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Abstract

The study of high-resolution three-dimensional macromolecule structure plays an im-

portant role in the analysis of the function and metabolic pathways. Many macromolecule

structures can be obtained by cryo-EM density maps. But high-resolution three-dimensional

structures are still difficult to achieve. On the other hand, The individual components of

macromolecules can be obtained by crystallization, NMR, or protein structure comparison.

How to properly fit these high-resolution components into macromolecules is a very compli-

cated problem. This problem can be described as image processing problem. In the process

of assembly of biological macromolecules, The feature points method is used by most re-

searchers. The existing research methods are always based on the feature points within the

geometry, In this paper, we propose a new method which uses the Gaussian curvature of the

geometric surface and the optimizing model. Numerical experiments show that our method

is effective.

Keywords: cryo-EM; Gaussian curvature; feature points; biomacromolecules assemly;

Optimization model
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1. 8��5!� gÆ1gW�+r"A�B�g,�B�VF*�Uz��. l-gr"��6�^wb 1895 �j#
E X IH. ��P8?Nrh��: X IHtyg�6?N��IeAv?N�=O?N�O0=?NBGyr�?(D"?Ni. De Rosier B Klug �
1968 ��Gr�D"?(U1gsL, }M+ 1974 �, Taylor B Glaeser M�[Gyr�rh. 1984 �, Dubochet i
#[m}4'|gk-rD"�6�, 1M[k-r�gr"SY.|1i�W�Æ16��k-r�/v, 1�k-r�?(U1ebg?(Æ171fz�}/�!�� g,��9TÆ1Xfz*�℄= [1,2]. d'g\�� gg[}1�\6��<Æ��NMR�7^
OÆ1�
i�� [3] eb, 9T[}gÆ11���:Æ1�, ^
O, ^
OlFg�F8, A��ii. 	9T!� gg1�Æ1�Fbk-r�gA�v��Q [4−9], $6�eb}&�AgP8Æ1 [10,2] B*z_/g�AÆ1, ()G*N8g,��_. �<B6��<x4g�Pg��TE. 1�, �<exgty6���!ty_/gBRg [11,2]. l�o�, �!� g��Æ1�k-r�?(U1v��BtyP8�IÆFg�~���
1GB [12−19].
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2. 4�/C�:r�&
Wriggers[20] i4� 1999 �
#[�!� g��Æ1
Fb
k� gr�v��g

Situs Bk�, Wriggers g��\e�PYYVg��, n�s�PYYVg��L�o&upYÆk-r�v��g�N, �S|����YÆ!� gg^
O7qe. FM��?pYÆ�Bg�N. Grigorei4 [21] � 2010�3��n^BE�:{i)g�� (watershed

and scale-space filtering). �sg*���;B: dC��n^���v��N�b�#, 1M�E�:{i)g���b�j. 1M	q}1��Fbv��Q. Hugo i4 [22] 3�[#yg��, ℄\�sz4eb(&^
O (7qÆ1) F{gR�5?. 2015 �, R}.�er"j+ science F
#/3 [23,24], �k/�d[�<k-r�rh�;g	�|����� gg?(Æ1, ("�PÆ1�b[KA�;, :j[|�����℄V RNAGb|�ge�gJ. 2016 �, r"4 dQ�;G HIV ���^
?'�J�e1℄�Bg!� gÆ1� [25]. �y\+ 2016 �, r"4 �;GYd�W��F8g!� gÆ1 [26].

Takeshi � 2008 ��G�!q`F~_m�[�3
 [27]. �gy�;B:1. �Bek-rD"�gv���<!q`F~_YV&plg!q�-. 2. 	^
O7qeÆ1|�<!q`F~_YV&plg!q�-. 9yW1�zebplg!q�-, $6�m��. ℄\�sL�m�>gW� – nz'W�\�>gÆ1. Topf i [28] � 2008��G}SgF��u�0lu~�0q��lQV�~
�b�xQog���G}SYg =BAV (refine) ��. Zhang i4 [29] + 2010 ��	Q8Tg��)G[}S�S�(1� =g��. �sg��dC�PYYVg���%	v��B^
O (7qe) YV&o&�?p, 1MN�	Q8T~_. 2015 �n�wi [30] N�k-r�rh�;[��� gguD�F�g?(Æ1, dQ:_[��F8+x�℄�Ya<BQg[P�'aVg�Æ1gJ.+W�A��g�[�<BQ, W1�r"7z℄�b�?pg��. �/�G}Se�^
O#y!q)gg��ÆF�V~_v��?p. �?p\�NJJQ}&5~g�, ���Ng?(U1i�HWn�. 9Lg�?p\�Nv+��PF�V
Wg%1kHp, �pFEg [31]. +(S�YB�?p℄�DU?goD2v�?+�. E�g�?pXze�?&�y: �NgoD�?, �Ng\��V�m�Y�i. e��NZ�g�VgXz���: Harris y�Moravec yB Susan y. SIFT �?p\� Lowe �GBg [32].By�H)ggo&Uz�: )g\8S)y�)B�gUz�F}. )ggv�\, +)y S g6�}p x(u, v) g!�yFv�}&He�Y W , >F& Weingarten �Y,Ve
W (xu) = −nu,W (xv) = −nv,�o��!�yFg6D}&PY t = axu + bxv , �

W (t) = −anu − bnv.9yv�g�Y�)y4kgn/75, (" Weingarten �Y\e0qgHe�Y, ��YgW&T�?H k1, k2 >&)ygX)g. )yg!q)gv�&
K = k1k2.
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K =

k1 + k2

2
.

3. 4������
3.1. '�{9w�y�k(gJJ/\+ linux ?�B�?g. dC	!� gg^
OÆ1YV&k� ggv��Æ1. 9}/�g\ Situs >��Qg pdb2vol 9&}`, +YVgSL�vg+H/\ 3Å, �gA>k/\!q6QA>k

G(x, y) =
1

2πσ2
e−

x
2+y

2

2σ2 . (3.1)9Lg σ = 8.826Å. 9L�YV&B�� $�g\?H7H. �BB� Chimera >� [33] P?Æ1�iHyg $. Chimera >�\}=�
;�gy_Ng6`V>�. P? $M�T& obj $X. 9&$Xg/���?1��::1  $gup, 2  $upg�PY, 3 ?�a $g℄=. �BB�5seqWg shell ���t�+upB?�a $g℄=, �%T�+W& txt /�Q. � 1 #Z 1CS4 ^
Og�#y $�, 9Lg#y $Kg\^
O� Situs >�YV&k-r�gv��, +YVgSL&[ty��+�v& 3, &[�Tx^
O�DWQ}M�n/giHy��Qaw/v.

� 1 _�P�	hl.s�w���=7R�Nh$zjIz!%
3.2. u�;�	+t�{#��(!q)ggHAV��!� Gauss-Bonnet vJ, ?�a $Fg!q)gHAV;B:



2 � �* j: ~Tf���q��hQ9X�d\�� 159+80)y+p P Jg!q)g6��.X [34,35,36]

KG(P ) =
3(2π −

∑

θi)

A(xi)
(3.2)tyeb.9Lg θi \�� (∠QiPQi+1), A(xi) \$3p P g#yg?�a $gyjhB, Qi,

Qi+1 \?�a $gW&up.��)yg�g4k#Z z = z(x, y), !q)gg_/ty.X\:

K =
rt− s2

(1 + p2 + q2)2
. (3.3)�Q p = ∂z

∂x
, q = ∂z

∂y
, r = ∂2z

∂x2 , s =
∂2z
∂x∂y

, t = ∂2z
∂y2 .�/Q)g;:p�pb!q)gX\�/)g, 0)gKg\!q)g.

a b� 2 6thz(Hh*hC�<*hh���. (a) z/Y (3.2) zh�& x
2 + y

2

4
+ z

2

9
= 1 hIB"r*h�.� (b) ℄�& x

2 + y
2

4
+ z

2

9
= 1 h�< (/Y (3.3) ) "r*h�.�� 2aB� 2b,p{[�kHtyg)gB�;g)gg8%. � 2a\�kHg��tyg�%� x2+ y2

4 + z2

9 = 1g!q)g�-,� 2b\��;g��tyg�%� x2+ y2

4 + z2

9 = 1g!q)gg�-�. R9W��6�2b: kHtyB�;tyg)gg�-8f\}yg. ℄\!q)gg*�kH�}v8%, �kHgty��eGBgÆ:�W. 96�B:8gT+�5?. �<�;5s
E�kHtyg��ebg!q)gB_/!q)gg8%+W���.

3.3. |-~�zy{��,{t�{#��(��� Chimera ebg $g.�HW, O;: �g?�a[��g?��g8,HW.9Ve!q)g�℄�;W,9L`GE9S$>$`�)g& 0. 9yJJ)ggty71�.�, &[}Q.�6�3�;B��:



160 lIuz�uzh	 2017 �dCtyoD�#ygq}&pg)g, 1M�6o}ok�k. +G� rn &up. 1MuGq}&upg%a_�gp, Æ }�+ r = 5, 9&k(B!��Qaw. 9Seb}&&> C, Ci,j \up+u~Æ$�gup��. �S, eb�F��g!q)gg&>+�wm G, Gi,j \��upg)g. +9}/&[�xU�ty, 	�}&upGE++�g℄�g$>�a}S$>, ��gzR&>QEt. 	q&upg℄�g��upg)g'�/H1M�)p P . � 3 \tygk-r�BgoD�v��g)g�-.

a b� 3 Q9X�dl.s�w��h"r*h�.�. (a) _�P 1d1r hl.s�w��h*h�. (b) _�P 1xck �GjIzl.s�w��h*h�.
3.4. )?}{3$�?pgn/�m�?pg_/v+�;Uz. 9Lg�?p\!q)g�
Wg�Y#{DoDÆ1gp. O;: 5S�
<g�exW�kSL6�Y#�?p. ��)y6QV�M, !q)gyGBz+ 0 ��, }�!q)gg.�HzQ� 1, 9yaM;:�?p���)g-�Y\+_/g. ;:*4eoDQ[�m�oDQ[&%[g%gl�ygp, �o$*z_/}T. gF, �?pgn//W;Bo/:/W}, tyoDQ[./W	, �oDQ[&%[, �^`H (*�TE\aGBg) &Æ m%. +%g�y(")g��
Wgp$\�?p./W?, W&oD�z+� 5 &,H�
W�"�+)ggWgÆ$�gup.

3.5. )?}{ �&[YVW&k(lF – !� gg^
Ok(B�k-r�ebgv��, ebW&lF w
pr
i , �Q i ∈ {1, . . . , N} B wem

j , �Q j ∈ {1, . . . ,M}, 9L�?pg��TxF\5}&l�K"�I I :i → j B}&V RMSD lQg�Y. ��}&)vglF I, l�g�Y6��lY&> R(I) B��PY t(I) �<lQ	A�eb, 1�9y℄� M !
(M−N)! �SK



2 � �* j: ~Tf���q��hQ9X�d\�� 161"�I I, nV\HQgp&lF, tyY|\HWg, +6�f. TxF?��?p��$i3/v �'xgb&e��. �BB)G9?��?pg��g��.9Lz�S4e)gB,H, *���;B: dC+lF w
pr
i FnG�?p, oDQ[

O
pr
1 $\}&�?p, �anG)g�
W� n & (9Lg n }�+ 5), (tyq}&�?pboDQ[ O

pr
1 g,H, 1MTIBBw& Mi. �9&,H�6RWbQgok�k, lMR9 n &�?pQnG 2 &p (�W&), +�wm s1 B t1. By\+lF wem

j F5��g�?p, m}&�?p\oDQ[ Oem
2 . 1MtylF wem

j Qq}&�?pboDQ[ Oem
2g,H, (�T Nj . ���p M1 gp+;Bg.XL:

min d1j = |m1 − nj |+ |g(m1)− g(nj)| (3.4)

s.t. |m1 − nj | ≤ 2 (3.5)

|g(m1)− g(nj)| < 0.05 (3.6)

ni ∈ N (3.7)

g(nj) ∈ G (3.8)9L m1 \^
OFg�?p, nj \k-r�v��g�?p, g(m1)\^
OFg�?p��g!q)g, g(n1) \k-r�v��Fg�?p��g!q)g, N \BAklF, G \�?p��g)gglF.�SmiFyg��'GBg�M1 ��gp}�$�W?&,wmi9T��glF& Sem
1 , n/,HoDQ[�
#gupn&�?p. �y� M2 ��gup|\9o'g, 5swmi9T��glF& T em

1 . 9SL Sem
1 B T em

1 Qgup+%}. 5sty Sem
1 Qq}&upb T em

1 Qq}&upg,H, 9y5seb}&�5 Sem
1B T em

1 g,H&> ST , 9&&>gbB\�%& |Sem
1 | B |T em

1 |. PS, tyoDQ[ O
pr
1b Oem

2 g,Hw& do1o2 . �BB+&> ST Q5� do1o2 l��g�v.

min |do1o2 − STi,j | (3.9)

s.t. i ∈ {1, 2, . . . , |Sem
1 |} (3.10)

j ∈ {1, 2, . . . , |T em
1 |} (3.11)

do1o2 \tyoDQ[ O
pr
1 b Oem

2 g,H, STi,j \&> ST gm i bm j \g�v, |Sem
1 | \lF Sem

1 g�v&k, |T em
1 | \lF T em

1 g�v&k. 5s	5bg� s1 B t2 ��pwm
s2 B t2. 9yWj��up$5b[, �s�%\ {O1, s1, t1} B {O2, s2, t2}.

3.6. )?}{s
��	+{s
�F}5sebg w
pr
i , i ∈ {1, . . . , N} B wem

j , j ∈ {1, . . . ,M} gWj���?p, �s�%\ {O1, s1, t1} B {O2, s2, t2}, 5sN�Byg�� (3.7), 'G���?pglY&>
R(I) B��PY t(I). 1M*� R(I) B t(I) n�b�BgoD�.

3.7. 2B�>�!71�{"�L X1, X2, . . . , Xn B Y1, Y2, . . . , Yn �%\ X B Y ��^
Og�g?(p". +B



162 lIuz�uzh	 2017 �yg�">kQ, R \}& 3× 3 gF^glY&>, T \��PY [37]. si,j ���Y.

min

nx
∑

i=1

ny
∑

j=1

si,j |Xi −R(Yi − T )|2 (3.12)

s.t.

nx
∑

i=1

si,j ≤ 1 for j = 1, . . . , ny, (3.13)

ny
∑

i=1

si,j ≤ 1 for j = 1, . . . , nx, (3.14)

si,j ∈ {0, 1}. (3.15)v� X B Y &:

X =
1

n

n
∑

i=1

Xi. (3.16)

Y =
1

n

n
∑

i=1

Yi. (3.17)+.X (3.12) Q, T = Y −RtX. lY&> R 6���A� φ, θ B ψ[38], #Z;B:

R =







cosψ cosφ− cos θ sinφ sinψ cosψ sinφ+ cos θ cosφ sinψ sinψ sin θ

− sinψ cosφ− cos θ sinφ cosψ − sinψ sinφ+ cos θ cosφ cosψ cosψ sin θ

sin θ sinφ − sin θ cosφ cos θ






. (3.18)��lY&>\�HeB��>g, �/G [39] 5s6��<;B#UXv�t�k4k

ξ, η, ζ, χ :

ξ = sin
θ

2
sin

ψ − φ

2
, (3.19)

η = sin
θ

2
cos

ψ − φ

2
, (3.20)

ζ = cos
θ

2
sin

ψ + φ

2
, (3.21)

χ = cos
θ

2
cos

ψ + φ

2
. (3.22)lY&> R 6��t�k#Z;B:

R =







−ξ2 + η2 − ζ2 + χ2 2(ξχ− ζη) 2(ηζ + ξχ)

−2(ξη + ζχ) ξ2 − η2 − ζ2 + χ2 2(ηχ− ξζ)

2(ηζ − ξχ) −2(ξζ + ηχ) −ξ2 − η2 + ζ2 + χ2






. (3.23)TxF, t�k(+\}Pg�s�;Bg5?:

ξ2 + η2 + ζ2 + χ2 = 1. (3.24)
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C =

n
∑

i=1

(Xi −X)(Yi − Y )t. (3.25)�"\lQV�">k. 9$fztyF^g R B t V�">klQ. �<F^gty6�eb (ξ, η, ζ, χ)t \&> P glW�?Hg�?PY. 9L p \ 4× 4 g�>&>;B:

P =













−C11 + C22 − C33 −C12 − C21 −C23 − C32 C13 − C31

−C12 − C21 C11 − C22 − C33 C13 + C31 C23 − C32

−C23 − C32 C13 + C31 −C11 − C22 + C33 C12 − C21

C13 − C31 C23 − C32 C12 − C21 C11 + C22 + C33













. (3.26)9Lg Ci,j \&> C gm i b, m j \g�v. 5s6��&> SVD ��'lWg�?HB�?PY.

3.8. ��Æ��=%Æ��/�~
k( (2RECg}�S) B;Tk( (emd-1005)wE��g_/e.~
k(Æ:;� 4 �Z: ZCpBCCp#Zg�%\ 2REC }�Sg^
OB��gk-r�v��, JCp#Zg\�<lY��Mg�N. �<�

ElYB��Mg�N��"�N�;1F.

� 4 ��fhl)�;: [DqCDDq$[h�&℄_�P 2REC h~�TC�	hl.s�fhw��, KDq$[h℄�=mZ��Nh�O



164 lIuz�uzh	 2017 �;Tk(\: 5sR EMDB k(;Q�n[}Sr";�gk-r�v�� emd-1005.

emd-1005 \ E.coli70S � g& 14Å gA��. 9&Æ1+ PDB k(;Qg^
O��&
1ML5.pdb. � 5 \�5sg��tygÆ:B;TÆ:�
g6`VDZ. �Q� a \�5sg��tyÆ:, � b \;TgÆ:. R�F6�2G^
OÆ1(p��. =b�I�gk-r�v��Q, T+}v:8. ��P8W� =bk-r�v��\}&H�(g3
, Jmb}?\gtyB~_, ��\�?pgn/B��3
. e�oD�#y)ggn/v�g�?p, &�3
V1[e�oD�#y =gr"��. 5sI℄�<+�ÆQB��5sg��, ��}v℄�!.

a b� 5 :X��℄6thuz�;C<U�;h��. �R� a C� b ℄S EMDB l)<RR	,h emd-

1005, Mzh_�P℄ 1ML5.pdb. � a ℄6thuz�;, b ℄`0�;. 7�3H�;J9,X.

4. �����/5s�G}SYge��?pgP8W�[���, ���e�^
O7k-r�v��g#y)g�m�?pF{g,HioD�g4��?. P8W�g?(U13
�M�
?�, <B�(. 5s�<tyk-r�v��g#y!q)g, �)gB,HB#Z8S^
OBk-r�v��g�?p. +�%5b�?pFM, N��Pg�V~_B��^
OBk-r�v��g�?p. eb��g�?p�M, �e�lQ	Ag��BlYB���?p. ��eblY&>B��PY, ��&>BPYn�b�Bg^
O7���gk-r�v��, lMeb�rgW�[�Æ:. kHTw#{���gA&<Be�_/�R.
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