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ABSTRACT teracts within the whole complex (known at a medium reso-

. o ) ] lution) to perform a given biological function [1].
In this work we propose a novel rigid image registration ap- | grder to combine these two data sources the spatial lo-

proach to determine the position of high-resolution moleculag ation of the domain within the complex is needed. This is

structures in medium-resolution macromolecular complexes, rigid registration problem in which the domain has six de-

Mutual Information similarity measure is used as an alternagrees of freedom (three translations and three rotations) to

tiye to the cross-corr.elation coefficignt _common_ly applied Nfit within the bigger complex. In principle, there is no clue
this context. The optimum of the objective function is soughtyq, ¢ jts jocation and the full space must be sought. Tradi-
by means of differential evolution algorithm. This global Op'tionally, it is done by maximizing the correlation of the two

timization technique yields robust registration, exhibits fast,q | mes. Recently, the correlation has been computed locally
convergence and is easy to_ use. Ip order to add|_t|0nally 'm(only within the region occupied by the domain) and some
prove its accuracy we combine it with a local gradient searcky,¢-ation about the molecule surface has been added 2].

strategy. The registration framework is tested both on SiMEyowever, the problem remains open since not always the al-
ulated and experimental data sets forcing large rotations a’tﬁ)rithm converges to the global maximum.

translations. Results in terms of success rate and execution In this article, we study the possibility of replacing the

time, indicate the suitability of the proposed approach. cross-correlation similarity measure by mutual information.

It is experimentally shown that the goal function in this lat-
1. INTRODUCTION ter case has fewer local maxima than that of cross correla-
tion. Furthermore, we employ a hybrid optimization tech-

Three-dimensional electron microscopy is a powerful techhique that combines global and local strategies to correctly

nique that allows imaging macromolecular structures nearlnd efficiently identify the position of the high-resolution do-
at their native state [1]. The micrographs obtained by the miMain within the medium resolution pgrtlcl_e. In orde_r to assess
croscope are X-ray projections of the specimen under stuoﬁhe usefulness of the_proposed registration algorithm, simu-
and they are reconstructed into a volume which is compatibl&tt€d as well as experimental data were used.
with the experimental data acquired. The resolution of these
reconstructed volumes range between 6 anf 25 2. METHODS

This medium-resolution information can be complemented
with high-resolution data coming from X-ray diffraction ex- Main steps of the registration technique proposed to solve our
periments, Nuclear Magnetic Resonance or molecular mogsroblem is shown in Figure 1. The key points we have worked
elling. These technigues produce high-resolution data of sonts to get a successful result are the similarity measure and the
of the domains (pieces) of the macromolecular complex uneptimization approach. The registration algorithm has been
der study. The combination of both kinds of informationimplemented in C++ within the framework provided by In-
(medium and high resolution data) provides a powerful tookight Segmentation and Registration Toolkit (ITK 2.1) [3].
to understand how each piece (known at high resolution) in-
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Fig. 1. Diagram of image registration steps

Parameters Fig. 2. Example of the combination of the high-resolution
T domain PDB-1a8d02 into the medium resolution fragment C
of the Tetanugoxin PDB-1A8d, as it would be reconstructed
from electron micrographs. Notice that both data sources are
three-dimensional.

In the literature many measures were proposed which proved
o be suitable for various applications [4]. l.n the context OfDE are its convergence properties, robustness and simplicity
our problem the similarity measure more widely used is the

: - . of usage and implementation.
cross-correlation coefficient (CCC) [2]. In this work we pro- g P .
. . . .. In the method a population of random parameter vectors
pose to use mutual information (MI) as an alternative, as it is

. : iS generated and in every generation a set of new vectors is
a good measure to detect nonlinear correlations between vox- -y : )
A - : . ... _constructed from already existing elements by the simple rule:
els’ intensities adequate for images from different modalities
or different resolutions. We have actually used the implemen-
tation of Ml proposed by [5] and included in ITK 2.1. Vi1 = Loy o T @m,c - §r3,G) )
A smoothing preprocessing step was performed on the 1=1,2,.., NP, (1)
images to balance their resolutions. Moreover in order to re-
duce the influence of the background noise, Ml was computewherev; . ,, is a new perturbed vectat, . is a population
only for those voxels whose intensity was greater than a givewvector, r;, 7o, r3 are random numbers; is the generation

threshold. Such masking is similar to calculation of local sim-number, F' is a weighting factor andV P is the population

ilarity measures described in other works [6]. size.
The resulting vectop; ., is then compared to another vec-
2.2. Optimization tor randomly drawn from the population. The one that yields

) o the best value of the objective function is retained for the next
The nature of our problem results in a similarity measureneration. Additionally, in order to increase diversity of the
function with many local minima apart from the global min- population, crossing-over with probability R can be intro-

imum. The main reason for this local minima is the uncon-yyced, The algorithm is repeated a selected number of gener-
strained location of the high-resolution domain in the whole,tionsa (there is no stopping condition).

complex and the possible symmetries found in the molecular In most cases DE optimization converges to a solution
structures under study (see figures 3 and 4).

h finding th ial soluti - near to the global minimum, however it often fails to find pre-
In such case finding the optimal solution poses a diffi-;gely the optimal transformation. In order to improve the

cult '_cask. Extensive sez_;\rch_although frequently succe_ssflgccuracy we introduced a hybrid algorithm (DE+G). First, a
requires much computation time which grows exponentlallyrough solution is found by means of DE and then it is refined

with .increasing number of parameters. _On the other hangy Regular Step Gradient Descent (RSGD) method.
gradient search based methods are easily attracted by local

minima and fail to find the best transformation parameters.
However computational cost and robustness are well balanced 3. EXPERIMENTS
by so-called global optimization algorithms.

Recently many new schemes for finding global optima ofin order to assess the usefulness of the proposed registration
nonlinear functions have been proposed. Some of them iralgorithm, simulated as well as experimental data were used.
clude: Nelder-Mead simplex algorithm, simulated annealingThe full complex of the simulated data was generated from
genetic algorithms and stochastic equations. Differential Evathe C fragment of th@etanugoxin (entry 1a8d in the Protein
lution (DE) is an evolutionary strategy introduced by StornData Bank (PDB, http://www.rcsb.org/*pdb*)) and its resolu-
and Price in 1996 [7] which proved to be very efficient intion was computationally lowered toA8 Its second domain
many complex optimization tasks. The main advantages dfLla8d02, from aminoacid 247 to aminoacid 452), ansll
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Fig. 3. Local correlation coefficient calculated at different

rotation angles. Fig. 4. Mutual information calculated at different rotation an-

gles.

o 4. RESULTS
structure, was lowered toA3and the goal was to find the lo-

cation of this domain within the full complex. The sampling
rate for the full complex wasApixel while for the domain
was 1A/pixel (Figure 2).

The comparison of Ml vs CCC similarity measures can be
observed in figures 3 and 4 calculated for different angles of
rotation around two perpendicular axes. Figure 3 shows the

The chaperonin GroEL d&. Coliwas used as the first ex- landscape of the CCC objective function. There is a global

perimental case (entry 1081 in the Macromolecular Structur8Nimum but surrounded by many local minima. Figure 4

Database, MSD, (http://www.ebi.ac.uk/msd/index.html)). Thighows the Ml similarity function with a single well pronounced
entry is an experimental reconstruction ad&resolution of ~ 9/0bal minimum corresponding to the best alignment of the

the protein. The resolution of domains 1 and 2 of chain B ofwo images.
GroEL (entry 1oel in PDB) was lowered té\3The sampling

rate was 1A/pixel for both the domains and the protein. Optimi-  Correct Mean Error [rad] Time
zation «@ 1] ~ [s]

A second set of experimental data was used: the structureGradient  15/31 -0.14 0.11 -0.10 5.6
of N-ethyl maleimide sensitive factor at A1 resolution as (48%) 40.51 +0.60 +1.49
experimentally reconstructed (MSD entry: 1059) was used aspg 31/31 20.03 0.02 0.02 41.9
the full complex to find its D2 domain (PDBO entry: 1d2n). (100%) +0.16 +0.15 +0.16
The resolution 9f the domain was lowered tA.3he sam- Hybrid 31/31 -0.002 -0.012 0.000 454
pling rate was JA/pixel for both volumes. (100%) +0.008 +0.038 +0.019

The previously described data were originally pre-aligned,

and therefore the location of the domains in the full protein3|'ab|e 1 Efﬁciency and accuracy of Optimization a|gorithms
were known. This data Setting allowed us to perfOI’m multi-after 31 experiments with ang'es in range_0f+7-r rad. Suc-

ple experiments altering the location of the subdomains witfgessful rate, mean error of final angles and approximate eval-
different ranges of translations and rotations. uation time of one registration are given.

The following experiments were then conducted on the , )
Tetanus toxin data set. First, the Ml and CCC similarity mea- Tabl_e 1 compares eyaluauon time and accuracy of the
sure functions were compared for different ranges of rotall"e€ dn‘fergnt optimization methods.' _RSGD IS Fhe fastest
tions. Secondly, the hybrid optimization (DE+G) method pro_one, but fails f_or_mo_re than 50 % of initial con_dmons. A_I-
posed was tested in terms of efficiency and success rate JA°U9n DE optimization needs much more metric evaluations
comparison to DE and RSGD. A registration is considere%> 1000) and consequently is much slower, it proves to be ro-

successful if the difference between the attained Mi value anfUSt and accurate. The accuracy of the method can be further
the known optimum one is smaller than 10% of the latter. mproved with I'm? computatlongl overhead by usage of h_y-
brid approach which gives ten times better estimation being
Finally, different experiments were conducted taking intoonly 10 % slower.
account all the test data sets to tune the algorithm parameters In order to evaluate the described registration technique in
in order to get a good compromise between success rate arehl world problems we performed a series of tests in which
efficiency. correct alignment of the molecules was estimated for 50 ran-



dom initial orientations of the domain. In spite of the fact that 5. CONCLUSIONS

initial rotation angles range from~ to = radians most of the

solutions come very close to global optimum of MI (in the In this paper, we have examined the problem of fitting atomic
center of the plot) while only few registrations fail. Unfor- models into three dimensional electron microscopy maps (3D
tunately if translations are also introduced number of corredEM). We proposed using mutual information as a similarity

solutions decreases. In Table 2 accuracy of the hybrid optineasure which outperforms more popular correlation coeffi-
mization (VP = 30, G = 60, F = 0.4, CR = 0.9) is eval-  cient. Its accuracy was further improved by applying mask
uated as a function of a range of initial displacements alonép input images which reduces contribution of background
one of the axes (OZ). When initial translation is increased th@oise.

number of successful registrations slightly decreases. Moreover we have described a new optimization algo-
rithm which is the combination of differential evolution and

gradient search strategies. Our experiments prove that it is

Initial Mean Error [rad] / [pixels] Correct robust and flexible and performs very well even applied to
AZ & B 7 Z complex, non-linear objective functions. The algorithm com-
+1 -0.11 ~ -0.04 0.02 0.05| 45/50 pares favorably to local search methods which usually depend

£0.75  +0.39 +0.56 +0.48 | (90%) strongly on initial conditions.
+5 0.22 0.03 0.12 0.18| 40/50 In our study registration was successful in more than 65 %
+£0.62 +0.87 +0.90 +0.65 | (80%) of cases (for the worst case) in a trial setting of large transla-
+9 -0.01 0.18 0.07 0.22| 39/50 tions and rotations. This percentage could be improved at the
+0.76  +0.82 4+0.72  +0.58 | (78%) expense of longer computation times. Results seem promis-
+15 | -0.07 0.16 -0.08 0.17] 38/50 ing and should be confirmed on more experimental data.

+0.89 +0.81 +0.92 +2.59 | (76%)
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