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Abstract

The cyclic coordinate descent (CCD) method is a popular loop closure method in protein structure
modeling. It is a robotics algorithm originally developed for inverse kinematic applications. We
demonstrate an effective method of building the backbone of protein structure models using the
principle of CCD and a guiding trace. For medium-resolution 3-dimensional (3D) images derived
using cryo-electron microscopy (cryo-EM), it is possible to obtain guiding traces of secondary
structures and their skeleton connections. Our new method, constrained cyclic coordinate descent
(CCCD), builds a-helices, p-strands, and loops quickly and fairly accurately along predefined
traces. We show that it is possible to build the entire backbone of a protein fairly accurately when
the guiding traces are accurate. In a test of 10 proteins, the models constructed using CCCD show
an average of 3.91A of backbone root mean square deviation (RMSD). When the CCCD method is
incorporated in a simulated annealing framework to sample possible shift, translation, and rotation
freedom, the models built with the true topology were ranked high on the list, with an average
backbone RMSD100 of 3.76A. CCCD is an effective method for modeling atomic structures after
secondary structure traces and skeletons are extracted from 3D cryo-EM images.
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1. Introduction

The cyclic coordinate descent (CCD) method is a loop closure method that addresses inverse
kinematic problems in which a robot's hand is moved to a target via a series of arm rotations
around multiple joints.! CCD has been widely used in protein structure modeling.24 A

loop often consists of four or more amino acids and is part of a protein chain. Each

amino acid contains multiple rotatable bonds that resemble multiple joints of a robot's arm.
Given the location of two anchor amino acids and the number of amino acids between

the anchors, a loop closure method aims to generate a loop that connects the two anchors.
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This problem is similar to sample-based motion planning in robotics. Many analytical

and optimization methods have been developed to address this problem.5-9 Some of the
analytical methods have solved the problem for three residues using spherical geometry

and polynomial equations.1%-12 The optimization approach has been used for loops with
more than six degrees of freedom. These methods search for an approximate solution by
iteratively changing the backbone torsion angles until the desired distance between the end
of the loop and the anchor is reached. Two such methods are the random tweak method13: 14
and the CCD method.* 1® Some loop modeling approaches and tools are based on the
random tweak method, such as Drawbridgel® and LOOPY.17 In protein modeling, many
possible conformations of a loop can be built quickly using CCD. Such loops are eventually
selected based on the energetic stability of the entire chain.

Cryo-electron microscopy (cryo-EM) is an emerging technique that produces 3-dimensional
(3D) images of molecules at a wide range of resolutions.18-21 Although more and more
cryo-EM images are produced at resolutions around 3A, at which atomic structure can

be determined from the image, 2226 many more have been deposited in the Electron
Microscopy Data Bank (EMDB) at a lower, less workable “medium” resolution.2’ At the
medium resolutions, such as 5-8A, neither the backbone nor the characteristic features

of amino acids are resolved. It is challenging to derive the atomic structure from such

an image. One approach is to fit a known atomic structure or a homologous structural
model in the cryo-EM map using rigid-body or flexible fitting.28-37 The limitation here is
the need for atomic structures that are either components of or homologous to the target
protein. The de novo approach aims to derive atomic models without the dependence

of a known atomic structure. Although it is a challenging problem without a template,
recent advances show that the de novo approach is increasingly likely to be successful.
Such advances include more computational methods to extract structural patterns from
cryo-EM images, 3840 effective computational methods to derive topologies in large and
more complicated proteins,*1-44 effective computational methods to handle errors and large
data,>-47 and effective construction of initial backbone models. 48

At the medium resolution range, the location and orientation of major secondary structures,
such as helices and B-sheets, are detectable using various image processing tools.38: 40, 49-54
A helix appears as a cylinder (red in Figure 1A) and a p-sheet appears to have a

thin layer of density (blue in Figure 1A). Image processing tools such as SSE Tracer

utilize such characteristics to detect helices and B-sheets®® (Figure 1). A detected helix

can be represented by the trace of its central axis, referred to as an a-trace. For easy
visualization, an a-trace is shown as a red cylinder (Figure 1A and B). We recently showed
that it is possible to detect B-strands from B-sheet density image using StrandTwister.3
Strand Twister predicts a small set of possible p-traces using the principle of right-handed
B-twist.3? A detected B-strand is represented as its central line, referred to as a p-trace
(navy blue in Figure 1A and B). Secondary structure traces of major a-helixes and p-strands
provide important constraints for building initial backbone models of the protein.

In addition to major secondary structures detectable in the image, a density skeleton (yellow
in Figure 1B) can also be detected. Gorgon uses thinning and pruning technigques*4: 56
and SkelEM derives a skeleton by processing local maxima.5” A skeleton represents the
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voxels that are connected with relatively high density values in the 3D image. Depending
on the quality of the image, a skeleton may have gaps or wrong connections. In spite of
the possible errors in skeletons, they suggest possible connections between two secondary
structure traces. Such connection information is another source of constraints for building
the initial backbone of the protein.

The locations of a-traces, B-traces, and the skeleton represent the pattern of a protein from
the 3D image. The locations of helices and B-strands in the amino acid sequence can be
predicted using various secondary structure prediction tools.58-60 An example of secondary
structure locations on a protein sequence is shown in Figure 1C. In the 3D image, different
helices and B-strands may have different lengths and may be separated from each other

by different distances. It is possible to derive the topology of the a-traces and p-traces by
mapping the secondary structure information in the 3D image with that in the 1D amino
acid sequence.2 43, 61 A topology of the a-traces and B-traces refers to the order of the
traces along the protein sequence and the direction of each trace. The topology of a-traces
and p-traces indicates how the amino acid sequence threads through the secondary structure
traces. For example, the true topology in Figure 1B encodes an order of secondary structure
traces as (D», Dy, Dy, Dyg, Dy, D13, D4, D3, Ds, Dy, Dg, Ds, Dy1, Dy5). Traveling along the
direction of the protein sequence, a-trace D, is mapped to helix S;. After a short segment of
the skeleton trace, Dy is mapped to S, (Figure 1B). Note that the majority of the helices and
B-strands can be detected, but small helices shorter than two turns and two-stranded p-sheets
are still challenging to detect.

2. Related Work

This paper addresses the problem of constructing fragments and/or a backbone using
guiding traces of secondary structures and skeletons. Current methods to construct initial
backbones generally belong to two categories. One category employs the comparative
modeling principle to utilize templates that are selected from proteins with known atomic
structures.52: 63 The other category uses the ab initio principle to build the entire chain by
selecting fragments of 3 to 15 amino acids long from a fragment library. Fragment libraries
consist of short pieces extracted from known structures.54: 65 Constrained CCD (CCCD)

is a method that differs from the above two categories in that it builds backbone models
using guiding traces that represent the overall location of secondary structures and their
connections.

Previous de novo modeling methods either rely on an existing ab /nitio protein structure
prediction method or on high-resolution image data. Gorgon is a semi-automatic method
to place Ca atoms of the protein in the image. A user is involved in the selection of

Ca positions among possible pseudo-atoms suggested by the tool.41 EM-fold uses Rosetta
to construct conformations of the protein for each possible topology of the secondary
structure traces.%8: 67 Rosetta docks the initial model into the image and identifies regions
that displace from it. Rosetta iteratively resamples the conformations in these regions,
scoring each potential conformation with an energy function that considers the fitting of
the model in the image. Pathwalking derives cluster points from the 3D image that are
possible locations of amino acids. It then uses a constraint solver to find an optimal path
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that goes through the cluster points.58 Because it relies on the accuracy of the cluster points,
it appears to be successful in 3D images with resolutions higher than 5A, but it fails with
lower resolution images. The problem of filling the gap in an incomplete model using a 3D
image from X-ray crystallography is addressed in the work by Lotan et al.5® That problem
is slightly different because X-ray crystallography data provide much higher resolution than
medium-resolution images from cryo-EM; therefore, they demand more accurate loops. As
mentioned in the paper, it may take 30 minutes to build short loops (with ~4 amino acids)
and 178 minutes for longer loops (with ~15 amino acids).89 We present a simple and
effective method, unlike our previous ab initio approach’®, that is particularly suitable to
construct any kind of fragment along a guiding trace for medium-resolution images.

Although CCD has been widely used to construct loops, it is often used without a

guiding trace.* We previously developed forward backward CCD (FBCCD), which is a
fast approximate loop closure method.”? It does not use guiding traces; rather, it generates
structure fragments that approximately fill the gap. The CCCD method uses guiding traces
and utilizes FBCCD as a sub-program to generate a backbone along the guiding trace. We
showed that it is possible to build entire backbone sequentially using skeleton traces as a
guide.”? In this paper, we propose CCCD as a methodology for efficient construction of
protein backbone fragments as long as the guiding traces are available. This paper provides
in-depth analysis of the accuracy and runtime of the method as well as two kinds of
applications. To our knowledge, CCCD is the first effective model-building method that uses
the principle of CCD to construct an initial backbone directly from the traces of secondary
structures and a skeleton.

3. Methods
3.1 Constrained CCD

CCCD is designed to utilize the effectiveness of CCD and to force structure fragments along
a guiding trace. The idea is to break the guiding trace into short segments and to break the
fragment, which is to be built, into sub-fragments. CCCD requires each sub-fragment of the
model to reach the approximate location of the corresponding trace segment. In this way,
the entire model aligns with the guiding trace because each sub-fragment aligns with its
trace segment. A guiding trace is first divided into short segments of 6A long (by default),
although results are reported using 9A and 12A segments (see Results). The number of
amino acids in each sub-fragment is determined by the total number of amino acids in the
fragment and the number of trace segments. To align each sub-fragment to a trace segment,
the principle of CCD was applied to move the ending point of the sub-fragment to the

target point on the trace, except for the last trace segment. FBCCD was used to align the

last sub-fragment to the last trace segment. As shown in Figure 2B, a sub-fragment of four
amino acids is to be built such that the geometric center of the first three atoms is aligned
with segment point Sy, and the geometric center of the last three atoms, G;, is moved
closest to segment point S; through sequential updates of torsion angles. Once the first
sub-fragment converges to the trace segment (i.e., $S1), the next sub-fragment is built using
the next trace segment (i.e., $1%).
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CCCD is a general method to build any kind of fragments, as long as the guiding trace is
provided. a-helices, B-strands, and loops were built using same principle but with different
parameters. The process of building an a-helix is similar to that for building a p-strand. It
starts with a straight a.-helix (or a straight p-strand) using the torsion angle (¢, ) = (-57°,
-47°) for a helix or (¢, y) = (-139°, 135°) for a B-strand. The number of amino acids in

the perfect secondary structure was calculated using the length of the trace segment and

the rise of 1.5A for an a-helix and of 3A for a B-strand. The number of points on the

trace (marked by black points in Figure 2 A, C, and D) is required to be the same as that

on the central line of the straight a.-helix/B-strand (red points in Figure 2 A, C, and D).

To preserve the structure character of an a-helix/p-strand, an update is accepted if a new
torsion angle is within the predefined range of a helix (i.e., € [-80°, -40°] and y€[-60°,
-20°]) or a B-sheet (i.e., ¢€ [-170°, -60°] and y€E[90°, 175°]). The process terminates either
when the maximum number of cycles is reached or when the cutoff distance from the target
is reached. The maximum number of cycles is 100 and the cutoff distance is 0.1A in the
current implementation.

CCCD uses FBCCD to generate the last sub-fragment that aligns with the last trace segment.
FBCCD is a fast approximate loop closure method.”® It does not require the convergence

of the loop; yet it ensures the accuracy of the downstream backbone. Both the forward and
backward cycles use the principle of CCD; however, the target points of the backward cycle
consist of points from the downstream portion of the backbone. The forward cycle brings
the moving end of the loop quickly to the proximity of the target. Instead of spending many
more forward cycles to bring the moving end closer to the target, FBCCD connects the
moving end to the backbone and uses the backward cycle to adjust the torsion angles of

the fragments so that the downstream backbone returns to the original position. FBCCD is
shown to generate loops of comparable accuracy in fewer cycles compared to CCD. "%

3.2. Sequential construction of the entire backbone

To test the feasibility of building the entire backbone directly from traces, major a-traces
and p-traces derived from the native structure were used to construct a-helices and B-
strands. Such traces are expected to be more accurate than those detected directly from

the 3D image. Those traces from helices shorter than seven amino acids and p-strands
shorter than four amino acids were not used. This was done to simulate the fact that

shorter helices and strands are often not detected from images at medium resolutions. Native
structures were simulated to a 3D image using EMAN,3 and the skeleton was derived
using SkelEM.>" EMAN is a scientific image processing suite with a primary focus on
processing data obtained from transmission electron microscopes. Ske/EM is a software
package we previously developed to extract the skeleton of cryo-EM 3D images. The traces
of loops were derived from the skeleton. The entire backbone of a protein was constructed
sequentially from the N to the C terminal of the chain. CCCD was applied to build helices,
B-strands, and loops. Each newly constructed fragment was screened for any collision in the
local environment. In this experiment, the true amino acid sequence segments of helices and
[-strands were used in constructing the model.
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3.3. Constructing full models of the protein using simulated annealing

A guiding trace represents the central line of a helix/p-strand/loop. Since it is almost
impossible to detect secondary structure locations accurately in either the 3D image or

the protein sequence, alternative positions are needed in the construction of a chain. We
developed a simulated annealing process that samples the translation, rotation, and shift of
secondary structure positions. The translation, T, is the distance to translate a helix along the
central axis. The rotation is the angle to rotate a helix around the central axis. In principle,
the starting position of a helix is determined by the translation and rotation parameters. The
shift parameter, S, is used to simulate the error of the secondary structure prediction on the
protein sequence. We noticed that the position of a helix can be approximated using two
parameters (T, S) without the rotation parameter (data not shown), presumably due to the
helical nature. Our simulation eliminated the rotation parameter to reduce the computation.
We used T € [-3A, 3A] and S € [-2, 2] amino acid positions.

The 3D image of a protein was simulated using its native protein structure and EMAN
software.”3 The helices were detected from the 3D image using SSE Tracer.5® SSE Tracer
characterizes each voxel of the 3D image based on multiple local geometrical features. The
output is the central axes of helices and voxels of B-sheets of the protein. The top 100
topologies were generated using DP-TOSS,*3 a constrained K-shortest-paths algorithm for
a topology graph. The input of the program consists of the detected secondary structure
traces and the amino acid segments of the secondary structures. The output is a list

of ranked topologies of the secondary structure traces. For each possible topology, 100
backbone conformations were constructed using CCCD. The current implementation applies
to a-proteins that do not contain B-strands. To generate each backbone, helices were built
first and then loops were built to connect the helices. A full model is a model that includes
both backbone atoms and side chain atoms except hydrogen atoms. Once a backbone was
generated, side chains were added using R2algorithm.” The full models were ranked using
a multi-well energy function.”® This is a contact pair-specific and distance-specific function
based on statistical characterization of the side chains of proteins

4. Results and Discussion

4.1 Accuracy and time to build a helix, a B-strand, and a loop using CCCD

Many long helices are bent and many B-strands deviate from their ideal curvature. We
addressed the question: Can a fragment of a backbone be accurately built if the trace is
fairly accurate? A dataset containing five helices, six B-strands, and six loops wasused to
test the performance. The trace of a helix/p-strand was derived from the native structure, and
therefore they are fairly accurate. CCCD was able to build a helix/p-strand fairly accurately
(Table I) for a dataset that contains random proteins with different lengths of secondary
structures. We noticed that the length of the segment affects both the accuracy and time. It

is expected that the segment cannot be too long in order for CCD to follow a trace. Among
the three lengths tested, 12A appears to be the best for 16 of the 17 cases of a-helices,
[B-strands, and loops tested. This segment length gives the best accuracy and run time among
the three lengths tested. It is faster to build using this segment length than using shorter
lengths. This is expected because longer fragments generally converge faster in CCD. A
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12A long segment corresponds to about eight amino acids or about two turns in an a-helix
or about four amino acids for a B-strand or a loop. Using 12A as the segment length, the
RMSD of backbone atoms is between 0.47A and 1.56A for all the helix cases, most of
which have RMSDs of about 1A (Table I, rows 1-5). For the helix in 10XJ (Figure 3A and
row 5 of Table 1), the model has 1.62A in RMSD compared to the native helix when the
segment length of 6A was used. For a B-strand in 3CAU (Figure 3B and row 10 in Table

l), the model constructed using CCCD has RMSD of 1.65A when the segment length of 6A
was used. The accuracy of the constructed p-strand models is fairly good, with an RMSD
between 0.61A and 1.96A, although it is slightly higher than that for a helix. The experiment
was performed using a desktop Dell Dimension E520 machine with a 2.13 GHz Intel core
(2) processor and 6 GB of memory. CCCD is an efficient method to build an individual
helix, a B-strand, and a loop. It takes less than 50 ms to build a fragment for 15 of the 17
cases when fragment length of 12A was used. We noticed that it generally took less time to
build a helix or a p-strand than to build a loop.

The trace derived directly from the structure of a helix/p-strand approximates an ideal

trace for the helix/B-strand. In reality, the traces are to be detected from a 3D image. We
generated 3D images to 10A resolution using native structures and EMAN software.”3 Given
a structure in the Protein Data Bank (PDB), EMAN was used to produce an image using

the position of atoms and to blur it to the resolution given. Note that in principle, it is
challenging to simulate all errors that exist in an experimentally obtained cryo-EM image.
The simulated images are used to test if the CCCD methodology works; additional tests
using cryo-EM data are need. Ske/EM*3 was used to detect the skeleton in the image. The
portion of the skeleton that corresponds to a loop was extracted and was used as the trace for
building the loop. It is expected to be less accurate than the trace that is directly derived from
a helix/p-strand, but it more realistic. In the test involving loops from length 6 to length 17,
the constructed loops have between 1.72A RMSD and 3.7A RMSD from the native structure
when the segment length of 12A was used. The higher RMSD in the loop models, relative to
that of a helix or a B-strand, may be due to less accurate traces of the loops or the fact that
loop conformations have more freedom.

4.2 Backbone models of protein chains constructed using CCCD

Building the model of an entire protein backbone is in principle the same as building
individual fragments. However, a few additional problems must be dealt with. Although
building an individual fragment is quite fast, collision checking has significant overhead
when building an entire chain. Each possible conformation of the fragment has to be
checked for collision. The skeleton trace derived from the 3D image may not be continuous.
When there is a gap in the skeleton, the trace of a loop may not be accurate. The model
built for 11CX (green in Figure 4A and row 9 of Table I1) has RMSD100 of 3.47A from the
native structure. In this case, there are seven helices in the PDB structure, three of which
have at least six amino acids in the helix. The traces used for CCCD include the central

line of the three longer helices and seven B-strands, as well as the skeleton derived from the
3D image for loops and short helices. The constructed backbone appears to follow the true
backbone in most of the regions, but it differs in small helix regions and some loop regions.
Note that B-strands were constructed individually according to the p-traces. In order to form
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a pB-sheet, adjustment is needed in the future so that hydrogen bonds are formed between
neighboring strands. Using a dataset of 10 proteins, the collision-free model of the entire
chain has RMSD100 between 3.19A and 4.8A.

We performed an experiment to construct the backbone using an experimentally derived
cryo-EM image EMD-5030 (EMDB ID) and its fitted structure 4V68_BR (PDB ID). The
protein structure has four helices and one B-sheet that contains three p-strands. All four
helices were detected using SSE Tracer (red lines in Figure 4B).%° The traces of the B-strands
(cyan lines in Figure 4B) were extracted directly from the PDB structure because the p-sheet
region detected using StrandTwister is smaller, and only two B-strands were detected when
StrandTwister was used. The skeleton connection was derived using Ske/EM. The skeleton
detected from a cryo-EM image is often less accurate than that detected from a simulated
image. Yet the model built has backbone RMSD100 of 4.04A from the native structure
(Figure 4 D and row 3 or Table II).

4.3 Full models constructed using CCCD and simulated annealing

We investigate the entire process of generating full models using the 3D image and amino
acid sequence of the protein. The method of building the entire backbone proposed in
Section 3.2 requires precise traces. In reality, there can be errors in the detection of the traces
and in the prediction of secondary structures from the amino acid sequence. As a result,
multiple slightly different positions of the secondary structures need to be sampled in the 3D
image and in the 1D amino acid sequence. A critical step in building a model of a protein

is to know the topology of the secondary structures. In Section 3.2, it is assumed that the
true topology has already been identified. In reality, the true topology can often be ranked
near the top of the list using DP-TOSS but not necessarily the top one. For example, the

true topology for 1HZ4 (Figure 5) was ranked second using DP-TOSS (row 8 of Table I11).
There are 21 helices in the native structure, out of which 19 longer ones were detected using
SSETracer. The detected helices are often located approximately where native helices are,
yet they may be slightly shorter, longer, or shifted. Therefore, the a-traces in this test are
generally not as accurate as those used in Section 3.3. The simulated annealing process uses
CCCD to build 100 models for each of the top 100 topologies, and thus 10,000 full models
were constructed for each protein. For each backbone constructed using CCCD, side chains
were added. The full models were evaluated using the multi-well energy function.”® The best
model with the true topology was ranked second for 1HZ4, with an RMSD100 of 3.87A
from the native structure. Of the eight cases tested, the average RMSD100 of the best model
with the true topology is 3.76A.

Errors are inevitable in the detection of secondary structure traces and their connection
skeleton from a medium-resolution image. We showed that CCCD produces a fairly accurate
model if the traces are accurate. In principle, CCCD is limited to the accuracy of the traces
and the skeleton, but it is less affected when it is combined with modeling methods to
sample alternatives and to evaluate from an energy point of view. Our test using simulated
annealing and CCCD suggests that the best practice is to develop a good sampling strategy
and an evaluation method to select models.
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5. Conclusion

Deriving atomic structures from medium-resolution 3D images produced using the cryo-EM
technique is challenging, particularly when there are no suitable template structures are
available. Many alternative models have to be constructed and they are evaluated based

on energetic stability of the model and the fitting of the model in the image. This paper
addressed the problem of effective construction of alternative models. One approach is

to construct alternative models using the amino acid sequence information and fragment
libraries. Another approach is to construct alternative models from the 3D image. CCCD
combines both the sequence information and the 3D image information in the construction
of alternative models. CCCD approach uses the traces extracted from the 3D image in the
construction of alternative backbone models.

We describe CCCD, a simple and effective method that is inspired by a robotics algorithm.
It does not require the process of extracting potential Ca atoms from the 3D image, a

step that demands high-resolution images. Our approach only requires the extraction of
the central line of a helix, a p-strand, or a loop at the secondary structure level. The

idea is to sample backbone conformations fragment by fragment and to align them with
the corresponding guiding traces. CCCD combines the effectiveness of CCD in sampling
multiple conformations and the restrictive nature of the guiding traces derived from the
image.

The results show that individual fragments of a-helices, p-strands, and loops can be

built fairly accurately if the traces are fairly accurate. Chopping a trace into segments of
12A appears to result in the best accuracy and run time among the three lengths tested.
When using accurate secondary structure traces derived from the PDB structure and the
skeleton derived from the simulated images, the backbones constructed using CCCD have
an average of 3.9A RMSD in a dataset of 10 cases. This result suggests that CCCD is an
effective method to construct the initial backbone if traces are fairly accurate. We further
tested the use of secondary structure traces and the skeleton directly detected from the
simulated image. Although such detected traces often have errors, simulated annealing was
successfully used to sample alternative positions, and an average of 3.76A RMSD was
achieved in a dataset including eight test cases of a-proteins. This result demonstrates the
potential of CCCD in building the entire backbone of a protein. We also demonstrate that
when the CCD robotics algorithm is applied to a guided trace, it becomes an effective
method for modeling protein structures using cryo-EM images.
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Figure 1. Secondary structure traces, skeleton, and topology
(A) The 3D image (gray) was simulated to 10 A resolution using atomic structure 3PBA

from the Protein Data Bank (PDB) and EMAN software.”3 Secondary structure traces (red
sticks: a-traces; purple: B-strands) were detected using SSE Tracer®® and Strand Twister?®
and viewed using Chimera.”® See the detected B-traces (blue) in (B) for clear viewing. Only
those at the front of the structure are labeled. Arrows: the direction of the protein sequence;
(B) The skeleton (yellow) derived from the image is superimposed on the traces of helices
(red) and p-strands (blue). (C) The amino acid sequence of protein 3PBA is annotated with
secondary structures using red rectangles (helices) and blue triangles (B-strands). The two
smaller triangles S3 and S; were not detected in the image. Loops longer than two amino
acids are indicated using “...”.
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Figure 2. Constrained CCD for building an a-helix, a B-strand, and a loop
A guiding trace is divided into segments indicated using segment points (black spheres)

for an a-helix in (A), a p-strand in (C), and a turn in (D). The initial ideal fragment is
divided into the same number of sub-fragments (indicated using red spheres) as the number
of segments. (B) The principle of aligning a sub-fragment to a segment. The segment points
are labeled S, S, and S,. The geometric center of the last three atoms on the sub-fragment
is labeled G;.
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Figure 3. Backbone fragments constructed using CCCD
Fragments built using CCCD for (A) a helix (639-669) in 10XJ (PDB ID), (B) a p-strand

(318-325) in 3ACU (PDB ID), and (C) a loop (13-21) in 3RU9 (PDB ID). The native
structures are shown in silver and the constructed fragments are shown in red. Trace points
(black spheres) derived from the true structure and the fragment points (red spheres) of the
model are shown.
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Figure 4. Backbone models constructed using CCCD
The models (green) are superimposed with the corresponding PDB structure (purple)

respectively for 1ICX in (A) and 4V68_BR in (D). (B) The 3D cryo-EM image (gray)
extracted from 5030 (EMDB ID) for 4v68_BR (PDB ID) and the detected traces for
a-helices (in red) and p-strands (in cyan). (C) The skeleton (yellow) of the 3D image is
shown in addition to those shown in B.
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Figure 5. The full model built for the true topology of 1HZ4 (PDB ID)
(A) The a-traces (red sticks) and the skeleton (yellow) detected from the image are

superimposed with the density image of the protein. (B) The superimposition of the native
protein structure (green) and the model (purple). The full model includes both backbone and
side chain atoms.
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