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1. INTRODUCTION 
Pattern recognition techniques have been successful in analysis of 

density maps obtained from cryo-electron microscopy (cryo-EM) 

technique. Cryo-EM is a biophysical technique to determine 3-

dimensional structures of molecules [1, 2]. This technique is 

particularly suitable for large molecular assemblies that are often 

challenging for traditional techniques such as X-ray 

Crystallography and Nuclear Magnetic Resonance (NMR). A 

density map of molecules is a 3-dimensional image. When the 

resolution of the density map is higher than 4 Å, the quality of the 

image is sufficient to distinguish the protein chain and hence the 

molecular structure can be derived. However, for density maps at 

medium resolution, such as 5-10Å, the quality of the 3D image is 

not sufficient to distinguish the backbone of a protein. It is 

challenging to derive atomic structure from such images. 

Though detailed molecular features are not visible for medium-

resolution images, rough features such as secondary structures of a 

protein is visible. Secondary structure of a protein such as α-helices 

and β-sheets (Figure 1) can be computational identified. An α-helix 

often appears as a cylinder (represented as a red stick in Figure 1A) 

and can be identified using image processing methods [3-6]. A β-

sheet may appear as a thin layer of density (green region in Figure 

1B) and can be identified computationally [5-8]. 

Although -sheets can be identified from cryo-EM density images 

at 5-10Å, it is almost impossible to detect the -strands, the 

components of a -sheet. The spacing between two neighboring -

strands is between 4.5 and 5Å, and therefore they are not visible 

when the resolution is at 5-10 Å. The detection of β-strands from 

-sheets in such images has been a challenging problem since it 

was first attempted in 2004 [11]. 
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Figure 1. 3D image of cryo—electron microscopy density map, the 

atomic structure of a protein chain, and segmented Secondary 

structures based on characteristic density patterns. A: The density map 

(gray) extracted from EM Data Bank (EMDB) 1733 (6.8 Å resolution) 

superimposed on its atomic structure (cyan; PDB 4V68 chain BR). B: 

The helices (represented as red sticks) and two β-sheets (green density), 

using SSETracer [10] and the skeleton (pink) using SkelEM [11]. 

 

A helix identified from the medium resolution cryo-EM image is 

often represented as a line (red line in Figure 1A), referred as an α-

trace that corresponds to the central axis of a helix. Location of 

major -sheets can be identified from image in low threshold value 

(Figure 2B). But it is not possible to identify -strands because they 

don’t have any fixed pattern. In low threshold they may be visible 

(Figure 2C) but in high threshold they are not (Figure 2D).   

 

Figure 2. A: α-trace (red) generated from the 3D image (gray) with the 

atomic structure of the helix (blue ribbon). B: -sheet. C: -strands 

generated from the 3D image (gray) in low threshold with the atomic 

structure of the -strands (blue ribbons). D: -strands generated from 

the 3D image (gray) in high threshold with the atomic structure of the 

-strands (blue ribbons). 

2. METHOD 

2.1 Patterns of helices and β-sheets and detection 

In a medium-resolution density map, a helix appears as a cylinder, 

and various methods exist to detect the location of these helices. 

We applied SSETracer [10] to detect the location of helices in a 

density map. SSETracer detects helices (and -sheets) based on a 

characterization of local density features such as local structure 

tensor, local thickness, continuity of the skeleton, and density 

value. A detected helix is represented by a set of points located 

along the central axis of the helix. The current implementation of 

SSETracer contains a modified step in the axis extension to 

enhance the geometric characterization of the helix 

2.2 Modeling of β-strands 

A β-sheet is composed of multiple β-strands those can be parallel, 

antiparallel or mix of both. The sheet twist is defined as the angle 

between the backbone vectors of the two residues in the pair [12]. 
We have measured the twist angle from 3D atom coordinates 

extracted from PDB file generated from image having different 



orientations including best case (Figure 3B) that is similar to true 

orientation and bad case (Figure 3B) that is far from true 

orientation.  

Figure 3. A: β-sheet, β-strands, and B: two sets of β –traces 

(Yellow: good case, Red: bad case) 

Let β-strand traces be 𝛽1, 𝛽2, … , 𝛽𝑚, and let 𝜃𝑗
𝑖be the angle(Figure 

4) formed by 𝛽𝑖  and 𝛽𝑖+1 at location j of 𝛽𝑖 . As an example, the 

angles formed by 𝛽1 and 𝛽2along the strands are(𝜃1
1, 𝜃2

1 , … , 𝜃𝑛1

1 ). 

We divide a line of β-trace into consecutive vectors of certain 

length, and calculated the angle formed by two vectors from 

adjacent traces respectively. Since the level of twist are often 

different at different locations of the β-sheet, we used an average at 

two most stable spots to represent the twist. 
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Figure 4. Twist angles between two consecutive -strands 

3. RESULT 
We used six proteins, for which the atomic structures were 

downloaded from the PDB, and their corresponding 3D density 

maps were simulated at 10 A˚ resolution using Chimera. For good 

orientation we have larger minimum twist (3rd column of Table 1) 

than bad orientation (4th column of Table 1) because good 

orientation matches more with the atomic structure (Figure 3B). 

Table 1. The minimum twist angle for the set of β-traces 

PDB 

ID_SHEET ID 

No. of β-

Strands in 

a β-Sheet 

Minimum twist 

(good case) 

Minimum twist 

(bad case) 

1A12_A 4 13.526 8.954 

1AKY_A 5 15.285 13.068 

1ATZ_A 6 13.071 9.674 

1CHD_SH1 7 10.93 5.736 

1DTD_A 8 12.524 6.664 

1QNA_C 9 13.415 3.501 

 

4. CONCLUSION 
The position of β-strands is critical for modeling the atomic 

structure of the entire protein. However, it has been a challenging 

problem when no separation of the β-strands is visible in the 

images. We propose a novel approach using image processing and 

modeling to generate a small set of possible β-strand traces from 

the images and find out the minimum twist.  
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