Data filtering method for correlated X-ray scattering (CXS)
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Correlated X-ray scattering (CXS) which was explored to study the conformations of bi-
ological macromolecules in solution was studied further in this paper. In our experiment,
three kinds of solution sample such as the Peg solution, the linear DNA from salmon
sperm and the plasmid DNA were scattered by X-ray Free Electron Laser in Spring8
in Japan. And the X-ray scattering patterns with low rate of signal and noise were
obtained. In order to improve the correlated signal, a cluster data filtering method for
billions of scattering patterns was put forward. Finally, some of the scattering patterns
with high artifacts which were related with potential sources of experimental set-up had
been characterized and removed. In addition, different clusters were clarified so as to
compute and analyze the angular autocorrelation of different clusters more effectively.
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1. Introduction

The structure and function of biological macromolecules such as proteins and DNA
are related closely. And the special function of the biological macromolecules mainly
depends on their movement and the dynamical changes during their movement.
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So the dynamical special structure of the biological macromolecules in the actual
system and the rules of their changes have been paid more and more attentions.
Correlated X-ray scattering (CXS) that was explored to study the conformations of
biological macromolecules in solution was studied further in this paper. Generally,
the artifacts are prevalent in the experimental data, and it is the main challenge
to remove it. So a data filtering method was developed in this paper. Finally, we
found several different clusters with Density-Based Spatial Clustering of Applica-
tions with Noise (DBSCAN). Then we characterized and removed some clusters
which were related with potential sources of experimental set-up. And it is an im-
portant result unexpected from theory.

2. The Development of CXS

CXS has obvious advantage in experiment technical and model analysis compared
with traditional small-angle X-ray scattering (SAXS). And the resolution was ex-
pected to reach the atomic level and had been applied into structure analysis and
studying the changing rules of structure for biological macromolecules in solution.*
For example, the resolution of structure factor for Lysozyme reached to 1.9 A.5 And
the resolution reached to 24—41 nm for submicron virus, dust and other aerosol par-
ticles.

Firstly, the X-ray sources with ultrafast and high throughput laser pulses were
used in CXS. And the scattering patterns were recorded before the radiation damage
that ensured the resolution of sample not be reduced. During recent years, X-ray
free electron lasers were used so frequently as the excitation light source of CXS
that the idea scattering patterns used in the structure analysis for samples were
obtained.

Secondly, there were obvious differences compared with the traditional SAXS
patterns. For the ultrafast and high throughput laser pulses were used that the
exposure time of sample was shorter than its free rotation time. And there were
anisotropy fluctuations in scattering patterns.” '* Thus, the angular autocorrelation
which was related to the structure of sample could be obtained from CXS.!3 While
in the traditional SAXS, the exposure time of sample was longer than the free
rotation time of sample. So there were isotropic fluctuations in scattering patterns
for the traditional SAXS.

Thirdly, there were less scattering photons produced and the noise was stronger
in CXS. Therefore, the scattering patterns in random directions had to be col-
lected for obtaining the three-dimensional structure in scattering space. So the
theoretical model and analysis method for scattering patterns in traditional SAXS
were not satisfied with the requirement of data analysis. Kam put forward the
theory related with CXS in 1970s. In Kam’s theory, the three-dimensional scat-
tering patterns of single particles were firstly built based on CXS data, then the
three-dimensional scattering patterns of the system with many particles were built
further.!? Since there was strong noise background in the measurement of CXS,



the angular autocorrelation function of scattering produced by many particles si-
multaneously converged to the angular autocorrelation function of single particle.
Moreover, the angular autocorrelation function was related with the expansion co-
efficient of spherical harmonics space.?'3

The theory related to CXS was first applied into the study of tobacco mosaic
virus by Kam.'# Recently, with the development of XFEL, more and more scientists
applied Kam’s theory to verify the feasibility of experiment that indicated that it
was feasible to apply CXS into the system of macromolecules solution.? Using
Kam’s theory, Starodub et al. studied the randomly distributed particles system
with cylinder symmetry. Furthermore, they used LCLS and collected the scattering
patterns from randomly distributed particles. Then the single particle scattering
intensity in one dimension was obtained through correlation analysis from scattering
patterns. Finally, the structure of the particle had been built.? Last but not least,
CXS was used in studying the structure of gas, liquid, glass and polymer. It was also
used in studying the molecules and clusters in porous and polycrystalline system.? '
Based on Kam’s method, Donatelli developed the multilevel iteration algorithm to
rebuild the structure of molecules in asymmetrical system.'3 Derek also studied the
silver non-particles in solution with the CXS which indicated that the CXS was
also valid in atomic resolution.*

More and more experiments indicated that there would be great potential to
study the system of macromolecules solution with CXS and the three-dimensional
structure parameters could even be obtained. However, CXS had only been used
into many model systems such as polystyrene solution, silver nanoparticles solution,
flue aerosol and so on. There was no report about studying the real biological
macromolecules solution using the CXS till now.?

Compared with other reported models of particles solution system, the difficulty
for studying the biological macromolecules solution lied in the non-union of electron
density and there was no obvious boundary with the medium. So the low rate of
signal and noise was obtained for X-ray scattering patterns. In addition, there
were many invalid data in X-ray scattering patterns from random orientations of
the sample. Therefore, there was obstacle to analyze data and rebuild the three-

dimensional structure using CXS.

3. The Analysis of Scattering Intensity in Experiment

In our experiment, three kinds of solution sample were scattered by X-ray Free
Electron Laser in Spring8 in Japan. The first kind of sample was the Peg solution,
the second kind of sample was the linear DNA from salmon sperm and the third kind
of sample was plasmid DNA. Generally, there were high experimental artefacts such
as the electron density was non-union, and there was no obvious boundary with the
medium. Thus, billions of X-ray scattering patterns with many invalid data from
random orientations of three samples were obtained.
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Fig. 1. The median of scattering intensity.
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Fig. 2. The variance of scattering intensity.

One of the most challenges for analysis of scattering patterns was the artifacts
which reduced the ration of signal and noise. Because there were many reasons for
the experimental artifacts such as whether the shutter was on or off, whether there



was the beam line or not for the shot, the swaying of the nozzle and the shadow
of the detector. Through the analysis of scattering data, the median and variance
of the scattering intensity were obtained as in Figs. 1 and 2. And we found there
were different shapes of clusters. However, it was also very challenge to separate the
different clusters further. So we had to develop a method to obtain the respective
clusters and improve the useful signal.

4. The Cluster Method for Data Filtering

We explored the data filtering method for billions of scattering patterns. After the
effective data filtering, the correlated signal was improved and CXS was used to
study the biological macromolecules in solution better. DBSCAN is a clustering
algorithm which is based on a connected region with high density. And the region
with high density could be divided into one cluster or more clusters. Furthermore,
the clusters with various shapes could be found from the data with noise. DBSCAN
algorithm is an outstanding representative of density based on clustering algorithms
compared with other clustering algorithms such as K-means method and grid-based
method. The advantages of DBSCAN compared with other methods are illustrated
as follows: With DBSCAN, clustering of irregular shapes can be solved systemati-
cally. But the other methods such as K-means method and grid-based method could
do no more. Additionally, the DBSCAN does not need a fixed number of clusters
at all. It also recognizes outliers as noises. In addition, DBSCAN is insensitive to
noise and any arbitrary shapes and sizes can be clustered by DBSCAN. So we used
the DBSCAN algorithm to obtain clusters in this paper.

Firstly, we chose a distance measure with the DBSCAN algorithm. For the
datasets which would be clustered, the distance between any two points reflected
the density of the points and illustrated whether the points could be clustered into
one cluster or not. And it was difficult to define the density for the datasets with
high dimension using DBSCAN algorithm. Thus, the Euclidean distance could be
used to measure the points in the two-dimensional space.

Secondly, we input two parameters: one was the Eps which denoted the range
of a circular neighborhood with the P-point as the center. Another parameter was
the MinPts which denoted the minimum number of points during this range of a
circular neighborhood.

Thirdly, k-distance was used in DBSCAN algorithm. Given the datasets P =
{p(i); I =0,1,...,n}, for any point P(i), the distance between the point P (i) and
all the points in the dataset S = {p(1),p(2),...,p(i — 1), p(i +1),...,p(n)} were
calculated. Then they were put in order from the shortest to the longest. Supposing
the distance set was D = {d(1),d(2),...,d(k—1),d(k),d(k+1),...,d(n)}, and the
d(k) was the k-distance. Then the k-distance was calculated for every point p(i)
and the k-distance set E = {e(1),e(2),...,e(n)} was obtained.

Fourthly, the radius Eps could be calculated with experience. And the
k-distance set E could be obtained after ascending the sort of k-distance set



E = {e(1),e(2),...,e(n)}. Then the curve describing the change of k-distance
would be fitted with the sorted set E. Finally, the k-distance which was appro-
priated with position with sharp changes was confirmed as the Eps.

Fifthly, the minimum number of points MinPts was calculated with experience.
In fact, the k-value of k-distance could be confirmed through the value of MinPts.

Lastly, if the results of clusters with experience were not good enough, we could
correct the values of Eps and MinPts. Finally, the proper values were chosen through
several iterations of calculation and comparison. Because the two parameters had
to be input by the user, we could correct the values according to our practical
application needs for the flexibility of the parameter. So the proper cluster could
be obtained in the special application. There are some practical applications for
these different clusters. For example, they permitted detection of features of pos-
itive and negative change, their mapping and derivation of detailed volumetric
change estimations for a rock glacier front. And a single cluster feature of erosion
and deposition/front movements were extracted directly from point clouds.'® In

addition, the similar applications were that they were used to design by screening

functional modules to realize targeted design of deep ultraviolet nonlinear optical
17,18

materials.
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Fig. 3. (Color online) The clusters of three samples based on DBSCAN algorithm.



In order to improve the correlated signal, some of the scattering patterns with
high artifacts which were related with the potential sources of ex-set-up were char-
acterized and removed based on DBSCAN algorithm. As a result, different clusters
were clarified. Based on these different clusters, the distribution of DNA folds in
different complex solutions could be measured further. We can find that one obvious
cluster was obtained for peg, two obvious clusters were obtained for the plasmid
DNA in peg, and more clusters were obtained for the linear DNA from salmon sperm
in Fig. 3. Because the uncorrelated scattering from the additional molecule or back-
ground scattering indeed be canceled out with DBSCAN and did not show up in
the correlation scattering. Then the internal atomic level structure of a monodis-
perse ensemble of randomly oriented molecules could be determined. For the case of
DNA, we will compute the correlated scattering of various lengths of DNA through
computing the expected correlated scattering function that contain the information
of atomic position and scattering structure factors. In addition, the effect of ther-
mal fluctuations will be captured in the dependence of the correlation function. The
correlator contains both the quantitative details of spatial density distribution that
arises due to thermal fluctuations and the thermodynamic persistence length of
the ensemble. We will compute and analyze the angular autocorrelation of different
clusters in future better.

5. Conclusions

In our experiment, three kinds of solution sample such as Peg solution, the lin-
ear DNA from salmon sperm and the plasmid DNA were scattered by X-ray Free
Electron Laser in Spring8 in Japan. And millions of scattering patterns were ob-
tained from X-ray Free Electron Laser experiment. Then we explored a data filtering
method for billions of scattering patterns. Based on DBSCAN algorithm, two ob-
vious clusters were obtained for the plasmid DNA in peg, one obvious cluster was
obtained for peg and more clusters were obtained for the linear DNA from salmon
sperm. After the effective data filtering, some of the scattering patterns with high
artifacts that were related with the potential sources of experimental set-up had
been characterized and removed. In addition, different clusters were clarified. We
will compute and analyze the angular autocorrelation of different clusters in future
more effectively.
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