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Figure 1: An example of icosahedral virus structure and its asymmetric subunits

Abstract

In this paper we present an automatic algorithm to segment the asymmetric subunits of an icosahedral density map. This
approach is readily applicable to the structural analysis of a broad range of macromolecular structures that are reconstructed
using the cryo-electron microscopy (cryoEM) technique. Our algorithm includes three major steps: the detection of critical
points, the detection of icosahedral symmetry axes, and the segmentation of asymmetric subunits. The experiments on the real
molecular density maps reconstructed by cryoEM technique as well as the synthetic maps calculated from the Protein Data

Bank (PDB) demonstrate the high-quality performance of our approach.
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1 INTRODUCTION

The three-dimensional (3D) structures of molecules are very important for us to study the functions of molecules in man
applications. Although the structures of most existing proteins are solved by x-ray crystallography or NMR spectroscopy, the
do not give the full picture of a functional biological complex. The study of large macromolecular complexes, such as viruses
ion channels, the ribosome and so on, offers a more complete structural and functional description of the protein machinel
However, it becomes much more difficult to crystallize such large macromolecular complexes. Therefore a non-crystallograpt
technique using cryo-electron microscopy (cryoEM), commonly knowsirgge particle reconstructigrprovides a powerful

tool in revealing the structures of large complexes at sub-nanometer resolutionsz(ﬁ[l,lm 16]. By this technique, the 3D

structural maps, representing the electron density of molecules, are computationally reconstructed from 2D projection imag
collected by transmission electron microscopes. The major difficulty of this technique, however, is the unknown orientation:
of the particles that "float” in the vitreous ice. Hence, many of the existing macromolecules solved by this technique rely muct
on the symmetry of the structures being studied. In the present paper, we focus on 3D maps of icosahedral symmetric vir

structures.

The reconstruction of the 3D density map of a macromolecule is certainly not the ultimate goal in a biological view of point. We
actually have to explore or interpret the detailed structure inside the whole density map. To this end, the segmentation of ea
individual subunit plays a crucial role in the structure interpretation of a map. In particular, the segmentation of an icosahedr:
map includes two major tasks: the detection of icosahedral symmetry axes, and the segmentation of each asymmetric subu
As an example, Figure 1(a) shows the outer capsid layer that is segmented from the whole density map of the rice dwarf viru
A mesh is incorporated showing the icosahedral symmetry. Figure 1(b) illustrates the segmentation of a total of 60 asymmett
subunits, each of which consists@% trimers. Each trimer can be further segmented into three identical monomers. Each

monomer, as shown by iso-surfacing in Figure 1(c), is known as the fundamental protein that constitutes the whole virus [23
Such a hierarchical decomposition provides us a very clear picture about the whole virus structure. The segmented monon

can be further analyzed to reveal the type and functions of the protein but this is outside the scope of the present paper.

Current efforts on the decomposition of an icosahedral map largely rely on manual work with an assistance of a graphic:
user interface [23, 4]. To accomplish an automatic segmentation, we propose in the following a variant of the traditional fas
marching method [11]. we also present an efficient way to detect the symmetry axes of an icosahedral map. An automat

method for seed detection is discussed as well, based on an anisotropic vector diffusion.

The rest of this paper is organized as follows. We begin in Section 2 with an automatic way to detect the critical points of
scalar map. Then we propose a fast method in Section 3 to detect the icosahedral symmetry. Section 4 details the algorith
that segment the asymmetric subunits from the whole icosahedral maps. Various experimental results on both real and synthe

data will be shown in Section 5. Finally we conclude this paper in Section 6.



2 DETECTION OF CRITICAL POINTS

In general, the critical points of a scalar map include three types: maximal, minimal, and saddle. However, only the maxime
critical points are of interest to represent the structures, due to the special property of molecular density maps. This type |
critical points can be easily computed from the local maxima of a given scalar map. Since noise is always present in the origin
maps, a pre-filtering process should be applied. A filter can be either linear or nonlinear. A linear filter (e.g., Gaussian filtering
may destroy some weak features and hence eliminate some critical points. A nonlinear filter [9, 17], however, tends to “flatter
a region, yielding many unwanted critical points. In this section we propose another type of filtering, based on the gradier

vector diffusion, and extract the critical points from the diffused vector field.

In general, the gradient vector field generated directly from the original map suffers from noise and cannot be used to detect t
critical points. In [18], the authors described a diffusion technigue to smooth gradient vector fields. The gradient vectors ar
represented by Cartesian coordinates and a set of partial differential equations (PDESs) are separately applied to each compol
of the vectors. The equations are linear or isotropic, and therefore inherit the drawbacks of most linear systems. Another wi
to diffuse a gradient vector field is based on the polar-coordinate representation of the vectors [20, 21]. The drawback of th
method is its computational burden due to the efforts that have to be made to deal with the periodicity of orientation. In th

following we propose a set of anisotropic diffusion equations and attempt to address the afore-mentioned problems:

du — div(g(a) - Ou)

& =div(g(a) - Dv) 1)

dw — div(g(a) - Ow)
where(u,v,w) are initialized with the negative gradient vectors of the original mgps.is a decreasing function ardis the
angle between the central vector and its surrounding vectors. For instance, we cag(@efiag follows:
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wherek is a positive constant ands stand for the central vector and one of the surrounding vectors, respectively.

Once the gradient vector field is generated and diffused, we can detscitfoepoints, as defined below:
Definition: A point is calledsourceif none of its neighbors points to it. In other words, a pa¥is asourceif and only if, for
any neighboB of A:

Vs-BA<O 3
whereV is the diffused gradient vector BtandBA s the vector fronB to A. All the sourcepoints are regarded as the critical

points, which will be frequently used in the following.



3 DETECTION OF ICOSAHEDRAL SYMMETRY

The symmetry of a shape or object provides fundamental information for shape recognition. The problem of symmetry detectic
is hence critical in many applications, and has been extensively studied for decades in computer vision. The symmetry detecti
may be defined differently from one application to the other. Given an object, for example, one may ask: (1) Does this objec
exhibit certain symmetry? (2) If it does, what type of symmetry is it (reflectional, rotational, radial, etc)? (3) If the symmetry is
rotational, what is the folding number and where is the symmetry axis? and so on. A lot of work has been devoted to answerir
the above questions in the literature (see [15, 8, 19, 22, 2, 13, 5] for details). Most of the past work, however, focused on simp
objects, e.g., points, curves, polygons. In case of our macromolecular maps, we presume that the maps exhibit an icosahe
symmetry. Therefore, the symmetry detection can be simplified so that we only need to locate the 5-fold rotational symmetr
axes. In addition, we assume that the center of the given map is always identical to the center of its corresponding icosahed

This requirement is always satisfied in the maps that are reconstructed by the cryo-EM technique.
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Figure 2: Rotation about an arbitrary axis

Given an axidg ¢ passing through the origin, wheeand¢ are defined in a classical way (see Figure 2) such@raf—r, 71}
and¢ € [—m/2,/2], a 3D scalar mag (') is said to have a 5-fold rotational symmetry abbyy if the following equation
holds:
f(r) = f(Rg,¢,2n/5) - T), for vr 4)
where the3 x 3 matrix Rg ¢ 4) is defined as the coordinate transformation that rotates a point counterclockwise about an axis

lg,p by an angle ofr. In particular, the matriR g 4 ) is composed of five fundamental coordinate transforms:

coga) —sin(a) O
Rega)=A B[ sina) coga) 0 |-B-A (5)
0 0 1

where matriced\ andB are defined as:
cog6) sin(6) O

A=| —sin®) cogd) 0 (6)
0 0o 1



and

B= 0 1 (7)

si(Z—¢) 0 cogZ—¢)

In order to detect all twelve symmetry axes, corresponding to the twelve vertices of an icosahedra, one can simply correla
the original map with its rotated map and search in the resulting correlation map for the peaks [8]. Obviously this method ha
a very high computational cost, as the time complexit®{8/M), whereN is the number of voxels anldl is the number of
angular bins used. In our applicatids,may be as big a812 andM is about 46,000 (we take a uniform sampling on a sphere
with a radius of 200-voxel size). Although a number of techniques can be employed to speed up the searching process
reducing the number of the angular bins (e.qg., principal axis method [15] or hierarchical approach), it is still exp&hgve if
very big. In the following, we introduce another way for fast detection of rotational symmetries, given that the folding number
is known. Basically the idea is to redubk the number of voxels to be tested, by restricting the correlation only to a subset
of the critical points instead of the whole set of volume. Let us denotg by= 1,2, -- -, p all the qualified critical points and

by Bj,j =1,2,---,q all the angular bins. As detailed latgrcould be very small by taking only a small subset of the critical

points. The algorithm to detect the 5-fold rotational symmetry axes is described as follows:

1. Compute the scoring function

For everyBj,j=1,2,---,q, compute the correspondirtyy, ¢; and do(a)-(b).
(a) ForeveryGi,i=1,2---,p, do(i)-(ii).

i. compute the rotated points Gf:

—

M(Gi,Bj) = Rg,.¢;.2kn/5) - Ci (8)
wherek =0,1,2,3,4, andRis defined in Eq. 5.

ii. Calculate the deviation dff (fi), k=0,---,4} by:

14 . -
Dev(Ci,Bj) = ¢ > If(k(G,B;)) | ©)
k=
wheref is the average of f (1), k=0, ---,4}.
(b) Compute the scoring function for each B

SF(B)) = 1 3 Dev(C: B)) (10)

N T ev(Gi,B;

J pi; J

Apparently a smaller score indicates a better chance for that bin to be selected as a 5-fold symmetry axis.
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Figure 3: Detection of 5-fold Symmetry axes

2. Locate the symmetry axes
Search in the scoring function m&#(B;), j = 1,2, - - -, g for the twelve angular bins with the smallest scores. However,
these bins cannot be too close to each other. Otherwise, the one with larger score is discarded and the searching contin

until all twelve bins are located.

3. Refine the symmetry axes
The twelve bins obtained may not form a perfect icosahedra. To refine the symmetry axes, we consider each of the:
twelve bins and rotate the other eleven bins by a certain amount towards the bin under consideration. This amount shot
depend on the relative positions of the other eleven bins to the one being considered. For a perfect icosahedra, a
vertex has five (equally) nearest neighbors, five more next-nearest vertices and one farthest vertex. Hence, the amount:
rotation would be 63.43, 116.57, and 180 in degrees, respectively. Once we rotate all the bins, we then take the avera
of the new coordinates of the rotated bins (including the bin being investigated) as the new position of the bin beinc
considered. By this way we can find the new positions of all twelve bins. This constitutes one round of the refinemen
step. It should be repeated until no significant changes happen for all twelve bins (e.g., the total displacement of a

twelve bins on the sampling sphere is less than 0.1 between two neighboring refinements).

As an example, we show in Figure 3(a) the (inverted and normalized) scoring function of the outer capsid layer of the ric:
dwarf virus (RDV) map [23]. We can clearly see the "peaks” with high contrast. The corresponding symmetry axes can be see
in Figure 1(a). To demonstrate the performance of our algorithm, we test on the same density map of RDV but with differen
numbers of critical points. The total number of critical points on this map is 36,161. We can choose only a subset of the critice
points by requiring that the density on the critical points should be larger than a threshold tetg), In Figure 3(b), six

sets of critical points are tested. For each set, we can detect the twelve best symmetry axes by comparing their scores.
Figure 3(b), the scores of the selected symmetry axes are shown in the lower-left window, while the maximal score over all t
angular bins for each of the six tests is shown in the upper-right window. The legend gives the number of critical points and th

corresponding threshold for each of the six tests, provided that the original density map is normaletb& [From this



figure, we can see that the number of critical points does not significantly affect the resulting scoring functions. Interestingl
the detected symmetry axes (data are not shown here) agree perfectly on all six tests, meaning that the total displacement o
twelve axes on the sampling sphere is less than 0.001 voxel between any two of the tests. Figure 3(c) shows that the typi
number of refinements, as described in the third step of our algorithm, is no more than 5. The four datasets we test here will |

revisited with more details in Section 5.

4 SEGMENTATION OF ASYMMETRIC SUBUNITS

Before we describe the algorithm for segmenting the asymmetric subunits of an icosahedral map, we briefly review the wel

known fast marching method and introduce a variant of this method.

4.1 The Fast Marching Method: A Variant

The fast marching method [6, 11, 12] is a simplified variant of the level set method [12] but it is much faster than the latter one
The basic idea of this method is that a contour is initialized from a pre-chosen seed point, and the contour is allowed to gro
until a certain stopping condition is reached. Every voxel is assigned with a value tia&eavhich is initially zero for seed
points and infinite for all other voxels. Repeatedly, the voxel on the marching contour with miimimeaklue is deleted from

the contour and theémevalues of its neighbors are updated according to the following equation:
IETM)I-F(F) =1 (11)

whereF (F) is called thespeed functiorthat is usually determined by the gradients of the input maps (&(g),= e @/9'll,
wherea > 0 andl is the original map). The updated neighbors, if they are updated for the first time, are then inserted into the

contour.

The traditional fast marching method is designed for a single object segmentation. In order to segment multiple objects, such
the 60-component virus shells or 3-component molecular trimmers, one has to choose a seed for each of the objects. Howe
assigning only one seed to each object may cause a problem. As shown in Figure 4(a), we consider an image consisting of t
components. Two seedsandB are chosen as seen in the figure. If we let two contours, starting Aramd B respectively,
grow simultaneously and independently, we may see that the contouBfraeche<C before the other contour frov does
so. This apparently causes a wrong segmentation of the two components. To remedy this problem, we describe in the followil
an approach based on an idea of "re-initialization”. Before we go into the details, we introduce a comcamtfg distance
Definition: Given a 3D scalar functiori(F), the marching distancéetween two point#\ andB in the function domain is

defined by:

MD;(A,B) =Min{ [  €PTMlds} (12)
A—B



where [, g is the integral along a path frofto B. The minimization is conducted over all the paths frano B. In particular,
if f(r) is constant, thenarching distancés degraded tdcuclidean distancer geodesic distancalepending on whether the

paths are constrained or not. It can be shown thatrtheching distanceatisfies the properties of a classical metric:
e d(x,y) >0, andd(x,y) =0&< x=Y.
e d(x,y) =d(y,X).
e d(x,y)+d(y,2) >d(X,2).

The discrete form of Equation 12 is as follows:

I0f A 4 glof®)]
B 2

B
MD¢ (A,B) = Min{ § €7 (13)
r=A

The second term on the right-hand side of Equation 13 is used to guarantdisdhete marching distanceatisfying the
properties of a metric. Again, the minimization in Equation 13 is conducted over all the path&\ftof, where the paths

may be defined on the basis of 6- or 26-voxel neighborhoods. Since the volumes under consideration are always digitized, \
always refer to theiscrete marching distanceghen we speak of the marching distance. By definition, the marching distance

is analogous to the arrival time of a contour, starting from a seed, at an arbitrary point.

(a) problem (b) solution

Figure 4: A variant of the fast marching method

The problem seen in Figure 4(a) can be rewritten d&(A,C) > MD(B,C). To remedy this problem, one can divide the
marching distancéD(A,C) into a number of small pieces by casting some critical points, denotdd; by=1,2,---,n,
orderly on the path fror to C (see Figure 4(b)). In terms of the fast marching method, the arrival time of the contour starting
from A is re-initialized to0 at the nearest critical poifd; of A. Similarly, the arrival time of the contour starting frdi is
re-initialized toO at the nearest critical poi, of Dy, and so on. By this way, the correct segmentation can be achieved as

long as enough critical points are used such that the following condition hold3y(tetA andDy, 1 = C):

Max{MD(D;,D;j1),foralli=0,1,--- ,n} < MD(B,C) (14)

The above "re-initialization” idea can be simply implemented by regarding all the critical points as seeds. In other words



each component (object) will be assigned a number of seeds instead of just one seed. Every seed initiates one contour anc

contours start to grow simultaneously and independently. Two contours corresponding to the same object should merge ir

one contour, while two contours corresponding to different objects should stop on their common boundaries. Unfortunately, w

do not have any explicit clue about the correspondence of the critical points (seeds) to the objects. In case of the example s¢

in Figure 4(b), all we know for sure is thAtandB belong to the upper and the lower objects, respectively. Hence we have to

find a way to assign the membership of each of the other critical points to one of the objects that we want to segment. Give

that at least one seed has been assigned to each object, we summarize in the following the overall algorithm of our propos

variant of the fast marching method:

1. Detection of the critical points

This has already been discussed in Section 2.

2. Classification of the critical points

(a) LetCi,i=1,2,--- K denote all the critical points with unknown membershiK I¥ 0, we take alCi,i=1,2,--- K

(b)

(c

~—

as the seeds and run the traditional fast marching method until a point with known membership is visited. Denote

this point byP.

The fast marching method producesirae map, representing the arrival time on every voxtghé€ is infinite for
unvisited voxels). We start frofd and trace downhill by deepest gradient scheme to the valley of this map. We can
prove that we must end up at a critical payti’ € {1,2,---,K}, whose arrival time is zero. Apparently the arrival
time atP gives themarching distancéetweerP andC;.. In other wordsC; is the nearest critical point &, where

P has a known membership whi does not. Based on our previous discussion, we can assign the membership of

PtoC.

Repeat(a)-(b) until K = 0. This iterative process can be seen from Figure 4(b), where initfalhas known
membership. All the other (red) critical points are assigned memberships by marching back\e call this
process thdast anti-marching methqgdn contrast to the traditional fast marching method. Note also that the
obtained graph of the critical points for each object may not necessarily form a linear path, but instead form a fores

of trees in general.

3. Multi-seeded fast marching method

Once we classify all the critical points (seeds), we can follow the traditional fast marching method except the following

modifications. First, each object may correspond to a number of seeds instead of just one. Secondly, since each se

initiates a marching contour, we must attach to each seed (and accordingly, the marching contour) with a membersh

index based on the classification of seeds. Once a voxel is conquered by a marching contour, it should be assigned w

the same index of the marching contour. Thirdly, two marching contours with the same index should merge into one

when they meet, while two marching contours with different indexes should stop on their common boundaries. This



Figure 5: Index numbers of an icosahedral map

multi-label idea has been used elsewhere (e.g., [14]), but apparently the detection and classification of seeds are qu

different in our approach, as discussed above.

The above approach can be readily applied to the segmentation of layers from the whole molecular density maps. We sh
give examples in Section 5. In the following we describe how this approach is used to segment asymmetric subunits of &

icosahedral map.

4.2 Asymmetric Subunits of Icosahedral Maps

The segmentation of asymmetric subunits of an icosahedral map follows the proposed variant of the fast marching meth
except that, in the second step (classification of critical points), we should take account of the icosahedral symmetry. In oth:
words, once a critical point is assigned with a membersliig {0,1,---,59}), its corresponding 59 symmetric points (may

or may not be a critical point) should be assigned with an index differently ffosh,---,i — 1,i+1,---,59}. We label the

12 symmetry axes, as detected in Section 3§sj = 0,1,---,11} and sort them such thg6,, S, S3,%4, S} are the nearest
neighbors of, {S5,S7, S8, Sy, S10} are the next nearest neighborsSef andS; 1 is opposite td, as seen in Figure 5 (numbers

in red). Initially, all the critical points have unknown membership (indexes). We a8sigthe critical point, denoted by,

which has the highest density value among all the critical points. Then we find all the other 59 symmetric g®ants aksign

them with indexes orderly and differently frobrto 59, based on the following pseudo-C code (see the blue numbers in Figure



5 for part of these indexes):

index=1;

for(i=1;i<5;i++){
Q= R(Z)irr/S(P);
assignindexto Q;

index+ +; }

for(j=1;j <11;j++){
P'=Ro.j(P);
for(i=0;i <5;i++){
Q:R£2i+1)n/5(P/);

assignindexto Q;

(15)

index++; }}
P = Ro—11(P);
for(i=0;i <5;i++){
Q= R%iln/s( ok

assignindexto Q;

index++; }

WhereRé,(P) is the rotation o about the axi§; by an amount ofr, andRj, _.j,(P) is the rotation oP from S;; to S;,. Note

that the total number of critical points with unknown indexes should be deducted by one every tim® vgheenritical point.

Equation 15 gives the first round of assignment, which guarantees that each of the 60 asymmetric subunits should have at le
one critical point with membership assigned. Then we count all the critical points with unknown membership and if the numbe
is positive, we should regard all such points as seeds and run the traditional fast marching method until one of the points wi
known membership is visited. Denote this pointAyThen, similar tastep (2.b)of the algorithm discussed in Section 4.1, we
should start fromA and trace back to the nearest critical pointdahat has unknown membership. Denote this critical point

by B. ApparentlyB should be assigned the same indexAofNow the question is how to assign the indexes to the other 59
symmetric points oB? If the index ofB is 0, we can simply apply Equation 15 B Otherwise, we have to "'maB back to

its symmetric poinBg that corresponds to indeéx(Note that mappinddy to B is exactly what we did in Equation 15). Lkt

be the index 0B, j =k/5, andi = k— 5% j. We can see thatis the index of the symmetry axis thBtcorresponds to, while

i indicates how much we should rotate about the specifiedSiis order to mafBo to B. The following algorithm find$3,



givenB:

if (j==0)
B0 = R92in/5(B);

elseif(j <11){

B =R B);

<2i+l) 7'[/5( (16)
Bo=Rj—o(B);}

elseif(j==11){
B'=RY, /5B

Bo = Ri1—0(B'); }

whereR), (P) and Rj,—j,(P) are defined the same as those in Equation 15. Once wdfingle can assigl to Bp and run
Equation 15 by replacinB with By. The above steps are repeated until all critical points have been assigned their corresponding
indexes. Finally we run the multi-seeded fast marching method, as discussed in Section 4.1, to segment the 60 asymme

subunits.

5 RESULTS

In this section we shall test our approach on four macromolecular structures, all of which demonstrate icosahedral symmetrie
The first test is on the rice dwarf virus (RDV) [23], which has double capsid layers (or shells). Figure 6(a) shows a cross-sectio
of the original density map. We can see that much noise is present in the map and the boundaries between different layers
unclear. We apply the algorithm described in Section 4.1 to the whole map and segment the outer layer (red color) and the inr
layer (light blue color) as shown in Figure 6(b). However, the algorithm in Section 4.1 requires that, before the algorithm get:
started, at least one point (may or may not be critical point) should have been correctly assigned to each component that
want to segment. This can be done manually with little effort based on the visual inspection on the biological structure. Onc
we segment the layers from the whole map, we can focus on the layers trying to segment the asymmetric subunits from ea
layer using the algorithm described in Section 4.2. Here we only demonstrate the segmentation of asymmetric subunits fro
the outer layer (see Figure 1(a) for original map of this layer). Figure 6(c) and Figure 1(b) show the segmented asymmetr
subunits, viewed from the 5- and 3-fold symmetry axes respectively. It is worthwhile pointing out that we use five colors to
distinguish between all 60 subunits such that any five subunits surrounding any 5-fold symmetry axis should have differer
colors (see Figure 6(c)). In other directions, however, one may see two adjacent subunits having the same color althou
technically they have different memberships. One can certainly find a more sophisticated coloring scheme to assure any t\
adjacent subunits having different colors, similar to the well-known world-map coloring problem. Each asymmetric subunit of

the outer capsid layer of RDV consists4%f trimers and each trimer is composed of three identical monomers. The algorithm



(a) original map (one slice) (b) segmented layers (one slice) (c) asymmetric subunits (5-fold view)

Figure 6: Rice Dwarf Virus (RDV) (at resolution 6.8 A).

discussed in Section 4.2 can be easily simplified and applied to the segmentation of monomers from each trimer. Figure 1(
shows the result with three monomers colored differently. In particular, one of the monomers is rendered with its iso-surface

This structure is the fundamental protein, knowrP8swhich constitutes the whole virus structure [23].

Figure 7(a) and Figure 8(a) show the capsid shells of two other icosahedral structures, the bacteriophage P22 [4] and the sem
forest virus [7], where only one capsid shell is present in both structures. Again, we first apply the algorithm in Section 4.1 tc
segment the shells from the whole density maps and then utilize the algorithm in Section 4.2 to find the asymmetric subunits

the shells. Fig.7(b-c) and Fig.8(b-c) demonstrate the results, viewed from 5-fold and 3-fold symmetry axes.

Our last experiment is conducted on a synthetic map, which is reconstructed by applying 60 rotation matrices (available c
VIPER [10]: http://mmtsb.scripps.edul/viper/) to a crystal structure chosen from Protein Data Bank (PDB). The whole crysta
map is then blurred to certain resolution, as seen in Figure 9(a). Our segmentation algorithm described in Section 4.2 is appli
and the results are shown in Figure 9(b). In contrast, the true segmentation of the asymmetric subunits is shown in Figu
9(c). We see very little difference between our results and the true ones. To further evaluate our approach, we show in Figu
9(d) the critical structure from which we construct the synthetic map. Its blurred map is shown in Figure 9(e) and one of the
segmented subunits by our approach is shown in Figure 9(f). We can see that these two maps agree quite well with each ott
Finally we point out that all pictures shown in this section, except the cross-section ones in Figure 6, are generated by our ov

volume-rendering based software.

6 CONCLUSION

In this paper we present an automatic algorithm to detect the asymmetric subunits of an icosahedral density map. Our segm
tation approach is a variant of the well-known fast marching method, which is further adapted to incorporate the icosahedr:
symmetry in order to segment the correct asymmetric subunits. To this end, we also propose an efficient way to detect tl

symmetry axes of an icosahedral map. An automatic method for seed detection is also discussed, based on an anisotropic \



(a) original capsid layer (b) asymmetric subunits (5-fold view) (c) asymmetric subunits (3-fold view)

Figure 7: Bacteriophage P22 after the capsid maturation (at resolution 9.5 A).

(a) original capsid layer (b) asymmetric subunits (5-fold view) (c) asymmetric subunits (3-fold view)

Figure 8: Semliki Forest Virus (at resolution 9.0 A).



(a) synthetic map (b) asymmetric subunits (our method) (c) true segmentation

%R

(d) crystal structure (e) blurred map of (d) (f) one subunit of (b)

Figure 9: A synthetic map, Bacteriophage PRD1 Wt Virion, calculated from Protein Data Bank (PDBID = 1HB9).



tor diffusion. All experiments we demonstrate here unanimously show high agreements between our results and the manua
segmented subunits, as seen in the corresponding references. Our approach can be readily applied to the structure analys
large macromolecular complexes with icosahedral symmetry, which, however, is currently relying heavily on manual fashion

in the existing literature.
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