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We have used single molecule force spectroscopy to explore the unfolding and refolding behavior of the
immunoglobulin-like I27 protein in aqueous 2,2,2-trifluoroethanol (TFE). In bulk solution experiments, a
28% v/v TFE solution has previously been observed to enhance intermolecular attractions and lead to misfolding
and aggregation of tandem modular proteins of high sequence identity. In our single molecule experiments,
however, we measure successful refolding of the polyprotein I278 in all TFE solutions up to 35% v/v. Using
a single molecule micromanipulation technique, we have shown that refolding of a polyprotein with identical
repeats is not hindered by the presence of this cosolvent. These experimental results provide new insight into
the properties of tandem repeating proteins and raise interesting questions as to the evolutionary success of
such proteins in avoiding misfolding and aggregation.

Introduction

In living systems, molecular structures have the ability to self-
assemble with high precision. An example of such self-assembly
is the folding of proteins into their three-dimensional structures.
Protein folding allows key functional groups to be brought into
close proximity and allows the function of biological processes.
Failure of a protein to fold correctly or to remain correctly folded
is the origin of a wide variety of diseases.1-6 Some of these
diseases, such as cystic fibrosis and some cancers, result from
proteins folding incorrectly and not being able to exercise their
proper function. In other cases, proteins with a high propensity
to misfold escape all protective mechanisms and form aggregates
within cells or in extracellular space. For example, Alzheimer’s,
Huntington’s, and Parkinson’s disease are directly associated
with the deposition of such aggregates in tissues in the human
body.1-3 Each of these neurodegenerative diseases is associated
with abnormalities in the folding of a particular protein.
However, it is striking that the molecular pathways leading to
misfolding and aggregation of proteins, and the mechanisms
by which these processes lead to disease, are similar.1 Therefore,
understanding the mechanisms that control misfolding of a
protein and the initial formation of aggregates is an important
issue in protein folding and for developing a strategy to treat
these neurodegenerative illnesses.

Indeed, only correctly folded proteins have long-term stability
in a crowded biological environment, allowing them to fulfill
their function. In the human body, a large fraction of proteins
have structural and mechanical function. A common feature of
these mechanical proteins is that they contain multiple individu-
ally folded protein domains. Multidomain proteins, containing
more than one domain, account for greater than 70% of all
eukaryotic proteins.42 Furthermore, tandem repeats of protein
domains exist in up to 20% of the proteins in the genome. These
tandem repeating proteins present an interesting case in which
misfolding has been avoided in a crowded environment that
contains similar domains.

One important example of a tandem modular protein is the
immunoglobulin-like domain that is found in a variety of
proteins. The giant protein titin is composed of around 300
repeats of immunoglobulin-like domains and fibronectin type
III (FnIII) domains (Figure 1) and spans half of the muscle
sarcomere.7 Titin plays a number of important roles in muscle
contraction and elasticity, as well as controlling chromosome
shape in the cell nucleus.12 The region of titin located in the
sarcomere I-band is believed to be responsible for titin
extensibility and passive elasticity. The half I-band is composed
of distinct regions, referred to as the proximal immunoglobulin-
like region, N2B and PEVK region, and distal immunoglobulin-
like region (Figure 1). These regions include a head-to-tail linear
array of immunoglobulin-like domains interrupted at intervals
by less highly structured linker N2B sequences and PEVK
sequences (70% proline, glutamic acid, valine, and lysine
residues). The I27 protein, using the old nomenclature of Labeit
and Kolmerer,7 is located in the distal immunoglobulin-like
region. This protein’s secondary structure consists of eight
â-strands that are stabilized primarily by hydrogen bonds
between amide and carbonyl groups of the main chain.

In recent years, single molecule force spectroscopy has made
it possible to explore the energy landscape of proteins such as
I27 by applying a mechanical force.8 In a mechanical unfolding
experiment, the pathway of unfolding of a single protein is
biased along the direction of the applied force, which is precisely
known. Single molecule force spectroscopy experiments have
been highly successful in improving our understanding of protein
folding.8-14 These experiments provide a valuable tool to
measure the mechanical properties of proteins. Indeed, force is
a natural probe of protein folding and unfolding, unlike the use
of harsh denaturants and/or large temperature jumps to perturb
a folded protein. Furthermore, observing only population
averages, as in bulk experiments, can hide dynamic or mecha-
nistic features of biological molecules that are important for
function. Single molecules exist at any given time in particular
conformational states with their solvent environment. Single
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molecule techniques allow the measurement of the distribution
of activities of individual proteins.

Polyproteins are multidomain proteins composed of identical
repeats of a single protein.15 When folded, tandem modular
polyproteins do not misfold or aggregate. Indeed, they are very
stable, can be produced in large quantities, and remain usable
after many months of storage. Under unfolding conditions, there
may be competition between protein refolding and aggregation.
Single molecule force spectroscopy experiments have shown
that folding is favored with less than 2% refolding events
showing misfolding.16 Furthermore, polyproteins unfold com-
pletely reversibly in equilibrium denaturation experiments.17

This suggests that rapid and efficient refolding is a mechanism
that can help prevent aggregation of adjacent unfolded domains.
Interestingly, the domains of the giant protein titin that are most
likely to unfold on application of force are those that are most
able to recover quickly. Of the distal I-band domains of titin
that have been examined, the I27 protein is mechanically the
weakest,18 and yet chemical denaturation experiments have
shown that it refolds more rapidly than any of the other distal
I-band domains that have been studied.19 Furthermore, light
scattering experiments have shown that the use of denaturants
in bulk solution experiments amplifies the probability of
misfolding. Indeed, a recent study using such methods revealed
that coaggregation between different domains only occurs when
the domains have a high sequence identity.20 In these bulk
solution experiments, the polyprotein I278 was observed to
misfold and aggregate in a 28% v/v 2,2,2-trifluoroethanol (TFE)
solution, a substance known to enhance intermolecular interac-
tions.21 Immunoglobulin-like domains with more than 70%
sequence identity were found to be highly prone to coaggre-
gation, while those with less than 30-40% sequence identity
did not detectably interact. The conclusion of this work was
that sequence diversity is important in avoiding aggregation in
the evolution of proteins.20

Following from this idea, we have carried out a different kind
of study to explore misfolding and aggregation of proteins.
Instead of studying aggregation by modifying the density of

proteins in a bulk solution, we probed the unfolding and folding
behavior of individual tandem repeating protein domains in TFE
solutions. The very nature of a polyprotein, where repeats of
identical proteins are in very close proximity to each other,
results in an intrinsic high density of proteins. We have
completed single molecule force spectroscopy experiments on
polyprotein I278 in a number of TFE solutions. We have utilized
a single molecule micromanipulation technique that has proved
to be successful for studying protein folding.15,16,22,23These
experiments probe the specific folding behavior of tandem
repeats of proteins unfolded in an environment known to
promote intermolecular interactions in bulk solutions.21 These
single molecule force spectroscopy experiments provide a new
perspective on the folding and aggregation properties of tandem
repeating proteins.

Experimental Procedures

Protein Engineering and Purification. For efficient single
molecule experiments, we first constructed polyproteins using
protein engineering. The details of the polyprotein engineering
and purification have been reported previously.15 Briefly, we
constructed an eight domain N-C linked polyprotein of I27,
the 27th immunoglobulin-like domain of cardiac titin, through
successive cloning in modified pT7Blue vectors and then
expressed the gene using vector pQE30 inEscherichia colistrain
BLR(DE3). Pelleted cells were lysed by sonification, and the
His-6-tagged soluble protein was purified first by immobilized
metal ion affinity chromatography and then by gel filtration.
The protein was stored at 4°C in 50 mM sodium phosphate/
150 mM sodium chloride buffer (pH 7.2). The polyproteins have
two Cys residues in their carboxyl terminus to facilitate the
attachment of the molecules to the surface.

Solvent Environment. Samples of TFE and water were
obtained from Sigma-Aldrich and used without additional
purification. Solvent mixtures were prepared to obtain the
desired volume fraction (v/v) of TFE. The solvent mixtures were
prepared in PBS buffer (pH 7.4) at 25°C.

Figure 1. Schematic diagram showing the position of titin in the sarcomere. Titin spans the distance between the M-line and the Z-disk. It is made
up of immunoglobulin-like (Ig) and fibronectin type III (fnIII) domains with additional less structured regions such as the N2B and PEVK region.
The half I-band connects the Z-disk and the A-band and is composed of distinct regions, referred to as the proximal immunoglobulin-like region,
N2B and PEVK region, and distal immunoglobulin-like region. The immunoglobulin-like protein I27 is located in the distal region of the half
I-band.
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Single Molecule Force-Extension Spectroscopy.We used
a custom-built atomic force microscope (AFM) equipped with
a PicoCube P363.3-CD piezoelectric translator (Physik Instru-
mente, Karlsruhe, Germany) controlled by an analogue PID
feedback system that has been described previously.24 Silicon-
nitride cantilevers (Veeco, Santa Barbara, CA) were calibrated
for their spring constant using the equipartition theorem as
reported.25 The average spring constant was∼65 pN/nm. All
data were obtained and analyzed using custom software written
for use in Igor 5.0 (Wavemetrics, Oswego, OR).

In an atomic force microscopy experiment, a single molecule
is stretched between the microscopic silicon nitride tip of a
flexible cantilever and a flat substrate that is mounted on a highly
accurate piezoelectric positioner (Figure 2A). The proteins were
suspended in buffer at a concentration of∼10 µg/mL and
adsorbed onto freshly evaporated gold coverslips. Single protein
molecules were stretched by first pressing the cantilever on the
gold-coated coverslide for 3 s at 500-700 pN, then retracting
at a constant velocity. As the distance between tip and substrate
increases, extension of the molecule generates a restoring force
that causes the cantilever to bend. This causes deflection of a
laser beam directed toward the upper surface of the cantilever,
measured using four highly sensitive photodetectors. The output
of the photodetectors can be related to the angle of the cantilever
and therefore to the applied force, if the elastic properties of
the cantilever are known. This system then allows spatial
manipulation of less than a nanometer and can measure forces
of a few piconewtons.

In the AFM experiments, an O-ring was used to minimize
the rate of evaporation of the solvent buffer. The O-ring fits
into the fluid cell and allows a seal to be formed for the protein
in solution between the fluid cell and the coverslip. Additionally,
experiments were carried out over a period of 2-3 h to minimize
the effects of any evaporation, ensuring that the concentration
of TFE in the solution remained fixed.

Data Analysis. The force-extension curves are well-
described by the worm-like-chain (WLC) model of polymer
elasticity11

which predicts the entropic restoring force (F) generated on the
extension (x) of a polymer, whereLC is the contour length,x is

the end-to-end distance of the chain,p is the persistence length,
and kB and T are Boltzmann’s constant and temperature,
respectively. Consecutive peaks in the sawtooth pattern (de-
scribed next) were fitted by WLC with the same persistence
length and contour length increment,∆LC.

Results

Fingerprint of Protein Unfolding. We construct polyproteins
with eight repeats of the immunoglobulin-like human cardiac
titin domain I27. The I27 protein is an 89 residueâ-sandwich
protein with well-characterized properties.15,26 The use of
polyproteins is advantageous in that they provide a clear
mechanical fingerprint to distinguish them against a background
of spurious interactions.

In the force-extension experiment, single polyproteins were
fully extended by retracting the sample holding substrate away
from the cantilever tip at a constant velocity of 400 nm s-1,
generating a periodic sawtooth pattern (Figure 2B). This
sawtooth pattern is then the fingerprint for single molecule
studies of protein unfolding and results from the sequential
extension and unfolding of the protein modules. The peak force
reached before an unfolding event measures the mechanical
stability of the protein module, while the spacing between peaks
is a measure of the increased contour length,∆LC ) ∼28.4
nm, of the protein as it unfolds. The last peak in the sawtooth
pattern represents the final extension of the unfolded protein
prior to detachment from the atomic force microscope tip.

Mechanical Stability of the I27 Protein in Different
Solvent Environments.Stretching the I27 protein in aqueous
buffer resulted in a distribution of forces required to unfold the
protein (Figure 3A). A histogram of force peaks (unfolding
force) measured from 200 unfolding events in aqueous solution
reveals a distribution of events that has an average unfolding
force of 200( 14.5 pN (Figure 3B) in agreement with previous
literature.15,28Force-extension experiments on the I27 protein
were carried out in a range of TFE solutions: 10, 20, 28, and
35% v/v TFE. Figure 3C shows typical sawtooth pattern data
for mechanical unfolding of the I27 protein in 28% v/v TFE. A
histogram of force peaks (unfolding force) measured from 200
unfolding events in 28% v/v TFE reveals a distribution of events
that has an average unfolding force of 185( 17.0 pN (Figure
3D). A plot of the peak of the unfolding force distribution as a
function of the concentration of TFE is shown in Figure 3E.
The dashed line in Figure 3E shows a linear fit to the data with

Figure 2. Force-extension mode of the atomic force microscope. When pressed against the layer of protein attached to a substrate, the cantilever
tip can adsorb a single protein molecule. Extension of a molecule by retraction of the piezoelectric positioner results in deflection of the cantilever.
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a slope of 0.45 pN/% TFE (v/v). While previous bulk studies
have measured the destabilization of proteins using TFE,20,21

our experiments provide the first single molecule level dem-
onstration of the destabilization of a protein by TFE. Further-
more, TFE is known to destabilize proteins under a range of
environmental conditions such as temperature and chemical
denaturants. Here, we have found that in addition, TFE
destabilizes a mechanically unfolded protein. It is interesting
to note that this destabilization, although evident, is mild with
only a 10% reduction inFUN with the substitution of 35% TFE.
Interestingly, there is no universal molecular theory that can
explain the mechanism by which solvents such as TFE affect
the stability of a protein. Several studies have shown that TFE
increases the structure of the TFE/water solution, thereby
increasing the energetic cost associated with solvation of the
polypeptide backbone.29 This change in the hydrogen bond
capacity of water destabilizes the unfolded state. In some
proteins, TFE can affect the three-dimensional structure,
stabilizing and inducing helix structures.30

Refolding of I27 Protein in TFE Solutions.Previous work
has shown that incubation of the small protein, acylphosphatase,
in a 28% v/v TFE solution leads to the formation of insoluble
amyloid fibrils.21 Furthermore, this concentration of TFE marks
the saturation point for rapid formation of structured aggregates
that show characteristics of amyloid fibrils.20 Therefore, a 28%
v/v TFE solution provided an excellent starting point to study
the refolding behavior of an individual tandem repeating
polyprotein I278. In the experiment, a single polyprotein
remained attached to the atomic force microscope tip allowing
for repeated extension and relaxation cycles following a double
pulse protocol22 (Figure 4). A first extension allows counting
of the available folded domains. After reaching the extended
state, the protein is relaxed to its initial length. After a variable
time period,∆t, the protein is again stretched.

We carried out refolding experiments on our identical tandem
repeating polyprotein I278 in 28% v/v TFE. Stretching the
polyprotein I278 in 28% v/v TFE resulted in force-extension
curves with peaks that varied randomly in amplitude with an
average value of∼185 pN. In the example shown (Figure 4A),
the protein is extended, and five domains unfold. Since the
polyprotein is picked up at random, and the total extension of
the protein is limited to prevent detachment, the number of
extended domains is typically less than the maximum (eight
domains). The protein is then relaxed for a delay time∆t ) 1
s. Upon a second extension, five protein domains unfold. In a
second example (Figure 4A), the protein is extended, and four
domains unfold. The protein is relaxed for a delay time∆t )
0.1 s and upon a second extension, two protein domains unfold.
We interpret these results as an indication that some of the
domains that unfolded in the first extension of the protein had
spontaneously refolded upon relaxation.15,16,22,23Such single
molecule refolding experiments revealed many events (>200)
where the I27 protein had unfolded in TFE solution and refolded
without any aggregation or misfolding occurring. During these
repeated unfolding and refolding cycles, the sawtooth pattern
of the force-extension curve occasionally shows skips in the
force peaks, indicating misfolding of a protein.16 In the example
shown (Figure 4B), a first extension shows four unfolding peaks.
A second pull, after the protein was relaxed to its resting length
and allowed to refold for a time∆t ) 1 s, shows only two
force peaks. The missing unfolding events observed during the
refolding cycles occurred 4 times in 241 events. This frequency
of occurrence of skip events is consistent with previous
experiments on the I27 protein in the absence of TFE.16

By varying the waiting time∆t from 0.1 to 5 s and measuring
the ratio of folded modules,Nrefolded/Ntotal, we deduced the rate
constants of refolding for the polyprotein I278 in 28% v/v TFE.
The plot in Figure 4C shows the time evolution of the fraction
of refolded modules or the probability of refolding for the I27
protein in aqueous solution (black squares) and in 28% v/v TFE
(red circles). The refolding rate constantkf is deduced from the
single exponential fits of a two state model to the data.22 The
solid lines are fits of the data to the functionP(t) ) 1 -exp-
(-t/kf). The folding rate constant of the I27 protein in aqueous
solution is 1.35( 0.51 s-1, while in the TFE solution,kf ) 1.7
( 0.15 s-1. Indeed, it is evident from Figure 4C that the addition
of TFE does not alterkf greatly.

To further explore the refolding behavior of the I27 protein,
we carried out force-extension refolding experiments in 35%
v/v TFE. In Figure 5, one such example of successive refolding
in a 35% v/v TFE solution is shown. The protein is first
stretched, and five domains unfold (trace 1). The protein is
relaxed to its initial length for a delay time∆t ) 1 s. Upon a

Figure 3. Force-extension experiments reveal unfolding behavior of
the polyprotein I278 in 28% v/v aqueous TFE. Force-extension
relationships for the polyprotein I278 measured using AFM. (A)
Stretching of a single I27 polyprotein in aqueous solution results in a
force-extension curve with a sawtooth pattern having equally spaced
force peaks. (B) Unfolding force histogram for I278 in aqueous solution
showing an average peak unfolding force of 200( 14.5 pN. (C)
Sawtooth pattern obtained from unfolding of the I27 protein in 28%
v/v TFE solution. (D) Unfolding force histogram for I278 in 28% v/v
TFE solution showing an average peak unfolding force of 185(
17.0pN. (E) Average peak unfolding force as a function of concentration
of TFE v/v. The dashed line shows a linear fit to the data with a slope
of 0.45 pN/% TFE (v/v).
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second extension, four domains unfold (trace 2 in Figure 5).
This cycle is repeated many times, with the four subsequent
cycles shown (traces 3-8 in Figure 5). Successive unfolding
and refolding is observed. Strikingly, this concentration of TFE
(35%) lies well above the saturation point of TFE observed to
induce the unfolding of globular proteins and promote inter-
molecular interactions (28%).21

Discussion

It has recently been proposed that low sequence identity may
play an important role in safeguarding proteins against mis-

folding and aggregation.20 The implication is that tandem
modular proteins of high sequence identity may be prone to
aggregation. To test this hypothesis and provide new insight
into protein misfolding, we have completed single molecule
force spectroscopy experiments on the tandem repeating polypro-
tein I278. We have completed refolding experiments in solutions
containing TFE, a solvent known to enhance intermolecular
interactions and promote aggregation of proteins. Successful
refolding of the polyprotein I278 was measured in solutions with
up to 35% v/v TFE. These measurements show that tandem
repeats of identical domains can successfully refold in a
denaturing environment (35% TFE). These new single molecule
experiments then raise the question as to why aggregation of
polyproteins is observed in light scattering experiments20 but
not observed in single molecule experiments.

In a force spectroscopy experiment, a single polyprotein,
containing identical neighboring repeats, is mechanically un-
folded along a well-defined reaction coordinate. Upon mechan-
ical unfolding, each protein in the polyprotein chain is unfolded
to a highly extended conformation (86% of the contour length31)
and is situated next to an identical neighboring unfolded protein.
Therefore, each unfolded protein has a local effective protein
concentration that is very high and is fully exposed to the solvent
environment. Conversely, in a bulk solution experiment, mol-
ecules undergoing chemical denaturation explore a wide range
of unfolded, structures without a well-defined reaction coordi-
nate. These heterogeneous denatured conformations are close
in size (radius of gyration) to the native state of the protein.32,33

In these experiments, the protein concentration is high to

Figure 4. Unfolding and refolding cycles of the polyprotein I278 in
28% v/v TFE. (A) The protein is first stretched to count the number of
domains that unfold and then relaxed to its initial length. A second
extension after a delay time,∆t, measures the number of refolded
modules. In the first example, the protein is extended, and five domains
unfold. The protein is relaxed for a delay time∆t ) 1 s. Upon a second
extension, five protein domains unfold. In the second example, the
protein is extended, and four domains unfold. The protein is relaxed
for a delay time∆t ) 0.1 s. Upon a second extension, two protein
domains unfold. (B) Reversible misfolding events in the polyprotein
I278 captured by single molecule AFM. The protein is extended, and
four domains unfold. The protein is relaxed for a delay time∆t ) 1 s.
Upon a second extension, only two protein domains unfold. The
sawtooth pattern shows two skips in the force peaks. (C) Refolding
rate of the I27 protein in TFE solution. Plot of the refolded fraction
Nrefolded/Ntotal vs∆t for the I27 protein in aqueous solution (black squares)
and the I27 protein in 28% v/v TFE (red circles). For TFE, each symbol
(red circle) is the average of 30, 39, 41, 27, 25, 24, 33, and 22 data
points obtained from three separate experiments. The solid line is a fit
of the data to the functionPf(t) ) 1 - exp(-t/kf), wherekf ) 1.35(
0.51 s-1 for the I27 protein in aqueous solution andkf ) 1.70( 0.15
s-1 for the I27 protein in 28% v/v TFE.

Figure 5. Multiple unfolding and refolding cycles of the polyprotein
I278 in 35% v/v TFE solution. The protein is first stretched, and five
domains unfold (1). The protein is relaxed to its initial length for a
delay time∆t ) 1 s. Upon a second extension, four domains unfold
(2). This cycle is repeated many times, with the four subsequent cycles
shown (3-8). Successive unfolding and refolding is observed.
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increase the likelihood that single proteins will be in close
enough proximity to interact.

The aggregation rate of the I27 protein in bulk solution has
been studied using light scattering techniques and fluorescence
techniques.20 Increasing the concentration of single proteins in
the solution led to an increase in the aggregation rates.
Furthermore, in this work,20 the aggregation kinetics of the
monomer protein were compared to the aggregation kinetics of
polyprotein constructs I272, I273, and I278. The aggregation rates
of the polyproteins were 10 times faster than the aggregation
rates of the monomer. Interestingly, very little difference in the
aggregation rates was measured between polyproteins of dif-
ferent lengths.20 This study proposed that the initial interaction
of a pair of domains is the key step in the aggregation of the
system. The authors concluded that the length of the polyprotein
chain was not the limiting factor but rather the presence of two
neighboring domains. In light of our results, it appears that single
molecule techniques and bulk solution techniques are distinct.
In single molecule experiments, the local effective concentration
is always high, owing to the very nature of the polyprotein
construct. In bulk solution experiments, a population of neigh-
bors is achieved through the use of high concentrations of
protein in the solution.

In force spectroscopy experiments, aggregation of proteins
in solution may occur. However, these aggregates have no
accessible mechanical fingerprint and therefore cannot be probed
directly with this technique. Conversely, in traditional light
scattering experiments, aggregation of proteins can be probed.
However, there is no direct measure of the number of correctly
folded proteins that remain in the solution, and it is possible
that a large number of correctly folded proteins still exist.
Instead, only the overwhelming scattering from the aggregated
proteins is observed. Therefore, two experimental techniques
probe different features of this system. Single molecule refolding
experiments provide a bridge between these two experimental
techniques. In these experiments, the success of a single protein
in unfolding and refolding can be monitored. These measure-
ments show that a single polyprotein can be unfolded, relaxed,
and subsequently unfolded in 35% v/v TFEsconfirming that
the protein has successfully refolded in solution. Interestingly,
this concentration of TFE lies above the concentration at which
this cosolvent is known to promote intermolecular interactions21

and result in the formation of structured aggregates.20

The unfolding of neighboring modular proteins is likely to
be a common theme in the function of modular proteins such
as titin, tenascin, spectrin, and many others31 allowing them to
unfold sequentially when subjected to stretching forces applied
to their N-C termini.34 On removal of force, unfolded proteins
can refold back to their original folded structure to recover their
mechanical stability, maintaining their mechanical properties
during repeated stretching and relaxation cycles. From this
perspective, the mechanical unfolding of polyproteins captured
using force spectroscopy closely reflects the unfolding of
modular proteins in vivo, as compared with the study of isolated
monomers. Indeed, many proteins have been expressed suc-
cessfully in tandem array and studied using force spectroscopy,
including ubiquitin9,24protein G,35 protein L,36 green fluorescent
protein,37 and many immunoglobulin-like (Ig-like) domains.15,28,38

It is possible that tethering a protein, as in force spectroscopy
experiments, may favor folding over aggregation and could
account for the differences seen when comparing to bulk
experiments. However, a recent molecular dynamics simulation
study39 has shown that neither the folding mechanism nor the
transition state of a model protein were typically altered

significantly when the protein was tethered. Thus, it is likely
that experiments done using single molecule techniques and
tandem repeat proteins closely resemble conditions that occur
in physiological systems. In addition, recent bioinformatic
studies have suggested that a significant proportion of proteins
in vivo consist of more than one domain.40,41 Long repeats,
containing several domains in tandem, have been observed to
be particularly common in multicellular species,41,42suggesting
that repeats have arisen late in evolution. Therefore, it seems
possible that evolutionary mechanisms have developed to avoid
the misfolding of these proteins. Interestingly, there is some
evidence which suggests that proteins have conserved residues
that are important for preventing misfolding or aggregation.44,45

These have been termed gatekeeper residues; that is, they close
the door to the aggregation pathway and allow folding to
compete more effectively. These gatekeeper residues are thought
to include charged residues and conserved proline or glycine
residues. Additionally, it has been suggested that there are a
number of specific sequence-based signals in multidomain
proteins, and in particular in tandem arrays of identical domains,
that prevent interdomain aggregation. However, this hypothesis
remains to be tested both by analysis of sequences or by
experiment. Indeed, single molecule force spectroscopy is an
excellent candidate for exploring the importance and role of
gatekeeper residues in correct protein folding.

Under physiological conditions, protein misfolding and ag-
gregation may be triggered by a number of genetic and
environmental factors. The mechanisms by which environmental
factors might catalyze protein misfolding include changes in
pH or oxidative stress, pathological chaperone proteins, mac-
romolecular crowding, and increases in the concentration of
misfolded proteins.1 Recent studies of the molecular mechanism
of brain degeneration strongly support the hypothesis that diverse
neurodegenerative diseases are caused by the misfolding,
aggregation, and accumulation in the brain of an underlying
protein.1 The trigger for the misfolding and aggregation process
may depend on hydrophobic interactions and hydrogen bonding
between the protein molecules. It has been proposed that protein
misfolding and aggregation follows a seeding-nucleation
mechanism modulated by several environmental factors and
involving the formation of at least two intermediates: oligomers
and protofibrils. Kinetic studies have tried to monitor the
formation of oligomers, identifying the transition from monomer
proteins to dimers and up to decamers.1 However, structural
and biochemical characteristics of these interactions have proved
to be challenging because they are transient and unstable. We
have shown that single molecule force spectroscopy is a novel
technique that provides a new perspective on the question of
protein folding and aggregation. Further experimentation, using
this new tool, may provide a model for the initial formation of
aggregates and intermediates in solution. This model could
provide new insight into the diseases caused by protein
aggregation while maintaining a clear experimental fingerprint
for the protein of interest.15,28,38
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