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ARTICLE

A New Approach for Building an Atomic Model
from a Three-Dimensional Electron Microscopy Data

Atsushi MATSUMOTO"

Japan Atomic Energy Agency, 8-1-7, Umemidai, Kizugawa, Kyoto 619-0215 Japan

We have developed a new approach to build an atomic model from a low-resolution three-dimensional electron
microscopy data for analyzing the structures of 70S ribosome. In this approach, a huge number of atomic models with
different conformations are prepared first, and then the best-fitting atomic model is selected from them for each elec-
tron microscopy structure. The rigid-body fitting calculation, in which the atomic model is moved as a rigid body by
translational and rotational manipulation, is most intensively performed. However, the calculation takes quite long if
all the six rigid-body parameters are treated as variables at the same time. Thus, we perform two different calcula-
tions alternatively, in which only three parameters are treated as variables and the others are fixed. We have

ascertained that the calculation is fast and accurate enough.
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I. Introduction

Ribosome is a huge macromolecular complex responsible
for protein synthesis in all organisms. There are four essen-
tial steps during protein synthesis in ribosome; initiation,
elongation, termination, and recycling. In the initiation step,
large 50S subunit and small 30S subunit come together, bind
to mRNA and form an initiation complex of the 70S ribo-
some. In the elongation step, ribosome synthesizes proteins
by translating the base sequence information on mRNA to
the amino-acid sequence. In the termination step, protein
synthesis is terminated and the newly synthesized peptide
chain is released. Finally, in the recycling step, ribosome
dissociates into two subunits for a new cycle of protein syn-
thesis.

To understand the molecular mechanism of the protein
synthesis, it is important to know the three-dimensional (3D)
structures of ribosome in functional states. So far, the struc-
tures of ribosome in a few functional states are determined at
the atomic resolution by X-ray crystallography. However,
they are not enough for understanding the whole molecular
mechanism of protein synthesis.

Recent progress in electron microscopy (EM) has made it
possible to capture 3D structures of ribosome at various
functional states. From the comparison of these EM struc-
tures, functionally important conformational changes have
been identified.” However, because of the low resolution
nature of the 3D-EM structures, it is not so easy to compare
them directly. The atomic model, which is described by the
positions of constituting atoms, is more suited for structural
comparison. Thus, we have built an atomic model for each
EM structure of ribosome. The results about the comparison
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of the 42 structures were reported in our previous paper.” In
this paper, the methodology for building the atomic model is
described in detail.

I1. Method

1. Building EM Structure from EM Density Data

The data for 3D-EM structure is available from the Elec-
tron Microscopy DataBank (EMDB, http://emdatabank.org)
at the European Bioinformatics Institute (EBI). It is given as
the density p at each voxel, which occupies a space
(x,y,2), where ip<x<(,+Dp , ip<y<(@i,+Dp,
i.p<z<(.+Dp,and i, i, and i are integers, and p
is the voxel size given as an experimental value. From the
data, we build an EM structure as follows. We define that
each EM structure is composed of voxels whose density o
is higher than a threshold value p,. The threshold value p,
is determined so that the volume occupied by the EM struc-
ture (= N,p’, where N, is the number of voxels with a
density higher than p,) is equivalent to the molecular vo-
lume of the X-ray crystal structure of the 70S ribosome,”
calculated by a program VOIDOO,"® in which the probe
radius is set to 1.4 A.

2. New Approach for Building Atomic Model from EM

Structure

Our approach to build an atomic model from each EM
structure consists of two steps. In the first step, we build
many atomic models with different conformations as a li-
brary by deforming the X-ray crystal structure. In the second
step, the best-fitting atomic model is selected from them for
each EM structure by rigid-body fitting calculation.

In the usual approach, which we call the “tailor-made”
approach, time-consuming calculation for deforming the
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X-ray crystal structure so that it fits better into the EM
structure is performed for each EM structure. On the other
hand, in our “ready-made” approach, once the library of the
deformed atomic models is prepared, only the rigid-body
fitting calculation is necessary which require much less
computational time. When we study many EM structures of
the same target, our approach can save computational time.

3. Atomic Model Library

To build deformed atomic models, we employ normal
mode analysis. In the normal mode analysis, molecular de-
formation can be described by a sum of normal modes;

r-r, =Y av;, (1
k

where r and r, are 3N-dimensional vectors, where N is the
number of atoms in the molecule, describing the deformed
and energy-minimized atomic structures, respectively, vo' is
the kth normal mode vector for the structure ry, and o the
coefficient. In this study, we use Hookean pairwise potential
as an energy function £;

E=V¥ c(d,-dp) )

(W)

where dj; is the distance between atom i and j, the zero su-
perscript indicates the initial structure, and C is the
coefficient. Note that the energy function is defined in such a
way that the initial structure has the minimum energy. The
summation is taken over all pairs of atoms (i, j), whose dis-
tances in the initial structure are less than a cutoff distance,
which depends on the atom types. Due to the form of this
energy function, the model is called an elastic network mod-
el.

Equation (1) is a good approximation only when the de-
formation ¢y is small. When it is large, the molecule does
not deform along the low-energy path. Using an elastic net-
work model, Miyashita et al.” showed that atomic structures
with large deformations along the low-energy path could be
obtained by applying small deformations along the normal
mode iteratively. In a similar way, we obtain a series of de-
formed atomic structures r‘ along the kth normal mode of
the X-ray crystal structure as follows; We start from the
X-ray crystal structure r, and perform the normal mode
analysis, in which the structure r, is regarded as the initial
structure in Eq. (2). Using the normal mode vector v
(| vi |=1) for the kth lowest frequency normal mode, a de-
formed atomic structure r is obtained as r, +av,, where
a (> 0) is a constant and determines how far the structure is
deformed. If we further regard the deformed structure r}
as the initial structure in Eq. (2), another normal mode anal-

ysis can be performed and normal mode vectors are obtained.

Among them, the one v} which is most similar to v}
(ve-vi01) is used to build the next structure r,
(=r/ +av{"). Note that k, is not always equal to k, because
the order of the normal modes could be different for the de-
formed structure. The calculation is repeated, and a series of
structures { rin=1,.,n, 1, where

n?
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r'=r+avi +avi +avi +..+av"), is obtained. Anoth-
er series of structures is built for the opposite direction, that
is, starting from the X-ray crystal structure r,, a deformed
structure 1, (=r,—av) is built. The calculation is re-
peated and another series of structures {r‘;n=1,...,n } is
obtained. We refer to these two series of structures (r* and
r’ ) as deformed structures along the kth normal mode. In
this study, we set the value of the constant « to 0.1, which
means that the root-mean-square displacement (RMSD) be-
tween r', and r' is0.1 A.

Using the deformed atomic structures r', we replace
Eq. (1) with
r-r, =) (1, 1) 3)
k

for large molecular deformation. Note that r in Eq. (1) is
determined by real numbers (a;, @, @3,...), while r in
Eq. (3) is by integers (n,, ny, n3,...). Thus, a ready-made
atomic structure r in Eq. (3) is specified by the combination
of the integers (1, n,, n3,...).

4. Scoring Function

To build the best-fitting atomic model from each EM
structure, a scoring function is necessary. The scoring func-
tion is an index to describe quantitatively how well each
atomic model is fitted into the EM structure. We define the
scoring function as a ratio of the number of atoms inside the
space occupied by the EM structure to the total number of
atoms. Usually, more refined scoring functions are used in
the EM fitting calculations.® Our simple scoring function is
chosen mainly for the fast rigid-body fitting calculation.

The scoring function is used for two purposes. Given an
EM structure and an atomic model, the scoring function is
maximized by the rigid-body fitting calculation to find the
optimum position and orientation of the atomic model with
respect to the EM structure. Then, the atomic model with the
highest fitting score among the atomic models in the library
is regarded as the best-fitting atomic model for the EM
structure.

5. Rigid-Body Fitting Calculation

In the rigid-body fitting calculation,” the EM structure is
fixed in space and only the atomic model is moved by rota-
tional and translational manipulation. We perform two
different calculations successively for the rigid-body fitting.
In the first calculation, the atomic model is moved so that the
principal axes of inertia for the atomic model and the EM
structure overlap each other. If the two rigid bodies were
exactly the same, this manipulation would make them over-
lap each other perfectly. Of course, they are not the same,
and the position and orientation of the atomic model is fur-
ther refined in the second calculation, where the atomic
model is iteratively rotated and translated so that the fitting
score is maximized. The details of the two calculations are
described below.
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(1) Rigid-Body Fitting Using Principal Axes of Inertia
The inertial tensor I for an atomic model is described as
follows;

Zmi(y,2 +z)
I= —Z mYyx, Zm‘. (x'+z") —Z my,z,
—z mz.x, —Z mz,y, Zml. (xl.2 + yiz)

where (x;, v, z;) is the position of atom i, and m; the mass.
The origin of the coordinate system o is set on the center of
mass of the atomic model. The principal axes of inertia
(e,, e,, €,) is obtained as the eigenvectors of the inertia ten-
sor I, that is, Ie,=/,e,, le,=I,e,, and le.=Ize., where /;, I, and
I3 are inertial moments and we assume /; </,</;. The iner-
tial tensor 1" for an EM structure is similarly described,
where (x;, y;’, z;") is the position of the center of each voxel,
and we assume m;” is the same for all voxels. The origin 0" is
set on the center of mass, and the principal axes of inertia
(e, e, e ) satisfies I'e,’=/;’e,’, I'e,’=I,’e,’, and I'e.'=/;’e.’,
where [;" <1, <I;’.

The fitting calculation is performed by translational and
rotational manipulation of the atomic model so that the ori-
gin o agrees with o', and (e, e,e) with (e, e/ , e.").
Because the directions of the principal axes cannot be de-
fined uniquely (if e is an eigenvector of inertia tensor I, —e is
also the eigenvector), there are four possible orientations for
the atomic model, if we assume (e,, e,, ;) and (e.’, e,’, e.")
make right-handed systems. We calculate the fitting scores
for the four orientations and choose the one with the highest
score.

(2) Refinement of Rigid-Body Fitting by Iterative Rotation
and Translation

In this calculation, the atomic position r; (=(x; y; z;)) is
moved iteratively so that the fitting score is maximized. The
atomic position r; is described as

_z mx.y; _E m.x.z,

NC))

r=r’toxr’+3, (5)

where r° is the initial position, @ a rotation vector, around
which each atom is rotated, and & a translation vector. The
vectors ® and 8 are the variables and we perform the search
for the optimum position and orientation of the atomic mod-
el by looking for the rotation and translation vectors which
give the highest fitting score.

We start from the position r;” determined by the calcula-
tion using principal axes of inertia with the vectors ® and 8
set to zero. At each repetition, the vectors @ and & are
changed to @+A® and 8+A8S, respectively. We describe Aw
and A as

Aow=a(l, 1, 1),
Ad =b (m;, m,, my), (6)
where a and b are the step sizes, and (/;, I, I3, m;, m,, m3) are

integers. In this study, the range of -3 </, m,<3 (¢=1, 2, 3)
is searched in each repetition. The combination of the integ-
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ers which gives the highest fitting score is selected and the
vectors @+A® and 8+A8 are used as o and 8 in the next re-
petition. If all the selected integers are zero (A®@=A8=0), the
step sizes a and b are made smaller. The iteration is termi-
nated when a and b become small enough.

IT1. Results and Discussion

1. Atomic Model Library

We use three series of deformed structures r,f (k=5,6,7)
for building atomic models by Eq.(3). The reason for
choosing the three normal modes (k=5, 6, 7) is described in
our previous paper” We wuse 101 conformations
(=50 £n<50) for k=5 and 7, and 151 conformations
(-50<n<100) for k=6. Thus, the atomic model library con-
sists of 1.54 million (=101x101%x151) atomic models with
different conformations. For each EM structure, the
best-fitting atomic model is selected from this library by the
rigid-body fitting calculation.

2. Rigid-Body Fitting Calculation

In Table 1, the fitting scores obtained by various ri-
gid-body fitting methods are shown for the 42 EM structures.
In the second column, the scores S, for the X-ray crystal
structure fitted into the EM structures by using the principal
axes of inertia are shown. They are quite dependent on the
EM structures and tend to be low for the EM structures with
low resolution (data not shown).

Equation (5) shows that the atomic positions are described
by the six rigid-body parameters. Thus, in the refinement
process of the rigid-body fitting, the search for the optimum
position and orientation of the atomic model with respect to
the EM structure is made in the six-dimensional space.
However, if we allow all the six parameters to vary in each
repetition, the computation takes quite long as shown in the
last column of Table 1, where the CPU time 7 required for
fitting the X-ray crystal structure into each EM structure is
listed. This is because the sampling space is large, that is, the
number of combinations of the integers in Eq. (6) is large.

For fast computation, we perform two types of repetitions
alternately. In one repetition, we allow only translational
parameters to vary and fix the rotational parameters, and vice
versa in another repetition. In this way, we make the compu-
tation faster by performing the search in the
three-dimensional space at each repetition. The CPU time
required for the computation is listed as 7; in the 6th column
of Table 1, which is much shorter than 7.

The fitting scores for the X-ray crystal structure by the
two different iterative calculations are shown in Table 1. The
fitting score S; is obtained by the iterative calculation per-
formed in the three-dimensional space at all repetitions,
while Sy in the six-dimensional space. The latter is shown as
S¢—S;in the fourth column. As expected, Ss tends to be high-
er than S5 and the average difference is (1.09+0.76)x107. It
may seem strange that S; is smaller than S; for two cases
(EM-1065 and 1363), because larger area is searched by the
calculation in the six-dimensional space than that in the
three-dimensional space. However, as long as the searching
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Table 1 Results of rigid-body fitting calculations for 42 EM
structures.

EMID S, s S8 o Lo T

(<10 (A  (sec) (sec)
1003 0.803 0.867 142 0533 45 4377
1004  0.509 0.735  0.08 0.108 58 4877
1005 0.521 0.697  1.38 0347 55 5878
1006 0.743 0.833  0.69 0.180 52 4691
1007 0761 0.842  1.82 0234 49 5016
1008 0770 0.839 053 0222 40 5060
1045 0790 0.852  1.09 0371 44 4350
1055  0.634 0806 036 0.112 47 4752
1056 0.651 0813  0.00 0.028 50 4648
1064 0470 0.666 231 0267 50 5202
1065 0508 0.605 —0.28 0.085 52 5630
1068 0485 0802 275 0477 61 7133
1070 0766 0.829  1.38 0374 40 4446
1071 0.594 0753 1.09 0.191 48 4449
1072 0762 0.800 073 0423 44 3736
1077 0777 0.825  1.05 0.192 47 4457
1110 0510 0725  2.19 0.653 56 5560
1122 0.622 0823 122 0328 46 4269
1128 0.649 0.762  0.08 0208 46 4657
1143 0.647 0853  1.05 0344 47 4752
1184 0793 0.838  0.65 0279 44 4406
1185 0744 0815 194 0599 47 4680
1248 0.734 0819 032 0.136 45 4406
1250 0.640 0.757 036 0.057 41 4209
1251 0705 0.750  1.54 0.619 38 3963
1261 0458 0.801 081 0.064 71 6129
1262 0.690 0.850  1.09 0.053 49 4735
1263 0765 0875  0.57 0.172 47 4526
1302 0717 0795  2.63 0379 51 4609
1310  0.821 0.843 198 0437 45 4129
1311 0753 0.800  2.31 0487 40 4137
1312 0736 0.827 146 0.139 43 4763
1315 0.657 0.822 045 0.108 55 4940
1323 0.558 0.716 081 0297 56 4752
1324 0505 0.767  1.58 0411 56 5344
1362 0.675 0810  1.09 0.081 54 4382
1363 0.635 0.770 -024 0327 46 3981
1365 0.623 0.784 150 0494 47 5334
1366 0.747 0.814  0.53 0.070 38 4255
1370 0.688 0.803  1.86 0227 48 4114
1391 0571 0736 0.69 0.549 48 5320
1395 0781 0.829  0.85 0.079 45 4276

area is limited (otherwise, the calculation takes forever), we
can not avoid this happen.
In the fifth column, the average difference of the atomic

position & (=3« -r)?/N ) is shown, where r” and
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r'® are the ith atomic position of the fitted atomic model by

the calculations in the three and six-dimensional space, re-
spectively. It is generally small and shows that the two fitted
models are in the close position and orientation.

To see whether the difference S,—Sj; is negligible or not,
slightly deformed atomic models rlk (k=3, 5, 6), each of
which is different from the X-ray crystal structure r, by
0.1 A in RMSD, are fitted into each EM structure by itera-
tive calculation in the six-dimensional space and the fitting
scores Ss(r," ) are obtained. The average values of the mag-
nitude of the difference |Sy(r) )-Ss(r, ) for the 42 EM
structures are (1.71+1.00)x107*, (4.07+1.55)x107*, and
(3.97+1.80)x10™* for k=3, 5, and 6, respectively. These val-
ues are generally larger than the difference between the
scores obtained by the calculations in the six and
three-dimensional spaces (fourth column in Table 1), sug-
gesting that the iterative calculation performed in the
three-dimensional space at each repetition is practically ac-
curate enough for selecting the best-fitting atomic model
from the atomic model library.

IV. Conclusion

We have developed a new approach to build the
best-fitting atomic model from an EM structure and applied
it for analyzing the EM structures of the 70S ribosome. In
our new approach, the rigid-body fitting calculation is most
intensively executed, which is performed using the six ri-
gid-body parameters. However, it takes quite long if all six
parameters are treated as variables at the same time. Thus,
we alternatively perform two different calculations, in which
only three parameters are treated as variables and the others
are fixed. We have ascertained that the calculation is fast and
accurate enough.
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