Notes for Lecture 2 (paper by Linke and Grützner Eur J Physiol (2008) 456:101–115)
Original notes in French courtesy of Dr. D. Carrier

1. Biomolecular elasticity and manipulation of a single molecule

Some of our tissues need to respond to mechanical stimuli and/or resist considerable physical stress. Specific proteins have developed to provide, as the case demands, requisite resistance or essential elasticity.  The mechanical properties of such proteins can be studied using atomic force microscopy (AFM).  In the last ten years, a number of studies on connectin (also called titin) have been published in the scientific literature.

Connectin (or titin):
· A long protein of somewhere between 3.0 and 3.7 MDa (huge for a protein) which is abundant in the striated muscles and is comprised of multiple fibronectin and immunoglobulin-like domains, the sum of which represent about 90% of the protein’s mass
· Connectin plays an important role in the assembly of muscle proteins and interacts with the muscle protein myosin in particular.
· Mutations in the connectin gene are associated with several muscular myopathies and muscular dystrophy so there is a great interest in studying the biophysical properties of connectin.
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SARCOMERE (with connectin springs)



Isoforms N2B and N2BA are found in cardiac muscle while N2A isoform is found in skeletal muscles








	Specific regions of the protein have been chosen and constructs engineered for study by atomic force microscopy.










AFM experiments performed with individual natural molecules of connectin (titin) give complex results.  Thus, to facilitate interpretation and analyses, fabricated/engineered constructs called “polyporteins” and/or divers combinations of domains of structural neighbours have been used.  In most experiments, two Cys residues are added (one to the C-terminal and the other to the plate) in order to attach the molecule to the gold plate and “fix” that end. The tip of the AFM cantilever is then brought into the solution and, ideally, one single molecule becomes attached to it.  The sample and the tip are then pulled apart from one another at a constant speed.  One measures the force needed to overcome the protein’s resistance to being stretched/elongated.  These forces can be from a few pN to several nN.
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The “Sawtooth” pattern is characteristic of a protein composed of several identical Ig domains.  The regular pattern, like that in “c”, constitutes a “signature” or “fingerprint” of one particular I domain.  The octamer I91 undergoes stretching traction when the support and the tip are pulled apart from one another at a constant speed.  In “a”, the octamer is able to maintain its structural integrity but must do so against a growing force.  Eventually, the weakest link in the chain will give way: one of the Ig domains will unfold, losing its tertiary structure.  The peak of each of the “Teeth” in the saw coincides with the onset of unfolding of one domain of Ig.  In “b”, a second immunoglobulin domain begins to fail giving some “slack” in the torn molecule.  In “d”, all the Ig domains have failed and, as the speed of separation is still maintained constant, a covalent bond in the polypeptide chain is ruptured.  Such a rupture requires a very large force and hence the very large force peak in the trace.

The irregular pattern of peaks (seen in the inset in “d”) is NOT a signature of a homopolyprotein.  Such a pattern can arise from very complex molecules or from non-specific interactions or from there being several molecules attached to the tip at one time.  A good signature or fingerprint is composed of regularly spaced peaks where the height of neighbouring peaks increases very slightly.  The theory of polymer elasticity has led to different models like the “wormlike chain” model (WLC).  When this WLC model is applied to the force-extension curve in “d”, one can calculate several parameters.  For the case in point, this model indicates that the unfolding of each IgI91 domain results in an average extension/elongation of the octameric polyprotein molecule of 28.1 nm.  This elongation actually varies between 27 and 31 nm depending on the nature of the immunoglobulin domain in connectin/titin.  The folded Ig domain, on the other hand, has a length of only 4.5nm.

For the same speed of extension (1µm/s, for example), the force of domain unfolding depends on the nature of the immunoglobulin domain in question. Thus, we observe an unfolding force of approximately 130 pN for the proximal I1 domain but a force of 300 pN for the distal I96 domain (shown in Figure 3a).  In theory, this value should be between 0 and 350 PN for all the mechanical proteins known, including ankyrin, ubiquitin , α-spectrin, etc.

We also see from Figure 2f that the force of unfolding increases as the extension speed increases. In fact, there is a non-zero probability that any given domain will unfold even if no extension force is applied. When an extension force is applied, the probability of unfolding increases because the force lowers the activation barrier between the folded and unfolded states. If the speed of extension is lowered, the thermal fluctuations have a greater chance of overcoming the activation barrier.
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Figure 3: The WLC model gives us an elongation (contour length, L) of 28.3 nm for the unfolding of each Ig domain in (I96)8.

In the case of the concatemer containing N2Bus, a long period of weak force is observed, despite pulling at constant speed. This indicates that this N2BUS domain (572 a.a) stretches easily some 200nm before Igs of I91 begin to unfold.

PEVK (182 a.a.) also stretches easily but not as long – 80nm – before the Igs begin to unfold
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Figure 4 shows force-ramp technique for five Ig domains

Force ramp and force clamp
	Force clamp is also called “molecular tweezers”
Pull at constant force, measure length as a function of time
Force ramp
Like force clamp but sweep over a range of forces rather than holding the force constant, measure length as a function of time
One gets a “staircase” pattern instead of “sawtooth” of force-extension mode.  The steps in the staircase are irregular in time but regular in l.  l is < L (the contour length) because the unfolded domain recoils a bit. These “recoils” are seen in the Force-time curve as little “notches”.

There are advantages to force-ramp/force-clamp techniques: Forces are determined in a direct manner (less error); one gets kinetics (by averages dwell times for large number of unfolding events) and one gets same information as force-extension but perhaps more details in terms of time and length(Figure 4 –right hand panel).
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Figure 5 shows Force clamp of titin polyprotein construct (stepwise under constant force of 175 pN)

[image: ]Figure 6 shows the unfolding and refolding of Ig domains under force.  The quenching force is different in “a”, “b” and “c” so the refolding slightly different.  Panel “a” shows three step (rather than co-operative) refolding (i, ii, iii, on the figure.)

The constant force during the relaxation phase is greater in Figure 6b than in 6a.  One can see that the refolding takes a different pathway. The steps i, ii, and iii are still there but the ii step takes longer and is more complex (and perhaps 2-stage). 

The force during relaxation is even higher in Figure 6c and one can see the initial collapse (step i) after the pulling force is released but step ii looks different and step iii is completely absent.  The length never returns to the starting length (zero).  This indicates that the protein has NOT refolded to its original length.

There is a second pulling after the molecule is allowed to refold just to be sure the refolding occurred properly.  This refolding is verified by seeing the staircase unfolding pattern again in the second unfolding/stretching.
There is no second staircase in Figure 6c.

Figure 6 d is from a different paper than the other 3 panels and shows length-time trajectory for a single titin polyprotein (I96)8 under force-clamp.

Based on the data obtained, the model in Figure 7 is proposed.
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You should be able to distinguish Force extension AFM from both the force clamp and force ramp types of experiments by looking at the different graphs one gets in the results.
Force Extension Features
· One graph in results
· Force vs extension (length in nm)
· Regular pattern for single molecules of regular and/or repeating structure
· No “sawtooth” for complex/irregular molecules or for more than one regular/repeating molecule attached to the tip 
· Large force at end when a covalent bond is finally broken
· Can get L (the contour length) directly from graph and model the unfolding by using a computer algorithm for a model like Wormlike Chain Model (WCL) 

Force Clamp Features
· Get two graphs,
· Extension vs time
· Force vs time
·  (force is constant except for “blips”)
· Steps are irregular in time but regular in l
· l is < L (the contour length) because the unfolded domain recoils a bit

Force Ramp Features
· Get two graphs,
· Extension vs time
· Force vs time
·  (force is NOT constant, BUT ramp speed is constant except for “blips”)
· Steps are irregular in time but regular in length
· [bookmark: _GoBack]Sometimes it is difficult to see individual steps in the pulling as one domain unfolds right after another as force is increased.

**Be able to look at figures and recognize the technique! Know the objectives outlined in her intro pdf.
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