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Abstract

A protein’s function is directly related to its structure, which is in a water medium where it is
affected by hydrogen bonds and the hydrophobic effect. These interactions are in turn dependent
on the water molecules’ orientations around the protein. Therefore, it is vital to have correct ori-
entations for the water molecules. Such information can be obtained by neutron crystallography:.
However, even in such structures, the correct orientation of water requires a manual evaluation
and possible re-orientation of each water molecule. This is a tedious and time-consuming pro-
cedure since proteins typically contain hundreds of water molecules in their lattice and can have
several sub-units. Therefore, we have here tried to develop a method that reliably automatizes
the orienting of the water molecules in a simple and relatively fast way. As test cases, we used
the proteins galectin-3C, rubredoxin and pyrophosphatase. We evaluated the water molecules’
orientations both quantitatively, with RSCC values, and qualitatively, by studying the orienta-
tions in density maps. We have optimized the refinement by varying the optimization methods
and refinement parameters, thus finding the settings that yielded the best results in terms of time
and performance. In particular, we have constructed two scripts that identify and re-orient in-
adequately oriented water molecules. Ultimately, we performed the refinement and re-orienting
using only neutron data. We show that our approach yields improved orientations of the water
molecules for all three proteins, in a shorter time than a manual orientation.



Populidrvetenskaplig sammanfattning pa svenska

Vid ldkemedelsutveckling anvands proteiner vars funktion dr beroende pa hur det dr veckat (dess
konformation). Denna veckning pédverkas i sin tur av vitebindningar fran vatten, som bildar
vitskemiljon i kroppen dédr medicinen ska verka och styrkan av vétebindningar paverkas i sin
tur av vattenmolekylernas orientering kring proteinet. For att kunna forutse proteinets funktion
i kroppen ar det darfor viktigt att kdnna till vattenmolekylernas orientering i forhdllande till pro-
teinet. Efter att ha bildat en kristall av proteinet och utfort t.ex neutronkristallografi, kan man ta
reda pa detta genom att utfora en kristallografisk forfining. I denna forfining orienteras vatten-
molekylerna automatiskt baserat pa en modell och karntathetskartorna fran neutrondatan. Men
detta steg &r inte perfekt och krdver darfér en manuell omorientering av felaktigt orienterade
vattenmolekyler. Detta brukar ta lang tid och krdaver mycket arbete eftersom proteinstrukturer
kan innehdlla flera hundra vattenmolekyler och kan bestd av flera subenheter. Eftersom omori-
enteringen gors manuellt, kan resultaten vara lite partiska och ddarmed finns inte heller ndgon
tydlig grans pa vad som gor en vattenmolekyls orientering bra eller dalig. Darfor vill vi utveckla
en objektiv metod som pé ett pdlitligt satt automatiserar orienteringen av vattenmolekyler pa ett
snabbt och enkelt sdtt. For att gora metoden sa objektiv som mojligt inforde vi real-space cor-
relation coefficient (RSCC) som en numerisk validering pa vattenmolekylerna. Som testproteiner
anvande vi galectin-3C, rubredoxin och pyrofosfatas. Vi har optimerat forfiningen genom att vari-
era optimeringsmetoden och parametrarna. Sedan jamférde vi RSCC med var manuella studie av
de modellerade vattenmolekylerna. Nar vi hittat den optimerade forfiningsmetoden gjorde vi ett
program som automatisk roterade daligt orienterade vattenmolekyler baserat pa deras RSCC. Var
metod gav forbdttrad orientering bland vattenmolekylerna hos alla tre proteiner och pa kortare
tid 4n en manuell orientering.
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1 Theory

1.1 Introduction

Proteins are vital bio-molecules with a vast variety of functions, such as transporting chemicals
in the cell or forming/breaking down metabolites in anabolic or catabolic processes. A protein’s
function varies with its conformation and its interactions with water affects the conformation due
to hydrogen bonds and the hydrophobic effect [1]. Since water molecules form the natural sur-
roundings of the proteins, they can affect the dynamics of the protein and also stabilize protein
folding [2, 3]. The strengths of these protein-water interactions depend on the orientations of the
water molecules in relation to the protein complex. Hence, to fully understand and determine a
protein’s function, which is vital in for example drug development, it is important to determine
the orientations of the water molecules in the protein complex [4].

1.2 X-ray crystallography

When studying protein structures, X-ray crystallography is the most common method to obtain
the three-dimensional structure, with a high resolution as techniques and equipment improve [5].
With X-ray crystallography, details in the bonding around atoms can be revealed and studied with
the electron density map. An example is the Fe?™ ion in hemoglobin in Figure 1, for which the
electron density map indicates where the Fe?" ion and the other heavy atoms are located, based
on the electron density. The figure shows the electron density of the heme ring and the contours
are closer together (denser) where the electron density is higher. On top of the density map, the
heme group is illustrated. In the center of the ring, the FeZt ion is located, where the electron
density is highest [6].



Figure 1: An electron density map of the heme group in hemoglobin, generated by X-ray crystal-
lography. The Fe?' ion in the center has the highest electron density. Illustration from the book
Fundamentals of Biochemistry by Voet.

With X-ray diffraction, the reflection of the protein is detected with an electronic detector, as a
diffraction pattern. This reflection is called the reciprocal space and is described by the coordinates h,
k and I, which describe the position of an individual reflection in reciprocal space of the diffraction
pattern [7]. The center of the detector is the origin with the coordinates hkl = 000 and the other
reflections are simply integers in hikl. In X-ray diffraction, each diffracted X-ray can be described as
a sum of all diffraction contributions from all atoms in the unit cell. This sum is called the structure
factor equation and the sum from the reflection Kkl is called a structure factor (Fy). The structure
factor can be calculated by Equation 1:

Equation 1 shows that every reflection on the detector results from diffractions of all atoms in the
lattice, where f 4 is the diffraction by atom A [7]. When mapping a protein, experimental structure
factors (F,, nx) obtained from the X-ray data and calculated structure factors (F; ;) obtained from
the current model are compared. The model is obtained by first starting from a crude model of the
structure built into the electron density, calculated by Equation 2 with observed intensities from
the X-ray data, which are proportional to F, wi>, and estimated phases («cc). The crude model
can originate from an already solved protein with a similar structure as the target protein [8].

1 o )
P(x,y,Z) = VZthZAFO, hkl|e 27ti(hx-+ky+1z—acac) (2)

where V is the cell volume. Next, the electron density map is visualized and molecular groups or
atoms are identified. From this model, structure factors can be calculated by Equation 3 with the
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information from the second step and the crude model [7].

Fc,hkzz///p(x,y,z)ezm(h”kyﬂz)dxdydz (3)
h k1

A flowchart of the model improvement just described, is illustrated in Figure 2 where the crude
model is the initial model used to develop develop the electron density map. The improved model
then becomes the new initial model and the cycle repeats.

1. Initial model | —— | 2. Density map | ———— | 3. Improved model

L

Figure 2: Flowchart of the refinement of the model.

The model is normally improved by performing crystallographic refinement. This usually in-
volves a minimization and consists of several cycles, in which the refinement parameters and refine-
ment target are optimized by the optimization method.

The refinement parameters are the variables that are optimized in the minimization and they
describe the crystal with its properties. These refinement parameters combine to form the total
calculated structure factors of the model (as described by Equation 3), and should resemble the
total structure factors of the observed data as closely as possible. The refinement parameters
typically include the coordinates, the atomic displacement parameters (ADDP, further discussed
below) and the occupation numbers of each atom. However, they can also focus on non-atomic
parameters like twinning or anisotropy [9].

Hydrogen atoms pose a special problem to crystallography, because they involve only a single
electron and therefore are hard to discern in X-ray structures. Therefore, they are normally not
included in the models. At very high resolution, they start to be visible and might be included in
the model. However, it is more common to include them as riding hydrogens. This means that
the hydrogens are placed in ideal positions around the heavy atom. This allows the hydrogens to
be included in the model even if they cannot be detected due to insufficient resolution. However,
all hydrogens are not in their ideal position and when there are neutron data available, or if the
resolution is good enough, the hydrogens should be refined individually [10].

The refinement target is the mathematical function (the target function) that is minimized dur-
ing the refinement. This function is constructed to decrease the more the model agrees with the
observed data. Hence, crystallographic refinement is about modifying the model parameters to



reduce the target function and thus optimizing the model [9]. The various model parameters are
typically refined in separate steps, rather than simultaneously. A typical refinement function is
shown in Equation 4.

Txyz - WXCscule * WXC * Texp + WC * Txyz,restraints (4)

where Ty, is the target function with focus on positional parameters, keeping the other parame-
ters fixed. Texp is the term that describes how close the current model is to the experimental data,
while Ty restraints 18 a restraint that compensates for lack of experimental data by introducing em-
pirical knowledge (the ideal bond lengths and angles). WXC,,j,, WXC and WC are weights used
to balance the relative contributions from experimental and restraint terms. These weights can be
optimized for the data and geometry restraints on the model. [9].

The optimization method is simply the method used for the optimization and there are plenty
of different methods with a varying speed and applicability on the model parameters [9]. One ex-
ample is simulated annealing which runs a molecular dynamics simulation at a high temperature.
This allows the atoms and water molecules to overcome energy barriers that prevent them from
accessing more favorable positions [9].

1.3 Neutron crystallography

As already mentioned, X-ray crystallography can yield structural information of macromolecules
with a high resolution. However, it is insufficient to precisely locate the electron density around
hydrogen atoms even at high resolution [5]. Even at ultra-high resolution (better than 1 A), it
is hard to reliably determine the electron density around the hydrogens, as they only contain a
single electron. But knowing the hydrogen positions in a protein is often important, as they can
determine the direction and polarity of hydrogen bonds, and play key roles in enzymatic reactions
such as hydrolysis [11, 12]. Therefore, the protein can be deuterated when forming the crystal and
then analyzed with neutron crystallography which reveals the exact position of each deuterium,
through nuclear scattering [13]. The sample can either be perdeuterated, in which all hydrogens in
the structure have been exchanged for deuterium, or it can be partially deuterated, in which only
the solvent is deuterated, meaning that only solvent-exposed exchangeable (i.e. polar) hydrogens
are replaced by deuterium (which is typically about half of the hydrogens) [14]. If not all the
hydrogen atoms are exchanged at a specific site, the signals may be cancelled with the deuteriums
because hydrogens have negative scattering lengths whereas deuteriums (and atoms like C, N, O
and S) have positive scattering lengths. Furthermore, the magnitude of a hydrogen’s scattering
length is about half of that of deuterium leading to a complete cancellation if the H/D ratio is 2:1
[15]. Another advantage with neutron crystallography is that it does not cause radiation damage
to the protein, so multiple measurements can be performed at room temperature [10]. Since X-
ray and neutron crystallography give different but complementary information about the protein,
they are often used together on the same crystal, followed by a joint X-ray/neutron refinement. This
allows the study of the protein’s X-ray and neutron density maps simultaneously [16].

1.4 Density maps

The proteins’ neutron and X-ray maps can be studied in software like Coot or PyMOL. By studying
the maps for 2F, — F, and F, — F., where F, is the observed structure factors and F. is the calculated



from Equation 3, the quality of the current model can be judged [17, 18]. In other words, this
is a comparison between the experimental data and the model. F, — F. compares the observed
structure factors with those of the model and highlights where there are too much or too little
electron density. 2F, — F; mimics an F, map but adds an extra (F, — F.)-term to compensate for
model bias in the phases used to convert from reciprocal to real space. Figure 3 illustrates 2F, — F.
and F, — F. nuclear-density maps from neutron data, but also the electron density generated from
the X-ray data.

F\E{\ .

R

Figure 3: Illustration of a water molecule (in the center) in the protein galectin-3C (PDB ID 6EYM),
with the electron density given by the 2F, — F. X-ray map (¢ = 1.0) as a purple sphere around
the oxygen atom. The 2F, — F; neutron map (¢ = 1.0) is indicated in light blue (note that there is
significant nuclear density also around the deuterium atoms) and the F, — F; neutron difference
map is indicated in green (¢ = 3.0) where F, is greater than F., and in red (¢ = -3.0) where F. is
greater than F,.

1.5 Validation metrics

The most common and effective parameter to use in numerical evaluations of the local quality
of the current model is the real-space Z-difference (RSZD) score because it locally measures the
accuracy of the model and the errors in the data, by using the F, - F, difference maps. However, the
comparison between F, and F. might not be sensitive enough to judge data from water molecules,
which is typically too weak. Edstats is the only widely used software to calculate RSZD [19].

Another quality measure is the real-space correlation coefficient (RSCC), which describes the
relation between the calculated electron density from the model and that of experimental data.
The RSCC can be used on arbitrary sets of atoms and can be calculated directly in the Phenix



software from
Z ’Pobs_ < Pobs > |Z |Pcalc_ < Pcalc > ‘

():|pobs_ < Pobs > |22|pcalc_ < Pcalc > |2)1/2

where p,ps and p.,. are the observed and calculated electron densities, respectively [20].

RSCC =

The ADP or B-factor (sometimes called temperature factor), is a model parameter that describes
how much an atom vibrates around its position in the model. Atoms in the sidechains typically
exhibit larger vibrations than those in the mainchain. Since diffraction is affected by vibrating
atoms, every atom j should be assigned a unique temperature factor (B;) [7]. However, B; does
not only reflect the thermal motion, but also disorder i.e. atoms that do not occupy the same
position in every unit cell. This makes it difficult to distinguish these two sources to the B-factor
[7]. However, an unusually high B; tends to be dominated by errors which makes it difficult to
accurately determine large vibrations. In addition, the atom is likely modeled inadequately if the
B-factor of an atom is much greater than the average B-factor of surrounding atoms.

The measured structure factor amplitudes will be equal to the calculated structure factor ampli-
tudes if the model is good. The residual index (the R-factor) is the most common way to measure
this convergence with the general formula:

_ ZHFObS’ - ’Fcach
Z|Fobs|

Thus, the R-factor measures the accuracy of the model. Two different R-factors are normally cal-
culated: Ryork and Rpyee. Ryork is calculated for all structure factors and measures the agreement
between the current model and experimental data. On the other hand, for the calculation of Ry,
only about 5% of all structure factors are used and these are not employed in the refinement. Con-
sequently, Ry, estimates the overfitting in the model [21]. Therefore, Ry, is normally smaller
than Ry If Ry is much greater, the model is over-fitted [7, 22]. Since the R-factors measure the
model globally, they are not good validation metrics for individual atoms or groups.

R (6)



2 Method

The crystal structure we used to develop this method was of galectin-3C (PDB ID: 6EYM), with
the resolution 1.7 A and 110 water molecules. Galectin-3C is a lactose-binding protein. The coor-
dinates, as well as the neutron and X-ray maps were obtained from the Protein Data Bank (PDB)
[23]. We used two other proteins to test the model, one being rubredoxin (PDB ID 4AR3), an
electron-transport protein, with the resolution 1.05 A and 149 water molecules. The other was
pyrophosphatase (PDB ID 5TY5), a hydrolase, with the resolution 2.2 A and 385 water molecules.

In several cases, we evaluated qualitatively whether the water molecules had an adequate ori-
entation: For every water molecule in the structure, we studied visually the water orientations in
the neutron and electron density maps using Coot. If the orientation is good, the deuteriums have
been placed inside the neutron density around the water molecule. For the inadequate orienta-
tions the deuteriums are placed where no neutron density is present or where it is lower than the
noise. Figure 4 shows an example of a good orientation of a water molecule where both deuteri-
ums are where the density is the highest. One of its deuteriums also participates in a hydrogen
bond with the protein.

Figure 4: Example of a 2F, — F; neutron map, indicated in blue, (¢ = 1.0) with a good orientation
of the water molecule.
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Figure 5 shows an example of an inadequate orientation of a water molecule where the deu-
teriums are outside of the neutron density.

Figure 5: Example of a 2F, — F. neutron map, indicated in blue, (¢ = 0.80) with a poorly oriented
water molecule with both deuteriums outside of the neutron density.

For galectin-3C, the water orientations of the deposited structure were evaluated in Coot. Then
the hydrogens were removed from the water molecules and re-added with Ready Set and Maestro,
respectively [9, 24]. After a joint X-ray/neutron refinement of 3 macro-cycles, the structure was
evaluated again. Both Ready Set and Maestro add hydrogens (or deuteriums) to water using
their own energy-based algorithms. Maestro is widely used in computational chemistry where
correct hydrogen positions are important, so it was expected to perform best. The structures were
then refined with phenix.refine using different settings. We did refinements in reciprocal space,
real space and in combined reciprocal and real space. In some calculations, the X-ray data was
excluded and the refinement used only neutron data, with the protein fixed and only the water
molecules (including the oxygens) allowed to move. We varied the number of macro-cycles with
the goal to find the best result while minimizing the computational cost, both with and without
simulated annealing. The deuteriums were refined individually because we used the neutron
data.

The qualitative evaluation was performed visually in Coot after the refinements in phenix.refine
(except structures that were deposited to PDB). Owing to the vast amount of refinements, we did
not qualitatively evaluate all of the generated structures. Hence, the structures that miss qualita-
tive data have only been evaluated based on the RSCC values. The structures that were analyzed
qualitatively are listed in Table 1.
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Table 1: The structures with qualitative data.

Protein Waters | Macro-cycles Refinement settings
Galectin-3C Deposited / /
Galectin-3C Ready Set 3 Joint X-ray/Neutron with standard settings
Galectin-3C Maestro 3 Joint X-ray/Neutron with standard settings
Galectin-3C Ready Set 15 Neutron refinement on fixed protein
Galectin-3C Ready Set 15 Neutron refinement on fixed protein, after orientation script
Rubredoxin Deposited / /
Rubredoxin Ready Set 3 Neutron refinement on fixed protein
Rubredoxin Ready Set 15 Neutron refinement on fixed protein
Pyrophosphatase | Deposited / /
Pyrophosphatase | Ready Set 15 Neutron refinement on fixed protein

When evaluating the deposited structure of galectin-3C, we found that 40 out of 110 (36%)
of the water molecules were in inadequate orientations according to our qualitative assessment.
For rubredoxin 98 out of 149 (66%) were in inadequate orientations and for pyrophosphatase it
was 150 out of 385 (39%), according to our evaluation. An example is given in Figure 6. From
the galectin-3C structure generated by Ready Set 81 out of 110 water molecules were in poor
orientations. This shows that our qualitative evaluation is reasonable and gives results like that
obtained by other groups.

Figure 6: Example of a water molecule in the deposited structure of galectin-3C with an incorrect
orientation (red) according to our qualitative evaluation. A better orientation, according to our
assessment, is shown in brown (oriented manually). The 2F, — F, neutron density map is shown
in blue (o = 0.89).
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To obtain quantitative data, we evaluated the water molecules based on their RSZD, B-factors
and RSCC. As will be discussed in the Results section, RSCC gave the most reliable results. As a
threshold for RSCC, we selected the value that gave the largest number of correct predictions of
both correctly and incorrectly oriented water molecules, compared to the qualitative judgement.

Next, we made a script to systematically improve the positions of the deuterium atoms of the
water molecules. The script starts by calculating the RSCC values for all water-deuteriums in an
initial structure (obtained from PDB, Ready Set or Maestro). For all water molecules with at least
one deuterium atom with a RSCC value below the threshold, the script first rotates one of the
deuterium atoms (D1) an angle a around the O-D2 axis (where O and D2 are the oxygen and the
other deuterium atom of the water molecule). Then, D2 is rotated an angle a” around the O-D1
axis. The angles « and &’ may or may not be the same depending on the RSCC values of D1 and
D2. If the RSCC value is 0.2 below the RSCC threshold, the deuterium is rotated 5°, otherwise it
is rotated 10°. Thus, the oxygen coordinate, the D-O-D bond angle and the O-D bond lengths are
tixed, using data from Ready Set (106.8°, and 0.96 A). There are two versions of the script with a
single difference: One refines the water molecules after this rotation (Script Ref), whereas the other
does not refine (Script No-ref). The refinement was in reciprocal space, with one macro-cycle and
used only neutron data. The scripts then calculate new RSCC values for the two deuterium atoms
and if the lowest of the two new RSCC values is the highest measured, the coordinates are stored.
If the new RSCC values are above the threshold for both deuteriums, the corresponding water
molecule is accepted, and no more conformations are tried. Otherwise, the re-orientation cycle is
repeated. This continues until both deuteriums of all water molecules have RSCC values above
the threshold, or if a maximum number of cycles have been performed. If, at the end, no water
orientation gave RSCC values above the threshold, the best orientation is used and deuteriums
with RSCC values below the threshold — 0.2 are removed from the model. In other words, the
script models poorly described water molecules without any deuterium atoms. Thus, the script
systematically goes through orientations for the water molecules, without consideration of the
energy, thereby bypassing any energy barriers until the RSCC is optimized.

For both scripts, four maximum numbers of orientation cycles were tested: 10, 50, 100 and 150.
When the scripts were run on the galectin-3C, the structure was refined with phenix.refine, using
the best optimization methods. Then, we calculated the RSCC values of the structure. After that,
the RSCC values and procedure times of the refined structure from Script Ref were compared with
those of Script No-ref. For the best performing script, we decided what number of orientation cy-
cles was the most effective based on the RSCC data and performance time. Then, we qualitatively
evaluated the protein structure with the best script and optimization strategy. The best perform-
ing script and optimization strategy were used on rubredoxin and pyrophosphatase using only
neutron data, and their RSCC values were calculated.
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3 Results and Discussion

3.1 Optimization methods

In this study, we have tried to develop an automatic method to orient water molecules in neu-
tron crystal structures. This can be done by systematically trying a large number of positions for
each water molecule in the structure. However, for such an approach, it is necessary to have an
automatic quality measure that can be used to determine which orientation is best and whether
it is acceptable or not. Therefore, our first step was to find such a measure by comparing three
reasonable quantitative quality measures, RSZD, RSCC and the B-factor of each water-deuterium.
The three measures are compared to the results of the qualitative (manual) assessment in Figure
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Figure 7: Histograms of RSCC, B-factors and RSZD, all calculated by Phenix on galectin-3C after
3 macro-cycles of refinement with standard settings. The histograms are calculated separately for
water molecules with good (top row) or inadequate orientations (bottom row), according to the
qualitative assessment. The ideal RSZD value is zero, while a perfect RSCC is one, and a good B-
factor is around the average value (marked with a red line). The histograms contain 252 deuterium
atoms with good orientation and 408 deuterium atoms with inadequate orientation, in total 660.

From Figure 7, it can be seen that the RSZD score does not give consistent results as the his-
tograms for the good and inadequate orientations look almost the same. Furthermore, there seems
to be some tendency that the poor orientations give lower RSZD values than the good ones. For the
B-factors, the results are more promising: The distribution for the water molecules with proper ori-
entation is more concentrated toward lower values, with a peak somewhat below the average (66),
whereas the distribution is biased towards higher values for those with a poor orientation. How-
ever, there is a second peak at very high B-factors for some properly oriented water molecules.
The results for the RSCC score is even better: The result for the properly oriented water molecules
are strongly biased towards high values, whereas those with a poor orientation have a wider dis-
tribution, peaking on somewhat lower values (although there is a quite large overlap). Thus, we
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selected RSCC as our quantitative measure, especially as it also gives a simple implementation in
the scripts.

The RSCC values can be calculated with both Phenix and Edstats. We chose to use Phenix be-
cause the difference between the two methods was minor. Furthermore, Phenix is already used for
the refinement so this choice would make the method simpler. Likewise, for placement of hydro-
gens, Ready Set from Phenix yielded results of similar quality as Maestro despite the expectation
that Maestro would perform better. Hence, we chose to use Ready Set for hydrogen placement so
that all calculations can be performed by the same software.

Next, we have to select a threshold value for RSCC to determine whether a deuterium atom is
in a proper position or not, as described in the Methods section. This was done by maximizing
the total number of correct predictions of RSCC, both for correctly and incorrectly oriented wa-
ter molecules, compared to the qualitative (manual) evaluation. This gave a threshold of 0.89 for
galectin-3C and 0.81 when all data from galectin-3C, rubredoxin and pyrophosphatase were com-
bined. There are a total of 660 deuteriums and 146 of these are poorly oriented deuteriums that
receive good RSCC values (above the threshold 0.89), and 123 deuteriums receive good scores and
orientations. This distinction is not great but 146 out of 660 (about 22%) is quite low, and while
123 out of 660 is lower, it can be improved by varying the refinement settings.

We first intended to use both X-ray and neutron data in a joint X-ray/neutron refinement but
using the X-ray data slowed the refinement significantly. However, removing the X-ray data de-
creased the RSCC values probably because the ratio between data and parameters is reduced. To
account for this we ran the neutron-only refinement with the protein fixed, which increased the
RSCC values significantly at the cost of slowing down the refinement slightly. However, the im-
provement was significant enough to continue with the fixed-protein strategy. With the protein
tixed, the refinement was still faster than with the X-ray data (without a fixed protein), but the
RSCC values were also slightly worse. However, we judged the improvements outweighed the
computational cost based on the data in Table 2.

Table 2: Galectin-3C with a refinement of 3 macro-cycles and standard settings compared with the
same refinement but with only neutron data and a fixed protein.

Refinement | Joint X-ray/Neutron | Neutron with fixed protein
Time (s) 845 213
Ryork (X-ray) 0.1327 /
Rree (X-ray) 0.1437 /
Ruork (Neutron) 0.2046 0.1753
Ry (Neutron) 0.2184 0.2280
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In Table 2, the Ry, value increases significantly when excluding the X-ray data, which was
expected since less data was used to improve the model. Performing simulated annealing (SA) did
not improve the results and made the refinement slower. Table 3 presents all the strategies tested
with their respective results for the neutron data. It can be seen that the refinements performed
best in reciprocal space or with real space combined with reciprocal space.

Table 3: Performance of different optimization strategies for galectin-3C generated from Ready
Set and 3 macro-cycles in the refinement. A water molecule is considered to be in the correct
orientation if both deuterium atoms have RSCC values above the threshold 0.89.

Strategy Time (s) | Number of water molecules in good orientations | Ruyork | Rpree
Joint X-ray/neutron (reciprocal space) 844.8 34 0.2046 | 0.2184
Joint X-ray /neutron (real space) 1820 16 0.2148 | 0.2252
Neutron (real and reciprocal space) 203.2 31 0.1724 | 0.2288
Neutron (reciprocal space) 201.1 43 0.1724 | 0.2288
Neutron (real and reciprocal space, fixed protein) | 214.3 52 0.1753 | 0.2280
Neutron (reciprocal space, fixed protein) 213.3 52 0.1753 | 0.2280
Neutron (real space, fixed protein) 134.7 24 0.1938 | 0.2305
Neutron (reciprocal space, fixed protein, SA) 584.6 51 0.1718 | 0.2379

Next we investigated what number of cycles that was most effective in terms of result and time.
The results are presented in Table 4, which shows the time, R-factors and the number of water
molecules in correct orientations, of each refinement (a water molecules is considered to be in the
correct orientation if both deuterium atoms have RSCC values above the threshold 0.89). It can
be seen that 15 macro-cycles is best because Ry, stops to improve after 15 cycles. Ry and the
number of properly-oriented water molecules increase slightly with more macro-cycles, but the
improvement is uneven and small, compared to the increase in computer time.
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Table 4: Dependence of the results on the number of macro-cycles for galectin-3C, refined in re-
ciprocal space with a fixed protein and only neutron data. For each refinement, the refinement
time, the number of correctly oriented water molecules (i.e. with RSCC > 0.89 for both deuterium
atoms), Ryork and Ry, are given.

Macro-cycles | Time (s) | Number of water molecules in correct orientations | Ryork | Rpree
3 283 52 0.2028 | 0.2410
5 329 56 0.1753 | 0.2280
7 440 57 0.1727 | 0.2262
10 607 58 0.1724 | 0.2249
12 716 59 0.1718 | 0.2251
14 799 60 0.1715 | 0.2244
15 953 61 0.1713 | 0.2245
18 1040 63 0.1710 | 0.2251
22 1255 62 0.1708 | 0.2258
25 1492 64 0.1711 | 0.2267
30 1702 64 0.1711 | 0.2280
35 1927 65 0.1706 | 0.2278

If the time does not matter, one can increase the number of macro-cycles until it no longer
makes any difference, which was 35 macro-cycles for galectin-3C. The X-ray data can also be in-
cluded to make a joint X-ray/neutron refinement, if the protein is not fixed. But this limits the
number of structures from the PDB that can be used and this approach has not yet been tested.
In conclusion, the best performing optimization methods and parameters for the refinement were
to use the RSCC and Ready Set on a fixed protein in reciprocal space with 15 macro-cycles and
neutron data only.

3.2 Automated Water Orientation Script

After having selected a proper quantitative quality measure (RSCC), a proper threshold (0.81)
and a proper refinement procedure, the next step was to develop an approach to automatically
and systematically re-orient the water molecules. We developed two different scripts to this aim:
Script Ref, which refines after each orientation cycle, and Script No-ref, which does not refine. The
results in Table 5 show that the two scripts gave similar results, probably because the generated
structures were refined with phenix.refine after the best water orientations were found. Naturally,
Script No-ref was significantly faster tha Script Ref. As for the maximum number of orientation
cycles for the script, 100 proved to be the best in terms of time and results, although 50 cycles gave
nearly as good results.
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Table 5: The performance of the two re-orientation scripts on galectin-3C regenerated by Ready
Set, showing the timing (on a single computer) and the number of water molecules with RSCC
values above the threshold and the two R-factors.

Orientation cycles 10 50 100 150
Time (s, Script No-ref) 420 720 1260 1740
Time (s, Script Ref) 4440 | 17880 | 23280 | 34200
RSCC above 0.81 (Script No-ref) 85 90 92 90
RSCC above 0.81 (Script Ref) 86 87 90 90
Ruork (Script No-ref) 0.1721 | 0.1721 | 0.1720 | 0.1721
Repork (Script Ref) 0.1723 | 0.1708 | 0.1711 | 0.1721
R free (Script No-ref) 0.2276 | 0.2261 | 0.2283 | 0.2273
R free (Script Ref) 0.2312 | 0.2270 | 0.2308 | 0.2273

Table 6 shows the performance times of Script No-ref on the three proteins using 100 cycles
and the RSCC threshold of 0.81. For comparison, the timing of phenix.refine with 15 macro-cycles
and fixed proteins in reciprocal space with neutron data only is also presented.

Table 6: The performance times of Script No-ref and phenix.refine on the three proteins.

Protein Galectin-3C | Rubredoxin | Pyrophosphatase
Time (s, script) 1260 1800 2820
Time (s, phenix.refine) 1930 880 5082
Number of water molecules 110 149 385

Table 7 presents the R-factors and number of water molecules with RSCC values above the
threshold resulting from our optimized strategy with phenix.refine (neutron data only, with the
protein fixed, in reciprocal space for 15 macro-cycles). We compare the results obtained with or
without running our water-orientation script. The corresponding data for the deposited structure
are also included.

Table 7: Comparison of the deposited structures and the structures after refinement with or with-
out the water-orientation script for the three proteins. For each protein, the R-factors and the num-
ber of properly oriented water molecules are given (i.e. with RSCC > 0.81 for the two structures
after refinement, but properly oriented according to the qualitative assessment for the deposited
structure, and total number of water in brackets).

Protein Galectin-3C Rubredoxin Pyrophosphatase
Deposited /Without/With Script | Deposited | Without | With | Deposited | Without | With | Deposited | Without | With
RSCC above 0.81 70 (110) 86 92 51 (149) 49 55 235 (385) 351 363
Raork 0.1680 0.1713 | 0.1720 0.1990 0.2030 | 0.1998 | 0.2390 0.1912 | 0.1877
Rfree 0.2110 0.2245 | 0.2283 0.2370 0.2375 | 0.2495 |  0.2520 0.2847 | 0.2932
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Deuterium atoms with RSCC values below 0.61 (0.2 below the threshold of 0.81) were removed
by the script, but all hydrogens in galectin-3C and pyrophosphatase had RSCC values above 0.61.
However, rubredoxin had 23 hydrogens with RSCC values below 0.61 which were deleted. The
script improved all structures in terms of RSCC values of the water molecules and of the Ry,
values (essentially unchanged for Galectin-3C), but Ry, was deteriorated for all structures. 55
correctly oriented water molecules out of 149 for rubredoxin is rather disappointing although
with manual orientation, only 51 are identified. Therefore, we doubled the number of orientation
cycles to 200 for Script No-ref and then proceeded with the same refinement settings used in Table
7. However, the improvement was insignificant. Furthermore, Ry, increased significantly for
pyrophosphatase after using the best optimization strategy and script. The reason could be that
the optimization strategy and script were made primarily for galectin-3C whose structure has
been determined with X-ray crystallography, whereas for the other two proteins, there is no X-ray
structure. Also, keeping in mind that the X-ray data was removed from galectin-3C, the increase
in Ry is understandable. The increase partly arises from the script but also from phenix.refine
as indicated in Table 7.

The script improved the number of properly oriented water molecules for all proteins but the
protein structure for pyrophosphatase (whose structure was determined using only neutron crys-
tallography) degraded as shown in the Ry, in Table 7. By not fixing the protein for pyrophospa-
hatase, the R-factors could be improved because the protein structure would then also be consid-
ered with the refinement of the water molecules. There may also be other parameters that affect
the results since the structure for rubredoxin did not degrade like pyrophosphatase, despite the
lack of an X-ray structure. One could be that pyrophosphatase has 385 water molecules, and if
each water molecule increases the Ry, by a slight amount, then 385 water molecules will have a
more significant increase. This explains the poor Ry, results in Table 7.

The script may also be improved if it could consider alternate water conformations, which
would be a good improvement to phenix.refine as well. Furthermore, since the evaluation of
the water orientations was qualitative, the results may be biased. This bias would arise from the
script that optimizes the thresholds as it has both the quantitative and qualitative data as inputs.
Since Script No-ref and Script Ref both use the generated threshold, the resulting structures are
most likely biased by an unknown amount. However, the systematic error in the evaluation has
been kept consistent as all qualitative evaluations have been performed by the same person.

For galectin-3C, the deposited structure had 70 qualitatively good water molecules. After re-
moving the deuteriums and re-adding them with Ready Set without any refinement, there were
only 29 qualitatively good water molecules. Then after applying Script No-ref and the best opti-
mization strategy, 85 water molecules had qualitatively good orientations, illustrating the strength
of the script. Figure 8 shows an example of the improvement of water molecules in galectin-3C
before and after using the script.
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Figure 8: Example of the improvement of the orientation of a water molecule (number 617 in the
crystal structure) with our script. Top: starting structure after using the optimized strategy from
phenix.refine, with the neutron density given by 2F, — F, neutron map (¢ = 1.0), in blue. Bottom:
final structure obtained with the script and the optimized strategy, with the neutron density given
by 2F, — F; neutron map (¢ = 1.0), in purple.
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4 Conclusion

We have automated the hydrogen placement of water molecules in neutron structures using a
script that re-orients water molecules with the help of phenix.refine. The script worked best with
100 orientation cycles with no refinement after each cycle and an RSCC threshold of 0.81. We found
that the best performing settings with phenix.refine was with neutron data only, with the protein
tixed in reciprocal space and 15 macro-cycles. When using Ready Set, the script and phenix.refine
with those settings on the three proteins galectin-3C, rubredoxin and pyrophosphatase, the quanti-
tative data agreed best with the qualitative results. However, the strategy worked best on galectin-
3C since the strategy was developed for that protein.
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