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Part I: Synthesis of the cross-linkers. 

Linker (1) (BSBCA) was synthesized as described previously.1 Linker (2) was 

synthesized as shown in scheme I below:  

 

 
 

Scheme I: Synthesis of alkyne linker (2) 

 

3,3'-[(E)-diazene-1,2-diyldibenzene-4,1-diyl]bis(N-methylprop-2-yn-1-amine)(6) 

4,4’-di-iodoazobenzene (300 mg, 0.69 mmol) was dissolved in a mixture of 16 mL of 

triethylamine and 8 mL of tetrahydrofuran. To this were added bis(triphenylphosphine) 

palladium(II) dichloride (97 mg, 0.14 mmol), copper(I) iodide (53 mg, 0.28 mmol), and 

triphenylphosphine (73 mg, 0.28 mmol), and then the flask was evacuated and flushed 

with argon. After the reaction was stirred for 10 min, N-methyl-propargyl amine (191 mg, 

2.76 mmol) was injected into the reaction mixture. The reaction mixture was stirred 

overnight under an argon atmosphere and then diluted with dichloromethane and 
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extracted with water. The organic phase was dried over MgSO4, and the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography (silica gel, PE/CH2Cl2 1:1) to afford (6) as an orange solid. Yield: 74% 

(163 mg) 1H NMR (400 MHz, chloroform-d) δ ppm 2.58 (s, 6 H) 3.67 (s, 4 H) 7.56 (d, 

J=8.61 Hz, 4 H) 7.80 - 7.92 (m, 4 H); 13C 13C NMR (101 MHz, chloroform-d) δ ppm 

35.48, 40.93, 83.37, 90.40, 122.91, 126.20, 132.46, 151.66; MH+ C20H21N4 calc’d: 

317.40 obs’d: 317.34 

 

Linker (2). To a stirred solution of 120 mg (0.37mmol) 3,3'-[(E)-diazene-1,2-

diyldibenzene-4,1-diyl]bis(N-methylprop-2-yn-1-amine) (6)  and 0.16 mL (1.13 mmol) of 

NEt3, in 12 mL of dry THF at 5oC was slowly added 0.09 mL (115 mg, 1.13 mmol) of 

chloroacetylchloride. The mixture was stirred overnight at room temperature, then 

triethylamine hydrochloride was filtered off, the organic phase was concentrated and the 

product was separated by column chromatography. Silica gel, CH2Cl2 / EtAc, 10/1. Yield 

61%, 85 mg. 1H NMR (400 MHz, chloroform-d) δ ppm 3.25 (s, 6 H) 4.15 (s, 4 H) 4.52 (s, 

4 H) 7.58 (d, J=8 Hz, 4 H) 7.89 (t, J=8 Hz, 4 H); 13C NMR (101 MHz, chloroform-d) δ 

ppm 34.87, 37.78, 41.18, 81.63, 85.94, 122.96, 125.41, 132.68, 151.90, 166.22; MH+ 

C24H23Cl2N4O2 calc’d: 470.36  obs’d: 470.5. Only a small fraction of the cis amide 

isomer was evident (<25%; CHCl3, <10% in DSMO-d6)). 

 

Linker (3) was synthesized as shown in scheme II below:  

 

 

 

Scheme II: Synthesis of the flexible linker (3) 
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2-[3-(4-nitrophenyl)propyl]-1H-isoindole-1,3(2H)-dione (8) 

Was prepared by nitration of 2-(3-phenylpropyl)-1H-isoindole-1,3(2H)-dione (prepared 

by reaction of potassium phthalimide with (3-bromopropyl)benzene (see: Organic 

Syntheses, Coll. Vol. 1, p.119 (1941); Vol. 7, p.8 (1927); Marcinek, A; Platz, M. S.; Chan, 

S. Y.; Floresca, R.; Rajagopalan, K.; et al. Journal of Physical Chemistry,  1994,98 , 412 - 

419). To an ice-cold solution of (7) in 10 mL of glacial acetic acid and 1 mL of 

concentrated sulphuric acid, 0.2 mL of nitric acid (d-1,5) was added such that the 

temperature did not exceed 15oC. After being kept overnight, the mixture was poured 

onto ice, extracted with chloroform and the product was separated by column 

chromatography with chloroform. Yield 72%, 0.81g, 1H NMR (400 MHz, chloroform-d) 

δ ppm 2.09 (dt, J=14.76, 7.33 Hz, 2 H) 2.75 - 2.84 (m, 2 H) 3.76 (t, J=7.02 Hz, 2 H) 7.36 

(m, 2 H) 7.68 - 7.75 (m, 2 H) 7.79 - 7.85 (m, 2 H) 8.09 (m, 2 H); 13C NMR (100 MHz, 

chloroform-d) δ ppm 29.44, 33.28, 37.67, 123.45, 123.89, 129.33, 132.18, 134.26, 

146.62, 149.02, 168.56; MH+ C17H15N2O4 calc’d: 311.3  obs’d: 311.7  

 

2-[3-(4-aminophenyl)propyl]-1H-isoindole-1,3(2H)-dione (9) 

A solution of 2-[3-(4-nitrophenyl)propyl]-1H-isoindole-1,3(2H)-dione (8) (0.8 g) in ethyl 

acetate (30 mL) was treated with 0.1 g of palladium on charcoal. This mixture was 

hydrogenated at room temperature and pressure for 24 h. The catalyst was removed by 

filtration, and the filtrate was evaporated to give the title compound (0.7 g). An analytical 

sample was purified by column chromatography on silica with chloroform/methanol 30/1. 

Yield 96% 1H NMR (400 MHz, chloroform-d) δ ppm 1.98 (ddd, J=14.81, 7.70, 7.50 Hz, 

2 H) 2.60 (dd, J=15.10, 7.70 Hz, 2 H) 3.72 (t, J=7.21 Hz, 2 H) 6.67 (m, 2 H) 7.01 (m, 

J=8.38 Hz, 2 H) 7.66 - 7.76 (m, 2 H) 7.79 - 7.90 (m, 2 H); 13C NMR (100 MHz, 

chloroform-d) δ ppm 30.37, 32.53,  38.02, 116.14, 123.37, 129.36, 132.20, 132.38, 

134.06, 143.25, 168.64; MH+ C17H17N2O2 calc’d: 281.3  obs’d: 281.3 

 

2-(3-{4-[(E)-2-{4-[3-(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl)propyl]phenyl}diazen-1-

yl]phenyl}propyl)-2,3-dihydro-1H-isoindole-1,3-dione (10) 

Compound  (9) (0.54g; 1.9 mmol) and 1 g (11 mmol) of MnO2 were combined in 12 mL 

of dry benzene was stirred at 80oC for 6h. The solid was filtered, washed with  methanol  

and, after evaporation, separated by silica gel chromatography using chloroform 

/methanol- 60/1. Yield: 0.22 g, 41%; 1H NMR (400 MHz, chloroform-d) δ ppm 2.09 (ddd, 

J=14.76, 7.60, 7.45 Hz, 4 H) 2.72 - 2.81 (m, 4 H) 3.78 (t, J=7.11 Hz, 4 H) 7.33 (d, J=8.57 

Hz, 4 H) 7.66 - 7.73 (m, 4 H) 7.73 - 7.80 (m, 4 H) 7.80 - 7.85 (m, 4 H); MH+ C34H29N4O4 

calc’d: 557.6  obs’d: 557.2 
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2-chloro-N-(3-{4-[(E)-2-{4-[3-(2-chloroacetamido)propyl]phenyl}diazen-1-

yl]phenyl}propyl) acetamide (Linker (3)) 

 

The phthalimide groups were removed from compound (10) to produce compound (11), 

which was not isolated but instead directly chloroacetylated to produce the final product 

(3). Specifically, 0.22g of (10) (0.4 mmol) was stirred at reflux in 1 mL of ethanol in 

presence of 0.1 mL of 98% hydrazine monohydrate for 16 h under N2. The reaction 

mixture was evaporated, and after drying under high vacuum was dissolved in mixture of 

2 mL dry acetonitrile and  0.2 mL of triethylamine. To this mixture was slowly added  at 

5oC,  0.32 mL (0.45g, 4 mmol) of chloroacetyl chloride. After stirring overnight the 

mixture was washed with water and extracted with ethyl acetate (3 x 20 mL). The organic 

phase was dryed, evaporated and separated by silica gel chromatorgraphy using 

acetonitrile/ethylacetate – 1/1. Yield Yield  - 0.11 g, 61%; 1H NMR (400 MHz, 

chloroform-d) δ ppm 1.75 - 1.83 (m, 4 H) 2.69 (t, J=7.83 Hz, 4 H) 3.10 - 3.17 (m, 5 H) 

4.02 - 4.08 (m, 4 H) 7.42 (d, J=8.22 Hz, 4 H) 7.81 (d, J=8.22 Hz, 4 H) 8.28 (t, J=5.09 Hz, 

2 H); 13C NMR (101 MHz, DMSO-d6) δ ppm 30.79,  32.68, 38.94, 43.13, 122.96, 129.75, 

145.93, 150.77, 166.27; MNa+ C22H26Cl2N4O2 (Na) calc’d: 472.3  obs’d: 471.1 

 

Part II: Protein expression, cross-linking and purification 

 

Preparation of cross-linked proteins 

The double-cysteine mutant FynSH3 protein plasmid was created by site-directed 

mutagenesis from the wild-type FynSH3 plasmid. The L3C-L29C protein was expressed 

as described and purified under denaturing conditions using nickel-NTA affinity 

chromatography 2,3. Unmodified protein compositions were confirmed by ESI-MS [M+] 

(average Mw): (15N)Fyn-F-Trp 9298.69 Da; (15N)Fyn-nonFTrp 9267.04 Da; 

(unlabelled)Fyn-non-F-Trp 9156.55 Da; (13C,15N)Fyn-non-F-Trp 9660.96 Da. All masses 

reported are without the N-terminal methionine. Proteins were then covalently cross-

linked using thiol-reactive azobenzene cross-linkers (see below). Modified proteins were 

purified by HPLC on a semi-preparative SB-C18 column (Zorbax, 9.4 mm ID x 24 cm). 

All modified FynSH3 domains were 15N labelled containing either 5-Fluoro-Trp (Fyn-F-

Trp) or native Trp residues (Fyn-non-F-Trp). Fyn-3-non-F-Trp (see below) was not 15N 

labelled. Cys residues in Fyn-F-Trp and (13C,15N)Fyn-non-F-Trp were capped with 

acetamide groups to prevent complications with oxidation during structural analysis. 

After modification, the absence of free Cys residues was confirmed using Ellman’s 

reagent. Figure S1 shows the FynSH3 protein with linker attachment sites highlighted. 
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Figure S1 An NMR derived structure for the FynSH3 domain in complex with a peptide ligand 

(1A0N). The linker attachment sites are shown with red balls. 

 

Cross-linking with cross-linker (1) 

(
15

N)Fyn-F-Trp and (
15

N)Fyn-non-F-Trp. Intramolecular cross-linking of Cys residues in 

Fyn-F-Trp and Fyn-non-F-Trp was performed as follows: To 0.7 mM of protein in 0.1 M 

sodium phosphate pH 8.0, 1 mM benzamidine and 1 mM EDTA was added 3.0 mM of 

tris(carboxyethyl)phosphine. The mixture was incubated for 1 h at room temperature to 

ensure cysteine residues were in their reduced state. After this time 2 mM of the linker (1) 

was added and the mixture was heated to 40°C and left to stir for 16 h, protected from 

light. The modified proteins were purified by HPLC (SBC18 column, as described above) 

using a linear gradient of 5–65% acetonitrile–H2O (+0.1% trifluoroacetic acid) over the 

course of 25 min. For (1)-Fyn-F-Trp: elution at 49% acetonitrile and for (1)-Fyn-non-F-

Trp: elution at acetonitrile 48% acetonitrile. The modified proteins compositions were 

confirmed by ESI-MS [M+]: (1)-Fyn-F-Trp calc’d = 9751.12 Da, obs’d = 9752.02 Da; 

(1)-Fyn-non-F-Trp calc’d = 9720.49 Da, obs’d = 9719.47 Da. 

 

Cross-linking with cross-linker (2) 

(
15

N)Fyn-F-Trp and (
15

N)Fyn-non-F-Trp. Intramolecular cross-linking of Cys residues in 

Fyn-F-Trp and Fyn-non-F-Trp was performed as follows: To 1 mM of protein in 0.1M 

sodium phosphate pH 8.0, 1 mM benzamidine and 1 mM EDTA was added 3.0 mM of 

tris(carboxyethyl)phosphine. The mixture was incubated for 1 h at room temperature to 

ensure cysteine residues were in their reduced state. The solution was diluted 2x with 

DMSO to which a final concentration of 3.0 mM of the linker (2) was added (final protein 

concentration was 0.5 mM). The mixture was heated to 40°C and left to stir for 16 h, 

protected from light. After this time, the pH was lowered to ~ 5.0 to quench the reaction. 

The solvent was removed overnight under vacuum and deionized water was added to 

precipitate out free (2) from solution before further purification. The modified proteins 
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were purified by HPLC (SBC18 column, as described above) using a linear gradient of 5–

65% acetonitrile–H2O (+0.1% trifluoroacetic acid) over the course of 25 min. For (2)-

Fyn-F-Trp: elution at 50% acetonitrile and for (2)-Fyn-non-F-Trp: elution at acetonitrile 

55% acetonitrile. The modified proteins compositions were confirmed by ESI-MS [M+]: 

(2)-Fyn-F-Trp calc’d = 9695.12 Da, obs’d = 9696.64 Da; (2)-non-Fyn-F-Trp calc’d = 

9663.82 Da, obs’d = 9664.17 Da. 

 

Cross-linking with cross-linker (3) 

(
15

N)Fyn-F-Trp and Fyn-non-F-Trp. Intramolecular cross-linking of Cys residues in Fyn-

F-Trp and Fyn-non-F-Trp was performed as follows: To 0.7 mM of protein in 0.1M 

sodium phosphate pH 8.0, 1 mM benzamidine and 1 mM EDTA was added 6.0 mM of 

tris(carboxyethyl)phosphine. The mixture was incubated for 1 h at room temperature to 

ensure cysteine residues were in their reduced state. The solution was diluted 2x with 

DMSO to which a final concentration of 5.0 mM of the linker (3) was added (final protein 

concentration was 0.35 mM). The mixture was heated to 40°C and left to stir for 16 h, 

protected from light. After this time, the pH was lowered to ~ 5.0 to quench the reaction. 

The solvent was removed overnight under vacuum and deionized water was added to 

precipitate out free (3) from solution before further purification. The modified proteins 

were purified by HPLC (SBC18 column, as described above) using a linear gradient of 5–

65% acetonitrile–H2O (+0.1% trifluoroacetic acid) over the course of 25 min. For (3)-

Fyn-F-Trp: elution at 52% acetonitrile and for (3)-Fyn-non-F-Trp: elution at acetonitrile 

50% acetonitrile. The modified protein compositions were confirmed by ESI-MS [M+]: 

(3)-Fyn-F-Trp calc’d = 9675.13 Da, obs’d = 9676.16 Da; (3)-Fyn-non-F-Trp calc’d = 

9533.00 Da, obs’d = 9534.86 Da. 

 

Capping uncross-linked protein  

(
15

N)Fyn-F-Trp and ( 
13

C,
15

N)Fyn-non-F-Trp. Capping of Cys residues in Fyn F-Trp and 

Fyn non-F-Trp was performed as follows: To 1 mM of protein in 0.1 M sodium phosphate 

pH 8.0, 1 mM benzamidine and 1 mM EDTA was added 1 mM of 

tris(carboxyethyl)phosphine. The mixture was incubated for 1 h at room temperature to 

ensure cysteine residues were in their reduced state. After this time 2.5 mM of 

iodoacetamide was added and left to stir for 6 h at room temperature. The modified 

proteins were purified by HPLC (SBC18 column, as described above) using a linear 

gradient of 5–65% acetonitrile–H2O (+0.1% trifluoroacetic acid) over the course of 25 

min. For Capped-F-Trp: elution at 49% acetonitrile and for Capped-non-F-Trp: elution at 

acetonitrile 48% acetonitrile. The modified proteins compositions were confirmed by 

ESI-MS [M+]: Capped-Fyn-F-Trp calc’d = 9413.75 Da, obs’d = 9414.86 Da; Capped-

Fyn-non-F-Trp calc’d = 9774.94 Da; obs’d = 9776.45 Da. 
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UV and CD spectra. CD spectra were obtained at 20°C for both dark-adapted and 

irradiated proteins. Each spectrum was acquired from 260 nm to 205 nm (1 nm step) with 

an integration time of 2 s at each wavelength and 2 scans were averaged, smoothed, and 

baseline subtracted. All CD measurements were carried out in a 1 mm cuvette with 

protein concentrations of 50-80 µM in 10 mM sodium phosphate buffer at pH 7.0. For 

CD spectra of irradiated protein, samples were irradiated using a high intensity 365 nm 

UV LED (~200 mW, Opto Technology, Inc., Wheeling, IL, Model OTLH-0480-UV) 

directly in the CD instrument. This procedure produced samples that were ~85% cis (for 1 

and 3 modified proteins) 2 and 65% cis (for 2 modified proteins) as judged by UV.  CD 

spectra are uncorrected for the percentage cis isomer. UV spectra were measured on a 

Perkin Elemer Lambda 35 UV-Vis spectrophotometer. After irradiation, scans were taken 

at 30 minute intervals from 600 nm to 240 nm (scan rate = 480 nm/min). The 

spectrophotometer was set at 650 nm until the next scan started and the slit width was set 

to 0.2 nm to ensure that effects of the measurement beam on the relaxation rate were 

minimal. Thermal relaxation curves were fitted to a single exponential equation to 

calculate the relaxation lifetime.  Table I reports half lives for each construct. 

 

Table I Half-lives of cis-cross-linked proteins 

 

Cross-linked FynSH3 (non-F-Trp) Cis half-lives (at 20°C) in 25 mM sodium 
phosphate pH 7.0  

1-FynSH3 2 hrs 

2-FynSH3 40 hrs 

3-FynSH3 50 hrs 

 

 

 

Figure S2. Circular dichroism spectra L3C-L29C proteins (non F-Trp). Solid lines are dark-

adapted; dotted lines are UV irradiated samples. 5 mM sodium phosphate buffer, pH 7.0, 20
o
C. 
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Part III: NMR analysis of cross-linked proteins 

NMR spectroscopy. Protein samples for NMR spectroscopy were prepared using minimal 

media supplanted with 15N-ammonium chloride and 1% Bioexpress cell growth 15N-

media (Cambridge Isotope Laboratories, Inc). For determining assignments, 13C-glucose 

replaced unlabeled glucose in the media. For 19F NMR experiments, 5-F-Trp (Aldrich) 

was included prior to expression using published protocols.3 NMR experiments were 

performed on a 600 MHz Varian Inova spectrometer equipped with a triple resonance 

cold probe capable of tuning to 19F (564 MHz).  For irradiation, the sample was 

transferred from the NMR tube to a cylindrical cuvette placed flat in an ice-bath and 

irradiated with stirring using the high intensity 365 nm UV LED described above. After 

irradiation, the sample was transferred back to the NMR magnet in darkness and 

shimmed. Due to the high optical density of the concentrated NMR solution and the delay 

required for sample transfer and shimming, a maximum of 60-70% cis isomer could be 

obtained using this protocol. Typical HSQC spectra were acquired with an interscan delay 

of 1 s, 16 scans per increment and 72 increments in the indirect dimension, spanning 2333 

Hz.  In some cases (e.g. for fast relaxing cis states) the SOFAST-HMQC4 experiment was 

employed using 32 scans per increment and an interscan delay of 175 ms, yielding spectra 

with high signal-to-noise in 20 or 25 min.  ZZ-exchange spectra were run using the 

sequence of Kay and co-workers,5 using 32 scans per increment and mixing times ranging 

from 5.5 ms to 528 ms. Spectra were processed with the NMRPIPE processing suite,6 

using the included addNMR program to obtain difference FIDs where appropriate. 

Generally, FID signals were apodized using a shifted-squared-sinebell function, and then 

zero filled twice prior to Fourier transformation. In the indirect dimension, FID signals 

were linear predicted to twice the original size, then processed in the same manner as for 

the direct dimension.19F NMR spectra were acquired with an interscan delay of 1 s, using 

512 to 4096 scans (typically, spectra acquired at lower temperatures required more scans). 

Backbone amide assignments were determined using standard triple resonance 

experiments (HNCO, HNCACB, CBCA(CO)(N)NH), 6 7 which were processed with 

NMRPIPE 6 and analyzed with NMRViewJ (One Moon Scientific).  
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Figure S3. (a) Uncross-linked L3C-L29C FynSH3, (b) cross-linked with the trans form (dark-

adapted) of cross-linker (2), (c) after UV irradiation to produce 65% cis/25%trans of (2)-cross-

linked protein. (d) An overlay of the cross-peaks that increase in intensity in (c) vs. (b)(i.e. those 

that increase upon formation of the cis cross-linked species)(red) with the uncross-linked (folded) 

protein (a)(black) with assignments shown. Peaks that increase upon UV irradiation (i.e cis- 

associated peaks) correspond closely in chemical shift to the uncross-linked species except near 

the attachment point of the linker C3, C29 (see F4, I28). A few extra peaks are seen in the cross 

linked species suggesting an additional misfolded state. 

 

 

 

 

 

 

Assignment of folded and unfolded state Trp indole NH resonances: 

The following information describes the analysis for the (2)-cross-linked protein. 

Analogous spectra were used to assign the (1)-cross-linked protein NH indole resonances. 

Comparing HSQC and HNCO spectra of the light irradiated state at 20°C indicates there 

are four peaks associated with Trp indoles (Fig. S3). 



 10

 
Figure S4. HSQC (left) with Trp indole NH signals highlighted and HNCO (right) spectra showing 

the absence of indole signals of (2)-cross-linked FynSH3 (irradiated) at 20
o
C. 

 

A temperature series of HSQC spectra of the (2)-cross-linked protein in the dark state (10-

50°C), shows no major conformational changes to the protein.  Most shifts are linear, 

suggesting that while there is an exchange between a folded and unfolded state, the folded 

states are likely similar across temperatures.  

 

 
Figure S5. HSQC spectra of (2)-cross-linked FynSH3 (dark-adapted) at a series of temperatures 

(10, 20, 30, 40, 50
o
C; plotted from orange to red). 

 

Expansion of the Trp indole region reveals how the system responds to temperature: one 

peak (Peak 0, in the lower left) grows with temperature, while the other three decline in 

intensity with temperature. Lower temperatures provide resolution of folded-associated 

peaks 2 and 3, while they coalesce into one broad, ill-defined peak at higher temperatures 
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(above 30°C the majority of the resonances associated with the two folded states have 

coalesced). 

 
Figure S6. Indole region of the HSQC spectra of (2)-cross-linked FynSH3 (dark-adapted) at 10

o
C 

(black) and at 50
o
C (red). 

 

The difference of spectra acquired after UV irradiation and before (dark-adapted) at 50°C 

show which peaks are associated with the UV-irradiated state, and which are associated 

with the dark state.  Peaks associated with the folded state increase in intensity upon 

irradiation. 

 

 

Figure S7. (a) Indole region of the HSQC spectra of (2)-cross-linked FynSH3 (irradiated minus 

dark-adapted) where positive peaks are black and negative peaks are red.  

 

A temperature series of HSQC spectra of the (2)-cross-linked protein in the irradiated 
state (10-50°C, data collected immediately after 10 min irradiation at RT), again shows no 
major conformational changes to the protein.  Most shifts are linear, suggesting that while 
there is an exchange between a folded and unfolded state, the folded states are likely 
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similar across temperatures.  
 

 
Figure S8. HSQC spectra of (2)-cross-linked FynSH3 (irradiated) at a series of temperatures (10, 

20, 30, 40, 50
o
C; plotted from orange to red). 

 

Expansion of the Trp indole region reveals how the system responds to temperature: as 

with the "dark" state, one peak (Peak 0, in the lower left) grows with temperature, while 

the other three decline in intensity with temperature. Lower temperatures provide 

resolution of the folded-associated peaks 2 and 3, yet they are still separated at 50°C 

(unlike the dark state, where they coalesce). 

 
 

Figure S9. Indole region of the HSQC spectra of (2)-cross-linked FynSH3 (irradiated) at 10
o
C 

(black) and at 50
o
C (red). 
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Part IV: Development of model linkers and simulation methods. 

Molecular dynamics simulations of free linkers: 

Linker end-to-end distance distributions were calculated using moelcular dynamics 

(MD) methods running under Hyperchem 8.0 (Hypercube Inc.) essentially as described 

previously.8  Models of linkers were built and minimized using the Amber molecular 

mechanics force field (Amber99) with linkage to a Cys side-chain terminated with the Cα 

atom as a methyl group. Cis-isomers were restrained at the azo double bond. All peptide 

bonds had the trans geometry. Multiple 10 ns runs were performed at 300K using a 

variety of starting geometries. Cross-linker distributions were built from sulfur-to sulfur 

or Cα-Cα distances measured at 1 ps time steps. MD-simulated distributions are shown in 

Figs.1c, 5c and 5f. Logarithmic MD-simulated distributions are shown in Fig.9a and 

Fig.S10. 
 

 

Figure S10. Log Histograms of Cα-Cα distances for the free cross-linker (1),(2), and (3) in trans 

(a) and cis (b) geometries. 

 

Construction of model linkers. 

Two model cis-linkers are considered in the present study. Their general structure is given 

in Fig.5b. Every individual bond (between the centers of two adjacent circles) has an 

equilibrium length of 3.0 Å for the “short” (1) model cis-linker and 3.6 Å for the “long” 

(2) model cis-linker. Every bond has a spring constant Kbond = 100. The circles represents 

an excluded-volume repulsion term in the form of (2.8Å/r)12 between the Cα positions of 

the protein and each of the centers of the model “atoms” of the linker (see caption for 

Fig.5). All bond angles along a straight branch of the model linker are governed by a 

harmonic term with a stiff spring constant Kangle = 100 and an equilibrium bond angle at 

180°. Deviations of these bond angles from 180° are very small in our simulations. The 

main degree of freedom is the angle θ subtended by the two straight branches. Variation 

of θ is harmonic for the short cis-linker (1) and is anharmonic for the long cis-linker (2).  
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The energy term for the model short cis-linker (1) is Eθ = kθ (θ − θ0)
2 where the spring 

constant kθ = 3.5 and the equilibrium angle θ0 = 60°. This energy function provides a 

reasonably good fit to the MD-simulated end-to-end distribution for cis (1) (Fig5c, 

magenta curves). The energy term for the model long cis-linker (2) is Eθ = −1.2137 θ10 + 

20.611 θ9 −152.05 θ8 + 638.43 θ7 − 1678.1 θ6 + 2857.6 θ5 − 3146.4 θ4 + 2159.7 θ3 − 

844.46 θ2 + 152.54 θ − 0.057560 θ−4 + 0.0039010 θ−6 + 4.1395×10−7 θ−14. This functional 

form was obtained by fitting the MD-simulated end-to-end distribution for cis (2) (green 

curves in Fig.5c).  

The general structure of the model trans-linkers considered in this study is composed 

of two arms and one middle segment (Fig.5e). Each arm contains two bonds, whereas the 

middle segment can contain 4 or 5 bonds. The spring constant for bond length fluctuation 

is Kbond = 3 for the bonds in the two arms and Kbond = 20 for the bonds in the middle 

segment. The circles carry the same meaning as that for the model cis-linker in Fig.5b, as 

discussed above. As for the model cis-linker, all bond angles along a straight branch of a 

model trans-linker are governed by a harmonic term with a stiff spring constant Kangle = 

100 and an equilibrium bond angle of 180°. For the model short trans-linker (1), every 

bond has an equilibrium length of 3Å. The middle segment consists of 4 bonds with a 

total equilibrium length of 12Å, which is almost equal to the N(H)-N(H) distance of the 

experimental structure (11.98Å). The equilibrium length of each arm is 6Å, which is 

almost equal to the N(H)-Cα distance of the experimental structure (5.95Å). The 

equilibrium value for the angle θ is θ0 = 149°. Variation of θ is harmonic and the spring 

constant for the model short trans-linker (1) is kθ = 2.  

For the model long trans-linker (2), there are 5 bonds in the middle segment. The 

equilibrium bond lengths are 3.3, 3.4, 3.44, 3.44, 3.44, 3.44, 3.44, 3.4, and 3.3Å from one 

end of the linker to the other. Variation of θ is harmonic with θ0 = 104.5° and kθ = 1.5 for 

the model long trans-linker (2).  

To broaden our perspective, we considered also a class of model trans-linkers based 

on the basic design of the model for the long trans-linker (2), with θ0 = 104.5° and kθ = 0, 

1.5, 2.0, 4.0, 6.0, and 8.0 (the model long trans-linker (2) is a member of this class; see 

Figs.5f, 6b, 8, 9b, 11 and supplementary Figs. S12 and S13) as well as a more generalized 

class of model trans-linkers with different θ0 and kθ values (see Fig.7, which was 

generated by considering 57 different model trans-linkers). 

All values of Kbond provided above are for bond lengths measured in Å. All values of 

Kangle and kθ are for angles measured in radian. The unit of energy for the model linkers is 

the same as that for the explicit-chain protein model described below. Distributions of 

end-to-end distance of model linkers were obtained by thermodynamic sampling using 

the same Langevin dynamics protocol as that for the protein chain model (see below). 
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The explicit-chain protein model. 

     The Fyn SH3 domain protein was simulated by a Gō-like Cα chain model with a 

desolvation barrier in the native-centric potential as described in Liu and Chan.9 Using the 

definition of native contacts in this reference, namely that two residues are considered to 

be in contact if at least a pair of their non-hydrogen atoms, one from each residue, are less 

than 4.5Å apart in the Protein Data Bank (PDB) structure of the protein, we determined 

Q n = 129 native contacts for Fyn SH3 from the PDB structure 1SHF. The collection of all 

Q n pairs of residues that are in contact in the native structure is referred to as the native 

contact set. For the native-centric interactions defined by Eqs.1-3 in Liu and Chan, 9 we 

used ε = 1 for the contact minimum well depth, εdb = 0.1ε for the desolvation barrier 

height, and εssm = 0.2ε for the solvent-separated minimum well depth. Conformational 

sampling was conducted using Langevin dynamics as specified by Eqs.4-5 in Liu and 

Chan 9 using replica-exchange techniques and umbrella sampling as appropriate.10-12 

      As in prior studies, the fractional number of native contact Q is used here as an order 

parameter for the degree of folding. For a given model protein conformation, Q is defined 

as the number of  native contacts achieved in that conformation divided by the maximum 

number of native contact, Qn, in the folded state (0 ≤ Q ≤ 1). Low-Q conformations 

correspond to those in the unfolded state whereas the folded-state conformations have Q 

≈ 1. During the course of our simulations, a pair of residues i,j in the native contact set is 

said to be in contact if their Cα distance rij  ≤ r
n
ij + 1.5Å, where rn

ij is the distance between 

the Cα positions of residues i,j in the PDB structure.9,13 This definition of contact ensures 

that the distance between the two Cα positions is less than or equal to that of the 

desolvation barrier and is thus within the deepest attractive well of the native-centric 

potential. The contact probability maps in Figs.11a and 11b were constructed using this 

definition of native contacts. This definition of contact is discrete, i.e., a residue pair is 

either in or not in contact. The corresponding fractional number of native contact of a 

conformation with a set of  Cα-Cα  distance {rij} is thus given by  

      Q({rij}) = Σnative θ(r
n

ij + 1.5Å  – rij)/Q�n  ,                                                              [1] 

where θ(r) is the Heaviside step function [θ(r) = 0 if r < 0 and θ(r) = 1 if r ≥ 0] and the 

summation Σnative is over residue pairs i,j in the native contact set. This discrete definition 

of Q is not amenable, however, to the application of bias potentials that require the 

computation of derivatives of Q with respect to conformational coordinates12 because the 

above-defined Q is not differentiable with respect to the rij’s. Therefore, in order to 

exploit bias potential techniques for computational efficiency, we also employed a 

differentiable version of Q, viz.,  

     Q({rij}) = Σnative θs(rij , r
n
ij)/Σnative θs(rij = r

n
ij , r

n
ij) = Σnative θs(rij , r

n
ij)/0.88Qn,      [2] 

where θs(rij , r
n

ij) ≡ (1 + exp[10{rij/(r
n

ij+1.5Å) −1}])−1 is an analytic approximation of the 
step function θ(rn

ij + 1.5Å  – rij). This analytic definition of Q is similar, though not 
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identical, to that given by Eqs.5-7 in Badasyan et al.12 

     All Q values reported in the present study were obtained using the analytic definition 

of Q in Eq.[2]. In particular, the conformational population distribution P(Q) that 

underlies the free energy profiles –lnP(Q) in Fig.6 and Fig.S12b were obtained as 

follows. First, the sampled conformational population was separated into Σnative θs(rij=r
n

ij , 

r
n

ij) bins of equal size δQ according to a given conformation’s Q value, i.e., δQ =  [Σnative 

θs(rij=r
n

ij , r
n

ij)]-1. Depending on the value of Q, population was assigned to one of these 

bins covering the ranges of 0 ≤ Q < δQ,  δQ ≤ Q < 2δQ, …, 1 ‒  δQ ≤ Q  < 1,  and Q = 1. 

Second, the resulting distribution of population was normalized so that the summation of 

the populations in every bin over all the bins is equal to unity. Third, the function P(Q) 

was then defined as a discrete function wherein the normalized population in the mth bin 

is assigned a Q value of (m ‒ 1/2)δQ, where m = 1, 2, … . We have conducted test 

simulations on several free energy profiles. The results indicate that profiles obtained 

using the discrete definition of Q are essentially identical to their corresponding profiles 

obtained using the above procedure that uses our analytic definition of Q. 

     Conformational sampling was conducted using Langevin dynamics for the model 

wildtype (WT) protein (without cross-linker) as well as for model proteins with a model 

cis- or trans-linker connecting the 3 and 29 Cα positions. Conformations with Q < 0.06 

and Q > 0.95 are, respectively, defined to be in the unfolded and folded state. Folded-state 

stability, or free energy of folding, is defined as the natural logarithm of the ratio between 

population with Q < 0.06 and population with Q > 0.95, i.e.,  

        ∆G/kBT = ln[P(Q < 0.06)/P(Q > 0.95)].                                                     [3] 

It should be noted that the folded state is not a single structure in this formulation. The 

depiction of the folded-state ensemble in Fig.S11 highlights small yet appreciable 

conformational fluctuations around the PDB structure. 

 
Fig.S11. Explicit-chain Cα representations of the folded form of Fyn SH3 domain in the model 

used for folding/unfolding simulations in this work. The black trace is the 1SHF PDB structure, 

where, as in Fig.1a in the main text, the positions of residues 3 and 29 are marked by the red 

balls. Thermal fluctuations around the PDB structure are illustrated by the green traces depicting 

20 randomly selected conformations with the same number of native contacts as that in the PDB 

structure (Q = 1). The Cα traces were generated using PyMOL. 
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        Our simulation results indicate that cross-linking can have significant effects not 

only on folded-state stability (the relative population of  low-Q unfolded conformations 

and high-Q folded conformations, see Figs.6, 7, 9b and Fig.S12a) but also on folding 

cooperativity (the height of the free energy barrier at intermediate Q that separates the 

folded and unfolded states,14 see Fig.S12b). For the model linkers that cross-link positions 

3 and 29 in Fyn SH3, our simulation indicates that the excluded volume repulsion 

between the linker and the protein (see Figs.5b, 5e and the above discussion) does not 

play a dominant role in folded-state destabilization. In simulations where the excluded 

volume repulsion between the linker and the protein was turned off, i.e., when 

simulations were conducted in the absence of the (2.8Å/r)12 term between the linker and 

the protein, the folded-state destabilization caused by the model short trans-linker (1) is 

only slightly reduced from 4.03kBT (Table I) to 3.50 kBT; and that caused by the model 

long trans-linker (2) is reduced not too significantly from 1.63kBT (Table I) to 1.06 kBT. 

As discussed in the main text, the major determinant of destabilization effect is apparently 

the relative population of the native distance of the cross-linked residues in the end-to-end 

distribution of the free, unattached linker (Fig.9 and Fig.S13). 
 

 

Fig.S12. Linker effects on folding stability and on the free energy barrier separating the folded and 

unfolded states. (a) Folding stability ∆G/kBT as a function of the flexibility parameter kθ for the 

model trans-linkers in Figs.5e and 6b. Destabilization (more positive ∆G/kBT) is seen to increase 

with increasing linker stiffness (larger kθ). The ∆G/kBT values for the model trans-linkers that 

correspond to the experimental trans linkers in Fig.1b are highlighted (see Table I). (b) The free 

energy profile of the WT protein is compared with the free energy profiles of the protein with one 

of the two model cis-linkers, or with the model trans-linkers with kθ = 1.5 (model for the trans (2)) 

or with the model trans-linker with kθ = 8 from Fig.5f (same color code as that in Figs.5c and 5e). 

All free energy profiles in this figure were simulated at the models’ respective approximate 

midpoint temperatures (i.e., when ∆G/kBT ≈ 0). Because the free energy barrier separating the 

folded and unfolded states is raised by the model cis-linkers and lowered by the stiff (kθ = 8) 

model trans-linker (orange curve), folding cooperativity
14

 is seen to be enhanced by the cis-linkers 

but reduced by the stiff trans-linker.  
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Fig.S13. Logarithmic distribution of model cross-linker end-to-end distance. The natural logarithm 

of the normalized distribution of Cα-Cα distance is shown for the free (unattached) form of each of 

the model cross-linkers. (a) Results for the models for (1) – trans, (2) – trans, (1) – cis, and (2) – 

cis are plotted, respectively, by the solid magenta, solid green, dotted magenta, and dotted green 

curves. The color code and line style here are identical to that in Fig.9a. (b) Results for the class 

of model trans cross-linkers with θ0 = 104.5° and kθ = 0, 1.5, 2.0, 4.0, 6.0, and 8.0 in Fig.5f are 

plotted using the same color code as that in Fig.5f. The vertical dotted lines indicate the Cα-Cα 

distance between positions 3 and 29 in the native folded structure of Fyn SH3. Protein 

destablization free energy ∆G/kBT  correlates well with the difference between the logarithmic 

distribution at the folded state Cα-Cα distance and the logarithm of the maximum value Pmax of the 

distribution (Fig.9b).  
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