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Key references are bold italic. Supplementary references are italic. [Overheads In square brackets]

Nanotechnology - future applications?

1. Swimming robots ? Fluid pumps ? Flagellar motor is the most powerful single biological motor known.

[comparison of motors]  
(1)

2. Power embedded electronics with metabolic energy? ATP-synthase couples ATP and proton gradient.

[Overview of lecture] 

 (2)

A: Experimental techniques to measure rotary molecular motors

Basics:
· Rotation of flagella:Silverman, M. and Simon, M. (1974). Flagellar rotation and the mechanism of bacterial motility.  Nature 249, 73-74.  Rules out propagating helical wave theory
· Rotation of F1: Noji H, Yasuda R, Yoshida M, Kinosita K Jr. Direct observation of the rotation of F1-ATPase. Nature. 1997 Mar 20;386(6622):299-302.
•
Flagellar motor driven by the protonmotive force (In some species, sodium, Na+)

Ravid, S. and Eisenbach, M. (1984). Minimal requirements for rotation of bacterial flagella.  J.Bacteriol. 158, 1208-1210. Cell “ghosts”  (envelope only) 

· Rotation of Fo:  not yet directly measured with high resolution
Flagellar Motor

[flagellar motor]  


(3,4)

· Berry RM, Armitage JP. The bacterial flagella motor.Adv Microb Physiol. 1999;41:291-337. Review.  

[EM]




(5)

[Proteins]



(6)

[Cryo-EM reconstruction] 

(7)

· Thomas DR, Francis NR, Xu C, DeRosier DJ. The three-dimensional structure of the flagellar rotor from a clockwise-locked mutant of Salmonella enterica serovar Typhimurium. J Bacteriol. 2006 Oct;188(20):7039-48.

[Crystal Structure and model of FliG ring] (8)

· LK Lee, MA Ginsburg, C Crovace, M Donohoe,  D Stock (2010)  Structure of the torque ring of the flagellar motor and the molecular basis for rotational switching.  Nature 466:996-1000
[gallery of motors]  


(9)

Very small compared to muscle fibre.  Very complex compared to Myosin. => Experiments are at a similar stage to muscle in early 1990s (first direct observations of single steps in single molecules). 

Some key early papers in the biophysics of the flagellar motor that I will not talk about here…

· Flux and rotation rate: Meister M, Lowe G, Berg HC. The proton flux through the bacterial flagellar motor. Cell. 1987 Jun 5;49(5):643-50
· Torque and pmf: Fung DC, Berg HC  Powering the flagellar motor of Escherichia coli with an external voltage source. Nature. 1995 Jun 29;375(6534):809-12.
SWITCHING

[High resolution measurement of flagellar switch]  
(10)

· F Bai, RW. Branch, D Nicolau, TPilizota, BC Steel, PK Maini, RM Berry (2010). Conformational spread as a mechanism for cooperativity in the bacterial flagellar switch. Science 327:685-689

[Bacterial Chemotaxis]  




(11)

· See early papers by Berg HC, 1973,  1974.  Review by Armitage and Wadhams.  
[Conformational spread as the mechanism of allostery]  
(12)

· Duke TA, Bray D .Heightened sensitivity of a lattice of membrane receptors. Proc Natl Acad Sci U S A. 1999 Aug 31;96(18):10104-8.

· Duke TA, Le Novère N, Bray D. Conformational spread in a ring of proteins: a stochastic approach to allostery. J Mol Biol. 2001 May 4;308(3):541-53.

( Measurements of rotation of single flagellar motors )
[Tethered cells]  





(13)

This was the standard method until ~2000

[Beads]  






(14)

· Ryu, W.S., Berry, R.M. and Berg, H.C. (2000) Torque generating units of the flagellar motor of Escherichia coli have a high duty ratio.  Nature. 403:444-447
This is now the standard method.  A new alternative arose in 2008

· Yuan J, Berg HC. Resurrection of the flagellar rotary motor near zero load.  Proc Natl Acad Sci U S A. 2008 Jan 29;105(4):1182-5. Epub 2008 Jan 17.

 [Definitions involving Torque]  


(15)

· The mechanics and energetics of the motor can be thought of in terms of torque and angular velocity, or in terms of force and linear velocity at the periphery of the rotor.  Different ways of looking at the same thing.

· Torque = force x perpendicular distance ( Newton metres, N x m )

· Work = torque x angle (= force x distance) ( Joules, J = N.m )

· Angle in radians (dimensionless, = circumferental m / radial m )

Angular velocity (  radians / s )

[Single BFM switching]  




(16)

[Switching data at high resolution compared to 

Simulation of conformational spread]  


(17-19)

RESURRECTION





(20)

· First observed with tethered cells  D.F. and Berg, H.C. (1988). Restoration of torque in defective flagellar motors.  Science 242, 1678-1681.
[high load resurrections]  




(21)

· Reid SW, Leake MC, Chandler JH, Lo CJ, Armitage JP, Berry RM. The maximum number of torque-generating units in the flagellar motor of Escherichia coli is at least 11. Proc Natl Acad Sci U S A.  2006 May 23;103(21):8066-71. Epub 2006 May 12.

This corrected the belief, held since 1988 paper above, that the maximum number was 8.

[low load resurrections]  




(22, 23)

· Ryu, W.S., Berry, R.M. and Berg, H.C. (2000) Torque generating units of the flagellar motor of Escherichia coli have a high duty ratio.  Nature. 403:444-447
Tentative conclusion of this paper confirmed in 2008

· Yuan J, Berg HC. Resurrection of the flagellar rotary motor near zero load.  Proc Natl Acad Sci U S A. 2008 Jan 29;105(4):1182-5. Epub 2008 Jan 17.

NB:  Like muscle, the flagellar motor is an array of independent motors (~10 instead of billions ). Unlike muscle, each unit can simultaneously develop high torque AND high speed. One motor propels a whole swimming cell at 100 body-lengths per second in Vibrio. 

Duty Ratio - What fraction of the time does the motor spend attached or “in gear”? : 
· Leibler, S. and Huse, D.A. (1993). Porters versus rowers: a unified stochastic model of motor proteins. J. Cell. Biol. 121, 1357-1368.
STEPPING ROTATION




(24)

· Sowa Y, Rowe AD, Leake MC, Yakushi T, Homma M, Ishijima A, Berry RM. (2005)  Direct observation of steps in rotation of the bacterial flagellar motor.  Nature. 437:916-919.
[Sodium-driven chimera]  




(25)

[control of stator number]  




(26)

[High-speed measurements]




(27, 28)

[26 steps per rev]  





(29)

F1-ATPase

[ATP synthase]  





(30)

F1-ATPASE

[F1 crystal structure]




(31)

1994, subsequent Nobel Prize to John Walker

Animation (George Oster) based on interpolation and nearly 3-fold symmetry of structure

Fo – 2 groups have observed rotation driven by Fo…
· Kaim G, Prummer M, Sick B, Zumofen G, Renn A, Wild UP, Dimroth P. Coupled rotation within single F0F1 enzyme complexes during ATP synthesis or hydrolysis.FEBS Lett. 2002 Aug 14;525(1-3):156-63.

· Diez M, Zimmermann B, Borsch M, Konig M, Schweinberger E, Steigmiller S, Reuter R, Felekyan S, Kudryavtsev V, Seidel CA, Graber P Proton-powered subunit rotation in single membrane-bound F(0)F(1)-ATP synthase Nat Struct Mol Biol. 2004 Feb;11(2):135-41. Epub 2004 Jan 18F1

But first and still the best work on rotation of isolated F1...
[Rotation assay]  





(32)

[Actin filaments,  beads, video]  



(33)

[Gold bead experiment]




(34)

· Noji H, Yasuda R, Yoshida M, Kinosita K Jr. Direct observation of the rotation of F1-ATPase. Nature. 1997 Mar 20;386(6622):299-302.
· Yasuda R, Noji H, Yoshida M, Kinosita K Jr, Itoh H. Resolution of distinct rotational substeps by submillisecond kinetic analysis of F1-ATPase. Nature. 2001 Apr 19;410(6831):898-904.
[Gold bead results – 2 sub-steps]  
(35)

Waits for ATP before 90-degree steps

~2ms before, 30-degree steps independent of [ATP]

[Gold bead results – step distribution times]  (36)

90-degree steps (slow, low [ATP] )– single-exponential

30-degree steps (fast,  high [ATP] )– double-exponential => two sub-steps.

[Gold bead steps summary]  
(37)

 [FRET tags on F1Fo]  

(38)

Energy transfer efficiency is dependent upon distance over ~nm

[FRET signal]   


(39)

Vesicles containing one labelled F1Fo diffuse into the focussed laser spot, and enzyme rotates driven by ATP hydrolysis in F1.

For more recent work on F1 and ATP-synthase, look for papers by H Noji and/or K Kinosita Jr.  For example…
Synthesis of ATP with magnets

· Rondelez Y, Tresset G, Nakashima T, Kato-Yamada Y, Fujita H, Takeuchi S, Noji H. Highly coupled ATP synthesis by F1-ATPase single molecules. Nature. 2005 Feb 17;433(7027):773-7.

· Itoh H, Takahashi A, Adachi K, Noji H, Yasuda R, Yoshida M, Kinosita K.
Mechanically driven ATP synthesis by F1-ATPase.Nature. 2004 Jan 29;427(6973):465-8. 
Fluorescent ATP

· Nishizaka T, Oiwa K, Noji H, Kimura S, Muneyuki E, Yoshida M, Kinosita K Jr
Chemomechanical coupling in F1-ATPase revealed by simultaneous observation of nucleotide kinetics and rotation.
Nat Struct Mol Biol. 2004. 11:142-8
… and many more. 
