Molecular cell and tissue
biomechanics: BE 410

Pulling on single molecules

Matthew Lang



Some things that you can learn
from nanomechanical
measurements

Key forces: unbinding, stall

Distances: mechanical transitions,
stepping, pauses

Processivity

Work/efficiency

Timing/dynamics

Biochemical: output, kinetics, models
Inhomogeneous distributions



Single molecule

. measurements
* Directly observe protein

distributions, inhomogeneity

* Populations and kinetics are Hole burning
] Ensemble echo
Inherently separable

* Able to orient or determine the .
orientation of the molecule  AbsoPtion

|
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Nanotechnology has a lot to learn
From “Real engines from BlOIOgy

of creation” sblock
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forces

Protein protein interactions: 1-10pN
Protein unfolding: ~100pN
Covalent Bonds: ~lots of pN

Stalls:

Kinesin ~5pN
Virus ~50pN
RNAP ~20-30pN



FORCE EFFECTS ON BIOCHEMICAL
KINETICS
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Figrre | Force diagram showing the approximate ranges of the forces generated by motors {1,
3, 63) needed to break antigen-antibody bonds (¥) and avidin-biotin bonds (3) and produced by
fibroblasts on substrata (64). Below the foree bar are the approximate ranges of the forces measured
by the laser tweezers and the atomic foree microscope.
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Some single molecule force
measurement methods

Optical tweezers
Magnetic traps

Atomic force microscopy
microneedles

Loading using flow



geometries

BAAgqniic boad S

[kg- anil- cig connector

Fotin i conneclon

Bictin-avklin conrecions




More on tools for measuring

AFM: 0.01-100nN
Optical tweezers: 0.01-150pN
Magnetic tweezers: 0.01-150pN

Deformations on the order of few
angstroms or a few nm.

Protein sizes 5-50nm



GRABBING THE CAT BY THE TAIL:
MANIPULATING MOLECULES
ONE BY ONE
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bl | Overview of single-molecule manipulation methods

Methods F i (N* X, mp Stiffness (N m') Applications Practical advantages
Cartfeseors” 1o =10 1 (L0 - 100 Predein/ polysacchanidos Hical spratial rosaoligivg
Bond stongtty Cornmeroally ayallatili
i re sl il g B 1€x 1o Wiy ol o ) et on coeid
DAY = r"'ﬂ.-_ﬂh Salt S Conston
Flowy finld® s LI I na DNA dynamics Fraped bufior exchanos
RMA polyrmdras ST ple iy af desionn
Mg ! JE-*-10 10 ra DA ergiophe elasticiey Spoecficity 1o magries
Tegaodsnarrms) v pethaty™! Slabty Vsl ot [1is
Flaaten Fikd ! } 1111 1 10 1 Prcaein maotors 5.r. fiC rmarsptation
Pt ein uid okd g Hic i i Co sty
Moecharical armsduwcers. pEobes an bendaltse o spabial octon s iy bosm delecion E el Neld mampus s probes ane micrososec Deads: spatis) kocn o
s Ly Do clispdaciermeE 5 Thesss nmdse s repese il ordy Sirspirca], nod 3 Desokude (ms, 4 bwco cange. X miniesn displaceenent
SATURE REVIEWS | MOLECULAR CELL BIDLOGY WOLUISAE || SNOVEMEER dann [ 191

MR & 2000 Macmillan Magazines Lid



Force: an

Energy Barriers  experimentaiists time

f machine
X
Koo( ) =K exp| —=
a(/) =Keqexp| =51
2264 G. Baol! J. Mech. Phys. Solids 50 (2002) 2237-2274
[ mechanical force
Distance

K
binding  unbinding

Interaction Energy

Fig. 14. The applied mechanical force can lower the energy barner of molecular unbinding, thus influencing
receptor-ligand reaction Kinetics,



ProBING THE RELATION BETWEEN Aum, Rev, Biophys, Biomol, Strct. 2001, 30:105-23
cavyricht oo 200 by Annual Beviews, All righis reserved

FORCE—LIFETIME—AND CHEMISTRY B o o

IN SINGLE MoLEcULAR BONDS
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Intermediate transition ¢, AN X E®X) y
states can be investigate

infrequent reactions can

be sped up. ‘n
“soft” forces are needed to u "y “1.
probe the intermediates \ “u‘
- (f cos)x \
-{f cosf)x
(a) (b)

Figure 2 Conceptual energy landscapes for bonds confined by sharp activation barriers—
transition states (ts). Oriented at an angle # to the molecular coordinate x, external force £
adds a mechanical potential —(f-cos #)x that tilts the landscape and lowers barriers.
(a) A single barnier under force. (0 A cascade of bamriers under force where an inner barrier
emerges o dominate Kinetics when the outer barrier falls below by ~KT.
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Fig. 7. Modes of protemn detormation: {a) domamn hinge motion, (b) domam detormanon and untoldme.
{c) untolding of secondary structures,



Models for proteins under applied force:

_hydrogen
<" bonds

receptor

Without Deformation With Deformation

Fig. 10, Receptor—ligand binding can be affected by protein deformation, {a) A good conformational match
between the receptor and ligand leads to strong binding and reaction. (b) When the receptor deforms under
force, the binding affinity decreases due to poor conformational maich.

22452 G Baed S Mech Phys. Solids S50 (2002 22372274

-

{as a]]

Fag. 6, The motion of a protean undes applied force &, (ap A globular proten imoebiloeed on a surfoce
through an z-helix, (b) The mass-spring-dashpel system as a model for protem maofion,




Challenges in constructing SM
assays

Linkages

Tethers

Pulling geometry
Acquisition speed
Noise

Biology




Linkage chemistries/ strategies,
constructing the assay.

Poly-lycene

BSA/ casein

His-tag

Epitope tags
Biotin-avadin
Dig-antidig
Nucleotide overlap
Non-specific binding



The single molecule assay

: Direction
optical trap N specific convention
"""-":q..,h Kinesin-glass
% binding

casein
blocking protein glass bead

\ 0.5 um
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clean glass coverslip

Kinesin:
purified from
squid optic

Poly-lysine to “glue” microtubules



Getting to the single molecule limit
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Change the relative concentrations of reagents and monitor the activity.

Other signals are available. To do it right you need to take your time.
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Gradient force — ray optic picture
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Single molecule mechanical
measurements with optical

tweezers
Force resolution sub pN

Force range -200pN

Position resolution ~1nm

Self-orienting

Manipulate with light

Non-invasive infrared light

Can synthesize multiple traps @15 s

Christoph Schmidt



Window of optical transparency
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Force clamping: No compliance
corrections

Axlmp Ax heend Axmulrw
— — > — T,
Kot AX tra
Fixed trap: Npyad ~ k "_:j; = NX pyistorr P
trap ™ “motor
Force clamp: Av.ug = Mxpotor = Aprgp [F
l AX;b-eaa'

AXyap = AXpesy —» F = constant



Coppin, et al. (1997) Forward load

results
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LONGITUDINAL FORCE-
VELOCITY CURVES

Velocity (nm/s), 1.6 mM ATP
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Magnetic Tweezers: Micromanipulation and Force Measurement at the ord
Molecular Level curi

Charie Gosse and Vincent Croguette
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Magnalic Tweazars

Chinge the force by

ping the magnet
ecreasing the

‘ent in the coils

0.05pN resolution
Rotation ability
Limited position
resolution
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BIOPHYSICS SPECIAL

Force Spectroscopy of Single Biomolecules

Matthias Rief*™ and Helmut Grubmiiller*™

Tethers at the very tip?

Figure 1. With an atomic force microscope, single molecules can be subjected to a
controlled load and the acting forces can be measured, Ligands (yellow) and receptors (red)
are attached to the cantilever tip (gray) and the surface (green) via linker molecules
{magenta). Both in the experiment (a) and in the simulation (b), the ligand is subject to an
increasing pulling force, and the rupture force is measured.
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Stretching single molecules into novel
conformations using the atomic force
microscope
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Baol J. Mech. Phys. Solids 50 (2002) 2237 -2274

Unfolding of one protein domain

release force on
e Iz?a

unbinding

steady increase of
successive
domains: tough to 1
measure “soft”
transitions
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Geometry Matters!
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Biomolecular Interactions Measured by Atomic Force Microscopy
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AFM measurements on biomolecular forces
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Velocity distributions “N” matters
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Measure
unbinding
distributions

careful!

Need large
HN”

Keir Neuman, Dissertation

Eox 2 | What can single-molecule manipulation tell us about biology?

Two recent studies have 107

demonstrated the ability of .

single-molecule techniques to 5.5¢1.3 bp 571

elucidate new aspects of enzyme = 6+

kinetics. First, Davenport et al.™, E .

by using a single RNA 9.1+1 bp 51
polymerase (RNAP) molecule 2 -

moving along a DNA strand . wly

attached to a bead in a flow field. I I ] ! ! 1L -

determined that RNAP can
operate in at least two modes,
one slow and one fast. The figure illustrates the averaged peak rates of single RNAP

Average peak rate (bp s571)

maolecules. showine that thev can be in a slow or a fast transcrintion stare.

40

tt$m
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Peak velocity (bpis)
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Kinesin motility cycle

Motility cycle events:

* Binding of ATP

* Hydrolysis of ATP
 Release of phosphate
 Release of ADP

 Release of the lagging
head

« Binding of the forward
head

« Conformational changes,
stepping under load

e One-head and two-head
bound states

" movie: Vale, Milligan and coworkers
www.scripps.edu/milligan/



ATP hydrolysis structures

ATP hydrolysis vs
ADP structure
Simulated annealing

Changes the structure
of the binding site

(Wriggers, Schulten Biophys. J., 75 p646 1998)



Longitudinal force vs. [ATP]
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heterogenelty

* Proteins have personality...



Ensemble methods for looking at distributions

Hole-burning spectroscopy

Photon Echo Spectroscopy

NMR
X-ray crystallography
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Kinesin is astochastic stepper:

2 seconds
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By measuring the variance in velocity over
many runs we gain information about the
underlying kinetics

1 rate-limiting step
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Randomness analysis

Randomness, r
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Phage packing experiments

letters to nature

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

The bacteriophage ¢»>29 portal ™11

motor can package DNA s 1O 2

against a large internal force = g : H .
! il Il

Douglas E. Smith" 1, Sander J. Tans" 7, Steven B. Smith:,
Shelley Grimes:, Dwight L. Anderson: & Carlos Bustamante ' |1
-]
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Keir Neuman, Dissertation



Myosin experiments, dumbell
aeometrv

A Feedback
control

Direction of actin
MOtION e



of 5.3 nanometres
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Myosin VI is a processive motor with a large step size

Ronald S. Rock*, Sarah E. Rice*, Amber L. Wells!, Thomas J. Purcell*, James A. Spudich**, and H. Lee Sweeney'

*Depavtment of Binchemnetry, Stanford Universty School of Medene, Stanfard, CA 343205 and 'Departnent of Physalogy, University of Penmsyhania
School of Medicine, 3700 Hamsltan Walk, Philadelphia, PA 191042088
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Force Velocity Curves
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How does a system respond when driven away from

thermal equilibrium?

C. larzynski*

Theoratical Didsion, Los Alamos Natlional Laboratony, Los alarmdos, MW B7545
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Free energy reconstruction from nonequilibrium
single-molecule pulling experiments

Gerhard Hurmemer® and Attila Szabao
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Fig. 1. Single-malecule force measuring experimeants by using AFM (a) and
laser tweezers (D). In the AFM experiment (a3}, the sample is moved at a
constant speed vrelative to the cantileverwithspring constant k. The position
Z; =/t + 8Z: of the cantilever tipwith respect to the sample isrecorded, where
8z is the displacement of the cantilever tip. From repeated measurements of
Z;, the free energy profile Go(z) of the unperturbed system can be determined
exactly {c).



Equilibrium Information from
Nonequilibrium Measurements
in an Experimental Test of
Jarzynski's Equality

Jan Liphardt,'* Sophie Dumont,” Steven B, Smith,?
Ignacio Tinoco Jr.,»* Carlos Bustamante
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Fig. 1. jA] Sequence and secondsry sirectime of
the Phabc AMA. [B) BMA molecules wero at
tached between twn beads with BRA-DMNA by
brid handes
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Fig. 2. Farco-oxten=an unfolding curves of Phabc a1 thwee dForent switching ratos (A} Typical
tarce-entersian unfoldng (U] am) refolding (R} oorves of the PSabc BMA im0 70 md EDTA
reversible [bloe 2 1o 5 pNii) and tevenible jred, 52 pNiv) switching cooditione [B] Twe
experemenit are showm: one in which a malecole wss wrfolded ol rates of 2 to § pNfy and 34 phia
(beft paer, blue and green). and another i which the molecule was wnfolded at rates ol £ to 5 ph/s
and 52 phrs {right palr, blue and red]. Coves [supsrposition of sbout 40 curves per experiment)
worg wToothed by comealiglon with a Gaussian karmel



Loading rate matters
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A two-state kinetic model for the unfolding of single

molecules by mechanical force

F. Riturt”, C. Bustamantett, and I. Tinaco, Jr.¥*
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Single-Molecule Imaging of RNA Polymerase-DNA Interactions in
Real Time

Yoshie Harada,” Takashi Funalsu, ® Katsubeka Murakami,” Yoshikary Manayama,® Axira Ishihama " and
Toshio Yanagida™s '
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Single-faadad kInasin
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Laarrvanibonial kinesin

heasurement of unbinding force. {4} Schematic ilustration showing the method of application of external load to one-headed or two-headed
kinesin-ooated baad by using optical tweezers, The relative size of the bead to kinesin i3 reduced 1o about 1710 of the actual scale. In thas (llusration, the load
is applied toward the plus-end of a microtubule. [ and ) Examples in the A0P state showing the time course of movement of the trap center {thin lines) and
the bead (circles) on which one-hoaded (B) or conyentipnal twe-headed (O kingsin was attached. Tha trap conter was moved at a constant rate towand the
phus-end of & microtubiil e The uRblnding Loroe was estimated Trom tha abrupt displacement of the baad, (D and ) Exarmples ihoving the Behaios of the baad
in thee SKP-PAP ttate (D) or In the nudeotide-froe state (£ in all examples, the losd wir applied toward the phe end
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Kinesin—-microtubule binding depends on both
nucleotide state and loading direction

Sotaro Uemura*, Kenji Kawaguchi®, Junichire Yajima', Masaki Edamatsu’, Yokeo Yane Toyoshima',
and Shin‘ichi lshiwata®* 7
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Equilibrium and Transition between Single- and Double-Headed Binding
of Kinesin as Revealed by Single-Molecule Mechanics

Kenji Kawaguchi,* Sotaro Uemura,” and Shin'ichi Ishiwata®
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Combined optical trapping and single-molecule fluorescence
Matthew | Lang* ', Polly M Fordvee® and Steven M Block*!

Force-induced strand separation of ds DNA
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Chromophores on adjacent HIGHER RUPTURE
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COMPARING SHEARING AND UNZIPPING

UNZIPPING SHEARING
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