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network, and four through trades with other
teams) (/7). Similarly, Geocacher’s strategy was
based on the existing community of geocaching,
a sport based on using navigational techniques
to hide and seek objects. It also created a burst
by announcing its participation to the geocacher
community and located seven correct balloons.
DeciNena aimed at assembling a balloon-hunting
team by posting their participation on every related
blog on the Internet to gain attention, but they failed
to achieve a wide-range response. DeciNena found
seven balloons at the end of the competition.

Although Hotz and Geocacher were able to
create a sudden response peak by efficiently pro-
pagating the news to an existing audience, this
response was very short-lived. On the other hand,
our strategy was able to sustain social response
for a longer period, stretching up until the end
of the competition. This happened despite not
having access to a large community of followers.
Instead, the MIT team started with only four peo-
ple; and after a couple of days, twitter response
achieved a number comparable with that of
Hotz, who started with 35,000 existing followers.
Another interesting observation is that after the
competition, when mass media came to report
the winning story of the MIT team the tweet
count actually decreased instead of increasing.
This suggests that the incentives provided by
the MIT strategy played a dominant role in gen-
erating Twitter response, rather than the “MIT
brand” and mass media effect (SOM text).

The recursive incentive mechanism has a
number of desirable properties. First, the recur-
sive incentive mechanism is never in deficit—
it never exceeds its budget (SOM text). After
being recruited by a friend, an individual has
no incentive to create his own root node by vis-
iting the Balloon Challenge Web page directly
(without using the link provided by the recruiter).
This follows from the fact that payment to the
person finding the balloon does not depend on
the length of the chain of recruiters leading to him.

However, the mechanism is not resistant to
false name attacks, which were originally iden-
tified in the context of Web-based auctions (32).
In this attack, which has been shown to plague
powerful economic mechanisms (32), an individ-
ual creates multiple false identities in order to gain
an unfair advantage. Having said that, our data
does not reveal any successful incidents of false-
name attacks. This may be due to the fact that
the mechanism did not operate for long enough
for people to identify this potential, and that ac-
tual payment requires social security numbers. In
practice, other measures could be put in place to
minimize or detect this kind of attack (33).

The mechanism’s success can be attributed
to its ability to provide incentives for individuals
to both reports on found balloon locations while
simultaneously participating in the dissemination
of information about the cause. When an in-
dividual finds a balloon, the individual can ei-
ther report the balloon to us, to other teams, or
attempt to find the other nine balloons and win
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the DARPA prize directly. In practice, it is un-
likely for an unprepared individual to find other
balloons (and if they replicated our mechanism,
their delayed start would always leave them be-
hind). Proofs are in the SOM.

Our mechanism simultaneously provides in-
centives for participation and for recruiting more
individuals to the cause. This mechanism can be
applied in very different contexts, such as social
mobilization to fight world hunger, in games of
cooperation and prediction, and for marketing
campaigns.
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The Complex Folding Network of
Single Calmodulin Molecules

Johannes Stigler," Fabian Ziegler,* Anja Gieseke," J. Christof M. Gebhardt,™* Matthias Rief*?+

Direct observation of the detailed conformational fluctuations of a single protein molecule

en route to its folded state has so far been realized only in silico. We have used single-molecule
force spectroscopy to study the folding transitions of single calmodulin molecules. High-resolution
optical tweezers assays in combination with hidden Markov analysis reveal a complex network of
on- and off-pathway intermediates. Cooperative and anticooperative interactions across domain
boundaries can be observed directly. The folding network involves four intermediates. Two
off-pathway intermediates exhibit non-native interdomain interactions and compete with the

ultrafast productive folding pathway.

he energy landscape view provides a con-
ceptual framework for understanding pro-
tein folding (/, 2). However, the diversity

in size and structure of the proteome is far too
large to provide a single generic mechanism for
how proteins fold. Deciphering specific mechanisms

VOL 334 SCIENCE www.sciencemag.org


Dan
Evidenziato

Dan
Evidenziato


for more complex proteins requires an exper-
imental method that provides both structural and
dynamic information at the level of a single mol-
ecule. In silico, the use of supercomputers and
distributed computing has allowed visualization
of putative folding pathways of simple proteins
covering time spans of up to milliseconds (3-5).
Single-molecule methods offer a possibility to
track the time evolution of protein conformations
(6-11). Force experiments using optical tweezers
have been used to directly observe protein confor-
mational transitions close to equilibrium with time
resolution in the submillisecond range (/2—14). The
main observable in such experiments is protein
length, a one-dimensional parameter, and hence
most biomolecular folding processes investigated
so far exhibit simple linear reaction coordinates
(14-16). In this study, we use ultrastable high-
resolution optical tweezers to study the complex
fluctuations of a full-length calmodulin molecule
between its folded and unfolded states covering
time spans from hundreds of microseconds to tens
of minutes.

The calcium-sensing protein calmodulin is a
key regulator of calcium-dependent signal cas-
cades. In the calcium-bound form, calmodulin con-
sists of two globular domains connected by an
a-helical linker (Fig. 1A). Each of the two globular
head domains consists of two helix-loop-helix
motifs (EF hands), each binding one calcium ion.
Extensive investigation through classical bulk ki-
netic experiments has shown that the two globular
domains can fold independently in a rapid two-
state process (/7). Many studies have elucidated
properties of the isolated domains (/7, 18, 19).
However, complexity can arise in the folding of
multidomain proteins (20, 21). Even though equi-
librium folding studies have indicated domain-
domain interactions in calmodulin (22), a kinetic
network for folding of the two-domain protein
has been missing.

We inserted calmodulin molecules between
two ubiquitin proteins, each carrying a terminal
cysteine residue, which allowed for attachment of
DNA handles that, in turn, were connected to 1-um
beads through antibody-antigen interactions (23)
(Fig. 1A). Ubiquitin typically unfolds at forces
much higher than those used in this study (24).
Experiments were carried out at 10 mM Ca®* con-
ditions, where calmodulin is known to fold stably
(11). We used an optical tweezers setup (25) to
repeatedly unfold (black trace) and refold (blue
trace) a single calmodulin molecule (Fig. 1A).
Two major unfolding and refolding peaks can be
observed. Both spacing and unfolding force are
consistent with a single globular domain unfold-
ing in each of the peaks. Those results confirm
earlier atomic force microscopy experiments where

1Physik Department E22, Technische Universitdt Miinchen,
James-Franck-Strasse, 85748 Garching, Germany. 2Munich Cen-
ter for Integrated Protein Science, 81377 Miinchen, Germany.

*Present address: Chemistry and Chemical Biology, Harvard
University, 12 Oxford Street, Cambridge, MA 02138, USA.
1To whom correspondence should be addressed. E-mail:
mrief@ph.tum.de

individual calmodulin domains were shown to
unfold at 10 to 15 pN (/7). However, the rapid
oscillations in the upper trace of Fig. 1A provide
the first indication of deviations from a simple
two-step unfolding behavior. An experimental pro-
tocol using silica beads instead of the common-
ly used polystyrene beads reduced light-induced
oxygen damage (26) substantially (25). This en-
abled us to routinely observe folding-unfolding
fluctuations of single calmodulin molecules for
up to 45 min. In this assay, neither extension nor
force is actively controlled (27). The molecule is
stretched to a preset force value (pretension) around
which it then fluctuates (25). A sample trace cov-
ering 5 min for an individual calmodulin mol-
ecule held at a pretension of ~11 pN is shown in
Fig. 1B. A complex pattern of rapid fluctuations
can be observed. An expanded view reveals six
different populated states (marked in colors in the
bottom trace of Fig. 1B). Single-molecule me-
chanics can provide structural information when
the length of the unfolded polypeptide chain is
measured with subnanometer precision (28). The
unfolded state is marked in red, and the fully
folded state is marked in purple. We find that three
states (light blue, green, and orange) cluster around
a length expected for a state with two EF hands
folded and two EF hands unfolded (29). Even
though these three states have similar lengths
(see fig. S1), their kinetics are different which iden-
tifies them as distinct states. Although the orange
and light blue levels exhibit similar lifetimes, the
orange state always transitions toward the red
unfolded state, whereas the light blue state transi-
tions almost exclusively toward the dark blue state.
The extension of the dark blue state corresponds
to three folded EF hands. For an objective classi-
fication of states, we performed a hidden Markov
analysis, optimizing for position and single ex-
ponentiality of lifetime distributions (fig. S2) (25).
We find that at least the six distinct states marked
in Fig. 1B are required. A five-state model pool-
ing the short-lived orange state, together with either
the light blue or the green state, results in double
exponential lifetime distributions (figs. S3 and S4).

Molecular deletion constructs were used to
decipher the structures underlying the various
states (Fig. 1C). In addition to the wild type (WT)
(Fig. 1C, left trace), we investigated calmodulin
constructs with the first EF hand deleted (CaM-
234, middle left trace) and the last EF hand de-
leted (CaM-123, middle right trace), as well as
a construct lacking the first and last EF hands
(CaM-23, right trace). Apart from the unfolded
state (U, in red), CaM-234 only exhibits states
with two EF hands folded (green and orange).
CaM-34 with the two N-terminal EF hands de-
leted exhibits a state identical in extension and
kinetics to the green state (see fig. S5B). Hence,
the green state can be identified as a state where
the C-terminal domain containing EF hands 3
and 4 is fully folded (Fs4). With CaM-123, we
observe a more complex pattern of states. In this
construct, a stably folded state identical to the
dark blue state can be observed with all three EF

REPORTS

hands folded (F,,3). The presence of this state is
surprising, as it has been assumed that calmodulin
EF hands only fold in pairs (30). This intermedi-
ate state suggests cooperative effects across
the classically assumed domain boundaries in
calmodulin. Even though complete calmodulin
domains can be reconstituted by mixing individ-
ual EF-hand polypeptides in solution, single EF
hands have not been observed to fold indepen-
dently (/9). We find that the isolated EF hand
3 can fold, given an interface to a fully folded
N-terminal domain. In support of this interpreta-
tion, a state in which three calcium ions are bound
has been found in mutant calmodulin (37, 32).

State F,,3 rapidly exchanges with a state with
only two EF hands folded (light blue). Consequent-
ly, this state corresponds to Fy,. The kinetics of
the corresponding folded state of CaM-12 (fig.
S5A), as well as its measured length (28.3 nm
from the unfolded state), support this conclu-
sion. F,3 cannot directly fold to the native state.
Instead, productive folding toward the native is
only possible from F, (Fig. 1D), which identi-
fies Fip3 as an off-pathway intermediate. Even
though structural information about F;,; does
not exist, we anticipate that EF hand 3 will be
packed onto F, in a non-native conformation.

The nature of the short-lived orange state
present in the WT and the deletion constructs be-
comes clear in the light of the data measured with
CaM-23. This construct exclusively transitions
between an unfolded state and the orange state
and exhibits the length of two folded EF hands. A
direct comparison of the lifetimes of this state in
CaM-23 and the WT protein confirms its identity
(fig. S6). Apparently, along its folding pathway,
calmodulin can populate a non-native interme-
diate with mispaired EF hands belonging to two
different domains (F,3). Even though such a state
has so far not been implicated in calmodulin fold-
ing, nuclear magnetic resonance (NMR) experi-
ments have shown that the EF hands in CaM-23
can form a paired domain with a structure similar
to that of the native N- and C-terminal domains
(33). F»3 can also be identified as an off-pathway
state because it never folds toward the native
state. This is in accord with the NMR structure
of this intermediate, as further folding would re-
quire breaking the non-native interface between
EF hands 2 and 3. Independent evidence for the
assignment of the structures underlying the var-
ious observed intermediates was obtained using
a cross-link mutant within EF hand 4 (table S1
and fig. S7) (25).

The extensive equilibrium fluctuation data
now allowed construction of detailed possible
transition paths between the various states. The
structures of the intermediates identified above
impose significant constraints on the possible path-
ways. The off-pathway intermediate Fp; can ex-
clusively transition to the unfolded state, whereas
the intermediate Fi,; only exchanges with Fy,
(25). Moreover, we never observed direct tran-
sitions between F;, and F34, which is expected,
because such transitions would involve unfolding
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of one structural part and simultaneous refolding
of others. Direct and cooperative folding of the
two C-terminal EF hands is in agreement with the
cooperative folding observed for isolated EF hand
pairs (fig. S5). Taken together, the network of
states between the unfolded and the folded state
contains six distinct states connected by six tran-
sition paths with a total of 12 rate constants.

We used force to control and investigate the
population and transition paths in the calmodulin
folding landscape (Fig. 2A). At low pretensions
of 7.6 pN (Fig. 2A, top), folded or largely folded
states dominated. The more tension we applied,
the more unfolded states were populated, until, at
11.6 pN, the unfolded state prevailed. The rel-
ative probabilities of the different states are shown

in Fig. 2C. From these curves, the free energy of
all states at zero force can be calculated (Table 1)
(25). The observation time of tens of minutes al-
lowed us to detect states down to a relative pop-
ulation of 10, The free energy data summarized
in Table 1 reveal a significant anticooperativity
between the folding of the two calmodulin do-
mains. From the fully unfolded state, folding of
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Fig. 1. (A) Folding and unfolding of single CaM molecules. Representative
stretch-and-relax cycles for WT-CaM at velocity v = 500 nm/s. (Inset) Sketch of
the experimental setup with the protein linked with ubiquitin-DNA handles to
functionalized silica beads. (Expanded section) Cartoon representation of CaM
with the EF hands numbered. (B) Sample trace during 5 min of the fluctuations
of a single WT-CaM molecule at a constant trap separation. The data are shown
at full resolution (gray) and low-pass filtered (black). The vertical scale denotes
the force acting on the molecule as measured by the deflection of the beads
from the trap center. (Expanded section) Six different states (see colored
regions) can be identified using hidden Markov modeling. (C) State assign-
ment and comparison of WT traces with truncation mutants. Shown are
representative parts of traces for WT-CaM, CaM-234, CaM-123, and CaM-23 at
similar pretensions. (Left) The proposed structural assignment to the identified

28 OCTOBER 2011 VOL 334

s
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Time [s]

levels (see text). Data points are colored according to the assignment by
hidden Markov modeling (25). Color key: purple, State Fy,34 (native); dark
blue, Fy3. light blue, F;, (N domain folded); green, Fs4 (C domain folded);
orange, F,3; and red, unfolded state (U). The distance information in the
graphs reflects the distance, the trapped beads move upon a transition. From
this information, the contour length change upon transition can be calculated.
The sample trace of WT-CaM plotted as contour length change versus time can
be found in fig. S14. (D) Transitions to and from the native state F1,34. Direct
transitions to and from the native state (purple) can only occur to and from
states F34 (green) or Fy, (light blue). Transitions of Fy,3 (dark blue) to and
from Fy,34 always occur through F,; (see arrows), identifying F1,3 as an off-
pathway intermediate. Arrows indicate representative events where Fy,34 is
populated from and decays into Fy5,.
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either the N-terminal (F;5) or the C-terminal (F34)
domain results in an energetic gain of ~20 kgT'
(where kg is Boltzmann’s constant and 7'is tem-
perature). However, folding of a second domain
to the native state only provides 15 kg7. Ap-
parently, the presence of one folded domain
prevents the other domain from reaching its ener-
getically optimal state. Energetic coupling between
the two calmodulin domains has been reported
on the basis of bulk measurements that suggested
that the N-terminal domain was destabilized by a
folded C-terminal domain (22). At 10 mM Ca*",
a large part of the free energy gain on calmodulin
folding is mediated by calcium binding. From
the concentration of free calcium, as well as the
known stability of apo calmodulin and calcium
binding constants, the expected free energy can
be calculated to 19.7 + 0.8 kg T for the N-terminal
domain and 21.8 + 0.6 kg7 for the C-terminal
domain (22, 34). To test the influence of Ca®*
concentration on the folding free energies of the
various substates, we also performed measure-
ments at a lower Ca®" concentration of 100 pM
(Table 1). Again, the measured values agree with
calculated values 10.5 + 0.8 kg7 and 12.6 + 0.6
kgT for the N-terminal and C-terminal domains,

1s

1pN|

respectively. Apparently, even though the unfolded
state in force experiments is different from the
unfolded state in bulk assays, the measured free
energies are close, which indicates that our de-
scription of the energetics of the stretched state is
accurate.

Also, the complete kinetic information about
the folding network is contained in the data of
Fig. 2A. Dwell-time distributions at four dif-
ferent pretensions are given in Fig. 2B and fig.
S2. Every distribution closely follows a single ex-
ponential (fit curves), which supports our inter-
pretation that each of the six states is distinct.
Because we can directly measure the probability
for a given state decaying into any of the other
possible states, all 12 possible transition rates can
be obtained (25). The force dependence of all
rates is given in fig. S8. Similar plots, describing
probability distributions as well as the kinetics of
the truncation mutants, corroborate the structural
assignments for the various states (figs. S5 and
S9 to S11).

The kinetic network extrapolated to zero
force for calmodulin folding at 10 mM Ca*" that
emerged from our single-molecule data is sum-
marized in Fig. 3 and in Tables 1 and 2. From the
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ensemble of unfolded states, the calmodulin poly-
peptide chain can proceed along three different
and roughly equally populated pathways (35).
One pathway is a dead end, when EF hands 2
and 3 form a non-native folded pair. For pro-
ductive folding, this state has to decay back to the
unfolded state. The second and third pathways
toward the folded state proceed via Fi, or Fsy,
with either the N- or C-terminal domain com-
pletely folded. From F34, simultaneous coopera-
tive folding of EF hands 1 and 2 is required to
reach the native state Fi,34. From Fy,, a pro-
ductive pathway with EF hands 3 and 4 folding
to the native state competes with a nonproductive
pathway toward the intermediate F,3. The pres-
ence of the off-pathway intermediates can slow
full-length calmodulin folding considerably, as com-
pared with the folding of its subdomains. This
effect can be seen in the top trace of Fig. 2A,
where there is an accumulation of the interme-
diate F},3 (blue state); at low forces, unfolding to
F1,, a prerequisite to further productive folding,
becomes increasingly unlikely. This effect can
also be seen in stretch and relax cycles (see fig.
S12), where folding to the native state occurs much
more robustly against higher forces if folding
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Fig. 2. (A) Traces of WT-CaM at different pretensions (color key as in Fig. 1C).
(Left) Gaussian fits to histograms of each respective state. (B) Integrated lifetime
histograms of WT-CaM at different pretensions. The colors correspond to the
respective states. The continuous lines are fits to a single-exponential model. (C)
Force-dependence of the occupation probability for all states. The colors cor-

Table 1. Energies and contour lengths of WT-CaM and the truncation mutants
at different Ca®* concentrations. Both Ca®* concentrations are above the
equilibrium constants for calcium binding to calmodulin. AGq has experimental
uncertainty of 10%. AL is the contour length increase for WT-CaM and shows

respond to the respective states. Probabilities are plotted against the force of the
system when it is in the corresponding state. Note that, in this representation, the
probabilities at a given force do not add up exactly to 1 because experiments are
conducted at nonconstant force [see Eq. 7 in SOM]. A global fit to all data points
(continuous lines) allows for the determination of equilibrium energies.

the difference from state F1,34; errors are given as 1o intervals. AL, is the
calculated contour length increase for WT-CaM and shows the difference from
state F134. For F1; and Fs4, @ symmetric splitting between the domains was
assumed. Dash indicates that the state does not exist for the respective mutant.

Difference from U state, AGq (kgT)

10 mM Ca** 100 pM Ca**
State WT CaM-12 CaM-34 CaMm-23 CaM-123 CaM-234 WT CaM-23 AL (nm) ALcaic (nm)
u 52.2 + 0.6 50.6
Fas 13 - - 12 13 13 4 4 27.4 £ 0.7 27.4
F34 (C domain) 21 - 18 - - 20 11 - 23.8 £ 0.5 25.7
F1, (N domain) 20 19 - - 20 - 11 - 233+ 0.4 25.3
Fi23 30 - - - 28 - 14 - 13.0 + 0.3 13.2
F1234 (native) 36 - - - - - 17 - 0 0
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Fig. 3. Full kinetic network of WT-CaM folding and unfolding at zero load. Arrows show all observed
transitions. The percentage values provided for each transition give the fraction of transitions along the
respective pathways out of each state. Distances in the lower part are differences in contour length.

Table 2. Rate fit parameters for WT-CaM at 10 mM Ca®*. Errors are given as 1o intervals. Columns 1 and 3
are based on a fit to the Bell model; see Eq. 12 in SOM (25). Columns 2 and 4 are based on a model that
includes polypeptide elasticity; see Eq. 13 in SOM (25). Ax,¢ is the change in the length required to reach
the transition state of unfolding. ALz, 4 is the contour length change required to reach the transition state

of folding.

Transition logso(ko,un) (57 logs0(ko,fota) (571 AXyns (NM) Algog (nm)
F1234 = Fq> -0.7£09 5.0+ 0.4 1.3 +£0.8 144 + 1.3
Fizsa = Fag ~08+03 5.6+ 0.2 17403 16.9 0.8
F123 = F13 —-0.13 + 0.04 5.0 £ 0.2 1.92 £ 0.04 7.2£0.6
F,=U —5.0+0.7 5.8+ 0.5 5.0 + 0.6 182+ 15
F34 = U -4.1+05 5.8 £ 0.5 41+04 173 +£1.5
Fas=U -14+03 5.4 +£0.3 3.7+0.3 15.6 + 1.0

starts from Fy. If folding starts from F 53, refold-
ing to the native state is slowed. The occasional
population of the two off-pathway intermediates
has a drastic impact on the overall folding rate of
calmodulin (fig. S13). Although the individual
domains fold within microseconds (Table 2), the
average folding time for the complete molecule in
the absence of load is as long as 5 s. The presence
of non-native EF hand pairing apparently makes
calmodulin an overall slow-folding protein with ul-
trafast folding domains. The picture of calmodulin
folding that emerges from our data is strikingly
similar to earlier predictions of kinetic partitioning
of protein folding among different pathways (36).
Kinetic partitioning may provide a general frame-
work for the folding of multidomain proteins.
Will calmodulin undergo a similarly compli-
cated folding pathway in a cell? Even though the
gradual translation at the ribosome may prevent
the nascent chain of calmodulin from misfolding,
during its lifetime, calmodulin will undergo mul-
tiple folding and unfolding cycles. Cellular cal-

28 OCTOBER 2011

cium concentrations are generally so low that its
C-terminal domain will be unfolded with about a
25% probability (22).

Our view of how proteins fold has always
been influenced by the information and level of
detail that experiments were able to provide. Hence,
for a long time, many proteins were identified as
simple two-state folders. With the advent of more
sophisticated time-resolved kinetic techniques, the
role of intermediates for folding has received in-
creasing attention. Single-molecule experiments
make it now possible to observe many of the pro-
posed mechanisms working in concert. Even though
the structural resolution in our assay is one-
dimensional, simultaneous availability of kinetic
information covering many orders of magnitude
allows one to decipher and to distinguish several
parallel pathways and their associated structures.
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