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ABSTRACT

Electron cryo-microscopy (Cryo-EM) technique produces density
maps that are 3-dimensional (3D) images of molecules. It is
challenging to derive atomic structures of proteins from 3D
images of medium resolutions. Twist of a fB-strand has been
studied extensively while little of the known information has been
directly obtained from the 3D image of a f-sheet. We describe a
method to characterize the twist of B-strands from the 3D image
of a protein. An analysis of 11 B-sheet images shows that the
Averaged Minimum Twist (AMT) angle is larger for a close set
than for a far set of B-traces.
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1 INTRODUCTION

3-dimensional (3D) molecular images of large biological
assemblies are produced and archived in the Electron Microscopy
Data Bank (EMDB) [12]. As of April 2017, EMDB contains 4730
entries of 3D images (density maps) of molecules. Most of the 3D
images with a higher than 10A resolution are produced using
cryo-electron microscopy (cryo-EM). This technique is
particularly suitable for structure determination of large
molecular assemblies that are often challenging for traditional
methods such as X-ray crystallography and Nuclear Magnetic
Resonance (NMR). Some recently solved atomic structures from
high resolution images include the complex of f-galactosidase and
inhibitor (2.2A resolution) [5], bacteriophage Sf6 (2.9A resolution)
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[26], and P22 bacteriophage (3.3A resolution) [10]. EMDB is linked
with Protein Data Bank (PDB). It is possible to obtain a data set
that contains both 3D images (from the EMDB) and their
corresponding atomic models (from the PDB).

Although atomic structures are being routinely solved from
density maps with sufficient quality, it is computationally
challenging to derive atomic structures from density maps at
medium resolutions (5-10 A). Existing approaches require fitting
a known atomic structure into the Cryo-EM density map [18; 24;
25]. De novo methods do not rely on template structures; rather,
rely on the intrinsic relationship among secondary structures to
construct the backbone of the protein [1-3; 6].

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 Electron microscopy Data Bank 1733 (6.8 A
resolution) superimposed on its atomic structure (ribbon;
PDB 3C91 chain H). (B): Segmented helices (represented as
red sticks) and two f-sheets (yellow density), using
SSETracer [19]. (C): The iteratively derived Bézier surface
(blue) from p-sheet image (gray) that corresponds to sheet
Q. (D): Two sets of p-traces (green and red lines) that were
derived from the Bézier surface are superimposed on the
atomic structure of B-strands (ribbon) and the image.



Major secondary structures such as helices and B-sheets are
visible in density maps of medium resolutions. An a-helix often
appears as a cylinder in a density map of medium resolutions.
Various methods have been developed to evaluate cylindrical
character in the 3D image [4; 8; 11; 13; 17; 19; 23]. Recently a deep
learning method was developed using a convolutional neural
network [13]. A B-sheet may appear as a thin layer of density (Fig.
1A). Each B-sheet is composed of multiple -strands with an inter-
strand distance of 4.5A-5A. A B-strand possesses a right-handed
twist [7], resulting in a non-flat structure of a f-sheet [9; 16]. This
property may be visible in a medium-resolution image. Although
a P-sheet is not as characteristic as a helix in an image,
computational methods exist to detect major region of a B-sheet
[4; 19; 23]. Fig. 1B shows an example of detected B-sheet region
(yellow) using SSETracer [19].

Due to the spacing of B-strands (about 4.5-5A), it is almost
impossible to distinguish the location of -strands from a density
map with lower than 5A resolution. We previously showed that
right-handed twist of -sheet is effective in elimination of wrong
candidate sets of B-strands [21]. We recently have showed that it
is also possible to predict B-strand traces from B-barrel images
utilizing the nature of barrels [22]. However, it is still an open
question as to how to distinguish the best candidate among a pool
of candidate B-strands that are all right-handed twisted to slightly
different levels. An important question is how to measure twist
angles accurately for a set of lines. Twist angles are slightly
different when measured at different locations of the lines. We
previously used one angle at the central region of a pair of lines
[20]. In this paper, we sample many angles along a pair of lines
and analyze the behavior of twist angles for two types of sets: sets
close and far from the realistic positions of the B-strands.

Figure 2: Twist angle calculation. The pairing length of two
neighboring p-traces are marked with dashed lines.

2 METHOD

2.1 Computing twist angles from 3D image of a
B-sheet

In order to represent twist angles precisely, a 3D image of the -
sheet was first converted to a surface using iterative Bézier fitting
[15] or a polynomial fitting [21]. Once the surface is optimized, a

set of lines was generated from the surface to mimic traces of -
strands. We refer to the set of such generated lines as p-traces.
One set of P-traces may differ from another set by orientation or
by translation. It is important to distinguish the set that is closest
to the actual set representing the atomic structure of B-strands.

Let B-strand traces be B, B, .., Bm, and let Hj-ibe the angle formed
by f; and f;41 at location jof f;,1<i<m,1<j<n; Asan
example, the angles formed by f; and f8, along the strands are
(61,63, ...,9,11). We divided a line of PB-trace into consecutive
vectors of certain length, and calculated the angle formed by two
vectors from adjacent traces, as illustrated in Fig. 2. The longest
pairing length of a pair of B-traces was determined for each two
neighboring traces. Note that the longest pairing length is often
different from the individual length of each trace due to the
relative position of the two lines. Since longer pairs of f-strands
are major components of a B-sheet, we used the two longest pairs
of B-traces to calculate an overall twist angle of a set of B-traces.
Note that since the level of twist is often different at different
locations of a B-sheet, a consistent measure of twist is needed to
compare the level of twist created by different sets of B-traces. We
define an averaged minimum twist (AMT), 7, for each set of -
traces as in (1). The idea of AMT is that the region with the
minimum twist is the most stable spot for a pair of B-traces, and
the two longest pairs formed by f; , Bi 41, and B ,
Bi,+1respectively were used for representing the major region of
a P-sheet.
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Here, p and q are parameters, for which we used 4 in this paper.
The choice of p and q is related to the length of the vector in
angle calculation.
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Figure 3: Twist analysis for B-strand splines, the close set,
and the far set of f-traces. (A): The 3D image (gray) of -
sheet A of 1A12 (PDB ID), the atomic structure of f-strands
(ribbon), and the B-strand splines (yellow lines) derived
from the atomic structure. (B): The atomic structure
(ribbon), the close set (green) and the far set of B-traces (red)
derived from the 3D image of the B-sheet. Two different
views of the same f-sheet are shown in (A) and (B)
respectively.

2.2 Twist calculation using splines of f-strands

Given the atomic structure of a protein, one way to calculate the
twist angle is to use two vectors, one from each of two
neighboring B-strands [9]. The vector is defined by the two mid-
points of consecutive C-N bonds along the p-strand. In order to



characterize the AMT of a set of lines that precisely represent -
strands, we derived splines for B-strands. A cubic spline of a -
strand was calculated using mid-points of C-N bonds on the -
strand. Once the splines were generated, AMT was calculated.
Note that the process of generating p-strand splines is different
from the process of generating fB-traces. One uses the atomic
structure of fB-strands, while the other uses 3D image of the -
sheet. In order to generate a robust AMT for B-strand splines, we
measured the AMT three times and took an average. Each pass of
the AMT was calculated by shifting the beginning of the line by
one, two, or three points on the line.
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Figure 4: Twist angles along a pair of p-traces. Twist
angles of the two longest pairs of B-traces in 1A12
(PDB ID) sheet A. The longest pair (S2) and the second
longest pair (S1) of B-traces are shown for the close set
(green) and far set (red).

3 RESULTS

Ten B-sheet images were generated using atomic structures
of the B-sheets and Chimera [14] to a 10A resolution. The
data set represents small to large B-sheets, each of which
has three to nine B-strands. StrandTwister was used to
generate candidate sets of P-traces. StrandTwister only
returns B-traces that have right-handed twist. The close set
of B-traces aligns better with the atomic structure of -
strands than the far set, since it is selected based on the
smallest overall distance between atoms of B-strands and
the B-traces [21]. As an example, the close set of 1A12 sheet
A appears to align much better than the far set with a visual
inspection in Fig. 3.

3.1 Twist angles along a pair of f-traces

The magnitude of twist is often different at different locations of
a B-strand. We investigated twist angles measured along a pair of
B-traces for both the close set and the far set. Since most short
pairs are near the edge, the most challenging region of the 3-sheet,
we focused on the longest pairs. For each set, the twist angles of
two longest pairs are calculated. In the case of 1A12 sheet A, as
shown in Fig. 4, the longest pair has twist angles between 7.8° and
15.3° for the close set, and between 1.9° and 27.7° for the far set.
Note that both pairs are on the same surface, but they show

different levels of twist depending on where they are located on
the surface due to twist of the surface. In this case, the region with
the smallest twist is on the left side of the curve for the close set
(solid green curve). This is the similar region with the smallest
twist in the far set (solid red curve) (Fig. 4). If we compare the
smallest twist of the longest pair between the close set and the far
set, the close set would have bigger twist.

Figure 5: Twist analysis of B-strand splines, the close set,
and the far set of B-traces 1IDTD (PDB ID) sheet A. Colors
and lines are annotated as in Fig. 3.

1DTD sheet A has eight B-strands. For the close set of 1DTD, as
shown as green lines in Fig. 5B, the twist angles of the longest pair
of B-traces (longest blue line in Fig. 6) are between 7° and 14°. The
second longest pair (blue line in Fig. 6) has twist angles between
11° and 18°. Twist angles along a pair of B-traces show the
challenge of twist analysis. The longest pair in a close set does not
always have larger twist angles than the longest pair in a far case.
In fact the two lines may cross (longest solid line and longest
dashed line) indicating that in certain regions one has bigger twist
than the other. However, if both the longest and the second
longest pairs are considered, solid lines in Fig. 6 appear to out-
twist corresponding dashed lines if AMT is calculated. Fig. 7
shows two sets of B-traces for 1ATZ sheet A.
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Figure 6: Twist angles along a pair of B-traces. Twist angles
were calculated for the longest and the second longest pair
of B-traces for a close set (solid lines) and a far set (dashed
lines) in two cases: 1DTD sheet A (green lines) and 1ATZ
sheet A (blue lines).



Figure 7: The close set and the far set of B-traces for 1ATZ
(PDB ID) sheet A. Annotation method for color and lines is
as in Fig. 3.

3.2 Twist characterization for simulated f3-
sheet images

In order to distinguish two sets of B-traces, we defined AMT to
characterize the regional twist of a B-sheet. As an example for
1A12 sheet A, The AMT shows 11.98° for the close set, larger than
that of the far set of 7.36° in Table 1. We observed similar pattern
for p-sheet A of 1DTD that has eight B-strands. The close set
(green lines in Fig. 5B) has an AMT of 10.75°, and the far set (red
lines in Fig. 5B) has an AMT of 4.07° in Table 1. In all the eleven
cases, we observed that the close set of B-traces shows larger AMT
than the far set (Table 1 column 4 and 5).

Table 1: Average Minimum Twist angle of three sets of
lines: the set of B-strand splines, two sets of B-traces.

AMT AMT AMT AMT

ID? Str® stde close! far® diff’
1B3A_B 3 2722 9.76 4.69 5.07
1A12 A 4 2724 1198 736 4.62
1AOP_A 5 2412 281 128 153
1AKY A 5 2340  7.54 6.16 1.38
1ATZ_A 6 1670 1662 1237 425
1CHD_SH1 7 1297  6.40 1.79 4.61
1ELU B 7 2102 7.76 3.88 3.88
1D5T_A 7 1634 1088  8.09 2.79
1IDTD_A 8 1321 1075  4.07 6.68
1QNA_C 9 2299 1662  8.12 8.50
EMD1733- 5 2169 9.70 8.97 0.73
3C91 H Q

a. the PDB/EMDB and sheet ID of the protein;

b. number of strands in a -sheet;

c. average of minimum twist angle (in degrees) for splines c
B-strands;

d. average minimum twist angle (in degrees) for a close set;
e. average minimum twist angle (in degrees) for a far set;

f. difference (in degrees) between d and e.

The difference of AMT between a close set and a far set is shown
in column 6 of Table 1. We analyze three cases that are shown in
Fig. 1, Fig. 3, and Fig. 5. The difference of AMT shows 0.73°
(EMD1733 chain H Sheet Q), 4.62° (1A12_A), and 6.68° (1IDTD_A).

A visual examination of the three cases show that the smallest
difference in AMT of 0.73° corresponds to similar orientation and
position between the close set and far set (Fig. 1D). In this case,
the two sets are mostly different by a translation with the
orientations being similar. The largest difference in AMT of 6.68°
correlates with the large difference between the close set and the
far set, particularly at major region where longest lines are located
(Fig. 5B). By relating the difference of AMT (column 6 of Table 1)
with visual examination for the three cases (shown in Fig. 1, Fig.
3, and Fig. 5), we observed that the measurement of AMT was able
to distinguish the level of closeness between sets across different
cases.

3.3 Twist characterization for a f§-sheet image
of a cryo-EM density map

The cryo-EM density map (EMD-1733) was downloaded from
EMDB, and the corresponding structure 3C91 (PDB ID) was
downloaded from PDB. Chain H of 3C91 was used as a mask to
isolate the density region corresponding to the chain in Fig. 1A.
SSETracer [19] was used to detect the location of a-helices (red
lines in Fig. 1B) and B-sheet (yellow in Fig. 1B). Since the two f-
sheet regions detected by SSETracer are naturally separate, we
used one of them (sheet Q of chain H) in this case study. Iterative
Bézier fitting was performed to derive a surface (blue in Fig. 1C)
for the 3D image of sheet Q [15]. Two sets of P-traces were
constructed on the Bézier surface. One set of B-traces (green lines
in Fig. 1D), referred to the close set, appears to align better with
the atomic structure (ribbon in Fig. 1D) than the other set (red
lines in Fig. 1D), referred to the far set. We tested if the two sets
can be distinguished using the estimation we defined in (3). We
observed that by quantifying twist at the stable region of a pair of
B-traces, a close set of B-traces shows bigger twist than a far set.
The close set has an AMT of 9.70°, slightly larger than 8.97° for
the far set Table 1. A visual examination between the two sets
show similar orientation between the two sets in Fig. 1D, yet AMT
detected slight difference between the two. Since $-strand splines
were derived directly from atomic structure of f-strands, they are
expected to align with B-strands quite accurately. A measure of
the AMT for B-strand splines shows 21.69° in Table 1. We observe
that the AMT of B-strand splines is even larger than that of the
close set. This case study suggests that AMT might be suitable for
distinguishing a set of B-traces that aligns well with the atomic
structure of B-strands.

4 CONCLUSIONS

B-strands are naturally twisted. Given the 3D image of a -sheet,
there are many ways to generate P-traces from the image to
satisfy the inter-trace distance of 4.5 to 5A. Multiple sets of f-
traces need to be generated using a reference surface that captures
the overall shape of the 3D image. One set of B-traces may differ
from another set mostly by orientation or by translation. We
investigated a method to distinguish a close set from a far set, and
observed from 11 test cases that the AMT is larger for a close set
of B-traces than for a far set. This suggests that AMT can be a
potential measure to identify most accurate B-traces from a pool



of candidates. Additional measures may be combined for accurate

detection of PB-strands from medium-resolution images of f-
sheets.
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