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Supporting information 

 

Materials and methods:  

Protein expression and purification. 

Protein expression was performed in Escherichia coli strains BL21 CodonPlus-RP 

(Stratagene) for the pGEX-6P-2 constructs and BL21(DE3) CodonPlus-RIPL (Stratagene) for 

the pET-16 constructs in Luria Broth or M9 minimal media containing 15N-enriched NH4Cl 

(Spectra Stable Isotopes)  and unenriched or 13C-enriched glucose  (Spectra Stable Isotopes) 

as sole nitrogen and carbon sources, respectively. Expression was induced at 30 oC by adding 

isopropyl-β-D-thiogalactopyranoside (Melford) to a final concentration of 0.2 mM. Cells 

were harvested after 12 hours, resuspended in a buffer containing 150 mM NaCl, 20 mM 

NaPi pH 7.3, 10 mM MgCl, DNAse I and 1% Triton-X, and lysed by repeated freeze/thaw 

cycles. Cell lysates were centrifuged at 20,000 g for 20 min. 

GST-fused protein constructs were purified as follows: the lysate supernatant was 

loaded in a glutathione-sepharose column (GE Biosciences) and eluted with a 10 mM 

reduced glutathione (Sigma), 50 mM Tris-Cl pH 7.8 buffer. EDTA was added to a final 

concentration of 9 mM and the protein fusion was digested overnight at 4 oC by 3C protease. 

After cleavage, the protein was buffer exchanged to 150 mM NaCl, 20 mM NaPi pH 7.3, 

passed again through the glutathione-sepharose column to retain the cleaved GST and buffer 

exchanged to a final buffer. In contrast, His-tag fused constructs were purified from lysate 

inclusion bodies by metal affinity chromatography (GE biosciences) under denaturing 

conditions (8 M Urea, 100 mM NaCl, 20 mM Tris-Cl pH 7.8). The proteins were 

subsequently refolded by slow dialysis against a 100 mM NaCl, 20 mM Tris-Cl pH 7.8 buffer 

and digested by 3C protease as described. Final purification was performed by anion 

exchange chromatography and buffer exchange against a final buffer. Wild type 1-2FNIII 

prepared by both methods yielded identical 15N HSQC spectra (data not shown). Centrifugal 

filtering devices (Amicon, Millipore) were used for protein concentration to levels suitable 
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for NMR (~1-2 mM). Protein concentration was determined by absorbance at 280 nm, using 

a corrected extinction coefficient as described (Pace et al., 1995). 

 

NMR experiments. 

1FNIII chemical shift assignments were reported previously (Gao et al., 2003). 2FNIII 

sequential 13C, 15N and 1H, backbone and sidechain chemical shift assignments and 1-2FNIII 

backbone chemical shift assignments were performed using standard triple resonance 

experiments. Stereospecific assignments, 3JHNHA coupling measurements, χ1 and χ2 dihedral 

angle determinations and proline isomerization state determinations were performed as 

described previously (Vakonakis et al., 2004a; Vakonakis et al., 2004b). Backbone dynamics 

measurements (15N T1, 15N T2 and {1H–}15N NOE) were performed and analyzed as 

described previously (Vakonakis et al., 2004a). Residual dipolar coupling (RDC) restraints 

were obtained using an IPAP 1H-15N HSQC experiment (Ottiger et al., 1998) in 4% 

polyacrylamide gels radially compressed using an apparatus similar to that of Chou et al. 

(Chou et al., 2001), or a 4% C12E5 polyethylyne glycol / hexanol medium (Ruckert and 

Otting, 2000). RDC restraints were derived from single, un-overlapped peaks in the IPAP 

spectra and used only for structured residues ({1H–}15N NOE > 0.6). The RDC rhombicity 

and anisotropy components in structure calculations were determined by grid-search using an 

initial protein structure and further refined in subsequent calculation iterations. Singular value 

decomposition fit of RDC data to protein structures was performed using the program 

PALES (Zweckstetter and Bax, 2000). 

 

NMR structure calculations: linker 

Hydrogen bond restraints were implemented using a specialized distance and geometry 

potential energy term derived from high resolution X-ray diffraction structures (Lipsitz et al., 
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2002) and applied in accordance with hydrogen exchange protection data acquired by NMR, 

and the existence of regular secondary structure NOEs (Wüthrich, 1986).  ϕ and ψ dihedral 

angle values were predicted using TALOS (Cornilescu et al., 1999). A total of 50 structures 

were calculated by a distance geometry simulated annealing protocol in Cartesian space using 

the XPLOR-NIH software package. Only NOE, hydrogen bond, dihedral angle, RDC and 

3JHNHA-coupling potential energy terms were used as restraints during simulated annealing. 

During structure refinement additional potential energy terms were used, including a radius 

of gyration restraint, with a calculated value of 11.29 Å applied to residues 735-608 

(Kuszewski et al., 1999), a conformational database potential term (Kuszewski et al., 1996) 

and direct refinement against 13Cα and 13Cβ chemical shifts (Kuszewski et al., 1995). The 

final ensemble consists of the 25 lowest energy structures.  

 

NMR structure calculations: linker 

A number of short simulations on possible interdomain linker conformations were 

performed using XPLOR-NIH (Schwieters et al., 2003). Amino acid chains of the specific 

linker sequence were subjected to a simulated slow cooling process under full Van der Waals 

and chemical structure potentials. In addition, potential terms for direct refinement against the 

measured 13Cα and 13Cβ chemical shifts (Kuszewski et al., 1995) and conformational database 

refinement (Kuszewski et al., 1996) were included. This ensured that overall linker 

conformations remained those of random coil while simultaneously biasing the linker 

population against disallowed regions of the Ramachandran plot. A total of 500 linker 

conformations were calculated and used to obtain the average end-to-end distance. 

 

NMR Structure calculations:  1-2FNIII 

The 1-2FNIII structure was calculated using a rigid body docking protocol as described 

previously (Clore and Schwieters, 2003) modified to allow for interactions between two 

domains of the same polypeptide chain (1FNIII, residues 609-701 and structured 2FNIII, 

residues 734-809) connected through a flexible linker (residues 702-733). Distance restraints 

were implemented based on the consensus of the chemical shift perturbations observed, and 
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RDC restraints were derived from the strained polyacrylamide media experiments. The 

sidechains of all residues of the structured domains were fixed during the first few initial 

runs. Subsequently, the sidechains of residues at the interaction interface (E618, Q622, N624, 

S625, T667, K669, K672, S748, R751, E753, Y765, D767, I793, E795, D796, E798 and 

Q799) were allowed to move and a radius of gyration potential term (Kuszewski et al., 1999) 

with a calculated value of 13.25 Å was applied between 1FNIII residues 617-627, 667-677, 

697-701 and all the structured 2FNIII residues, in order to improve the interdomain interface 

packing. 100 structures were generated and the 50 lowest energy structures were retained for 

further analysis. After site specific amino acid substitution and additional RDC experiments 

in PEG/hexanol media one final ensemble of 39 structures was selected. 
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Figure 1. 

 
Figure 1. (A) 13Cα, 13Cβ and 1Hα chemical shift differences compared to random coil chemical 
shifts (Wishart et al., 1995) versus residue number for 2FNIII. The chemical shifts for 2FNIII 
have been deposited in the BioMagResBank (http://www.bmrb.wisc.edu) under accession 
number 7127.  The position of the secondary structure elements identified in the 2FNIII are 
shown as filled arrows for reference. Also shown (open arrow) is the relative position of the 
first β-strand of typical FNIII domains, which is disordered in 2FNIII. (B) 15N T1/T2 ratios 
and (C) heteronuclear {1H–}15N NOE versus residue number for 2FNIII. Data were collected 
and analyzed as described previously (Vakonakis et al., 2004b) at 30o C and 14.1 T (600 MHz 
1H frequency). The estimated total correlation time (τc) under these conditions is ~5.2 ns 
which is consistent with a monomeric particle in solution. 
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Figure 2. 

 
Figure 2. 1FNIII–2FNIII interaction. Top panels: 1H-15N HSQC spectra overlays of (A) 

isolated 15N enriched 1FNIII (black) or in the presence of unenriched 2FNIII (red) and similar 

spectra of (B) 15N enriched 2FNIII and unenriched 1FNIII. Lower panels: Details from 2FNIII 

HSQC spectra overlays for different 1FNIII/2FNIII stoichiometric ratios of (C, D) wild-type 

proteins, (E, F) wild-type 2FNIII with 1FNIII K669A, and (G, H) 2FNIII D767A with wild-

type 1FNIII. In all cases overlays of similar colour correspond to identical domain 

stoichiometric ratios and absolute protein concentrations. The larger effect observed upon 

D767 substitution can be attributed to additional electrostatic and hydrogen bonding 

contributions of this residue to 1FNIII–2FNIII binding and organization of the 2FNIII 1FNIII-

binding interface. 
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Figure 3. 

 
Figure 3. The chemical shifts of eight resonances (R751ε, E755N, E758N, D767N, V788N, 
Q799ε2 and S800N) of 15N enriched 2FNIII were monitored during titrations with unenriched 
wild-type 1FNIII (black diamonds) or 1FNIII K669A (purple squares) under the NMR 
conditions described. Averages of the fractional shifts 
ƒ∆δ=(|∆δH|+|∆δN/5|)/(|∆δH

max|+|∆δN
max/5|) of all eight resonances are plotted here against 

increasing stoichiometric ratios of the two domains. Error bars correspond to two standard 
deviations from the average. Data from all eight resonances were fit simultaneously using 
Origin assuming a single binding event but allowing for different chemical shift perturbation 
maxima. Solid lines correspond to calculated average chemical shift perturbations from the 
fit. 
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Figure 4. 

 
Figure 4. Shown here are 1H and 15N chemical shift perturbations versus residue number for 
(A,B) titrations of unenriched 2FNIII in 15N enriched 1FNIII or unenriched 1FNIII in 15N 
enriched 2FNIII, respectively and (C,D) 1FNIII or 2FNIII resonances, respectively, in the 1-

2FNIII context compared to those of the independent domains. 
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Figure 5. 

 
Figure 5. (A) 13Cα chemical shift differences compared to random coil chemical shifts 
(Wishart et al., 1995) versus residue number for 1-2FNIII. Backbone chemical shift 
assignments for 1-2FNIII have been deposited in the BioMagResBank 
(http://www.bmrb.wisc.edu) under accession number 7128.  Secondary structure elements are 
indicated by arrows. (B) 15N T2 relaxation rates and (C) heteronuclear {1H–}15N NOE versus 
residue number for 1-2FNIII. Error bars were calculated from spectral noise and correspond to 
two standard deviations. Data were collected and analyzed as described previously 
(Vakonakis et al., 2004b) at 30o C and 14.1 T (600 MHz 1H frequency). The average 15T2 
relaxation rate observed for the structured domains is 73 msec, which is consistent with the 
two domains interacting in a closed conformation. 
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Figure 6. 

 
Figure 6. Analytical gel filtration elution profiles versus retention volume for 1-2FNIII wild-
type (red) and K669A/D767A variant (blue). Retention volumes for the calibration markers, 
as well as their apparent molecular weights, are indicated. 1-2FNIII K669A/D767A is eluted at 
the column void volume indicating complete exclusion of this variant. This is consistent with 
the expected large average hydrodynamic radius of two non-interacting domains connected 
through a large flexible linker. The secondary, smaller peak observed for wild-type 1-2FNIII 
corresponds to a minor proteolytic fragment. 
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Figure 7. 

 
Figure 7. Analytical ultracentrifugation equilibrium absorbance versus rotor radius. Data 
were acquired on samples of (A) wild type or (B) K699A/D767A 1-2FNIII in PBS buffer and 
fit to an ideal monodisperse model shown as a solid line. Residuals of the fit are plotted 
against rotor radius at the top of the graphs. The molecular weights of both proteins from the 
fits are consistent with monomeric particles in solution (~22.5 kDa).  
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Figure 8. 

 
Figure 8. Singular value decomposition (SVD) fit of residual dipolar coupling (RDC) 
restraints to representative 1-2FNIII structural models of (A) population A of the calculated 
ensemble and (B) population B of the same ensemble. The RDC restraints used in this fit 
were derived from a C12E5 polyethylene glycol/hexanol medium (Ruckert and Otting, 2000). 
SVD fit was perform using the program PALES (Zweckstetter and Bax, 2000). The structural 
models used had the smallest backbone RMSD from the average of their respective 
population. The fit is significantly better for the population A model, indicating that this 
population better represents the correct 1-2FNIII structure. 
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Figure 9. 

 
Figure 9. SPR sensogram traces of the interaction of wild type 1-2FNIII (17 to 270µM) (A), 
wild type 2FNIII (20 to 80µM) (B) and 1-2FNIII K669A/D767A (31 to 250 nM) (C) with 
immobilized FN30kDa fragment. Data points close to injection start and end (denoted by red 
vertical lines) were removed for clarity. Sensogram traces of (C) featured a system spike at 
approximately 650 seconds, possibly as a result of system pump direction reversal. The 
corresponding data points were removed. Equilibrium analysis of (A) yielded a Kd value of 
approximately 85 µM for the interaction of wild type 1-2FNIII with FN30kDa. In contrast, 
kinetic analysis of (C) yielded a Kd value of approximately 1.4 nM for the equivalent 
interaction of 1-2FNIII K669A/D767A. 
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