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Macromolecular complexes perform their physiological functions by local rearrangements of their
constituents and biochemically interacting with their reaction partners. These rearrangements may
involve local rotations and the induction of local strains causing different mechanical efforts and
stretches at the different areas of the protein. The analysis of these local deformations may reveal impor-
tant insight into the way proteins perform their tasks. In this paper we introduce a method to perform
this kind of local analysis using Electron Microscopy volumes in a fully objective and automatic manner.
For doing so, we exploit the continuous nature of the result of an elastic image registration using
B-splines as its basis functions. We show that the results obtained by the new automatic method are
consistent with previous observations on these macromolecules.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Biological macromolecules are intrinsically flexible entities that
may adopt a variety of conformations as they perform defined
biological functions. At high resolution, these conformational
changes can be studied through a detailed analysis of the atomic
locations in two different conformational states of the macro-
molecule. This analysis provides precise information about which
areas are stretching, which areas are compressing, and which areas
are rotating. However, performing the analysis at the atomic level
is not always possible simply because many times structural
results produce data that are better treated as 3D maps, as it is
the case of many macromolecules solved by Electron Microscopy.
Electron Microscopy has shown to be a very powerful tool to
analyze different macromolecular discrete (Penczek et al., 2006;
Penczek et al., 2006; Leschziner and Nogales, 2007; Scheres et al.,
2007; Spahn and Penczek, 2009; Shatsky et al., 2010; Scheres,
2012; Klaholz, 2015) or continuous states (Dashti et al., 2014; Jin
et al, 2014). However, given two medium-low resolution
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conformational states of the macromolecule (in our experimental
section we show examples with resolutions ranging from 3.5 A to
20A), an approach to automatically analyse the differences
between the maps is not available. The most common action is
to perform a morphing (e.g., with Chimera) between the two states
so that the researcher gets an idea of the regions of the proteins
primarily changing. However, from the video itself it is impossible
to know if a certain region is compressing, stretching or simply
rotating with respect to its surroundings.

In this article we introduce the first computational tool, to the
best of our knowledge, in which the two different kinds of move-
ments (local rotations and local strains) can be separated. The
method works at the level of the EM reconstructed maps with
the advantage that it can handle a wide variety of resolutions,
and the disadvantage that the deformations explored are not stere-
ochemically constrained. The method is based on the differential
analysis of the deformation field between two conformational
states as calculated with an elastic registration algorithm. Elastic
registration is a well-established field in Image Processing in which
the correspondence between equivalent coordinates in two differ-
ent maps is estimated by computational means (Holden, 2008).
The term elastic is used as opposed to rigid registration in which
only global rotations and translations are allowed. In elastic
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registration each part of the images is allowed to move indepen-
dently, although some regularization may be imposed to constrain
the deformation field to be smooth. As we show below, the differ-
ential analysis of the local properties of the deformation field
allows distinguishing between local strains (compression and
stretching) and local rotations. We show in three different experi-
mental cases that our method provides results consistent with the
conformational changes described in their corresponding reference
publications.

2. Materials and methods

In this section the methodology for the local analysis of struc-
tural strains and rotations is described. This theory is well estab-
lished in Continuum Mechanics and it is here presented in
connection with the issue of volume registration as it is employed
to identify the deformation field between two volumes. The input
to the method is a pair of EM maps describing two different,
although similar, states of a given macromolecule. Let us call these
maps as Vo(r) and Vg(r), standing for the initial and final state
(r=(x,y,2)" € R® is the spatial location at which the maps are
evaluated). In the following, we assume that any rigid motion
between V, and V; has already been removed (in our examples
we use Scipion’s protocol “align volume”, http://scipion.cnb.csic.
es, de la Rosa-Trevin et al., 2016). At this stage, we search for a con-
tinuous deformation field, g(r)= (gx(r),gy(r),gz(r))T e R?, that
transforms coordinates from the final to the initial state such that

Vi(r) = Vo(g(r))

If the initial and the final state were identical, g(r) would be the
identity transformation (g(r) =r). We define the displacement
vector field as

u(r) =g -r
and at each point we can calculate the displacement gradient as
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We may decompose this tensor in its symmetric, D(r), and
antisymmetric, H(r), parts (see Sadd (2005) [Chap. 2.1] for more
details):

such that
U(r) = D(r) + H(r)

D is a tensor that describes local deformations while H is a
tensor that describes local rotations. Note that the D, H decompo-
sition is not the Helmholtz decomposition of a vector field
(u(r) = Vé(r) + V x y(r)), although the D, H decomposition could
be calculated from the Helmholtz potentials. The eigenvalues of D
describe how the final structure, Vg, is locally deformed (suffering
local strains that promote local stretching or compression) to
match the initial state, V,. The sign of the eigenvalue denotes
whether there is a compression or a stretching, while its magni-
tude indicates the strength of the deformation. Similarly, the
eigenvalues of H describe local rotations. Note that global rotations
have already been taken away and global shifts result in null
derivatives (so that they do not appear in the tensor U). We should
note that due to the antisymmetric nature of H, its eigenvalues are

always of the form 0, i, —io, that is, one of the eigenvalues is
always 0, and the other two are purely imaginary, complex conju-
gates of each other (the larger the local rotation, the larger ).

At each location of the final state, we summarize the informa-
tion of these two tensors by a local strain and local rotation as

Local Strain (r) = |detD(r)|
Local Rotation (r) = |o(r)|

If there is no local strain, all eigenvalues of D should be 0. The
further these eigenvalues are from O, the larger the local strain. If
an eigenvalue is positive, it means that, locally, the overall effect
is a stretching of the molecule. If an eigenvalue is negative, then,
locally, the dominant effect is a compression. Note that the deter-
minant is combining the strains in three perpendicular directions,
so that there could be compression in one direction and stretching
in the other two. The determinant is the multiplication of the three
eigenvalues and, consequently, reduces a richer information to a
single number that can be easily visualized and interpreted. Simi-
larly, the local rotation should be the local torsion angle in radians.

This local analysis requires knowing the deformation field g(r).
This is a well-known problem in image processing called elastic or
non-rigid image registration, and many algorithms exist to solve it
(Zitova and Flusser, 2003). Spline descriptions of the deformation
field have shown to be very effective in describing rich deforma-
tion fields as well as vector field regularizers (Sorzano et al.,
2005; Arganda-Carreras et al., 2006; Arganda-Carreras et al.,
2008) (see Appendix). Additionally, they allow the analytical calcu-
lation at any spatial point of the derivatives needed for the
displacement gradient. In this work we consider deformation fields
of the form

j
8r) = > cufs | £ | K (1)

jki I

where j, k and | are dummy indexes to run over a cubic grid of
tensor product splines (see the Appendix for more details),
¢ € R® is a vector of spline coefficients, h is a scale factor, and
B5(r) is the three-dimensional, tensor product spline defined as

B3(r) = B3 (X)B3(¥) B3(2)

where f;(x) is the cubic B-spline.

The goal of the image registration problem is to find the coeffi-
cients ¢jy such that the initial and final maps are as similar as
possible:
argmin|[V(r) ~ Vo(g(r))|I

-jkl

For this minimization we follow the method described by
Myronenko and Song (2010), in which a pyramidal coarse-to-fine
approach to the image registration is followed. h is progressively
decreased as the pyramid progresses (in our case, we employ three
levels of the pyramid, which results in h = 5, that is, in the finest
detail level of the pyramid there is a spline every 5 voxels in each
direction, X, Y, Z).

The main two alternatives to describing the deformation field
with B-splines are thin-plate splines (Rohr et al., 2004) and pixel-
by-pixel defined deformation fields (Guimond et al., 2001). The
first approach requires knowledge of corresponding coordinates
(that is, pairs of points in the two structures that correspond to
the same molecular location), which prevents automating the
algorithm since it requires user input. The second approach has
proved to be a powerful registration technique, especially for the
definition of diffeomorphisms. However, it is not well suited for
our purpose since we need to calculate derivatives of the
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deformation field and a pixel-valued deformation field is only
amenable to numerical differentiation schemes.

3. Results

In the following section, we show how the method performs
very well in three different experimental cases. Indeed, we show
how the new approach is able to reproduce in a fully automatic
manner the manual analysis on map differences reported in the
original publication of each one of the examples. We also show
how the method effectively separates local rotations from local
strains allowing the researcher to give a biological interpretation
of each one of the effects.

3.1. Experiment 1: Human mitochondrial ribosome

We focus on the analysis of the human mitochondrial ribosome
using the new tools described in this work. The starting data corre-
spond to Class 1 and Class 2 structures as reported by Amunts et al.
(2015), accessible as EMDB entries number 2876 and 2877, respec-
tively. As initially described by Amunts et al. (2015), the most obvi-
ous relationship between the two classes is that Class 2 is related
to Class 1 by a 9.2° ratchet-like rotation of the small subunit
around bridge B3. Indeed, this movement is very clearly repre-
sented by the analysis of the local rotations that we show in
Fig. 1 (top). Colors represent the relative degree of rotation, and
it is immediate to realize that the small subunit is very uniformly
colored, indicating a close to global rotation of the entire small
subunit. Beyond this first observation, the local rotations map
indicates strong changes at the level of bridges between the head
of the small subunit and the Central Protuberance. The large
subunit presents some relatively small additional rotations, all
concentrated at the interface between the two subunits. The paral-
lel analysis of local stress nicely complements the one of local rota-
tions. Indeed, the level of local stress at bridges between the head
of the small subunit and the Central Protuberance is the most
important feature, followed by a relatively small level of stress at
discrete sites at the interface between the two subunits (Fig. 1 bot-
tom). It is important to take into consideration that bridges at the

head of the small subunit are particularly dynamic among the two
structural classes, as indicated by Amunts et al., that is exactly
what our analysis is also presenting. Obviously, the structural
changes that happen in that area are to be properly modeled
considering the structure of the proteins involved and not just in
term of their density translation into rotation and stress, but our
analysis has identified in an automatic, simple and fast manner
those areas in which important structural changes have happened.

3.2. Experiment 2: DnaK-GrpE chaperone complex

In this example we show the analysis of the movement of the
GrpE tail in the complex with the chaperone DnaK (Melero et al.,
2015). The input volumes were two different conformations of
the complex DnaK-GrpE obtained by electron microscopy near to
20 Aresolution (FSC=0.5). Stated briefly, DnaK chaperone com-
prises two domains, the nucleotide-binding domain (NBD), respon-
sible for structural and functional changes in the chaperone, and
the substrate-binding domain (SBD), involved in substrate interac-
tion. Substrate binding and release is controlled by the nucleotide
state, with ATP inducing the open, substrate-receptive state,
whereas ADP forces its closure. After the analysis of the EM maps
with the method described in this work, the results explain the
observations reported in Melero et al. (2015). The local analysis
introduced in this work correctly identifies the main movements
at the interface between the N-terminal domain of GrpE and the
SBD of the chaperone. As depicted in Fig. 2, the results of our
method show that the major strains occur in the GrpE
N-terminal and the major rotations occur in both, NBD and GrpE
N-terminal, in total concordance with the movements proposed
by the authors (see Fig. 6 in Melero et al. (2015)).

3.3. Experiment 3: GroEL

In this example we show the ability of the method to analyze
sequences of states. For this purpose we studied the conforma-
tional changes induced upon the ATP binding to the GroEL
chaperonin (Clare et al., 2012). This molecule has a mixture of
changes with

conformational rigid-body rotations around

Fig. 1. The human mitochondrial ribosome. Top row: Initial state, Vy, 3D local rotation, and final state, V. Bottom row: local strain. Video 1 in the Supplementary Material
shows the movement between the two states of this ribosome. The local rotations and strains are represented as colors (from blue, no movement, to red, maximal movement)

on the final state, V.
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Fig. 2. DnaK-GrpE complex corresponding to classes 1 and 2 in Melero et al. (2015). Top row: Initial state, Vo, 3D local rotation, and final state, V. Bottom row: local strain.
Video 2 in the Supplementary Material shows the movement between the two states of Dnak-GrpE complex.

determined hinge regions and minor local rearrangements of
secondary structure. The input volumes were the different struc-
tures determined in presence of ATP, which triggers the conforma-
tional changes, following the sequence indicated by Clare et al.
(2012). The cooperative binding of the ATP to one ring of the mole-
cule produces conformational changes that affects mainly to the
apical domains of that ring, whilst the other ring remains virtually
unchanged. As depicted in Fig. 3, the results of our method show
that the major rotations and local strains occur in the apical and
in the intermediate domains (the top part of the upper ring) in
total concordance with the movements proposed by Clare et al.
(2012) based on the flexible docking assays performed in the
article (see Fig. 2 and Table 1S in Clare et al. (2012)).

4. Discussion and conclusions

In this article we have introduced the first computational
method capable of distinguishing between local rotations and local
strains (compression or stretching) at the level of medium-low
resolution maps. The method is based on the registration of two
conformational states of a macromolecule and we have shown that
it can successfully be applied to sequence of states. We have also
shown that the method is capable of working at different resolu-
tions, not requiring high resolution to perform the analysis. Still,
the higher the resolution, the more accurate the registration will
be, resulting in a better estimate of the local deformations. The
analysis performed surpasses the current standard analysis based

Fig. 3. GroEL conformational changes after ATP binding. The leftmost volumes shows the changes between T:T state and Rs;:T, the middle volumes the changes between Rs;:
T and Rs;:T, and the rightmost volumes between Rs,:T and Rs-open:T. The upper row shows the local rotations and the bottom row the local strains. Videos 3a, 3b and 3c in

the Supplmentary Material show the movement between the different states of GroEL.
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on morphing between the two states, which only allows to quali-
tatively assess the properties of the undergoing changes. The
method is fully implemented and publicly available in Xmipp
(Sorzano et al., 2004; de la Rosa-Trevin et al., 2013) and Scipion
(http://scipion.cnb.csic.es) under the name “calculate strain”. The
calculation core of the method is a Matlab routine, implying that
Matlab needs to be installed and accessible from Scipion.

Appendix A. Elastic registration with B-splines

In order to be self-contained let us introduce here the basics of
image registration using splines. Image registration is the problem
of finding a suitable geometrical transformation, g(r) that brings
two (multidimensional) images, Vo(r) and Vg(r) as close to each
other as possible, i.e., the norm of their difference is minimized

argmin||V; (r) ~ Vo(gm)|

If the transformation between the two images is simply a trans-
lation g(r) =r—ry, then the minimization is performed with
respect to the only parameter of the transformation, ry. It is well-
known that the solution to this problem can be easily found
exploiting the shift property of the Fourier transform. However,
we may look for more complicated relationships (rotation,
rotation + shift, rotation + shift + scaling + shearing, or rotation
+ shift + scaling + shearing + mirrors). In general, all these transfor-
mation fall under the generic name of affine transformations and
they all can be represented by a transformation of the form
g(r) = A(r —ro) (rigid transformation, i.e., rotations, mirrors and
shifts is a subset of affine transformations). The minimization must
be done now on A and r,. Affine transformations preserve parallel
lines (if two lines are parallel, their transformed lines are also
parallel), although in general, they do not preserve the angles
between intersecting lines (rigid transformations preserve the
angles of any two lines in the original image). If Vo and V¢ are
three-dimensional, as is our case, we have a total of 12 parameters
to optimize (9 for the 3 x 3 A matrix and 3 for rp).

We may construct even richer transformations. A very common
way is to do so by using tensor-product B-splines as shown in Eq. 1
that allow us to express non-rigid transformations as shown in
Fig. 4. At this point we may use a less compact notation to add
insight into the mathematical properties of this deformation field:

Diréect] 111

trarsformation
- - 10

D Cxjabs (s —0)Bs (F = k) B3 (- 1)

Jjki

gx(r) )
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Jkl
SO S cabs () B~ R
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where ¢, is the jkith coefficient in the x direction and similarly for
Cyji and cji. P3(x) is the cubic B-spline (see Fig. 5) defined as (Jonic
and Sorzano, 2011)

2+ lPx -2) o<y <1
Bs() = s~ 1) 1<yl <2
0 2< |yl

The terms g (¥ — j) shifts the spline to jh and widens the function
by afactor has canbe seenin Fig. 5. The parameters to fit the geomet-
rical transformation are the ¢y, ¢y jx and ¢, jy parameters (normally
defined fromi=-1,0,1,...,N, j=-1,0,1,...,N, and k = —1,0,
1,...,N; being Ny = [Xm| + 1, Ny = [%m| 1 1, N, = [%“mn|+ 1 and
Xaim, Ydaim, Zaim the X, Y, Z dimensions of Vy and V). Interestingly,
B-splines can be used to construct multiresolution approaches using
what is called spline pyramids (Unser et al., 1993; Jonic and Sorzano,
2011).The ideais to construct first an approximation to the function
g with a given step h, then this approximation is refined by setting
the step to h/2 and adding more coefficients (which are initialized
from the coefficients calculated for the step h). Additional pyramid
levels set the step to h/4, h/8, ...

Interestingly, the derivative of functions defined with B-splines
can be analytically calculated by exploiting the property

%(x) :ﬂz(er%) f/g(xf%)

where g, is the quadratic B-spline
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Fig. 4. Example of non-rigid transformation.
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Fig. 5. Cubic B-spline.
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Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/.jsb.2016.04.001.
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