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Abstract. Nowadays the Fourier shell correlation (FSC) is the most common
method for estimating the resolution of 3D structures obtained in Single Particle
Imaging (SPI) experiments on X-ray free electron lasers (XFELs). In FSC, the
resolution is defined as the spatial frequency at which the correlation between
two independently reconstructed structures is equal to some given threshold
value. There are multiple methods to define the threshold value. In addition, this
approach cannot account for the fact that the quality of reconstruction can be
non-uniform for different areas of the biomolecule. Thus, the issue of effective
resolution estimation methods remains open. This paper considers multiple al-
ternative approaches to the resolution estimation from adjacent scientific field -
cryogenic electron microscopy (cryo-EM) and analyzes the applicability of
these approaches to the resolution estimation in SPI experiments on XFELSs.
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1 Introduction

The viral worldwide pandemic caused by SARS-CoV-2 has become a serious chal-
lenge for the entire scientific community, and the search of effective treatment meth-
ods and drugs against COVID-19 is ongoing. Determination of the high-resolution 3D
structure of single viruses’ particles is one of the key and important points for under-
standing how viral infection occurs and how we can fight it. Cryogenic electron mi-
croscopy (cryo-EM), which has recently been able to obtain a true view of the atomic
resolution of a biomolecule (1.2 A) [1], has consolidated its position as the leading
method for imaging biomolecular particles. However, in cryo-EM, the samples are
plunge-frozen down to —269 °C and so they are imaged at unphysiological conditions,
which prevents the study of biomolecules in their natural state and limits the ability to
track conformational changes and dynamic events (for example, how the initial event
of cellular recognition occurs between the viral spike (S) protein and the ACE2 recep-
tor [2]).
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With the invention of super-bright X-ray free electron lasers (e.g. Linac Coherent
Light Source (LCLS) and European XFEL)) the Single Particle Imaging (SPI) ap-
proach allowed researchers to reconstruct 3D structures from many 2D diffraction
images produced in the experiments by X-rays scattered on the single particle ex-
posed in different orientations [3]. Thus, SPI experiments opened new opportunities
to study biomolecules in their nature state without previous crystallization or being
frozen. Unfortunately, there are still many challenging problems in SPI experiments
(weak signal, scattered on single particle, low number of diffraction images), which
limit the quality of the obtained 3D structures. Nevertheless, in order to assess the
experimental quality and confidence for the interpretation of the obtained 3D struc-
tures and to compare results with other structural biology methods, we need to use the
resolution estimation.

Nowadays, the standard method for estimating resolution of the obtained 3D struc-
tures both in cryo-EM and SPI experiments is the Fourier shell correlation (FSC)
method [4]. In the FSC method, the resolution is defined as the spatial frequency at
which the correlation between two independently reconstructed structures becomes
equal to some given threshold value. There are several criteria to choose threshold
value for the resolution estimation, the most popular of which are fixed thresholds of
0.5 and 0.143 [5] (they rely on statistical assumptions on SNR [3]) and also 1/2-bit
threshold [4] (based on informational entropy estimations [3]). Even though the FSC
is widely accepted by the scientific community, a discussion continues about a
threshold value at which the resolution should be defined [4]. For a more detailed
description of the FSC method see [4-7].

As an alternative method to select the FSC threshold value, Beckers and Sachse
[8,9] have suggested a new adaptive thresholding procedure for identifying the high-
est resolution shell based on statistical methods of permutation sampling and false
discovery rate (FDR) control. Permutation sampling of the FSC for each resolution
shell is as follows: firstly, new samples are generated by changing the order of the
Fourier coefficients of the second half-map shell and a large series of FSCs are com-
puted [8,9]. Hence a sample of the noise distribution of the FSC for each resolution
shell is obtained. When applied to every resolution shell, the distributions together
with the original FSC-values can then be statistically tested and conveniently trans-
formed into p-values [8,9]. In order to reduce the risk of false positive errors, p-values
are then corrected by means of FDR control and thresholded at 1% [8,9]. The authors
demonstrated [8,9], that this method (named FDR-FSC) gives realistic resolution
estimates that are similar to most author-reported resolutions in the Electron Micros-
copy Data Bank (EMDB) [10]. However, the main advantage of this approach is that
it makes no assumption about the statistical properties of the signal and noise within
the half-maps, and it does not rely on any FSC threshold "criterion".

The main drawback of the FSC method is that it estimates only the global resolu-
tion for the whole structure. However, the electron density usually has uneven resolu-
tion over the entire volume: to restore the structure, SPI needs to average the diffrac-
tion images from a large number of individual biomolecules, thus the more individual
biomolecules differ in structure the stronger the heterogeneity of the reconstructed 3D
structure [11]. Thus, for a correct interpretation of quality of the reconstruction, it is



important to be able to determine the local resolution for each voxel of volume. Cur-
rently, cryo-EM has proposed several approaches to determine local resolution [12].
The first approach to determining the local resolution was blocres [13], where the
resolution is locally estimated by means of the FSC, calculated from two independent
reconstructions within a moving window. The most-used method to date for the local
resolution estimation is ResMap [14]. This approach determines the local resolution
by detecting the best 3D sinusoidal wave that fits each map point above the noise
level. MonoRes [15] is based on a similar principle of detecting energy at different
frequencies above noise. MonoRes has been recently expanded to account for direc-
tionality (now named MonoDir) [16]. An important consequence of this work is the
introduction into the field of the concept that resolution is simultaneously local and
directional. The DeepRes method [17], based on deep learning from filtered atomic
models at different frequencies, has also recently been introduced [12]. For a more
detailed overview of all local resolution methods, see [12].

2 Analysis workflow

The aim of the present study was to verify which of the currently available alternative
approaches for estimating resolution can be successfully applied to evaluate recon-
structions in SPI experiments. To estimate the local resolution, we chose the Resmap
method (as the most popular method for the local resolution estimation in cryo-EM),
and for the global resolution estimation, we opted for the FDR-FSC method. This
work is founded on several major steps. In order to evaluate the accuracy of the reso-
lution estimation methods, we need to test the method performance on reconstructions
of different quality and resolution. As follows from [3], the resolution value depends
on the amount of diffraction images in the dataset. Also, it is important to understand
how noise affects the reconstruction result and resolution values. Thus, first we simu-
lated the single particle diffraction experiments with different levels of the Gaussian
noise and different number of diffraction images in dataset for structure of hemocya-
nin of the marine mollusk fissurellia (Keyhole limpet hemocyanin type 1 - KLH1)
protein from PDB database [18,19]. For this purpose, we generated one pack of da-
tasets with different numbers of diffraction images (n = 200, 1000, 10000 and 20000)
without noise. Then, we generated another pack of datasets with different values of
noise (o =0, 0.5, 0.8, 0.9, 1.0) with 20000 images in each dataset. Then, we used the
workflow for SPI experiments data processing, which was described in detail in [3].
Finally, we estimated the global resolution with the FDR-FSC method and the local
resolution with the ResMap method for the obtained reconstructions and compared
these results with the FSC estimation.



3 Results

3.1 FDR-FSC method

Figures 1-2 show dependencies of the resolution on the number of diffraction images
and on the noise for the FDR-FSC method and the FSC method with a threshold value
of 0.143. As expected for both approaches, the resolution value deteriorates as noise
increases (Fig.1).
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Fig. 1. Resolution estimates for 0.143 FSC and FDR-FSC thresholds with different levels of
added noise.
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Fig. 2. Resolution estimates for 0.143 FSC and FDR-FSC thresholds with different number of
diffraction images in dataset.



Comparison of the 0.143 cutoff threshold values with the FDR-FSC values demon-
strated a good agreement between both estimations, but the FDR-FSC method shows
a slightly more optimistic estimation. It is worth noting that this result is consistent
with the results obtained for cryo-EM [8,9], which proves the universality of the
FDR-FSC approach. One main advantage of the FDR-FSC is that inference of statisti-
cally significant signal in the resolution shells only requires the distribution of random
noise correlations determined by permutation. Thus, this method avoids the consid-
eration of complicated correlations between signal and noise [4-7] — one of the most
controversial issues that arise in determining any threshold "criterion"[6]. Thus, the
FDR-FSC method has a good chance to become a new "gold standard" for estimating
resolution in SPI.

3.2  ResMap Method

Figures 3-4 show the result of estimating local resolution using the ResMap method.
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Fig. 3. Result of estimating local resolution for datasets with different level of noise ¢
(number of images = const=20000).



Number of diffraction images = 10 000
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Fig. 4. Results of estimating local resolution for datasets with different number of images
(level of noise ¢ = const = 0)

It can be seen that the resolution over the entire structure of the biomolecule is, in
fact, not uniform, and as the parameters for reconstruction deteriorate (increased noise
or a decrease in the number of diffraction images), this unevenness only increases.
Additionally, we can observe that local resolution decreases near the edges of the
biomolecule, which may be due to errors of reconstruction algorithms [14].

4 Conclusions

In order to evaluate the quality of the experiment and reliably interpret the results of
reconstructing the spatial structure from diffraction data in SPI, it is important to have
effective methods for the resolution estimation of these structures. In this research, we
have demonstrated that the ResMap and FDR-FSC methods can be used to estimate
resolution in SPI experiments and show reasonable results for the model data of
KLH1 particle. However, more research is needed in this field: one should test more



particles with various spatial features as well as data from real experiments. Future
work implies testing other local resolution estimation methods [12,13,15-17] and
comparison of the obtained results with the results for ResMap.
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