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Rise of the Machines™
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Explore mechanisms of bioenergy transduction (bridge stafic
structural data, low-resolution dynamical studies and
phenomenological models)
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Why molecular simulations?

Bridging structural, dynamical and phenomenological studies

Three distinct conformational states
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Structural studies: do not explicitly provide dynamical information; may not correspond to kinetic state
Dynamical/kinetic studies (e.g., single molecule FRET): do not have sufficient spatial resolution
Phenomenological theories: some parameters/assumptions difficult to justify; several models seem to work

Our long-term goal: evaluate dynamical properties & parameters used in theoretical
models in terms of microscopic details ; i.e., “jiggling and wiggling of atoms”




Outline

Myosin: a classical molecular motor

QM/MM studies, molecular dynamics and free
energy simulations on the coupling between
conformation and ATP hydrolysis

(mechanochemical coupling)

Initial looks on conformational fransitions




Myosin: a diverse superfamily

Abbreviation Full Terms
Acanthamoeba castellanii
Acetabularia cliftonii
X Aequipecten irradians (scallop)
G~ Mm Waltzer Arabidopsis thaliana (thale cress)
n ia
Mmeb HsIXa & nyma = |8 Gais LS o ity
Ramrv  \p | Do Chara coralina
ScMyo2 e hyma Chlamydomonas reinhari
Sc Myodf " Rn myr6 Dictyostelium discoidium
Gg p190 Drosophila melanogaster
Bt Mm Dilute Emiricella nidulans (Aspergillus)
SatM VI feueem, Rn myosa : Entamoeba histolytca
Mm shaker \ \ Dd myod (V?) 9 Gallus gallus (chicken)
Dm 358 Ss Vila Cr MYOI Helianthus annus (sunflower)
\ Ce cem X I s Homo sapiens (human)
ReMBRRENG Ce HUMB AtXI-l Limulus polyphemus (horseshoe crab)

At XI-F Mesoci h:
? \ lesocricetus auratus (hamster)
. PO A Mus musculs (mouse)
N \ s Morone saxatilis (striped bass,
Helhamys Oryctolagus cuniculus (rabbit)
Ha hamy2 ctolagu culus (ra
N \ i Plant Myosins Onchocerca volvulus (a nematode)
N VIIL XI. XIII Plasmodium falciparum (malaria)
\\ XI- Pyricularia grisea (rice blast fungus)
An XVI N Rana catesbeiana (bullfrog)
x VI ° i n Rattus norvegicus (rat)
Anany. 4 Saccharomyces cerevisiae (yeast)
AtMYA2 Schistosoma mansoni
At XI-B Sus scrofa domestica (domestic pig)
AtXI-D Acl myot Toxoplasma gondii
Tetrahymena thermophila
At XI-A !
Acl myo2 Xenopus laevis (clawed toad)
Ha hamy3 Zea mays (maize)
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Tg myoB —
\ Zm ZMM3
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XIV  etema derayl W
Tg myoA \ = ALVIIA
Tg myoD — ALATM2
AtVIIB
Bovine Adrenal (myosin I)
RrNe Ankyrin like repeats
< Ce Y11D7A.14 Brush Border Myosin |
TtMYO1 = DSc”Myo\ A Cardiac alpha (myosin I1)
m Cardiac beta (myosin I1)
Dd myoM Hs Penk Chitin synthase type V homology
Chitin synthase-myosin
Skeletal Fast Skeletal (myosin Il) = striated
: 7 Embryonic Fast Skeletal (myosin Il)
s — High Molecular Weight Myosin |
:CCATJS; < U ' — o | i Kinase domain
= = x — g / . Neuronal (myosin Il
EnMyaA = A / /] | s Cardiac Non-muscle (myosin 1)
Ddic g Ma CaB Myosin like protein with a PDZ domain.
DdID - \ Alll Perinatal (myosin Il)
AclIC P "/ s / Smil s! Smooth muscle (myosin 1)

Pf PIMB

Mo p / i \ e ® Node found in >90% Bootstrap trials
GulBe g vy 4 /| Cells — — Partial Sequence
Ramys® 2 S S // / / ol Class uncertain by matrix analysis
Dd 1B / | Ce F58G4.1
AcBY 4 \ Ce lIA 4
4 / / Ce NMY1 Ce NMY2
EhIB / / / / / | 1 Dm nmil
6 . oS sm Smooth &
Dd myoK r . / | | \ XS o el non-muscle  /
Ddll Hs nmllA

v __/ An Unrooted Phylogenetic Tree
o venl 41| _ of the Myosin Superfamily
BB g et e Wosns i Tony Hodge, MRC-LMB
Jamie Cope, UC Berkeley

July 2000
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Myosin-II: a classical molecular motor

Muscle contraction: relative displacements
of the thick filaments (myosin) and thin
filaments (F-actin)

H. E. Huxley: cross-bridge model of contraction (1969)




Myosin-II: a classical molecular motor

Three distinct conformational states
of scallop S1
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Mechanochemical cycles in myosin

\ +ATP -A +A ’
M-A M -ATP M*-(ADP -Pi) M*A-(ADP) + PI —— M-A+ ADP + P

Utilization of ATP hydrolysis AG¢

Tight coordination among level-arm
swing, chemistry and actin binding

2 M* ATP+A  M*(ADP Pi)+A

1/
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Time-scale M* A -(ADP) + Pi AGATPh
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(ps-ns vs. us-ms)

M-A + ADP + Pi




Key 1ssues 1n AG trans;i,
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Conformational transition in myosin
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Rayment et al. J. Biol. Chem., 2000, 275, 38494; Biochem. 1996 35, 5405 (Dictyostelium discoideum: amoeba)




Simulations of ATP hydrolysis

é - e Classical MD simulation

Position of key residues/water
QM/MM rx path

hydrolysis mechanism
coupling with conformation
Alchemical free energy

Include structural fluctuations

Component analysis

Stochastic boundary simulation




Myosin II active site

Swﬂc:h I

Ser237

Arg238 Glu264
Ser236
T Watl
\

Glu459

P-loop Switch Il ,

Closed-state (1VOM) AV 2

Y

Rayment et al. J. Biol. Chem., 2000, 275, 38494; Biochem. 1996 35, 5405 (Dicfy:)-sfelium discoideum: amoeba)




Classical MD simulations: the closed state




Classical MD simulations: the open state
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Salt-bridge and water positions
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Open-state not set up for in-line attack
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QM/MM analysis of reaction paths
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Ser236 plays a major role

A AE(kcal/mol)
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Conformational control of hydrolysis
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Dual roles of the salt-bridge

ATP — ADP + Pi
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Consistent with mutation experiments of Onishi et al. PNAS,99, 15339 (2002)
Might apply to other molecular motor systems such as Fi-ATPase, Ca2*-ATPase




Active site of the R238E/E459R mutant?




Alchemical free energy simulations

ADP- [PO3]+HOeADP+

Stochastic boundary condition (8061
atoms; 1020 water)

21 L-windows (0.02, 0.05, 0.1---0.95,
0.98)

SHAKE hbond, 6t=1 fs

Each window > 800 ps
Charge-scaling protocols for bulk
solvation effects

Partial charges for PO37/Pi fitted from
B3LYP-ESP calculations

Focus on the difference between
Closed (1VOM) and Open (1FMW)
structures




Alchemical free energy simulations

500 222
400 4 —o— VOM — 220 —— VOM
- O :
: & i
300 = 218
e § ;
~ 200 4 = 216 -
% ] @ ]
100 ] 214
o—f 212__0\\_\
-100-""I""I""I""I""I""I""I""I""I"" 210-""I""I""I""I""I""I""I""
0 0102030405060.70809 1 0 200 400 600 800
A f(ps)
UAlChemy(XA,XB,XC;)\r)=(1_)")[UAA(XA)+UAC(XA’XC)] 1 Alchemy /D
BB\*p BC\ A ps 0',)\’ A EYY .

+U -(X,)




Alchemical free energy simulations
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Key 1ssues 1in AG transduction

« Conformational transitions

— Sequence of events (local vs. large-scale swing)

— Critical residues/interactions

s i

- Interaction between actin and myos/mj $ vem
— Pi/ADP dissociation |
— Competitive binding with ATP

— Chemical details




Coarse-grained normal modes

b o ek

. . S = N - W Y

Coarse jgraining 1

Direct construction of projected hessian
Sparse Matrix diagonalization (Lanczos)
» Parallel computations

Physical intermolecular interactions

Tama, F.; Sanejouand, Y. Proteins, 41, 1 (2000) RTB
Li, G.; Cui, Q. Biophys. J. 83, 2457 (2002); Biophys. J. 86, 743 (2004)
NMA in Chemistry and Biology, Ed. Q. Cui, 1. Bahar (CRC Press, 2005)




Coarse-grained normal modes

30S ribosome
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3910 residues ~200A
1 residue per block
G. Li; Q. Cui, Biophys. J. 83: 2457, 2002; 86: 743, 2004 9.3 hrs @1.2 GHz

A. Van Wynsberghe, G. Li, Q. Cui, Biochem. Submitted (RNAP) Sparsity: 140




Low-mw modes in myosin




Low-mw modes in myosin




Converter swing and low-frequency modes

/
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30 50 70 90 110
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X — Xclosed
Ik — open close Lk

’Xopen — Xclosed‘
G. Li, QC, Biophys. J. 86, 743 (2004)




Hinges in low-frequency modes




Key question: causality?

Bagshaw (2001)
\ AG>0 \
_—>
00000000 00000000

Pre-hydrolysis (open) Hydrolyzing (close)
Highsmith (1999 Hydrolysis
Spudich(2000) y

Rebinding Post-hydrolysis (close)

Volkman, BF; Lipson, D; Wemmer, D. E.
Kern, D. Science, 291, 2429-33 (2001)




“Brownian’’ motion + Power stroke?

_____________________
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Further studies are ne?
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