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Abstract

Fibronectin is a large vertebrate glycoprotein that is found in soluble and insoluble forms and 

involved in diverse processes. Protomeric fibronectin is a dimer of subunits, each of which 

comprises 29 to 31 modules—12 type I, two type II, and 15-17 type III. Plasma fibronectin is 

secreted by hepatocytes and circulates in a compact conformation before it binds to cell surfaces, 

converts to an extended conformation, and is assembled into fibronectin fibrils. Here we review 

biophysical and structural studies that have shed light on how plasma fibronectin transitions from 

the compact to the extended conformation. The three types of modules each have a well-organized 

secondary and tertiary structure as defined by NMR and crystallography and have been likened to 

“beads on a string”. There are flexible sequences in the N-terminal tail, between the fifth and sixth 

type I modules, between the first two and last two of the type III modules, and at the C-terminus. 

Several specific module-module interactions have been identified that likely maintain the compact 

quaternary structure of circulating fibronectin. The quaternary structure is perturbed in response to 

binding events, including binding of fibronectin to the surface of vertebrate cells for fibril 

assembly and to bacterial adhesins.
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 Introduction

Fibronectin (FN, human gene FN1, UniProt entry for human protein: http://

www.uniprot.org/uniprot/P02751) is a 470- to 500-kDa glycoprotein of vertebrates that 

contributes to normal processes important for development, organogenesis, cell adhesion and 

migration, and hemostasis (George et al., 1993, Pankov and Yamada, 2002, Wang et al., 

2014) and pathophysiologic processes such as angiogenesis (Zhou et al., 2008) and vascular 

remodeling (Chiang et al., 2009). FN has given its name to the three module types that 

constitute >90% of its sequence: FNI, FNII, and FNIII (Fig. 1). There are two general 

sources of FN: plasma FN that is synthesized by hepatocytes and secreted into blood where 

it circulates in a compact conformation and cellular FN that is secreted locally by cells 

(Tamkun and Hynes, 1983, Moretti et al., 2007). Many of the effects of FN require FN to be 
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assembled into fibrils of the extracellular matrix. FN assembly has been studied mostly in 

cell culture and involves FN binding to molecules on cell surfaces, including syndecans and 

integrins, adopting a linear conformation, and recruiting additional FN molecules to form 

insoluble fibrils (Singh et al., 2010, Fruh et al., 2015). Assembly is initiated at sites of cell 

adhesion, and growing fibrils are translocated inwards (Pankov et al., 2000, Ohashi et al., 

2002).

Plasma FN circulates at 200 to 600 μg mL-1 (0.4-1.2 μM) in humans (Zerlauth and Wolf, 

1984) and 100 to 400 μg mL-1 (0.2-0.8 μM) in mice (Tomasini-Johansson and Mosher, 

2009). Remarkably, human plasma FN after purification and concentration is soluble in 

physiological saline at concentrations (15-20 mg mL1 or 30-40 μM) many-fold greater than 

that found in the circulation (Mosher and Johnson, 1983). Plasma FN is taken up by tissues 

and deposited in extracellular matrix fibrils alongside locally synthesized cellular FN (Oh et 

al., 1981, Moretti et al., 2007). The mechanism of in vivo deposition is presumed to be 

mimicked by assembly in vitro by cultured fibroblasts, which become competent to 

assemble plasma FN at low nM concentrations shortly after adhesion to culture dishes (Bae 

et al., 2004). Plasma FN is also assembled efficiently by adherent platelets in a flow 

chamber (Cho and Mosher, 2006c). Given the abundance of FN in the plasma, it has long 

been hypothesized that maintenance of plasma FN in a closed compact conformation is 

necessary to prevent aberrant interactions among FN protomers and between FN and cell 

surface receptors and other macromolecules (Pearlstein, 1978, Rocco et al., 1983, Johnson et 

al., 1999, Singh et al., 2010). Such interactions would be expected to lead to FN assembly in 

tissues and contribute to thrombus formation in the circulation.

Well before its primary structure was elucidated, purified plasma FN was characterized by a 

variety of biophysical techniques. The sedimentation velocity and diffusion coefficients were 

found to decrease as either ionic strength or pH is increased, suggesting that electrostatic 

interactions maintain FN in its compact conformation (Alexander et al., 1979, Williams et 

al., 1982, Tooney et al., 1983). Further, light scattering and intrinsic viscosity studies showed 

that the compact conformation can be perturbed easily inasmuch as the Stoke's radius of FN 

increased from ∼10.5 nm in ∼150 mM sodium chloride to ∼17.5 nm in ∼1 M sodium 

chloride (Rocco et al., 1983, Rocco et al., 1987). Rotary shadowing electron microscopy 

studies visualized FN in compact and V-shape conformations depending on the surface and 

conditions of adsorption (Odermatt and Engel, 1989). When studies were performed in high 

salt or acidic or basic conditions, FN had an extended V-shape conformation whereas studies 

in low salt showed a bent or “irregularly coiled compact” conformation (Tooney et al., 1983, 

Erickson and Carrell, 1983). On most surfaces, regardless of the conditions tested, there 

appeared to be a great deal of flexibility along the length of FN (Odermatt and Engel, 1989).

Based on such results and early primary sequence data demonstrating its modular nature, 

plasma FN was modeled as beads-on-a-string with differences along the string in the degrees 

that any two beads could bend or rotate relative to one another (Rocco et al., 1983). This 

model was further developed when the full sequence with its 58 modules (Fig. 1) was known 

(Rocco et al., 1987). Results of NMR, crystallography, and lower resolution studies are now 

available that characterize module-module interactions in FN and thus allow one to predict 

sites of flexibility between modules, shown as arrows in Fig. 1, and long distant interactions 
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that determine quaternary structure of compact plasma FN (Fig. 2). Here, we work from 

these studies to arrive at models of the interactions that maintain plasma FN in a compact 

conformation and how these interactions may be broken and re-arranged in ways that are 

biological relevant. We pay particular attention to modulation of structure by segments of 

bacterial surface adhesins that interact specifically with FN.

 Modular make-up of FN and structures of FNI, FNII, and FNIII modules

FN is a dimer of 235-250-kDa subunits. Each subunit is composed of an array of 12 type I 

(FNI), two FNII, and 15-17 FNIII modules (Fig. 1). We use a nomenclature whereby module 

type is designated by a Roman number and the positions of the modules of each type, 

ordered from N- to C-terminus, are designated by superscript Arabic numbers. Dimerization 

is by a brace of disulfide bonds near the C-termini connecting the two subunits (An et al., 

1992).

The variable number of type III modules is a result of differential mRNA splicing that 

determines inclusion of extra domain A (AFNIII) between 11FNIII and 12FNIII or extra 

domain B (BFNIII) between 7FNIII and 8FNIII (White et al., 2008, Astrof and Hynes, 2009) 

(Fig. 1). Additionally, differential splicing leads to five different sequences, ranging from 0 

to 120 amino acids, that comprise the type III homology connecting segment or V region 

located between 14FNIII and 15FNIII (Muro et al., 2008, Petersen et al., 1989, Hynes, 1990). 

Random assortment of differential splicing of AFNIII, BFNIII, and the V region could yield 

20 different versions of the human FN subunit and many more possible versions of 

homodimers and heterodimers. Plasma FN lacks AFNIII and BFNIII, and one subunit lacks 

residues in the V region, resulting in a simpler mix of dimers. Mice genetically manipulated 

to enforce the presence or absence of AFNIII and/or BFNIII in all FN subunits, including FN 

in plasma, manifest many abnormalities including changes in fibrosis and thrombosis (White 

et al., 2008, Astrof and Hynes, 2009). These observations along with biophysical studies of 

large FN fragments (Johnson et al., 1999) indicate that AFNIII and BFNIII have important 

effects on FN structure. However, purified intact FNs harboring AFNIII and/or BFNIII have 

been available in only limited quantities (e.g. (Guan et al., 1990, Manabe et al., 1997)) and 

have not been subjected to the extensive biophysical studies that have been carried out on 

plasma FN. Thus, this review concentrates on plasma FN alone.

The FNI module is unique to chordates, and the FN protein described above is only present 

in vertebrates (Tucker and Chiquet-Ehrismann, 2009, Adams et al., 2015). However, the FNI 

module is related structurally to a submodule within the von Willebrand factor-C module 

found widely in proteins of chordates and non-chordates, suggesting that FNI modules arose 

from a von Willebrand factor-C module (O'Leary et al., 2004). FN is the only vertebrate 

protein with tandem FNI modules. There are single FNI modules in tissue plasminogen 

activator (PLAT), blood coagulation factor XII (F12), and hepatocyte growth factor activator 

(HGFAC) (Downing et al., 1992, Smith et al., 1994, Maas et al., 2008). In FN, each FNI 

module is encoded by a single exon (Hynes, 1990). FNI modules are ∼45 amino acids in 

length and comprise minor AB and major CDE anti-parallel β-sheets, with conserved Cys1-

Cys3 and Cys2-Cys4 disulfides connecting the A and D strands and D and E strands, 
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respectively (Potts and Campbell, 1996). Ribbon structures of four FNI modules are shown 

in Fig. 1.

FNII modules are also encoded by individual exons (Hynes, 1990). The modules, both of 

which are shown in Fig. 1, are ∼60 amino acids in length and comprise two β-sheets that are 

perpendicular to each other. The majority of the sequence is in loops between strands. Two 

disulfides are in a Cys1-Cys3/Cys2-Cys4 pattern (Potts and Campbell, 1996, Pickford et al., 

1997). Examples of FNII modules are found in matrix metalloproteinases MMP2 and 

MMP9 (Potts and Campbell, 1996) and other human proteins including F12, HGFAC, 

BSPH1, ELSPBP1, LY75, IGF2R, MRC1, MRC2, PLA2R1, and SEL1L (http://

www.uniprot.org/uniprot/?query=domain%3A%22fibronectin+type+2+domain*%22+AND

+human&sort=score).

Two exons encode the majority of FNIII modules of FN whereas single exons 

encode 9FNIII, AFNIII, and BFNIII (Muro et al., 2008, Hynes, 1990). FNIII modules are 

∼90 amino acids long, fold into a seven-stranded β-sandwich, and lack disulfide bonds 

(Potts and Campbell, 1996). Ribbon structures of seven FNIII modules are shown in Fig. 1. 

FNIII modules are widespread in intracellular as well as extracellular proteins such that 

UniProt lists >7800 FNIII-module-containing proteins from diverse species, including 322 

unique proteins in humans (http://www.uniprot.org/uniprot/?query=domain%3A

%22fibronectin+type+3+domain*%22+human&sort&equals;score). In many of these 

proteins, FNIII modules are present in long arrays, as is the case for FN.

To summarize, FN is a “vertebrate invention” and the only protein with tandem FNI modules 

and with FNI modules adjacent to a long array of FNIII modules. Other multi-modular 

extracellular matrix proteins such as laminins, tenascins, and fibrinogen/fibrin do not 

undergo large conformation changes. The uniqueness of plasma FN, therefore, offers a 

special challenge in discerning structure-function relationships that account for its ability to 

deposit in extracellular matrix seemingly at “a drop of a hat” and yet remain soluble at 

concentrations orders of magnitude greater than the concentrations at which it deposits into 

extracellular matrix or binds to cell surface receptors.

 Flexible regions within FN

Approximately 90% of the FN sequence can be assigned to FNI, FNII, or FNIII modules. 

The rest of the sequence (depicted as black lines in Fig. 1) is likely unstructured and flexible 

(arrows in Fig. 1) as evidenced by NMR spectroscopy or susceptibility to proteolytic 

cleavage.

Human FN is synthesized with a 31-residue N-terminal “prepro” sequence ending in a 

consensus furin cleavage sequence (Petersen et al., 1989). The exact site of cleavage within 

this sequence by signal peptidase upon translocation into the endoplasmic reticulum and 

contribution of the remaining “pro” sequence to folding and secretion, to our knowledge, 

have not been approached experimentally. NMR of recombinant protein comprising the 18-

residue N-terminal tail and 1FNI of mature FN indicated that the tail has a mobile random 

coil structure (Potts et al., 1995). This finding is important because near the tip of the tail are 
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glutaminyl residues through which FN can be cross-linked to itself or other proteins via ε(γ-

glutamyl)-lysine bonds catalyzed by activated blood coagulation Factor XIII and tissue 

transglutaminase (Hoffmann et al., 2011).

The 28-residue linker between 5FNI and 6FNI is much longer than the connectors between 

other pairs of FNI modules and contains six proline residues. The linking sequence is 

sensitive to limited proteolysis by trypsin, thrombin, plasmin, or thermolysin, yielding a N-

terminal domain comprising five FNI modules (N-5FNI) (Pankov and Yamada, 2002). An 

NMR structure of the 1-2FNIII tandem construct showed that 2FNIII lacks the A-strand, and 

instead the A-strand is part of a ∼30-residue segment that has the potential to be a flexible 

connector between the G-strand of 1FNIII and the B-strand of 2FNIII (Vakonakis et al., 

2007). Although this segment is sensitive to limited proteolysis by thermolysin (Borsi et al., 

1986), “end-to-side” interactions between 1FNIII and 2FNIII may prevent the two ends of 

the connector from being mobilized (Vakonakis et al., 2007, Karuri et al., 2009).

The V region, when present, is sensitive to a variety of proteases (Hayashi and Yamada, 

1981). Surprisingly, in a crystal structure of 12-15FNIII, none of the residues in 15FNIII were 

resolved (Sharma et al., 1999). However, 15FNIII has a buried free cysteine (Smith et al., 

1982) and therefore is unlikely to be unstructured. It has been suggested that 15FNIII lacks 

residues needed for an A-strand and may use part of the V region for that purpose (Sharma 

et al., 1999). Finally, there are 32 residues between the C-terminal residue of 12FNI and the 

C-terminal inter-subunit disulfides that are likely flexible as evidenced by limited proteolysis 

experiments with trypsin, chymotrypsin, or plasmin, which produces a 3- to 6-kDa fragment 

at the C-terminus depending on the enzyme used(An et al., 1992, Pankov and Yamada, 

2002).

Differential scanning calorimetry (DSC) has revealed a wide range of melting temperatures 

for FNIII modules (48°C-121°C) (Litvinovich and Ingham, 1995), and because FNIII 

modules lack constraining disulfide bonds, it has been hypothesized that strands of FNIII 

modules can be unfolded under certain conditions (Erickson, 1994). A study looking at 

exposure of buried cysteines placed by in vitro mutagenesis within FNIII modules indicated 

that in isolation 2FNIII, 3FNIII, 9FNIII, and 11FNIII unfold (Lemmon et al., 2011). Although 

FNIII modules in full length FN have not been shown to adopt an unfolded conformation in 

the circulation, there is substantial computational (Krammer et al., 1999, Paci and Karplus, 

1999) and experimental (Lemmon et al., 2011, Baneyx et al., 2001, Baneyx et al., 2002, 

Smith et al., 2007) evidence that the structure of the FNIII modules can be altered by 

stretching forces, including those produced by cells during and after FN assembly. It has 

been suggested that unfolding of FNIII modules explains the observation that with force, the 

length of FN fibrils can increase 8-fold before 50% of the fibrils break (Ohashi et al., 1999, 

Klotzsch et al., 2009). Thinking about the additional mobility that could be afforded by 

unfolding of FNIII modules and how newly mobilized segments might interact with other 

regions of FN or with other molecules, especially by exchange of the β–strands (Erickson, 

1994), is mind-boggling.

Anastellin, truncated 1FNIII lacking the A and B strands, offers an informative case study of 

the complexities of unravelling type III modules. This segment of FN was identified as a 
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chymotryptic fragment that at low concentration partially inhibits deposition of FN into 

extracellular matrix (Morla and Ruoslahti, 1992) and subsequently studied as a small 

recombinant protein. The segment attracted considerable interest when it was found to cause 

aggregation of intact FN when added at high concentration (Morla et al., 1994) and thereby 

block tumor angiogenesis in mice (the name is derived from “anastello,” Greek for “inhibit” 

or “force a retreat”) (Yi and Ruoslahti, 2001, Yi et al., 2003) The truncation increases 

accessibility of the hydrophobic core of 1FNIII to solvent and causes some of the β–strands 

to acquire the potential to form backbone hydrogen bonds with β–strands of other proteins 

(Briknarova et al., 2003). Addition of anastellin to recombinant 3FNIII makes 3FNIII more 

sensitive to cleavage by thermolysin, suggesting that anastellin exposes sequences that are 

cryptic in intact 3FNIII (Ohashi et al., 2009). Interestingly, stopped-flow studies indicate that 

the rate constant for unfolding of 3FNIII is several orders of magnitude faster than the 

unfolding rate constants of other FNIII modules (Stine et al., 2015). The unusually fast rate 

is similar to the independently determined (Ohashi et al., 2009) rate of binding of anastellin 

to 3FNIII, consistent with a model in which 3FNIII has to unfold to interact with anastellin. 

The interaction of anastellin with 3FNIII, however, does not totally explain aggregation of 

FN induced by anastellin because only when 2FNIII, 3FNIII, and 11FNIII were stabilized by 

engineering disulfides into each was recombinant FN resistant to aggregation induced by 

anastellin (Ohashi and Erickson, 2011)

 Interactions between adjacent modules

The beads-on-a-string model predicts differences in the degrees with which modules arrayed 

end-to-end can twist or tilt relative to one another (Rocco et al., 1983). Intrinsic viscosity 

measurements of plasma FN in its extended conformation at high ionic strength indicated a 

persistence length of <25 nm, i.e., that the string is quite flexible (Williams et al., 1982). 

Results of a number of NMR, crystallography, and lower resolution studies are now 

available that characterize many of the module-module interactions in FN and thus allow 

one to predict sites of flexibility between modules, shown as arrows in Fig. 1. Importantly, 

these studies identify regions of FN in which modules are not arrayed end-to-end.

An NMR structure of 1-2FNI showed no inter-module interactions suggesting that movement 

of these modules about the linker is minimally constrained (Potts et al., 1999, Pickford and 

Campbell, 2004). Two alternate crystal forms and an NMR structure of 2FNI-3FNI were 

solved that differed in inter-module orientation (Rudino-Pinera et al., 2007). The crystal 

structures showed buried interfaces between the two modules with the NMR structure being 

most similar to the crystal structure with the larger buried interface (Rudino-Pinera et al., 

2007). A co-crystal of a peptide based on Staphylococcus aureus FN-binding adhesin FBPA 

binding by β-strand addition to consecutive E-strands of 2-3FNI (Fig. 1) contained no 

additional contacts between 2FNI and 3FNI (Bingham et al., 2008). There are both NMR and 

crystal structures of 4-5FNI (Bingham et al., 2008, Williams et al., 1994). The NMR 

structure demonstrated that movement between 4FNI and 5FNI is constrained by extensive 

contacts with 5FNI of a tryptophan in the C-D loop of 4FNI (Williams et al., 1994). The 

tryptophan interactions were also found in the crystal structure of 4-5FNI complexed by β-

strand addition to a peptide based on FBPA (Bingham et al., 2008). Thus, three of the four 

potential interfaces between consecutive modules have been examined for the first five FNI 
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modules and found to exhibit quite different flexibility from one another, large for 1-2FNI, 

limited for 2-3FNI, and none for 4-5FNI. We are not aware of information pertaining to inter-

module contacts between 3FNI and 4FNI. The flexibility must allow the five N-terminal FNI 

modules to adopt a linear conformation with aligned E-strands as evidenced by high affinity 

binding of unstructured polypeptides based on bacterial adhesins from Streptococcus 
pyogenes that contain motifs for engaging consecutive E-strands of 1-5FNI by β-strand 

addition (Marjenberg et al., 2011, Norris et al., 2011, Maurer et al., 2012b). In addition, the 

spacing between the FNI modules is important for engagement with other proteins as 

evidenced by an assay in which stretching the inter-modular distances of 1-5FNI modules 

decreased the affinity of peptides from Streptococcus dysgalactiae or S. aureus to 1-2FNI 

or 4-5FNI modules (Chabria et al., 2010).

DSC, intrinsic fluorescence, and NMR indicate that all six modules of the gelatin-binding 

domain, 6-9FNI, are independently folded (Litvinovich et al., 1991). Consistently, NMR-

deduced structures of 1FNII (Pickford et al., 1997), 2FNII (Sticht et al., 1998), and 7FNI 

(Baron et al., 1990) demonstrated the expected global fold for each. Further, an NMR 

structure of 1FNII-2FNII also revealed individual modules with canonical structures and no 

inter-modular interfaces (Smith et al., 2000). However, when 6FNI was added to 

yield 6FNI-2FNII, a hydrophobic interface between 6FNI and 2FNII was found that resulted 

in a compact triangular shape (Pickford et al., 2001). A similar interaction between 6FNI 

and 2FNII was found when 7FNI was added to yield 6-7FNI, i.e., a construct 

comprising 6FNI, 1-2FNII, and 7FNI; interactions also were noted between 7FNI 

and 1FNII-2FNII and between 1FNII and 2FNII (Erat et al., 2010) (Fig. 1). NMR of the 

same 6-7FNI construct complexed to a collagenous peptide demonstrated binding of the 

peptide to a groove on 2FNII and extending by β-strand addition to the E-strand of 7FNI 

(Erat et al., 2010). The link between 7FNI and 8FNI is likely flexible based on small angle x-

ray scattering (SAXS) studies of 6-9FNI without and with binding of the collagenous peptide 

(Erat et al., 2013). The SAXS studies were interpreted as showing the non-ligated construct 

in multiple conformations with greater population of the ligated construct in a conformation 

that has a 90° kink between 7FNI and 8FNI modules (Erat et al., 2013). A co-crystal 

structure of 8FNI-9FNI with peptide based on the α(1) chain of type I collagen showed 8FNI 

and 9FNI as canonical type I modules in a tandem arrangement with a relatively small area 

buried and the collagenous peptide bound by β-strand addition to 8FNI (Erat et al., 2009). 

Putting together the structures of complexes of 6-7FNI or 8-9FNI with collagenous peptides, 

a model of collagen binding to 6-9FNI was proposed with the binding site comprising 

the 2FNII groove and E-strands of 7FNI and 8FNI (Erat et al., 2010).

A different structure was found when 6-9FNI was crystallized in presence of 30-50 mM Zn2+ 

(Graille et al., 2010). The part of the structure comprising 6FNI-2FNII is as described above 

(Pickford et al., 2001, Erat et al., 2010) and shown in Fig. 1. However, 8FNI lacks the FNI 

fold and instead is composed of two long strands that associate with 7FNI and 9FN1 to form 

a large β-sheet structure (Graille et al., 2010). The physiological relevance of the structure in 

Zn2+ is unclear; for instance, the concentrations of Zn2+ required for crystallization do not 

support binding of a collagenous peptide to the gelatin-binding domain (Graille et al., 2010). 

Further, binding to 8-9FNI of polypeptides derived from bacterial surface proteins was 

abolished in the presence of Zn2+ (Maurer et al., 2010, Ma et al., 2015a). However, the 
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radically different structures of 8FNI within the whole gelatin-binding domain in Zn2+ 

compared to the tandem 8-9FNI construct indicate that this region in FN has the potential to 

undergo major conformational rearrangements.

The labile region seemingly extends into 9FNI1-2FNIII. Expression of the epitope of mouse 

monoclonal antibody L8 requires 9FNI and 1FNIII be contiguous (Chernousov et al., 1991). 

Although the L8 epitope was demonstrated to map to Gln690 of 1FNIII by in vitro 

mutagenesis (Maurer et al., 2010), the epitope is sensitive to reduction of disulfides in 9FNI 

(Chernousov et al., 1991). These findings indicate that 9FNI and 1FNIII share an interface 

through which the modules influence the structure of one another. 1FNIII is mechanically 

weak when subjected to atomic force microscopy compared to 1-2FNIII, suggesting 

that 1FNIII and 2FNIII also interact (Oberhauser et al., 2002). NMR of 2FNIII alone revealed 

that the A-strand is disordered, whereas NMR of 1-2FNIII was interpreted as showing that 

the C-terminal end of 1FNIII is “wedged” along the N-terminal to C-terminal axis of 2FNIII, 

creating ∼550-Å2 buried interface (Vakonakis et al., 2007). This arrangement involves a 

twist in the G-strand of 2FNIII allowed by the absence of a structured A-strand (Vakonakis 

et al., 2007). The residues from the missing A-strand of 2FNIII together with 17 residue 

linking 1FNIII and 2FNIII constitute a stretch of ∼30 residues that is unstructured. 

Consistent with an interaction between 1FNIII and 2FNIII, fluorescence resonance energy 

transfer studies indicated that opposite ends of 1FNIII and 2FNIII are within 50-60 Å instead 

of being extended linearly in opposite directions (Karuri et al., 2009). Mutagenesis studies 

of the tandem construct implicate a salt bridge between Lys672 in 1FNIII and Glu767 

in 2FNIII with Lys669 playing a less critical role (Vakonakis et al., 2007, Karuri et al., 

2009). It should be noted, however, that studies of a similar but not identical 1-2FNIII 

tandem construct failed to demonstrate the inter-module interaction or effects of mutations 

of putative salt bridge residues (Ohashi and Erickson, 2011). Further, the structure 

of 1-2FNIII in the context of neighboring modules, particularly 9FNI, is not known. Finally, 

it remains to be determined whether the ∼30 residues are disordered or structured in intact 

compact or extended FN,

A crystal structure of 7FNIII-10FNIII showed a buried interface of ∼550 Å2 between 7FNIII 

and 8FNIII or between 8FNIII and 9FNIII and a smaller buried interface of ∼300 Å2 

between 9FNIII and 10FNIII (Leahy et al., 1996). The interface between 9FNIII and 10FNIII, 

which is of special interest because deletion of either the arginine-glycine-aspartic acid 

(RGD) cell adhesive sequence in 10FNIII or residues of the synergy site in 9FNIII results in 

>95% loss of integrin-associated cell adhesion (Obara et al., 1988, Aota et al., 1994), has 

been analyzed by NMR and other analyses for human (Spitzfaden et al., 1997) and mouse 

(Copie et al., 1998) 9-10FNIII. Most of the interactions between 9FNIII and 9FNIII were 

characterized as being of low energy (Spitzfaden et al., 1997). Despite this, correct 

orientation between the synergy site in 9FNIII and the RGD in 10FNIII is required to 

enhance the interactions of FN with integrins (Grant et al., 1997, Altroff et al., 2004). 

Addition of residues between 9FNIII and 10FNIII, which resulted in increased mobility of 

the modules as seen by NMR (Spitzfaden et al., 1997), was associated with a decrease in 

integrin-associated activities, including cell spreading (Grant et al., 1997). However, fixation 

of the orientation between 9FNIII and 10FNIII by introduction of a disulfide bond between 

the two modules also decreased integrin-associated activities (Altroff et al., 2004).
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DSC and fluorescence denaturation experiments showed that 12FNIII, 13FNIII, 14FNIII, 

and 15FNIII all fold independently: 13FNIII was the least stable but appeared to be stabilized 

by 14FNIII (Novokhatny et al., 1992). A crystal structure of the V0 variant of 12-15FNIII 

revealed buried interfaces of ∼450 Å2 between 12FNIII and 13FNIII and ∼650 Å2 with 

several charge interactions between 13FNIII and 14FNIII (Sharma et al., 1999). None of the 

residues in 15FNIII were resolved. As described above, it has been suggested that 15FNIII 

lacks residues needed for an A-strand and when possible may use part of the V region for 

that purpose (Sharma et al., 1999).

With the exception of the three or four extended flexible sequences and the stretch of 

modules between 6FNI and 2FNIII, therefore, when examined the modules in a FN subunit 

have been arrayed head-to-tail with differences in the freedom of any two consecutive 

modules to tilt or twist relative to one another. A series of preferential module-module 

conformations could result in bending. However, it is difficult to predict such bending. For 

instance, the crystal structures of 7-10FNIII and 12-14FNIII shown in Fig. 1 exhibited a 

variety on tilts and twists such that one could envision the string of modules from 7FNIII 

to 14FNIII being anywhere from linear or circular (Sharma et al., 1999). For this reason, 

module-module interactions seem more likely to be facilitative rather than determinant in 

allowing plasma FN to adopt a distinct compact quaternary structure.

 Long-range Interactions

Fig. 2 models how long-range interactions could drive plasma FN into a compact structure 

and when relieved could allow FN to open up and extend. It emphasizes interactions 

between 4FNI and 3FNIII of the same subunit and between 2-3FNIII and 12-14FNIII of the 

different subunits.

An NMR titration of FN fragments showed that recombinant 4-5FNI interacts with 

recombinant 3FNIII with a Kd of 0.15 mM (Vakonakis et al., 2009). This interaction was 

also studied in recombinant N-3FNIII. The interaction appeared to be electrostatic and 

involve Arg222 in 4FNI inasmuch as size exclusion chromatography showed that mutation 

of this residue to alanine caused an increase in the hydrodynamic radius of the recombinant 

protein (Vakonakis et al., 2009). The 4FNI-3FNIII interaction has possible significance in 

controlling the migration stimulatory activity of FN in collagen gels. This activity is lacking 

in intact plasma FN, and among naturally occurring FN splice variants lacking the bulk of 

the C-terminal modules a FN splice variant comprising N-1FNIII has activity whereas the 

splice variant comprising N-3FNIIIl does not (Vakonakis et al., 2009). When the R222A 

mutation was introduced into 4FNI of N-3FNIII, the construct gained the ability to stimulate 

fibroblast migration (Vakonakis et al., 2009).

Evidence for interactions involving 12-14FNIII comes from studies comparing behavior of 

solutions with low ionic strength of recombinant FN in which 12-14FNIII was deleted or 

replaced with FNIII domains A1 thru A3 from tenascin C or of large recombinant FN 

fragments (Johnson et al., 1999). For FN with deletion or replacement of 12-14FNIII, lower 

sedimentation velocities were found than when 12-14FNIII was present (Johnson et al., 

1999). This finding suggests that 12-14FNIII mediates specific interactions that are necessary 
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to maintain FN in a more compact conformation. Velocity sedimentation experiments using 

N- and C-terminal truncations of 2-14FNIII demonstrated dimerization only in the full-length 

construct, leading to the conclusion that 2-3FNIII from one subunit of FN interacts 

with 12-14FNIII from the other subunit (Johnson et al., 1999).

Fig. 2A, therefore, places 3FNIII next to 4FNI within the same subunit and 12-14FNIII in one 

subunit next to 2-3FNIII in the opposite subunit, creating two hubs that could drive plasma 

FN into a distinct compact conformation. The model is supported by immunoassays in 

which soluble plasma FN is asked to compete for binding of monoclonal antibody III-10 

(mAbIII-10) (Ugarova et al., 1995) to FN adsorbed to microtiter plate plastic. mAbIII-10 

recognizes 10FNIII, which contains the RGD cell adhesive sequence for α5β1 and is 

presumed to be fully exposed when FN is bound to plastic for cell adhesion assays. 

Competition by soluble plasma FN is poor at physiologic pH and ionic strength (Ugarova et 

al., 1995), consistent with the known inability of soluble plasma FN to prevent cell adhesion 

to adsorbed FN (Pearlstein, 1978). Thus, the RGD cell adhesive sequences in the 10FNIII are 

depicted as being cryptic in compact plasma FN (Fig. 2A). Removal of 1-5FNI from FN or 

ligation of 1-5FNI by β-strand addition greatly increases the recognition of plasma FN by 

mAbIII-10 (Ensenberger et al., 2004, Maurer et al., 2010, Maurer et al., 2012b). These 

results suggest that loss of the interaction of 4FNI with 3FNIII because 4FNI is missing 

or 3FNIII is displaced by the bacterial adhesin favors unravelling of the compact 

conformation responsible for the cryptic MAbIII-10 epitope. In addition, pre-incubation of 

soluble plasma FN with mABIII-10 or heparin increases binding of bacterial adhesins. This 

finding is consistent with an allosteric network linking binding and conformational change 

at 10FNIII or 12-14FNIII to binding and conformation of 1-5FNI (Maurer et al., 2012b). 

Rotary shadowing EM images indicated that mAbIII-10 employs its two FAB binding sites 

to bridge and engage the two subunits of extended adsorbed FN (Ugarova et al., 1995). The 

EM images raise the possibility that the antigenic epitopes in compact soluble FN are cryptic 

for two reasons: being buried within a compact conformation and not being separated by a 

distance that is optimal for bridging. In either case, the manipulations that improve the 

interaction of mAbIII-10 with intact soluble FN are compatible with unraveling and 

extension in response to loss of the interactions shown in Fig. 2A.

 Binding of the N-terminal FNI modules to bacteria and disruption of the 

compact structure of FN

Bacteria have had ∼500 million years to adapt to FN since its “invention” in early 

vertebrates and seem to have done so with vigor, such that more than 100 different FN-

binding bacterial proteins have been identified (Henderson et al., 2011). Many of these 

belong to the MSCRAMM (microbial surface components recognizing adhesive matrix 

molecules) family of proteins. MSCRAMMs are common in Gram-positive cocci including 

Staphylococcus aureus and Streptococcus pyogenes as well as spirochetes such as Borrelia 
burgdorferi, which causes Lyme disease (Schwarz-Linek et al., 2006). In general these 

proteins are thought to be involved in bacterial invasion of non-phagocytic host cells 

(Dziewanowska et al., 1998, Ozeri et al., 1998). MSCRAMMs contain variable numbers of 

FN binding repeats (FNBRs) with or without non-repetitive upstream or downstream 
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sequences (Schwarz-Linek et al., 2006). Crystallographic and NMR studies indicate that 

FNBRs transition from a random coil to bind to the E-strands of consecutive FNI modules 

via anti-parallel tandem β-strand addition, also called β-zipper formation (Bingham et al., 

2008, Schwarz-Linek et al., 2003). An example of such binding for a peptide based on a 

FNBR that interacts with 2-3FNI is shown in Fig. 1. The FNBR of the F1 adhesin (allelic 

variant SfbI) of S. pyogenes binds to 2-5FNI whereas the adjacent downstream non-repetitive 

domain binds to 1FNI (Bingham et al., 2008, Schwarz-Linek et al., 2003, Schwarz-Linek et 

al., 2004). Thus, the binding site for the recombinant polypeptide that we have dubbed 

HADD (for “high affinity downstream domain”) maps to 1-5FNI (Maurer et al., 2012b) (Fig. 

2B). The adjacent upstream non-repetitive domain binds to 8-9FNI within the gelatin-binding 

domain of FN (Fig. 2C) (Maurer et al., 2010, Atkin et al., 2010). Mapping and homology 

modeling studies indicated that binding of FUD (“functional upstream domain”), a 49-amino 

acid polypeptide comprising the upstream domain and adjacent FNBR of the F1 adhesin, 

show that FUD binding requires modules 6-7FNI to “loop-out,” i.e., the binding site on 

fibronectin is discontinuous, jumping from 2-5FNI to 8FNI (Maurer et al., 2010) (Fig. 2C). 

B. burgdorferi, which is genetically distant from S. pyogenes, encodes the BBK32 adhesin 

that has a single FN-binding sequence and very different protein organization than the F1 

adhesin (Kim et al., 2004). Remarkably, the binding sequence, which we have dubbed 

Bbk32, also binds to 2-5FNI and 8FNI (Harris et al., 2014) (Fig. 2C). As mentioned above, 

peptides from adhesins in S. dysgalactiae and S. aureus bind FN less well after FN is 

stretched (Chabria et al., 2010). This finding suggests that in order to engage the FNBR 

consecutive FNI modules must have favorable spacing.

Fluorescence polarization stopped-flow assays demonstrated that FUD and Bbk32 bind more 

rapidly to N-9FNI than to FN, likely due to competition for binding from the intramolecular 

interaction between 4FNI and 3FNIII shown in Fig. 2A (Ma et al., 2015b). The on-rates for 

binding of FUD and Bbk32 to plasma FN were similar, 3.9 × 105 M-1 sec-1 and 2.9 × 

105M-1 sec-1, respectively, and ∼10-fold slower than binding of the two probes to N-9FNI. 

The off-rates to either FN or N-9FNI, however, were very different, ∼3 × 10-2 sec-1 for 

Bbk32 and ≪10-3 sec-1 for FUD. FUD and Bbk32 differ in the spacing between sequences 

that interact with 3FNI and 4FNI or with 5FNI and 8FNI. Thus, it has been suggested that 

these results indicate a “folding-after-binding” process after initial association of certain 

polypeptide sequences to FN that results in formation of complexes of variable stability and 

is a function of sequences between the engagement sites, and perhaps flexibility within the 

polypeptide-FN complex (Ma et al., 2015b). Thus, even though SfbI and BBK32 adhesins 

target the same extended binding site on plasma FN, the kinetics of binding are specific for 

the two adhesins. It has been suggested that bacterial pathogenicity may be determined by 

stability of adhesin-FN complexes, long-lasting in case of S. pyogenes that forms a biofilm 

in the pharynx and transient for B. burgdorferi, which is migratory (Ma et al., 2015b).

Isothermal calorimetric analysis of binding of FN to polypeptides with one or several 

FNBRs showed that binding of one FN to one FNBR influences FN binding to the adjacent 

FNBR, i.e., binding of FN to adhesins with multiple FNBRs is cooperative (Marjenberg et 

al., 2011). It was hypothesized that this binding paradigm would allow a single adhesin to 

capture and change the conformations of multiple FN dimers, thus exposing multiple RGD 

motifs that cause integrins to cluster and facilitate cellular invasion by bacteria (Marjenberg 
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et al., 2011). Of note, strains of S. aureus cultured from blood of patients with infected 

cardiac devices have mutations in the FNBRs of the FNBPA adhesin that increase the 

strength of binding to FN (Messina et al., 2016)

 Binding of plasma FN to collagen

Deposition of type I and type III collagen into the extracellular matrix in cell culture is 

dependent on the formation of a FN matrix (Velling et al., 2002, Sottile and Hocking, 2002, 

Sottile et al., 2007). How FN and collagen interact to form collagen fibrils and the relative 

importance of this interaction for in vivo collagen fibrillogenesis, however, are obscure 

(Kadler et al., 2008, Moriya et al., 2011). In fibroblast cultures, FN and type I collagen are 

found initially in ∼10-nm diameter aperiodic fibrils and later, especially after treatment of 

cells with ascorbate, in 40-nm diameter fibrils on which FN is present with 70-nm 

periodicity (Furcht et al., 1980). Thus, two separate types of interactions may take place, 

first of freshly secreted collagen molecules binding to a polymerized FN fibril, perhaps 

aligning collagen molecules (Singh et al., 2010), and second of freshly secreted FN 

molecules associating with sites displayed on fibrils of hydroxylated and polymerized 

collagen.

As described above, a model combining structural analyses of binding of collagenous 

peptides to 6-7FNI and 8-9FNI defines a binding pocket in FN extending from 2FNII to 9FNI 

that is dependent on intramolecular interactions among all six modules (6-9FNI) of the 

collagen-binding domain (Erat et al., 2010). The model suffers from the fact that the 

structural studies employed the same sequence from the “3/4 site” of type I or II collagen to 

probe binding to both 2FNII-7FNI and 8-9FNI (Erat et al., 2009, Erat et al., 2010). However, 

a longer peptide based on residues 70-118 at the “1/10-site” of the α2(I) chain of type I 

collagen was subsequently demonstrated to use its C-terminal and N-terminal halves 

specifically to engage 2FNII-7FNI and 8-9FNI and increase binding affinity cooperatively 

(Erat et al., 2013). Thus, type I collagen, with its two α1(I) chains and single α2(I) chain, is 

proposed to contain multiple sites that bind to the 6-9FNI collagen-binding domain with 

approximately equal micromolar affinity (Erat et al., 2013). One can imagine these sites 

displayed in collagen fibrils and mediating the periodic binding of FN.

Studies of the R1R2 polypeptide from SFS protein of Streptococcus equi, which is a strong 

inhibitor of FN-collagen binding, revealed a possible mechanism to achieve low nanomolar 

binding of collagen to FN. R1R2 contains two identical short GxxGE collagen-like repeats 

and binds to plasma fibronectin via modules 8-9FNI in a two-step reaction involving both 

fibronectin subunits (Ma et al., 2015a). Fig. 2D depicts R1R2 as folding back on itself so as 

to engage both 8FNI modules of the FN dimer by anti-parallel β-strand addition. Thus, 

unlike binding of FUD, HADD, or Bbk32, which is better when isolated N-9FNI is targeted 

(Maurer et al., 2010, Maurer et al., 2012b, Harris et al., 2014), R1R2 binds more tightly to 

dimeric FN. The two α1(I) and single α2(I) chains of type I collagen are in register and 

aligned N- to C-terminus (Brodsky and Persikov, 2005). In a soluble system, FN can be 

cross-linked efficiently to triple-helical type I collagen at 37°C but not at lower temperature 

(Mosher et al., 1979). At this temperature, there is partial unfolding of collagen at the “3/4 

site” in proximity to the GxxGE motif where there is no proline over a stretch of 6 Gxx 
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triplets (Stultz, 2002, Leikina et al., 2002, An et al., 2014). FN may mimic binding to the 

two repeats of R1R2 by associating with locally denatured sequences of two of the three 

subunits of type I collagen in a high affinity interaction (Ma et al., 2015a). A key 

consequence of this model is that for assembled FN to bind to, and possibly facilitate 

assembly of, nascent type I collagen, the two 8FNI modules must remain in proximity after 

incorporation of FN into extracellular matrix (Fig. 2D). Consistent with this notion, imaging 

studies employing fluorescence probes as an indicator of strain exerted on FN fibrils indicate 

that collagen associates preferentially with relaxed fibrils, as freshly elaborated FN fibrils 

are known to be (Kubow et al., 2015)

 Assembly of plasma FN

Assembly of plasma FN requires that the protein becomes extended. There are two proposed 

ways to initiate extension: interaction of the N-terminal 70-kDa region of FN comprising 

N-9FNI with the cell surface (Tomasini-Johansson et al., 2006) and interaction of the 

integrin-binding RGD motif in 10FNIII with cell surface integrins (Geiger et al., 2001). 

Several pieces of evidence support initiation of FN assembly by binding of N-9FNI to cell-

surface molecules. The presence of N-5FNI is essential for FN assembly (Schwarzbauer, 

1991, Takahashi et al., 2007), isolated N-9FNI binds to the cell-surface with the same 

kinetics as full-length FN (Zhang et al., 1994, Cho and Mosher, 2006a), N-9FNI is a 

dominant negative inhibitor of FN assembly (McKeown-Longo and Mosher, 1985), and 

polypeptides such as FUD that bind to the 70K region block FN assembly (Tomasini-

Johansson et al., 2001, Cho and Mosher, 2006b).

Cell-surface receptors for N-9FNI remain unknown. There are potential integrin-binding 

sites in N-9FNI, namely NGR motifs that spontaneously convert to integrin binding isoDGR 

motifs (Curnis et al., 2006), and IGD motifs, which stimulate fibroblast migration into type I 

collagen gels (Schor et al., 1999, Millard et al., 2007). However, neither the NGR motifs nor 

IGD motifs are required for binding of N-9FNI to the cell surface sites of assembly (Xu et 

al., 2010, Maurer et al., 2012a). N-9FNI appears to bind to the cell surface via multiple FNI 

modules as evidenced by studies showing that deletion of single FNI modules in N-5FNI 

destroys binding of N-9FNI to the cell surface (Sottile et al., 1991). Attempts to identify cell-

surface binding partners of N-9FNI by photo-affinity cross-linking have identified only very 

large molecules (Zhang and Mosher, 1996). Such attempts need to be re-assessed knowing 

that N-9FNI can be engaged by rapid-on, rapid-off ligands such as Bbk32. When interactors 

of N-9FNI in plasma or platelet lysates were isolated by IFAST (immiscible filtration 

assisted by surface tension) in which bound molecules are separated from free by rapid 

passage through an immiscible barrier so as to capture transient binding, 36 interactors were 

identified by mass spectrometry, 31 in plasma and five in platelet lysate, of which only eight 

were previously known to interact with FN (Moussavi-Harami et al., 2013). The interactions 

were all specific as defined by blocking with FUD and therefore likely involve N-9FNI 

binding by β-strand addition to an intrinsically disordered region of the interactor. 

Disordered regions are common throughout the proteome and well-known mediators of 

protein-protein interactions (e.g. (Tompa et al., 2015)), and it seems likely that segments of 

multiple cell surface molecules mimic Bbk32 and interact transiently with the N-9FNI 

region of FN. Whether such interactions are productive of assembly may depend on whether 
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the interactions coincide with other transient interactions such as unfolding of 3FNIII (Stine 

et al., 2015) or binding of α5β1 integrin to 10FNIII (Takagi et al., 2003).

To understand FN assembly further, one would like to know the molecular architecture of 

FN in fibrils, i.e., which parts of FN interact with one another. Fig. 2E is based on the 

concluding figure in a recent examination of native fibronectin fibrils by site-specific protein 

labelling and single-molecule localization by stepwise photobleaching or direct stochastic 

optical reconstruction microscopy (Fruh et al., 2015). Single end-labelled fibronectin 

molecules had an average end-to-end distance of 133 nm, and antibody epitopes displayed 

periodic punctate label patterns with ∼95 nm repeats and alternating N- and C-terminal 

regions. These measurements suggested an antiparallel 30-40 nm overlap between N-

termini. Thus, the first five type I modules are depicted as binding type III modules of the 

adjacent molecule, in a sense reversing the interactions in compact FN proposed in Fig. 2A. 

However, exactly which modules interact with which and the nature of the interactions—β-

strand addition, β-strand invasion and exchange, complementary surfaces of folded modules 

finding one another—remain obscure.

 Concluding remarks

Research over the last several decades has greatly increased our understanding of the 

structures of the FNI, FNII, and FNIII modules that compose FN and of how certain of these 

modules array themselves within plasma FN. Here, we work from this progress to 

understand plasma FN itself. The models of plasma FN in its compact form and how the 

compact form can open up, although based on a coherent set of experimental observations, 

are speculative and offered to catalyze further thinking. Much needs to be learned. For 

instance, when and how does plasma FN adopt the compact form during biosynthesis? Is the 

propeptide important for adopting the form? How does FN avoid binding to the many 

potential interacting molecules in the secretory pathway, i.e., are there specific chaperones? 

Most of this review concentrates on the N-terminal part of the FN subunit. Do the FNI and 

FNIII modules near the C-terminus have similar susceptibility to conformational change and 

what is their structure and function? The review, to maintain focus, does not discuss the 

structural and functional consequences of introducing AFNIII and BFNIII into FN. These 

consequences are important and need to be understood. Advances in proteomics, imaging, 

and single molecule analysis should make it possible to address such issues and questions.
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Fig. 1. 
Model of FN subunit. One subunit of a FN dimer is displayed with FNI modules, FNII 

modules, and FNIII modules numbered as they are ordered from N- to C-termini. Locations 

of alternatively spliced AFNIII (A) and BFNIII (B) FNIII modules, when present, are 

indicated. Alternative splicing also results in five different sequences for the variable (V) 

region, labeled by the number of amino acids (V0, V64, V89, V95, or V120). Subunits of 

FN are connected by a brace of disulfide bonds at the extreme C-termini. Crystal structures 

of 2-3FNI (PDB 2RKZ), 6-7FNI (PDB 3MQL), 7-10FNIII (PDB 1FNF), and 12-14FNIII (PDB 

1FNH) are shown below the display of the subunit. Structures have been manipulated by 

PyMOL (https://www.pymol.org) to emphasize features discussed in the review. The 

nomenclature used to designate arrays of modules in the figure is used throughout. Sites of 

interactions with disordered sequences of bacterial adhesins, α5β1 integrin, and heparan 

sulfate (HS) are indicated by arrowheads with sidechains interacting with α5β1 or heparan 

sulfate colored green. The crystal structure of 2-3FNI is shown with a peptide from a 

bacterial adhesion bound by anti-parallel β-strand addition. Likely stretches of disordered 

sequences (thick lines) within FN itself or sites of heightened flexibility between 

consecutive FN modules are indicated by arrows. A color version of the figure is available 

online in which type I, II, and III FN modules are red, green, and purple, respectively; 

disulfides are yellow; interacting side chains are green; and arrowheads are red.
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Fig. 2. 
Models of the quaternary structure of globular dimeric plasma FN (A), how the structure 

may be altered by interaction with polypeptides based on the high affinity downstream 

domain (HADD) or functional upstream domain (FUD) of the F1 adhesin of S. pyogenes or 

the Bbk32 segment of BBK32 of B. burgorferi (B, C) or the R1R2 tandem repeats of S. 
equis subspecies equis (D), and how FN may interact to form fibrils in extracellular matrix 

(E). Color scheme and abbreviations are as for Fig. 1. Modules in one subunit are in solid 

whereas those of the opposite subunits are lighter and outlined. Arrowheads indicate the 

locations of RGD sequences in 10FNIII modules recognized by α5β1 integrin. As described 

in the text, the globular quaternary structure and cryptic state of 10FNIII are proposed to be 

favored by intra-subunit interactions between 4FNI and 3FNIII and inter-subunit interactions 

between 2-3FNIII and 12-14FNIII (A). The adhesin-derived polypeptides are depicted as 

being unstructured when unbound and interacting with specific FN modules by anti-parallel 

β-strand addition. Displacement of 3FNIII from 4FNI by HADD, FUD, or Bbk32 (B, C) is 

depicted as causing elongation of individual FN subunits whereas binding or R1R2 is 

favored by the compact conformation and ability to ligate both subunits. Panel E is highly 

schematic and should be compared to a similar schematic referenced in the text. A color 

version of the figure is available online in which type I, II, and III FN modules are red, 

green, and purple, respectively.
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