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Abstract The main thrust of this contribution is to review applications of numerical simulations to biological systems over
the past 35 years-specifically classical molecular-dynamics simulations and related preferential sampling approaches aimed at
exploring selected degrees of freedom of the molecular assembly. Arguably enough, structural biology and biophysics repre-
sent one of the greatest challenges for molecular dynamics, owing to the size of the biological objects of interest and the time
scales spanned by the molecular processes of the cell machinery in which these objects are prominent actors. The reader is
assumed to be fully familiarized with the basic theoretical underpinnings of molecular-dynamics simulations, which will be
discussed here from a biological standpoint, emphasizing how the enterprise of modeling increasingly larger molecular as-
semblies over physiologically relevant times has shaped the field. This review article will further show how the unbridled
race to dilate both the spatial and the temporal scales, in an effort to bridge the gap between the latter, has greatly benefitted
from groundbreaking advances on the hardware, computational front-notably through the development of massively parallel
and dedicated architectures, as well as on the methodological, algorithmic front. The current trends in this research field,
boosted by recent, cutting-edge achievements, wherein molecular dynamics has reached new frontiers, provide the basis for
an introspective reflection and a prospective outlook into the future of biologically-oriented, high-performance numerical
simulations. Furthermore, alternatives to brute-force molecular dynamics towards connecting time and size scales will be
discussed, in particular a class of approaches relying upon the preferential sampling of judiciously chosen, important degrees
of freedom of the biological object at hand. These methods, targeted primarily at providing a detailed thermodynamic picture
of the molecular process at hand, can be viewed as computational tweezers designed to dissect the latter by means of a re-
duced set of collective variables.
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Figure 1 Inversely related time and size scales currently amenable to
classical molecular dynamics. Up-to-date massively parallel, possibly
dedicated architectures combined with scalable molecular-dynamics
programs open the way to new frontiers in the exploration of biological
systems. From left to right — Water, the fundamental ingredient of the
cell machinery; the bovine pancreatic trypsin inhibitor, an enzyme, the
breathing of which can be monitored on the millisecond time scale; The
ribosome,""! the intricate biological device that decodes the genetic mate-
rial and produces proteins; A 25-million-atom patch of the photosynthetic
membrane of purple bacteria. Shown here are the light-harvesting com-
plexes and reaction centers embedded in a lipid bilayer. For clarity, the
aqueous or the membrane environment of the latter biological objects has
been omitted
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Figure 2 Typical time scales spanned by biological processes of the cell
machinery. From top to bottonr Translational and orientational re-
laxation of water on the picosecond time scale, that is about three orders
of magnitude slower than bond vibrations in the molecule; Spontaneous
binding of zanamivir or Relenza, an inhibitor of neuraminidase in the
A/HINI virus;® Folding of the villin headpiece subdomain,*® a
fast-folding protein formed by 35 amino acids; Conformational transition
in the mitochondrial transporter of adenosine di- and triphosphate. Bind-
ing of the nucleotide to the internal cavity of the membrane protein is
believed to be the antechamber to the transition,'*”*! wherein the carrier
closes on one side of the mitochondrial membrane, as it opens to the other
side. For clarity, the aqueous or the membrane environment of the latter
biological objects has been omitted. An alternative to brute-force mo-
lecular-dynamics simulations, which still cannot reconcile the biological
time and size scales, consists in addressing the collectivity of the process
at hand through a selection of relevant order parameters, or collective
variables
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I B 7, DA S 08 0k R AH 5 1) B R DI R SR A, ]
TR AR TR T 4 522 [ v A DX A58 FR RAE
42 FEWIAK

W — 2RI VERH [ — > R G 1) 2 40 #5 DK [R] B R
FAH ] o AN ) D3k, 9 47 ] k8 (parallel -
tempering algorithm)!™ | W %% 1 57 # 57 % (Hamilton-
exchange algorithm)!*%. &5 — 3% J5 VL 38 i 1 o e v %
A S BORY HE A DA SRR, o U B AR SRR T
(transition-path-sampling approach)®! . 3% J7 2 (string
method)™*¥ & JAR AR EE 4245710 (milestoning) ¥ /7 2.

HETHEEGLERNITENRHYS FiRT5E 72 A
(T BB R 215l AR s N AR AR, BT SUAE R
25 [ H1E) committor BEELY, committor RS A A
[ RS A BV ASAS B IR AL, MAHZS [R] o 4 5
R BNE A Z 1T 3E B IR /A e A, AT DL —%&
AP AL — MR YE 73 ) k. X — KT
(EARET): Rk (umbrella sampling)™ 55 73 2 532
(stratification algorithms)!*”), Jajfi i i 592 (local eleva-
tion)™®), )% 75 ¥k (conformational flooding)™” & . & ¥t
(KA AR B3, J6E) 17 % 7 ¥ (metadynamics)™®, [ i
1 & 154 (adaptive biasing force algorithm)®"*, i i
fn i 4> F 8) )1 & (temperature-accelerated molecular
dynamics)® L K — AN 4 Fr AR Sh 4 10 W &R 25 (blue
moon ensemble) /7 £,
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4.3 PIEHIBRR Y

5 RTTIEM AR KRR R B I e T LR A i
HIERATE. X — B A W] LR R iz sh B8 1) B |
55 B 5 FEAR OIS I AR AR ER LA R (). BRI B
B4y AR, HrrgiEud, FATTAT DO Seh A ATV ik
PO 5 RN ARG A PS4, sl B 24
AR R AR T AR ). AR, H R AT D HU LR EUE
IS A e KIS EUE, i o 18 1 Y e
PRI 43 15 Sy 2B DR, SR A R I I
BRI 2 AT I b Hb e Y — 538 1R R N AR AR, A A2 B8 42
LS committor BR2K.

HUWAHT S REEAE R, FIEXFE— A
B — AN 58 A B SR P, ZERAR R T
A IE T T iss), AW AFHELE - DNE PS4,
RT3 3 1 000 2 B 25 - I BE S el iE K . R
EIXAEAMAR EA, AE R I Bl e AR R (P AR TR S S AN
U, PRI AR o] B okl LA S R R
gity, IS T Ay 8Os s, X s s F 8
TERTIE [ AR R FIRRFEAYYS), R 2 HAEE &
2 'k (quasi-nonergodicity) IR AIE, 3X — s A7 BRI K
FIARBEADL R U R ) . R ME DT, RO
ORI INGERES, AT KT RN AR, AR5
SRR ) B EH S EATRAT, XSO 1 1t BEAT AT
RPN Tk 2 1) N AR BRAH B IEAS I RE &2, A T S
X—HMW, "ERAINERA= AR Z AU, [FE
PR S AR AL BEAS X 3RO,

4.4 BHERITHAZREESIE?

LA RAE 712 O R A AR T 241, etk
W Ak, AR ROV AR )
REA AL 7 I B T =R vk SRR FREOT SuEh
2O R (38 N i B 7R, X e Tz N T
H ATIAT 12 73 11 SRR e BT [l e 1A 5
WHHE T Tz 4.

SCERUF IR T BRI iEAN, e — S AT ARy
Wk, WEEET Jarzynskit ™S Y 1) F A% 51 P e
e, s Crooks ™ i IR fr AR sL i, Aik, T
A] DATE P A A FR 1 1), — AN st U v H B 5
KR AT,

KZHAR S RAE T ER AR & committor BRI
TR L IR) — 4R IA, DRA DML If 9 B S e b PR L
+4EHT, Jensen ZFUON YK Jarzynski 5l TR
F, R H 2 27 KW T B H il i 2 H (glycerol
facilitator, GlpF)id F2[H# ) 2F R EIEAT THFSY, SEi iR
Stroud FIAHFFL/ N AT X FIUKFLE A S50 2 1
PRI T — RPN EE W E — A S804
AP 2 SIS N (] PR A R 3 A, o] LA ST H 4 117
FH [R] 905 5 2 1 5 DY 2R A TR ok 110 DU A3 5 b AR i i B el
Re R fb e, 2O iR T 2 5 N B kR, 3L
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th 22— SRR I T A Bk ik 98 DA AN B
RERE22, MR HTA — SR R /N RAEAE T
A1 JH 1 BE (periplasmic  vestibule), X755 )T % H i 4 7
(A . B4E2 )5, Hénin ZEU2R ] H & DA &
JPERE T T o el i g e b AR ) 1 e R AR AL,
W20 1 el Ae 2 B S0 o, ek Ferkd I8
X3 A — A 3542 L

TEHELCRE LT, W] Re 5 £ 0 S N AR AR (R 4E R 451
tn, K25 2001 4, Bernéche F1 Roux! F ] 43 |2 =%
FERI TR G0N S 14 KesA HL R [958 3030 P A& S i
R T 248 RNV ARFRIG 715, 4 KesA [I&s oY
AW AT R =4, B R E RS R T MR
A, A A=A SRR R DR . B
TBIE R i H H BES 22 THE 2~3 keal/mol, X
B & Al A AT N 2 B Y EE .

£ 4E )5, Hénin, Fiorin, Chipot £l Klein 256 ] —A>
Tl 22 SR 70 2 Ui B, 7R AL AS B 11 IE A IX 43 1 Bl
AT AN ] (1) GBS I, 2 407 kA — /N5 ) HL )
-t 2 A L S B 11 U7 v, Gumbart 25U MR T 1 1N R
B v 57 VR 9 5 A ¥ (translocon) H BT AE B T BE
(nascent protein chain) K47 & FYHUN, tRH TX—
JEVRR, Ik — 2 g A T SR AR I A A [ A B i
.

HT —ERETHFSHW T AU B EEANTT
RIS Wy, whnT DARBTAO A AL el A i) B2 R R ds
g), TR TR I T — Pt a3 B
P Az 2 £ 2 onf ok A7 #4002 8 S —— R i
MWAE S HIARGIR S EA . v LR, 1X—
AR SR R 2 B a2 AWk R .

4.5 RBFERRRIEIEY T E

Gumbart %N ik V-5 5) 407 1 B B 2R (14 N ok
FEA) I EHREVSHE, 9T T H U B T 7 vk P 2 an e
SO TRATTR [ R BEAE, DA S o 25 R X R 2 . Ay
T B A A TR 2 s B A N A0 R I R ) 1
e A, LIRS T AN S0 U A 2 B4 o 5 1 2%
Fe——Hlhn, KR ERAE AR 8 HEe, T
AR RIS THE R 14~17 keal/mol™*7, sk
B MAHEAL R 2~3 keal/mol"®™), V2 mhix — il Fidig i
T —MEB G AL (— R G R A S e A A S
BCIRI8 AR 22 IREE) P AP HLEE. O T ANSEEG Bt —20 18
FIF 52, Dorairaj A1 Allen!" 7 T —A s 48 vk IR K
(1) 2 R SEa R a-WRTEHE AT IR 2R A MK Hh e N T
N5 2 i K% O i B B B2 Ak, P EZ A
17 keal/mol, XA @k T BEHTHIR V1 B A SLI0 I 5 2 [H]
()2 S 1) . OGT E EH RE I T AT P AMEL A5 DT 1 1)
B, —ANEME B, SRR AR, B B
] R, WEAR JCUE I B AU A s ik 7R B i AR AL P A il
RIS, 20K HUS: 22 (7)°F-34) ) #4(potential of
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mean force) /7 VA AME R A, WA 2 1V AZ A2k
PP LR (0 ) AU 2, SO S R B IR S A
AR, JRSEH B s i R 28 T 5t o- B8 e IAE H,
AH N () 1 EH RE DT ikt Y. AR — A S8 2 (1) 4 ) 2= i B
HHRL XFE T USRI A R S AR T
T SR I A s T o L ) 1 e BBV R, 1 Lt 98k
AT R K E IR N L R TR ) [ e g0,
46 MAEFRHEFANEZRIE —EEXRE5ELH
g

A b, 8RR G U7 i (molecular-
dynamics flexible fitting)!'*" "V F3F A S — Bl il 2 RAE
AR, M2 F3) 1B — M g, %0715 Aot
v 1A 485 ) RGP 308 A B0 W 2 21 (1)K 7 1 AR A 42
ik, fEA Uy 13 )2 R A b, AR
SR I B B 4 ) R A — AN AN AR, %R
S8 SUAE = A WA v, A BB e B DXCIE0nS Y T RE S il
INRE.XFE, RRTP IR PSS BNE T T R AR
BUG b BERREE 0, FH 3RS 43 1A 22 ] i) gy 2 B IX
Wizgh, MR T Ihae S, X—Jikiiko
28 O IR BT BB L R B A A, ANk
Iy ) 48]~ w2 AR PR ARG it H, 1 b Bl B e A SR R K B
RAZ B AT IR R D e S EAR T 0 9 N IR i T
A,
5 £5E: HArRRUERFKEE

H M Alder 1 Wainwright [¥]FF- G AU 9T T AF
i, A& T 555 BETT, RS 45E H X
B KT AT IR KK RE, RS Rk
FINRAIEE? 3 I — SC R QP AL T AR, Joie
A AR, Tolw IR 513 ) 2B, I8 &) ik e HE 5 A8
AT RIS T A, #BE R AT, WA A KT
S AR AR A R AT N 2, UG ta®
BCRIFE I (2R 0. 23 13 )%, s BT CHLiE, 2
{BITERI AR, &5 TH AN S R e R b e
TR B AT % DA .
51 ZHEYFMRIERTS

M McCammon 20 9y Yk HEAT 28 (1 R4 T —— 4 ik
AR B0 (A48, B 55201 1 Lindorff-Larsen 255452 1
XF NTL9 & B = U, NS 35 4R 1IN R] A,
PRI I TR R 5K 21 T S HeAs 2 2. i ot
FSCPRTISS ] ROBEIE AN 8 AN b, A LT8R W A I bs itk
F, DT ARP IS R ROBE BB SCAEAN K. HIX— L
ARSI T AR R SRR T G M A2 1 — AN e
R BRI AR B T SAR 2 R AR ) 2 E RIS )
S T E IR,

MU, Jo# BBl TAEPY ) R T 3% Af — Rl 47
P, BERERTRLAE 2% ) = G 450 (4t B AT A, w] DU 3L
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P& AT R — L AT TR M Z R . RS 1
AR RS T AR N, AR A2 R g R
b AR R B B A T R AR AT A I —— AN
MR RIS S, BARIXAN S5 ARG HEA AT A i R 1
O, A A S R SRRV B i B ] R A R
TSR SRR 1) = Y 45 A AT PO B 7 %, X R4k
FaFo0i 5w SR T AN KRG A RE R 2, AT —
BELAESS 70 R TR AR BAT SR B A 7 A 1R i s LA
e A BE PR ARG

1977 4F, B O A AR BT ) 58 MRS
AR FE 1000 AR T, AEF 35 42 A, Klaus
Schulten [RIBFFE/INL 1 IR SE IR T 8 AR L ——i%
ST EACAN S 2 BT O 40 W A7 AE T SR 40 TR
(1) A BILAG b —— AT L 42 53+ 3)) 7 “# 40 B e Ak
R AR (A R KB T Ui+ 0. A ANRFE ),
BEERHE AR R R, ST Ut 20 AR, IHH
UL ] DA A B 21 2480 2 1R s 1) 7K ST 12— 1) 285,
{EBERL—MEE D& Ab T 22 RS a5 i, BAT1RE
MNE R 22k AT SR A L BAE B2 S
B AR ICRFRMEE, (HBATIA N AZA S BT TS
AEIM A BERF IR — 4028, 1K — Bt SEBr b P74 40
R T V50T LAAE S 7K B — AN e 4 0 w2 b AT 4
IR T ARRIRS 21k
52 FhEZREEERERKHKNEMZERE

BATRI—MRE RIS 2207 T AH R A S i
i), 2% () RO (9 5k A% ORI ) ROBEIEA—FE. o
TR/, BATNA LWL, BT A %L
ANZ AR, 58 AR L 2 2 s D I ] RS AR AL
AN R, JUAERT L S B, AR, A R T
AT HEH, R A T IR s S T4 B (1) 2 vk 5 4L Blue
Waters! "2 B, FRATTA 15 LUAL BEHL F T AN R 4Lk
o> FARZR. (AL By, ZERbZ i ) RSB B T 1
) ROBE R 3 P AAU AR M AR BB Kk, X
16 XHERAE —AH AR RIE. BEE S —6 TIRgF
IS L R SN, B2 R CE T s
FACALH AT NI B I I 4R 7% 1K o B 84405 e
5 KL FR IR 73 1A R R RP K.
53 XREKHIEE

BATLEARR I IL 4, 5313 157 W R AT R iR
JEE IR SE A PRI 1 S L R A, van Gunsteren!! 15K
ML, AR 20 FFE P, BAT TR T LALE U FD 2 bt i) R
R AR A B, WK R, K2 20 45, W]
DAL — AN 58 #E I LA AN MY, X e 5E T H Fr s ARk
AE RS R 7K BT AR R TR 0 T SR AR 4 i AL, (HK,
LRIVAEATFich: NN PRESTD i WERER X VN N DA LRl AN+
Z (B P VA MR HME LB, E AR v LSRR, R
M BT W T30 I F R A KRR, 1T Rede
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CRNNERP S I Pk PSS ITES2 k=Sl B 72 4 )]
PIRIEATARAC A % 2.

Karplus!" "I [M112.53 5 211 J) F BT A 2 B I X RE
YIE: P FATEREAT, IXPGE R A U B0 K
I 1) RO PR )RR 55 RV T AR, ISt 2 U2 R 2%
)7 AR, 1 H R BRI R b
AR P2 (R PR3 2 ATV R ORARA T 43 7 3)) g 27 A 4L
FESR A7 rh BT REE B AR, (HAEARIN, 2 H
A4 1k, BATTEANRETE Ak A S SR  ) 2 n) 52 15 4
EAL O B 2 1) (2257, ARG RER B
D 737 B 3 AU, BV RATTBE 1 1% 7% R R I S KA
BOR, REW 7] I 1 2 AE I [A) FRUBE A2 1) RUBE b (¥ 2R,
IR, AP AR RE T O B AR B TARGS
A, AR LRI N VT S B8 U VR o FA 19
LTS, R T K 2 1 0 3 AT DR AR I,
CLEE s e TTRORS IR, ATAH 2 SE T L Wl S (K94 AE
PREL. ER R A R RGO T ) M ) R 38
KRG EER I TRENE? DIAERS B AR, ANBL—P)3tis
SROB KT BT AAT (1 225 (R AR ) ROBE, A At A AT TR 2%
W HARA? FATIA, KRG M SERFEBCAR R I A
Wit Ko 1 r Ay ek, 5 FOIBSRE K7 A (7]
JUSE FRRSEADLA LG Y12 A2 SE 0 W A F .

E& R
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