more advanced methods
from computational chemistry, whereas computational chemists would benefit
from using more than the atomic coordinates when conducting their studies. Most
importantly, improved communication between scientists in the two fields may
lead to the development of novel methods and the ability to acquire faster and
more accurate results. This process has already started, e.g. with combined
crystallographic refinement using two of the most widely used software in
refinement and molecular dynamics simulations, Phenix and Amber.'

The aim of this thesis is to combine methods from protein crystallography and
computational chemistry, both in applied studies of enzymatic reactions and from
a more methodological perspective. In particular, I have used quantum-chemical
calculations in crystallographic refinement, I have attempted to extract more
information on atomic dynamics from crystal structure and I improved the
modelling of water molecules. This should represent a small step towards
bridging the gap between macromolecular crystallography and computational
chemistry.

In the following, I first present some basic theory behind macromolecular
crystallography and computational chemistry, then delve into more advanced
methods that combine both fields, before describing the proteins studied. Finally,
I give a brief summary of each of the scientific articles included in this thesis.

16



2. Crystallography

Macromolecular crystallography is the forefront method for determining atomic
structures of proteins, along with nuclear magnetic resonance (NMR) and
cryogenic electron microscopy (cryo-EM). Over 90% of the entries in the Protein
Data Bank (PDB)? are obtained using X-ray crystallography. The first protein
crystal ever obtained was of haemoglobin, in 1851, making protein
crystallography a rather old method. However, it took another century for the
atomic structure of a protein to be determined, Kendrew solving the myoglobin
structure in 1958.°

In this chapter, I will briefly describe the workflow of macromolecular
crystallography and focus especially on the data processing and refinement steps,
which share many methods with computational chemistry. The methods
described herein will be the ones employed in X-ray crystallography, as this is
the most common experimental method in macromolecular crystallography.
However, a special section is dedicated to neutron crystallography, as four papers
included in this thesis deal with protein neutron structures.

2.1 Overview

All protein crystallography involves five steps: protein crystallisation, data
collection, data processing, phasing, and model refinement.

Crystallisation is often the most time-consuming step of obtaining an atomic
structure of a protein, as it requires large amount of pure protein and many
crystallisation conditions typically need to be screened before a protein crystal is
obtained. A more detailed discussion of protein crystallisation is out of the scope
of this thesis, and I refer to the book by Ducruix and Giege* for the methodology
behind protein crystallisation.

Once a good quality protein crystal is obtained, it needs to be exposed to X-rays
for experimental data acquisition. The data collection process is usually done at
a synchrotron, a powerful source of X-rays, which are produced by high-energy
electrons circulating in a storage ring. Improvements over the years have reduced

17



the data-collection time to only a few seconds, which makes it possible to collect
hundreds of data sets in one day.

To collect data, crystals are exposed to X-rays and the diffraction pattern is
recorded on a detector. A diffraction pattern is obtained by measuring the
intensity of scattered waves as a function of scattering angle. Peaks are obtained
in the diffraction pattern when the scattered waves satisfy Bragg's Law:

nAd = 2d sin@

where 6 is the angle of incident and reflected X-rays, A is the wavelength of the
X-rays, d is the distance between the planes and # is an integer representing the
order of reflection Thus, each dot in the diffraction pattern forms from the
constructive interference of X-rays passing through a crystal. Initially, detectors
were X-ray sensitive films, but nowadays pixel-based electronic detectors are
used, which are highly sensitive so they can record very weak signals. The
diffracted beams are recorded as spots on the detectors and the spacing between
the spots indicates the size of the unit cell. The diffraction intensity of each spot
represents the actual experimental data, which needs to be processed and
interpreted. Data is usually collected from cryo-cooled crystals, at 100 K,
although recent advances made possible the collection of high resolution data also
at room temperature.

To determine the experimental intensities, the image data needs to be reduced and
curated. Data processing in X-ray crystallography includes the following four
steps: indexing, integration, scaling and merging.

The lattice symmetry and unit cell size can be deduced from the location of the
spots, which in turn makes it possible to do indexing. Indexing represents the
process of assigning each spot to a reflection from a specific crystal plane, i.e.
giving each spot a certain Miller index 4, k£ and /, in reciprocal space. Each
indexed spot is then integrated, to account for background radiation, and scaled.
Spots with the same index that appear on multiple images are merged in order to
get the total intensity. A diffraction cut-off is applied in order to discard
reflections that have a too low signal-to-noise ratio. The value of this cut-off is
the highest resolution shell in which reflections can be observed and is called the
resolution of the structure. This should result in a data set that is complete up to
its highest resolution shell, without radiation damage and correctly scaled and
merged. Several statistical terms can be calculated to give information about the
quality of the data, such as the correlation coefficient for two halves of the data
set, CCi or the redundancy-independent residual Rmess, Which measures the
precision of individual intensities >

18



As mentioned above, the intensity of each spot on the detector represents the
experimental data. The intensities can also be expressed as structure factors,
which describe the amplitude and phase from a set of lattice planes. Intensities
are proportional to the square of a structure factor. Each structure factor is a
summation of the scattering contribution from each atom in the unit cell:

— 2mwi[hx+ky +1z
Fpja = ije [ vzl
j

where Fyy, is the structure factor, f is the atomic scattering factor of the atom j,
x, y and z are the Cartesian coordinates in real space, while 4, k and / are the Miller
indices.

To relate the experimental structure factors, which are in reciprocal space, to an
atomic model, which needs to be built in real space, the electron density can be
calculated using a Fourier transform:

1 .
— —2milhx+ky+iz
Pxyz = v § | Frial e [ y+iz] Dhii
hkl

where py,,, is the electron density at position xyz, V'is the volume of the unit cell
and ¢ is the phase. Unfortunately, phase information is not contained in the
reflected spots on the detected image and thus electron density maps cannot be
considered as entirely experimental information. This is what is called the “phase
problem” in macromolecular crystallography and can be addressed in a number
of ways. The most common method is to use a previously obtained homologous
protein structure as a template in order to build the first electron density maps
(molecular replacement). This means that the phases are biased by the atomic
model. More accurate phases can be obtained if the protein contains heavy atoms
such as metals or sulfur atoms from sulfur-containing amino-acids, which present
anomalous diffraction due to X-ray absorption. Phases obtained from anomalous
diffraction are considered experimental phases, but usually require data collected
at multiple X-ray wavelengths (multiple anomalous diffraction). If only a single-
wavelength data set is present, single anomalous diffraction phasing can be
performed, but this does not provide an unambiguous solution to the phase
problem and the ambiguity has to be broken by density modification, for
example.’

After an electron density map is calculated and a first approximate atomic model
built into it, the phasing step is complete. The model (and implicitly, the phases)
will then be iteratively refined. The refinement process is described in detail in
section 2.3.
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2.2 Dynamics in crystal structures

The reflections obtained when collecting data contain information not only about
the positions of each atom in the model, but also some information on the
dynamics of the atoms in crystal. Although data is usually collected at 100 K,
atoms still move at that temperature and since the crystals are flash-cooled, some
room-temperature dynamics is frozen in. Dynamic information of e.g. loops
around a binding site of is very important for the functional behaviour of the
protein. Additionally, room temperature data can also be collected nowadays,
which gives even more information on atomic dynamics.

Atomic dynamics in crystal structure can be expressed through two distinct
measures: atomic displacement parameters (ADPs), which are also called B-
factors or temperature factors, and alternative conformations.

2.2.1 B-factors

The crystallographic B-factors provide a measure of how much atoms vibrate
around their positions, thus describing the thermal motion of each atom. They
assume a purely harmonic motion, which is not entirely correct, but is considered
a good approximation. Furthermore, for resolutions lower than 1.3 A, only
isotropic B-factors are modelled, in which case it is assumed the motion is equal
in all directions and can be expressed as:

— 2
B; = 8m2U;

where U jz is the mean-square displacement of the atom from its average position.
Thus, one can estimate how much an atom vibrates around its position from the
B-factor.

For high-resolution crystal structures, anisotropic B-factors can be modelled.
These give information on the preferred directions of vibration for each atom and
require six parameters per atom. Because of this, using anisotropic B-factor
greatly decreases the data-to-parameter ratio, sometimes causing overfitting. An
anisotropic B-factor is expressed as a 3 x 3 symmetric tensor:

U11 U12 U13
U = U12 UZZ U23
U13 U23 U33

The six independent components of the tensor, U”, are anisotropic displacement
parameters that describe how much the atom moves in each direction, thus
describing an ellipsoid rather than a sphere for the isotropic B-factor.
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B-factors can help to identify regions of the protein that are more mobile or very
rigid. However, regions with a high variance in B-factors can also signify errors
in the model.

2.2.2 Alternative conformations

Alternative conformations model atoms or groups of atoms that do not occupy
the same position in every unit cell, in every asymmetric unit or in every molecule
from an asymmetric unit. Physically, this shows that a group of atoms can be
found in multiple conformations which represent local minima that can be
functionally important, e.g. when a loop opens for the binding and unbinding of
a ligand.

Whereas every atom in the molecule will possess a B-factor, not all atoms have
alternative conformations. These usually need to be built in manually by the
crystallographer after visual inspection of the electron density maps. This means
that the information on dynamics contained in a certain atomic structure is
subjective and depends on the crystallographer who has built the model. A
recently developed software, gFit,® can automatically generate alternative
conformations starting from a given model and electron-density map. Each
alternative conformation of an atom or a group of atoms has an occupancy, which
is a number between 0.0 and 1.0 representing the fraction of unit cells a certain
conformation is found.

2.2.3 Problems with the dynamics parameters in crystal structures

In theory, B-factors and alternative conformations measure distinct types of
dynamics in the crystal and therefore are uncorrelated. However, in practice, B-
factor values greatly depend on how the alternative conformations have been
modelled. If no alternative conformations have been modelled for a group of
atoms that exists in distinct conformations, the static disorder will be partly
absorbed by the B-factor, resulting in too high and unreliable values.
Additionally, B-factors and occupancy values are coupled and cannot be refined
individually.

To account for some of the static disorder of large groups within the protein, one
can implement a Translation—Libration—Screw (TLS) model on top of the B-
factors. In a simple approximation, TLS models different groups in the protein as
rigid bodies that undergo the same movements with the same amplitude.” This
not only absorbs some of the static disorder included in B-factors, but also helps
model anisotropic movements of large groups in cases where individual
anisotropic B-factors are not justified (at intermediate to low resolution).

Furthermore, it is sometimes difficult to decide which movement is better
modelled by a vibration or by two local minima, as both options are
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approximations. An alternative way of modelling dynamics in crystal structures,
called ensemble refinement, is presented in detail in section 4.2 and in paper VII.

2.3 Refinement

After the initial phasing and model building, the model is in general not perfect
and needs to be improved. Therefore, the last step of determining an atomic
structure is model refinement. This is achieved through iterative adjustment of
the model parameters until the calculated structure factors from the model, Fal,
agree with the observed structure factors from the experiment, Fobs, as closely as
possible. The model parameters include the atomic coordinates, B-factors and
occupancies, but also non-atomic parameters, such as bulk solvent and crystal
anisotropy.

In practice, refinement is a minimisation of a target function that is defined such
that its value decreases as the model improves. Refinement of each type of model
parameters can be done either separately, with a slightly different target function,
or all at the same time. Separate target functions used in Phenix are described in
the following part. For example, the coordinate refinement target function is
expressed as:

Txyz = Wy * Texperiment + Txyz—restraints

where w, is a weight factor which needs to be determined before refinement,
Texperiment 18 the crystallographic term that relates the experimental data to the
model structure factors. It can be either a least-squares target or a maximum-
likelihood target, the latter being used for most refinements. This target function
can be in reciprocal space, i.e. calculated structure factors are compared to
experimental structure factors, or in real space, where calculated electron
densities are compared against experimental electron densities. As previously
described, experimental electron densities are not fully experimental because of
the phase problem, so the reciprocal space target function usually yields better
results. Tyy,—restraints 1S @ restraint term that introduce a priori knowledge to the
refinement. This term is needed because there are usually insufficient
experimental data to account for all the model parameters. This restraint term is
defined as deviations from tabulated target values for the geometry of the protein.
Target values have been determined by Engh & Huber (E&H)'’ and include bond
lengths, angles, dihedral angles and improper dihedral angles, which depend on
the chemical nature of the group in question. The restraints term also includes
non-bonded, Van der Waals interactions, so that the restraint term can be
expressed as:
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Txyz—restraints = Tbonds + Tangles + Tdihedrals + TVdW

The stereochemical E&H restraints have been improved such that the target
values for bonds, angles and dihedral do not only depend on the chemical nature
of the group, but also on the conformation the group is found in. This new
restraint library is called the conformation-dependent library (CDL)"" and is used
nowadays in refinement programs. Stereochemical restraints for unusual
molecules (e.g. ligands) need to be calculated before starting the refinement,
usually using quantum-chemical methods. Thus, the stereochemical restraints are
similar to a molecular-mechanics force field, used in molecular simulations, but
they are typically based on a statistical analysis of crystal structures, rather than
based on a consideration of energies.

Similarly to the coordinate target function, the B-factor target function is
expressed as:

be = Wpx * Texperiment + be—restraints

where Ty _restraints 18 another restraint term that is meant to keep B-factors of
bonded atoms similar. Other restraints can also be included, such as a TLS model.
Note that the weight of the experimental target function for B-factor refinement
may be different than for the coordinate refinement.

Occupancies are usually only refined for atoms that have an occupancy less than
1.0 (i.e. atoms in alternative conformations) and they are often constrained so that
atoms of a group have the same occupancy and so that the occupancies of the
different conformations of the same group sum up to unity.

Hydrogen atoms are normally not visible in X-ray crystallography and thus they
are not taken into account during the model building and refinement steps. At
very high resolutions (<0.8 A) hydrogen atoms can be modelled individually,
otherwise they can be ignored or modelled as riding hydrogen atoms. The latter
means that their position depends on the position of the heavy atom they are
bonded to and so it is not a refinement parameter. However, their small
contribution to the electron density and to F.. is taken into account, which often
is a better model than ignoring hydrogen atoms completely.

Protein crystals also contain a large amount of solvent molecules (water), which
are mostly disordered. To correctly model the contribution of the solvent to the
X-ray scattering in the total model structure factors, a bulk-solvent mask is used:

B lSZ
Fso1 = ksor €xp <_ S(; > Fnask
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where kg, and By, are bulk-solvent model parameters known a priori,'* s? =

h’Gh, where G is the reciprocal space metric tensor, /4 is a column vector of the
Miller indices and 4 its transpose. Fp, 41 are structure factors calculated from a
solvent mask, a binary function that has zero values in regions of the protein and
non-zero values in regions with solvent. The mask calculation parameters are also
refined in each cycle of refinement.

Water molecules that are well-ordered are visible as oxygen atoms in the density
maps. They can therefore be modelled individually and are not included in the
bulk-solvent mask. These water molecules can be automatically updated during
refinement or built manually after visual inspection.

Refinement can be performed in a variety of software packages, including
Phenix,"* Refmac'* and Buster."”” All refinement programs output a coordinate
file in the PDB format and a series of electron density maps in order to evaluate
the fit of the structure to the experiment visually. The most commonly used maps
are the likelihood-weighted 2mF, — DF. and mF, — DF.maps. The former shows
electron density around the model, using an extra (F, — Fc) term to minimise
model bias, whereas the latter, also called the difference density map, shows
regions where the calculated structure factors do not agree with the experimental
structure factors.

After visual inspection and model rebuilding in regions with high difference
density, a new round of refinement should be run. This process is typically
repeated multiple times, as the calculated maps are not independent of the model
(because of the phase problem) and need to be recalculated each time the model
is changed. This makes refinement a rather time-consuming task and the decision
of when a model is complete quite subjective.

2.4 Model validation

To prove that the refined model is correct, some validation metrics are needed.
Two types of metrics can be calculated: global quality metrics, which are
statistical measures that show if the whole model agrees with the experimental
data or with chemical knowledge, and local quality metrics, which shows how
well atoms or groups of atoms fit in the electron density.

2.4.1 Global quality metrics

The most common measure to track agreement of the model to the data is the R
value. The R value is expressed as:
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An ideal R value is 0, but the value depends on the resolution of the data. A
desirable target R value for a 2.5 A resolution data set is around ~0.2. Two
different R values are provided by refinement programs, one that is based on all
the reflections in the data, also called R..«, and one that is based on a small set
of reflections (5 to 10%), chosen randomly and not used in the refinement, which
is called Rje.. If the difference between these two R values is very large the model
is considered to be overfitted and additional refinement needs to be performed.

Apart from agreement to the data, a model should also agree to prior chemical
knowledge, e.g. giving a reasonable geometry of the atoms. All PDB entries
report the root mean square deviation of the bond lengths, angles and dihedrals
from ideal tabulated values and the percentage of protein torsion angles outside
allowed areas in a Ramachandran plot.'

2.4.2 Local quality metrics

To be able to fully interpret regions of the protein model that are interesting from
a biological point of view, we need to make sure that the specific region is
correctly modelled, which cannot be deduced from global quality metrics alone.

The most common local quality metric is the real space correlation coefficient
(RSCC), which is a measure of the similarity between an electron density map
calculated directly from a structural model and one calculated from experimental
data. It is expressed as:

leobs_< Pobs >| lecalc_< Pcaic > |

RSCC = 5 >
\/(leobs_< Pobs >| lecalc_< Pcaic > | )

The RSCC can be calculated for any arbitrary set of atoms, such as one protein
residue or one functional group. An ideal RSCC value is 1.0. As the R values, the
RSCC reports on both accuracy and precision.

Another local quality metric is the real-space Z-difference (RSZD). It is normally
considered the best measure to locally evaluate the goodness-of-fit for a group in
a crystal structure and essentially evaluates the largest and smallest values in the
F, — F. difference density map around the group of interest. Additionally, the
RSZD is a measure of just the accuracy of the model and not the precision. RSZD
can take both negative and positive values, with the negative values suggesting
that there is too much electron density in the model in region studied (e.g. an atom
has been modelled where there should not have been any), whereas a positive
value indicates that there is too little electron density in the model in the region
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studied. An ideal RSZD value is 0.0, but in general, regions with an absolute
RSZD lower than 3.0 are considered to have a proper fit to the data.

Finally, B-factors can be used as local quality metrics, at least in a qualitative
manner. If a group of atoms has B-factors that are much higher than the average
B-factor of the protein, it is likely that it has been incorrectly modelled.

2.5 Neutron crystallography

Hydrogen atoms play an important role in the function of many protein, especially
enzymes, as there exist many enzymatic reactions which involve proton (H")
transfers. However, as previously mentioned, X-ray crystallography is not able to
detect the atomic positions of hydrogen atoms, because they contain only a single
electron that interacts with the X-rays. In contrast, neutrons interact with the
nuclei and the diffraction is different for each isotope. Unfortunately, hydrogen
(‘H) atoms have a negative scattering length and also a high incoherent scattering
cross-section in neutron experiments. However, deuterium (*H) atoms give a
coherent scattering, similar to that of carbon or oxygen atoms and therefore, their
positions are visible in neutron maps.

Thus, if a sufficient number of hydrogen atoms are exchanged with deuterium in
the protein structure, neutron experiments can be performed in order to elucidate
the positions of hydrogen atoms inside the protein. Furthermore, neutron
diffraction experiments cause no radiation damage, so the crystal used for
acquiring the neutron data can be afterwards employed in the complementary X-
ray diffraction experiments. Unfortunately, the brilliance of neutron sources is
rather low, so large crystals are needed and experiments are costly and takes
several days or weeks to complete.

Data processing for neutron crystallography follows the same steps as for X-ray
crystallography: indexing, integration, scaling and merging. Refinement of
protein neutron crystal structures also behaves exactly the same as X-ray
refinement, with the exception that a different scattering library has to be used in
order to calculate the structure factors and hydrogen (and deuterium) atoms must
be treated individually.

However, neutron data are often of a lower resolution than X-ray data from the
same protein. To make matters worse, the model parameters that need to be
refined are almost doubled due to the inclusion of hydrogen atoms in the
refinement, which can often cause overfitting. Fortunately, as X-ray experiments
can be conducted on the same crystal as neutron experiments, X-ray data can be
included in the refinement along with the neutron data, thus increasing the data-
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to-parameter ratio. This refinement procedure is called joint X-ray/neutron
refinement and follows the same procedure as traditional refinement, but the
target functions contain both neutron and X-ray experimental functions. For
example, the coordinate target function is expressed as:

Txyz = Wy * TX—ray + wn * Theutron + Txyz—restraints

Different weights are used for the X-ray (w,) and neutron (w,) experimental
functions and thus the model can be biased to either data set, depending on their
quality.

We use protein neutron crystal structures and joint X-ray/neutron refinement in
papers IV-VI and X of this thesis.
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3. Computational chemistry

In this chapter, I will present the basic theory behind several approaches of
studying chemical systems computationally. Quantum mechanical (QM)
methods are expensive but give accurate results, whereas molecular mechanical
(MM) methods are cheap, but do not treat electrons explicitly, resulting in less
accurate results, especially for systems where the electronic structure is important
(e.g. systems containing metal atoms). MM methods are especially suitable for
sampling many conformations of the studied system, which is usually done
through a molecular dynamics (MD) simulation. A good trade-off for studying
biomolecular systems is using the combined QM/MM method, which 1 also
present herein.

3.1 Quantum mechanics

QM methods have their origins in the beginnings of the 20™ century and are
largely based on the time-independent Schrodinger equation:

HY = E¥Y

where H is the Hamiltonian operator, ¥ is the wavefunction and E is the total
energy of the system. The Hamiltonian operator consists of a kinetic energy term
and a potential energy term, each of these being separated into nuclear and
electronic terms, respectively.” According to the Born—Oppenheimer
approximation, the nuclear and electronic terms can be treated separately,
because electrons are much faster and lighter than nuclei and thus the atomic
nuclei can be considered stationary with respect to the electrons.

3.1.1 Hartree—Fock approximation

The Schrodinger equation cannot be exactly solved for systems more complex
than the hydrogen atom. Therefore, multiple ways to approximately solve the
Schrdédinger equation have been developed. The simplest of these is the Hartree—
Fock (HF) approximation,'® which is a mean-field approximation, i.e. each
electron is considered in the average field generated by the other electrons. In this
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way, the total N-electron wavefunction can be written as a Slater determinant, an
antisymmetrised product of one-electron wave functions.

Another approximation used in HF is the linear combination of atomic orbitals
(LCAO). This approximation expresses molecular orbitals i as a linear
combination of all atomic orbitals y; with different coefficients c;:

Y= Zci)(i

The HF equations are solved iteratively, starting from an initial guess, which is
refined until the solution reaches convergence. Due to this solving algorithm, HF
is also known as the self-consistent field (SCF) formalism.

The HF method neglects the correlation of electron motion, which can lead to
large errors in the calculation, so HF shows limited usage in modern quantum
chemistry calculations. Many post-HF methods have been developed to include
electron correlation, either in a dynamic form through perturbation theory, e.g.
MP2 or in a static form (through multiple electronic configurations), such as
complete active space SCF (CASSCF). The detailed description of post-HF
methods is out of the scope of this thesis.

3.1.2 Basis sets
Basis sets are mathematical functions that are used to construct molecular orbitals
(for example, through the LCAO approximation). The most commonly used basis
sets in computational chemistry are Gaussian-type orbitals (GTOs),"” i.e
functions of the type:

C .

KXijleoo = xtylzke "

Basis sets are usually constructed from a linear combination of contracted GTOs.
The number of contracted GTOs used for each electron pair gives the dimension
of the basis set: split-valence (one basis function for inner shell electrons and two

for valence electrons), double-zeta (two basis functions for each electron pair),
triple-zeta (three basis functions for each electron pair), etc.

Furthermore, other functions can be added to the basis functions to improve
accuracy. GTOs of greater angular momentum can be added as polarisation
functions to certain atoms. These allow orbitals to be asymmetrical, which is
important to describe the polarisation of chemical bonding. Diffuse functions are
GTOs with small exponents, which are needed when describing negatively
charged species.
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In principle, an infinite basis set would give a perfect accuracy, but that can of
course not be obtained in practice. As described above, the optimal basis set for
quantum mechanical calculations is system dependent and must be carefully
chosen for optimal balance between accuracy and computation time. In practice,
accurate molecular geometries can be obtained with a rather small basis set,
whereas accurate energies require a bigger basis set.

3.1.3 Density functional theory

Density functional theory (DFT) is the most common QM method used at present
in computational chemistry, due to its speed and accuracy.

DFT has its roots in solid-state physics, where it has been used since the 1970s.
The basic concept of DFT relies on considering the electron density, which is a
function of only the three Cartesian coordinates: x, y and z, rather than the
wavefunction in the Schrddinger equation, which is a function of 3N variables.?
The Hohenberg—Kohn theorem proves that all ground-state properties of a system
can be derived from the electron density, thus making DFT a useful tool for
quantum chemical calculations. The energy functional (function of a function)
used in DFT can be divided into the following components:*'

e The kinetic energy of non-interacting electrons

e The classical interelectronic repulsion

e The nuclei—electrons attraction

e The correction to the electrons’ kinetic energy due to interactions
e Non-classical corrections to the interelectronic repulsion energy

The first three components can be computed exactly, whereas the last two are
unknown and usually combined together in a term called exchange—correlation
energy. However, the exchange—correlation energy includes dynamic electron
correlation, which is one of the shortcomings of HF. There are several ways to
approximate the exchange—correlation energy. The local density approximation
(LDA)** assumes that the density can be treated locally as a uniform electron gas.
The generalised gradient approximation (GGA) expands the LDA by including
the first derivative of the density in the energy expression and is successfully used
in many widely-used functionals (e.g. PBE,” BLYP*). Meta-GGA functionals
(e.g. TPSS®) take this one step further and also include the second derivative of
the density. Owing to the improper treatment of exchange, some functionals,
called hybrid functionals, include a certain amount of exact HF exchange®® in
their energy term. B3LYP,” arguably the most popular functional today, is a
hybrid functional.
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Although it gives accurate and fast results compared to HF, DFT has its own share
of problems. Firstly, it is not trivial to choose which functional to use when
starting a calculation. Usually, multiple functionals are tested, and a more
complex functional is not guaranteed to give better results. Moreover, DFT (like
HF) cannot treat non-bonded dispersion interaction. However, the parametrised
DFT-D methodologies proposed by Grimme®® provide a fast and accurate
correction to DFT for dispersion interactions.

3.2 Molecular mechanics

In contrast to QM methods, MM methods do not explicitly take into consideration
the electronic structure of the molecules. Instead, MM considers only the
positions of the atomic nuclei and the bonds between the atoms, in a so-called
“ball and spring” model of a molecule. The energies of molecules are calculated
with the aid of force-fields.

Force-fields are potential energy functions that relate the energy of a molecule to
the positions of all atoms in it. A typical force-field used in biomolecular
computational chemistry consists of a number of physical terms:

Etotal = Ebonds + Eangles + Edihedrals + EVdW + Eel

The first three terms describe the internal energy of the molecule as a function of
the bonds, angles and dihedrals present in it. The last two terms are non-bonded
terms, describing Van der Waals interactions and electrostatic interactions,
respectively. One can notice that the terms in the force-field energy function are
very similar to the stereochemical E&H restraints used in crystallographic
refinement, except for the electrostatic term, which is usually ignored in
crystallographic refinement. Therefore, technically any force-field can be used as
geometry restraints during refinement. For example, Amber force-fields have
been implemented in the Phenix software.'

The individual terms are mathematically expressed as follows:

Epondas = Z kp (T’ - ro)z

where kj, is a spring force constant and r; is the ideal bond length for the given
type of bond. This is a harmonic potential and it is also used to describe the bond
angle term:
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Eangles = Z ka(e - 90)2

The dihedral term uses a periodic function:

v
Edihedrals = Z ?n(l + cos (‘I’l(l) - 6))

where V, is a force constant, # is the periodicity of the torsion angle ¢, while & is
the phase shift.

The Van der Waals interactions are normally described by a 6—12 Lennard-Jones
potential, which models both attractive (dispersion) interactions and repulsive
(exchange) interactions, such that the energy is repulsive at very short interatomic
distances, but slightly attractive at intermediate distances:

g; g;
Evaw = 224611( g ”)

i j#i

where €;; is the depth of the potential energy curve and o;; is the distance where
Evaw=0.

The electrostatic term can be described as a classical Coulomb term:
2.2 e,
Ba = 4meegry)

where €,is the vacuum permittivity, € is the relative permittivity of the medium,
while g; is the partial charge of the atoms.

As can be seen from the equations, MM methods are heavily parametrised. All
force constants, ideal bond, angle and dihedral angles, as well as all Van der
Waals parameters and atomic charges need to be obtained before a calculation
can be performed. The parameters in the various existing force-fields are either
obtained from experimental data or from high-level QM calculations. Many
force-fields have been developed for protein studies, with each being optimal for
different kinds of systems (e.g. AMBER,” CHARMM,** Gromos®' and OPLS??).
Parameters for unusual residues (e.g. ligands, co-factors) that are not included in
the force-field library, need to be derived separately.

MM cannot be used to study chemical reactions as the bonds are defined by the
user prior to the calculation, so that no bond-breaking can occur. However, MM
methods can be used for geometry minimisation or energy calculations, like the
QM methods, but are most useful for sampling many conformations of a specific
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system because of their low computational cost. In computational biochemistry,
sampling is usually done through molecular dynamics simulations, which are
discussed in section 3.4.

3.3 QM/MM

To take advantage of the accuracy of QM methods and the low computational
cost of MM methods, a combined approach has been developed, called QM/MM,
introduced by Warshel and Levitt.** In this method, a small part of the system
(also called quantum system or system 1) is treated with QM methods, whereas
the rest of the system is treated by MM methods. The method has also been
generalised so you can use more than two levels of theory (e.g. DFT, semi-
empirical and MM), through the ONIOM formalism.** QM/MM methods are
especially useful when studying enzymatic reactions, as the molecular part where
the reaction takes place can be included in the quantum system, which allows
bond-breaking to occur.

There are several ways to couple the QM and MM regions. In the subtractive
scheme, the total energy of the system is calculated at the MM level and the QM
energy of the quantum system is calculated. To avoid double-counting, the MM
energy of the quantum system is then subtracted from the sum:

Eom/mm = Emmiz + Eom1 — Emma

An additive scheme can also be used, where MM energies are only calculated for
system 2, together with an interaction energy between the two systems:

Eom/mm = Emmz + Equ1 + Equ/mm

The electrostatic interactions between the QM and the MM systems can also be
described in different ways. In mechanical embedding, all interactions are treated
at the MM level. This can be problematic, as MM methods do not take into
account electronic polarisation.

To improve this, one can use an electrostatic embedding scheme, in which MM
point charges are included in the QM calculation, thus polarising the quantum
system. In the subtractive scheme of electrostatic embedding, the charges of the
quantum system are zeroed at the MM level in order to avoid double-counting.

In most cases, there are covalent bonds between the quantum system and the MM
system, which need special treatment. Several ways of treating covalent bonds
between the systems have been developed.
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The easiest solution is to introduce an extra truncating (link) atom in the quantum
system, which is usually modelled as a H atom. This atom is placed and fixed at
the position of the heavy atom in the MM system.

Another solution is to replace the chemical bond between the MM and QM
systems with a special orbital. This assumes that the nature of the bond is not
sensitive to changes in the QM region. Approaches that use this method are the
localised hybrid orbital approach®® or the generalised hybrid orbital approach.*

In this thesis, all QM/MM calculations have been performed using the ComQum
interface between the Turbomole and Amber softwares.’’** This method uses a
subtractive scheme with electrostatic embedding and hydrogen link atoms.

QM/MM has been used in papers III, V and VI to study the reaction mechanisms
of various enzymes.

3.4 Molecular dynamics

The energy of a molecule depends on the position of its atoms in space. The
computational methods discussed so far can calculate the energy of a specific
geometry of a molecule or find the molecular geometry with the lowest energy,
but cannot generate multiple conformations of the same molecule. For that, a
sampling method is needed and a simulation of the molecule must be performed.
The most common sampling methods used in computational biochemistry are
molecular dynamics (MD) and Metropolis Monte Carlo (MC) simulations.
Throughout this thesis only MD simulations have been used to sample the
biomolecular systems.

MD simulations employ Newton’s second law of motion to move the atoms in
the system:

F e B d?r
=ma=m_-

where F is the force, m is the mass and a is the acceleration, which can also be
written as the second derivative of the position () with respect to time (¢). From
this differential equation, positions of all atoms can be determined by integrating
the motion in small timesteps if the force acting on each atom is known. The force

is simply calculated as the first derivative of the potential energy with respect to
the position of the atom:

du
dr
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The potential energy function can be calculated either by QM or (more
commonly) by a MM force field.

Therefore, an MD simulation iteratively calculates the forces acting on the atoms
at a given position, then moves the atoms according to these forces over a certain
timestep. A typical timestep used in MD simulations of biomolecules is 0.5 fs, as
this is smaller than the period related to fastest vibrational frequency in the system
(that of hydrogen atoms). If the bond lengths involving hydrogen atoms are kept
fixed (e.g. by using the SHAKE algorithm™), slightly larger timesteps (2 fs) can
be used.

The length of the MD trajectory (the number of timesteps employed) has to be
decided beforehand and depends on the problem one is studying. Typically
hundreds of nanoseconds need to be run, with the longest ever protein MD
simulation being 1 ms.*® As the final trajectory depends on the initial positions
and velocities of the atoms, a common method to enhance sampling is to start
multiple rather short simulations. In this work, all MD simulations were run as
10 simulations of 10 ns.

MD simulations can be made massively parallel and most software packages have
implemented the MD algorithms on GPUs. However, obtaining a 1 us trajectory
still requires significant computational time. A widely used method to reduce the
computational effort is to employ periodic boundary conditions and calculating
electrostatic interactions through particle mesh Ewald summation,*' which
reduces the scale of the simulations from O(#®) to O(n log 1), where n is the
number of atoms.

3.4.1 Preparing the system

Before performing an MD simulation, the system studied needs to be solvated
and equilibrated. The first step in the preparation is assigning protonation states
to all residues in the protein by studying the hydrogen bonding network or from
information from neutron structures. Then, a box of water molecules needs to be
added around the protein, which must be large enough to avoid any boundary
effects. The box shape can vary (octahedral, cubic or spherical) and there are
many types of water models to choose from (TIP3P,* SPC/E,* TIP4P,* etc.).
The choice of the size of the water box and of the water model also depends on
the scientific problem studied. Then, the atoms of the macromolecule and the
solvent need to undergo a relaxation so the system reaches an equilibrium state.
This typically takes some nanoseconds.

Instead of solvating the protein, which mimics a protein in solution (e.g. in the
human body), one can construct a simulation from the unit cell in which the
protein is found in the crystal. This simulates dynamics of the protein within the
crystal and is especially useful for comparison with experimental diffraction data.
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Although placing the protein in the unit cell is straightforward, solvating the unit
cell can cause some issues in system preparation. As the exact number of water
molecules in the unit cell is not known, many water compositions need to be
tested in short MD simulations and the one that keeps the system volume most
stable is chosen for further simulations. Additionally, equilibration of crystal MD
simulations usually takes longer than for traditional MD simulations, as the
system is less isotropic.

3.4.2 Calculating conformational entropy

Calculating conformational entropy is an important task in computational
chemistry, as it is an essential part of the binding free energy of a ligand, along
with the other elements that contribute to the total entropy, i.e. solvation entropy
and rotational—translational entropy.

Estimation of conformational entropy relies on computational methods, as no
experimental techniques can fully measure it. Information on the dynamics of
each atom is needed to calculate conformational entropy, so an MD trajectory
needs to be computed before entropy calculation.

There are several methods to calculate conformational entropy once one has an
MD trajectory. Dihedral histogramming implies investigating the distribution of
dihedral torsion angles of the protein residues. In order to do this, Cartesian
coordinates are transformed to internal coordinates, then a discrete histogram of
the dihedral angles in increments of 1-10° is constructed and the entropy is
calculated from:*

N
R
S = 37 RInN —RZpilnpi

i=1

where R is the gas constant, N is the number of bins employed and p; is the
probability that the dihedral angle is found in bin 7.

Another common method to estimate conformational entropies is quasi-harmonic
analysis. This is implemented in most MD analysis packages, such as cpptraj
from AmberTools. The atomic fluctuations are assumed to follow a multivariate
Gaussian distribution and quasi-harmonic frequencies are calculated as the
eigenvalues of the mass-weighted variance—covariance matrix of the atomic
fluctuation determined from an MD simulation. The conformational entropy is
then calculated from:
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where h is Planck’s constant, 7T is the temperature, kg is Boltzmann’s constant, f§
is 1/kp, and w is a quasi-harmonic frequency. This equation can also be used by
substituting the frequencies obtained from the covariance matrix with vibrational
frequencies calculated from normal-mode analysis.*

In paper VIII, we investigate if we can use crystallographic information on atomic
dynamics for conformational entropy calculation without performing MD
simulations.
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4. Advanced methods

4.1 Quantum refinement

Quantum refinement is a method that combines crystallographic refinement (see
section 2.3) and QM/MM (see section 3.3). As described above, crystallographic
refinement requires a set of geometry restraints, usually E&H restraints, in order
to obtain reliable bond lengths and angles, and not to overfit the crystallographic
data. These restraints are similar to a force field used in a MM treatment of
biomolecules. Thus, the geometry restraints can be replaced for a small part of
the system (called system 1 as in the regular QM/MM method) by a QM energy
function and then added together with the crystallographic data to generate a
quantum refinement target function:

Ecqx = wx Exray + Evmiz + wom Eomi — Evmmi

where Ex:y is the crystallographic data, wy is the normal X-ray/restraints weight,
Ewvmiz is the E&H derived energy for the whole system, whereas Eqwmi and Evwmi
are the QM and E&H energies for system 1, respectively. An extra weight factor,
wam, 1s needed to scale the QM energies, as the E&H restraints are not energy-
based and cannot be added or subtracted directly from a QM energy. This weight
factor has been found to be 3 in previous studies. The practical details of the
interaction between system 1 and the rest of the molecule is the same as in the
QM/MM formalism and is discussed in section 3.3.

This method has been implemented in the ComQum-X software,***” which
combines the Turbomole QM software® with CNS software” for
crystallographic refinement. Only the coordinate refinement of system 1 is done
in Turbomole, using the relax program, which employs a Broyden—Fletcher—
Goldfarb—Shanno quasi-Newton approach. The other steps of crystallographic
refinement are performed with minimal changes in CNS, in order to write out
crystallographic energies and forces that are passed to Turbomole. A scheme of
the flow of the ComQum-X software is presented in Figure 4.1.

Other schemes of including quantum chemistry in crystallographic refinements
have been developed in several software programs. Merz and Westerhoff have
implemented linear-scaling semiempirical calculations of the whole protein in the
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DivCon program.**>' The QIR project also refines whole proteins using quantum
chemical methods.*

Evaluate the OM wavefunction

Repeat
Evaluate the OM forces (within S1)
Evaluate the crystallographic forces (from S1 & S2 onto S1)
Add the forces
Relax the geometry of S1 using these forces
Change the coordinates of S1 in CNS representation
Relax S2 by crystallographic refinement with S1 fixed
Perform an individual B factor refinement of S1 & S2
Evaluate the OM wavefunction and energy of Sl
Evaluate the crystallographic energy function
Add the energies until convergence

Perform an individual B factor refinement of S1

Figure 4.1 Flowchart of the ComQum-X program. S1 and S2 denote systems 1 and 2. Steps in bold constitute the
ComQum-X interface. Steps in italics are performed by CNS software, whereas underlined steps are performed by
the Turbomole software.

Thereby, quantum refinement introduces an accurate energy function for the
system of interest. This is especially useful for protein active sites that contain
unusual ligands, for which there are no tabulated geometry restraints and the
restraints would have to be manually calculated before refinement. Furthermore,
the treatment of electrons is essential for finding the correct coordination
geometry of metals. Thus, quantum refinement can greatly improve the geometry
of the active site of metalloenzymes.

Quantum refinement can be easily extended to joint X-ray/neutron refinement by
replacing the geometry restraints in the joint target function with QM/MM
restraints:

Ecqu = Wwx EXray + WN Eneutron + EMM12 + wom EQMI - EMMI

Only a wn Encuron term needs to be added to account for the neutron data and the
neutron data weight, while the rest of the equations remain the same as for regular
quantum refinement. Neutron quantum refinement is presented in detail in paper
IV.

Quantum refinement is applied to various biomolecular systems in papers [-VL.
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4.2 Ensemble refinement

Currently, most of the protein crystal structures deposited in the PDB are static
snapshots, with limited information about the underlying atomic dynamics that
exist in crystal structures, in the form of B-factors and alternate conformations
(see section 2.2). To visualise all the information regarding dynamics that affect
X-ray diffraction a different refinement method is needed.

Burnley et al. recently devised a method that combines MD simulations with
crystallographic data, called ensemble refinement.”® This produces an ensemble
model in which atomic fluctuations are represented by multiple structures within
the ensemble. This is implemented in the Phenix software within the
phenix.ensemble_refinement module."

Earlier attempts at performing MD simulations with crystallographic restraints™
failed due to overfitting of the models with respect to the data. To overcome this
problem and increase the data to parameter ratio, ensemble refinement models
large-scale motions by a TLS, global disorder model. This allows the MD
simulation to sample only relevant, local atomic fluctuations.

In practice, the MD simulation is performed using time-averaged restraints,
resulting in time-averaged structure factors, according to the following equation:

At
< Feqie > = e AT < Feate >ttt (1 —€e T )Fctalc

where At is the time-step in the ensemble refinement simulation, typically 4 fs.
The size of the averaging window is controlled by the T parameter that needs to
be set before each refinement, but is not system-dependent and is usually set to 1

ps.

The non-solvent atoms are coupled to a Berendsen temperature-bath® during
simulation, with a temperature that is 2-10 K less than the target temperature
(usually 298 K), because the X-ray restraints energy term is non-conservative and
causes heating. Every 10 time-steps, the X-ray weight is modulated by the
temperature of the protein atoms (Tprotein), such that all atoms sample
consistently at the target temperature ( Tqrget):

t—At
Wy Tiarget
T.

protein

wi =

In this way, the thermostat offset controls the X-ray weight in order to maintain
the sampling temperature constant. The X-ray—temperature bath coupling
constant is set before starting the ensemble refinement and controls the strength
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of the X-ray restraints. This parameter is also system independent and usually set
to 10 K.

The global disorder is modelled with the TLS approximation. This is calculated
before the start of the simulation using the B-factors of the traditionally refined
structure. The number of TLS groups per molecule must be decided manually as
appropriate for the studied system. For each group, TLS parameters are fitted to
the starting B-factors iteratively. In each step, a percentile of the atoms with the
poorest fitting of the TLS parameters are excluded from the following round and
this is repeated until the TLS parameters converge. The selection of the TLS
groups and the percentile of atoms to be excluded is non-trivial and system-
dependent. Multiple ensemble refinements with different TLS parameters need
to be performed before running a final ensemble refinement simulation.

The modelling of the dynamics of water molecules with crystallographic data is
a challenge due to the noisy nature of the electron density of water molecules in
protein crystal. In ensemble refinement, water molecules are deleted and
repositioned in electron density peaks every 250 time steps to avoid protein
clashes or unphysical movements of the water molecules.

Ensemble refinement is still a rather new method and only few studies have been
conducted that use it as a tool to e.g. understand loop dynamics in an enzyme.*®
In paper VIII, we use ensemble refinement as a complementary technique to
quantitative methods such as MD to explore ligand dynamics in the binding site
of galectin-3.
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5. Systems studied

The methods described previously in this thesis are useful only if they help us to
understand the structure and function of proteins in nature. Herein, I describe the
proteins I have studied in this thesis using combined computational—
crystallographic methods.

5.1 Galectin-3

Galectin-3 is a member of the galectin family of mammalian lectins.’” For the
studies in this thesis, the carbohydrate recognition domain (CRD) of galectin-3
was used, which is denoted throughout the papers, as galectin-3C.%® The CRD is
a conserved sequence motif in the galectin family that confers affinity for -
galactoside containing glycans. These glycans bind in a relatively solvent-
accessible binding site, situated in a shallow groove across one of the two [3-
sheets of galectin-3C (Figure 5.1). Galectin-3 has been found to play a role in
various biological processes, such as cell growth, cell differentiation, cell cycle
regulation, signalling, and apoptosis, which makes it an interesting
pharmaceutical target to fight inflammation and cancer.*’

Apart from its biomedical application, galectin-3C has been studied for two other
reasons: a variety of synthetic ligands with different affinities that bind to
galectin-3 has been synthesised and galectin-3C easily crystallises in large
crystals, making it a perfect model system for crystallographic studies.
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Figure 5.1 Example of Galectin-3C in complex with a synthetic ligand.

Galectin-3C has been used as a model system in papers IV, VII, VIII, IX and X
to test for novel methods such as neutron quantum refinement or ensemble
refinement.

5.2 Particulate methane monooxygenase

Particulate methane monooxygenase (pMMO) is one of the only two group of
enzymes that can oxidise methane, along with the soluble methane
monooxygenases.”” pMMOs are the predominant enzymes in methanotrophic
bacteria and are membrane-bound, which makes characterization of these
enzymes difficult.® Thus, the resolution of the crystal structures of pMMO is
rather poor.

Moreover, the location and nature of the active site has been disputed. Different
putative active site have been proposed, composed of a dinuclear Fe site or of
mono-, di- tri-nuclear Cu site.">%* Crystallographic and EXAFS studies have
suggested that the active site of pMMO contains three histidine residues and two
Cu ions.” The histidine residues interact with the metals in a so-called histidine
brace, in which one residue is terminal and binds the metal both with the side-
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chain N atom and with the terminal N atom. However, the structure is strange and
does not make chemical sense (cf. Figure 5.2).

Figure 5.2 Proposed dinuclear copper active site of pMMO in the 3RGB crystal structure.

In paper 1, we apply quantum refinement to elucidate the nature and number of
metal centres in the active site of pMMO, which cannot be clearly discerned from
crystallographic data alone.

5.3 Nitrogenase

Nitrogenase is the only enzyme in nature that can break the triple bond in N»
molecules, creating ammonia and making nitrogen available to organisms.
Understanding the exact catalytic mechanism of nitrogenase could enable us to
use a more energy-efficient way of producing ammonia, a chemical that is crucial
for agriculture.® The full nitrogenase reaction is:

N>+8¢ +8H +16 ATP -2 NH; + H, + 16 ADP + 16 P
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The nitrogenase reaction takes place at a complicated FeMo cluster with the
composition MoFe;SoC(homocitrate), which binds to the protein through a
histidine and a cysteine residue.®® (Figure 5.3) The Mo ion is replaced by V and
Fe in some variants of the enzyme.”’ The protein also contains two more FeS
clusters, which facilitate electron transfer.

A range of diverging reaction mechanisms have been proposed so far for the
nitrogenase reaction from experimental and computational studies and no
consensus has been reached, except that 4 electrons and 4 protons need to be
added to the FeMo cluster before N> can bind.®*™ To elucidate the full
mechanism, complex QM/MM calculations need to be performed, which in turn
require the protonation state of all atoms in the protein.

Although high-resolution crystal structures have been obtained, information
about the protonation states of ionisable residues cannot be obtained from X-ray
diffraction alone. The protonation of the homocitrate ligand is especially
important, as it coordinates directly to the Mo atom.

Homocitrate

Figure 5.3 The FeMo cluster in nitrogenase according to the 3U7Q crystal structure.
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In paper II, we use quantum refinement combined with MD simulations and QM
calculations to elucidate the protonation state of the homocitrate ligand in
nitrogenase.

5.4 Sulfite oxidase

Sulfite oxidase is another molybdenum-containing enzyme.”' It catalyses the
oxidation of sulfite in many organisms, including humans, in the final step of the
degradation of the sulfur-containing aminoacids.”* The Mo atom in the active site
is coordinated to a special ligand, molybdopterin (MPT). It also coordinates a
cysteine residue and one or two oxo groups, depending on the oxidation state. In
the oxidised structure, the geometry of the active site is square pyramidal, with
one of the oxo groups in the axial position.” (Figure 5.4)

F

Figure 5.4 Sulfite oxidase active site.

Although the geometry and composition of the active site are well-established,
several details about the chemistry of sulfite oxidase are still disputed. Firstly,
several reaction mechanisms have been proposed:

e the lone pair of the sulfur atom of sulfite attacks the equatorial oxo ligand
of Mo, forming sulfate (S-OMo mechanism)”*
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e sulfite coordinates to the Mo atom with one of its O atoms before sulfate
is formed by the attack of the equatorial oxo ligand (O—Mo mechanism)”

e sulfite coordinates to the Mo atom with the S atom before sulfate is
formed by the attack of the equatorial oxo ligand (S-Mo mechanism).”®

Secondly, the MPT ligand can exist in several states: with the phosphate group
deprotonated (MPD) or singly protonated (MPH) and oxidised in a 10,10a-
dihydro state (MPO).”’

In paper III, we use QM/MM calculations and quantum refinement to decide the
mechanism of sulfite oxidase and the state of the MPT ligand.

5.5 Lytic polysaccharide monooxygenase

The lytic polysaccharide monooxygenases (LPMOs) are a family of
metalloenzymes that oxidise the C-H bonds of the glycoside link in
polysaccharides, by activating molecular oxygen.”®” This leads to enhanced
polysaccharide decomposition, which in turn could lead to more energy-efficient
production of biofuels from common polysaccharides, such as cellulose.***!

The active site of LPMOs is rather similar to one of the proposed active sites of
another oxygen-activating enzyme, described earlier, pMMO. It contains a Cu
ion coordinated by two histidine residues, of which one is terminal, in a histidine
brace® (Fig 5.5). In some LPMO families, the Cu ion is also coordinated by a
tyrosine residue. There exist multiple LPMO families (AA9-AA16) that catalyse
the same reaction, but have slight differences in the amino acid sequence.

Figure 5.5 AA10-LPMO active site bound with an oxygen species bound to the Cu ion.
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The X-ray structure of LPMOs was determined rather recently and, while several
mechanisms have been proposed, its chemistry is still heavily under study. Issues
arise even regarding the co-substrate.® Whereas molecular oxygen is the
commonly accepted co-substrate of the LPMO reaction, it has recently been
proposed that H,O, could instead act as a co-substrate.® It is also known that
LPMOs generate hydrogen peroxide in the absence of a substrate.*

Furthermore, the protonation of the active site is also not fully elucidated.
Although there exist neutron structures of LPMO, which permit identification of
hydrogen atoms, the protonation of the terminal N atom in the active site is still
under debate.

In paper V, we study the protonation of an AA10-LPMO active site using neutron
quantum refinement and the mechanism of hydrogen peroxide release by LPMOs
using QM/MM calculations.

5.6 Triosephosphate isomerase

Triosephosphate isomerase (TIM) is an enzyme that catalyses the 1,2-proton shift
of dihydroxyacetone phosphate (DHAP) to give (R)-glyceraldehyde 3-phosphate
(GAP).*" It has been observed that reducing the activity of the enzyme can cause
severe diseases in humans.

Glu-167

Figure 5.6 Triosephosphate isomerase active site with DHAP as substrate.
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The active site of the enzyme contains four residues that form hydrogen bonds
with the substrate, a glutamate, a histidine, an asparagine and a lysine® (Figure
5.6). It is believed that the asparagine and the lysine only provide electrostatic
stabilisation."

Two possible mechanisms for the isomerisation of DHAP have been proposed:
In the classical mechanism, both the histidine and the glutamate residues are
involved in proton transfer, whereas in the criss-cross mechanisms only the
glutamate residue participates in proton transfer.*’

To gain insight on the structure of the mechanistic intermediates of the TIM
reaction, crystallographic studies of TIM inhibitors need to be performed. 2-
phosphoglycolate (PGA) and phosphoglycolohydroxamate (PGH) have been
proposed to mimic two reaction intermediates of the isomerisation.”

In paper VI, we use neutron quantum refinement to correctly identify the atomic
position of the H atoms in the active site of two new neutron structures of TIM
with the inhibitors described above.
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6. Summary of the papers

The papers in this thesis all combine computational methods with
crystallographic methods and data, but can be divided into several groups,
depending on which computational method and which kind of crystallographic
data was used:

e Papers I-VI use a combination of quantum chemical calculations and
crystallographic refinement, called quantum refinement, to improve and
understand the structure of the active site in several enzymes.

e Papers VII and VIII investigate what type of information about protein
dynamics can be extracted directly from crystal structures.

e Papers IX and X attempt to develop methods to improve the modelling
of ordered water molecules in both X-ray and neutron crystallographic
data.
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Paper I

In this paper we have studied the enzymatic active site of particulate methane
monooxygenase (pMMO). As pMMO is a membrane protein, it has been very
difficult to characterise experimentally from a structural point of view. For this
reason, the metal content of the active site has been controversial, with proposals
of dinuclear Fe centres as well as mono-, di- and trinuclear Cu active sites (Fig
6.1).6764

Figure 6.1 Examples of dinuclear copper sites in pMMO deposited structures.

We have studied two deposited crystal structures of pMMO, of rather poor
resolution (2.8 and 2.68 A respectively) with quantum refinement. We have tested
several compositions and geometries of the active site that could fit the
crystallographic raw data, including the original dinuclear copper site, as well as
a modified dinuclear copper site, and a mononuclear copper site. We evaluated
the resulting structures by their fit to the data through the RSZD scores but also
through strain energies obtained by QM calculations (i.e. the energy difference
of the active site when optimised in the crystal or in vacuum).

Electron-density maps from quantum refinement showed that the dinuclear site
present in the deposited structures fits the crystallographic data rather poorly. In
particular, one of the copper atoms gives rise to negative difference density,
indicating that it is not correctly modelled. Modifying the geometry of the active
site to a more chemically reasonable one with two additional bound water
molecules did not improve the fit to the crystallographic data, as no electron
density is seen around the water molecules.
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However, the model with only one Cu atom fit the data well, both when it is
bound only by the histidine brace or if there is an extra water molecule (Fig 6.2).
Moreover, the mononuclear Cu sites gave the lowest strain energies, half as high
as the deposited dinuclear Cu sites. Thus, we found no support for a dinuclear Cu
site in the crystal structures of pMMO. Instead, the active site is better modelled
with only one Cu atom.
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Figure 6.2 Quantum refined mononuclear copper active sites of pMMO without a water molecule (top) and with a
water molecule coordinated to the copper atom (bottom).
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Paper 11

In this paper we studied the protonation states of the homocitrate ligand bound to
the Mo ion in the active site of nitrogenase, as well as of other nearby residues.
In solution, the pK, values of homocitrate are known and a triply deprotonated
state is most stable at neutral pH. However, this may change in the enzyme, as
homocitrate is bound directly to a metal atom, which can change the electronic
structure and the pK. values of the ligand. The elucidation of the protonation
states in nitrogenase is a prerequisite to perform reliable mechanistic studies of
the enzyme.
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Figure 6.3 Protonation states of the homocitrate tested in paper .

Although X-ray crystallography cannot directly identify hydrogen atoms, their
presence is reflected in the position of the heavy atoms around them. As the
QM/MM calculations include hydrogen atoms explicitly, quantum refinement
can give good indications of protonation states."!
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In paper II, quantum refinement was used as a complementary method for
studying protonation, together with MD simulations, QM/MM and QM-cluster
calculations. Only the homocitrate ligand protonation was investigated with
quantum refinement.

We employed the 1.0 A crystallographic structure and re-refined it replacing the
E&H restraints with QM/MM restraints in four different protonation states of the
homocitrate (Figure 6.3): a doubly deprotonated state, two triply deprotonated
states and one fully deprotonated state. We evaluated the four refinements based
on the maximum absolute RSZD score of the homocitrate ligand. The results
show that there are vast differences between the RSZD of four states of the
homocitrate, three of the states having a maximum RSZD higher than 3.0. The
best state in quantum refinement is the triply deprotonated state, with the only
protonation on the hydroxyl oxygen atom bound to molybdenum. This is also
apparent in the electron density maps, which show that for the doubly
deprotonated state, an oxygen atom is not in the correct position, giving rise to
difference densities (Figure 6.4).

The protonation state concluded from quantum refinement is also supported by
the QM/MM and QM-cluster calculations.

Figure 6.4 Electron-density maps of the 1Ha (top) and 2H (bottom) protonation states of the homocitrate ligand in
the quantum refinement of the nitrogenase structure. The 2mF, — DFc maps are contoured at 1.0 ¢ and the mFo —
DF. maps are contoured at +3.0 o (green) and -3.0 ¢ (red).

55



Paper 111

The main purpose of paper III was to elucidate the reaction mechanism of sulfite
oxidase. The mechanistic studies were performed through QM/MM calculations,
including QM/MM free energy perturbations. Additionally, we studied what form
of the molybdopterin ligand is involved in the enzyme. Three different forms of
molybdopterin, with the phosphate group protonated (MPH), deprotonated
(MPD) or in an oxidised (MPO) form could be possible from the data available
in crystal structures (Figure 6.5). Traditional X-ray crystallography cannot
discern between these forms, which differ only in the number of hydrogen atoms
present. However, quantum refinement can be used to give indications of
protonation states and is again used as a complementary technique to QM/MM
calculations.

[
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Figure 6.5 The three molybdopterin states studied in paper lll: (a) deprotonated phosphate (b) protonated
phosphate and (c) oxidised form.

The QM/MM calculations showed that only the S-OMo mechanism (see section
5.4 for nomenclature) is plausible, as the attempts to study the two other proposed
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mechanisms failed. Regarding the nature of the molybdopterin ligand, the
QM/MM calculations were less clear. Mechanisms with all three ligands showed
reasonable reaction and activation energies, with slightly lower activation
energies for the protonated and oxidised forms.

On the other hand, quantum refinement showed that the oxidised form, which has
a more rigid geometry does not fit the electron density. The other two
molybdopterin forms show a similar goodness of fit to the electron density from
crystallographic data (Figure 6.6). A small positive difference density blob
around the phosphate group of MPD and a higher total RSZD score for MPD
indicate that the MPD group is slightly worse positioned in the electron density.
This suggests that MPH is the best model of molybdopterin in sulfate oxidase,
with the phosphate group protonated. This conclusion was also strengthened by
hydrogen bond analysis in the QM/MM structures.

Figure 6.6 Results of the quantum refinements of sulfite oxidase with MPD (left), MPH (middle) and MPO (right).
The 2mF, — DF. maps are contoured at 1.0 o (gray) and the mF, — DF; maps are contoured at +3.0 o (green) and
-3.00 (red).
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Paper IV

Paper IV deals with development and testing of quantum refinement for protein
neutron crystal structures. Improved restraints are especially important in neutron
structures, as the statistical geometrical information available for bonds involving
H atoms is poorer than for heavier atoms, making the refined positions of H atoms
less reliable. This involves replacing the E&H restraints in joint X-ray/neutron
refinement with QM/MM restraints, analogous to the way quantum refinement
works in X-ray crystallography.

The method is implemented as an interface between the nCNS crystallography
software, capable of running joint X-ray/neutron refinement and the Turbomole
software for quantum chemical calculations. In the paper, we apply neutron
quantum refinement to lactose in the binding site of galectin-3C (Figure 6.7).

We show that the method behaves properly and that it can improve water
orientations and hydrogen atom positions in the ligand compared to both
traditional joint refinement and to pure QM/MM minimisations. In particular, the
hydrogen-bonding pattern in the quantum system is greatly improved.
Additionally, we show that we can vary the weights of the neutron data, X-ray
data or QM/MM restraints in order to get an optimal structure and that RSZD
values of atoms in the quantum system give a good validation of the weights.

Figure 6.7 Overlay of the lactose-galectin-3 deposited structure before (blue) and after QM refinement (carbon
atoms in orange). The nuclear 2m|Fo| — D|F;| density at 0.8 o is shown in blue.
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We also apply the method to a metalloenzyme for which neutron data exists, lytic
polysaccharide monooxygenase (LPMO). Results show that neutron quantum
refinement is also useful for discerning between protonation states. This is studied
in more detail in paper V.
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Paper V

The purpose of this paper was to study the mechanism of hydrogen peroxide
generation by an LPMO belonging to the AA10 family. In order to perform
correct QM/MM mechanistic calculations, we first elucidated the protonation and
oxidation state of residues in the active site, including the copper atom and the
oxygen moiety, based on recent X-ray and neutron structures.

A previous LPMO neutron structure with an oxygen species bound suggested a
deprotonated N-terminus on the histidine binding to the Cu in one of the two
subunits of the protein and a protonated N-terminus in the other. We performed
joint X-ray/neutron refinement and joint X-ray/neutron quantum refinement of
this structure to determine the protonation state of the N-terminus. The structures
with only one D atom on the N-terminal atom gave rise to positive difference
density around the N-terminus in both subunits, albeit slightly lower in one
subunit, with both traditional refinement and quantum refinement. Thus, we
concluded that the N-terminus is not deprotonated in the LPMO active site
(Figure 6.8).

RSZD-=0.0

RSZD+=2.7

Figure 6.8 Structure and nuclear density maps of the LPMO active site after quantum refinement. m2Fo - DFc
maps are contoured at 1.0 and mFo — DFc maps are contoured at +2.80 (green) and -2.80 (red) (A) — subunit A,
ND2; (B) — subunit B, ND2; (C) — subunit A, ND~, (D) — subunit B, ND".
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Interestingly, the main difference between the join quantum refinement and
traditional joint refinement was in the geometry of the oxygen species, which
suggested that its nature might have not been assigned correctly in the crystal
structure. Consequently, we performed another round of quantum refinement
with different oxygen species, including both [CuO,] and [CuO,]". For this, only
the X-ray data was used, as the nuclear density around the oxygen atoms was
rather weak. RSZD values and strain energies calculated by quantum refinement
showed that [CuO:]" fits better to the X-ray data in both subunits, suggesting a
superoxide nature of the oxygen species (Figure 6.9).

Figure 6.9 LPMO active sites in the original crystal structure (blue), calculated/quantum refined structures
with peroxide oxygen species (yellow) or superoxide oxygen species (red). A — QM/MM structure, subunit A;
B — QM/MM structure, subunit B; C — quantum refined structure, subunit A; D — quantum refined structure,
subunit B.

Then, we ran QM/MM calculation to investigate the hydrogen peroxide
generation mechanism, starting from the best structures obtained in quantum
refinement. The results showed that in the most energetically favourable
mechanism, hydrogen peroxide forms at the copper centre before dissociating and



the copper must be in the Cu(I) when it dissociates. The consecutive protonations
occur through a nearby glutamate residue.
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Paper VI

In this paper, neutron crystal structures of TIM from Leishmania mexicana with
two different inhibitors, 2-phosphoglycolate (PGA) and phosphoglycolo-
hydroxamate (PGH)were studied. Both traditional joint X-ray/neutron refinement
and neutron quantum refinement were performed to determine the correct
positions of protons on the inhibitors and in the protein active site. Of particular
interest were protonation states of residues that are assumed to be involved in the
isomerization reaction mechanism, i.e. Glu-167 and His-95, but also residues that
contribute to the electrostatic stabilization of the substrate, i.e. Lys-13 and Glu-
87. This paper gave the first experimental evidence for the protonation state of
the active site, from neutron diffraction experiments.

Refinement of the PGA-TIM complex showed that Glu-167 is protonated and
His-85 is protonated on the Ne atom, forming a bifurcate hydrogen bond with the
inhibitor (Figure 6.10). Additionally, the nuclear density maps suggested that
Lys-13 is positively charged, whereas the inhibitor is deprotonated and negatively
charged. All possible protonation states were tested by quantum refinement,
which confirmed the initial proton assignment as the most energetically stable
state that also fits the nuclear density maps.

Figure 6.10 Joint X-ray—neutron refined neutron structure of PGA-TIM with the 2mF,-DF. nuclear
scattering length density maps contoured at 1.0 ¢ and the mFo—DF. nuclear scattering length difference
density maps contoured at 3.0 ¢ (green) and —3.0 o (red).
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The neutron structure of PGH-TIM was less conclusive and gave little
information on the protonation states of the inhibitor and of Glu-167. However,
it wass clear that His-95 is also protonated on the Ne atom in this structure.
Quantum refinement calculations suggested that the PGH inhibitor is protonated,
whereas the Glu-167 residue is deprotonated. Unfortunately, this is less evident
from the nuclear density maps (Figure 6.11), possibly because of disorder or of
negative interference between the aliphatic H atoms of the inhibitor and the
exchangeable D atoms.

Figure 6.11 Quantum refined neutron structure of PGH-TIM with the 2mF,-DF. nuclear scattering length
density maps contoured at 1.0 ¢ and the mFo—DF. nuclear scattering length difference density maps contoured
at 3.0 o (green) and —3.0 o (red).

QM/MM calculations showed that the natural substrate of TIM, DHAP, fits well
in the active site geometry found in the PGA-TIM neutron structure. Furthermore,
the first intermediate in the reaction mechanism, of which PGA-TIM is a mimic,
has a very similar geometry to the corresponding neutron structure.

A full QM/MM calculation of both proposed mechanisms was also performed
starting from the PGA-TIM neutron structure, suggesting that the criss-cross
mechanism is energetically more reasonable than the classical mechanism.
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Paper VII

In this paper, we used ensemble refinement to study ligand dynamics in
complexes of galectin-3C with several ligands, including the natural ligand
lactose.

Ensemble refinement simulations of six protein-ligand complexes revealed a
large amount of flexibility of the ligands and some residues in the binding site of
galectin-3C, much larger than what can be observed in traditional.
crystallographic refinement. For some ligands, it showed up to 100 different
possible conformations in the active site (Figure 6.12).

Figure 6.12 Ensemble of structures resulting from ensemble refinement of S-galectin-3C.

We also compared the results of ensemble refinement with other computational
methods to study dynamics and generate alternative conformations, such as MD
simulation or gFit-ligand. The MD simulations also showed a large amount of
flexibility for most ligands, confirming the observations of ensemble refinement.
qFit-ligand modeled four out of the six ligands in multiple alternative
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conformations and the remaining ligands were those that showed the least amount
of flexibility in ensemble refinement.

Ensemble refinement thus gave a significantly different view of the bound ligand
structure compared to traditional refinement. While the results should not be
trusted quantitively, ensemble refinement gave good indication of what parts of
the crystal structure were reliable and which may involve significant dynamics.
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Paper VIII

In this paper, we attempted to calculate the protein conformational entropy
starting from crystallographic B-factors. As test cases we have used both cryo
and room-temperature structures of galectin-3C in complex with two
diastereomeric ligands, as well as high resolution cryo structures of lysozyme in
complex with two closely related ligands and trypsin in complex with two similar
ligands. Only relative conformational entropies were calculated, such that error
cancellation may occur. All structures were re-refined in order to maximise the
agreement between the alternative conformations present in each of the two
complexes and minimise differences caused by variations in the refinement
procedures of different crystallographers.

The entropy calculated from B-factors was compared to experimental data from
nuclear magnetic resonance (NMR) and isothermic titration calorimetry (ITC) for
the galectin-3C complexes, as well as with more traditional methods of
calculating conformational entropy, such as dihedral histogramming or quasi-
harmonic analysis (see section 3.4 for a more detailed description of these
methods). The method for calculating entropy directly from B-factor was first
proposed by Zagrovic et al’? and is also based on quasi-harmonic analysis. The
B-factors used for the entropy calculation were either isotropic or anisotropic and
they were obtained either from a normal refinement or with a TLS model of the
whole protein.

The results showed that isotropic B-factors greatly overestimate the
conformational entropy, giving results 40 times larger than the experimental total
entropy or than the calculated conformational entropy from MD simulations. The
use of anisotropic B-factors slightly lowered the conformational entropy but it
was still too high to be usable. Using a TLS model brought the entropy to the
same order of magnitude as in the MD simulations, but gave the incorrect sign.
Using B-factors from the room temperature structures of the galectin-3C
complexes improved the entropy estimates, as these B-factors reflect more
accurately the real movements inside the protein. Unfortunately, the resulting
entropy was still ~5 times larger than that obtained from MD simulations and
TLS refinement did not reduce the entropy further for room temperature
structures.

We also ran MD simulation in a crystallographic unit cell, to test if the difference
we observe between B-factors and MD simulation stem from the different
movements in solution and crystal. However, the entropy obtained from crystal
MD simulations was very similar to the one calculated from traditional MD
simulations. Next, we attempted to include some of the correlation in the entropy
calculation from B-factors, by including covariance terms from MD simulations
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in the variance-covariance matrix used in entropy calculation. This gave very
poor results, suggesting that B-factors from crystallographic refinement are not
compatible with B-factors from MD simulations.

Thus, we had to conclude that it is currently not possible to extract meaningful
entropies from B-factors, even after careful re-refinement or using room-
temperature data.
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Paper IX

This paper presents a comparison of the water structure between protein crystal
structures and MD simulations in solution or in the crystal. To this end, we
performed MD simulations both in solution and in a crystallographic unit cell of
galectin-3C in complex with two ligands. These simulations were compared to
the corresponding crystal structures collected at both cryogenic temperature and
at room temperature.

Analysis of the water structures in the MD simulations was performed in two
ways. Firstly, the water-molecule density was calculated using global, grid-based
clustering and peaks were identified in the resulting density maps. These peaks
were then compared to the positions of crystallographic water molecules by
measuring the minimum distance between each crystal water and a peak in the
MD simulation. The results for the grid-based analysis showed that the MD
simulations could only partly reproduce the water structure found in the crystal
structures. MD performed in crystal showed better results than solution MD,
which was expected, as the environment in crystal MD is more similar to the one
in a crystal structure. However, only a maximum of 31% of crystal-water
molecules in the cryo-structure had a neighbour within 1 A in the MD
simulations.

Secondly, crystallographic water sites were defined based on the distances
between the water molecule in the crystal structure and heavy atoms of the
protein. Then, the water sites were followed throughout the MD simulations and
the closest MD water molecules were recorded and clustered. This local
clustering analysis yielded much better results, with a maximum of 82% of water
sites reproduced by the MD simulations. These results suggest that MD
simulations are able to reproduce the distribution of water molecules around the
protein that is observed in crystal structures. However, protein dynamics need to
be correctly taken into account when analysing the MD simulations.

We also attempted to insert new water molecules in the crystal structures if there
was experimental evidence for them in the electron density maps. Crystal MD of
one of the ligands found water molecules that were close to unmodeled density
regions in the crystallographic maps. Three new water molecules could be
inserted into the cryo-structure and into the room temperature structure of one of
the complexes.
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Paper X

In this paper, we developed a method to automatically decide the positions of
water deuterium atoms in neutron structures. To this end, we first tested three
validation metrics for the evaluation of deuterium positions in neutron structures.
This was performed by a qualitative evaluation of each water molecule in ten
different structures and then comparing this evaluation to B-factors, RSZD and
RSCC values. The RSCC performed the best among the three, yielding only 22%
false positives or negatives. We found that a RSCC threshold of 0.81 was
appropriate to decide whether a water orientation was good or poor.

We also performed multiple refinements of the neutron structure of galectin-3C
in order to find a refinement strategy that resulted in the highest number of water
molecules in good orientations. The best results were obtained with 15 cycles of
refinement in reciprocal space using only neutron data and a fixed protein.

Finally, a script was developed to automatically generate water orientations. The
script first calculates the RSCC values for all water molecules in the current
structure. It then generates a new orientation for all water molecules with at least
one deuterium atom with a RSCC value below the threshold. This is repeated
until all water molecules in the structure are in good orientations according to
their RSCC values or until a maximum number of orientations has been tested.
Optionally, a crystallographic refinement was conducted for each new
orientation.

This procedure was applied to three protein neutron structures. The results
showed that the number of properly oriented water molecules increased in all
proteins after using the script and refining the final structure compared to only
performing the refinement. Moreover, the number of water molecules in good
orientations after running the automated reorientation script was also higher than
in the deposited structures. Running the reorientation script without a refinement
after each cycle did not take longer than the refinement itself for two out of the
three proteins studied, so it could be used alongside refinement for any protein
structure without a significant increase in computing time.
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7. Conclusions and Outlook

The purpose of this thesis has been to develop and apply some methods that
combine computational chemistry and macromolecular crystallography. These
methods improve the quality of the protein structure obtained from X-ray and
neutron diffraction and the quality and accuracy of computational studies, by
incorporating experimental information.

Firstly, I have extensively used a previously developed method which combines
quantum-mechanical calculations with crystallographic refinement, called
quantum refinement.***” In papers I-III, I show the usefulness of quantum
refinement in determining the structures of metal sites in some metalloenzymes.
For low- and intermediate-resolution structures, such as the pMMO structure
shown in paper I, quantum refinement reveals huge improvements in the metal-
site geometry and we could draw conclusions about its composition with much
higher confidence than from traditional crystallographic refinement. Quantum
refinement also proved useful for higher resolution structures, such as nitrogenase
studied in paper II and sulfite oxidase studied in paper III. While the position of
heavy atoms is adequately described by traditional methods, we were able to
predict the protonation states of various groups in the active sites of the
metalloenzymes. However, quantum refinement of ultra-high resolution (<1.0 A)
failed (because then systematic errors of the QM methods start to be significant)
and such studies are not included in the thesis. Other ways to include quantum
mechanical information in ultra-high resolution structures of proteins are
currently developed in our group, by improving the structure factors directly from
the density obtained from QM calculations, through Hirshfeld-atom refinement.”

In this thesis, I have also extended quantum refinement for treating neutron
structures. Papers IV—VI show that neutron quantum refinement works and can
confirm and improve protonation states of ligands and protein residues or water
molecule orientations found in traditional joint X-ray/neutron refinement. In
particular, the hydrogen-bonding pattern present in protein active sites is
improved in neutron quantum refinement.

Both X-ray and neutron quantum refinement are currently implemented only in a
rather old crystallographic software, CNS. Thus, they do not take advantage of
all modern crystallographic methods. An implementation in the Phenix software
is currently underway and should improve the results of quantum refinement.
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This would allow for better bulk-solvent treatment, B-factor refinement and
eventually the use of force fields other than E&H for the parts not included in the
quantum system.

Another subject in this thesis is how to obtain, treat and describe dynamics
information in crystal structures . Papers VII and VIII show that this is a complex
subject and it is not yet clear how to best use the information on atomic
movements that we derive from diffraction experiments. Paper VII shows an
alternative method to express dynamics in crystal, through ensemble refinement.
The study reveals that parts of protein on the surface possess a much larger
flexibility than is indicated by alternative conformations and B-factors. This is
especially important for ligands bound to the surface of the protein and could help
us to understand ligand binding better. Even though ensemble refinement is not
a fully quantitative method, we hope that it is used more widely in the future to
provide insight into more flexible groups in the proteins and the ligands bound to
them.

In paper VIII I attempt to use B-factors to calculate protein conformational
entropy. Results show that this is not yet possible and B-factors do not correlate
well with movements we observe in MD simulations. Although the results are
quite disappointing, the information provided by B-factors, alternative
conformations or ensembles from ensemble refinement is still valuable and
should be included in more computational studies. The exact way to do this is
still elusive but could be assessed in further research.

Finally, the last two papers in this thesis deal with water molecules in X-ray and
neutron protein crystal structures, respectively. In paper X, we show that MD
simulations are able to reproduce the crystallographic water structure, but a
correct definition of water sites and subsequent local clustering needs to be
performed. In contrast, a traditional global clustering of water molecules gives
rather poor results. Furthermore, MD simulations could be used to provide
evidence for new water molecules that are not well-ordered. With the advent of
GPUs, making 100 ns of MD simulation time routine, it could be useful to include
MD simulations in crystal in more crystallographic studies.

Paper X presents a method for automatically finding good orientations of water
molecules in neutron structures. This method shows significant improvements
compared to only doing refinement for all proteins tested. However, it could be
further improved by finding a better validation metric for what constitutes a good
orientation of a water molecule in a nuclear density map. Machine learning
techniques may be the answer for an ideal validation metric.

In conclusion, bringing macromolecular crystallography and computational
chemistry closer together is possible and can improve both fields. However, many
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more studies are necessary before we can unequivocally know when and how to
use different potentials in refinement or how to best express and use dynamics in
crystal structures.
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