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This critical review describes our current knowledge on the folding, stability and conformational

dynamics of fluorescent proteins (FPs). The biophysical studies that have led to the elucidation

of many of the key features of the complex energy landscape for folding for GFP and its variants

are discussed. These illustrate some important issues surrounding how the large b-barrel structure
forms, and will be of interest to the protein folding community. In addition, the review highlights

the importance of some of these results for the use of FPs in in vivo applications. The results

should facilitate and aid in experimental designs of in vivo applications, as well as the

interpretation of in vivo experimental data. The review is therefore of interest to all those working

with FPs in vivo (103 references).

1. Introduction

It has long been established that GFP and other FPs first have

to fold to a near-native like structure before the chromophore

can form by a cyclisation and oxidation of the polypeptide

backbone1 (for details of the role of the folding and structure

of GFP in chromophore maturation see the review by Craggs

in this special issue2). In addition to this, it has been shown

that the protein structure itself plays an essential role in

creating and maintaining a semi-rigid environment around

the chromophore where bulk solvent molecules are excluded

and the conformational flexibility of the chromophore is low

(Fig. 1). This greatly reduces the fluorescence deactivation

pathways and leads to a state with a high quantum yield

(for further details on this, see the review by van Thor in this

special issue3). In this Review, we focus on biophysical studies

on FP stability, folding and conformational dynamics and

illustrate how these relate to the function of FPs in biological

applications.

The Review starts with a description of how protein

engineering techniques have been used to improve the folding

properties of many FPs using random mutagenesis and

selection methods (section 2). A wide range of different

techniques have been employed to study the stability of the

native states of FPs in vitro, including denaturation by acid,

pressure, mechanical force and chemical denaturants. The

results of these studies and what has been learnt about FP

stability are described in detail in section 3. Not only have
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these studies shed light on some of the factors that govern the

stability of this class of proteins, but they have revealed

complex energy landscapes with unique features which are

also of importance to the protein folding field. Section 4

reports on the studies which have been undertaken over the

past decade to understand the unfolding and folding pathways

of FPs and GFP in particular. Again, a complex energy

landscape has been uncovered and some of the rate-limiting

steps in the folding of the complex b-barrel structure

determined. The single-molecule methods that have been

employed and which have generated further details on the

unfolding pathways of GFP are summarised in section 5.

Despite the complexity of the GFP structure, a great deal is

now known about the critical steps in folding of this protein.

Section 6 of the Review draws upon the knowledge gained

from in vitro measurements of folding and stability, and

discusses the implications for some applications of FPs

in vivo. The ability of fragments of GFP to form stable

elements of structure which are not rapidly degraded in vivo

and the application of these to split-GFP technology are

discussed in section 7. Two powerful techniques arise as a

direct result of being able to divide the GFP structure

into complementary fragments which can reassociate

in vivo to generate a fluorescent state: the split-GFP solubility

reporter assay and the so-called biomolecular fluorescence

complementation (BiFC) method. Finally, the use of GFP in

probing the mechanisms by which proteins are unfolded and

degraded by cellular degradation machines such as the Clp

system of prokaryotes and the proteasome in eukaryotes is

described.

2. Improving the folding efficiency of GFP: protein

engineering studies

It has been known for some time that wild-type GFP is

prone to misfolding and aggregation leading to reduced

chromophore maturation and low yields.4 In addition to this

intrinsic tendency of GFP to misfold and aggregate, the

situation is worse when GFP is fused to other relatively

insoluble proteins,5 or when using circular permutants of

GFP which are often employed as biosensors.6–8 It’s not

surprising, therefore, that a large number of studies have

focused on improving the folding properties of GFP and other

FPs, and almost all of these have taken advantage of the

intrinsic fluorescence of the protein to act as a marker of

efficient folding, chromophore maturation and solubility.

Although a number of different approaches have been taken,

they all in some way use random mutagenesis in conjunction

with selection methods based on cellular fluorescence to

identify mutations in GFP and other FPs which produce

brighter proteins in vivo. Many of the mutants discovered

using this strategy are termed ‘‘folding mutants’’, however, it is

clear that some of them act by improving the efficiency of

chromophore formation and not folding per se. These

mutations are not considered here but are discussed in detail

in the review by Craggs on GFP chromophore maturation.2

The results from a number of different laboratories, all of

which have succeeded in improving the folding properties of

GFP and other FPs, are discussed below.

2.1 Green fluorescent protein

Some of the earliest studies aimed at improving the folding

properties of fluorescent proteins were on GFP. Using random

mutagenesis and screening for increased brightness of colonies

in E. coli, the Haseloff group identified some of the first

‘‘folding mutants’’, Val-Ala163 and Ser-Gly175, which

gave rise to a 35-fold increase in green fluorescence intensity

in both E. coli and yeast at 37 1C.9 One of these mutations,

Val-Ala163, was also found independently in later studies.

Using a similar approach, the Kohno group also identified

another mutation, Ser-Pro147, which showed increased

fluorescence at elevated temperatures.10

One of the most important early studies was conducted by

the Stemmer group who used an alternative approach, DNA

shuffling, to generate a library of mutants of GFP from which

to select. In their case, a mutant 42 times more fluorescent than

wild type was identified which contained three mutations,

Phe-Ser99, Met-Thr153 and Val-Ala163.11 It was named

the ‘‘cycle 3’’ mutant but is now more commonly referred to as

Fig. 1 Schematic representations for the structure of GFPuv (PDB

code: 1B9C) drawn by PyMol (DeLano Scientific LLC), viewed from

two opposite sides. The chromophore is shown in stick mode. Each

b-strand is numbered from the N to the C terminus.
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GFPuv. For this mutant, an in vitro study of the folding

kinetics was undertaken in order to understand the origin of

the improved brightness and fluorescence observed in vivo.

Initial studies, somewhat surprisingly, revealed that the

folding kinetics of the cycle 3 mutant are very similar to wild

type,12 however, a more detailed study established that the

mutations greatly reduced aggregation and thereby resulted in

more efficient folding and higher yields.13 It is thought that the

mutations, which all lie on the same face of the b-barrel
structure, act by reducing the overall hydrophobicity of

GFP, thereby suppressing aggregation.12,13 The three muta-

tions in the cycle 3 variant of GFP have also been used in

conjunction with other mutations known to improve chromo-

phore maturation (Phe-Leu64 and Ser-Thr65) to produce a

GFP, known as gfp+, which exhibited up to a 320-fold

increase in detection level and which has been shown to be

an accurate reporter of gene expression levels over several

orders of magnitude when used in in vivo gene expression

assays.14

In a more recent study, DNA shuffling techniques were also

employed to generate a library of GFP mutants. In this case,

the cycle 3 mutant of GFP was fused to a very poorly folding

bait protein, bullfrog red cell H subunit of ferritin, which

is insoluble when expressed at 37 1C.15 This so called

‘‘folding interference method’’ was used and a ‘‘superfolder’’

GFP identified after four rounds of selection, which contained

six additional mutations to the three already incorporated into

the parent cycle 3 protein. For the superfolder GFP, a

comprehensive investigation of the effects of each of the six

mutations was undertaken in order to understand how each

promoted folding and chromophore maturation. Two of the

mutations, Ser-Arg30 and Tyr-Asn39, were found to

increase the stability and folding rate of GFP, and a crystal

structure showed that there is a reorganisation of the side

chains around the sites of mutation which results in a

more favourable network of electrostatic interactions

and hydrogen bonding. In contrast, two of the mutations

(Tyr-Phe145 and Ile-Val171) had little effect on the folding

rate or stability of GFP, and it has been assumed that they act

by reducing aggregation. The other two (Asn-Thr105 and

Ala-Val206) also have no effect on folding or stability but

it was noted that they increase the b-propensity of the

polypeptide chain.

2.2 Other fluorescent proteins (FPs)

Mutations which improve the folding and fluorescence of GFP

have also been incorporated into CFP and YFP to improve

the folding properties of these two proteins.16 Monomeric,

optimised versions of eCFP and eYFP, which fold faster and

more efficiently at 37 1C and which had superior solubility and

brightness, have been produced. Improvements were most

pronounced in E. coli but improvements in mammalian cell

lines were also observed. In another study, the Gadella group

used a similar approach but, in this case, used mutations which

had been shown to improve folding/fluorescence of eYFP and

eCFP, and introduced them into eGFP and eBFP to create

SGFP2 and SBFP2, strongly enhanced versions of GFP

and BFP.17

3. Stability measurements

Over the past decade, a range of different methods have been

used to study the stability of the native state of GFP, its

variants and FPs in general. In this section, stability refers to

thermodynamic stability, that is, the difference in the Gibbs

free energy between the native and denatured states.

Fluorescent proteins have been denatured with acid,18–20

pressure,21 temperature,21 force22–26 and chemical

denaturants13,27–33 and both ensemble and single-molecule

measurements have been made. The unfolding of FPs has

been followed using different optical probes including the

fluorescence of the chromophore and tryptophan/tyrosine

residues, circular dichroism, UV/Vis absorbance, FT-IR,

atomic force microscopy (AFM), in addition to nuclear

magnetic resonance (NMR) spectroscopy including 15N, 19F

and photoCIDNP experiments.19,34-37 The next sections

describe in detail what has been learnt about the stability

and unfolding of FPs from these studies.

3.1 Chemical denaturation

One of the most extensively used methods for studying the

stability and unfolding of proteins under equilibrium

conditions is chemical denaturation using reagents such as

urea, guanidinium chloride (GdmCl) and guanidinium

thiocyanate (GdmSCN).38 These methods have been been

applied to FPs from both Aequorea and Anthozoa.

Early studies by the Kuwajima group on wild-type GFP and

the cycle 3 mutant used GdmCl to unfold the proteins and

established that they were both very stable against chemical

denaturation, with the cycle 3 mutant apparently being more

stable than wild type.13 However, their results also showed

that the unfolding equilibrium was not fully reached even after

several days,13 unusual behaviour not observed for the

unfolding of most proteins. The Uversky and Turoverov

groups have studied the stability of FPs with different oligo-

meric states (including monomeric EGFP and mRFP1,

dimeric ‘‘dimer 2’’, and tetrameric zFP506 and DsRed) using

GdmCl, and also observed that the systems were slow to

reach equilibrium.27 In this case apparent thermodynamic

stabilities of the FPs studied were calculated and ranged from

4.6 to 10.6 kcal mol�1. Although the tetrameric zFP506 was

found to be the most stable, oligomeric state was not the only

factor that was found to influence the stability (Fig. 2A).27

These chemical denaturation studies have now been

followed up by work from several other groups who have

probed in further detail the GdmCl-induced unfolding of GFP

variants under pseudo-equilibrium conditions. Both our own

group and the Jennings group have shown a time-dependent

shift in the position of the unfolding equilibrium for a

truncated form of GFPuv (trGFPuv)31 and the superfolder

GFP (sfGFP)30 (Fig. 2B and C). We found that trGFPuv did

not reach equilibrium for over two months31 (Fig. 2B). A

careful analysis of the results from these experiments revealed

that an intermediate state was populated under the conditions

used, and that this state was both stable (with a free energy of

unfolding of 6.0 kcal mol�1 with respect to the denatured

state) and had considerable structure (with an m value

of 4.2 kcal mol�1 M�1 with respect to the denatured state;
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m values are a measure of the change in solvent accessible

surface area between two states38). In fact, the stability of the

intermediate state was comparable to that observed for many

small monomeric proteins.39 In addition, far UV-CD and

tryptophan/tyrosine fluorescence measurements established

that the intermediate state contained considerable secondary

and tertiary structure whilst its green fluorescence was

quenched to about 10% of that found in the native state.31

The quenching of the green fluorescence in the intermediate

state was attributed to a local unfolding of b-strands 7–9

resulting in the partial opening of the b-barrel structure and

exposure of the chromophore to solvent. This was supported

by evidence from NMR H/D exchange experiments from both

our own31 and other groups,40 see section 3.4 for further

details.

The Jennings group have also studied the GdmCl-induced

unfolding of another GFP variant, superfolder GFP (sfGFP).

They too observed time-dependent shifts in the unfolding

curves, and also undertook refolding experiments. These

established that there was hysteresis between the equilibrium

curves starting from denatured or native states of the protein

(Fig. 2B).30 In this case, they performed a comprehensive

analysis using mutants that were incapable of forming the

chromophore and determined that the hysteresis was due to

the chromophore itself which creates a rough energy landscape

on which the protein unfolds/folds.30 Further details are given

in section 3.5.

More recently, other groups have also published denaturant

studies and confirmed the population of an unfolding inter-

mediate under equilibrium conditions. Wielgus-Kutrowska,

Clark and colleagues demonstrated that a partially unfolded

intermediate with molten-globule like properties is present in

the GdmCl-induced unfolding of S65T/G67A GFP, a mutant

which is unable to form the chromophore and which showed

reversible unfolding in chemical denaturants.28 Xie and

Zhou have also observed three-state behaviour for the

GdmCl-induced unfolding of GFPuv and shown that folding

and unfolding proceed in a stepwise manner via a compact

but fluorescent intermediate state that is populated under

equilibrium conditions.29

Further evidence for an intermediate state has come from

studies on the unfolding of a variant of YFP (Citrine), and has

been demonstrated using both single-molecule and ensemble

experiments.33 Here, the fluorescence of the intrinsic

green/yellow chromophore along with that from a covalently

attached dye (Alexa647) was used to determine the unfolding

Fig. 2 Pseudo-equilibrium curves for the unfolding of GFP variants under varying conditions. (A) Unfolding curves of EGFP, zFP506, mRFP1,

dimer 2, and DsRed after 9 days (adapted from ref. 27). (B) Green fluorescence of trGFPuv measured as a function of GdmCl concentration at

pH 6.0 at 25 1C as a function of equilibration time: from right to left 3 h, 12 h, 24 h, 48 h, 5 days, 13 days, 44 days (adapted from ref. 31). (C) The

non-coincident equilibrium unfolding (K) and refolding (’) transitions of sfGFP induced by GdmCl at pH 6.8 at 25 1C after 96 hours showing

the hysteresis. The unfolding transition exhibits time dependence and collapses toward the refolding transition over months. Lines are fitted to a

two-state model for refolding and a three-state model for unfolding and different zones of transition curves are coloured yellow, green and blue

(adapted from ref. 46). (D) pH dependence of the chromophore fluorescence of various YFP variants (from left to right the mutants were:

S65T, wt, H148Q, S65T/H148Q, H148G). Data points were fitted to a theoretical titration curve with one titratable group.
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behaviour of the protein at a single molecule level. Single-pair

fluorescence resonance energy transfer (sp-FRET) and

two-colour coincidence detection (TCCD) techniques were

employed. Results from both the single-molecule experiments

and ensemble measurements showed biphasic equilibrium

denaturation curves indicating the presence of a stable

intermediate state for this modified form of Citrine.33

3.2 Acid denaturation

Many proteins can be reversibly denatured by acid, a result of

the effect of perturbed pKa values for the side chains of Glu

and Asp residues in the native states of many proteins,

together with unfavourable electrostatic interactions due to

the build up of positive charge on most proteins at low pH.38

The acid-unfolding of several different FPs has been studied,

with an early study by Vrzheshch and coworkers on the

denaturation of tetrameric DsRed under mildly acidic

conditions.20 A loss of fluorescence was observed on lowering

the pH to 4–4.8 which was shown to be associated with a

partial unfolding of the structure. Re-alkalization of the

solution resulted in only a partial recovery of structure and

fluorescence, indicating that, for DsRed, the acid unfolding

was not fully reversible.20

The Kuwajima group has used acid-denaturation together

with a wide range of spectroscopic and other probes, to

characterise in detail the pH-unfolding of GFPuv. Similar to

DsRed, they observed acid-unfolding events at pH values

below 5.18 Although the focus of this work was on the

refolding kinetics of GFPuv from the acid-unfolded state

(see section 4 for further details), it was followed up with a

detailed study of the denatured state of GFPuv at pH 4.0.41

Small-angle X-ray scattering and fluorescence measurements

revealed that the protein adopts a partially structured

intermediate state under these conditions. This state was found

to be compact with respect to the denatured state, however,

still expanded relative to the native state (by some 40%).

Although the hydrophobic core around the single tryptophan

residue at position 57 was found to be largely formed, the

tertiary structure around the green chromophore was not

fixed, hence the lack of green fluorescence of this state. The

intermediate state showed some of the characteristics

displayed by molten-globule states. Kinetic refolding

experiments on this species established that it had properties

similar to one of the main intermediates transiently populated

during kinetic refolding experiments.18

Other techniques have also been applied to obtain information

on the acid-denatured state of GFPuv. 19F-NMR spectro-

scopy in combination with photochemically induced dynamic

nuclear polarisation (CIDNP) techniques has been used to

study both the acid- and GdmCl-induced unfolding of

trGFPuv whose tyrosine residues had been selectively
19F-labelled.19 Although there was no detectable difference

in the 19F-spectra of the two different denatured states, photo-

CIDNP experiments and far-UV CD spectra clearly showed

evidence for significant residual structure at pH 2.9. This was

in contrast to the results obtained in high concentrations of

chemical denaturant (6 M GdmCl) or at lower pH (1.5), where

there was little evidence of structure. In particular, the pH 2.9

state was shown to be a mixture of highly flexible and more

compact structures as indicated by an analysis of the nuclear

and electron spin relaxation processes.34 More recently, a

pulsed-labelling H/D exchange NMR strategy was used to

probe in detail the residual structure at pH 2.9.32 These

experiments provided evidence that the structure was

non-native like and it was shown to reside almost exclusively

in b-strands 1 and 3. It has been suggested that this structure is

stabilised by a local hydrophobic collapse.32

Recently, our laboratory has been studying the pH stability

of the YFP Venus and found that it can be influenced

dramatically by pH. On lowering the pH from 8.0 to 6.0, the

midpoint for unfolding decreased significantly from 5.8 to

3.6 M GdmCl.42 We also have evidence that small scale

changes in structure that occur in Venus at lower pH values

(pH 6.0) result in increased sensitivity of the yellow chromo-

phore towards environmental conditions such as ionic strength

and chloride ions.42

3.3 Pressure denaturation

Although not as commonly used as chemical denaturants or

acid, pressure can also be employed to unfold proteins.43 Such

an approach has been used on a red-shifted variant of GFP

(rsGFP) which was found to be very resistant to pressure

denaturation at room temperature, withstanding pressures of

up to 9 kbar.21 However, at elevated temperatures, rsGFP was

observed to undergo both partial and full pressure denaturation.

At 58 1C, a co-operative collapse of the b-can structure

(as probed by FT-IR measurements of secondary structure)

corresponding to a large-scale unfolding event was observed at

7.8 kbar. A large change in volume of about 250 ml mol�1 was

associated with this transition. Interestingly, the pressure-

induced denatured state was found to be different to that

observed in thermal denaturation experiments, and a-helical
elements of structure in particular seem to be resistant to

pressure denaturation. At around 4.5 kbar, there was some

evidence for another, much smaller, structural change and this

was investigated further under different conditions. At 5 and

30 1C, this transition could be seen more clearly and shown to

be associated with a small conformational change in the region

of the chromophore with no major changes in secondary

structure. It was proposed that this transition may involve

the penetration of water molecules into the b-can structure

resulting in the quenching of the chromophore fluorescence.

The state formed at 4 kbar at 30 1C has been termed a

‘swollen pre-transitional’ state and had a relatively small free

energy change of B10 kJ mol�1 associated with it.

Although high temperatures are commonly used to study

protein denaturation processes, the thermal unfolding of many

FPs including rsGFP is not reversible with the protein

aggregating at high temperatures.21 As a result of this, this

technique has not been widely employed to study the stability

of FPs.

3.4 NMR experiments: H/D exchange and conformational

dynamics

The H/D exchange of amide protons in conjunction with

multi-dimensional NMR spectroscopy has been used
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extensively to study non-native states in proteins.44 Such

studies provide information on partially structured, high

energy states on the energy landscape for folding. These

approaches can also be used to investigate residual structure

in denatured states. These techniques have been used by

several groups to study the denatured and partially structured

states of FPs, particularly GFPuv.

The H/D exchange rates of amide protons in 15N-labelled

samples of GFPuv or trGFPuv have been reported in two

separate studies. The earlier study by the Holak group

established that, although the b-barrel structure of GFP was

rigid on the picosecond to nanosecond time scale as probed by
15N-relaxation techniques, there was conformational flexibility

and motions on the micro- to millisecond time frame in

b-strands 3, 7, 8 and 10, as shown by increased H/D exchange

rates.40 In addition, they showed that His148 affects the

conformational stability of GFPuv and the spectra of a

mutant (H148G) showed double backbone amide resonances

typical of two conformations in slow exchange. Similar results

were also found in H/D exchange studies on trGFPuv, with

higher rates observed for amides in b-strands 7, 8, 9 and 10

indicating conformational flexibility in this region31 (Fig. 3a

and b). In this study, exchange rates were measured over

extended periods of time and 40 amide protons were found

to be protected from exchange even after several months

(Fig. 3a). These groups clustered to form a stable core region

encompassing most of the b-strands and located at one end of

the barrel structure31 (Fig. 3c), and it was proposed that these

residues play an important role in stabilising the intermediate

state of GFPuv. Further, it was shown that the exchange

rates of these amide groups were not dependent upon the

concentration of denaturant (between 0–1 M GdmCl),

suggesting that exchange in this region does not occur through

a local unfolding mechanism but instead is dominated by

solvent penetration.32 This work was followed up with an

additional study which used higher pH, temperature and

GdmCl to accelerate the rate of amide exchange, thereby

enabling even the slowest of exchanging protons to be

studied.32 Even in this case, some of the amide protons did

not undergo exchange even after several months of

incubation.32 These included the amide protons of residues

Ile14, Leu15, Tyr92, Tyr106, Val112, Lys113, and Asn120

which cluster together to form a super-stable core located in

b-strands 1, 4, 5 and 6 (Fig. 4A).

H/D exchange was also used to identify residual structure in

the acid-denatured state of GFPuv (pH 2.9).32 A pulsed-

labelling strategy was employed and exchange in the low pH

state monitored. Even after long incubation periods (80 min),

amide protons of residues Val12, Ile14, Leu15, Val16, Glu17,

Leu18, Leu44, Lys45, Phe46, and Ile47 were found not to have

undergone exchange, indicating that they were protected and

suggesting that they are involved in residual structure located

in b-strands 1 and 3 (Fig. 4B). These residues are mainly

hydrophobic in nature leading to the suggestion that the

residual structure may be stabilised by a local hydrophobic

collapse occurring in the N-terminal region of the protein.32

More recently, H/D exchange studies on YFP Venus have

shown the most protected set of amide residues observed to

date.42 Even at pH 8.0 and 37 1C, some amide protons in

Venus remained clearly visible in the corresponding 15N–1H

correlation spectrum even after more than 13 months. This

extraordinary stability, seen for a number of residues in

b-strands 4–6, 10 and 11, provides further evidence that the

b-barrel structures of FPs contain a super-stable core.42

In addition to the H/D exchange studies, NMR relaxation

techniques have been used to obtain information on the

conformational dynamics of FPs. In 2002, Seifert and

coworkers published an NMR study on EGFP and ECFP in

which fluorinated tryptophans were incorporated into the

proteins and 19F-NMR techniques were employed to investi-

gate slow molecular motion in the proteins.45 A slow exchange

process between two states was observed on the millisecond

time scale and attributed to conformational hetereogeneity of

either the green chromophore or His148.45

3.5 Hysteresis in GFP unfolding and refolding

Hysteresis literally translates as ‘‘lagging behind’’. It describes

a property of systems which fail to respond to an applied

external force immediately but rather remain in their original

state for a so-called lag phase before reaching a final state.

Hysteresis has been observed in the folding and unfolding of

sfGFP resulting in titrations with GdmCl starting from

unfolded and folded sfGFP which were non-coincident30

(Fig. 2C). Under highly denaturing or very native-like

conditions, a typical transition from native to denatured state

was observed (Fig. 2D). However, the unfolding transition

was time-dependent and collapsed toward the refolding

transition over months as had been observed in other studies

(see section 3.1). At high denaturant concentrations

([GdmCl] 4 5 M), unfolding appears to progress predomi-

nantly from the native state ensemble (Nnat) to the unfolded

state (U). At low denaturant concentrations ([GdmCl]o 1.5 M),

refolding seems to follow two-state behaviour from U directly

to Nnat. However, at intermediate denaturant concentrations,

a native-like intermediate state termed Niso is proposed to

form a kinetic trap resulting in the hysteresis. Consequently,

exchange between the native state Nnat and native-like

intermediate (Niso) is slow. Experiments with a mutant

incapable of forming the chromophore demonstrated that

the chromophore itself is responsible for the hysteresis. Once

the chromophore has formed, the energy landscape for folding

for sfGFP becomes rough, in contrast to the smoother energy

landscape for the de novo folding of GFP which has yet to

undergo the post-translational modification and chromophore

formation.30

The nature of Niso and origins of the hysteresis were

investigated further by combining experimental (NMR) and

computational methods.46 A coarse-grain model was used to

simulate the first step in folding, a process which was found to

be fast and have a funnel-like landscape (folding from U to Niso).

Niso, although native-like, was found to be flexible and

consist of an ensemble of closely related structures. Inter-

mediate states observed in the simulations showed a considerable

amount of native secondary structure with only the C- or the

N-terminus unfolded to varying degrees. Notably, such

intermediate states have also been noted in single-molecule

pulling experiments22,23 and other simulations,26 see section 5.1
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for further details. This was supported by results of NMR

experiments which showed evidence for structural hetero-

geneity, particularly near residues adjacent to prolines which

have previously been linked to chromophore formation.

Both experimental and computational studies pointed to a

dual-basin in the energy landscape for folding of sfGFP in

which there is the native state (N) and a closely-related Niso

state, where the chromophore is not yet in the correct

conformation. Following fast initial folding from U to Niso

there is a slow rate-limiting search to N, which involves

Fig. 3 Results from H/D exchange experiments on trGFPuv. (a) The network of hydrogen bonds in the b-barrel structure. A double line between

two residues on two anti-parallel b-strands represents two hydrogen bonds. A single line represents one hydrogen bond. The measured exchange

rate constants for the amide groups are classed as follows. Red, very slow (the half-life is longer than one month); yellow, slow; green, intermediate;

blue, fast; dark blue, very fast (amide hydrogen exchanged within 20 min); grey, not assigned; white, overlapped peaks in the HSQC spectrum.

(b) Amides in regions of random coil (circles) or a-helices (rectangles). Red, very slow; dark blue, very fast; yellow, exchanged within a month;

white, overlapped peaks; grey, not assigned. (c) Three-dimensional representation of the position of very slow exchanging residues. Red and yellow

balls represent the residues in the b-strands and a-helix which are very slow to exchange, respectively.
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chromophore isomerisation and activation. Recently, further

NMR studies on Niso have revealed that several residues in the

lid region of sfGFP show structural heterogeneity and that

chromophore flexibility leads to mispacking of the protein in

this trapped intermediate state.47

4. Unfolding and folding kinetics

The folding of GFP was first studied by Reid and Flynn who

refolded unfolded, non-fluorescent (chromophore not yet

formed) GFP from inclusion bodies and monitored both the

folding and chromophore maturation rate.1 This important

paper not only established that the protein had to fold before

the cyclisation and oxidation steps required for chromophore

formation, but that the folding rate was slow compared to

many small proteins, with a half life of some six minutes under

the conditions used.1 The work also proved that chromophore

formation was auto-catalytic.

The first, in depth, study on the folding of GFP was

published by Kuwajima’s group in 2000.13 The unfolding

and refolding of wild-type GFP and GFPuv were compared

in vitro in order to understand the origins of the improvements

in folding and fluorescence observed for GFPuv in vivo. The

bright fluorescence of the green chromophore was shown to be

a sensitive probe of folding and the state of the protein.

Unusually slow unfolding and refolding rates were observed

for both wild-type and GFPuv, however, little difference in the

rates of the two variants was detected. However, wild-type

GFP was shown to have a very strong tendency to aggregate

whilst GFPuv had a much lower propensity; this was

attributed to its lower overall hydrophobicity. In this case,

several refolding phases were observed with half lives in the

order of 3 and 13 minutes. This work was followed up with

another study on the folding of GFPuv which employed

multiple probes of structure including chromophore and

tryptophan fluorescence and far-UV CD.18 By using multiple

probes, five kinetic refolding phases were observed. These

included a very fast (sub-millisecond) step which occurred

within the dead-time of the experiments and which was

attributed to a non-specific collapse of the polypeptide chain,

followed by the population of an on-pathway intermediate

state. These experiments also demonstrated that the folding of

GFP is dominated and limited by proline isomerisation,

perhaps not that surprising given that GFP has ten prolines

one of which is in an unfavourable cis conformation in the

native state. The detailed kinetics experiments were used to

establish a complex kinetic scheme for the folding of GFPuv

which is shown in Fig. 5A.18

At around the same time, two other papers were published

where folding rates of different constructs of GFP were

reported. In the first case, the b-barrel scaffold of GFP was

used to study the effect of cross-strand pairing of different side

chains in parallel b-strands.48 Here, unfolding and folding

rates of the different mutants were measured in vitro, and

compared to the rate of green fluorescence acquisition in vivo.

Under the conditions used, half lives of approximately three

minutes for unfolding and between one and eight minutes for

refolding were measured for the different cross-strand pairs.

Importantly, the maturation rates of fluorescence observed

in vivo correlated well with the folding rates measured

in vitro.48 In a separate study, Iwai and co-workers used intein

technology to cyclise GFP through its N- and C-termini. The

unfolding and refolding rates of linear and cyclised GFP were

measured using denaturant-jump experiments and the cyclised

Fig. 4 Results from H/D exchange NMR experiments on trGFPuv. (A) The superstable core of GFP. The three-dimensional structure of GFP

showing the positions of all the extremely slow exchanging residues (red balls). Note that they are all located on one side of GFP, and connect

b4, b5, b6, b1, and b2. The topology diagram (bottom left) showing the hydrogen bonding by the seven very slow-exchanging amide protons.

(B) Three-dimensional representation of the residues with protected amide protons under acid denaturing conditions. Yellow balls: residues with

protected hydrogens in the acid-denatured state. Trp57 is shown in red and the chromophore in yellow.
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protein was found to be more stable than the linear GFP,

unfolding at half the rate.49 At high concentrations of dena-

turant, half lives for unfolding ranged from 0.1–0.6 minutes,

whilst multiple folding phases were observed with half lives in

the order of a couple of minutes to 40 minutes reported,

consistent with other studies.

Recently, a number of papers have been published that have

provided further insight into the un/folding of the complex

b-barrel structures of FPs. Studies from our laboratory on the

unfolding of trGFPuv confirmed earlier studies that energetic

barriers are high and unfolding rates very low in comparison

to most small monomeric proteins. The half life for unfolding

of GFPuv in water, extrapolated from measurements made

in high concentrations of denaturant, is on the order of

500 years.31 This in some ways explains why FPs are so slow

to reach equilibrium in unfolding experiments, in addition to

the hysteresis caused by the chromophore (section 3.5).

A detailed study of the unfolding and folding kinetics of

sfGFP from the Jennings group which appeared at the

same time reported similar findings and a half life of unfolding

in water of some 28 years under the conditions used.30

In this case, a comprehensive study of the kinetics

as a function of denaturant concentration revealed a lag

phase in the folding reaction, followed by three exponential

phases the slowest of which was shown to be due to proline

isomerisation30 (Fig. 5B) results very similar to those reported

earlier on GFPuv.18 Interestingly, sfGFP was found to fold

an order of magnitude faster than either wild-type GFP or

GFPuv.30

A recent study by Xie and co-workers on trigger factor (TF)

assisted folding of GFPuv has confirmed many of the earlier

findings.29 The unfolding and folding kinetics were found to be

complex, intermediate states populated, and rates of folding

were accelerated by low concentrations of TF, consistent

with proline isomerisation being the rate-limiting step

(TF has peptidyl prolyl isomerase activity).

Further insights into the unfolding and folding of variants

of GFP have been gained from single-molecule measurements.

5. Single molecule studies of FP unfolding

and folding

5.1 Mechanical unfolding

The mechanical strength and stability of monomeric FPs, as

well as the mechanical unfolding pathways, have been studied

by a number of groups using AFM pulling experiments. The

first study published was by the Japanese group of Hara who

used AFM to test the mechanical stability of two circular

permutants of GFP (cpGFP) where new N- and C-termini

Fig. 5 Unfolding and refolding and kinetics of different forms of GFP. (A) Kinetic scheme for the folding of GFPuv as adapted from ref. 17.

(B) Unfolding and refolding kinetics of sfGFP at different concentrations of denaturant taken from ref. 29. (C) Unfolding pathways for an

Alexa647-labelled mutant of Citrine under native conditions and at low and high concentrations of GdmCl, taken from ensemble and

single-molecule studies, adapted from ref. 32.
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were introduced between residues 144/145 and 172/173.50

In both cases, the cpGFPs showed reduced mechanical

stabilities compared with wild-type GFP and this was

attributed to the location of the new termini close to the

b-can structure. Fernandez and coworkers have also used

circular permutants of enhanced YFP (eYFP) to probe the

mechanical unfolding pathway of this protein.51 In this case,

two circular permutants of eYFP were used and all three

proteins shown to have similar unfolding peaks corresponding

to an initial transition lying close to the termini (most likely

displacement of the N-terminal a-helix—see next paragraph

for further detail), and one lying approximately halfway

through the molecule. It was proposed that this second peak

corresponded to the shearing and disruption of b-strands
1 and 6 as these are the only two parallel b-strands in the

b-barrel structure and it had been established that the forces

required for shearing two neighbouring strands are

higher than for unzipping two anti-parallel strands. A point

mutation disrupting the interactions between b1 and b6
proved the hypothesis correct.51 GFP has also been used

in other studies to act as a sensitive fluorescent probe in

mechanical unfolding experiments. In this case, the mecha-

nical stability of GFP was found to be similar to a fibronectin

domain (FN-III).52

The most detailed study of the mechanical unfolding of

GFP has been undertaken by the Rief group. Their earliest

study published in 2004 demonstrated that the mechanical

unfolding involves two intermediate states.23 The first step in

unfolding is the unravelling and detachment of the N-terminal

seven-residue a-helix away from the b-barrel. This was shown
to destabilise the remaining structure of GFP resulting in a

thermodynamically unstable state. However, the mechanical

unfolding of this state was dependent upon the unfolding

activation barrier. A second intermediate state in which a

single b-strand had been detached from the b-barrel structure
was also observed. Computational approaches have been used

to gain further insight into the structures of the intermediate

states observed.53 In particular, these computational methods

are required to understand the nature of the second

intermediate state as experimental results do not distinguish

between mechanisms in which b-strand 1 or 11 is detached.

A self-organised polymer model (SOP) was used to simulate

the force-induced unfolding of GFP, and the results from these

simulations agreed well with the experiments and a model in

which the N-terminal a-helix unfolds first followed by the

detachment of b-strand 1 in the major unfolding pathway.53

This work was followed up with a more detailed experimental

analysis of GFP variants engineered with disulfide bonds in

different positions which were used to effectively lock different

regions of structure, in addition to force-unfolding experi-

ments using different points of attachment, thereby altering

the direction along which strain propagated during the pulling

experiment.26 Together with the results of coarse-grained SOP

simulations, results from these studies established that after

the initial detachment of the N-terminal a-helix there is

a bifurcation in the unfolding pathway, the major path

involving displacement of b-strand 1, then b-strands 2 and 3

leading to a pathway with several intermediate states, and

a minor route existing in which b-strand 11 is displaced

following the initial unfolding of the N-terminal helix. In the

latter case, the barrel structure was found to flatten and expose

50% of the hydrophobic surface area after displacement of

b-strand 11 such that further metastable intermediate states

were not observed on this pathway. The fraction of molecules

transversing each pathway was found to depend upon

mutation or force direction. The rugged energy landscape

generated is shown in Fig. 6,26 and the bifurcated pathway is

similar to the results from other single molecule studies of

GFP unfolding.33 However, the intermediate states populated

during the force unfolding of GFP appear to be structurally

different from those identified by chemical denaturation and

acid refolding experiments.25

The mechanical unfolding of GFP has also been used by this

group to demonstrate how information on protein structure

can be obtained using a mechanical triangulation technique.24

The relative positions of three residues in GFP were predicted

from AFM data using cysteine engineered polyprotein forms

of the protein.

5.2 Single-molecule fluorescence studies

The chromophore of GFP is sufficiently fluorescent to enable

single-molecule fluorescence studies of the protein. A review of

single-molecule measurements of GFP is beyond the scope of

this review and interested readers are directed towards ref. 54.

Here, we will focus on the studies that have used single-

molecule measurements to examine the unfolding and folding

pathways of GFP and YFP.

An investigation of the switching rates between the anionic

(A) and neutral (N) forms of the chromophore in GFPmut2

(S65A; V68L; S72A) established that, whereas normally the

switching rates are random, when close to an unfolding

transition, they become very regular and only a discrete

number of frequencies are observed.55 The A–N switching

rates detected in single molecules were then used to probe the

energy landscape around the native state of GFPmut2.56 Long

unfolding time courses were followed by using protein

Fig. 6 Overview of the applications of FPs in vivo in the study of

protein folding, misfolding, unfolding/degradation and visualisation

of biomolecular interactions.
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molecules entrapped in wet nano-porous silica gels. The results

from a time course of the A–N switching rate of single

molecules in the presence of 5.3 M GdmCl suggested that

the unfolding process can only occur along discrete pathways,

where the pathway taken is dictated by the initial substate that

the molecule was in.56 Thus, this study provided evidence

that the un/folding energy landscape for GFP is rough in

comparison with many other proteins, similar to the

conclusions of other studies.30,46,47

Our group has taken a different approach and used an

Alexa647-labelled construct of the yellow fluorescent protein,

Citrine, and single-molecule FRET and two-colour

coincidence detection (TCCD) to investigate the energy

landscape for unfolding of this protein.33 Even under native

conditions, two populations were observed in both FRET and

TCCD measurements corresponding to a low- and

high-FRET species (B26% andB73%, respectively). Control

experiments confirmed that these populations were not just

due to photophysical effects of the chromophore or dye but

could be attributed to different conformational states under

native conditions. Thus, it was concluded that the low- and

high-FRET states correspond to a locally unfolded inter-

mediate state and the fully folded native state, respectively.

A series of single-molecule measurements under equilibrium

conditions over a wide range of denaturant concentrations

demonstrated that the population of the low-FRET species

increased as the population of the high-FRET species

decreased with increasing GdmCl concentrations, suggesting

a conversion from the high-FRET state into the low-FRET

state. Kinetic unfolding experiments were underaken using a

nanopipette57 and manual mixing. At high denaturant

concentrations (45.5 M GdmCl), the high-FRET state was

observed initially as the predominant species in solution which

decreased over time, whilst the low-FRET population

increased, remained at a steady level and then ultimately

decreased.33 A careful analysis of the kinetic data revealed

that two parallel unfolding pathways were required to explain

the data and a triangular reaction scheme was invoked where a

fraction of the labelled-YFP molecules unfolded via the inter-

mediate state with the low-FRET signal, whilst a fraction

unfolded directly to the unfolded state (Fig. 5C).

6. The use of FPs in studying protein folding

and misfolding

The characteristic, spontaneous formation of the fluorescent

chromophore in GFP and its variants makes them ideal fusion

tags for a myriad of in vivo biological applications from imaging

the cellular localisation of proteins to mapping interactions in situ

(Fig. 6). However, the tendency of FP variants to aggregate into

non-fluorescent species has been a recurrent issue since GFP was

first cloned from jellyfish and expressed as a recombinant protein

in many different organisms.58 Protein engineering techniques

have therefore been used extensively to improve the folding

efficiency and solubility of the protein (see section 2). The

aggregation propensity of GFP has been attributed to the

complex topology, i.e., high contact order,59 of the b-barrel
structure that in turn is responsible for the high chemical, thermal

and mechanical stabilities of FPs (see section 3).

Robust folding of FPs is crucial when they are used as

fluorescent fusion tags to study protein stability both in vitro

and in vivo60–64 (the cellular stability of a protein is likely to be

a complex function of its thermodynamic stability in addition

to the rate at which it is degraded). In these cases, it is assumed

(i) that FPs fold autonomously into natively fluorescent states

as fusion tags, and (ii) that fluorescence quenching of FPs

reflects unfolding and/or misfolding events that lead to

exposure of the chromophore to bulk solvent. In many cases,

these assumptions are reasonable and thus the intrinsic

fluorescence of FPs is frequently used as a convenient readout

for assessing the folding state of FPs as well as the protein

targets to which they are tagged.65 It should be noted,

however, that the fluorescence of some FPs is sensitive to the

surrounding environment and changing conditions such as pH

and halide ion concentrations.33,66–69 In these cases, changes

to the photophysics of the chromophore can occur in the

absence of any unfolding event, thereby turning the FP into a

‘‘dark state’’ (see other reviews in this special issue3,70). This

can cause misleading results and incorrect conclusions.

Additionally, the fluorescence properties of the chromophores

are dependent on structural factors such as hydrogen bonding

and van der Waals contacts, hence the fluorescence of FPs can

also be modulated by even small local conformational

rearrangements near the chromophore as a result of

propagated conformational changes from the tagged proteins.

This has been observed in the case of calcium ion binding-

induced folding of calmodulins that exhibit marked transitions

from a disordered to an ordered state.71 These particular

characteristics have been exploited by Tsien, Miyawaki and

others to generate chimeric proteins which can act as pH and

ion sensors in living cells.6,65,68,72,73 Whilst such environment-

dependent fluorescence properties have their niche in

certain areas, continuous efforts have been made towards

generating FP variants with improved folding efficiencies

and photophysics under physiological conditions.15,72,74

These developments are critical when FPs are used as

donors and acceptors in FRET measurements in vivo

where the observed fluorescence is designed to report

changes in the distances between donors and acceptors

independent of the cellular environment.65,75 Additionally, it

is important for studying protein expression at a single-

molecule level where the emissions of individual FP molecules

are expected to be quantised with the same emission

wavelength.76

As outlined above, the fluorescence of FPs is a convenient

but not necessarily exclusive parameter for evaluating the

folding properties of target proteins, including the FPs

themselves. Whilst the fluorescence of FPs is often used as

the hallmark of folding, it is essential to employ comple-

mentary structural probes when FPs are subject to (un)folding,

particularly in vivo. Recently, we have used NMR H/D

exchange experiments to identify the presence of a superstable

core in GFPuv31,32 and Venus42 (see section 3.4 for further

detail). Our in vitro folding data have shown that the

N-terminal part of GFPuv remains highly ordered under

denaturing conditions and thus we can hypothesise that a

folding intermediate with some native-like interactions may be

attained during protein translation, i.e., that for GFP, some
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co-translational folding can occur.77–80 While our hypothesis

simply assumes that the most stable part of a protein molecule

is likely to be the folding nucleus, a recent report by Broude

and co-workers has provided evidence that a fluorogenic

chromophore can auto-catalytically form within an isolated

N-terminal fragment of the enhanced green fluorescent protein

(EGFP),81 lending support to such a hypothesis. Further, a

recent single molecule study on a ribosome-bound nascent

chain of GFP demonstrated some interesting differences

between the de novo folding and in vitro refolding of GFPuv

based on the kinetics of chromophore maturation.82 This

study concluded that the N-terminal region of GFP nascent

chains may populate on-pathway intermediate structures that

facilitate the subsequent folding process upon release of the

chain from the ribosome. Since the catalysis of chromophore

formation requires a well-defined conformation maintained by

a native-like folding scaffold, this also substantiates our

hypothesis.

The maturation of chromophores in FPs involves a

rate-limiting oxidation step that typically takes minutes to

days depending upon the chromophore, as compared to the

folding kinetics which are usually on the timescale of seconds

to minutes.1,13,18,74 The gap between the different reaction

timescales, folding versus chromophore maturation, highlights

some potential issues for the use of FP fluorescence to report

on folding of proteins in vivo. One commonly used comple-

mentary approach for assessing the degree of folding of FPs is

a simple solubility assay. By separating the soluble and

insoluble fractions of total cell lysates containing over-

expressed recombinant proteins, followed by antibody detection,

it has been shown that fusion of GFPuv at the N- or

C-termini of target proteins can lead to an increased aggre-

gation propensity associated with the co-translational folding

process.83 It has therefore been concluded that multi-domain

proteins and those with complex folding topologies, such as

FPs, are more likely to aggregate in prokaryotic systems, e.g.,

E. coli, in comparison with eukaryotic systems.83 This has

been attributed to the fact that eukaryotic systems have

evolved an expanded repertoire of auxiliary factors, e.g.,

molecular chaperones, to facilitate de novo co-translational

folding of proteins. In light of the quest for so-called super-

folder FPs that fold well even when fused to poorly folded

polypeptide chains,15 stabilising co-translational folding

intermediates may provide a productive alternative strategy

and some solutions.

7. The use of complementation and folding of FPs

as functional reporters

In a series of recent reports, Waldo and co-workers have used

sfGFP to create a split-GFP solubility reporter for the

high-throughput evaluation of protein solubility.84–87 By

tagging the last b-strand of sfGFP (b11) to a target protein

to create a bait and using a truncated sfGFP that lacks

b-strand 11 (sfGFP(1–10)) and which is non-fluorescent, green

fluorescence can be restored upon association of the two

complementary constructs. If, however, b11 is unavailable

for binding and folding with sfGFP(1–10) due to aggregation

of the target protein to which it is tagged, there will be no

restoration of the green fluorescence. The implications of the

experimental design are three-fold: first, sfGFP(1–10) itself is

soluble and likely folded; second, the binding of sfGFP(1–10)

and b11 is not impeded by the target protein while both are

highly soluble; third, the docking of b11 onto sfGFP is

sufficient to yield the native structure that gives rise to the

fluorescence.

Similar to the split-GFP technology is the so-called bio-

molecular fluorescence complementation technique (BiFC)

Fig. 7 Constructs of FP variants used in BiFC applications. The left

hand panel illustrates schematically the topology of FPs and the eleven

b-strands that make up the b-barrel. The stable hydrogen bonds that

are formed between strands are indicated by dashed lines. The two

N- and C-terminal fragments that constitute the split GFP used in the

BiFC applications are coloured in black and red, respectively. The

middle panel shows a three-dimensional representation of the GFP

constructs where the C-terminal fragment is highlighted in red

(the N-terminal fragment is shown in grey and the chromophore as

green spheres). The right hand panel provides details of the region

comprising each fragment: (A) Construct where the N-terminal region

spans residues 1–155 and the C-terminal fragment includes residues

156–238. (B) Construct where the N-terminal region spans residues

1–173 and the C-terminal fragment includes residues 174–238.

(C) Construct where the N-terminal region spans residues 1–215 and

the C-terminal fragment includes residues 216–238. (D) Circular

permutants where the new N- and C-termini have been introduced

between the N- and C-termini of b-strand 7 and where b-strand 7 is

contained within the complementary fragment. (E) Circular permu-

tants where the new N- and C-termini have been introduced between

the N- and C-termini of b-strand 10 and b-strand 10 is contained

within the complementary fragment.
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that has been pioneered by Kerppola and coworkers and

developed to monitor protein–protein interactions in vivo.

It follows the same principle, that the encounter of two

complementary fragments of a FP is sufficient to achieve

correct folding to the native state thereby giving rise to

fluorescence.88,89 Using standard molecular biology methods,

two split fragments of a FP can be fused to two binding

partners and expressed in vivo, enabling the direct visualisation

of binding events in a variety of cell types and organisms

(Fig. 7). The same principle can also be applied in vitro with

individually purified components. Unlike the split-GFP

technology, the two complementary fragments of the FPs used

in BiFC are usually similar in size, and separate the protein

into two halves at positions 155 or 173, that is at either ends of

b7 (Fig. 7). This has been shown to be the least stable b-strand
of the barrel structure.40,90 The original report of BiFC by Hu

et al. used a heterodimeric leucine zipper DNA binding motif

from Jun and Fos as a model system to demonstrate the

effectiveness in visualising nuclear localisation of the ternary

complex of Jun–Fos–DNA in mammalian COS-1 cell lines.88

In this case, each of the binding partners, namely Jun and Fos,

bears N- or C-terminal fragments of different regions of

the FP. Importantly, it is possible to express different FP

fragments tagged to different proteins which results in different

fluorescence emission depending on the combination of

the self-assembled FPs. The wavelengths of the emitted

fluorescence are predominantly determined by the sequence

composition of and around the chromophore. Such a setup

therefore enables differentiation of multiple binding events

in situ. A large number of applications have since

been reported in the literature, including further explorations

of combining circular permutation, different truncation

sites and different FPs to yield better fragments for

BiFC89,91–96 (Fig. 7). For further details of both the

methodology and applications see the review by Kerppola in

this special issue.97

8. Chaperone-mediated unfolding and degradation

GFP has been used to study both chaperone- and proteosome-

mediated degradation pathways. In prokaryotes, there are

conserved molecular machines consisting of a chaperone

domain, ClpA/ClpC or ClpX, and a protease domain,

ClpP—both of which have oligomeric ring-like structures—

that unfold, translocate and degrade substrate proteins

bearing specific sequences in an ATP-dependent manner.98,99

Being a mechanically stable b-barrel protein,22,23,26 GFP

has been employed, usually fused to an 11-residue ssrA

sequence at the C-terminus, to examine the mechanism by

which ClpA/ClpX unfold proteins vectorially from the

C-terminus to the N-terminus.100–103 The order being the

reverse of that found in the biogenesis of GFP.82 Similar to

the de novo folding studies on GFP variants discussed

above, the fluorescence of FPs is used in these studies

as a readout of native structure. However, some care

must be taken in the interpretation of results from these

experiments, as we and many others have shown that the loss

of fluorescence does not preclude the presence of persistent

structure.

Abbreviations used

GFP green fluorescent protein

YFP yellow fluorescent protein

rsGFP red-shifted green fluorescent protein

FRET fluorescence resonance energy transfer

TCCD two-colour coincidence detection

photoCIDNP photochemically induced dynamic nuclear

polarization

BiFC bimolecular fluorescence complementation

BFP blue fluorescent protein

CFP cyan fluorescent protein
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