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Abstract

Cryo-electron microscopy (Cryo-EM) and cryo-electron tomography (cryo-ET) produce 3-D 

density maps of biological molecules at a range of resolution levels. Pattern recognition tools 

are important in distinguishing biological components from volumetric maps with the available 

resolutions. One of the most distinct characters in density maps at medium (5–10 Å) resolution 

is the visibility of protein secondary structures. Although computational methods have been 

developed, the accurate detection of helices and β-strands from cryo-EM density maps is still 

an active research area. We have developed a tool for protein secondary structure detection and 

evaluation of medium resolution 3-D cryo-EM density maps which combines three computational 

methods (SSETracer, StrandTwister, and AxisComparison). The program was integrated in UCSF 

Chimera, a popular visualization software in the cryo-EM community. In related work, we 

have developed BundleTrac, a computational method to trace filaments in a bundle from lower 

resolution cryo-ET density maps. It has been applied to actin filament tracing in stereocilia with 

good accuracy and can be potentially added as a tool in Chimera.

Keywords

Pattern Recognition; Cryo-electron Microscopy; Density Map; Helix; Beta-strands; Filament; 
Stereocilia

1 Introduction

The use of a transmission electron microscope to determine the 3-D volumetric image 

of biological molecules is a powerful approach to study the structure and function of 

molecules, recognized by the 2017 Nobel Prize in Chemistry (1). Many large molecular 
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machines that had been difficult to visualize in detail can now been resolved to near-atomic 

resolution (2). While the atomic structure of some macromolecules can now be solved 

directly, the number of available density maps at medium resolution (5–10 Å) has also 

increased steadily as seen in Electron Microscopy Data Bank (EMDB)(3). Due to the 

quality of the density map at such resolution range, it is challenging to detect structure 

information with high accuracy and hence it is challenging to obtain accurate atomic models 

that correspond to the medium-resolution density.

While atomic-level details may not be directly available, secondary structure elements such 

as helices and β-sheets are often visible in cryo-EM density maps at medium resolution. 

In general, a helix appears approximately as a cylinder and a β-sheet appears as a thin 

layer of density. Various computational methods have been developed to detect helices and 

β-sheets using their shape patterns (4–9), including HelixTracer, SSEhunter, SSELearner, 

SSETracer, and VolTrac (5, 6, 9–11). There are very few tools available to detect α-helices 

from medium-resolution density maps, and none to model β-strands in the density region 

of a β-sheet. In order to develop an accurate method for secondary structure modeling, it is 

essential to evaluate the accuracy of the detection. In this paper, we introduce a tool for the 

detection of α-helices, β-sheets, β-strands, and quantitative evaluation of accuracy.

2 Integrated interface for protein secondary structure detection and 

evaluation in UCSF Chimera

UCSF Chimera is a comprehensive visualization and analysis software widely used in the 

cryo-EM community for volumetric data and atomic structure of molecule (12). Chimera 

uses Python at the highest layer to organize individual functional components. The universal 

Python framework makes it convenient to package user-developed methods into Chimera. 

We have integrated three computational methods with Chimera so that they utilize existing 

capabilities without reinventing them (Figure 1). SSETracer is a method for detection of 

the locations of helices (redlines in Figure 2B) and β-sheets (blue regions in Figure 2B) 

from a 3D density map at a medium resolution (5). StrandTwister is a method to predict 

the location of β-strands (lines in Figure 2C) from an isolated density region of a β-sheet 

(13). AxisComparison is a method that uses an idea of arc-length association to evaluate the 

accuracy of detected helices and β-strands (14). It compares the detected traces of helices 

and β-strands (red and black lines in Figure 2D) with the axes derived from the atomic 

structure (green lines in Figure 2D). The cross and longitudinal discrepancies are quantified 

for each line trace.

Integration of the three secondary structure analysis methods in UCSF Chimera allows a 

user to perform our three methods interactively so that a user may use various manipulation 

and visualization options in Chimera for an individual helix or β-strand and for the 

subsequent quantitative evaluation. This makes it convenient to scan through secondary 

structure detection and evaluation, particularly when there is a large number of secondary 

structure elements detected in the density map. The Chimera plugin is downloadable from 

http://www.cs.odu.edu/~jhe.
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3 Filament tracing in a bundle

Cryo-electron tomography (Cryo-ET) is a technique to obtain 3-D image of much larger 

cellular targets such as organelles, which are often complex and thus do not lend themselves 

to averaging. The data collection process in cryo-ET differs from that of cryo-EM. Instead of 

taking single images of particles in a random orientation and averaging the different views 

and reconstruct the object given the different orientations, cryo-ET collects multiple images 

from the same object, with the specimen being tilted at different angles. However, due to 

tilt angle limitations and limits on the acceptable total radiation dose, tomograms often 

display reconstruction artifacts, anisotropic resolution and a high level of noise. In particular, 

orientational (missing-wedge) artifacts are prominent in the reconstructed 3-D volume due 

to limitations in the data collection geometry. Furthermore, cryo-ET density maps usually 

show a much lower resolution (30–50 Å) than those obtained using single-particle cryo-EM 

or other implicit averaging approaches, which makes the direct modeling and interpretation 

of structural features difficult.

We have developed a computational method, BundleTrac, to trace filaments in a bundle and 

applied it to stereocilia density maps obtained using cryo-ET (Figure 3) (15). BundleTrac is 

a semi-automated method that starts with user-defined seed points in UCSF Chimera on a 

cross-section of the bundle. It traces the rest of filaments using the geometric pattern of a 

bundle of filaments.

4 Summary

We present, in this paper, a pattern recognition tool for protein secondary structure detection 

and evaluation of cryo-EM density maps at medium resolutions. We show that the three 

computational methods in secondary structure detection and evaluation can be combined and 

inserted in the framework of Chimera to utilize existing resources in Chimera. BundleTrac 

potentially can be inserted in Chimera using a similar approach in future to benefit pattern 

recognition needs in cryo-ET.
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Fig. 1. 
Integrated interface in UCSF Chimera for SSETracer, StrandTwister, and AxisComparison.
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Fig. 2. 
Three computational methods SSETracer, StrandTwister, and AxisComparison. (A) An 

isolated density region of cryo-EM map EMD-3204 (EMDB ID) that corresponds to a 

single chain of the protein; (B) SSETracer detected helices (red lines) and β-sheets (blue) 

superimposed on the density map; (C) β-strands (black lines) traces predicted from the 

β-sheets (cyan or blue in (B)) using StrandTwister; (D) AxisComparison quantifies the error 

between detected helices (red lines) / β-strands (black lines) and the true axes obtained from 

atomic structure of 5FKX (PDB ID). UCSF Chimera was used as a platform to develop an 

integrated interface for the three methods.
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Fig. 3. 
Detection of actin filaments from a bundle using BundleTrac. (A) a cross-section of the 

bundle in a stereocilium density map obtained using cryo-ET technique; (B) the density map 

of the stereocilium; (C) The cross-section at the same location of the bundle as in (A) after 

an average along the calculated bundle axis; (D) a subset of filaments (red lines) detected 

using BundleTrac superimposed with the image of a stereocilium. Each bar in (A)–(D) 

corresponds to 1000Å. Visualization was performed in Chimera.
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