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Stretching single molecules into novel
conformations using the atomic force

microscope

Thomas E. Fisher, Piotr E. Marszalek and Julio M. Fernandez

A dense network of interconnected proteins and carbohydrates forms the complex mechanical scaffold of living
tissues. The recently developed technique of single molecule force spectroscopy using the atomic force microscope
(AFM) has enabled a detailed analysis of the force-induced conformations of these molecules and the determinants
of their mechanical stability. These studies provide some of the basic knowledge required to understand the
mechanical interactions that define all biological organisms.

Mechanical stretching in vivo is thought to regulate the function
of proteins, polysaccharides and DNA!-¢. The application of
mechanical force to biological polymers produces conforma-
tions that are different than those that have been investigated by
chemical or thermal denaturation’ and are inaccessible to con-
ventional methods of measurement such as NMR spectroscopy
and X-ray crystallography. Force-induced conformational tran-
sitions may therefore be physiologically relevant, and may offer
novel perspectives on the structure of biomolecules. Recent
developments in single molecule force spectroscopy have
enabled studies of the mechanical properties of single biological
polymers®'4.  The force-measuring

conformational changes in the regulation of physiological func-
tion. This review will focus mostly on the use of the AFM to
study the dynamic changes that proteins undergo in response to
mechanical force.

The force spectroscopy mode of the AFM

In the force-measuring mode of the AFM, single molecules or pairs
of interacting molecules are stretched between the tip of a micro-
scopic cantilever and a flat, gold-covered substrate whose position
is controlled by a high precision piezoelectric positioner (Fig. 1b).
This system allows the suspended molecule(s) to be stretched with
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Fig. 1 The extension of modular proteins with the AFM. a, A series of four force extension curves obtained from a pure sample of protein consisting
of 12 identical domains. In each case the final peak represents extension of the completely unfolded protein and its detachment from either the can-
tilever or the gold substrate. Note that the pattern of force peaks prior to detachment in the first trace is irregular in amplitude and spacing and is
therefore uninterpretable. In the subsequent traces, however, there are varying numbers of evenly spaced peaks of similar amplitude corresponding
to the consecutive unfolding of the protein domains, with or without an early region of nonspecific interaction. b, A schematic diagram of the pro-
gression of events during withdrawal of the gold substrate (gray box) during an AFM experiment. Prior to the experiment, a layer of proteins was
allowed to adsorb to the gold substrate. Then the AFM cantilever (pyramidal tipped lever) is pressed against the protein layer to allow adsorption to
the cantilever. Upon withdrawal of the gold substrate, the cantilever is first deflected by interactions with other molecules such as denatured protein
(in green). When these interactions break, the force on the cantilever is released. As the modular protein is stretched, the force on the cantilever
increases until one of the domains unravels causing the force on the cantilever to drop. The force begins to increase again whe n the unfolded
domain is fully elongated. ¢, The WLC model can be used to fit the force extension relationship of the protein following unfolding of all of the
domains (L&), or prior to any of the unfolding events (for example prior to the first domain unfolding, L°). The first fit (Lo4eq) represents extension
of the protein prior to the occurrence of an unfolding intermediate (see text and Fig. 2).
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subnanometer precision. The forces acting on the molecule as it is
extended are transmitted to the cantilever, causing it to bend. The
amount of bending is measured by a laser beam reflected off the
cantilever tip onto a photodetection system, such that the vertical
deflection of the beam registers the angle at which the cantilever is
bent?>-%. By calibrating the responsiveness of the cantilever®, the
degree of bending can be translated into the applied force with a
precision at the level of a few piconewtons (pN).

Interpretation of force extension relationships

The sensitivity of the AFM has enabled experiments to probe the
mechanical properties of several types of native and engineered
modular proteins'>!>24, In a typical experiment, the cantilever
tip is pressed into a layer of purified protein adsorbed onto the
gold substrate. Protein molecules from the adsorbed layer affix
to the cantilever by an unknown mechanism (which could
involve the high pressures achieved as the cantilever tip is pressed
against the gold substrate’”) and are stretched as the gold sub-
strate is withdrawn. Suspended molecules resist extension and
therefore cause deflection of the cantilever. The tension on the
cantilever is released either when a force-induced rearrangement
increases the distance between the ends of the suspended protein
(culminating in the complete unraveling of the protein fold), or
when the suspended molecule(s) become detached from the can-
tilever or gold substrate. The resultant data may be expressed as a
force extension curve.

The traces in Fig. 1a represent force extension curves obtained
from a sample of a protein composed of 12 identical domains. The
final peak in each trace represents detachment of the final protein
molecule(s). These traces demonstrate that even when a sample of
a pure protein is used, spurious peaks may occur in the force exten-
sion curve because the protein molecule may have been completely
or partially denatured due to interactions with the gold substrate or
to entanglement with other protein molecules. Such interactions,
which typically occur when the cantilever is within [B0-50 nm of
the gold substrate, might yield a force extension relationship dis-
playing a single force peak, or one displaying several peaks that are
irregular in amplitude and spacing (Fig. la, uppermost trace).
Mechanical interference of this kind may occur with any sample of
biological polymer, and, although it could easily be mistaken for
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Fig. 2 Identification of an unfolding inter-
mediate in the extension of 127 and the
prevention of this intermediate by a point
mutation. a, Force extension curves for
1275 (upper trace) and for the K6P mutant
of 1274 (1274-K6P, lower trace) showing fits
of domain unfolding according to the
WLC model (blue lines). Note that 127,
shows a prominent hump in the rising
phase of the initial force peaks, while no
such humps are seen for 127,-K6P. The
numbers in the upper trace refer to the
stages of extension of 127 pictured in (b).
b, Steered molecular dynamics simulations

; of the structure of 127 under no stress
A (upper diagram) (i) under some force
showing extension of the bonds between
the A and B strands (ii) under greater
stress with the A-B bonds broken and the
A'-G patch being extended and (iii) fol-
lowing complete unraveling of the
domain (not drawn to scale). (Fig. 2b
adapted from ref. 47 and generated using
the program VMD?4).

real data, is essentially uninterpretable. The presence of the regular-
ly spaced, saw-tooth pattern of force peaks seen in the lower three
traces in Fig. 1a, however, is the unmistakable fingerprint of a mod-
ular protein. These peaks correspond to the consecutive unfolding
of each of the protein domains in a single protein molecule. As a
molecule is elongated, the resistive force increases until one of the
domains gives way and unravels, releasing the tension on the can-
tilever (Fig. 1b). Continued extension causes the resistive force to
increase again until the next unfolding event occurs. Force exten-
sion curves can yield unfolding force peaks equal to the number of
domains in the protein (as in trace 3 of Fig. 1a), but more frequent-
ly will yield fewer peaks or no peaks at all (as in trace 1 of Fig. 1a).

Analysis of the saw-tooth pattern

Analysis of saw-tooth patterns has provided quantitative informa-
tion about the mechanical properties of different types of modular
proteins!>!>-17. One crucial characteristic of this pattern is that the
amplitude at which an unfolding event occurs reflects the mechan-
ical stability of the folded domain under the experimental condi-
tions used. Unfolding is a probabilistic event that can occur at any
force, and it therefore depends on the rate of extension, with higher
force required to cause unfolding at greater rates of extension-4.
A second characteristic of the saw-tooth pattern is that the spacing
between the peaks reflects the number of amino acids that each
unfolding event adds to the total length. Domains of equal size
should therefore yield evenly spaced peaks. Observation of such a
pattern verifies that the data reflects the unfolding properties of the
molecule of interest and allows quantitative analysis of the
mechanical properties of the protein domains (Fig. 1¢; see below).

Mechanical properties of a protein module

The heterogeneity of native proteins complicates the interpreta-
tion of AFM studies. When a modular protein containing multiple
different domains is stretched, it is difficult to relate individual
unfolding peaks in the force extension curve to specific domains,
and therefore to determine the mechanical properties of a specific
fold. The solution to this problem was found in molecular biology.
By ligating multiple copies of the cDNA encoding a specific
domain and expressing the resultant gene in bacteria, it has been
possible to produce ‘polyproteins’ consisting of multiple copies of
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Fig. 3 The engineering of polyproteins to probe the structure of
immunoglobulin domains. a, Insertion of a cassette of five
glycine molecules into the structure of 127 (model on the left)
causes an increase in the interval between unfolding peaks
observed with the AFM (traces on the right). The difference
between the wild type polyprotein (wt) and that constructed
from the glycine mutant (+5Gly) is (2.0 nm, or (0.4 nm per
glycine residue. b, Mutations of amino acids involved in the A'-G
patch of the 127 domain can change the force required for
unfolding. While the V11P mutant results in a decrease in the
amplitude of unfolding force peaks, the YOP mutant shows force
peaks that are higher than the wild type 127 domain (WT). ¢, A
chimera constructed of repeats of 127 and 128 yields a force exten- b
sion relationship demonstrating that the domains with lower
mechanical stability (127) unfold on average at lower forces, irre-
spective of the arrangement of the domains within the protein.

a single protein fold?2. For example, a polyprotein con-
sisting of eight copies of immunoglubulin domain 27
from human cardiac titin (referred to as 127;) has allowed
quantitative study of the mechanical properties of this
domain. Extension of this polyprotein (Fig. 1¢) yielded a
force extension curve with evenly spaced peaks with an
amplitude tightly clustered around a mean of 204 *
26 pN (ref. 22).

The data obtained from the force extension curve from
a engineered polyprotein may be analyzed quantitatively
using models that describe the physics of polymer elasti-
city. Polymer chains that are free in solution exist in a coiled state
since this maximizes their conformational freedom and therefore
entropy. Extension of the molecule generates an opposing force due
to the reduction in entropy, as the freedom of movement of the
molecule is restricted. The behavior of polymers under stress may
be predicted using the ‘worm-like chain’ model of entropic poly-
mer elasticity (WLC*#4). The WLC uses the length and flexibility
of a molecule to model how it would respond to forced extension.

The results of fitting three portions of a saw-tooth pattern are
shown in Fig. 1c. The first fit (Lg,.4) represent the length of the pro-
tein prior to the unfolding of any domains, whereas the third fit
represents the extension of the protein after all eight domains have
been unfolded (L%,). Fitting the upswing of earlier peaks with the
WLC theory (for example, the second fit L, in Fig. 1¢) gives the
length of the protein prior to that particular unfolding event. The
interval between events gives the increment due to unfolding. The
distance between the extrapolated length of L8, and L°, for exam-
ple, indicates the increase in the length of the protein caused by
unfolding all eight domains. The use of a polyprotein allows this
interval to be estimated with great precision because it allows
simultaneous fitting of multiple peaks. For 1275, unfolding each
domain adds 28.4 + 0.3 nm to the length of the protein??, which
corresponds to a stretch of [70 amino acids. This is less than the
total number of amino acids in the fold (89), suggesting that inter-
actions within the fold form a point of resistance that protects
amino acids from mechanical stress, until the unfolding event
occurs. Each domain therefore consists of ‘force bearing’ amino
acids, which are exposed to stress prior to the unfolding event, and
‘hidden’ amino acids, which are stretched only after unfolding
occurs. The number of hidden amino acids in the 127 domain sug-
gests that there is a critical point of mechanical resistance between
two parts of the 127 sequence that differ by [70 amino acids. This
hypothesis is in good agreement with the calculations made by
Klaus Schulten and collaborators who used steered molecular
dynamics simulations® to predict the atomic events during the
force-induced unfolding of the 127 module. These simulations
showed that the A'-G contact region contains several hydrogen
bonds that must be broken simultaneously for the relative motion
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of the two strands to occur (Fig. 2b)*7. Inspection of the structure
of the 127 domain (Fig. 2b) shows that [V0 amino acids are
‘sequestered’ by the A'~G contact region, in excellent agreement
with our observations.

Comparing chemical and AFM protein unfolding
Extrapolation of the rates of unfolding measured at different forces
allows estimation of the rate of unfolding at zero force. This per-
mits a comparison with estimates of spontaneous unfolding rates
derived from chemical denaturation experiments. The rates of
spontaneous unfolding for an 127 domain estimated in these ways
are strikingly similar (4.9 X 10 s and 3.3 x 10~* s~! for chemical
and mechanical experiments, respectively). This similarity suggests
that breaking the A'~G interactions might be the rate-determining
step of spontaneous unfolding, and that chemical or mechanical
denaturation requires disruption of these interactions.

Recent molecular dynamics (MD) simulations by Paci and
Karplus* suggest, however, that force-induced unfolding may
occur through a distinct pathway. While the A'-G strands must dis-
sociate before mechanical stress alters the structure within the fold-
ed domain, thermal denaturation causes disruption of interactions
throughout the domain prior to disruption of the A'-G contacts.
Furthermore, the same simulation study indicates that mechanical
unfolding after breaking the A'-G interactions produces confor-
mations that do not occur during thermal denaturation®. The
presence of critical interactions acting as molecular thresholds to
forced unfolding may be a property of domains that are exposed to
mechanical force. Such interactions may protect domains from
unfolding at low force, but allow for force-induced rupture at high-
er forces.

Identification of an unfolding intermediate

The force extension curves of 127 polyproteins reveals an interme-
diate conformation that occurs at forces lower than that required to
cause full domain unfolding®. This intermediate is manifested by a
deviation from the expected WLC behavior (Fig. 24; blue lines)
prior to the first unfolding peak (the ‘hump’) and by progressively
smaller deviations prior to subsequent peaks (Fig. 2a). Molecular
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simulations suggest that this corresponds to a lengthening of each
domain (by [15%) as the hydrogen bonds linking the A and B
strands are broken, allowing additional amino acids to become
force-bearing (Fig. 2b). The size of each subsequent hump is pro-
portional to the number of unfolding events yet to occur, suggest-
ing that upon relaxation the A and B strands in domains that
remain folded rapidly reconnect. The A-B interactions thus forma
hinge-like mechanism to regulate the length of an 127 domain in
response to moderate levels of mechanical force. Such an interme-
diate would be difficult to detect using methods other than AFM
because it occurs when the molecule is under mechanical stress and
because it is not associated with unfolding of the hydrophobic core
of the domain.

Mutagenesis studies of the 127 polyprotein

An important benefit of using engineered polyproteins for AFM
studies is that they can be constructed from domains with an
altered amino acid sequence, thereby allowing dissection of the
molecular determinants of mechanical stability. Mutations were
used to test the hypothesis that the intermediate described in the
previous section is due to the interactions between A and B strands.
Substituting a proline for a lysine at position 6, which forms part of
this interaction interface, completely abolishes the hump (Fig. 24,
lower trace)". This observation provides strong support to the
hypothesis that it is the disruption of the A-B interactions that
causes the conformational change underlying the hump.

Insertions of amino acids into a domain can be used to probe the
mechanical topology of this domain. For example, insertion of a
cassette of five glycines at a position near one of the ends of the 127
sequence that is predicted to be part of the force-bearing amino
acids had no effect on the interval between unfolding peaks. In
contrast, insertion of the same cassette into a sequence predicted to
be inside the folded domain increased the interval between unfold-
ing events by [2.0 nm (Fig. 3a4)%.

Recent data show that point mutations within the region under-
lying the barrier to mechanical unfolding can dramatically alter the
force required for unfolding (Fig. 3b) (H. Li, M. Carrion-Vazquez,
AE. Oberhauser, PEIM. & J.M.E unpublished results). Amino
acids in the A’ strand were replaced with prolines to prevent the
formation of hydrogen bonds with the G strand. As expected,
mutation of valines to prolines at positions 11, 13 and 15 decreased
the force required for domain unfolding. Mutation of tyrosine to
proline at position 9, however, actually increased the mechanical
stability of the domain. These observations demonstrate the utility
of combining mutagenesis with engineered polyproteins to eluci-
date the molecular interactions underlying mechanical stability.

A polyprotein chimera

Ig domains have different mechanic stabilities that can easily be dif-
ferentiated by the AFM. For example, the Ig domain that follows
127 in human cardiac titin (I128) has a mean unfolding force of
257 £ 27 pN (ref. 20). When a polyprotein consisting of repeating
units of 127-128 dimers was stretched, the 127 domains unfolded
before the first 128 domain did (Fig. 3¢)*. This demonstrates that
the order of domain unfolding of a modular protein is unrelated to
the arrangement of its constituent domains; rather, it is determined
by their intrinsic mechanical stability.

Refolding after mechanical unfolding

Mechanically induced unfolding puts proteins into conformations
that are not observed in chemical denaturation studies, but which
may occur in vivo — the extended denatured state. The different
ensemble of conformations in the extended denatured state implies
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different energetics of refolding from this state. When the protein is
fully extended, its freedom of motion, and therefore entropy, is
minimal. After the tension on the molecule is released, the entropy
of the molecule rapidly increases, driving the molecule into a com-
pact conformation that may correspond to the molten globule state
described in models of protein folding*->!. This state may be the
point of maximal entropy during the refolding process. When the
polypeptide returns to its native conformation the entropy is again
minimized.

Using an AFM it is possible to extend a protein such that it is fully
unfolded but does not detach from the cantilever tip. Tension on
the protein may then be relaxed by returning the tip and gold sub-
strate to their positions before unfolding. In this position the
domains of the protein can actually refold, allowing the protein to
undergo forced unfolding again.

By varying the interval between relaxation and re-extension, the
refolding rates of domains within a polyprotein could be measured.
127 domains in a polyprotein refold with a single exponential rate
of 1.2 s7! (ref. 22). The fidelity of refolding after a mechanical exten-
sion is remarkable. Misfolding events, where the A’ strand of one
127 domain interacts with the G strand of another domain, do
occur, but are rare (only [2% of events)'s.

Polysaccharides under a stretching force

Polysaccharides play critical roles in cell adhesion and are responsi-
ble for the mechanical integrity of bacterial and plant cell walls.
Recently, the AFM has been used to characterize the elasticity of
single polysaccharide molecules*!>?>-?7. Polysaccharides whose gly-
cosidic linkages are attached equatorially to the pyranose ring (for
example, cellulose) were found to follow the freely jointed chain
(FJC) model of polymer elasticity*?”. However, polysaccharides
with axial linkages, such as dextran, amylose and pectin, were
found to undergo abrupt force-induced length transitions!22>2°
These transitions are caused by the shift of individual pyranose
rings from the chair conformation to the boat or the inverted chair
conformations which, as corroborated by ab initio calculations,
provide an increased distance between glycosidic bonds*?. The
AFM results contrast the view that sugars are inelastic and locked
into a stable conformation, raising the tantalizing possibility that
force-driven sugar conformations play important roles in biologi-
cal signaling? as well as in the elasticity of polysaccharides'>?.

Force spectroscopy of DNA

Tension on a DNA molecule is thought to be a critical component
regulating the activity of a variety of DNA enzymes including poly-
merases during their transcription work®? and topoisomerases
when they untangle DNA3. The mechanical properties of a relaxed
and supercoiled DNA have been explored using a variety of tech-
niques, including laser tweezers>®*%, hydrodynamic flow gradi-
ents*, a receding meniscus®, micro fibers!**, magnetic beads®>%
and, last but not least, the AFM?*?. These experiments were
accompanied by theoretical work to explain the complex nature of
elasticity of a double stranded and single stranded DNA3-10:43.44,58-61,
While an extension of single stranded DNA (ssDNA) molecules
conforms to the FJC model supplemented with the segment elas-
ticity?, stretching of a double stranded DNA (dsDNA) results in an
extensive conformational change of the molecule that occurs at a
critical force of [65 pN (refs 9,10,28). At this tension DNA under-
goes a highly cooperative transition to an overstretched conforma-
tion called the ‘S DNA — it is characterized by a 5.8 A rise per base
pair® that is 70% longer than B-form dsDNA®*!03562, Because the
B-S transition may be part of the homologous recombination
process>¢, the overstretched state of DNA by AFM could be of con-

nature structural biology ¢ volume 7 number 9  september 2000



#2 © 2000 Nature America Inc. ¢ http://structbio.nature.com

#2 © 2000 Nature America Inc. » http://structbio.nature.com

review

siderable interest. These observations have been recently reviewed
by Bustamante and colleagues®.

In addition to measuring the mechanical properties of a DNA
molecule, force spectroscopy on nucleic acids has other applica-
tions. Essevaz-Roulet et al. used a glass microneedle to separate
the complementary strands of a single DNA molecule.
Interestingly, the force spectrographs obtained from these experi-
ments were sequence-dependent and predicted a rupture force of
15 pN for the G-C base pairs and 10 pN for the A-T base pairs.
Gaub and collaborators more recently used an AFM to stretch dou-
ble stranded DNA molecules?. The AFM, when compared with
other force probes, can make measurements on shorter molecules
while exerting forces of greater magnitude, thereby extending the
information obtained through force spectrographs. In these mea-
surements overstretching was followed by a second transition at a
higher force ([150 pN), corresponding to the melting of double
stranded DNA into single strands?®*%. Furthermore, the melted
ssDNA was observed to form hairpins that could be unraveled at a
force that was sequence specific and that agreed closely with the
results of Essevaz-Roulet et al.®*. These results thus open up the
possibility of mechanically reading out the sequence of a single
DNA molecule, with large implications for the field of genomics.
However, this appealing goal is still elusive due to the relatively low
resolution of the probes used.

Perspective

The AFM can stretch biopolymers into important conformations
that are inaccessible to other methods of measurement. Therefore,
the AFM promises to become an important tool for understanding
the micromechanics of living tissues. The AFM instrumentation is
continuously improving. For example, recent efforts in the labora-
tory of Paul Hansma have focused on developing a high speed AFM
([100 kHz bandwidth) that can read out small forces ([l pN)®.
This has already proven to be useful in monitoring protein—protein
interactions in real time®. AFM probes made of single carbon nan-
otubes now promise to combine probe chemistry with highly local-
ized mechanical contacts’. Thus, it is reasonable to expect that
AFM techniques will soon be able to monitor a wide range of single
molecule chemical reactions.

The force-driven conformations of biological polymers have
wide implications. Proteins in both animals and plants are fre-
quently anchored in two or more locations and are therefore
exposed to mechanical stress due to tissue strain, and experience
changes in stress during movement, development, and morpho-
logical plasticity. Mechanically stressed proteins are frequently
modular structures composed of multiple individually folded
B-sandwich domains of the immunoglobulin (Ig), fibronectin,
cadherin types®. There is accumulating evidence that partial or
complete unfolding of such domains in situ allows proteins to
undergo graded increases in length and may regulate the activity
of specific domains. For example, the extracellular matrix
(ECM) protein fibronectin is thought to contain a domain that
must unfold to enable self-association of fibronectin fibrils>®-72,
These new forms of mechanical signaling may not be restricted
to proteins. For example, the binding of polysaccharides to ECM
proteins may depend also on force driven-conformations of its
constituent sugars’. The mechanical manipulations of single
DNA molecules have proven to be very revealing. DNA function
was found to be intimately related to its local strain and stress
(see above), and the force spectroscopy experiments have uncov-
ered new mechanical conformations that are different from
those found in proteins and polysaccharides (for example, the
overstretching transition).
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Force spectroscopy has become a powerful tool for studying the
force-driven conformations of proteins, polysaccharides and
nucleic acids, and could provide new insights into the basic micro-
mechanical architecture of biological systems. The applications of
this technique on engineered biopolymers and fibers with novel
mechanical properties would likely initiate the discovery of new
materials?®”?. Force spectroscopy is thus a versatile tool in both
structural biology and material sciences.
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Measuring conformational dynamics of
biomolecules by single molecule
fluorescence spectroscopy

Shimon Weiss

Dynamic structural changes of macromolecules undergoing biochemical reactions can be studied using novel
single molecule spectroscopy tools. Recent advances in applying such distance and orientation molecular rulers
to biological systems are reviewed, and future prospects and challenges are discussed.

The field of single molecule spectroscopy (SMS) has grown
rapidly in recent years. The ability to watch one molecule at a
time helps us obtain unique information on distribution func-
tions of relevant observables, resolve subpopulations in a hetero-
geneous sample and record asynchronous time trajectories of
observables that would otherwise be hidden during biochemical
reactions. We are past the first round of methodology develop-
ment and validation of techniques — we no longer ask if single
molecule studies can teach us more than ensemble measure-
ments; rather, we ask what new biology will be unraveled.
Indeed, the enthusiastic acceptance and quick adaptation of SMS
by many investigators in the life sciences clearly manifest its great
promise and the high level of expectations for new discoveries
resulting from it.

This brief review does not intend to give a comprehensive his-
torical account or a detailed analysis of various SMS methodolo-
gies' . Rather, it focuses on very recent developments in
‘dynamic structural biology’ using fluorescent tags as the means
to monitor conformational changes (distance and orientation)
of biological macromolecules. The discussion is limited to SMS
methods that take advantage of two unique properties of single
fluorophores — their very high sensitivity to the presence of
other nearby fluorophores and quenchers; and their unique
absorption and emission transition dipoles, which provide
information on rotational freedom of motion and changes in
orientation. Here we describe how distance changes between two
sites on a macromolecule (or between two different molecules)
can be measured via single pair fluorescence resonance energy

Free Energy

-

r, Conformational Coordinate

Fig. 1 Energy landscape for the folding reaction. A cartoon of free ener-
gy as a function of distance r between the fluorescence donor and accep-
tor. The rugged energy landscape has a funnel shape. U, the unfolded
state; I, an intermediate state; N, the folded state.

transfer (spFRET) and how changes in orientation can be detect-
ed by measuring the changes in the dipole orientation of a rigid-
ly attached probe or a tethered probe via single molecule
fluorescence polarization anisotropy (smFPA).

In the past two years several groups successfully applied
spFRET and smFPA to single molecule enzymology and macro-
molecule folding reactions. These exciting new results are
reviewed and future challenges and prospects are discussed.
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