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Background: Fibronectin matrix assembly is mediated by cell traction at the RGD loop of 10FNIII, which is predicted to
unravel �-strands A and B.
Results: Sequence SLLISWD from strand B initiates fibronectin multimerization.
Conclusion: SLLISWDmediates cell-mediated fibronectin fibril assembly.
Significance: This matrix motif provides insight into physiological fibronectin fibrillogenesis with utility in initiating matrix
assembly for tissue repair.

Fibronectin (FN) assembly into extracellular matrix is tightly
regulated and essential to embryogenesis and wound healing.
FN fibrillogenesis is initiated by cytoskeleton-derived tensional
forces transmitted across transmembrane integrins onto RGD
binding sequences within the tenth FN type III (10FNIII)
domains. These forces unfold 10FNIII to expose cryptic FN
assembly sites; however, a specific sequence has not been iden-
tified in 10FNIII. Our past steered molecular dynamics simula-
tions modeling 10FNIII unfolding by force at its RGD loop pre-
dicted a mechanical intermediate with a solvent-exposed N
terminus spanning the A and B �-strands. Here, we experimen-
tally confirm that the predicted 23-residue cryptic peptide 1
(CP1) initiates FNmultimerization, which is mediated by interac-
tions with 10FNIII that expose hydrophobic surfaces that support
8-anilino-1-napthalenesulfonic acid binding. Localization of mul-
timerization activity to the C terminus led to the discovery of a
minimal 7-amino acid “multimerization sequence” (SLLISWD),
which induces polymerization of FN and the clotting protein
fibrinogen in addition to enhancing FN fibrillogenesis in fibro-
blasts. A point mutation at Trp-6 that reduces exposure of hydro-
phobic sites for 8-anilino-1-napthalenesulfonic acid binding and
�-structure formation inhibits FN multimerization and prevents
physiological cell-based FN assembly in culture. We propose a
model for cell-mediated fibrillogenesis whereby cell traction force
initiates a cascade of intermolecular exchange starting with the
unfolding of 10FNIII to expose the multimerization sequence,
which interactswith strandBofanother10FNIIIdomainviaaTrp-
mediated�-strand exchange to stabilize a partially unfolded inter-
mediate that propagates FN self-assembly.

The extracellular matrix (ECM)2 regulates cell and tissue
development by presenting solid-phase adhesion sites for
growth factors and cells within its constituent macromolecules
(1). Although some cell binding and recognition sites are pres-
ent on solvent-exposed surfaces, other “cryptic sites” are buried
within the native structure only to be activated upon solvent
exposure resulting from structural changes in themolecule. For
example, proteolytic cleavage of ECM proteins fibronectin
(FN), collagen, perlecan, fibulin, and thrombospondin unmasks
cryptic sites with important pro-angiogenic and anti-angio-
genic functions (2–6). Additionally, FN contains mechanically
regulated cryptic ECM assembly sites exposed by cell traction
force that stretch the molecule (7). The assembly of FN into
insoluble fibrils within the ECM is essential to many processes
including embryogenesis (8), wound healing (9), atherosclero-
sis (10), angiogenesis (11), and cancer (12). However, the steps
by which cell traction induces FN fibril formation remain
unknown.
FN, a large dimeric glycoprotein structured by repeating

units of domains FNI, FNII, and FNIII (Fig. 1A), supports the
adhesion of many cell types via binding to cell-surface trans-
membrane integrin receptors (13). FN assembly is primarily
mediated by the �5�1 integrin (14), which binds the RGD
sequence in the tenth FN type III (10FNIII) domain (15). FN
fibrillogenesis also requires cell-mediated traction forces gen-
erated by a contractile actin cytoskeleton that transmits force
onto their FN adhesions (16). This mechanical force is a key
regulator of FN fibrillogenesis that exposes buried cryptic
assembly sites within FN. Physical stretching of immobilized
FN by 30–35% exposes a cryptic FN binding site for the 70-kDa
fragment, which contains the N-terminal assembly domain
(1–5FNI) required for fibrillogenesis (7, 17). Cell traction force
stretches FN leading to conformational changes in the mole-
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cule that include domain unfolding of FNIII repeats (18–20),
which are not stabilized by internal disulfide bonds unlike the
FNI and FNII repeats. Interestingly, cryptic FN assembly sites
have been identified primarily within the FNIII domains (21),
including the RGD-displaying 10FNIII domain.
Although the RGD cell-binding sequence and neighboring

synergy site are required for FN assembly by the �5�1 integrin
(14, 22), how 10FNIII transduces force applied at its RGD loop
to initiate fiber assembly remains unclear. Both singlemolecule
atomic force microscopy experiments and steered molecular
dynamics (SMD) simulations suggest that 10FNIII is one of the
mechanically weakest FNIII domains (19, 23). Studies with
thermally unfolded 10FNIII have identified cryptic assembly
sites in the domain that support FNmultimerization in vitro in
a manner that does not require its C-terminal residues, and
furthermore, this unfolded 10FNIII domain inhibits FN incor-
poration into fibroblast-deposited ECM (24). Additionally,
point mutations P5A and P25A in the N terminus of 10FNIII
partially destabilize the module to an intermediate structure
prone to self-aggregation (25). Therefore, it is feasible that
under physiological conditions, cell-generated mechanical
forces applied at the RGD loop of FN could unfold 10FNIII to
expose cryptic assembly sites that initiate fibrillogenesis.
We previously approached 10FNIII unfolding from a physi-

ological perspective by using SMD simulations to look at its
unfolding due to pulling at its RGD loop when anchored at the
N terminus and found that the domain unfolds along a single
pathway (26). The unfolding response due to pulling at theRGD
loop differed from standard models of force application
directed through the termini that resulted inmultiple unfolding
pathways for 10FNIII (26–28). Our simulations predicted
10FNIII to unfold to a partially unfolded kinetic intermediate
with solvent-exposed N-terminal A and B �-strands in
response to pulling at its physiological integrin-binding site.
Here, we set out to test whether this predicted exposed region
contributes cryptic assembly sites and to identify the minimal
peptide sequence within the 10FNIII domain that is sufficient
to induce FN self-assembly.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Purification—All peptides were syn-
thesized by the Tufts University Core Facility (Boston, MA).
Peptides were acetylated at the N terminus and amidated at the
C terminus. A control peptide with the same sequence compo-
sition as cryptic peptide 1 (CP1) was generated as a scrambled
sequence designated as CP1scr (DSALRSPVWIVTDSAEVPV-
LTLD). Peptide sequences CPA, CPE, and CPB(W6A) contain
an additional N-terminal Tyr not found in the 10FNIII
sequence to enable spectrophotometric concentration deter-
mination of the peptides in solution (Table 1). Peptide concen-
trations were determined from absorbance by using published
calculated molar extinction coefficients (29): CP1, scrCP1, and
CPB, �280 � 5630 M�1 cm�1; and CPA, CPB(W6A), and CPE,
�278 � 1295 M�1 cm�1. Peptides were purified and analyzed by
RP-HPLC on C18 columns (Agilent Technologies). Peptide
molecular weight was confirmed by MALDI-TOF MS intact
mass determination with a 4800MALDI TOF/TOFmass spec-
trometer (Applied Biosystems).

Cloning and Purification of Recombinant 10FNIII—The
recombinant 10FNIII domain was constructed with a C-termi-
nal His6 affinity tag bymodifying the pETCH-GST-8–11FNIII-
His6 vector, which was a generous gift from Drs. Richard Clark
and Xiang-Dong Ren (State University of New York at Stony
Brook, Stony Brook, NY) (30). The 10FNIII domain in FN
encoding amino acids 1416–1509 (Val-Ser-Asp-Val-…Asn-
Tyr-Arg-Thr) was amplified by PCR from the pETCH-GST-8–
11FNIII-His6 construct using two primers: 5�-CTTTAAGAA-
GGAGATATACATATGGTTTCTGATGTTCCGAGGGAC-
CTG-3� and 5�-GCTTAATGATGATGGTGGTGGTGTG-
TTCGGTAATTAATGGAAATTGGCTTGC-3�. The protein
insert was confirmed by DNA sequencing. Protein expression
was induced in the BL21(DE3) strain of Escherichia coli with 1
mM isopropyl �-D-1-thiogalactopyranoside at 37 °C for 6 h.
Protein affinity purification was performed usingHisPur cobalt
resin (Thermo Scientific). Proteins were eluted in 50 mM

sodiumphosphate, 300mM sodium chloride, and 150mM imid-
azole (pH 7.4). The purified proteins were desalted on a Sepha-
dex G-25 pre-packed PD-10 desalting column (GE Healthcare)
equilibrated with Dulbecco’s PBS containing calcium andmag-
nesium (Invitrogen). Proteins were eluted with Dulbecco’s PBS
containing calcium and magnesium and concentrated with an
Amicon 3-kDa filter (Millipore). The purity of protein was ana-
lyzed by SDS-PAGE and visualized with SYPRO Ruby protein
gel stain (Lonza) photographed on a FluorChemM imager with
a SYPRORuby filter (ProteinSimple). The 10FNIII protein con-
centration was determined from absorbance at 280 nm using
published calculated molar extinction coefficients (29) (�280 �
14,440 M�1 cm�1).
Multimerization Assay—Rhodamine-labeled bovine plasma

FN (lyophilized powder; Cytoskeleton) was solubilized in ultra-
pure water (Milli-Q) at room temperature for 15 min prior to
spectrophotometric concentration determination (�565 �
70,000 M�1 cm�1). Peptide stock solutions were prepared in 50
mM Tris�HCl (pH 7.4) and various concentrations of CP1
(0–500 �M) or CPB (0–750 �M) were incubated with rhod-
amine-labeled FN (0.3mg/ml) for 16 h at 37 °C. Following incu-
bation, samples were analyzed by non-reducing SDS-PAGE
analysis. Samples were prepared in NuPAGE lithium dodecyl
sulfate non-reducing sample buffer and resolved on 3–8% Tris
acetate SDS-PAGE gels (Invitrogen). Fluorescent gel images
were scanned on a Typhoon FLA 9000 with a RITC filter (GE
Healthcare), and densitometric analysis was performed using
ImageJ (National Institutes ofHealth). Band intensities for each
molecular weight species (reduced arms, disulfide-bonded
dimer, and high molecular weight multimers) were assigned
using reduced and non-reduced FN control samples. The per-
centage of multimers was calculated from the ratio of multimer

TABLE 1
Summary of characteristics for derived peptide mimics including pep-
tide sequence, corresponding 10FNIII �-strand(s), and residue indices
in fibronectin

Sequence �-Strand (s) Residue indices

CP1 VSDVPRDLEVVAATPTSLLISWD A, B 1416–1438
CPA YRDLEVVAAT A 1421–1429
CPB SLLISWD B 1432–1438
CPE YTATIS E 1471–1475
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intensity to the sum of intensities for the reduced arms, dimer,
and multimers. Final sample preparations of rhodamine-la-
beled FN contain reduced arms (54 � 2%) as the lyophilized
stock contains �-mercaptoethanol leading to �2.5 mM �-mer-
captoethanol in prepared reaction samples.
Turbidity Assay—Themultimerization of human plasma FN

(lyophilized powder; BDBiosciences) or plasminogen, vonWil-
lebrand factor, and FN-depleted human fibrinogen (FBG)
(Enzyme Research Laboratories) by peptide was determined by
measuring the optical density at 590 nm using an Agilent Cary
300 BioMelt UV-visible spectrophotometer (Agilent Technol-
ogies) in 10-mm path length quartz cuvettes (Starna Cells).
Human plasma FN was solubilized according to the manufac-
turer’s instructions. FN and FBG protein concentrations were
determined by absorbance at 280 nm (FN, �280 � 563,200 M�1

cm�1; FBG, �280 � 498,300 M�1 cm�1). Peptides CP1 or CPB
were prepared in 50 mM Tris�HCl (pH 7.4). After equilibrating
peptides to 25 °C for 2 min, turbidity of each peptide sample
was monitored for 15 min after which FN or FBG was added to
each cuvette at a final concentration of 0.2 or 5 mg/ml, respec-
tively. The change in optical density was continuously recorded
for 2 h following the addition of FN or FBG. Absorbances are
reported relative to the absorbance measured at the time of FN
or FBG addition.
CD Spectroscopy—Peptide stock solutions were prepared

in 10 mM sodium phosphate buffer (pH 7.4). All CD meas-
urements were collected using a 1-mm path length quartz
cuvette (Starna Cells) at 25 °C from 260 to 190 nm on a
JASCO J-720 spectropolarimeter equipped with a JASCO
PT-423S Peltier temperature controller. Data were collected
in continuous scanning mode, and the spectra were averaged
over 4 consecutive accumulations (scan speed 20 nm/min;
data pitch 0.5 nm; response time 4 s; band width 1.0 nm;
sensitivity 100 mdeg). A baseline measurement for buffer
alone was subtracted from each spectrum. Data were
expressed as mean residue ellipticity ([�], deg cm2 dmol�1)
as calculated using the relationship,

��� �
�obsMRW

10cl
(Eq. 1)

where �obs is the measured signal in millidegrees, MRW is
themean residue weight (i.e. themolecular weight divided by
the number of residues), c is the concentration of the mole-
cule in mg/ml, and l is the optical path length of the sample
cell in cm.
8-Anilino-1-napthalenesulfonic Acid (ANS) Binding Fluores-

cence Assay—Stock solutions of ANS (Sigma) were prepared in
Dulbecco’s PBS containing calcium andmagnesium or 100mM

sodium phosphate buffer (pH 6.8) prior to spectrophotometric
concentration determination (�350 � 4,950 M�1 cm�1) (31).
Anastellin (lyophilized powder; Sigma) was solubilized in Dul-
becco’s PBS containing calcium and magnesium at room tem-
perature prior to spectrophotometric concentration determi-
nation �280 � 16,960 M�1 cm�1) (29). Samples were prepared in
Dulbecco’s PBS containing calcium andmagnesiumwith 50�M

ANS in the presence or absence of 50 �M anastellin or 50 �M

10FNIII with or without peptide. Emission spectra were col-

lected at 25 °C at 5-nm intervals (1-s integration time) over a
range from 380 to 650 nmwith an excitation wavelength of 360
nm on a PTI QuantaMaster 40 spectrofluorometer with excita-
tion and emission slit widths of 5 nm. A baseline measurement
for buffer alone was subtracted from each spectrum. The max-
imum fluorescence of each emission spectrum was averaged
across independent experiments. Relative fluorescence in-
crease above background was calculated for each sample by
subtracting the ANS fluorescence in the presence of buffer and
normalizing to the fluorescence measured for ANS bound to
anastellin.
Pelleting Assay—Human plasma FN (lyophilized powder;

BD Biosciences) was solubilized according to the manufac-
turer’s instructions, and peptides were prepared in 50 mM

Tris�HCl (pH 7.4). Protein and peptide stocks were centri-
fuged (4,000 � g for 5 min) to sediment insoluble aggregates
prior to spectrophotometric concentration determination.
Samples were prepared in 50 mM Tris�HCl (pH 7.4) contain-
ing 5 mM EDTA and combinations of FN (0.3 mg/ml), anas-
tellin (150 �M), CPB (500 �M), or CPB(W6A) (500 �M). After
incubation for 16 h at 37 °C, samples were fractionated by
centrifugation (20,000 � g for 10 min), pellets were rinsed
with buffer, and insoluble material was collected by centrif-
ugation (20,000 � g for 10 min). Insoluble material was resus-
pended in lithium dodecyl sulfate sample buffer containing
NuPAGE reducing agent prior to analysis by SDS-PAGE (Invitro-
gen). Sampleswere resolvedon3–8%Tris acetate SDS-PAGEgels
stained with SimplyBlue (Invitrogen) and photographed on a
FluorChemM imager (ProteinSimple).
Thioflavin T (ThT) Binding Fluorescence Assay—A 1 mM

stock solution of ThT (Sigma) was prepared in 50 mM Tris�HCl
(pH 7.4) and filtered prior to dilution into ethanol for spectro-
photometric concentration determination (�416 � 26,620 M�1

cm�1) (32). Samples were prepared in 50mMTris�HCl (pH 7.4)
with 20�MThT in the presence or absence of 10�M 10FNIII or
FBG and/or 500�MCPB or CPB(W6A). Fluorescence emission
at 482 nm was collected at 25 °C for 60 min (1 s integration
time) with an excitation wavelength of 450 nm on a PTI Quan-
taMaster 40 spectrofluorometer with excitation and emission
slit widths of 5 nm.
FN Matrix Incorporation Assay—Human lung fibroblasts

(IMR90) were obtained from the American Type Culture Col-
lection (ATCC) and maintained in Eagle’s minimum essential
medium (ATCC) supplemented with 10% fetal bovine serum
(HyClone, Thermo Fisher Scientific), penicillin (100 units/ml),
and streptomycin (100 �g/ml) (Invitrogen) at 37 °C under 5%
CO2. The assembly of biotinylated FN into detergent-insoluble
matrix was determined as previously described (33). IMR90
cultures were plated (2.5 � 104 cells/well) in complete medium
in 96-well plates, cultured overnight, and then themediumwas
exchanged with complete medium supplemented with biotiny-
lated FN (20 �g/ml) (Cytoskeleton) and 25mMHEPES (pH 7.1)
with orwithout anastellin, CPB, or CPB(W6A). Following incu-
bation for 24 h, cells were rinsed three times in Dulbecco’s PBS
containing calcium andmagnesium prior to scraping in deoxy-
cholate buffer (2% deoxycholate, 2 mM phenylmethanesulfonyl
fluoride, 2 mM EDTA, 2 mM N-ethylmaleimide, 2 mM iodoace-
tic acid, 20 mM Tris�HCl, pH 8.8). Cells were passed five times
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through a 23-gauge needle, and deoxycholate-insoluble mate-
rial was fractionated by centrifugation (20,000� g for 20min at
4 °C). The pellet containing the deoxycholate-insoluble mate-
rial was rinsed with deoxycholate buffer and collected by cen-
trifugation (20,000 � g for 10 min at 4 °C). Insoluble material
was recovered in Laemmli reducing sample buffer (Boston Bio-
Products) diluted in deoxycholate buffer andheated to 95 °C for
5 min. Samples were resolved on 4–20% Mini-Protean TGX
gels (Bio-Rad) prior to electrotransfer onto 0.45-�m nitrocel-
lulose membranes (Bio-Rad). After membranes were blocked
(5% nonfat dry milk, 0.1% Tween 20, 150 mM NaCl, 50 mM

Tris�HCl, pH 7.4), membranes were cut and probed either by
horseradish peroxidase-conjugated streptavidin (1:200, Vector
Laboratories) to quantify biotinylated FN incorporation or
anti-vimentin monoclonal antibody (clone RV202, 1:100,
Abcam) followed by horseradish peroxidase-conjugated horse
anti-mouse IgG (1:1000, Vector Laboratories) to provide an
internal protein loading control. Blots were developed by
chemiluminescence with ECL prime Western blotting detec-
tion reagent (GE Healthcare) using HyBlot CL Autoradiogra-
phy Film (Denville Scientific). The quantification of Western
blots was performed by densitometric analysis of band intensi-
ties corresponding to biotinylated FNand vimentin bands using
ImageJ (National Institutes of Health).
Statistical Analysis—Values are expressed as mean � S.E.

calculated across independent samples; p values were derived
from Student’s t test.

RESULTS

Unfolded N-terminal Sequence of Predicted 10FNIII Interme-
diate Initiates FN Multimerization—Our past SMD simula-
tionsmodeling the unfolding pathway of 10FNIII under tension
between its N terminus and the physiological integrin-binding
RGD loop predicted an unfolded intermediate with an unrav-
eled N terminus through the second �-strand (26) (Fig. 1B).
Because this kinetic intermediate is sampled for extended sim-
ulation times while under tension, we proposed that such a
partially unfolded structuremight expose cryptic assembly sites
that trigger FN assembly.We tested this hypothesis by evaluat-
ing the multimerization capacity of sequences representing the
exposed 23 amino acids at the N terminus named CP1 and
shorter regions encompassing �-strand sequences from the
native 10FNIII structure (Table 1).
We used anastellin, a C-terminal fragment of 1FNIII that

interacts with FN to induce the formation of disulfide-stabi-
lized supramolecular FN known as superfibronectin (34), as a
positive control. Non-reducing SDS-PAGE analysis shows that
supramolecular FN multimers migrate as a distribution of dis-
crete bands of molecular weights larger than that of disulfide-
bonded molecular FN depending on the number of integrated
molecules (Fig. 2A). Incubation of anastellin (150�M)with rho-
damine-labeled FN at a concentration similar to that of plasma
FN in blood (35) (220:1molar ratio of peptide to FN) led to 22�
4% of total FN (distributed as reduced FN arms, disulfide-

FIGURE 1. Structure of fibronectin and the cell-binding domain 10FNIII. A, the two arms of FN are linked by interchain disulfide bonds at the C termini. Each
arm is composed of a combination of repeating FNI, FNII, and FNIII domains with insertions or deletions of alternatively spliced domains depending on the
isoform. The cell-binding fragment of FN spans the 9 –10FNIII repeats, which contain the RGD sequence in 10FNIII and the synergy site in neighboring 9FNIII.
Anastellin, a C-terminal portion of the 1FNIII domain, has been shown to initiate multimerization of added FN. B, when cell traction imparts force (FCell) at the
RGD loop (pink with central Gly depicted as a black circle) of 10FNIII (left) while anchored at the N terminus (black circle), the domain is predicted by SMD
simulations to unfold to a kinetic intermediate with an unraveled N terminus exposing �-strands A (red) and B (gray) (labeled CP1) but not strand E (purple)
(right) (26). C, the primary structure of 10FNIII highlights the residues that form �-strands in natively folded 10FNIII and sequences from which peptides were
designed.
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bonded dimer, and multimers) forming high molecular weight
multimers when analyzed by densitometry following separa-
tion by non-reducing SDS-PAGE (Fig. 2A). Interestingly, incu-
bation of labeled FN with the CP1 peptide at the same concen-
tration led to a 38 � 24% increase in multimer formation over
anastellin (Fig. 2A). Addition of reducing agent to the CP1-
induced multimers prior to SDS-PAGE analysis collapsed the
higher order bands suggesting multimer stabilization by disul-
fide bonds (data not shown). In contrast, the scrambled CP1
sequence (represented by peptide CP1scr) did not support FN
multimerization when added at the same concentration
(Fig. 2A). The CP1-induced multimerization effect was also
observed with unlabeled FN, where the degree of aggregation
was monitored in a turbidity assay (Fig. 2B). Although CP1
showed no multimerization in the absence of FN even at high
peptide concentrations, turbidity increased only when FN was
added to CP1 (molar ratio of CP1 to FN of 22:1 and 330:1 for
CP1 concentrations of 10 and 150 �M, respectively) (Fig. 2B)
demonstrating that FN multimerization kinetics depended on
CP1 concentration (Fig. 2B).

TheMultimerization Effect of the CP1 Sequence in 10FNIII Is
Cryptic—To test our predictions for the cryptic assembly
sequence motivated by the SMD-calculated intermediate, we
compared the multimerization capacity of sequence CP1
against that of�-strandE,which shares a facewithCP1 in intact
10FNIII but is not solvent exposed in our proposed kinetic
intermediate (Fig. 1B) (26). Addition of the CPE peptide (50 to
400 �M) to rhodamine-labeled FN induced minimal FN multi-
merization in the range of 8 � 1 to 10 � 1%, respectively (Fig.
3A). Although multimerization was statistically significant for
CPE concentrations �150 �M (p 	 0.05, two-tailed), the per-
centage of multimers initiated by CPE is significantly less
(approximately one-third) than that initiated by 150 �M CP1
(p 	 0.01, one-tailed). Moreover, we found that the multi-
merization activity of CP1 is cryptic within 10FNIII as addition
of natively folded 10FNIII, which contains the CP1 sequence in
its N terminus, at concentrations between 50 and 500 �M to
rhodamine-labeled FN showed background levels of multimer
formation (p 
 0.05, two-tailed) (Fig. 3B).
CP1 Interacts with 10FNIII to Expose Buried Hydrophobic

Surfaces—Because theCP1 sequence corresponds to 24% of the
10FNIII sequence at the N terminus, we investigated whether
CP1-initiatedmultimerization of FN involved interactionswith
10FNIII. The presence of 10FNIII in mixtures of CP1 (both at
large molar excess to rhodamine labeled FN) reduced the per-
centage of observed multimers detected by SDS-PAGE (Fig.
4A). For a fixed concentration of CP1 (150 �M), adding 10FNIII
at half themolar concentration of CP1 (yielding amolar ratio of
110:1 of 10FNIII to FN) attenuated, but did not abolish, multi-
mer formation by nearly one-third (Fig. 4A). The control sam-
ple of 10FNIII (75 �M) in the absence of CP1 was not signifi-
cantly different from background (p 
 0.05, two-tailed).
Increasing the molar ratio of 10FNIII to CP1 to 1:1 did not lead
to further reduction in multimer formation (p 
 0.05, two-
tailed). These results suggest that CP1 interacts with 10FNIII.
We further investigated the interactions of CP1 with

10FNIII. Because 10FNIII is stabilized by a highly conserved
buried hydrophobic core, peptide-induced disruptions of the
FNIII-fold may yield solvent-exposed hydrophobic surfaces.
ANS is a fluorescent dye that probes exposed hydrophobic sur-

FIGURE 2. Polymerization of fibronectin by CP1, as compared with anas-
tellin. A, non-reducing SDS-PAGE analysis of rhodamine-labeled FN (0.3
mg/ml) incubated with buffer (�), anastellin, CP1, or CP1scr at 150 �M for 16 h
at 37 °C shows that both anastellin and CP1 induced the formation of a mul-
timeric FN species (Multimer) with large discrete molecular weights relative to
the disulfide-bonded molecular FN (FN) (left). Preparations of labeled FN con-
tain reduced monomeric FN arms near the indicated 250-kDa standard (see
“Experimental Procedures”). Densitometry of rhodamine fluorescence (right)
reveals significant multimerization of FN by anastellin and CP1 (**, p 	 0.01,
two-tailed). CP1 shows significantly higher activity than anastellin (*, p 	 0.05,
one-tailed), whereas scrambling the CP1 sequence reduced its activity (**,
p 	 0.01, one-tailed) to background levels (p 
 0.05, two-tailed). B, the devel-
opment of turbidity at 590 nm at 25 °C by CP1 (10 –150 �M) was monitored
before and after the addition of unlabeled FN (0.2 mg/ml) at t � 0 min (dashed
line marked �FN).

FIGURE 3. Effect of CPE and 10FNIII on fibronectin multimerization. A,
densitometry of rhodamine fluorescence of labeled FN analyzed by SDS-
PAGE shows low-level multimerization of FN induced by CPE (50 – 400 �M).
Multimers were induced significantly above background by high concentra-
tions of CPE (150 and 250 �M: *, p 	 0.05, two-tailed; 400 �M: **, p 	 0.01,
two-tailed). B, densitometry of rhodamine fluorescence reveals that recombi-
nant 10FNIII (50 –500 �M) does not induce significant FN multimerization
above background (p 
 0.05, two-tailed).
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faces whereby formation of noncovalent interactions between
ANS and hydrophobic cavities leads to enhanced and blue-
shifted fluorescence (36). Anastellin is known to present hydro-
phobic binding pockets for ANS (37), and thus, as expected, we
observed an increase in fluorescence when ANS was combined
with anastellin (Fig. 4B). Although ANS fluorescence was pre-
viously reported to increase 10-fold when bound to anastellin
(37), we only observed about a 2-fold increase (Fig. 4B); how-
ever, this increase was found to be statistically significant (p 	

0.05, one-tailed) (Fig. 4C). Moreover, using a Job plot to quan-
tify the stoichiometry of ANS binding to anastellin, we find
similar results to those previously reported by others (37).
Addition of ANS to 10FNIII produced an enhanced and blue-
shifted fluorescence above background as well (Fig. 4, B andC),
suggesting that ANS is binding to hydrophobic pockets within
10FNIII. CD spectroscopy studies confirmed that 10FNIII is
natively folded (Fig. 4D), as indicated by the presence of a neg-
ative signal at 190 nm and positive signals at 203 and 225 nm
characteristic of �-sheets and turns (38). The offset in the CD
spectra shifting the peak at 225 toward slightly negative values
is within the noise of the measurement. We further confirmed
10FNIII stability with a thermal melting curve by tracking the
increase in fluorescence of the single buried tryptophan (ratio
of 350/320 nm emission intensity following excitation at 280
nm) as a function of temperature to confirm a transition near its
published melting temperature of 88 °C (data not shown). Our
observed ANS results for natively folded 10FNIII are consistent
with published data describing conformational flexibility in
10FNIII in solution (39). We find that ANS does not signifi-
cantly interact with CP1 (p 
 0.05, one-tailed) (Fig. 4C) despite
the CP1 sequence being unstructured, as shown by CD spec-
troscopy (Fig. 4E). However, ANS showed a strong interaction
whenCP1 (150�M) was added to 10FNIII at amolar ratio of 3:1
(Fig. 4B), as demonstrated by the enhanced blue-shifted fluo-
rescence peak relative to the spectrum observed for either
10FNIII or CP1 (Fig. 4B). Moreover, we observe weaker
enhancement inANS fluorescence byCP1scr in the presence of
10FNIII (Fig. 4C). These collective data show that CP1 interacts
with 10FNIII in amanner that induces the formation of solvent-
exposed hydrophobic cavities that are accessible for ANS
binding.
A 7-Amino Acid Sequence in CP1 Is Sufficient to Initiate FN

Multimerization—We explored whether �-strands A and B
contribute to the multimerization activity of CP1 by testing
short peptides encompassing these sequences, CPA and CPB,
respectively, against CP1 at a high concentration (500 �M).
SDS-PAGE analysis revealed that multimers were induced by
high concentrations of CP1 as well as CPB, but not by CPA (Fig.
5A). Co-administration of CPA and CPB did not significantly
enhance the degree of multimerization due to CPB alone (p �
0.05, two-tailed) (Fig. 5A). CPB also initiated the multimeriza-
tion of unlabeled FN when analyzed using a centrifugation-
based pelleting assay: insoluble multimers sedimented in mix-
tures with CPB (500 �M) or anastellin (150 �M), but not with
untreated FN (Fig. 5B). The degree ofmultimerization byCP1 is
concentration-dependent in the range of 10–500�Mwithmax-
imal activity at 150�M (30� 1%, Fig. 5C). CPB,which is 30% the
length of CP1, required a higher concentration (500 �M) to
achieve similarmultimerization as 150�MCP1 (Fig. 5C). These
results clearly show that the 7-amino acid sequence of CPB -
SLLISWD - found at the C terminus of CP1 is sufficient to
initiate FN multimerization.
SLLISWD Multimerization Sequence Interacts with 10FNIII

to Expose Hydrophobic Pockets and Form � Structure—We
evaluated whether CPB interacts with 10FNIII to induce expo-
sure of hydrophobic surfaces in a similar manner to CP1. Addi-
tion of CPB at 10-fold molar excess to 10FNIII (500 and 50 �M,

FIGURE 4. CP1 interacts with 10FNIII. A, densitometry of rhodamine-labeled
FN multimers separated by SDS-PAGE showed that multimerization by 150
�M CP1 is significantly different from samples containing 75 �M 10FNIII (**,
p 	 0.01, two-tailed) or background (**, p 	 0.01, two-tailed). However, FN
multimer formation by CP1 was reduced in the presence of 75 �M 10FNIII (**,
p 	 0.01, one-tailed). The reduced multimerization in mixtures of CP1 and
10FNIII is significantly different from the samples for 10FNIII alone (*, p 	 0.05,
two-tailed) or background (**, p 	 0.01, two-tailed). B, comparison of repre-
sentative ANS (50 �M) emission intensities from a single experiment in the
presence of buffer (gray line), CP1 (150 �M, red dash line), 10FNIII (50 �M, black
solid line), anastellin (50 �M, black dash dot line), or a mixture of 10FNIII (50 �M)
and CP1 (150 �M) (red solid line). C, quantification of ANS-dependent emission
spectra maxima above background as a percentage of the maximal ANS
emission in the presence of anastellin (50 �M) for samples containing 10FNIII
(50 �M) with or without CP1 or CP1scr (150 �M). Data are pooled from inde-
pendent experiments. ANS fluorescence due to anastellin and mixtures of
10FNIII with CP1 or CP1scr are significantly higher than ANS background (*,
p 	 0.05, one-tailed). D, CD spectrum of 10 �M 10FNIII. E, CD spectrum of 30
�M CP1.
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respectively) enhanced ANS fluorescence above that exhibited
byCPB and significantly above that for 10FNIII alone (p	 0.05,
one-tailed) (Fig. 5, D and E). The CD spectrum of CPB also
confirmed its random coil-like behavior in solution (data not
shown). These results demonstrate that the multimerization
sequence is also capable of interacting with 10FNIII to form
solvent-exposed hydrophobic surfaces that support ANS
binding.
The formation of superfibronectin and 9FNIIImultimers has

been proposed to follow a polymerization mechanism of inter-
molecular �-strand exchange where unfolded intermediates
present exposed �-sheet elements for multimerization (38, 40).
Such a mechanism may be relevant to CPB-induced FN multi-
merization as the SLLISWD sequence has potential for �-sheet
interactions with the parent domain given that its sequence is
derived from the second �-strand of 10FNIII. ThT is a benzo-
thiazole dye that undergoes a spectral shift leading to enhanced
fluorescence when bound to �-sheet-rich structures and has
been used to detect self-assembling �-rich fibrils formed by

amyloidogenic precursors, immunoglobulin light chain, and
9FNIII (32, 38, 41). ThT fluorescence is similar to background
in the presence of 10FNIII (p 
 0.05, two-tailed) (Fig. 5F) but
significant in the presence of CPB (p 	 0.05, two-tailed). How-
ever, addition of CPB to 10FNIII (50:1 molar concentration of
peptide to 10FNIII) led to an 87� 55% increase in fluorescence
over that measured for CPB alone (p 	 0.05, one-tailed) and a
19-fold increase in fluorescence as compared with 10FNIII
alone (p 	 0.01, one-tailed) (Fig. 5F). Furthermore, the ThT
fluorescence profile showed a time-dependent increase follow-
ing 10FNIII addition to CPB suggesting that CPB interactions
with 10FNIII resulted in the formation of �-contacts.
A Key Trp Residue Is Required for Multimerization Sequence

Activity—Residue Trp-22 in the secondN-terminal�-strand of
10FNIII is a conserved residue found in all FNIII domains that is
critical to the stabilization of their hydrophobic cores (23, 42,
43). This residue corresponds to the largest hydrophobic side
chain within the multimerization sequence at position 6. An
alanine point mutation at Trp-6 in the multimerization

FIGURE 5. Effect of CPB on fibronectin and 10FNIII. A, densitometry of rhodamine-labeled FN multimers separated by SDS-PAGE showed significant FN
multimerization by 500 �M CP1, CPB, or equimolar mixtures of CPA and CPB (**, p 	 0.01, two-tailed). Combination of CPA and CPB minimally enhanced CPB
activity (p � 0.05, two-tailed) but is significantly higher than that for equimolar CP1 (**, p 	 0.01, two-tailed). A W6A point mutation in CPB abolished
multimerization activity. B, SDS-PAGE analysis of unlabeled FN multimers sedimented by centrifugation compares the pellets (P) collected from mixtures of
unlabeled FN (0.3 mg/ml) with anastellin (150 �M), CPB (500 �M), or CPB(W6A) (500 �M) incubated for 16 h at 37 °C. Control samples (C) corresponding to
samples containing FN or anastellin alone (lanes 2 and 3, respectively) were not processed by centrifugation. C, densitometry analysis of CP1 or CPB (150 –750
�M) mixtures with rhodamine-labeled FN separated by SDS-PAGE showed significant FN multimerization (p 	 0.01, two-tailed). CP1 induced more multimers
at 150 �M than at 500 �M (**, p 	 0.01, one-tailed) and was significantly different from CPB at 150 �M (**, p 	 0.01, two-tailed) but similar to 500 –750 �M CPB
(p 
 0.05, two-tailed). D, comparison of representative ANS (50 �M) emission intensities from a single experiment in the presence of buffer (gray line), CPB (500
�M, red dash line), 10FNIII (50 �M, black solid line), anastellin (50 �M, black dash dot line), or a mixture of 10FNIII (50 �M) and CPB (500 �M) (red solid line). E,
quantification of ANS-dependent emission spectra maxima above background as a percentage of the maximal ANS emission in the presence of anastellin (50
�M) for samples containing 10FNIII (50 �M) with or without 500 �M CPB or CPB(W6A). The graph shown represents pooled data from independent experiments.
A significant increase in fluorescence was measured for anastellin (*, p 	 0.05, one-tailed) and 10FNIII with CPB (**, p 	 0.01, one-tailed) or CPB(W6A) (*, p 	 0.05,
one-tailed). Addition of CPB, but not CPB(W6A), to 10FNIII significantly increased ANS fluorescence above that for 10FNIII (*, p 	 0.05, one-tailed) or CPB(W6A)
(*, p 	 0.05, one-tailed). F, comparison of ThT (20 �M) fluorescence at 482 nm after a 60-min incubation at 25 °C for 10FNIII (10 �M) in the presence or absence
of 500 �M CPB or CPB(W6A). Significant ThT fluorescence was observed for CPB (*, p 	 0.05, two-tailed) and a mixture of 10FNIII and CPB (**, p 	 0.01,
two-tailed). Addition of CPB to 10FNIII led to a significant increase in fluorescence above that for CPB (*, p 	 0.05, one-tailed) or 10FNIII (**, p 	 0.01, one-tailed).
Addition of CPB(W6A) to 10FNIII did not lead to a significant change in fluorescence (p 
 0.05, two-tailed).
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sequence (yielding peptide CPB(W6A)) abolished the ability of
the sequence to multimerize labeled FN (p 
 0.05, two-tailed)
and unlabeled FN as detected by SDS-PAGE (Fig. 5, A and B,
respectively), thus emphasizing the key role that Trp-6 plays in
FN multimerization. Additionally the W6A mutation reduced
the ability of the sequence in mixtures with 10FNIII to support
ANS binding (Fig. 5E) and eliminated ThT-dependent fluores-
cence (Fig. 5F).
CPB, but Not CPB(W6A), Enhances FN Matrix Assembly by

Fibroblasts—Localization of the multimerization sequence to a
partially unfolded subsequence within the kinetic intermediate

predicted by FN unfolding simulations that apply force at the
integrin-binding site suggests that the multimerization se-
quencemay play a role in physiological cell-mediated FN fibril-
logenesis. This multimerization sequence has been shown thus
far to initiate assembly of pure FN in vitro. To test the relevance
of this sequence to physiological FN assembly, we monitored
the incorporation of biotinylated FN into deoxycholate-ex-
tracted matrix by cell monolayers treated with peptide. Previ-
ous studies show that cell monolayers treated with anastellin
increase FN deposition into matrix (34). Similarly, we found
that treatment of IMR90 cells with anastellin at the same con-
centration (150�M) at which FNmultimerizationwas observed
(Fig. 2A) enhances the incorporation of FN into matrix (p 	
0.05, two-tailed) (Fig. 6,A and B). Likewise, the addition of high
concentrations CPB (250 and 500 �M) to IMR90 cell monolay-
ers also enhanced FN fibrillogenesis similar to 150 �M anas-
tellin (p 
 0.05, two-tailed), whereas treatment with mutant
peptide CPB(W6A) (500 �M) had no effect (Fig. 6, A and B).
CPB Also Initiates FBG Multimerization—We also studied

the effects of CPB on the plasma protein fibrinogen (FBG),
which is an ECM protein that is involved in blood clot forma-
tion. Past work has shown that physical integration of FBG into
ECM fibrils also requires FN matrix assembly (44) and that
anastellin induces FBG polymerization, as well as FN assembly
(2). Similar to anastellin, addition of CPB to FBG (5 mg/ml) led
to an increase in spectrophotometric absorbance over time
indicative of FBG polymerization in a peptide concentration-
dependent manner (Fig. 7A). CPB-induced FBG multimeriza-
tion was observed using molar concentrations of peptide to
FBG at 33:1 and 50:1 (CPB at 500 and 750 �M, respectively). In
addition, a time-dependent increase in ThT fluorescence is
observed in mixtures of CPB and FBG (50:1 molar concentra-
tions of peptide to FBG) (Fig. 7B), but not for mixtures of
CPB(W6A) and FBG (Fig. 7C) or isolated samples of CPB,
CPB(W6A), or FBG alone (Fig. 7, B and C) indicating that
the CPB-induced FBG assemblies form �-containing structures.

DISCUSSION

We have identified a 7-amino acid “multimerization
sequence,” SLLISWD, within the cell-binding domain of FN
that is sufficient to initiate polymerization of added FN or FBG.
This discovery was motivated by mechanistic insight into cell-
driven FN fibrillogenesis provided by SMD simulations that

FIGURE 6. CPB-mediated increases in fibronectin matrix assembly by cul-
tured fibroblasts. A, a representative blot from a single experiment shows
levels of biotinylated FN (top) incorporated by fibroblast monolayers into
deoxycholate-insoluble matrix for samples normalized to vimentin (bottom).
Cell layers were treated for 24 h with complete medium supplemented with
biotinylated FN (20 �g/ml) containing 25 mM HEPES (pH 7.1) with or without
anastellin (150 �M), CPB (50, 250, and 500 �M), or CPB(W6A) (500 �M) prior to
extraction in 2% deoxycholate. B, biotinylated FN matrix incorporation
assessed by quantifying the ratio of band densities for biotinylated FN and
vimentin within each sample. Data are pooled from three independent exper-
iments. Addition of 150 �M anastellin or 250 �M CPB to IMR90 cells signifi-
cantly increased assembly of biotinylated FN into the matrix as compared
with untreated cells (*, p 	 0.05, two-tailed). Cells treated with high concen-
trations CPB (250 and 500 �M) showed similar levels of FN matrix incorpora-
tion as 150 �M anastellin (p 
 0.05, two-tailed), unlike cells treated with 50 �M

CPB or 500 �M CPB(W6A) (*, p 	 0.05, two-tailed).

FIGURE 7. Effect of CPB on fibrinogen polymerization. A, the development of turbidity at 590 nm at 25 °C by CPB (500 –750 �M) was monitored before and
after the addition of FBG (5 mg/ml) at t � 0 min (dashed line marked �FBG). B, time traces of ThT-dependent (20 �M) fluorescence at 482 nm at 25 °C for buffer
(light gray line), CPB (500 �M, dark gray line), FBG (10 �M, black line), or a mixture of FBG (10 �M) and CPB (500 �M) (red line). C, ThT-dependent fluorescence for
buffer (light gray line), CPB(W6A) (500 �M, dark gray line), FBG (10 �M, black line), or a mixture of FBG (10 �M) and CPB(W6A) (500 �M) (red line) over time.
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predicted N-terminal unraveling of 10FNIII to a partially
unfolded intermediate state when force is applied at its RGD
loop (26). A 23-amino acid peptide mimic designed from this
unfolded terminus is shown to be a cryptic sequence in 10FNIII
that initiates FNmultimerization as its scrambled sequence, the
unexposed �-strand E, and natively folded 10FNIII are unable
to initiate similar multimerization results. We show that the
multimerization process may involve interactions of this 23-
amino acid sequencewith 10FNIII, which leads to solvent expo-
sure of hydrophobic surfaces. Further analysis of the CP1
sequence led us to discover a 7-amino acid multimerization
sequence with a key Trp-6 residue localized to its C terminus
that is sufficient to initiate FN multimerization. We now show
using two different preparations of FN that both CP1 and CPB
initiate FN multimerization using multiple different analytic
techniques (i.e.non-reducing SDS-PAGEmultimerization, tur-
bidity, and pelleting assays). It is also important to note that the
rhodamine-labeled FN used in our multimerization studies
contains �2.5 mM �-mercaptoethanol, which can interfere
with protein multimerization; thus, the degree of multimeriza-
tion presented heremay be an underestimate of the full potency
of these peptides. Although previous studies have identified
cryptic FN assembly sites within thermally denatured 10FNIII
(24) and have shown that mutation of conserved proline resi-
dues at the N terminus (P5A or P25A) enhances self-aggrega-
tion (25), this is the first study that identified a specific sequence
in 10FNIII that induces FN multimerization. Moreover, we
confirm that this sequence is physiologically relevant as the
addition of the multimerization sequence to cultured fibro-
blasts monolayers enhances FN fibrillogenesis in vitro.
The peptides presented in this study possess similar multi-

merization capabilities as anastellin, a 75-amino acid fragment
of 1FNIII (2, 34). Comparison at a peptide to FN molar ratio of
220:1, CP1 remarkably induces a higher percentage of FNmul-
timers than anastellin as detected by SDS-PAGE despite being
less than one-third the length of anastellin. The shorter 7-
amino acid multimerization sequence within CP1 requires a
3-fold higher molar ratio of peptide to FN to induce a similar
degree of multimerization as the 23-amino acid CP1 sequence
(733:1 versus 220:1, respectively). These observations suggest a
significantly stronger FN binding affinity for CP1, which may
provide additional favorable contacts to position the multi-
merization sequence to interact with FN. Like anastellin, we
show the multimerization sequence also initiates FBG assem-
bly. It should be noted, however, that the peptides described in
this study do differ from anastellin in a few significant ways.
First, comparison of the SLLISWD and anastellin sequences
shows a 10-fold difference in length. Such short peptides are
easily synthesized and readily amenable to chemical modifica-
tion enabling the incorporation of bioorthogonal handles. This
flexibility is beneficial to the development of multifunctional
“smart” probes with ECM-forming activity relevant for applica-
tions addressing diseases of ECM remodeling, such as abnor-
malwoundhealing, fibrosis, or cancer, for example. Second, the
multimerization sequence is derived from the mechanically
weak 10FNIII domain that is recognized by integrins at the
RGD loop. As 10FNIII provides the direct point of contact on
FN for cell surface integrin receptors, this sequence may play a

potential role in the mechanical process of cell-mediated FN
fibrillogenesis. Third, CP1 and anastellin are complementary
structural counterparts in homologous FNIII structures. Anas-
tellin is a N-terminal deletion fragment of 1FNIII lacking the N
terminus that includes strands A and B (45), which is the region
spanning CP1 in 10FNIII. Despite differences in � strand cov-
erage of the FNIII structure, both systems display hydrophobic
surfaces to solvent. The multimerization sequence is unstruc-
tured and exposes hydrophobic binding surfaces upon interac-
tion with 10FNIII, whereas anastellin possesses exposed hydro-
phobic binding pockets for ANS in its residual structure (37,
45).
FN multimerization has been identified as a hydrophobic

process where cells convert FN into deoxycholate-insoluble
fibers stabilized by noncovalent interactions (46). Stretching
FN fibers induces conformational changes including exposure
of hydrophobic surfaces and unraveling of secondary structure
(20, 47). Long stretches of hydrophobic residues can form
�-sheet fibril assemblies as demonstrated by the use of hydro-
phobic sequences derived from the amyloidogenic �-Al-
zheimer peptide to engineer fibril assembly into a 14-amino
acid peptide (48). CP1 encompasses the most hydrophobic
region of 10FNIII (26) including �-strands A and B, which pos-
sess 56 and 57% hydrophobic character, respectively. The iden-
tifiedmultimerization sequence corresponds to one of themost
hydrophobic �-strands in 10FNIII. It is clear that sequence
specificity is important to the assembly process as strand A
shows similar hydrophobic character but lacks the ability to
initiate FNmultimerization. Moreover, a point mutation of the
largest hydrophobic residue (W6A) in the multimerization
sequence reduced its ability to expose hydrophobic surfaces
and form �-structure when mixed with 10FNIII and more
importantly annihilated its ability to initiate FN multimeriza-
tion and enhance physiological FN assembly. This Trp-6 resi-
due corresponds to the single conservedTrp residue in strandB
found in all FNIII domains that is important for stabilization of
the hydrophobic core of the fold (23, 42, 43). In 10FNIII, a
randomized mutation of this conserved Trp-22 residue in a
yeast two-hybrid system severely destabilized complementa-
tion of a bisected 10FNIII to form a stable 10FNIII structure
(49). It is possible that this Trp-6 residue in themultimerization
sequence may play a role as a substitute for Trp-22 to stabilize
an exposed hydrophobic core of a partially unfolded 10FNIII
intermediate that subsequently propagates FN self-assembly.
We show with cell-based experiments that the multimeriza-

tion sequence is relevant to physiological FN fibrillogenesis as
the addition of theCPBpeptide to cellmonolayers enhances FN
deposition into the ECM. FN assembly, in the context of super-
fibronectin and 9FNIII multimer formation, has been hypoth-
esized to follow a process of intermolecular �-strand exchange,
where �-strands from one partially unfolded domain comple-
ments a similarly unfolded intermediate of another domain to
form a stable polymeric structure (38, 40, 45). FN assembly
initiated by other peptide sequences in addition to anastellin,
including peptides anginex, CLT1, and BBK32, has also been
described to follow a �-structure-mediated process (50–52).
Although these inducing sequences are not native to FN, they
may share a common mechanism for assembly involving

SLLISWD Sequence Initiates Fibrillogenesis

JULY 19, 2013 • VOLUME 288 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 21337



hydrophobic interactions and �-sheet formation. BBK32,
derived from a surface-expressed lipoprotein, shows weak
sequence homology to regions present in anastellin, specifically
to the C/C� loop and the F strand in 1FNIII (52). Anginex is a
33-amino acid peptide designed to mimic �-sheets (50), and
CLT1 is a 10-mer identified by phage display that possesses a
hydrophobic N terminus and hydrophilic C terminus proposed
to form �-sheets similar to amyloidogenic fibrils (51). Because
the multimerization sequence possesses similar properties to
anastellin and these other peptides capable of initiating FN
assembly, we suggest �-strand exchange as a potential mecha-
nism for FN assembly initiated by the multimerization
sequence.
We propose one model of �-strand exchange that is consist-

ent with the results reported here whereby themultimerization
sequence stabilizes a partially unfolded intermediate of 10FNIII
by displacing the B strand of 10FNIII (and subsequently dis-
rupting the N-terminal residues including the A strand) by
exchange of its Trp-6 residue with the conserved Trp-22 in the
hydrophobic core. The subsequent partially unfolded 10FNIII
structure can thus propagate assembly by forming complemen-
tary intermolecular cross-links with additional domains via the
multimerization sequence contained within its exposed N ter-
minus (Fig. 8). Stabilization of a partially unfolded 10FNIII
structure by exchange of Trp-6 in the multimerization
sequence with the 10FNIII core during a �-strand exchange
with strand B would yield exposed hydrophobic binding sur-
faces and a net gain of �-structure as we have observed. This
proposed process would rely on the chemical instability of
10FNIII. Experiments reveal that recombinant 10FNIII pos-
sesses a high melting temperature of �88 °C (53, 54) and is
resistant to denaturation in 6 M urea (20). These measures
reflect global conformational stability of the domain as a whole
but do not reveal local fluctuations within the structure. NMR
experiments measuring the conformational exchange parame-
ter show a high degree of conformational flexibility on the

microsecond to millisecond time scales for strands A and B
within 10FNIII (39). Although this past study focused on the
time scale of fluctuations, local transient opening of the N ter-
minuswas revealed.We are not suggesting that strandsA and B
are completely exposed by spontaneous unfolding as this would
lead to spontaneous FN multimerization. Instead, our hypoth-
esis proposes that fluctuations that exist in the N terminus of
10FNIII may open up the domain to enable a portion of the
multimerization sequence to interact with the 10FNIII core,
which would feed back to promote additional (but still partial)
unfolding of adjacent domains at the N terminus to then drive
fibrillogenesis as a result of strand swapping with strand B. Our
observations show that solutions of 10FNIII and the multi-
merization sequence exhibit exposed hydrophobic binding sur-
faces and �-structure formation following mixing without
extended incubation times. Although the largest enhancement
in ThT binding is shown for mixtures of the multimerization
sequence with 10FNIII, it is noted that the multimerization
sequence alone shows significant ThT fluorescence above
background. However, the CD spectrum of CPB reflects a ran-
dom coil signature suggesting that the peptide at low concen-
tration is predominantly unstructured, and turbidity measure-
ments of peptide at high concentration indicates minimal
change in turbidity. The polymerization of FBG, a protein pri-
marily composed of coiled-coils, by the multimerization
sequence may also follow a �-strand swapping model as the
FBG end-domain involved in polymerization includes a
�-strand capable of forming intermolecular �-sheet contacts
for assembly when exposed in a partially unfolded intermediate
(55). Our ThT binding data supports this model whereby the
multimerization sequence is shown to interact with FBG to
form �-rich assemblies over time.
The similarity of the FN multimers initiated by the multi-

merization sequence in solution, a thermodynamic process, to
the initiation of physiologic FN fibrils formed by mechanically
driven cell traction force remains to be determined given that
the relative chemical and mechanical stabilities of the FNIII
domains are dissimilar (19). A recent study with mutant FN
containing a single cysteine point mutation within the E strand
in 10FNIII at position Ala-1472 showed that integration into
growing fibrils by cell-mediated stretching led tominimal label-
ing by a fluorescein-conjugated maleimide in solvent (20).
These experimental observations do not exclude our current
hypothesis given that this A1472C mutation in the E strand
does not probe unfolding within our proposed region of inter-
est at the N terminus. The results reported here agree that the
sequence of strand E does not efficiently initiate FN assembly.
Ourmodel requires further testing to determine whether the N
terminus of 10FNIII is exposed during physiological FN
fibrillogenesis.
Our proposed model for cell-mediated FN fibrillogenesis

stipulates that theN terminus of 10FNIII unfolds.However, it is
known that cell adhesion to RGD on FN is enhanced by a syn-
ergy site in the N-terminal neighboring domain 9FNIII for
integrins �5�1 and �IIb�3, but not �V�3 (56–58). In particular,
FN assembly by �5�1, but not by �V�3, requires the synergy site
(59). Because �5�1 is the main receptor that mediates FN
assembly (14) and increasing the spacing between the PHSRN

FIGURE 8. The proposed �-strand swapping mechanism for initiating
fibronectin assembly. A conformationally flexible 10FNIII (left) whose B
�-strand (and subsequently residues N-terminal to it) is displaced by the mul-
timerization sequence from the C terminus of CP1 yields a partially unfolded
intermediate stabilized by the Trp-6 residue in the multimerization sequence.
The newly released N terminus in the partially unfolded 10FNIII (center) pres-
ents its own cryptic multimerization motif from �-strand B that participates in
additional domain swapping interactions with a second FNIII domain (e.g.
10FNIII*) to form �-strand-mediated intermolecular cross-links (right).
Repeated downstream domain swapping with additional FN molecules thus
leads to FN assembly.

SLLISWD Sequence Initiates Fibrillogenesis

21338 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 29 • JULY 19, 2013



and RGD sites significantly reduces cell adhesion (60, 61), one
would suspect thatN-terminal unfolding of 10FNIIIwould pro-
hibit enhanced adhesion and subsequent fibrillogenesis. How-
ever, it has been shown that activation of the �5�1 integrin
overcomes the requirement of the synergy site for improved
adhesion to the RGD sequence and FN assembly (58, 59).
Therefore, our proposed model of unfolding of the N terminus
in 10FNIII, and thus separating the synergy site and the RGD
loop, is feasible to describe cell-mediated FN fibrillogenesis
once the �5�1 integrin is bound to FN and activated.

The results described in this study showed that the structure
proposed by SMD simulations modeling of the unfolding of
10FNIII along a physiological pulling geometry revealed new
insights into specific regions of the domain that are important
to FN assembly. Thus, these data demonstrate the advantage of
using SMD simulations to gain atomistic insight into physio-
logically relevant intermediate states that are not easily
observedwith experimental approaches alone and illustrate the
synergy in combining computational models with biochemical
and biophysical assays to identify biologically relevant motifs
within a force-responsive protein. Thismodel-driven approach
is in contrast to the discovery of anastellin, whose superfi-
bronectin properties were identified prior to simulations that
predicted an anastellin-like unfolded intermediate of 1FNIII
with exposed N-terminal A and B �-strands (34, 62). We have
identified a minimal multimerization sequence from the
10FNIII domain in FN that initiates assembly of FN and FBG,
proteins that are important in promoting tissue repair.
Although there have been other identified peptide sequences
capable of inducing FN assembly (50–52), this is the first
sequence that is identified in 10FNIII, the mechanically weak
domain that contains the initial integrin binding site that trans-
mits tensional force onto FN. Our identification of a cryptic
multimerization sequence in 10FNIII provides new insight into
the initial steps in the physiological process of cell-mediated FN
fibrillogenesis as well as a new motif for initiating FN assembly
to stimulate ECM formation.
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