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INTRODUCTION	  TO	  PROTEINS	
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2hiu Insulin

1gcn Glucagon

1rfb Interferon

3hhr Human Growth
Hormone

2ptc Trypsin

5pep Pepsin

2dnj Deoxyribonuclease

1smd Amylase

1poe Phospholipase

5rsa Ribonuclease

Cholesterol

Phospholipid

1pth Cyclooxygenase

1prc Photosynthetic
Reaction Center

1kzu Light-Harvesting
Complex

1jb0 Photosystem I

1c17+1e79 ATP Synthase

1oco Cytochrome
c Oxidase

1f88 Rhodopsin

1bgy Cytochrome b-c1 
Complex

3cyt Cytochrome c 

1fqy Aquaporin

1bl8 Potassium Channel

1msl Mechanosensitive Channel
1grm Gramicidin

2por Porin

4hhb Hemoglobin 1mbdMyoglobin

1e7i Serum
Albumin1hrs Ferritin

1dhf Dihydrofolate Reductase

2ohx Alcohol Dehydrogenase 2gls Glutamine
Synthetase

2tsc Thymidylate
Synthase

1wsy Tryptophan
Synthase

4at1 Aspartate
Carbamoyltransferase

1rcx Ribulose Bisphosphate
Carboxylase/Oxygenase

1n2c Nitrogenase

1iat Phosphoglucose
Isomerase

7tim Triosephosphate
Isomerase

3gpd Glyceraldehyde-3-phosphate
Dehydrogenase

5enl Enolase

1a49 Pyruvate Kinase

1gax Valyl-tRNA Synthetase 1qf6 Threonyl-tRNA
Synthetase

1ffy Isoleucyl-tRNA
Synthetase

1eiy Phenylalanyl-tRNA
Synthetase

1asy Aspartyl-tRNA
Synthetase

1euq Glutaminyl-tRNA
Synthetase

1fjf+1jj2 Ribosome

4tna Transfer
RNA

1ttt Elongation
Factor Tu

1efu Elongation Factor
Tu and Ts

1dar Elongation
Factor G

1fxk Prefoldin

1aon Chaperonin
GroEL/ES2cpl Proline cis/trans Isomerase
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4rhv Rhinovirus
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1ald Aldolase

1lz1 Lysozyme

1cza Hexokinase
1pfk Phosphofructokinase

3pgk Phosphoglycerate
Kinase

3pgmPhosphoglycerate
Mutase

1igt Antibody
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1ej9 Topoisomerase

1i6h RNA Polymerase

1ais TATA-binding Protein/
Transcription Factor IIB

1cgp Catabolite Gene
Activator Protein

1tau DNA Polymerase

1lbh+1efa lac
Repressor

1aoi Nucleosome

1aoi Nucleosome

1b7t Myosin 1atn Actin

1tub Microtubule
1bkv Collagen



Func+on	  of	  a	  protein:	  
enzyma+c	  catalysis	  of	  phosphoryl	  group	  transfer 	   	  	  	

これによりATPとADPの濃度比を一定に保つことで	  
細胞内のエネルギーバランスを調整する	  
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An	  example	  of	  func+onal	  mo+on	  of	  a	  protein	

Crystal	  structures	  of	  adenylate	  kinase	  

Ligand-‐free	  =	  open	  state	 Ligand-‐protein	  complex	  =	  
closed	  state	



タンパク質の物理的特徴	

•  小さい	  
– 揺らぎの寄与が無視できない	  
– エントロピーの寄与が重要	  
– ポテンシャルエネルギーではなく、自由エネルギーで
評価	  

•  非対称構造	  
– きれいな理論は使えない	  

•  Marginal	  Stability	  
– 数KbTのオーダーで機能的運動が起こる。柔らかい。	  
– 相転移というよりはガラス的。繰り込み的なアプロー
チも使えない	  



INTRODUCTION	  TO	  MOLECULAR	  
DYNAMICS	  SIMULATION	



生体分子系のMD	  simula+on	

•  現在取り扱える系のサイズとターゲット	  
数万~数億原子	  (周期境界条件)	  
水分子・脂質を陽に含めて、酵素、膜タンパク質、分子
モーター(の一部)などを扱うにはおそらく十分なサイズ	  

	  
•  時間スケールの問題	  
数値積分の時間ステップはフェムト(10-‐15秒)秒	  
生体分子の特徴的な時間スケールはミリ(10-‐3)秒から	  
	  

•  エントロピーの寄与を正しく見積もるには、たくさんのサン
プルを得ることが重要。	  

とにかく速く計算することが求められている	



Purposes	  of	  MD	  Simula+on	

•  Evalua+on	  of	  free	  energies	  
– Conforma+on	  search	  
– Conforma+onal	  transi+on	  
– Hydra+on	  energy	  
– Substrate-‐binding	  energy	  

•  Kine+cs	  
– Diffusion	  constatnt	  
– Rate	  of	  conforma+onal	  transi+on	  
– Rate	  of	  substrate-‐binding	  



Force	  fields	  of	  MD	  simula+on	
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Ewald	  Summa+on	

離散的な電荷	

仮想的な電荷分布
の導入	

Frenkel	  &	  Schmit,	  “Understanding	  Molecular	  Simula+on”	

離散的な電荷分布を打ち消す滑らかな仮想電荷分布を導入することにより、	  
クーロン相互作用を2つに分ける	

Direct	  part	  
(遠い電荷の影響は打ち消
されている、cutoffで解く)	

Reciprocal	  part	  
(滑らかな電荷分布のみ存在。	  
メッシュで近似して3D-‐FFTで解く)	



Calcula+on	  of	  Direct	  Part	
Cutoff	  距離を設定して、その距離以内の原子ペアについて計算する	

並列化方法	  
原子分割	  (atom	  decomposi+on)	  
予め静的に原子を各ノードに割り振る	  

領域分割	  (domain	  decomposi+on)	  
原子の存在する場所によって動的に各ノードへ割り振る	  
→Cutoff内の原子が近くのノードに存在するため、並列化の	  
	  	  	  	  パフォーマンスが良い	WIREs Computational Molecular Science Algorithm improvements for molecular dynamics simulations

FIGURE 5 | Example of actual load balancing between cores in two-dimensional (last dimension not shown). Some domains are smaller and
others bigger to compensate for workload differences. For this case, the protein is significantly more expensive to calculate than the surrounding
lipids, and the water around the membrane cheapest (not shown). Although the figure shows a cubic unit cell, the same principle applies to general
triclinic cells.

dynamics should only be considered for simplified
models with fixed bonds and angles. Instead, the
most commonly used way of applying constraints is
to perform a free update step and subsequently cor-
recting for the constraints by using algorithms typ-
ically derived by applying Lagrange multipliers. The
most widespread algorithm is SHAKE,55 which is also
the one of the oldest and simplest implementation.
SHAKE iterates over all bonds in the system and re-
sets the bond length by displacing the atoms along the
old bond directions. The efficiency can be somewhat
improved by using successive over-relaxation.56 The
efficiency can be improved significantly through an
inversion of a good approximation of the Jacobian
matrix. MILCHSHAKE57 and CCMA58 are based on
this approximation.

In a leap-frog integrator, this is all that is
required. The velocities can be constrained by

recalculating them from the position differences, but
using the Lagrange multipliers is more accurate.59

With the velocity Verlet integrator, the velocities
need to be constrained explicitly and the SHAKE
equivalent used for this is called RATTLE.60 For
small molecules, an exact solution of the nonlinear
constraint equations can be cheaper (and more accu-
rate) than SHAKE; for the ubiquitous solvent wa-
ter, the SETTLE algorithm61 is a popular choice.
M-SHAKE62 shows that Newton’s method for inver-
sion can be faster than SHAKE for small molecules
and P-SHAKE63 improves on this using a precondi-
tioner.

Due to its iterative nature, SHAKE does not
lend itself well to parallelization, unless used only for
bonds involving hydrogens (for which the SHAKE
blocks can be made local). A good alternative
for global constraints is the more complex LINCS

Volume 1, January /February 2011 99c© 2011 John Wi ley & Sons , L td .

領域分割の例	

Larsson,	  et	  al.,	  WIREs	  
(2011)	



通信量を減らす工夫	

古典方法	  
(Half	  Shell法)	

ある原子間のエネルギーと力の計算はどのノードが担当するか？	

Simplified Two-Dimensional Analog

The basis for NT’s advantage is most easily understood by first
considering a simplified, two-dimensional analog of the algorithm
that captures some (though not all) of its most salient characteris-
tics, and by comparing this simplified variant with a similar analog
of the HS method. In the context of the simplified model, atoms are
positioned at various points within a plane, and the plane is divided
into a grid of squares, each with side length b. Each square is
associated with one processor, and may be identified by the coor-
dinates of its low-coordinate corner (the base coordinates of that
square). The square in which a given atom lies is referred to as the
home square of that atom. The import region is defined as that
region of the plane from which a given processor must import
position data. Finally, the square associated with the processor in
which two atoms interact is referred to as the interaction square
for that interaction.

Within the context of this model, we may define a highly
simplified, two-dimensional analog of the HS method (the HS
analog) in which the processor associated with square S imports
position data for all particles that lie within a distance R of S. The
import region of this two-dimensional HS analog thus consists of
the blue portion of Figure 1a, which has an area of 4bR ! !R2.
After this import process has been completed, the processor asso-
ciated with S is able to interact each atom A in S with all atoms that
lie within a distance R of A. (The simplified technique we have just
described in fact allows two atoms to interact within both of their
home squares, and thus includes a larger import region than is
actually necessary; in the case of the two-dimensional analogs of
the HS and NT methods, however, we will ignore this issue in the
interest of simplicity.)

For purposes of comparison, we define a simplified, two-
dimensional analog of the NT method (the NT analog) in which
any pair of atoms A and B separated by no more than a distance R
interact within that square whose x base coordinate is equal to the
x base coordinate of A, and whose y base coordinate is equal to the
y base coordinate of B. The import region of the processor asso-
ciated with square S thus consists of that portion of the “row” and
“column” containing S that lies within a distance R of S, as
illustrated by the blue area in Figure 1b. Each interaction occurring
within S will thus involve (a) one atom from either S itself or the
horizontal bar extending a distance R from it in both directions,
and (b) one atom from either S itself or the corresponding vertical
bar.

It will be noted that the import region of the two-dimensional
(though not the three-dimensional) NT analog is a proper subset of
that of the corresponding HS analog, with an area of only 4bR.
Thus, the import requirements of the 2D NT analog are always

lower than those of the HS analog, resulting in a reduction in the
amount of time required to transfer data into and out of each
processor. Moreover, as the number of processors grows large, the
NT analog offers an asymptotic advantage over the HS analog: As
the molecular system is partitioned into an increasingly large
number of boxes with a progressively decreasing side length b, the
area of the HS analog’s import region approaches that of a circle
of radius R, while that of the NT analog approaches zero.

It is worth noting that, in contrast with the HS analog, the NT
analog interacts most pairs of atoms within a processor in which
neither atom resides, as is the case for the force decomposition
methods. Because it seems counterintuitive that such a method
would result in a lower import load than a method that never needs
to import more than one of the two atoms in any interacting pair,
an intuitive discussion of the underlying basis of this advantage
may be in order. We begin by noting that in both algorithms, we
may identify two sets of atoms such that each interaction involves
one atom from each set. In the case of the HS analog, the first set
consists of only those atoms residing within a single square, while
the second is the much larger set consisting of all atoms that lie
within its entire import region. In the case of the NT analog, on the
other hand, the two sets are much better balanced in size, each
consisting of all atoms lying within a bar of area b(2 R ! 1).

The number of interactions to be calculated within the proces-
sor is roughly (and as p 3 ", exactly) proportional to the product
of the number of atoms in each set, which should be approximately

Table 1. Comparison of Asymptotic Characteristics.

Exploitable range limitation Scaling with number of processors

Atom decomposition methods None No scaling
Force decomposition methods None O(p#1/2) scaling
Spatial decomposition methods O(R3) neighbors No scaling
NT method O(R3/2) neighbors O(p#1/2) scaling

Figure 1. Import regions of the simplified two-dimensional HS and
NT analogs. The import region of a simplified two-dimensional analog
of the HS method is illustrated in (a), while that of a comparable 2D
NT analog is depicted in (b). The spatial relationship between the two
particles is the same in both subfigures, but interaction occurs within
a different square. In both subfigures, the interaction square appears in
green, while the import region appears in blue.
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Neutral	  Territory法	

Shaw,	  J.	  Comput.	  Chem.	  13,	  1318	  (2005)	



Calcula+on	  of	  Reciprocal	  Part	
•  Par+cle	  Mesh	  Ewald法(Darden,	  et	  al.,	  JCP	  (1993)) を使って3D-‐FFTによ
り解くのがスタンダード	  
•  電荷分布をメッシュ上で近似して3D	  FFTする方法	  
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しかし、一般に3D-‐FFTはtransposeの際の	  
通信量が大きく、並列化に向かない	  

•  そこで、real-‐space	  poisson	  solverを使う枠組みが提案されている。	  
	  	  	  	  	  	  (real-‐space	  Gaussian	  Split	  Ewald法、Shan	  et	  al.,	  JCP	  (2005))	  
•  Mul+grid法(階層的なグリッドを使ってimplicitに解く方法、収束が早い)が使えそう
だが、遠いノードとの通信を必要とするのでトーラスネットワークに不向き。	

•  まだ模索中。	  



RECENT	  PROGRESSES	  	



最近のアプローチ	

長時間(～ミリ秒)の分子動力
学計算を数本、高速に計算し、
タンパク質の構造空間をサン
プリングする	  
	  
とても難しい！	

統計力学理論に基づいて多数の
コピー系を連携させながら構造
空間をサンプリングする。コピー
間の通信は疎にする。	  
	  
簡単！	

単一のコピーを高速に動かして	  
サンプリングする	

多数のコピーを連携させて	  
サンプリングする	

VS	

ストロングスケーリング	 ウィークスケーリング	



拡張アンサンブル(レプリカ交換法)による効率的サンプリング	
Sugita	  and	  Okamoto,	  Chem.	  Phys.	  Le9.	  (1999)	



ストリング法	

多数のコピー系を並列に動かし、自由エネルギーの低い	  
構造変化経路を効率よくサンプリングする	

コピー間は弱く
相互作用する 

1本のパス上に配置された
多数のコピーを並列に動か
すことでサンプリング 

構造空間 

ストリング法によるサンプリングの概念図 

構造空間 

L.	  Maragliano,	  E.	  Vanden-‐Eijnden,	  Chem.	  Phys.	  Le9.	  446	  182	  (2007).	

経路積分的なアプローチ	

Y.	  Matsunaga,	  et	  al.,	  PLoS	  Comput	  Biol,	  accepted	  	



[kcal/mol]	

Alanine-‐dipep+deの例	

Z8	
Z7	

Z6	
Z5	
Z4	

Z3	

Z2	

Z1	

初期パスの準備	

あらかじめ10	  nsのbrute-‐force	  MD計算を行い
二面角上の自由エネルギー地形を描いた	



Alanine-‐dipep+deの例(続き)	
[kcal/mol]	

エネルギー的
に不安定な	  
遷移状態を	  
サンプルでき
ている	  

最小自由エネルギーパスに収束する	



An	  example	  of	  func+onal	  mo+on	  of	  a	  protein	

Crystal	  structures	  of	  adenylate	  kinase	  

Ligand-‐free	  =	  open	  state	 Ligand-‐protein	  complex	  =	  
closed	  state	



Adenylate	  kinase	  with	  ligand	  



最小自由エネルギーパスの探索結果	
リガンドなし	 リガンドあり	



α	

リガンドなしの場合のCα原子揺らぎ(RMSF)	

ドメイン間のヒンジ領域で	  
揺らぎが大きくなっている	



Open構造を安定化しているsalt-‐bridge
が壊れることでヒンジ部分が壊れる	

別の残基がリガンドとコンタクトすることで	  
ヒンジが折れるのが安定化される	

リガンドなし	 リガンドあり	

! = 21 ! = 21

ドメイン間のヒンジ領域は “壊れて”おり、リガンドがきたときに	  
相互作用を組み替えやすくしている	  →	  分子機械が普通の機械とは違う点	



AMPbdドメインはどうやって閉じるのか	
遷移状態直前	

遷移状態直後	



LIDドメイン側はどうやって閉じるのか？	



取り残された水が脱水和することで、ATPがP-‐loopにbindしLIDドメインが閉じる	



Mechanism	  of	  conforma+onal	  transi+on	  in	  Adenylate	  Kinase	



On-‐going	  works	
•  多剤排出トランスポーター(AcrB)の薬剤排出機構の解明	  

–  薬剤耐性を解決するための端緒	  

AcrB	

adenylate	  
kinase	

PDB	  id:	  1iwg	
PDB	  id:	  4ake	



X.-‐Q.	  Yao,	  H.	  Kenzaki,	  S.	  Murakami,	  and	  S.	  Takada,	  
Nature	  Commun.	  1,	  117	  (2010).	

疎視化モデルでの薬剤排出の様子	
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