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The biological functions of coiled coils generally depend on effi-
cient folding and perfect pairing of their a-helices. Dynamic
changes in the helical registry that lead to staggered helices
have only been proposed for a few special systems and not found
in generic coiled coils. Here, we report our observations of multiple
staggered helical structures of two canonical coiled coils. The par-
tially folded structures are formed predominantly by coiled coil
misfolding and occasionally by helix sliding. Using high-resolution
optical tweezers, we characterized their energies and transition
kinetics at a single-molecule level. The staggered states occur less
than 2% of the time and about 0.1% of the time at zero force. We
conclude that dynamic changes in helical registry may be a general
property of coiled coils. Our findings should have broad and unique
implications in functions and dysfunctions of proteins containing
coiled coils.

leucine zipper | protein misfolding

oiled coils widely mediate protein-protein interactions and

form rigid structures such as scaffolds, spacers, and levers (1)
that are often involved in generating (2), transducing (3), or sen-
sing forces (4) in cells. The biological functions of coiled coils
critically depend upon their affinity, specificity, and dynamics of
helix pairing. Although the structures and dynamics of coiled coils
have been extensively studied, it is unclear whether coiled coils
containing staggered helices can form through protein misfolding
or helix sliding (5-8). A further understanding of these alternative
structures and their mechanisms of formation is needed to better
understand the functions and dysfunctions of coiled coils (3).

Because helices in coiled coils have a characteristic seven ami-
no acid repeat (abcdefg),, their functional folding and assembly
generally requires to pair hydrophobic residues in the a and d
positions in the dimerization interface and other residues near
the interface. However, due to the periodic a-helical structure,
alternative structures can form in which one helix shifts its reg-
istry, often by one heptad repeat, relative to the other. Although
the resultant staggered helical structures were first proposed
when the high-resolution crystal structure of the coiled coil
GCN4 leucine zipper domain was obtained (5), these alternative
conformations have only been observed in a few coiled coils
with special sequence patterns deviating from the canonical heptad
repeat (3, 7, 8). The difficulty in finding these different conforma-
tions is due to functional conformations of most coiled coils being
much more stable than staggered conformations. The differential
stability can be achieved by specific pairing of polar residues or
complementary packing of nonpolar residues in the dimerization
interface and by forming interhelical salt bridges between residues
near the interface (1, 5, 9). In the GCN4 leucine zipper, substitu-
tion of a single asparagine buried in the dimerization interface for
a nonpolar residue converts the two-stranded coiled coil to a mix-
ture of two- and three-stranded coiled coils (10). Thus, staggered
conformations have not been observed in this model or in other
related systems with a canonical heptad repeat.

Increasing evidence shows that helices in coiled coils can dy-
namically shift their registry. Such helix sliding or rotation has
important biological functions, especially for relaying conforma-
tional changes in distal domains or across membranes (6). One
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prominent example is the antiparallel, two-stranded coiled coil
contained in the stalk domain of dynein, which connects its
ATPase domain and the microtubule-binding domain (3, 7). This
15-nm long coiled coil serves as a shaft to transduce the force
generated by the ATPase domain and coordinates interactions
of the ATPase domain with ATP and the microtubule-binding
domain with microtubules. Helix sliding has also been proposed
for other systems, including the leucine zipper of Nek2 kinase
(8), the HAMP domain (11), and the tetramerization domain
of Mnt repressor (12). However, the kinetics of helix staggering
and sliding has not been well characterized, and their molecular
mechanisms are unclear. Moreover, it is not known if helix stag-
gering and sliding is limited to specific sequences or if it is a
general property intrinsic to coiled coils.

To characterize the mechanisms of helix staggering and sliding
and their roles in coiled coil folding and misfolding, we used high-
resolution optical tweezers to investigate two of the strongest
coiled coils that have canonical sequence compositions: a variant
of the GCN4 leucine zipper (pIL) (9), in which three valine re-
sidues and one asparagine residue in the a positions in the wild
type have been replaced by the most stable isoleucine (13), and a
heterodimer (pER) composed of oppositely charged glutamic
acid and arginine residues at the e and g positions, respectively
(14). Both parallel coiled coils have extraordinary stabilities, with
melting temperatures above 100 °C. However, the folding ener-
gies and kinetics of both coiled coils have not been characterized.
The use of strong coiled coils in our experiments facilitated
detection of staggered conformations (15). Our findings suggest
that helix staggering and sliding, albeit to various degrees for
different coiled coil, is a general feature of coiled coil dynamics
intrinsic to its distinctive periodic structure. Our work demon-
strates the unique advantages of high-resolution optical tweezers
in protein misfolding studies due to their great spatiotemporal
resolution and measurement ranges, which extends earlier similar
applications (16-19). Observations of misfolding in small protein
domains that have been long considered efficient folders suggest
the yin and yang of protein folding and misfolding.

Results

pIL Can Misfold or Slide to Three Partially Folded States with Stag-
gered Helices. To determine its folding energy and kinetics, we
pulled a single pIL coiled coil using the same experimental setup
and procedure as previously developed for the wild-type GCN4
protein (SI Appendix, Fig. S1) (20). In this setup, the two poly-
peptides in the coiled coil are crosslinked at the C-termini and
pulled from the N-termini through a DNA handle using dual-trap
optical tweezers. A representative force-extension curve shows
fast extension changes (approximately 10 nm) in a force region
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centered at approximately 12 pN (Fig. 14), indicating rapid pro-
tein unfolding and refolding. Below or above this force region,
the coiled coil remained in folded or unfolded states, respectively.
The corresponding force-extension curves are consistent with
the prediction of a worm-like chain model (red line). Moreover,
the whole extension curve is reproducible regardless of pulling
or relaxing the molecule, which suggests that the transition is
reversible. The reversibility and the size of the extension change
confirm that pIL is a dimer, which can be explained in that our
polypeptide constructs are designed to preferentially crosslink
dimers not oligomers. Unfolding any higher-order oligomers of
the polypeptides would lead to an irreversible force-extension
curve due to dissociation of the polypeptide(s) not covalently
linked to the protein-DNA tether and/or longer extension
changes. Thus, the experiment allowed us to focus on the folding
and unfolding kinetics of a single coiled coil and to avoid oligo-
merization pathways that often compete with high-energy folding
states of a coiled coil (10).

To scan the transition region, we increased the separation
between two optical traps (or the pulling force) in a stepwise
manner (typically a 2-nm step). At each trap separation, the
extension and force changes due to spontaneous protein unfold-
ing and refolding were recorded at 10 kHz for a time period
of 10-1,000 s. A typical experiment on a single molecule lasted
900-3,000 s. Parts of the time-dependent extension recording
are shown for three different trap separations or pulling forces
(Fig. 1B). The molecule mainly transited between two average
extensions differing by approximately 10 nm as can be seen in
the corresponding extension histogram distributions (Fig. 1C).
Protein unfolding was accompanied by a sudden force decrease
(Fig. 14). Thus, the pulling force is shown as the arithmetic mean
of the average forces of the folded and unfolded states (see SI
Appendix), all of which linearly increase with the trap separation
in the tested force range of 10-14 pN (20).

Although pIL folded and unfolded in an apparent two-state
manner (Fig. 1C), the protein occasionally resided at intermedi-
ate extensions, indicating the existence of partially folded states
(Fig. 1 B and D, SI Appendix, Fig. S2). Extensive measurements
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show that these states did not transit between each other and that
>90% of them only transited with the unfolded state, suggesting
that these partially folded states are mainly misfolded coiled
coil states. Only <10% of the partially folded states transited with
the folded coiled coil state. This observation suggests that the
partially folded states may also infrequently serve as intermediate
states for folding and unfolding of the coiled coil in alternative
indirect pathways.

Interestingly, the partially folded states do not have identical
average extensions (Fig. 1D, SI Appendix, Fig. S2), indicating the
presence of substates. To determine these substates, we analyzed
the extension trace using a five-state hidden Markov model
(HMM) (20, 21) and obtained the histogram distribution of the
average extensions for three partially folded states (Fig. 1E, see
also SI Appendix). The distribution exhibits three peaks and can
be fit by a sum of three Gaussian functions. Thus, our high-reso-
lution measurements reveal at least three partially folded states
(States 2, 3, and 4) and their positions relative to the folded state.
Our histogram distribution shows the total occurrence frequency
of the misfolded states, instead of their populations in time. The
populations also depend on the lifetimes of the different states
(Fig. 2C). A detailed characterization of a total of five states
involved in pIL transitions is shown in Fig. 2.

The Partially Folded States Contain Staggered Helices. To derive the
structures of the partially folded states, we calculated the force-
extension curve for each state involved in pIL transitions (S
Appendix, Fig. S3). By fitting the curve with a worm-like chain
model, we obtained the contour length or the number of amino
acids of the unfolded polypeptide portion of the protein in each
state. Thus, we could infer the structures of the protein in various
folding stages. The folded state has an average contour length of
26.5 (£0.9, SD) nm less than the fully unfolded state, indicating
folding of 66 (+2) amino acids (22) in the presence of the pulling
force. Assuming in-register helix paring, the folded state detected
in our experiment contains three (£1) frayed amino acids at the
N-terminal end of each polypeptide (20, 23).
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Formation of staggered coiled coil states through protein misfolding or helix sliding. (A) Force-extension curve (black) of a single pIL molecule. The

curve was obtained by separating the two optical traps at a speed of 20 nm/s. A similar curve was measured by relaxing the molecule (not shown). The regions
below or above the transition region can be fit (red line) by the work-like chain models for both DNA and polypeptide (S/ Appendix), yielding a polypeptide
contour length increase of 25.8(+0.8) nm due to coiled coil unfolding. (B) Extension-time traces of a single plL at indicated pulling forces. Data were mean-
filtered using a 2.2 ms time window. Red dots indicate the partially folded and staggered states. (C) Probability density distributions of extensions correspond-
ing to the traces in (B) (symbols) and their double-Gaussian-function fit (lines). (D) Close-up view of the extension traces showing the misfolded states (red dots)
and intermediate state (cyan dots). Data were mean-filtered using a 1 ms time window. The red lines are the corresponding fit based on the hidden-Markov
model. (E) Histogram distribution of the average extensions for the staggered states relative to the folded state. The scaled relative average extensions of the
staggered states measured at all trap separations are included. The distribution can be fitted by a triple-Gaussian function, resolving three misfolded states and
their relative positions. The total five states involved in plL transition are numbered as States 1-5 in (C) and (E), with the staggered states numbered in black for
traces in D.
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Fig. 2. Energetics and kinetics of plL folding and misfolding. (A) Force-
dependent probabilities or populations of the five states involved in plIL tran-
sitions (symbols) and their best-fits based upon a theoretical model (20)
(lines). The states are numbered according to their average extensions in an
ascending order. (B) Rates of transition from State 1, 2, or 3 to State 5 (n-5) or
from State 5 to States 1-4 (5-n). The pulling force always enhances unfolding
and reduces refolding. The unfolding rate of State 4 is shown in S/ Appendix,
Fig. S4. (C) Average lifetimes of the five states. Results measured from two
representative single molecules were shown here.

In contrast to this folded structure, the three partially folded
states or States 2, 3, and 4 (Fig. 1E) have 6.5 (£0.8), 13 (1), and
20 (£3) more amino acids unfolded, respectively. Interestingly,
these numbers are close to one, two, and three heptad repeats.
Thus, the partially folded states are consistent with a series of
alternative coiled coil states in which one alpha helix is shifted
relative to the other by one to three heptad repeats (Fig. 3).

Energetics and Kinetics of the Five States (F > 0). To determine the
transition kinetics among the five states identified above, we ana-
lyzed the extension trace at each trap separation based on the
5-state hidden-Markov model. The model is further simplified by
neglecting the direct transitions within the three staggered states
and between the staggered and the folded states, because the fre-
quencies of these transitions are minimal compared to those of
other transitions. The HMM analyses yielded the probabilities
and average lifetimes of the five states and the transition rates
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Fig. 3. A quantitative model for folding, misfolding, and unfolding of pIL
at zero force. The amino acids in the folded and unfolded regions are
aligned vertically and horizontally, respectively. Amino acids are highlighted
in blue and red at the a and d positions in the coiled coil region and in cyan
in the linker regions, respectively. The misfolded states (States 2-4) have
staggered helices with their register successively shifted by one heptad
repeat (marked by the red oval). Each heptad shift towards State 4 adds 7
extra amino acids in both the unfolded region and the loop region. The
borders of transition states are indicated by the dashed lines with their cor-
responding contour lengths listed in S/ Appendix, Table S1. As an example,
the transition state to unfold state 1 is shown in S/ Appendix, Fig. S8, state II.
The free energy (E), probability (p), and lifetime () of each state are labeled
in blue. The minor helix sliding transitions are observed between the folded
state and all three staggered states.

among them (Fig. 2). Consistent with the apparent two-state tran-
sitions observed from the extension traces, the folded and un-
folded states comprise more than 98% of the protein population
over the time course of the entire tested force range (10.5-
14 pN). Less than 2% of the population is occupied by the three
misfolded states. The populations of these misfolded states de-
crease as the numbers of heptad shift increase, reaching less than
0.1% for the least populated misfolded state. We found that the
populations of the folded and unfolded states are modulated
by force in a sigmoidal manner, whereas those of the misfolded
states slightly increase and then decrease with force. Thus, the
single-molecule manipulation approach used here helps to re-
solve the rare misfolded states by stabilizing these states by force,
compared with the corresponding populations at zero force
in Fig. 3.

The measured protein transition rates range from 1072 to 3 x
102 s~! (Fig. 2B). As expected from the effect of a force on a
chemical reaction, the rate of each transition pathway increases
with increasing force as the protein unfolds and decreases as the
protein refolds (24). Consistent with this theory, the logarithm of
the rate is approximately and linearly dependent on the force in
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the force range tested, with a slope proportional to the contour
length difference between the initial state and the corresponding
transition state (20). Based on the transition rates, we calculated
the lifetimes of all five states, which range from 4 ms to 2 s
(Fig. 2C). The lifetimes of all the folded and misfolded states
decrease approximately exponentially with an increase in force,
whereas the unfolded state increases exponentially. For a Markov
process that underlies most of the chemical reactions, the lifetime
of a state is the inverse of the sum of the rates at which the mo-
lecule transits away from that state. Thus, the lifetime of a state
generally is not a single exponential function of force. However,
because only one transition pathway dominates the pathways
exiting each state (Fig. 2B), the lifetime appears linear when
the logarithm of lifetime is plotted against force (Fig. 2C). Our
findings indicate that compared with the GCN4 coiled coil (20),
pIL generally has longer lifetimes in its states at higher force
ranges. Both features facilitate the detection of three misfolded
states with small extension differences of approximately 1 nm
using optical tweezers (15, 25) (Fig. 1E).

A Model of Helix Staggering and Sliding in pIL Folding and Misfolding
(F=0). The force-dependent state populations and transition
rates can be extrapolated to a zero force to reveal the intrinsic
energetics and kinetics of protein transitions in solution (20, 26).
Such an extrapolation requires a model that accounts for the
effects of force and other experimental conditions (such as the
compliance of the DNA handle attached to the protein) on
protein transitions (SI Appendix). By simultaneously fitting the
measured populations, rates, state forces, and extension changes,
we obtained the folding and activation energies, transition rates,
and locations of the transition states of pIL at zero force (Fig. 3,
SI Appendix, Table S1).

The fully zippered coiled coil has a folding free energy of —24
(1) kg T relative to its unfolded state. This energy is equivalent
to 0.73 kg T per pair of amino acids in the coiled coil region.
Thus, we can estimate the folding energies to be —19 kg7,
—14 kg T, and =9 kg T for the misfolded states with one, two, and
three unpaired heptad repeats, respectively. These estimates are
similar to their corresponding, measured energies of —17 kgT,
—13 kgT, and -9 kg T, respectively (SI Appendix, Table S1). This
energetic consistency corroborates the staggered coiled coil con-
formations for the partially folded states derived from extension
measurements. The comparison also implies that the C-terminal
loop regions do not significantly and differentially destabilize the
coiled coil in the folded or partially folded states, consistent with
previous observations of DNA hairpins with different loop sizes
(23). Based on the measured free energies, we calculated popula-
tions of the misfolded states with one, two, and three heptad
shifts as 1.1 x 1073, 1.5 x 107>, and 3.4 x 1077, respectively.

Our data are consistent with pILs barrierless, down-hill folding
to both the folded state and the misfolded state 2 (27, 28). The
speed of down-hill folding is limited by diffusion of the polypep-
tide chain (29) and is approximately 1 x 106 s~! for proteins
comparable to pIL in size (20, 30, 31). In contrast to the folded
state and misfolded state 2, there is a small (1 +£3 kg7) and a
large (11 &+ 3 kg T) energy barrier for pIL to fold into misfolded
states 3 and 4, with corresponding folding rates of 2.9 x 103 s~!
and 23 s~!, respectively. These barriers may be contributed by
closing the large C-terminal loops (23). Overall, the small pIL
protein can rapidly fold and misfold in comparison to larger pro-
teins. Despite their low occurrence frequencies, the misfolded
states have relatively long lifetimes of 17 to 485 s, indicating large
energy barriers between the misfolded states and the folded state.
These barriers can be accounted for by the coiled coils with
shifted registers.

Our model of pIL folding highlights the kinetic partition me-
chanism of protein folding (32, 33). Despite its extremely high
rate directly folding into the registered coiled coil state (from
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State 5 to State 1), overall pIL folds inefficiently, taking a few
hundred seconds to complete (SI Appendix, Fig. S5). The mis-
folded states 2 and 3 form as quickly as the correctly folded state
within a few microseconds, trapping >50% of pIL population in
the misfolded states. Further productive folding has to rely on
spontaneous unfolding of the misfolded states, which takes more
than 10 s due to their high stability and long lifetime. Therefore,
pIL represents a large number of proteins that show multiple
time scales in their folding processes and exemplifies the intri-
guing interplay between folding stability, kinetics, and specificity.

The Highly Charged Coiled Coil pER also Misfolds. In contrast to pIL,
which contains an exclusively hydrophobic dimerization interface
with probably three interhelical salt bridges (5, 9), pER contains a
single asparagine residue at the a position and as many as eight
interhelical salt bridges formed by E and R pairs (14). Whereas
hydrophilic residues in the dimerization interface destabilize the
coiled coil, the interhelical salt bridges enhance the affinity of the
coiled coil (9). Nevertheless, both contribute to the specificity of
dimerization. Thus, pER is an ideal system for testing the inter-
play between affinity and specificity of coiled coil association.

To test whether this more canonical coiled coil also misfolds,
we obtained reversible folding and unfolding transitions of pER
at high spatiotemporal resolution (Fig. 44 and B). Similar to pIL,
pER showed apparent two-state transition kinetics. Specifically,
the transition occurred mainly between a folded state and an
unfolded state at a high force ranging from 10 pN to 12.5 pN.
Analyses based on a 2-state HMM yielded an equilibrium force
of 11.4 (+0.8) pN (Fig. 4C) and a folding energy of -21
(£2) kg T for pER. These equilibrium force and folding energy
are slightly lower than those of pIL (12.4 pN, —24 kgT), but sig-
nificantly higher than those of the GCN4 leucine zipper (7.5 pN,
—13 kgT) (20). Surprisingly, we also found that pER occasionally
misfolds and slides to several partially folded states (Fig. 4B),
which are consistent with the staggered coiled coil states. These
findings suggest that the strong affinity between the two helices
tends to override their dimerization specificity. Importantly, most
salt bridges can be maintained in the staggered conformations.
However, throughout the tested force range the partially folded
states account for less than 1% of the total protein population
(Fig. 4C), preventing us from characterizing these states in more
detail. Thus, we only quantified pER’s folding and unfolding
kinetics, neglecting the small population of the partially folded
states (Fig. 4D).

Despite these similarities, pER shows interesting differences
compared to pIL. The average extension change of pER
(11.3£0.4 nm) at the equilibrium force is greater than that
of pIL (10.1 £ 0.3 nm) (SI Appendix, Fig. S6). This result is con-
sistent in that pER is longer than pIL. In addition, pER folds with
an activation energy barrier of 3 (+1) kg7, in contrast to the
down-hill folding for pIL.

Negligible Effects of the Bead Surface and DNA Handle on Protein
Transitions. In our experimental setup, beads were attached di-
rectly to one end of a protein molecule and indirectly to the other
end using a 2.6 kb DNA spacer, similar to the setup used for
the study of the GCN4 leucine zipper (20). The transition kinetics
observed for both pIL and pER are homogeneous, which implies
minimal nonspecific interactions of the proteins with the bead
surfaces and the DNA handle. However, because the misfolded
states we observed are new and rare, we further examined the
possible nonspecific interactions of pIL or pER with the bead
surface and DNA handle that might disturb the transition kinetics
of the protein.

To test the effect of surface immobilization, we repeated our
single-molecule experiment by isolating the proteins from the
bead surface using two DNA handles (26) (SI Appendix, Fig. S7).
For both proteins, the transition kinetics were similar to those

Xi et al.
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Fig. 4. Misfolding of pER into staggered states. (A) Extension-time trace filtered using a time window of 2.2 ms. (B) Close-up view of the misfolded state in the
region indicated in (A). Data is shown at 1 kHz. (C) Force-dependent probabilities of the protein being in folded (black), misfolded (red), and unfolded states
(blue). (D) Force-dependent transition rates of folding (black) and unfolding (blue). The probabilities and rates were fitted to a two-state model, yielding the
best-fit lines shown in (C and D). For simplicity, the misfolded states were neglected in the model due to its low probability.

obtained using one DNA handle, indicating that the bead surface
does not appreciably perturb protein transitions in our experi-
ments. Importantly, both proteins show partially folded states
indicative of helix staggering and sliding. Moreover, the folding
energy and transition kinetics at zero force derived from both
pulling setups are consistent. Based on the force-extension curves
obtained through pulling individual polypeptides in both pIL and
pER, we did not detect any evidence of appreciable interactions
between the DNA handle and the polypeptides. This result is
further supported by gel-mobility shift assay using a short DNA
fragment and pER, which shows no detectable protein-DNA
interactions. Overall, these findings suggest that the states with
intermediate extensions observed in our experiments are the par-
tially folded, staggered states and not artifacts caused by nonspe-
cific interactions of the tethered proteins with the bead surface
and the DNA handle.

Discussion

The Biological Implications of Coiled Coil Staggering, Sliding, and
Misfolding. Using high-resolution optical tweezers, we observed
several partially folded states for two strong dimeric coiled coils.
We also determined their transition kinetics with the fully folded
and unfolded states of these coiled coils. The force-dependent
transition kinetics allowed us to determine the structures and
energies of the partially folded states as well as their folding
and unfolding kinetics at zero force. These structural, thermo-
dynamic, and kinetic analyses suggest that the partially folded
structures are a series of staggered helical conformations in which
one o-helix is successively shifted by one heptad repeat relative to
the other a-helix. These findings confirm the presence of stag-
gered coiled coil conformations previously predicted based upon
the periodic structure of the a-helix in the coiled coil (5).

We also show that these staggered coiled coils generally cannot
exchange with the fully folded coiled coils, thus representing mis-
folded structures. Yet, the staggered coiled coils occasionally
serve as folding and unfolding intermediates, likely through a he-
lix sliding mechanism observed in other coiled coils (3, 7, 8). Such
sliding may take place via polypeptide reptation in the coiled coil
without its global unfolding (SI Appendix, Fig. S8). Two-stranded
coiled coils are widely believed to fold efficiently without misfold-
ing. To our knowledge, our findings represent a unique example
of misfolding and helix sliding of the generic coiled coils.

Most coiled coils mediate protein dimerization and dictate its
strength and specificity. Changes in the helical register of coiled
coils normally impair their biological functions. Formation of the
staggered coiled coil not only reduces the affinity and specificity
of protein dimerization, but also alters the overall structures of

Xi et al.

the resultant protein complexes. Both effects of the staggered coil
may compromise protein function. Furthermore, because the
staggered states efficiently form but rarely relax to the fully folded
states, the coiled coils must unfold and then refold and repeat
association, reducing the overall association rate (SI Appendix,
Fig. S5). The functional association becomes especially slow for
those strong coiled coils like the two proteins studied in this work.
In these cases, very stable staggered states with lifetimes that ex-
ceed the lifetime of the folded GCN4 leucine zipper (20) can
form at rates comparable to the fully folded states. Thus, there
seems to be a fundamental limitation for coiled coils to simulta-
neously meet the demands of high affinity, specificity, and rate for
functional association. Additional factors, especially protein cha-
perones may play important roles in these strong coiled coils.
An important example of such coiled coils is the SNARE pro-
teins, the molecular machines that drive membrane fusion (2).
SNARE:S generate forces to draw membranes together for fusion
and contribute to the specificity of the fusion through ordered
protein folding and assembly into an extraordinarily stable four-
helix bundle. Particularly, neuronal SNARESs are assembled and
disassembled rapidly and repeatedly. SNARE misfolding events
impede neuronal communication and are believed to cause var-
ious mental disorders and diseases (34). It has been shown in vitro
that SNARE proteins can assemble into many nonfunctional
structures, leading to reduced fusion rate and specificity (35).
Therefore, functional SNARE assembly in vivo is guarded by
many chaperone proteins, such as synucleins and Hsc70, and
modulated by numerous regulatory proteins (34). Although their
molecular mechanisms are unclear, the misfolding of SNARE
proteins may be vital to understanding the roles of these diverse
protein-protein interactions and their links to various diseases.
The staggered coiled coil states have also been found in many
proteins as products of helix sliding, such as the dynein stalk do-
main (3, 7). Helix sliding is a minor reaction pathway compared
with coiled coil misfolding for the two model proteins in our ex-
periments. However, sliding can be greatly enhanced by a shear-
ing force along the helical axis of the coiled coil. This axial force
can be induced by motor proteins or by signaling molecules. The
sliding reaction can also be facilitated by special sequences in the
coiled coil that destabilize the energy barrier for helix sliding.
Therefore, helix sliding in coiled coils is a unique mechanism
for long-range communication between distant protein domains,
especially for signal transduction across membranes (6, 11).

A Minimum of Two-Dimensional Energy Landscape for Protein Folding
and Misfolding. Previous high-resolution measurements from
optical tweezers have allowed the full folding energy landscapes
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of macromolecules to be determined for the first time (28, 36).
Because these energy landscapes are deconvoluted from the mea-
sured extensions, the derived energy landscapes are intrinsically
one-dimensional. Although a 1D energy landscape can describe a
sequential folding process, it cannot be used to rationalize the
coexistence of both protein folding and misfolding observed in
our experiments. In 1D energy landscapes, proteins would be
trapped in the misfolded states and would not completely fold.
Thus, a higher dimension of energy landscapes is needed to ra-
tionalize the misfolding process (37). This conclusion is consis-
tent with the previous observation that a 1D energy landscape
is not sufficient to describe the folding kinetics of the three-helix
bundle protein aD; (38). The model used in our data analysis
does not rely on the assumption of a 1D energy landscape (S
Appendix). Yet the model allows us to determine several charac-
teristic points of the energy landscape. Further theoretical devel-
opment in combination with high-resolution measurements may
lead to a complete description of protein folding and misfolding
in a two-dimensional energy landscape.

Conclusions. We show that coiled coils are more dynamic than pre-
viously thought using high-resolution optical tweezers. Even in
strong coiled coils with canonical heptad sequences, helix stagger-
ing occurs through either protein misfolding or helix sliding. We
suggest that this new dynamic is a general feature of coiled coils
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that is important in our understanding of the functions and dys-
functions of coiled coils.

Methods
The polypeptides were chemically synthesized and purified to >95% by HPLC.
The sequences of the polypeptides are listed as follows:

plL-B: Biotin-GGGG R MKQLEDK IEELLSK IYHLENE IARLKKL IGER GGC

pIL-C: Ac-CGGG R MKQLEDK IEELLSK IYHLENE IARLKKL IGER GGC

pER-B: Biotin-GGGG LEIE AAFLEQE NTALETE VAELEQE VQRLENI VSQYETR
YGPL GGC

pER-C: Ac-CGGG LEIR AAFLRRR NTALRTR VAELRQR VQRLRNI VSQYETR
YGPL GGC

The polypeptides pIL-B and pIL-C were used to form the coiled coil plL.
PER-B and pER-C were used for pER. The sequences in the coiled coil region
are listed in blocks of heptad repeat (abcdefg),, and those at both ends of
each polypeptide (in italic) are the linker sequences added to facilitate pull-
ing and crosslinking. The acetylated N-terminal end is indicated by ‘Ac’. The
pIL complexes were formed by mixing both polypeptides (pIL-B and pIL-C) in
7 M guanidinium chloride and then gel-filtered to the PBS buffer. The com-
plex was crosslinked to the DNA handle and tethered on bead surfaces as was
previously described (20). Tweezer instrument and methods of data analysis
are described in S/ Appendix.
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