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Progress in our understanding of the simple folding dynamics

of small proteins and the complex dynamics of large proteins is

reviewed. Recent characterizations of the folding transition

path of small proteins revealed a simple dynamics explainable

by the native centric model. In contrast, the accumulated data

showed the substates containing residual structures in the

unfolded state and partially populated intermediates, causing

complexity in the early folding dynamics of small proteins. The

size of the unfolded proteins in the absence of denaturants is

likely expanded but still controversial. The steady progress in

the observation of folding of large proteins has clarified the

rapid formation of long-range contacts that seem inconsistent

with the native centric model, suggesting that the folding

strategy of large proteins is distinct from that of small proteins.
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Introduction
In the 1970s, Go and his collaborators enthusiastically

investigated behaviors of a coarse-grained model of pro-

teins using numerical calculations. When they placed a

chain of 49 beads in a two-dimensional lattice and as-

sumed attractive interactions only between pairs of beads

forming native contacts, they observed cooperative tran-

sitions resembling heat denaturation curves of actual

proteins (Figure 1a–c) [1]. The native centric model of

proteins thereby originated with Go, but it was met with a

lack of comprehension of many researchers in the 70s and

80s, leading him to propose the consistency principle of

protein folding [2]. Now, the model is regarded as em-

bodying the ‘‘perfect funnel’’ proposed in the energy

landscape theory, which subsumes that the primary

sequences of natural proteins are optimized for smooth
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folding transitions [3,4]. The native centric model incor-

porated into more sophisticated treatment of proteins

reproduced not only the cooperative equilibrium transi-

tions but also the tendency of folding rates and the

structure of the folding transition state of small single

domain proteins [5,6]. The energy landscape theory and

the native centric model of proteins are milestones of

current structural biology.

It is noteworthy, however, that important questions relat-

ed to protein folding have remained unanswered [7,8].

The energy landscape theory and the native centric

model are wonderfully simple, but neither includes con-

sideration of details of intramolecular interactions arising

from the primary sequence of amino acid residues and

their interactions with water. Therefore, they do not

explain how the primary sequences of natural proteins

destabilize the misfolded conformations and minimize

the roughness of the landscape. Partly because of the lack

of such explanations, the de-novo design of artificial pro-

teins and the prediction of large protein structures persist

as difficult tasks. It is necessary to elucidate the mecha-

nism that achieves apparent simplicity in the folding

transition of small proteins and to reveal the complex

folding of large proteins.

This review presents a summary of the exciting progress

and notable discussions related to the simplicity and

complexity of protein-folding dynamics that have

appeared since 2013. We first introduce results demon-

strating applicability of the native centric model for the

dynamics of proteins in the transition path. We next

introduce results showing structural and dynamical com-

plexity in the unfolded state of even small proteins.

Finally, we introduce progress in the investigations of

complex folding mechanisms of large proteins.

Native centric model can explain the
dynamics of proteins in the transition path
Small proteins with fewer than roughly 100 residues

usually demonstrate two-state folding. They provided

ample data supporting the energy landscape theory.

The recent examination of the folding transition path

of small proteins further demonstrated that the theory is

almost perfectly satisfied. Chung and Eaton estimated the

duration necessary for the folding transitions that are

observed as discrete jumps in the single molecule fluo-

rescence data, and termed the duration as the transition
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Native centric potential can reproduce various properties of protein folding transitions. (a) Two-dimensional protein model originally proposed by

Go et al. [1]. Each character represents one residue. (b) Contact map corresponding to the folded structure in the panel a. (c) Temperature

denaturation transition calculated for the model protein in panel A assuming the native centric potential. The figures in panels (a)–(c) were adapted

with permission from [1]. (d) One-dimensional reaction coordinate of protein folding. The two-state folding transition observed for small proteins

can be described by one-dimensional potential diagram. The unfolded protein in the left can convert to the native state in one step. Thus, in the

single molecule time series measurements, the transition can be detected as the jumps in the fluorescence signals as shown in the putative time

series shown in the bottom. Time duration necessary for the folding transition is designated as the transition path time. In the native basin, the

folded structure of ubiquitin is presented. (e) The contact map in the lower right half represents the native structure of ubiquitin. The upper left half

represents the probability of forming inter-residue contacts in the transition path of the all atom MD calculation for folding of ubiquitin.

The data were adapted from [15�].
path time (Figure 1d) [9,10��,11�]. The duration was in

the range of one to several tens of microseconds, which is

consistent with the speed limit of protein folding. All-

atom molecular dynamics (MD) calculations of protein

folding roughly reproduced the duration [12,13�,14]. The

transition path time can be analyzed using Kramer’s

theory assuming a diffusive barrier crossing over a single
Current Opinion in Structural Biology 2016, 36:1–9 
reaction coordinate. Furthermore, the native centric po-

tential can explain the behaviors of proteins in the tran-

sition path of the all-atom MD calculations (Figure 1e)

[15�,16�]. Consequently, the folding transition occurs as a

simple diffusive process over a one-dimensional reaction

coordinate with a minimum contribution from the non-

native contacts.
www.sciencedirect.com
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Another example suggesting a small contribution of the

non-native contacts in the transition state of small pro-

teins is identification of the origin of internal friction. The

internal friction can be estimated by examining the

folding rates at different solvent viscosities and reflects

the roughness of the energy landscape along the transition

paths [17]. The internal friction for the folding of a-

helical proteins is greater than that for b or a/b proteins

[17]. Best and his collaborators concluded that the friction

arises from the changes in the dihedral angles of poly-

peptide backbone [18��,19]. The friction becomes greater

for helical proteins because the unfolded proteins mainly

possess dihedral angles near beta region. The conclusion

suggests that the frustration caused by the transforma-

tions of secondary structures is more important than the

possible frustration by intrachain non-native contacts for

the transition state of small proteins.

In accordance with the simplicity of the transition path, it

is usually difficult to find evidence for the inhomogeneity

in the folding transitions of small proteins [20]. For

example, homologous proteins L and G were thought

to form N-terminal and C-terminal turns, respectively, in

the transition state; however, a recent reinvestigation by

Sosnick et al. revealed that both turns are similarly formed

in the transition state for both proteins [21�]. Maqusee

et al. reported that different unfolding routes are under-

taken in the folding transition state of a small protein,

SH3, with small changes in the unfolding conditions or

mutations [22�]. Accordingly, while the important excep-

tion exists, the folding transition state of small proteins is

highly homogeneous and is strongly controlled by the

native structures.

Structural and dynamical properties of the
unfolded state of small proteins
Sizes of unfolded proteins

Past investigations have established that the unfolded

proteins in the presence of high concentrations of dena-

turants are expanded. Their radius of gyration shown

against the number of residues obeys the scaling law that

is expected for a self-avoiding random coil [23]. In

contrast, the size of a more important state, the unfolded

state in the absence of denaturant, remains controversial.

Because the unfolded proteins in the all-atom MD cal-

culations are too collapsed, the accurate size of the

unfolded state is important for the evaluation of force

fields [14,24–26].

Single-molecule fluorescence resonance energy transfer

(smFRET) studies have suggested that the unfolded

state of proteins such as protein L in the absence of

denaturant become smaller than those in the presence of

denaturant [27]. Compaction occurs gradually as the

denaturant concentration decreases, suggesting the ab-

sence of an energy barrier between the expanded and

collapsed conformations [25]. Schuler et al. observed that
www.sciencedirect.com 
unfolded proteins at the lower concentration of denatur-

ant collapse moderately and approximate the scaling law

expected for Gaussian polymers in Q solvents [28�]. In

contrast, small-angle X-ray scattering (SAXS) has demon-

strated that the radius of gyration of unfolded proteins is

expanded immediately after dilution of the denaturant

[29,30]. The detection of the expanded state in kinetic

experiments means that there exists an energy barrier

separating the expanded and the collapsed states.

Several recent results rather supported the conclusion

from the scattering measurements. Plaxco et al. examined

the size of polyethylene glycol (PEG) using smFRET

and small angle neutron scattering [31�]. Although the

smFRET data of the doubly labeled PEG showed an

increase of the FRET efficiency occurring concomitantly

with the decrease in the denaturant concentration, the

neutron scattering data showed that the unlabeled PEG

remains expanded irrespective of the denaturant concen-

tration. Although the origin of the discrepancy was not

explained, it is clear that smFRET tends to estimate

smaller sizes at the lower concentration of denaturant.

Cytochrome c552 possesses an expanded unfolded state

after dilution of the denaturant, which is consistent with

the presence of the energy barrier for the collapse [32].

Similar barrier-limited collapse with a time constant of

approximately 30 ms was also observed for cytochrome c
[33��].

The possibility still remains that unfolded proteins very

close to zero denaturant concentration contract to some

degree, as demonstrated in the reduced scaling exponent

by sm-FRET [28�]. In fact, a small collapse of barnase was

observed using time-resolved SAXS [34]. To resolve the

controversy, however, this issue should be investigated by

methods other than sm-FRET or SAXS. The limited

time resolution of smFRET (approx. 1 ms) as well as

that of SAXS (limited by the mixing device) might aver-

age the subpopulations in the denatured ensemble [33��].
We explain below that the unfolded proteins are not a

perfect random coil and that they possess substates with

residual structures. Further analysis based on methods

that can resolve the substates is required.

Heterogeneity and residual structures of the unfolded

proteins

Munoz et al. first improved the time resolution of the

smFRET measurements from ca. 1 ms to less than 100 ms

[35]. We achieved a similar time resolution based on a

different approach: line confocal microscopy (Figure 2)

[36�]. We demonstrated that the unfolded state of the B

domain of protein A (BdpA), a small three-helix bundle

assumed to be a two-state protein, comprises several

substates (Figure 3) [37��]. A gradual expansion of the

native state as the increase of the denaturant was

also detected. Accordingly, the increased temporal and

structural resolution of the smFRET measurements
Current Opinion in Structural Biology 2016, 36:1–9
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Figure 2
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(a) Photocycle of organic fluorophores. For single-molecule fluorescence measurements, the fast photocycle between S0 and S1 is essential.

However, the photocycle is interrupted occasionally by the formation of T1, causing blinking and bleaching of the fluorescence signals. The

dissolved oxygen, 3O2, quenches T1 to S0, and can restarts the photocycle; however, the 3O2 concentration is usually minimized to prevent

blinking and bleaching in the conventional confocal microscopy. In contrast, the line confocal microscopy flows a sample solution with dissolved
3O2 rapidly. The strategy enables an increase of the photon count rate for more than several orders of magnitude larger than the conventional

method. (b) Schematic diagram of the line confocal microscopy for single-molecule FRET efficiency measurements. The doubly labeled sample

was introduced to the flow cell at the fast flow speed. The excitation laser is focused linearly along the flow channel, so that flowing molecules

can be excited continuously. The fluorescence photons from the donor and acceptor fluorophors are collected by the objective, separated

spatially by dichroic mirrors, and imaged using CCD. (c) Example of the data obtained by the system. Top image shows artificially colored image

of a flowing molecule detected by CCD. The second and third images represent the fluorescence intensities for the acceptor (Ia) and donor (Id)

estimated from the top image. The bottom trace represents the apparent FRET efficiency time series estimated by dividing Ia with Ia + Id.

The figures in panels (b) and (c) were adapted from [36�] and are licensed under a Creative Commons Attribution-NonCommercial-ShareALike

3.0 Unported License.
revealed the deviation of BdpA from the two-state

folding.

Increasingly, accumulated data have shown deviation

from the two-state folding for small proteins that were

known previously as the two-state proteins. Based on

temperature-jump infrared spectroscopy, a partial forma-

tion of helices in the nanosecond time domain and the

subsequent growth of helices in the microsecond time

domain were observed for BdpA [38]. A similar observa-

tion was reported for leucine zipper dimer based on pH-

jump infrared spectroscopy [39�]. Careful examination of

the equilibrium unfolding of gpW by nuclear magnetic

resonance spectroscopy and all atom MD calculation
Current Opinion in Structural Biology 2016, 36:1–9 
demonstrated that some residues unfold in a two-state

manner and others in a three-state manner [40]. For SH3,

the deviation from the two-state folding and the forma-

tion of two intermediates including dry molten globule

were discussed [41,42]. The initial folding phase of Acl-

CoA binding protein (ACBP) was inferred as occurring

heterogeneously based on the comparison of the all atom

MD calculations and the rapid mixing fluorescence

results [43]. These results demonstrate that the apparent

two-state behavior of small proteins is achieved as a result

of the complex dynamics involving substates in the

unfolded state and intermediates accumulated in a small

fraction, which often possess a fragment of secondary

structures promoting the formation of non-local contacts.
www.sciencedirect.com
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Figure 3
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Equilibrium unfolding transition of the B domain of protein A (BdpA) observed by the line confocal miscroscopy. (a) Native structure of BdpA.

Residues 5 colored green and 55 colored blue were labeled by fluorophores. (b) FRET efficiency histograms of BdpA of the raw data obtained at

180 ms time resolution. Dotted lines represent the noise width estimated from the average photon numbers of signals and backgrounds assuming

single FRET efficiency. (c) The same FRET efficiency histograms after the moving average of the time series data of 1 ms. Although the data in

panel B show a gradual shift of the unfolded state efficiency, the data after time averaging show a gradual shift of the native peak observed at 0–

2 M Gdm, and splitting of the unfolded state distributions. Dotted lines represent the noise width after the time averaging. The observed

distributions for the unfolded state are broader than the noise width, showing the heterogeneity of the unfolded state. (d) Examples of the FRET

efficiency time series obtained at 4-M GdmCl. Individual traces showed different efficiencies during the observation time of a few milliseconds.

All the figures were adapted with permission from [37��]. Copyright 2015 American Chemical Society.
The presence of substates in the unfolded state even for

small single-domain proteins is related to the residual

structures. The double mutant cycle and the paramag-

netic relaxation measurements for the unfolded state of

L9 demonstrated residual structures with non-native

long-range contacts [44��]. Residual structures in the

unfolded state of ACBP have been reported [45]. The

presence of partially collapsed hydrophobic clusters hav-

ing a microsecond lifetime was also suggested in all-atom

MD calculations [13�]. Designed proteins with very simi-

lar sequences but having different folded structures pos-

sess distinct structures in the very early stage of folding

likely in the unfolded state [46]. These results support

the view that the unfolded state of small proteins is not a

simple random coil but is instead a mixture of heteroge-

neous residual structures.

As a final remark, we describe very slow fluctuations

suggested for BdpA [37��]. The individual smFRET

traces for the unfolded BdpA showed constant but differ-

ent efficiencies for several milliseconds (Figure 3c). That

observation suggests slow fluctuations and contrasts

against the fast fluctuations reported for many unfolded
www.sciencedirect.com 
proteins. Fluorescence correlation measurements for cold

shock protein revealed reconfiguration time of �100 ns

[47]. The time scale for the contact formation was 0.1 ms

for a 6 residue loop and more than 20 ms for a 66 residue

loop [48]. Our results might be consistent with putative

slow fluctuations inferred for the unfolded state of protein

L [49]. Further investigations must be conducted to

clarify the origin of the slow fluctuations.

Complex folding dynamics of proteins larger
than 100 residues
Single domain proteins larger than roughly 100 residues

generally form folding intermediates and demonstrate

folding dynamics distinct from small proteins [50]. We

observed previously that unfolded proteins such as cyto-

chrome c and apomyoglobin first collapse to the interme-

diate within submilliseconds, followed by slower

conversion to a native state [51,52]. Many native and

some non-native structures are formed in the collapse. In

particular, the long-range contacts between the N- and C-

termini are likely formed in the intermediates, implying

that the collapse entails the formation of an important

framework of the native structure [53].
Current Opinion in Structural Biology 2016, 36:1–9
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Recent results began to resolve events occurring in the

collapse for large single-domain proteins. Roder

et al. developed a device for pulsed hydrogen deuterium

exchange with time resolution of 100 ms [54��]. They

observed that the fragments of C-terminal and 60s helices

of cytochrome c, which are close in sequence, associate

before the contact formation between the N- and C-

terminal helices (Figure 4a and b). The initial formation

of the local structures leading to the long-range contacts

strongly suggests that the fast collapse is designed in the

arrangement of the hydrophobic residues. Bilsel et al.
observed that the collapse of cytochrome c occurs as a

barrier-crossing event [33��]. Based on the time correla-

tion of single-molecule fluorescence without reliance on

the kinetic triggering of folding, several intermediates

that connect the unfolded and native states linearly were

resolved in the folding of yeast cytochrome c [55��]. The

lifetime of the intermediate of a mutant of apomyoglobin,

in which one non-native interaction was eliminated, was

not significantly altered from that of the wild type,

suggesting the presence of further non-native contacts

in the intermediate [56]. Finally, the non-native

helix formation in the folding of b-lactoglobulin occurs
Figure 4
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Stepwise collapse observed for cytochrome c. Results of the ultrafast pulse

of cytochrome c at 140 ms (a) and 1 ms (b) after initiation of the folding reac

At 140 ms, the small clusters involving the C-terminal and 60s helices are fo

of the N- and C-terminal helices are strongly protected at 1 ms, suggesting

figures were adapted with permission from [54��]. Copyright 2013 American

protein, maltose binding protein, examined by the hydrogen deuterium exch

residues 9–43, 60–62 and 260–278 and is protected with time constant of �
protected with time constant of �100 s. The green region includes residues

was adapted from [58��].
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concomitantly with the rapid collapse, and was proposed

to promote the long-range contact formation [57]. These

results suggest that the initial collapse of large single-

domain proteins is designed to occur rapidly and to form

the long-range native contacts together with the non-

native contacts.

The rapid formation of the long-range contacts might not

be consistent with the native centric model. This

becomes more apparent for the folding of some large

multidomain proteins. Englander et al. developed a mass

spectroscopic method to detect the exchange of amide

protons of large proteins at the residue level, and clarified

that the different domains of maltose binding protein

form with different timing (Figure 4c) [58��]. The fast

folding domain possesses the long-range contacts sepa-

rated more than 250 residues. The folding of different

loops of adenylate kinase occurs with different timing and

the loop encompassing residues 1 to 88 forms much faster

than the small loop between residues 121 and 155 [59�].
The folding of repeat proteins occurs frequently from one

domain having the greatest stability [60�]. These results

demonstrate that different domains of multidomain
(b)
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d hydrogen deuterium exchange experiments for the folding process

tion. Regions colored red correspond to the amide protons protected.

rmed. However, the N-terminal helix is not protected. In contrast, both

 the formation of the long range contact between the two helices. The

 Chemical Society. (c) The stepwise folding of a large multidomain

ange pattern of kinetic mass spectroscopy. The blue region includes

7 s. The red region includes residues 180–195 and 315–370 and is

 78–89 and is protected slightly faster than the red region.The figure
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proteins fold with different timing, which likely deviates

from the behaviors suggested by the native centric model.

In contrast, recent analyses of the folding of dihydrofolate

reductase, which comprises two domains and shows com-

plex folding kinetics involving six phases, revealed that

the native centric model can reproduce the folding kinet-

ics for the wild type and the circular permutated mutant

[61,62�]. Accordingly, in addition to the native centric

behavior, the large proteins seem to have developed the

distinct strategy to fold their complex structures.

Conclusion
We first discussed the applicability of the native centric

model for the dynamics of small proteins in the folding

transition path, and the contrasting complexity in the

unfolded state and the deviation from the two-state

folding. The simplicity in the folding transition and

the contrasting complexity in the unfolded state strongly

suggest the existence of a mechanism that minimizes the

contribution of the non-native contact in the folding

transition state of small proteins. We next discussed that

the folding of large proteins involves the rapid formation

of the intermediates possessing localized domains with

long-range contacts, suggesting the existence of a mech-

anism deviating from the native centric model which is

required for the formation of large structures. We propose

that the native centric behavior is one strategy chosen by

nature to fold small proteins, and that additional strategies

were developed to fold larger proteins. Thus, the complex

things are mainly in the unfolded state for small proteins

and in the entire folding process for large proteins.

Go proposed that local structures with native and non-

native structures might form in the early folding stages;

however, only the native structures can grow and over-

come the folding transition state, because native local

structure is structurally consistent with other native local

structures [2]. The accumulated data demonstrating the

residual structures might be consistent with the proposal;

however, the information how the substates and residual

structures are connected each other and how they grow to

form the transition state is mostly unknown. Further

characterizations of the unfolded state as well as the

folding transition path based on the advanced methods

of single molecule and ensemble spectroscopies are ur-

gently necessary. The theoretical analysis of single-mol-

ecule data might be promising to clarify the dynamics

[63,64]. The advanced spectroscopic methods should

further be designed and applied to characterize the fold-

ing mechanism of each of large proteins to understand

their design strategies.
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