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How Proteins Fold

BIOCHEMISTRY

Tobin R. Sosnick 1 and James R. Hinshaw 2  

Computational and experimental results provide 

support for defi ned protein folding pathways.

large ensemble of emitters near a metallic 

nanoparticle. The preferential emission into 

a single plasmonic mode also makes pos-

sible the concept of a spaser, an amplifi er 

and coherent generator of plasmons ( 7). To 

understand plasmons in complex nanoparti-

cle architectures for spasers or other appli-

cations such as single-molecule detection, 

it is important to incorporate a quantum-

mechanical model of the electron density 

in the analysis. Effects such as tunneling of 

electrons between coupled nanostructures 

can considerably affect the nature of plas-

mons ( 8). Such a microscopic approach will 

be critical to develop a complete understand-

ing of quantum plasmonics.

Efforts in quantum optics have been 

directed toward overcoming decoherence 

effects and achieving scalability of quan-

tum bits (qubits) for practical applications. 

One approach is to achieve parallelism and 

communication between quantum bits of dif-

ferent nature (e.g., spin qubits and photonic 

qubits; akin to our current use of optoelec-

tronics for computation and communica-

tion). The nitrogen-vacancy (NV) center in 

diamond is a promising choice for the robust 

solid-state quantum bit because it can show 

single-photon emission as well as long spin 

coherence times ( 9). The ability to make 

these two degrees of freedom interact rests 

on effi cient single-photon emission beyond 

that available in bulk diamond NV centers. 

Resonant cavity approaches to enhancing the 

optical emission are incompatible with these 

sources, which have a broad emission spec-

trum. The broadband enhancement of spon-

taneous emission enabled by nanoplasmonic 

approaches allows the possibility of coupling 

to such emitters, which was otherwise diffi -

cult to achieve by conventional quantum opti-

cal techniques ( 10).

Another unorthodox approach of enhanc-

ing the nanoscale light-matter interaction in 

a broad bandwidth is to provide the quantum 

emitter with a plethora of electromagnetic 

states ( 11). Current nanofabrication technol-

ogies allow the engineering of the dielectric 

constant with metamaterials, transforming 

the space perceived by light to be metallic in 

one direction and dielectric in another. This 

lifts the restriction on the well-known closed 

spherical dispersion relation of an isotropic 

medium into a hyperboloid, leading to elec-

tromagnetic states unique to the metamate-

rial ( 12,  13). An infi nite number of metama-

terial states can lie on this hyperboloid (in the 

low-loss, effective-medium limit), increas-

ing the interaction with the quantum emit-

ter while simultaneously channeling the light 

into a subdiffraction single-photon resonance 

cone ( 12) (see the fi gure, panel B). Currently, 

losses present a formidable challenge to prac-

tical applications, but the new class of alter-

nate plasmonic materials can lead to quan-

tum-vacuum engineered devices with these 

“hyperbolic” metamaterials ( 14).

The future of nanophotonics is bright, 

with many possibilities of interfacing with 

quantum optics to address challenges of qubit 

scalability and communication. One topic to 

be addressed in the near future is single-pho-

ton switching and routing. Single photons do 

not talk to each other, but efforts are under 

way to use plasmon-mediated interactions 

for this purpose ( 15). It is quite likely that 

the hybrid excitation that combines photons 

and electrons will be the carrier of choice in 

future quantum information systems. 
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        T
wo reports in this issue probe sin-

gle protein chains as they spontane-

ously unfold and refold. On page 517 

of this issue, Lindorff-Larsen et al. ( 1) use 

state-of-the-art molecular dynamics (MD) 

simulations to elucidate the folding mech-

anisms of 12 different proteins. On page 

512 of this issue, Stigler et al. ( 2) study the 

folding and unfolding of single calmodulin 

domains with single-molecule force spec-

troscopy. The results provide remarkable 

views of the folding process and address 

basic questions, such as whether proteins 

fold along pathways.

The Shaw group previously succeeded 

in modeling the folding of a 35-residue pro-

tein in the presence of water molecules ( 3). 

Lindorff-Larsen et al. now show that these 

methods are suitable for probing the folding 

of larger, more complex proteins. In addi-

tion to matching experimental folding rates, 

the authors obtain native-like models for 12 

proteins, which contain helices and sheets 

and are up to 80 residues long. For most of 

the proteins, the trajectories contain discrete 

transitions between the native and unfolded 

states. This behavior is consistent with bar-

rier-limited cooperative folding, the hallmark 

of the experimental folding reaction.

Whether folding occurs along a diverse 

set of routes elicits diverse opinions, with 

many researchers favoring extensive path-

way heterogeneity due to the complexity of 

the system ( 4). Yet, Lindorff-Larsen et al. 

fi nd that for nine of their proteins, hetero-

geneity is minimal, with the routes typically 

sharing over 60% of their native contacts. 

They conclude that these routes are best 

viewed as variations of a single folding path-

way. This lack of pathway diversity is consis-

tent with experimental studies where transi-

tion state heterogeneity was not observed ( 5). 

However, in the simulations of two β sheet–

containing proteins, the order of strand for-

mation can vary. For a protein G variant, the 

observation of two pathways is consistent 

with experimental work, which found that 

the folding order of the two hairpins can be 

manipulated ( 6). Generally, symmetric ( 7,  8) 

and multidomain proteins are strong candi-

dates for multiple pathways, because differ-

ent portions can form fi rst.
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Stigler et al. observe this behavior in their 

study of calmodulin, a protein composed of 

two nearly identical domains. They use ultra-

stable high-resolution optical tweezers to 

pull the protein’s ends to a particular tension 

level at which the protein repeatedly folds and 

unfolds. With this powerful protocol, they 

simultaneously track changes in the exten-

sion and force to provide two reaction coor-

dinates in a single measurement.

Stigler et al. detect a limited set of path-

ways and four intermediates. Either domain 

can fold independently, accounting for two 

intermediates; each domain folds in a single 

kinetic step, as found by Lindorff-Larsen et 

al. for single-domain proteins. The third, off-

pathway intermediate combines half of each 

subdomain. The fourth intermediate contains 

one domain plus part of the other in an unpro-

ductive conformation. The identifi cation of 

defi ned intermediates along with their inter-

conversion rates and stabilities highlights the 

power of single-molecule techniques.

Both studies ( 1,  2) observe sharp folding 

transitions indicative of a free energy bar-

rier between well-defined thermodynamic 

states. Although a folding time constant may 

be milliseconds, the transit time over the bar-

rier is much faster, generally within less than 

a microsecond ( 1,  3). This time range is out 

of reach for current experimental single-mol-

ecule methods ( 9), but MD simulations pro-

vide detail at the nanosecond level.

Lindorff-Larsen et al. fi nd that during the 

barrier crossing, the long-range contacts that 

establish the protein’s overall fold form early 

along with a considerable amount of second-

ary structure and surface burial. This amount 

of residual structure is higher than suggested 

by experimental studies for small proteins 

where the denatured state is largely unstruc-

tured ( 10), although this issue is not fully 

resolved ( 5). This difference could be a result 

of inadequate energy functions, which gen-

erally are calibrated on folded proteins. The 

presence of residual structure could affect the 

folding mechanism observed in a simulation.

Nevertheless, notable agreement exists 

between the simulations and experimental 

studies beyond those already noted. Native-

state hydrogen-exchange studies have shown 

that folding is not completely cooperative but 

is punctuated by small-scale events refl ecting 

the stepwise addition of secondary structural 

elements termed “foldons” ( 11). Because 

these elements often are intrinsically unsta-

ble, low-energy pathways are likely to involve 

foldons building on top of existing struc-

tures in a process of sequential stabilization 

( 12). Thermodynamic biases and topologi-

cal considerations, including chain connec-

tivity, imply that some structures are more 

populated and can serve as better templates 

for additional foldons, resulting in preferred 

folding routes. Ample evidence exists for this 

process late in the pathway, and it may also 

apply to the early portion ( 13).

The simulations of Lindorff-Larsen et 

al. appear consistent with this mechanism 

of sequential stabilization. For most pro-

teins, the sequence of structure formation is 

the same in all pathways and correlates with 

unfolded state structural propensities. This 

behavior is observed despite the high level 

of residual structure, suggesting that the tem-

plating process with only a few low-energy 

routes is a robust phenomenon.

Non-native structure has minimal infl u-

ence on the pathway. If non-native contacts 

are also insignifi cant, the widespread use of 

Go-models [which assume that only native-

like contacts are kinetically relevant ( 14)], 

would be justifi ed. Such models would, how-

ever, need to be modifi ed ( 15) to apply to 

calmodulin because of the two non-native 

intermediates found by Stigler et al.

Currently, it is extremely diffi cult to com-

pare MD simulations and experimental data 

for the species on the high-energy portion of 

the reaction surface. Obtaining experimen-

tal information about these transiently popu-

lated intermediates requires the development 

of new experimental methods. Computation-

ally, larger proteins may become foldable as 

computing power increases, but issues may 

arise due to minor inaccuracies in the energy 

functions, and the presence of multiple and 

possibly non-native minima, as observed by 

Stigler et al. and in de novo structure predic-

tion ( 16). Hopefully, progress on these fronts 

will be forthcoming. 
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Single-domain protein

Multidomain protein with two pathways

Folding of one- and two-domain proteins. (A) Lindorff-Larsen et al. ( 1) show that the spontaneous folding and 
unfolding of a single-domain protein is best described by a single pathway for most proteins studied. (B) For a 
two-domain protein, there are two pathways, refl ecting the presence of two intermediates with one or the other 
domain folded. This is the behavior found by Stigler et al. ( 2) for calmodulin, although its two domains are of sim-
ilar size and the steps are thus of similar length. In addition, the authors observe two non-native intermediates.
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