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1 Abbreviations: SEC, size exclusion chromatography; ESI-MS, electrospray ionization mass 

spectrometry; MALDI-MS, matrix-assisted laser desorption/ionization mass spectrometry; ESI-FTICR-

MS, electrospray ionisation - Fourier transform ion-cyclotron resonance mass spectrometry; AMBER, 

assisted model building with energy refinement; N-PGK, N-terminal domain of phosphoglycerate kinase 

from Geobacillus stearothermophilus; wt, wild type; DTT, dithiothreitol; TRIS, Tris (hydroxymethyl) 

aminomethane; EDTA, ethylenediaminetetracetic acid; CD, circular dichroism; NMR,  nuclear magnetic 

resonance; DTNB, 5,5’-dithiobis-(2-nitrobenzoic acid); GuHCl, guanidinium hydrochloride; NEM, N-

Ethyl-maleimide; TSP, 3- trimethylsilyl-propionate; NATA, N-acetyl-L-tryptophan amide. 
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ABSTRACT: High dilution equilibrium macrocyclisation is developed as a general approach to 

trapping proteins in a non-native state with a synthetic cross-linking agent. The approach is illustrated 

using the N-terminal domain of phosphoglycerate kinase and a synthetic reagent containing two 

maleimide groups, for selective attachment to cysteines introduced onto the protein surface through 

mutagenesis, and an aromatic disulfide that can be chemically or photochemically cleaved.  Following 

functionalisation of the cysteine residues, thiol-disulfide exchange chemistry under strongly unfolding 

conditions was used to achieve intramolecular cyclisation and a high yield of the cross-linked protein.  

1H NMR, CD and fluorescence spectroscopies indicate that the conformation of the cross-linked protein 

is non-native. Chemical cleavage of the aromatic disulfide cross-link by a reducing agent results in the 

acquisition of a native-like conformation for the reduced protein.  Thus, the cross-link acts as a 

reversible switch of protein folding.  
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The elucidation of the mechanism by which proteins acquire their three-dimensional structure is 

important for understanding their biological activity. The spontaneous refolding of many proteins in 

vitro indicates that the information needed to specify the native structure and biological activity of a 

protein is generally contained in its amino acid sequence (1). Experimental investigations and 

computational studies of folding reactions play a major role in deciphering the link between the structure 

and function of proteins (2-5) and have identified a wide range of partially folded forms of proteins 

present within the folding landscape. Examples include transiently populated, intermediate species 

populated during folding reactions, some of which appear to assist and some to retard progression from 

denatured to the native state (6-9), and species that appear as a prelude to misfolding, including the 

assembly of insoluble aggregates that are characteristic of a range of debilitating diseases (10-13).  For 

some proteins, conditions can also be found where long-lived partially folded states are populated 

measurably, and a wide range of so-called molten globule species have been characterized (14-18). 

 

Relating partially folded forms to protein folding landscapes is, however, usually not straightforward. 

Under solution conditions favouring folding, the population of partially folded states is normally 

substantially disfavoured, and destabilising mutations or amino acid deletions are employed to generate 

irreversibly trapped species (19, 20). One exception where reversibility can be achieved is the study of 

proteins for which folding is coupled to the binding of specific ligands, a system that has been used 

successfully in biotechnology applications (21, 22). When not a property of the wild-type protein, amino 

acid deletions can sometimes be used to generate partially folded states that can recover to a native-like 

state upon binding to a target ligand. Reversibility can also be achieved where partially folded species 

can be selectively stabilized in acidic or mild chemical denaturing conditions, but again this opportunity 

is not available for most proteins. A third way of achieving reversibility in the population of partially 

folded forms is to use the chemistry of thiol/disulfide exchange to isolate intermediates species and 

overcome their inherent instability (23, 24).  
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Photolabile disulfides linked to peptide fragments (25, 26) have been used to study sub-milliseconds 

protein folding reactions that are not accessible using traditional stopped flow mixing methods (27-31). 

In this approach a photochemical group is introduced in a peptide by single amino acid attachment or by 

linking of two side-chains (cyclisation) (25, 26, 32-34).  The photochemical group constrains the peptide 

in a non-native conformation and the native state can be recovered by selective optical excitation of the 

chromophore. However, these methods have been successfully applied only to peptides, because the 

chemistry is based on solid phase techniques, which are not easily applicable to most proteins (35-37). 

Intramolecular cyclisation, achieved via the introduction of disulfide cross-links, peptide and non-

peptide linkers, has also been used to study the effect of chain topology on the folding kinetics of two-

state proteins (38, 39). 

 

The studies above highlight the potential of intramolecular cyclisation as an effective way of 

perturbing the native fold, if a more generally applicable methodology was available. If these species can 

be trapped reversibly, as in the disulfide cross-linked proteins, the cyclised proteins can be used to study 

fast folding reactions and the folding of metastable species that are not sufficiently populated under 

normally attainable conditions. Cyclisation perturbs the free energy landscape available to the protein, 

which leads to distortions of the population distribution of accessible conformers compared with the non 

cross-linked protein. Once the cyclisation is broken, the landscape reverts to that of the non cross-linked 

protein, whereby the starting distribution of conformers is determined by the effects of the cross-link. In 

some circumstances, the starting distribution may lead to folding trajectories that differ substantially 

from those taken by a protein that is folding following denaturation using pH, temperature, pressure or 

chemical denaturant (depending on the rates of equilibration of the denatured states versus the rates of 

folding or misfolding), while in others equilibration of the denatured state will precede the crossing of 

the major transition state barrier to refolding. Importantly, folding from an initially cyclised protein 

chain has the advantage that the position of the initial cyclisation can be varied, and hence folding 

starting at widespread regions of the energy landscape of the non cross-linked protein can be measured.   
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 Here we describe a method that can be applied widely to cyclise proteins reversibly, which we 

demonstrate using the selective attachment of a linker that cross-links two side-chains of a 174 residue 

protein. The linker has the capacity for both chemical and photochemical cleavage. We show that the 

cyclised protein adopts a non-native conformational distribution and that chemical cleavage of the linker 

restores the folded state. Thus, the linker acts as a reversible switch between a partially folded state and 

the native state.  

 

Experimental section 

Materials and Methods. Chemicals and solvents were obtained from commercial sources and used 

without further purification. Buffer exchange and concentration of proteins was carried out using 

Vivaspin centrifugal devices (MW cut-off = 10000 Da, Polyethersulfone membrane, 20 mL capacity) 

purchased from Sartorious Vivascience. Prepacked G-25 PD10 columns were purchased from A. 

Pharmacia and used for buffer exchange and removal of compounds of MW< 5000 Da from the protein 

solutions. Size exclusion chromatography (SEC)1 was carried out using a Perkin Elmer series 200 

autosampler, UV/Vis diode array detector set at 280 nm and a pump connected to a Shodex KW-803 

column. All buffers contained 3 mM NaN3 as preservative, and for the reaction of the proteins with (1), 

the solutions were degassed as previously described (40). 1H and 13C NMR spectra of (1) and model 

disulfide were recorded on either Bruker AMX400 or AMX500 spectrometers. All chemical shifts are 

quoted in ppm and spectra were referenced indirectly using the solvent signal. Positive ESI-MS were 

recorded on a Fison VG Platform using a quadrupole detection system. MALDI/MS were obtained using 

a Micromass TOF Spec2E mass spectrometer. ESI-FTICR-MS were obtained using a 9.4 T-Bruker Bio-

apex II spectrometer and an external electrospray ionisation source (Analitica, Bradford, CT, USA) (41). 

 

Computational methods. Molecular mechanics calculations were performed using the AMBER force 

field as implemented in Macromodel 4.0 (42). For this purpose, we used a simplified derivative of (1), 
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where two CH3CH2S- fragments were attached to the maleimides as a model of the cysteines in the 

protein. A Monte Carlo conformational search was used to identify low energy conformers. To model 

the cross-linked state, geometrical constraints were imposed according to the relative distance and 

angular orientation of the thiol side-chains in the protein (distance CH3 to CH3' = 27.65 Å; distance CH2 

to CH2 '= 29.6 Å; angle CH3 – CH2 – CH2' = 115.9; angle CH3' – CH2' – CH2 = 145.8, dihedral angle 

CH3 – CH2 – CH2' – CH3' = 75.9). The distances and angles used here are those of the side-chain 

carbons of the wild-type N-PGK (E108, R118) and are taken from the X-ray crystal structure of PGK 

(43). The relative position of the cysteine side-chains (C108, C118) in the N-PGK mutant was assumed 

to be essentially the same. The calculations were performed for all diastereoisomers (RR, SS and RS). 

 

Preparation of wt N-PGK (wt-P) and N-PGK mutant (F17W, C18V, E108C, R118C) (m-P). 

Mutagenesis was carried out using the QuikChange method (Stratagene, USA). Only single amino acid 

substitutions were performed in any one reaction. Primers were supplied by MWG Biotech and 

mutagenesis was confirmed by DNA sequencing performed within the Department of Molecular 

Biology and Biotechnology at The University of Sheffield. (wt-P) and the mutant (m-P) were expressed 

using pET5a expression vectors and purified according to previous protocols (44), with the exception 

that for (m-P), all the buffers used contained 2 mM DTT. Both proteins were stored as suspensions in 

80% (w/v) ammonium sulfate in 50 mM TRIS, 100 mM NaCl, pH 7.5 for (wt-P), and the same buffer 

but also containing 4 mM DTT and 1 mM EDTA for (m-P). The concentration of proteins was 

determined in buffers without DTT present using the absorbance at 280 nm (280 = 10500 M-1cm-1 for 

(m-P) and 280 = 5000 M-1cm-1 for (wt-P)). CD and 1H NMR were used to test the correct folding of 

each protein in the relevant buffer.  

 

Recovery of protein from 80% ammonium sulfate and removal of DTT. For (wt-P) an aliquot of 

suspension was centrifuged and the precipitated protein re-dissolved in the relevant buffer. The solution 

(0.4 mL) was exchanged 3 times in the relevant buffer (20 mL) using centrifugal devices and was used 
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immediately for the reaction with (1). For (m-P) the precipitated protein recovered after centrifugation 

of the ammonium sulfate suspension was dissolved in fresh 50 mM TRIS, 10 mM DTT, 1 mM EDTA 

pH 8.0. The solution (100-200 M protein) was left at RT for at least 6 h and then loaded on a PD10 

column previously equilibrated with 20 mM potassium acetate at pH 5.0 to remove excess DTT. The 

protein (20-40 M) eluted DTT free in the first 2 mL, as tested by size exclusion chromatography, and 

was used immediately for the reaction with (1). ((m-P), tr = 11.2 min and oxidised DTT tr = 15.2 min in 

20 mM potassium acetate pH 5.0 eluent, flow rate: 1 mL/min). The amount of free thiol was also 

determined using a standard DTNB assay ( 412mTNB = 14150 M-1cm-1) (45, 46). 

 

Preparation of wt N-PGK functionalised with (1), (fwt-P). In a 5 mL vial equipped with a magnetic 

stirrer were added in the following order: 800 L of 6 M GuHCl in 50 mM sodium phosphate pH 6.5, 

750 L of 50 mM sodium phosphate pH 6.5, 800 l of CH3CN, 10 L of 2.5 mM (1) in CH3CN and 40 

L of (wt-P) 360 M in 50 mM sodium phosphate pH 6.5. The solution was left stirring for 12 h at RT 

under nitrogen, and then it was transferred into a centrifugal device and buffer exchanged with water. 

An aliquot (20-40 L) of the resulting 500 L solution was added to a solution of 10 mg/mL sinapinic 

acid (3, 5-dimethoxy-4-hydroxycinnamic acid) in acetone (50% v/v), dried under nitrogen and subjected 

to MALDI-MS. As a control, a sample of pure (wt-P) was prepared for mass spectrometry analysis as 

follows. 10 L of 0.32 mM (wt-P) in 50 mM sodium phosphate pH 6.5 were diluted to 20 mL with 

water in a centrifugal filter device, and the sample was concentrated. An aliquot of the resulting sample 

(500 L, 50 M) was mixed with a 1:1 mixture of CH3CN: 2% formic acid (50% v/v) and subjected to 

ESI-MS. Expected for (fwt-P) (1-174 amino acids, C873H1393N248O257S6): 19666. Found, m/z = 19690 

(M + Na)+. Expected for (wt-P) (1-174 amino acids, C853H1380N246O253S4): 19258. Found, m/z = 19260 

(M + H)+. 
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Preparation of reduced wt N-PGK functionalised with (1) (fwt-Pred). A solution of (fwt-P) (2.4 

mL) was transferred to a centrifugal filter device and diluted to 20 mL with a fresh solution of 1 mM 

DDT in 2 M GuHCl, 50 mM sodium phosphate, pH 7.0. The solution volume was reduced by 

centrifugation to 500 L and the solution transferred to a 2 mL Eppendorf vial equipped with a magnetic 

stirrer. After 12 h, the reaction mixture was transferred into a centrifugal filter device and the buffer 

exchanged with water. An aliquot of the resulting sample (500 L) was treated as described for mass 

spectrometry analysis of (wt-P) and then subjected to ESI-MS. Expected for (fwt-Pred) 

(C863H1387N247O255S5): 19463. Found, m/z = 19464 (M + H)+. 

 

Preparation of functionalised N-PGK dimer (fwt-Pox). The procedure describing the preparation of 

(fwt-P) was scaled up to give 18 mL of reaction mixture containing 6 M (wt-P). The solution was 

treated as described for the preparation of (fwt-Pred) to give 0.5-1.0 mL of (fwt-Pred) ( ~200-400 M) in 

1 mM DTT, 2 M GuHCl, 50 mM sodium phosphate, pH 7.0. Removal of DTT was carried out as 

follows: the solution was loaded in a centrifugal device, diluted 20-40 fold in 2 M GuHCl, 50 mM 

sodium phosphate pH 7.0 and concentrated 20-40 fold. This procedure was repeated 3 times and the 

resulting solution (0.5-1.0 mL, (fwt-Pred) ~ 200-400 M) left for 12 h. under gentle stirring in an open 

vial. Samples for mass spectrometry (ESI) were prepared as follows: 0.5-1.0 mL of the reaction mixture 

were loaded on a Sephadex G-25 column (PD10, Pharmacia) and eluted with water. An aliquot of the 

first 2.5 mL of eluate was treated as described for (fwt-Pred) and submitted for ESI-MS. Expected for 

(fwt-Pox) (C1726H2770N494O510S10): 38926. Found m/z = 38962 (M + 2H2O)+, m/z = 19480 (M + 2H2O)2+. 

 

Preparation of functionalised mutant N-PGK under unfolding conditions (fm-P). In a 5 mL vial 

equipped with a magnetic stirrer were added in the following order: 800 L of 6 M GuHCl in 50 mM 

sodium phosphate pH 6.5, 750 L of 50 mM sodium phosphate pH 6.5, 800 l of CH3CN, 10 L of 2.5 

mM (1) in CH3CN and 600 L of 24-40 M (m-P) in 20 mM CH3COOK pH 5.0. The final pH of the 
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reaction mixture was 6.5 and the solution was left stirring for 12 h at RT under nitrogen. It was then 

transferred into a centrifugal device, diluted with water to 20 mL, and concentrated to 1-2 mL. This 

procedure was repeated three times to remove denaturant and excess of (1). An aliquot (20-40 L) of the 

concentrated solution was mixed with a 1:1 mixture of CH3CN: 2% formic acid (50% v/v) and subjected 

to ESI-FTICR-MS. As a control, a sample of DTT free (m-P) was prepared for mass spectrometry 

analysis: removal of DTT was carried as described in the previous section except that a 0.1% (v/v) acetic 

acid solution was used as the eluent. An aliquot of 20-40 L was mixed 1:1 with a solution of sinapinic 

acid as described above, dried under a stream of nitrogen and subjected to MALDI-MS. Expected for 

(m-P) (1-174 amino acids, C852H1376N244O251S5): 19214. Found: m/z = 19214 (M+), 19085 (M- N-

terminus methionine)+, 9607 (M/2)+. Expected for (fm-P) (C892H1403N248O259S9): 20030. Found: m/z = 

19622 [(M)+ for (fm-Pox)], 19645 [(M + Na)+ for (fm-Pox)], 19668 [(M + 2Na)+ for (fm-Pox)], 19691 

[(M+ 3Na)+for (fm-Pox)], 19714 [(M+ 4Na)+ for (fm-Pox)], 19491 [(M - Methionine) + for (fm-Pox)], 

19514 [(M + Na - Methionine)+ for (fm-Pox)], 19418 [(M - 204)+ for (fm-Pox)], 19441 [(M + Na - 204)+ 

for (fm-Pox)], 19826 [(M + 204)+ for (fm-Pox)], 19849 [(M + 204 + Na)+ for (fm-Pox)]. 

 

Reaction of DTT and NEM with the reaction mixture of (fm-P). The reaction mixture of (fm-P) 

and (1), prepared as described above, was transferred to a centrifugal filter device and diluted to 20 mL 

with a fresh solution of 1 mM DTT, 2 M GuHCl, 50 mM sodium phosphate pH 7.0. Centrifugal buffer 

exchange was carried out as described for (fwt-Pred), and it was used to remove excess of (1) and change 

the composition of the reaction mixture for the reduction of the aromatic disulfide. The solution was 

centrifuged to a final volume of 500-700 l, and was then transferred to a 1 mL Eppendorf vial equipped 

with a magnetic stirrer and incubated for 12 h to ensure completion of the reduction reaction. The 

solution was then transferred into a centrifugal filter device and diluted to 20 mL with a fresh solution of 

2 mM NEM, 2 M GuHCl in 50 mM sodium phosphate pH 6.5. The volume was reduced by 

centrifugation to 500 L and the resulting sample transferred into a 2 mL Eppendorf vial equipped with 
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a magnetic stirrer. After 4 h of stirring the reaction mixture was transferred in a centrifugal filter device 

and the buffer exchanged with water. An aliquot of the resulting sample (500 L) was used to prepare a 

sample for ESI-FTICR-MS as described above for (fm-P). Expected for DTT/NEM labelling of (fm-Pox) 

in the reaction mixture of (fm-P): (C884H1406N248O259S7): 19874. Found: 19874 (M)+, 19897 (M + Na)+, 

19990 (M + 2Na)+, 19669 (M - 204)+, 19692 (M + 2Na)+, 19715(M + 2Na)+, 19743 (M - Methionine)+.  

 

Preparation of functionalised N-PGK mutant under native conditions (fm-Pox). This procedure 

was identical to the preparation under unfolding conditions described above with the exception that 

denaturant was omitted in the first step of the reaction. The procedure was also scaled up. To 12.4 mL of 

6 M (m-P) reaction mixture in a 50 mL flask were added in the following order: 8 mL of 50 mM 

sodium phosphate pH 6.5, 2.6 mL of CH3CN, 0.4 mL of (1) 2.5 mM in CH3CN and 1.4 mL of (m-P), 47 

M in 20 mM potassium acetate, pH 5.0. The reaction was left stirring for 12 h. under nitrogen. The 

solution was transparent for the first 3 h and then showed a precipitate. The reaction was quenched and 

the precipitate completely dissolved by dilution with a solution of 5 mM DTT, 2 M GuHCl, sodium 

phosphate pH 7.0 (unfolding buffer). Aliquots of the reaction mixture (2 mL) were loaded into a 

centrifugal device, diluted to 20 mL with unfolding buffer and then concentrated to 1-2 mL. This 

procedure was repeated three times to remove unreacted (1). The resulting solution (1.4 mL, ~ 60 M) 

was transferred to an Eppendorf vial and left stirring for 12 h. Removal of DTT was carried out under 

unfolding conditions as follows: 1.4 mL of reaction mixture were diluted to 20 mL with 2 M GuHCl, 50 

mM sodium phosphate pH 7.0 and concentrated to 2-4 mL. This procedure was repeated 4 times to give 

a 4 mL (~18 M) solution, free of DTT. This solution was left stirring for 12 h in an open vial. To 

remove GuHCl, the solution was loaded onto a Sephadex G-25 desalting column (PD10, Pharmacia) 

equilibrated with water (for samples subjected to mass spectrometry) or 50 mM sodium phosphate, 100 

mM NaCl pH 7.0 (for samples analysed using CD, fluorescence and 1H NMR). The GuHCl-free protein 

was collected in the first 2 mL of eluate, as tested by size exclusion chromatography [(fm-Pox), tr = 11.2 
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min. and GuHCl tr = 13-14 min. in 50 mM sodium phosphate, 100 mM NaCl pH 7.0 as eluent and a 

flow rate of 1 mL/min.]. For ESI-MS, the same procedure described for the preparation of (fm-P) under 

unfolding conditions was used. The yield of the reaction was 30-40%, as estimated by UV/Vis 

absorbance using  280nm = 42401 M-1 cm-1. This was calculated using the  280nm of the model disulfide 

and that of (m-P) (fm-Pox 280nm  = (m-P) 280nm+model disulfide 280nm). Expected for (fm-Pox) 

(C872H1390N246O255S7): 19622. Found: 19622 (M)+, 19643 (M + H2O)+, 19662 (M + 2H2O)+, 19690 (M 

+ 3H2O)+, 19491 (M - Methionine)+, 19512 [(M - Methionine) + H2O]+, 19530 [(M - Methionine) + 

2H2O]+, 19546 [(M - Methionine) + 3H2O]+. 

 

Reaction of DTT and NEM with (fm-Pox). 400 L of (fm-Pox) (~ 60 M) in water were used to 

prepare four samples (100 L each) for mass spectrometry: one sample was analysed as described for 

(fm-Pox) and the ESI-MS results are reported above. 1 mM NEM was added to another sample and 

incubated for 2 h prior to ESI-MS. The mass spectrum of the NEM treated (fm-Pox) sample was 

identical to that of (fm-Pox) as reported above. 0.3 mM DTT was added to the remaining two samples 

and each was incubated at RT for 4 h. One of these two sample was analysed by ESI-MS as described 

for (fm-Pox) and 1 mM NEM was added to the other sample, incubated for 2 h at RT and then subject to 

ESI-MS. Expected for (fm-Pred) [= (fm-Pox) + DTT]: (C872H1392N246O255S7): 19624. Found: 19624 (M+), 

19645 (M + H2O)+, 19664 (M + 2H2O)+, 19692 (M + 3H2O)+, 19493 (M - Methionine)+, 19514 [(M - 

Methionine) + H2O]+, 19532 [(M - Methionine) + 2H2O]+, 19548 [(M - Methionine) + 3H2O]+. 

Expected for [(fm-Pox) + DTT + NEM] (C884H1406N248O259S7): 19874. Found: 19877 (M) +, 19897 (M + 

H2O)+, 19990 (M + 2H2O)+, 19747 (M + H - Methionine)+, 19765 [(M - Methionine) + H2O] +. 

 

Preparation of mutant N-PGK labelled with NEM (m-Pnem). (m-Pnem) was prepared following the 

same procedure described for the preparation of (fm-Pox) under native conditions, except that 50 L of 

48 mM NEM in 50 mM sodium phosphate pH 6.5 were added to the reaction mixture (12.4 mL) in place 
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of disulfide (1). The reaction mixture was stirred gently under nitrogen for 12 h. It was diluted to 24 mL 

with 2 M GuHCl, 50 mM sodium phosphate pH 6.5 and concentrated to ~ 2 mL in a centrifugal device. 

GuHCl and excess NEM were removed by loading the 2 mL sample on a PD10 column equilibrated in 

50 mM sodium phosphate, 100 mM NaCl pH 7.0. (m-Pnem) eluted in the fractions corresponding to the 

first 2.5 mL. The yield of the reaction was 97%, as calculated by UV/Vis absorbance using the 

extinction coefficient of (m-P) (280 = 10500 cm-1 M-1) for (m-Pnem). 

 

Preparation of a model disulfide composed of two N-Acetyl cysteines attached to (1). The 

procedure for the preparation of this compound has been reported previously (40). 1H NMR (400 MHz, 

DMSO- d6):  12.96 (broad, 2H), 8.39 (d, J = 8.0 Hz, 2H), 8.38 (d, J = 8.12 Hz, 2H), 7.71 (d, J = 8.60 

Hz, 4H), 7.36 (m, 4H), 4.50 (m, 2H), 4.20 (m, 2H), 3.35 (m, 2H), 3.20 (dd, J = 5.40, 13.40 Hz, 1H), 

3.08 (dd, J = 8.16, 13.44 Hz, 1H), 2.90 (m, 1H), 1.90 (s, 3H), 1.89 (s, 3H). 13C NMR (500 MHz, 

DMSO- d6): 176.14, 176.03, 174.43, 174.40, 172.35, 172.30, 169.86, 169.75, 136.19, 131.95, 128.42, 

128.40, 127.81, 66.77, 52.38, 51.91, 36.61, 36.37, 33.13, 32.96, 22.78. HRMS (ES+): expected for 

C28H30N4O8S4 (M + H)+ 735.0923, found 735.0919. UV/Vis (50 mM sodium phosphate, 100 mM NaCl 

pH 7.0): (250 = 34883 M-1 cm-1, 280 = 31901 M-1 cm-1). 

 

Protein NMR measurements. One dimensional NMR spectra of the proteins were recorded using a 

Bruker DRX600 spectrometer equipped with a cryoprobe. All spectra were internally referenced to TSP 

at 0.0 ppm. Spectra were recorded using a protein concentration of 80-100 M at 25oC in 50 mM 

sodium phosphate, 100 mM NaCl pH 7.0, 10% D2O, or in the same buffer with GuHCl added up to 1 

M. DTT was added to the relevant samples to a final concentration of 1 mM. Spectra were recorded with 

128 scans and water suppression was achieved using a presaturation pulse during the relaxation delay 

between scans.  
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Circular Dichroism Measurements. Stock proteins solutions (60 M) prepared in 50 mM sodium 

phosphate, 100 mM NaCl pH 7.0 were diluted to 20 M for CD measurements in the same buffer or in 

aliquots of a stock solution of 8 M urea prepared in the same buffer. DTT was added to these samples to 

give a concentration of 1 mM. Samples were allowed to denature for 4 h at 25oC prior to DTT addition 

and recording of the spectra. The spectra of the blanks (denaturant in buffer) were also recorded. 

Samples of the model disulfide (20 M) were prepared as described for the proteins. All CD spectra 

were recorded between 200 and 280 nm in a 1 mm path-length cell using a scanning speed of 50 

nm/min. with a response time of 8 s. The spectra were averaged over 2 scans at 0.1 nm resolution and a 

bandwidth of 2 nm. The observed ellipticity (, millidegrees) was divided by (10 x C x l) to convert to 

molar ellipticity [], where C is the concentration (moles/L) and l the cell path-length (cm). 

 

Fluorescence Measurements 

Equilibrium folding measurements. Protein stock solutions (20 M) were prepared in 50 mM 

sodium phosphate, 100 mM NaCl pH 7.0. DTT at 10 mM was added to the stock solution of (m-P) and 

to half of the stock solution of (fm-Pox) (to give (fm-Pred) in situ). The samples supplemented with DTT 

were kept at RT for 12 h before measurements. Samples for fluorescence measurements were prepared 

by dilution of the stock protein solutions in 50 mM sodium phosphate, 100 mM NaCl pH 7.0 and 

aliquots of a stock solution of 6 M GuHCl prepared in the same buffer. The resulting samples (2 M 

protein, 0-4 M GuHCl and 1 mM DTT for (m-P) and (fm-Pred)) were allowed to denature for 4 h at 

25oC prior to recording the spectra. The emission of the blank (denaturant in buffer) was also recorded. 

Emission spectra were recorded between 310 and 500 nm using an emission monochromator (slit width 

10 nm) and an excitation wavelength of 295 nm selected by a single monochromator (slit width 2.5 nm) 

from the xenon light source of a Hitachi F-4500 fluorimeter. The reversibility of the unfolding reactions 

was established by diluting the unfolded samples with 1.8-4.0 M protein in buffer without GuHCl. 

These samples, allowed to re-equilibrate for 4 h at the lower GuHCl concentrations, showed a 
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fluorescence emission identical to that of corresponding samples which had reached equilibrium from 

the folded state. The data from the equilibrium unfolding measurements were fitted as a plot of the 

observed signal versus denaturant activity using an equation that describes a two state model and takes 

into account the observed slopes in the pre-transitional baselines (47, 48). Denaturant concentrations 

were converted to activity using the constant of 7.5 for C 0.5 (47). The observed signal used to calculate 

the denaturant dependence was the emission at 330 nm for (m-Pnem) and (m-P), and at 345 nm for (fm-

Pox) and (fm-Pred). Data were analysed and fitted using Microcal Origin 5.0 and the reported errors are 

those produced by the fitting algorithm within Origin. 

 

Control experiments. Stock solutions of NATA (500 M) and model disulfide (1 mM) were 

prepared in 50 mM sodium phosphate, 100 mM NaCl pH 7.0. Samples for fluorescence emission (2.8 

M) were prepared by dilution of these stock solutions in the same buffer with and without 1 mM DTT. 

Emission spectra were recorded in the same wavelength range and with the same instrumental set up 

described for the proteins (See Figure 3 Supplementary Material). The effect of DTT quenching on the 

emission of the tryptophan in the native state was assessed by recording the emission of (m-Pnem) in 50 

mM sodium phosphate, 100 mM NaCl pH 7.0 and in the same buffer with DTT added up to 1 mM (See 

Figure 3 Supplementary Material). 

 

 

Results and Discussion 

The approach to the preparation of a protein functionalised with a cleavable trigger (fm-Pox) is shown 

in Figure 1: the bismaleimide derivative (1) incorporates an aromatic disulfide as the cleavable group 

and two maleimides for selective cross-linking of two cysteine residues engineered onto the surface of 

the protein of choice (m-P). In this way, the trigger is part of an intramolecular cross-link that will 

maintain the cyclic protein in a non-native conformation, until it is released by chemical exposure or 

laser irradiation. The aromatic disulfide can be cleaved chemically by addition of a reducing agent, such 
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as DTT, and this provides a convenient test that removal of the cross-link constraint promotes transition 

to a native-like conformation. Reductive cleavage is one example of range of nucleophilic cleavage 

reactions that can provide ways of triggering the refolding reaction. While the kinetics of reductive 

cleavage of cysteine disulfide bonds are relatively slow at millimolar concentrations of DTT, this rate 

increases considerably for more activated and strained disulfide bonds (24, 49). Additionally, the 

presence of catalysts, such as selenol in addition to DTT, induces an increase of approximately 100 fold 

in the rate of native disulfide cleavage (50). Thus, without further modification of this first generation of 

linkers, potential triggering rates in excess of conventional mixing experiments should be achievable.  

 

The selection of the chemistry underpinning the use of (1) as the cross-linking reagent is based on the 

following considerations. Maleimides are selective reagents for protein thiols (51, 52), while cysteine in 

its reduced state is relatively rare in proteins, it is tolerated in most parts of a protein fold, and it is 

readily incorporated using site-directed mutagenesis. Aromatic disulfide bonds are more susceptible to 

nucleophilic cleavage than their cysteine counterparts, and we and others have previously shown that 

they are readily cleaved in high yield on a picosecond timescale using laser photolysis (26, 40). Indeed, 

comparable linkers have been used as optical triggers for the study of peptide dynamics on the 

nanosecond timescale (25, 26, 53, 54) and for the recovery of enzyme activity on the microsecond 

timescale (55). We have also demonstrated previously the feasibility of the functionalisation chemistry 

through the preparation of cysteine derivatives of (1) in water (40). Here we demonstrate procedures to 

translate the cross-linking methodology to intact proteins and establish that cross-linking does interfere 

with the native state in a reversible manner. 

 

 The N-terminal domain of phosphoglycerate kinase from Geobacillus stearothermophilus (N-PGK) 

was chosen to test the validity of the approach, since this protein has well-established folding properties, 

including the substantial population of a kinetic folding intermediate that acquires much of the native 

state organisation in the millisecond or faster phase of the refolding reaction (56, 57). N-PGK comprises 
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174 residues and, therefore, is outside of the scope where solid phase synthesis of a cross-linked variant 

is readily achievable. Wild type N-PGK (wt-P) contains a single cysteine residue and, thus, cross-linking 

with (1) would lead to an intermolecularly linked product. Hence, to establish methodology appropriate 

for intramolecular cross-linking, a mutant of N-PGK (m-P) containing two cysteine residues was 

prepared. The structure of (wt-P) and the amino acids subjected to mutation are shown in Figure 2: the 

native cysteine at position 18, which is part of the hydrophobic core of N-PGK, was mutated to valine 

(C18V), and two surface residues (positions 108 and 118) were mutated to cysteine (E108C, R118C). In 

addition, a phenylalanine residue in position 17 was mutated to tryptophan (F17W) to provide a more 

intense fluorescence probe of folding. The far-UV CD and 1H NMR spectra of variants bearing one or a 

combination of the mutations present in (m-P) (F17W, C18V) were not significantly different from 

those of wild-type protein (wt-P), indicating that the mutations do not perturb significantly the structure 

of the folded state. Equilibrium unfolding measurements (see below) indicated that the folded state of 

(m-P) has similar thermodynamic stability to native (wt-P). 

 

The choice of positioning of the two introduced cysteine residues was based on the crystal structure of 

full-length PGK, the NMR data for (wt-P) and the chemistry required for the preparation of the cross-

linked cyclic protein (43, 57). Residues 108 and 118 are in loop regions of the native protein structure 

and are not involved in extensive surface interactions or in secondary structure elements. The residues 

are on opposite surfaces of the folded protein, where their -carbons are separated by 29 Å, but are 

spaced only ten amino acids apart in primary sequence and, thus, should have a relatively high effective 

molarity in the unfolded state. A Monte Carlo conformational search, using the AMBER force-field in 

water (as implemented in the programme Macromodel), showed that the distance between two amino 

acids attached to the maleimides of (1) is 6-13 Å for the low energy conformers (42). If the cross-linker 

is constrained to span the 29 Å required to bridge the cysteines on the surface of the folded protein, the 

strain energy is estimated to be 250 kJ mol-1 (see experimental section for details). In addition, to 
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accommodate the cross-linkage in the folded state, part of the cross-linker would necessarily interfere 

with the hydrophobic core arrangement of the native protein.  

 

Synthesis of intermolecularly cross-linked protein. Initially, the preparation of an intermolecularly 

cross-link species, using (wt-P) as the substrate (Scheme 1), was investigated in order to establish 

general conditions for the reaction of cysteine residues with (1). Since (wt-P) contains only a single 

cysteine residue, the expected product was a protein dimer. The thiol of the protein was derivatised with 

(1) under unfolding conditions (2 M GuHCl) in order to release the single thiol of (wt-P) from the 

hydrophobic core. The formation of intermolecular disulfide dimers of unfolded (wt-P) was suppressed 

by working at high protein dilution (6 M) and maintaining a 20 fold excess of (1) over (wt-P). To 

maintain such an excess of (1), it was necessary to add 30% (v/v) acetonitrile to the reaction mixture. 

The reaction mixture was buffered at pH 6.5 to favour protonation of lysine, arginine and histidine side-

chains and, thus, suppress their reaction with the maleimide groups of (1) (52). The functionalised 

protein intermediate (fwt-P) was then treated with DTT, to cleave the aromatic disulfide. The resulting 

functionalised reduced protein (fwt-Pred) was oxidised to afford a protein dimer linked by the aromatic 

cross-linker (fwt-Pox). The protein products were analysed using mass spectrometry after removal of 

denaturant and excess (1) by centrifugal dialysis or size exclusion chromatography. The mass spectra 

were in agreement with expectation for each step of the procedure and are shown in Scheme 1. This 

indicates that under these experimental conditions the reaction of (1) with (wt-P) is selective, giving 

essentially quantitative yields of the desired products.  

 

Synthesis of intramolecularly cross-linked protein. In order to translate the above procedures to the 

preparation of an intramolecularly cross-link species, the reaction of (m-P) with (1) was investigated (as 

described in Scheme 2). As (m-P) contains two cysteine residues the production of a monomeric, cross-

linked species is in competition with the formation of dimers and oligomers. The products of the 

reaction of (m-P) with (1) were again analysed using mass spectrometry (Figure 3A). Four different 
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protein species were observable, none of which corresponded to the expected product, (m-P) 

functionalised with two molecules of (1). No unreacted (m-P) was detected. The major product appeared 

at m/z = 19622, which corresponds to the molecular weight of the final target, (m-P) functionalised with 

(1) as an intramolecular cross-link (fm-Pox in Scheme 2). The minor peak at m/z = 19491 corresponds to 

the mass expected for (fm-Pox), which has lost a methionine from the N-terminus sequence. Loss of the 

same methionine was also observed for unreacted (m-P) and is a consequence of the expression system 

used for the preparation of the mutant protein. The two other peaks, at m/z = 19418 and 19826, differ 

from the mass of (fm-Pox) by ± 204, which corresponds to half the mass of the maleimide reagent (1). 

This pattern suggests that there are competitive reaction pathways involving thiol-disulfide exchange of 

the cysteines with the aromatic disulfide. 

 

The experiments with (wt-P) indicate that reaction of the first cysteine with (1) should be a clean 

quantitative process to form the intermediate (IP) in Scheme 2. This intermediate has four possible 

reaction pathways. The intermolecular reaction with (1) to give the desired product is not observed, and 

so the three intramolecular processes shown in Scheme 2 dominate, presumably owing to the high 

effective molarity for these reactions. The second cysteine thiol in the intermediate (IP) can attack the 

cross-linking agent at the second maleimide, or at either of the disulfide sulfur atoms, to generate three 

different products that would account for the observed complexity in the mass spectrum (Scheme 2 and 

Figure 3 A). The identities of these three products were confirmed by subjecting the crude reaction 

mixture to DTT to reduce all of the disulfides and then addition of N-ethyl maleimide (NEM) to label all 

exposed thiols (Scheme 2). The mass spectrum of the DTT/NEM products showed only three protein 

signals consistent with the analysis above (Figure 3). The peak at m/z = 19874 corresponds to the peak 

at m/z = 19622 in the starting material plus two NEM groups, and this pattern confirms that the 

fragment at m/z = 19622 corresponds to the intramolecular cross-linked mutant (fm-Pox). The peak at 

m/z = 19743 corresponds to the peak at 19491 in the starting material plus two NEM groups, and this 

confirms the presence of the N-methionine truncated (fm-Pox) in the reaction mixture. The peak at m/z = 
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19699 corresponds to the peak at m/z = 19418 in the starting material plus two NEM groups, as well as 

to the peak at m/z = 19826 in the starting material, which has lost the mass of half of (1) (MW = 204) 

and added two NEM groups. This coincidence is the source of the simplification of the mass spectrum 

of the NEM adducts. 

 

The mass spectra indicate that (fm-Pox) is formed directly in one step from the reaction of (m-P) and 

(1) under unfolding conditions. Although this is the major product, there is a significant amount of the 

byproducts, and so a different approach was developed to suppress the intramolecular reactions shown 

in Scheme 2. Since the cysteines were specifically placed at sites on the surface of the folded protein that 

are too far apart to be bridged by (1), the unwanted intramolecular side reactions that arise from the 

higher effective molarity in the unfolded state should be severely disfavoured in the folded protein (24, 

58). Thus, the reaction was carried out starting from (m-P) in the folded state, as shown in Scheme 3. 

The level of acetonitrile required to dissolve (1) to high concentration does not perturb the folded state 

significantly, as confirmed by the CD and 1H NMR spectra of (wt-P) in 30% (v/v) acetonitrile. After 

functionalisation with (1), subsequent reaction steps were identical to the ones described for the 

preparation of (fwt-P), and were carried out under unfolding conditions through the addition of 2 M 

GuHCl (Scheme 3 and Scheme 1). Under these conditions, intramolecular oxidation of the two aromatic 

thiols is favoured over intermolecular oxidation owing to the relatively high effective molarity in the 

unfolded state (24, 58). The final product (fm-Pox) was obtained with no significant byproducts, as 

shown by the mass spectrum (Figure 3B). The identity of (fm-Pox) was confirmed using the DTT/NEM 

labelling experiment, as described above (Scheme 3 and Figure 3 B).  

 

1H NMR Spectroscopy. To determine the effects of cross-linking residues 108 and 118 on the overall 

conformational properties of N-PGK, 1H NMR spectra of (fm-Pox) were recorded and compared with 

those of (m-P) and (wt-P) (Figure 4). The spectra of (m-P) and (wt-P) are similar and show the chemical 

shift dispersion typical of native proteins, whereas the spectrum of (fm-Pox) is quite different. In 
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particular, the degree of resonance dispersion is greatly reduced in the spectrum of (fm-Pox): for 

example, there are no signals in the high field region (0.5 to -2.0 ppm). Such changes are indicative of a 

change in conformation to a considerably less ordered structure. On addition of DTT, which cleaves the 

aromatic disulfide cross-link, resonances appear between 0.5 and -2.0 ppm, indicating that the reduced 

protein (fm-Pred) adopts a native-like conformation and that it is the geometrical constraints rather than 

the chemical properties of the cross-link that perturb the structure. The native-like behaviour of (fm-

Pred) (and of (m-P)) was maintained on addition of 1.0 M GuHCl (Figure 1 Supplementary Material), 

indicating that the fold stability is not greatly compromised by the presence of the residual components 

of the reduced (cleaved) cross-linker. Hence, the NMR data indicate that the aromatic disulfide cross-

link between residues 108 and 118 constrains (fm-Pox) in a non-native state with no well-defined tertiary 

structure and that this constraint can be released by chemical cleavage to regenerate folded protein.  

 

Circular Dichroism Spectroscopy. To assess the effects of cross-linking residues 108 and 118 on the 

secondary structure of N-PGK, far-UV CD spectra of (fm-Pox) were recorded and compared with those 

of (m-P) and (fm-Pred) (Figure 5 A). The CD spectrum of (fm-Pox) under native conditions shows 

substantial secondary structure content, although the shape of the spectrum is distinguishable from those 

of (m-P) and (fm-Pred), which overlay closely (Figure 5 A).  The spectra of (m-P) and (fm-Pred) also 

overlay closely with that of (wt-P) (Figure 3 Supplementary Material). The differences in the spectrum 

of (fm-Pox) are well-represented by the relative molar ellipticities at 208 nm and 222 nm (characteristic 

of the contribution from -helical conformations). In the cases of (m-P) and (fm-Pred), the ellipticity at 

222 nm is higher than the ellipticity at 208 nm, whilst for (fm-Pox) the opposite is observed. This is 

consistent with some disruption of helix length in (fm-Pox). In addition, the CD spectrum of (fm-Pox) 

shows a weak band at 240-280 nm, which is absent in (m-P) and (wt-P) (Figure 5 A, inset, and Figure 3 

Supplementary Material). This band is a feature of the aromatic disulfide bond in the context of the 

protein and is abolished on addition of DTT to (fm-Pox). The contributions of the aromatic disulfide and 

thiols to the far-UV CD spectra of the functionalised proteins are negligibly small, as illustrated by the 
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observation that there is no contribution at 208 or 222 nm in the CD spectrum of a model disulfide 

composed of two N-acetyl cysteine derivatives attached to (1), with and without DTT (Figure 5). 

 

The data show that when the cross-link is in place between residues 108 and 118, a substantial degree 

of secondary structure can still form in (fm-Pox). One consequence of this is that, under fully native 

conditions, the overall amplitude changes in the CD responses that report on the refolding trajectory are 

small (though individual components of the refolding trajectory may, of course, still have large 

amplitudes). However, since the presence of the cross-link has an overall destabilizing effect on the 

protein fold (Figure 4, and data presented below), the addition of relatively low concentrations of 

chemical denaturant should increase the differences in the CD responses of (fm-Pox) and (fm-Pred). This 

strategy was adopted in early investigations of the use of photo-triggering to observe fast events in 

protein folding (59, 60). Although guanidine hydrochloride was used in the preparation of (fm-Pox), urea 

was used as the denaturant to test this hypothesis, as the UV absorption of the chloride ions 

compromises the signal to noise ratio of far-UV CD spectra. While this has limited consequences for 

equilibrium measurements, the absorption properties of chloride ions can have substantial effects on the 

quality of kinetic refolding transients measureable using CD. The CD measurements in the presence of 

urea are shown in Figure 5. 

 

In the presence of 2 M urea, the CD spectrum of (fm-Pox) shows a markedly larger decrease (20%) in 

the intensity at 222 nm compared to (m-P) and (wt-P) (Figure 5 A and Figure 3 Supplementary Material) 

than is observed in the absence of denaturant. Upon addition of DTT, the resulting spectrum of (fm-Pred) 

is again similar to those of (m-P) and (wt-P). In addition, the band at 240 nm observed for (fm-Pox), 

which is 10 fold weaker in the presence of urea, is abolished by addition of DTT (Figure 5 A inset). This 

confirms that the addition of denaturant more strongly perturbs the secondary structure of the cross-

linked (fm-Pox) compared with (wt-P), (m-P) and (fm-Pred). Hence, the amplitude of the overall changes 

in CD response when refolding is triggered can be modulated using low concentrations of chemical 
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denaturants. Overall, the behaviours of the CD data and the 1H NMR measurements are consistent with 

(fm-Pox) being a partially unfolded, molten-globule state (14-18), when the cross-link is between 

residues 108 and 118. 

 

Fluorescence Spectroscopy. Fluorescence spectra were recorded for (fm-Pox), (fm-Pred), (m-P), the 

model small molecule disulfide and an additional control protein (m-Pnem) (Figure 6). The (wt-P) was 

not used in these measurements, as it has no tryptophan residue. There are potential complications with 

(m-P), because DTT is required to maintain the thiols in the reduced state, and DTT can quench 

tryptophan fluorescence to some extent. Therefore, the exposed thiols of (m-P) were functionalised with 

NEM to give (m-Pnem), which is a more reliable control with increased fluorescence (owing to the lack 

of requirement for DTT in the solution), but otherwise similar properties to (m-P) (Figure 6). Under 

native conditions, the fluorescence intensity of (fm-Pox) is nearly 20 fold less than the intensity of (m-

Pnem). Upon addition of DTT, a recovery of 2.5 fold in the intensity is observed for (fm-Pred) compared 

with (fm-Pox) (inset Figure 6 A). There is no detectable fluorescence for the model aromatic disulfide or 

the reduced thiol (Figure 6 A and Figure 4 Supplementary Material), and so the fluorescence observed 

for the cross-linked protein is due exclusively to the tryptophan.  

 

The quenching in the fluorescence of (fm-Pred) relative to (m-Pnem) raises the possibility that (fm-Pox) 

does not fully reverse to a native state upon addition of DTT, but this is inconsistent with the exclusively 

native-like NMR properties of (fm-Pred) (Figure 4). A more likely explanation for the reduced 

fluorescence emission of (fm-Pred) relative to (m-P) and (m-Pnem) is a coupling between the tryptophan 

and the chromophore of the cross-linker, leading to fluorescence quenching. A similar effect would 

account for the reduced fluorescence emission of (fm-Pox). The increase in the fluorescence emission of 

(fm-Pred) relative to (fm-Pox) under native conditions (Figure 6 A) is consistent with the aromatic 

disulfide being a stronger quencher of tryptophan than the aromatic thiols and this trend is also observed 
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in many proteins upon reduction of disulfides that are located in the vicinity of tryptophan residues (i.e. 

cystine is normally a more powerful quencher of tryptophan fluorescence than cysteine) (61).  

 

Fluorescence quenching resulting from the aromatic cross-link also accounts for the denaturant 

dependence of the fluorescence intensity observed for (fm-Pox) and (fm-Pred) relative to (m-Pnem) and 

(m-P). On denaturation with 2.0 M GuHCl, the fluorescence of (fm-Pox) and (fm-Pred) increase, whereas 

the fluorescence of (m-P) and (m-Pnem) decrease (Figure 6A and 6C). For (m-P) and (m-Pnem), 

unfolding leads to a decrease in the intensity of the fluorescence because the tryptophan becomes 

exposed to the solvent. For (fm-Pox) and (fm-Pred), unfolding leads to an increase in the average 

separation of the tryptophan and the aromatic disulfide / aromatic thiols, reducing the interaction 

between the chromophores that are responsible for fluorescence quenching. This leads to two effects. 

Firstly, at intermediate concentration of denaturant (Figure 6 B), the intensity of (fm-Pox) is higher than 

that of (fm-Pred), contrary to what is observed under native conditions. Secondly, in high concentrations 

of denaturant the fluorescence spectra are similar for all four proteins (Figure 6 C) because the 

quenching due to the aromatic disulfide or aromatic thiols is largely abolished and the predominant 

quenching effect is the result of tryptophan exposure to the solvent.  

 

Importantly, the wavelength of the fluorescence emission maximum observed for (fm-Pox) is red 

shifted relative to the other three proteins, indicating that the tryptophan is in a different environment in 

the cross-linked protein compared with the natively folded species. This effect is particularly apparent at 

intermediate denaturant concentrations (1.4 M GuHCl, Figure 6 B), where the fluorescence emission 

maximum of (fm-Pox) is in the range of unfolded proteins. The blue shift of the fluorescence emission 

maximum of (fm-Pred) relative to (fm-Pox) indicates the recovery of the fluorescence properties of (fm-

Pox) towards a more native-like environment for the tryptophan upon cleavage of the aromatic disulfide 

cross-link. Thus, the tryptophan could be used as time-dependent spectroscopic probe for refolding of 

(fm-Pox) upon cleavage of the aromatic disulfide. 
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Equilibrium Unfolding Experiments. Fluorescence spectroscopy was used to quantify the effects of 

denaturant on the folding properties of the proteins (m-P), (m-Pnem), (fm-Pred) and (fm-Pox), and the 

equilibrium unfolding measurements are shown in Figure 7. Reversibility throughout the folding 

transitions of all four proteins was established by comparing fluorescence emission spectra on 

concentration and on dilution of the denaturant over the entire concentration range. For (m-P), (m-Pnem), 

(fm-Pred), the experimental data fitted well to a two-state model (47), where only the unfolded and 

folded states are significantly populated at equilibrium, and the resulting thermodynamic parameters are 

shown in Table 1. These three proteins show very similar transition midpoints, despite the differences in 

the fluorescence properties of their folded states (Figure 6 A). In contrast, the cross-linked protein (fm-

Pox) shows clearly different behaviour, though the lack of a pre-transition baseline in the unfolding of 

(fm-Pox) and the potential failure of a two-state model to describe the transition adequately (14-18), 

prevent any quantitative determination of the fold stability of the cross-linked protein. Qualitatively, the 

data indicate that (fm-Pox) is strongly destabilised compared to the other proteins, which is consistent 

with the CD observations that there are larger perturbations of structure for the cross-linked protein on 

addition of denaturant compared with (fm-Pred) and (m-P) (Figure 5 A). At GuHCl concentrations of 

0.5-1.3 M (corresponding to 0.46-1.1 M on the activity scale in Figure 7), the folded state is 

predominant for (m-P), (m-Pnem), and (fm-Pred), whilst the cross-linked protein (fm-Pox) populates more 

unfolded species to a substantial extent. Similarly to the CD observations above, this indicates that time-

resolved measurements after cleavage of the aromatic cross-link would have larger overall amplitudes in 

the presence of low concentrations of denaturant. 

 

The thermodynamic parameters determined for (m-P) and (m-Pnem) (Table 1) are very similar to 

published data for (wt-P) and single cysteine variants of (wt-P) (44, 47, 57). This indicates that neither 

the four mutations in (m-P) nor functionalisation of the exposed surface thiols perturbs the stability of 

the folded protein significantly. In the case of (fm-Pred), the thermodynamic stability and m values 
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observed are somewhat lower than the values found for (m-P) and (m-Pnem). Changes in m values are 

proportional to the surface area exposed as a result of the unfolding transition and are affected by the 

amount of residual structure in the denatured state (13). The latter argument has been used as an 

explanation for large changes in m values observed in the unfolding transition of single cysteine mutant 

of (wt-P) (44). In the case of (fm-Pred), the presence of the two aromatic thiols can affect both the 

hydrophobic area exposed during unfolding and the structure of the denaturated state, and most likely 

contribute to its relatively low unfolding m value compared with (m-P) and (m-Pnem) (13). The 1H 

NMR, CD and fluorescence spectra of (fm-Pred) suggest that the low m values are not due to significant 

perturbation of the native state (Figure 4, 5 A and 6 A). 

 

 

Conclusions 

We have developed a general method for functionalising proteins with a cleavable cross-linker and 

demonstrated its viability using the 174 residue protein N-PGK. The cross-linker is readily attached to 

cysteine residues introduced at the desired point of cross-linking, and the protocol appears sufficiently 

robust in terms of yield of cyclised protein (40% of the original protein in the case studied here). The 

method affords a cyclic polypeptide that is readily probed in terms of the disruption of the native fold, 

and cleavage of the cross-linker leads to the quantitative re-establishment of a normally folded protein.  

 

In our test protein, where residues 108 and 118 of N-PGK are cross-linked, it was shown using NMR 

spectroscopy that under normal solution conditions the tertiary structure of the cross-linked protein is 

largely perturbed, whilst CD measurements indicate that the protein retains a substantial degree of 

secondary structure, albeit somewhat different in nature to the native protein. Fluorescence 

measurements show that the single tryptophan residue is in a hydrophobic environment, and together 

these observations point to this cross-linked protein behaving as a typical molten globule state. The 

denaturant concentration dependence of the fluorescence spectra further support this conclusion, 
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showing the fall in the cooperativity of the unfolding transition that is characteristic of molten globule 

states (14-18). The ability of cross-linked N-PGK to populate a relatively stable molten globule state at 

low denaturant concentrations is consistent with previous predictions for wild-type N-PGK from the 

denaturant dependence of its NMR spectra (62).  

 

The contrasting denaturant concentration dependences of the cross-linked protein and the cross-link 

cleaved protein allow the exploration of the folding landscape to be expanded; for example, in our test 

protein, folding can be initiated from an ensemble dominated by molten globule species or, in the 

presence of small concentrations of denaturant, it is possible to find conditions where the cross-linked 

ensemble is predominantly unfolded, while the cleaved form remains predominantly folded. This sort of 

behaviour will not necessarily be encountered in all possible cross-linking positions of N-PGK (nor, 

indeed, with other proteins), where more unfolded or more folded species may dominate the ensemble 

populated by the cross-linked protein, even in the absence of denaturant. Importantly, the methodology 

described here allows a wide range of these possibilities to be readily tested, in order that a fuller picture 

of the free energy landscape for folding can be developed. Once the cross-link is broken, each starting 

distribution of conformers is subject to the free energy landscape of a protein that folds to a native 

structure and its progress towards the native state will report on that landscape. In addition to the use of 

the methodology in the triggering of protein folding, there is also wide potential use for the activation of 

proteins in a rapid and coherent manner, at a rate set by the transition from the conformational ensemble 

selected by the cross-linker to the native fold. 
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Table 1. Summary of the folding parameters for (m-P), (fm-Pred) and (m-Pnem). The values are reported 

as a function of denaturant activity (D) (47). The value of denaturant activity corresponding to the 

midpoint of the unfolding transition is reported (D 0.5). 

Protein  G (Kcal mol-1) mD (M-1) D0.5 (M) 

(m-P)  -8.6±0.6 -13.4±0.6 1.3 

(fm-Pred)  -8.3±0.4 -9.1±0.5 1.3 

(m-Pnem)  -5.9±0.2 -13.8±0.7 1.2 
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Scheme 1. The procedure used for the preparation of a (wt-P) dimer linked using the aromatic disulfide 

cross-link (fwt-Pox). The ESI or MALDI mass spectra of the products obtained from each step of the 

procedure are shown. i) 100 M (1), 50 mM sodium phosphate pH 6.5, 3 mM NaN3, 30% CH3CN, 2 M 

GuHCl. ii) 50 mM sodium phosphate pH 7.0, 3 mM NaN3, 1 mM DTT, 2 M GuHCl. iii) 50 mM sodium 

phosphate pH 7.0, 3 mM NaN3, 100 mM NaCl. 
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Scheme 2. A) The procedure used for the reaction of protein (m-P) with (1) under unfolding conditions. 

The structure of the intermediate IP is shown along with the three intramolecular processes that result in 

the three products (A, B and C) observed in the mass spectrum shown in Figure 3 A. Products D and E 

were observed after sequential addition of DTT and NEM to the reaction mixture. i) 100 M (1), 50 mM 

sodium phosphate pH 6.5, 3 mM NaN3, 30% CH3CN, 2 M GuHCl. 
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Scheme 3. The procedure used for the preparation of the cross-linked (fm-Pox) using native conditions 

for the first step of the reaction (i) and unfolding conditions for subsequent steps. i) 100 M (1), 50 mM 

sodium phosphate pH 6.5, 3 mM NaN3, 30% CH3CN. ii) 50 mM sodium phosphate pH 7.0, 3 mM 

NaN3, 1 mM DTT, 3 M GuHCl. iii) 50 mM sodium phosphate pH 7.0, 3 mM NaN3, 100 mM NaCl. The 

structure of the product obtained after sequential addition of DTT and NEM to (fm-Pox) is identical to 

product E in Scheme 2. 
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Figure 1. The strategy used to functionalise a protein with an aromatic disulfide cross-link (fm-Pox). The 

protein (m-P) contains exposed thiol groups for the reaction with the bismaleimide reagent (1). The 

aromatic disulfide acts as a constraint to force the protein into a non-native state (fm-Pox). Reductive 

cleavage of the aromatic disulfide by addition of a reducing agent or by photolysis can be used to trigger 

the transition to a native-like conformation. 
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Figure 2. Three dimensional structure of wild type N-PGK (wt-P) illustrated using PYMOL and taken 

from the three-dimensional structure of PGK from Geobacillus stearothermophilus (43). The amino 

acids subjected to mutation are highlighted: the native cysteine at position 18 was mutated to a valine 

(C18V), the phenylalanine at position 17 was mutated to tryptophan (F17W), glutamate at position 108 

and arginine at position 118 were mutated to cysteines (E108C, R118C). The distance in the native 

conformation between the -carbons of the amino acids at positions 108 and 118 is shown. 
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Figure 3. The ESI mass spectra of the products of the reaction of (m-P) with (1) (top) and the 

corresponding mass spectra following subsequent addition of DTT and NEM (bottom). A) Reaction of 

(m-P) with (1) carried out under unfolding conditions (see Scheme 2 for structures A-E). B) Reaction of 

(m-P) with (1) carried out under folding conditions (Scheme 3). The major peaks at 19622 and 19784 

are due to (fm-Pox) and the NEM derivative, E, respectively. The asterisks indicate the corresponding 

peaks for the impurity resulting from N-terminal methionine truncation. Dotted lines indicate how the 

peaks are related in the DTT/NEM reaction. 
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Figure 4. 600 MHz 1H NMR spectra of (wt-P) (100 M), (m-P) (100M), (fm-Pox) (80 M) and (fm-

Pred) (80 M). Samples were prepared in 50 mM sodium phosphate pH 7.0, 100 mM NaCl, 3 mM NaN3, 

10% D2O, and contained 1 mM DTT for (m-P) and (fm-Pred). All samples contain TSP as an internal 

reference. 
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Figure 5. Far-UV CD spectra of (fm-Pox), (fm-Pred), and (m-P), with an expansion of the region 

between 240 and 280 nm (inset). A) Spectra recorded under native conditions (grey lines) and in the 

presence of 2 M urea (black lines), the latter shown only at wavelengths longer than 210 nm owing to 

the high absorbance of the denaturant below 210 nm. Open and filled circles represent the far-UV CD of 

the model disulfide control compound shown in B), in the absence of denaturant, before and after 

addition of DTT, respectively. Identical spectra were obtained for the model compound in the presence 

of the same concentration of denaturant used for the proteins (data not shown). B) Structure of the 

model disulfide used as a control for the CD measurements and for the determination of the 

concentration of (fm-Pox) (see Figure 2 in Supplementary Material). Spectra were recorded with 20 M 

disulfide or protein in 50 mM sodium phosphate, 100 mM NaCl, 3 mM NaN3 pH 7.0. 1 mM DTT was 

added to the species containing thiols. 
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Figure 6. Relative fluorescence emission (FR) spectra of (m-P) (open squares), (m-Pnem) (filled circles), 

(fm-Pox) (grey line), and (fm-Pred) (filled triangles). A) Spectra recorded under native conditions. Open 

and filled diamonds represent the spectra of the model disulfide shown in Figure 5, before and after 

addition of DTT, respectively. Inset: expansion of the spectrum in the emission region of (fm-Pox), (fm-

Pred), and the model disulfide (symbols as in main picture). B) Spectra of the proteins recorded in the 

presence of intermediate levels of chemical denaturant (1.4 M GuHCl). C) Spectra of the proteins 

recorded under unfolding conditions (2.0 M GuHCl). D) Schematic representation of (m-Pnem). For all 

the measurements, samples were prepared with proteins or the model disulfide (2 M) in 50 mM sodium 

phosphate, 3 mM NaN3, 100 mM NaCl pH 7.0. For (m-P), (fm-Pred) and the reduced model disulfide, 1 

mM DTT was also present. 
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Figure 7. Equilibrium unfolding profiles of (m-P) (open squares), (m-Pnem) (filled circles), (fm-Pox) 

(grey triangles) and (fm-Pred) (filled triangles), obtained by following the tryptophan emission at 

increasing concentrations of GuHCl. A) Data are normalised relative to the observed fluorescence of the 

unfolded protein. B) Data are normalised relative to the fraction of the unfolded protein, and the lines 

represent the fitting of the changes in fluorescence to a two state model for (m-P), (m-Pnem), and (fm-

Pred). For the normalization of data for (fm-Pox), the emission observed under native conditions was 

taken as the zero fraction unfolded. 
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