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The atomic models of the 70S ribosome including the
bound molecules were built from many 3D-EM density
maps. The positions and conformations of the bound
molecules were determined by fitting them to the regions
in the density maps which remained after fitting the 70S
ribosome. Then, using these atomic models, a movie for
the elongation cycle was made. For determining the
sequential order in which the models appeared in the
movie, the knowledge about the bound molecules and the
ratchet angles were used. The movie revealed several
interesting points which were not apparent from each
density map, suggesting the usefulness of a movie made
from many 3D-EM density maps.
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Determination of three-dimensional (3D) structures of
macromolecules by the cryo-electron microscopy (cryo-EM)
and the reconstruction techniques [1] is quite common these
days. Although the resolution is usually lower than that in
the X-ray crystallography, this method has an advantage in
that the crystallization is unnecessary. Furthermore, the deter-
mined structures are expected to be close to those in solution
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< Significance »

Recent development of the cryo-electron microscopy enables structural analysis of a macromolecule in various functional states more easily than
before. In this article, a movie of the 70S ribosome was made by combining multiple atomic models built from many EM density maps. The movie
was found to be very useful for understanding the molecular mechanism.

or in a living organism.

It is also quite common to build an atomic model com-
putationally from each 3D-EM density map, which is built
from many EM images by the reconstruction techniques.
The model-building usually consists of two steps [2—4]; one
is the fitting of the X-ray crystal structure into the map and
another is the deformation of the crystal structure to improve
the fitting. Previously, we have developed an approach for
the model-building from the EM density map [5]. In this
approach, a library which consists of a huge number of
atomic models with different conformations is built first by
computationally deforming the X-ray crystal structure. Then,
the best-fitting atomic model for each 3D-EM density map is
selected from the library. Our approach is appropriate for the
case in which many 3D-EM density maps of the same target
are available, because the selection of the best-fitting model
takes much less computational time than building the library.

Ribosome is a huge macromolecular complex responsible
for protein synthesis. Because of its importance, many stud-
ies have been performed intensively. As of Feb. 2019, the
Electron Microscopy Data Bank (EMDB) stores more than
250 3D-EM density maps of the prokaryote 70S ribosome.
A different map usually corresponds to a structure in a dif-
ferent functional state of the ribosome. Thus, it might be
possible to describe the entire life of ribosome by these
3D-EM maps.

The main purpose of this study is to reproduce the con-
formational changes of the 70S ribosome at the atomic
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resolution using many 3D-EM density maps. In this study,
the elongation cycle was focused on, where an amino-acid
is added to the growing polypeptide chain. The result is
represented as a movie, and it will greatly promote our
understanding about the molecular mechanism of the 70S
ribosome.

Methods

Building atomic models for molecules bound to the 70S
ribosome

We built the best-fitting atomic model of the 70S ribo-
some from each 3D-EM density map in the previous study
[5]. If the model was fitted into the density map, the regions
for the bound molecules such as tRNA became apparent
(Fig. 1). Based on the shape, the size, and the position with
respect to the 70S ribosome of each region, it was deter-
mined which bound molecules corresponded to each region.
Then, the atomic model was fitted to each region. The same
scoring function was used to find the best position and ori-
entation for fitting as in the previous study [5]. For tRNA,
the deformed atomic model library was built, which con-
sisted of a lot of deformed atomic models, and the best-
fitting one was selected for each region. The deformation
of the atomic model was performed by combining the three
lowest-frequency normal modes [5], which were obtained
from the elastic network model built from all atoms in the
X-ray crystal structure (PDB (Protein Data Bank) ID: 3CW5
[6]). In the fitting of the bound molecules, the atomic colli-
sion was considered. That is, the fitting calculations were
performed in such a way that the atomic model would not
collide with the pre-existing best-fitting atomic models. This
was achieved by assigning negative density to the regions
where the atomic models pre-existed.

Measurement of ratchet angle

First, the 30S and 50S subunits of the X-ray crystal struc-
ture of the 70S ribosome [7] was fitted by the RMS-fitting to
the corresponding part of the best-fitting atomic model built
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from each 3D-EM density map and the rotation matrices
R,, and R, were determined, respectively. By assuming the
X-ray crystal structure as the standard conformation, the
rotational deformation of the 30S subunit with respect to
the 50S subunit is described by the matrix R (=R, R5,™).
Because any rotational movement of a rigid body can be
described by a rotation around a single axis (Euler’s rotation
theorem), the matrix R can be described by a rotation vector
o (o, 0, ©,), whose direction is the same as the rotation
axis and length is the rotation angle. The rotation vector @
was determined for each of the best-fitting atomic models,
and the end point (»,, »,, ®.) was plotted in Figure 2. The
straight-line / (=kt+p,) in the figure, where ¢ is the unit
directional vector and p, the nearest point on the line to
the origin (the dot product of ¢ and p,, is zero; ¢-p,=0), was
drawn in such a way that the sum of the squared distances
from all the end points to the line was minimum. The end
points were distributed over narrow range around the line,
suggesting the existence of a common ratchet axis, which is
shown by a yellow arrow in Figure 3. The ratchet angle was
defined as the projection of the rotation vector to the line by
t(w-p,) =t w, assuming that the ratchet angle for the X-ray
crystal structure was zero. Note that there was an ambiguity
in the direction of the vector ¢. Thus, the direction of the
vector was chosen so that the ratchet angle was positive
when the 30S subunit rotated along the direction shown by
the cyan arrow in Figure 3.

It should be noted that an internal structural change in
each subunit of the best-fitting atomic model from the X-ray
crystal structure could affect the ratchet angle, because it
could be interpreted partially as the change of the orientation
(R;, and R;;) in the RMS-fitting procedure. The average
values of the RMSD from the crystal structure over the best-
fitting models analyzed in this study were 2.5 A and 0.8 A,
respectively, for the 50S and 30S subunits and the maximum
values were 4.0 A and 2.1 A. The most mobile part in the
50S subunit was the L1 stalk (see Fig. 3), which consisted of
less than 5% of the atoms in the subunit, and if this part was
ignored in the RMS-fitting, the average and maximum value

E-tRNA+P-tRNA

A-tRNA+EF-Tu

EMDB-1128

Figure 1 Best-fitting atomic models of the 70S ribosome (ribbon model) fitted into the 3D-EM density maps. In the density map, only the
regions that the atomic models did not overlap are painted with colors. The regions with volumes smaller than 8,000 A* are not shown. The

EMDB-ID of each density map is shown under each model and map.
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of the RMSD for the 50S subunit decreased drastically to
0.9 A and 1.9 A, respectively. However, the ratchet angle did
not change so much from the original value, and the differ-
ence was only 0.25 degree on average and 0.6 degree at a
maximum, suggesting that the internal structural change
affected little on the ratchet angle. Thus, the RMS-fitting
was performed using all atoms in each subunit rather than
using the arbitrarily chosen atoms.

o, (deg)

ox (deg)

Figure 2 The distribution of the end point of the rotation vector w.
The rotation vector describes the rotational deformation of the 30S sub-
units with respect to the 50S subunit. See the text for the explanation of
the straight line.

EF-Tu
A-site tRNA

P-site tRNA

~ 30S subunit

ratchet axis

Figure 3 Best-fitting atomic model for a 3D-EM density map
(EMDB-5030). The 50S and 30S subunits of the 70S ribosome are
painted by red and blue, tRNAs by green and EF-Tu by cyan. The
ratchet axis is shown by a yellow arrow.

Results and Discussion

The atomic models were built from the 31 3D-EM density
maps of the 70S ribosome, which are listed in Table 1. In
the previous study, about 50 density maps® were analyzed.
Among them, those which were good in the resolution
(second column in Table 1) and the clearness of the bound
molecules in the density maps, which was checked by the
visual inspection, were selected. The X-ray crystal structures
with the following PDB ID were used for the model build-
ing: 1YL3 [7] and 1YL4 [7] for 70S ribosome, 3CWS5 [6] for
tRNA, 1B23 [8] for EF-Tu (elongation factor thermo unsta-
ble), 2WRI [9] for EF-G (elongation factor G), 3MS0 [10]
for RF1 (release factor 1), 2WH1 [11] for RF2 (release factor
2),2V46 [12] for RRF (ribosome recycling factor). Although
the atomic model libraries were built for the 70S ribosome
and tRNA, (that is, a lot of deformed atomic models were
built for these molecules), those for other bound molecules

Table 1 List of 3D-EM density maps analyzed in this study

EMID Resolution (A)* Bound molecule®
1003[17]¢ 11.5 E, P
1006[18]¢ 11.3 E, P

1007[18] 12.9 E, P, RF2
1008[ 18] 10.9 E, P, RF2
1045[19]¢ 16.8 E,P, A, EF-Tu
1055[20] 10.25 E, P, A, EF-Tu
1056[20] 10.25 E,PA
1128[21] 14.1 P/E, RRF
1184[22] 12.8 E, P, RF1
1185[22] 14 E, P, RF1
1250[23]¢ 15.5 E, P

1261[24] 9.5 p

1262[24] 10.7 p

1263[24] 9.1 p

1310[25] 118 E,P

1315[26] 73 P/E, EF-G
1362[27] 12.5 E, P, EF-G
1363[27] 10.9 P/E, EF-G
1365[27] 11.75 P/E, EF-G
1366[27] 12.8 E, P

1370[28] 15.3 P/E, RRF
1395[20]¢ 12.8 E, P

1524[29] 10.9 E.P,A, EF4
1540[30] 10.5 PA

1541[30]¢ 8.9 P/E, A/P
1564[31] 12 E, P, A, EF-Tu
1565[31] 9 P, A, EF-Tu
1798[32] 7.8 P/E, EF-G
1799[32] 7.6 P/E, EF-G
5030[33]¢ 6.4 E, P, A, EF-Tu
5036[34]¢ 6.7 E, P, A, EF-Tu

2 The resolutions are based on Fourier shell correlation at 0.5 cut-off.

®Only tRNAs and characteristic molecules are shown. E, P, A, P/E,
A/P refer to E-site, P-site, A-site, P/E-hybrid site, and A/P-hybrid site
tRNAs, respectively.

¢3D-EM density maps used for making a movie.



were not built, because the X-ray crystal structures of these
molecules fitted very well into the 3D-EM density maps
without the deformation.

In Figure 3, the best-fitting atomic model for a 3D-EM
density map (EMDB-5030) is shown as an example. In this
figure, the ratchet axis is also shown. A ratchet-like global
conformational change of the ribosome is known to be
important for translocation of tRNA [13]. It is a twisting
motion of the 30S subunit with respect to the 50S subunit.
By statistically analyzing the 31 best-fitting atomic models
of the 70S ribosome, the direction of the common ratchet
axis was determined and the ratchet angle was calculated for
each atomic model (see methods).

Figure 4 shows the ratchet angle of each best-fitting atomic
model of the 70S ribosome. All models have positive ratchet
angles. It is clearly seen that the ratchet angle is greatly
dependent on the numbers and the sites of the loaded tRNAs.
For example, the distribution of the ratchet angles is nar-
rower in the structures loaded with E (exit)-, P (peptidyl)-,
and A (aminoacyl)-site tRNAs (including the A-site tRNA
bound to EF-Tu, which is often referred to as the A/T-site
tRNA) than those loaded with only E- and P-site tRNAs.
Also, the distribution is quite large for the structures with
P/E hybrid tRNA, which binds to the 30S subunit of the
ribosome at the P-site and to the 50S subunit at the E-site.
(On the other hand, A/P hybrid tRNA binds to the 30S sub-
unit at the A-site and to the 50S subunit at the P-site.)

From the 14 best-fitting atomic models, we created a
movie (Supplementary Movie S1), which shows the confor-
mational changes of the 70S ribosome during the elongation
cycle. Each frame of the movie corresponded to the best-
fitting atomic model built from a 3D-EM density map. The
position and orientation of each model was determined so
that the 50S subunit of each model fitted to that of the refer-
ence model (RMS-fitting). The sequential order of the frames,
or the order in which the best-fitting atomic models appeared
in the movie, was determined primarily based on the mole-
cules bound to the ribosome. That is, the ribosome was
assumed to be bound to the molecules in the following order
(see Fig. 5); (a) E-, P-, A-site tRNAs and EF-Tu, (b) E-, P-,
and A-site tRNAs, (c) P- and A-site tRNAs, (d) P/E and
A/P-hybrid tRNAs, (e) E- and P-tRNAs and EF-G, (f) E- and
P-tRNAs, and went back to (a). There were multiple den-
sity maps for the states (a) and (f). For the models in these
states, the order was determined based on the values of the
ratchet angles so that the ribosome changed its conformation
smoothly in the movie. To be precise, it was determined so
that the total sum of the absolute value of the change of the
ratchet angle during the cycle became minimum. This prob-
lem was similar to the “traveling salesman problem”.

The movie revealed several interesting points. One is that
the variations of the positions and conformations of the A-
and P-site tRNAs were small, although the EM density maps
were determined by several different groups and the resolu-
tions were different. Especially, the positions of the A-site
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Figure 4 Distribution of ratchet angles of the 70S ribosome. The
ratchet angle is indicated by the vertical position of the bar. The sites in
which tRNAs reside and the names of the bound proteins are also indi-
cated respectively by the horizontal position and the color of the bar.

tRNA bound with EF-Tu varied little with respect to the
30S subunit (data not shown). The atomic models were
built from the six different 3D-EM density maps with
EF-Tu/A-tRNA complex (Table 1), in which there were
three different types of A-tRNAs, that is, tRNAs for differ-
ent amino acids. Yet, the variations of the positions of the
tRNAs were small. Perhaps, larger contact area with the
ribosome by the EF-Tu/A-tRNA complex than the tRNA
alone (1880 A? versus 1170 A2, which were measured as the
decrease of the solvent-accessible surface area (SASA) of
the X-ray crystal structure of the 70S ribosome (PDB ID:
2WRN and 2WRO [14]) by the bound molecules) contrib-
uted to the small variations, which should be important for
the precise translation of the mRNA. In contrast, those for
the E-site tRNA were large. This was probably because the
density for the E-site tRNA was generally low. The tRNA
exits from the E-site, and if it happens, the site becomes
empty, which would bring about the low density. Another
point is that the L1-stalk (see Fig. 3) seemed to aid the move-
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Figure 5 Elongation cycle of the 70S ribosome represented by the best-fitting atomic models. The atomic models were built from the following
3D-EM density maps; (a) EMDB-5030, (b) EMDB-1056, (c) EMDB-1540, (d) EMDB-1541, (¢) EMDB-1362, and (f) EMDB-1366. Supplementary

Movie S1 online gives more detailed views.

ment of the P/E-site tRNA to the E-site. This is consistent
with the single-molecule FRET experiment [15], which sug-
gested that the L1 stalk acted to direct tRNA movements
during translocation. The other point is that the large bend-
ing deformation was observed at the anticodon stem region
of the tRNAs, which was close to the 30S subunit, when the
tRNAs moved to the adjacent site, suggesting the impor-
tance of the flexibility of the tRNA for the translocation.

Conclusion

In this study, the atomic models of the 70S ribosome,
including the bound molecules, were built from the 3D-EM
density maps and a movie for the elongation cycle was made
using the resultant models. Recent development of the cryo-
electron microscopy sometimes enables structural analysis
of macromolecules nearly at the atomic resolution. In such
cases, conventional modeling approaches, such as those used
in the X-ray crystallography, could be applicable and the
detailed structural analysis would be possible. In this study,
the density maps with relatively low resolution (from the
point of view of the present electron microscopy) were used.
Thus, the global conformational differences between the
models were the main targets, because the accuracy of the
details of the models might not be so high. Still, the movie
revealed several interesting points which were not apparent
from each density map, suggesting the usefulness of a movie
made from many 3D-EM density maps. It may inspire
researchers to design new biological experiments (or com-
puter simulations) and promote a further understanding of

the macromolecules as a result.

In making a movie, one of the important tasks is to deter-
mine the sequential order in which the atomic models appear
in the movie. The order must reflect the conformational
changes in the biological environment. However, it cannot
be determined from the 3D-EM density maps. Other experi-
mental results are necessary. In this study, the knowledge
about the bound molecules and the values of the ratchet
angle were used. As to the ratchet angle, a new way for mea-
suring the ratchet angle was developed, in which the ratchet
axis was determined statistically.
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