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Fibronectin (FN) forms fibrillar networks coupling cells to the
extracellular matrix. The formation of FN fibrils, fibrillogenesis, is
a tightly regulated process involving the exposure of cryptic
binding sites in individual FN type Il (FN-IIl) repeats presumably
exposed by mechanical tension. The FN-lll; module has been
previously proposed to contain such cryptic sites that promote the
assembly of extracellular matrix FN fibrils. We have combined NMR
and steered molecular dynamics simulations to study the structure
and mechanical unfolding pathway of FN-Iil1. This study finds that
FN-lll; consists of a B-sandwich structure that unfolds to a me-
chanically stable intermediate about four times the length of the
native folded state. Considering previous experimental findings,
our studies provide a structural model by which mechanical
stretching of FN-lll; may induce fibrillogenesis through this par-
tially unfolded intermediate.

F ibronectin (FN) is a key extracellular matrix protein that not
only provides a substrate for cell anchorage but also serves as
a regulatory protein in processes such as cell adhesion, motility,
differentiation, and proliferation (1). Structurally, human FN is
an ~500-kDa multimodular protein existing both as a soluble
dimer and as an insoluble fibrillar component that incorporates
into the extracellular matrix (ECM). Cells bind FN through
transmembrane proteins of the integrin family, which mechan-
ically couple the actin cytoskeleton to the ECM. The mechanical
responses of FN are defined by its multimodular structure,
composed predominantly of three different repeats termed
FN-I, -II, and -III. Individual FN-IIT modules have been pro-
posed to unfold on mechanical stretching of FN, providing for
the elasticity of FN fibrils (2). Consistent with this hypothesis,
cells have been observed to stretch FN up to 4-fold their relaxed
length (3-5).

In addition to providing the necessary elasticity for accom-
modating cell movements, stretching of FN-III modules is be-
lieved to expose buried binding sites that, for example, serve as
nucleation sites for the assembly of FN into its fibrillar form.
These buried binding sites, termed cryptic sites, presumably exist
either within the FN-III core or buried between the hinge
regions of two neighboring FN-III modules. However, the role
of mechanical force in this process of transforming FN to a
fibrillar form, fibrillogenesis, is only partially understood. It is
known that cell-derived mechanical force is a prerequisite for FN
polymerization in vitro. Fibrillogenesis is initiated by both arti-
ficial (6) and cell-derived tensile forces and by addition of
partially or completely denatured FN-III modules (see review in
ref. 1). In contrast, fibrillogenesis does not occur if the mechan-
ical linkage between cells and FN has been disrupted by Rho
inhibitors, myosin inhibitors, or actin-disrupting agents (7-9).

Cryptic sites for fibrillogenesis have been proposed to exist on
FN-III, (10, 11), -II1, (12), -I11; (13), -IIIy (14), -IIL;o (15), and
-IIT43_45 (13, 16). Thermal or chemical unfolding of these mod-
ules is associated with increased binding by either FN or a
70-kDa NH,-terminal FN fragment. In particular, partially
folded FN-III; has been found to induce fibrillogenesis. Studies
have shown that heat-denatured FN-III; was able to bind FN and
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Table 1. Structure statistics

Residual distance constraint violations*

Number >0.1 A 24+ 1.4

rmsd, A 0.014 = 0.001
Residual dihedral constraint violations

Number >5° 3.0+ 1.0

rmsd, ° 2.1+0.3
rmsd of dipolar couplings, Hz 0.11 = 0.003
rmsd from idealized covalent geometry

Bond lengths, pm 0.94 = 0.01

Bond angles, ° 1.97 = 0.02

Improper torsion angles, ° 2.35 +0.11
van der Waals energy, kcal-mol~" —427 = 8
Ramachandran diagram (% residues)

Most favored regions 80.7

Additional allowed regions 17.6

Generous allowed regions 1.6

Disallowed regions 0.2
rmsd to mean structure,t A

N, Ca, C' (1-93) 0.88 £ 0.19

N, Ca, C' of B-strands 0.37 = 0.08

Heavy atoms of B-strands 0.88 = 0.09

N, Ca, C' in loops* 1.26 = 0.28

*The final input for the structure calculation consisted of 1,113 distance
restraints (206 intraresidual, 362 sequential, 93 medium-range, and 452
long-range); 81 dihedral angle restraints (71 ¢, 10x1); and 57 'H-"5N dipolar
coupling restraints.

TAverage coordinates for the 24 conformers after superposition for best fit of
N, C, and C’' atoms of residues in B-strands (residues 5-8, 17-23, 30-39,
47-51, 57-61, 67-77, and 82-91).

*rmsd of N, C,, C’ atoms for individual loops are (in A): loop AB, 1.95 * 0.73;
loopBC, 1.00 = 0.30; loop CD, 1.08 + 0.39; loop DE, 0.27 = 0.13; loop EF, 0.54 +
0.22; and loop FG, 1.10 = 0.38.

its 70-kDa N-terminal fragment (10). Furthermore, a 76-aa
fragment from FN-III;, termed anastellin and obtained by
cutting the A and B strands off the N terminus, is structurally
stable and promotes assembly of so-called super-FN macromo-
lecular structure (10, 13, 17-19), which was found to inhibit the
growth of malignant cells (20).

Although FN-III; and other FN-IIT modules have been probed
for biologically relevant cryptic sites, these experiments were
typically conducted by using thermal and chemical denaturing or
proteolytic cleavage. Consequently, it remained unclear whether
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FN-III1 - -SGPVEVEITETPSQPNSHPIQWNAPQPSHI SKYT IPGHLNSYTIKGLKPEVVYEGQLISTQQ- - - - YGHOEVEREDET=TTS
FN-III2 SPLVATSESVTEITAS--SFVVSWVSA-SDTVSGFRVEYELSEEG-DEPQYLDLPSTATSVNI PDLLPGRKY IVNVYQISE-~--DGEQSLILSTSQ-TT-
FN-III3 APDAPPDPTVDQVDDT--SIVVRWSRP-QAPITGYRIVYSPSVEG-S-STELNLPETANSVTLSDLQPGVQYNITIYAVEE- -~ -NQEST-EVVIQQETT-
FN-III4 TVPSPRDLQFVEVTDV--KVTIMATPP-ESAVTGYRVDVIPVNLP-GEHGQRLPISRNTFVTLSDLQPGVQYNITIYAVEE - -~ -NQEST-BVVIQQETT-
FN-III5 KLDAPTNLQFVNETDS - - TVLVRWTPP-RAQI TGYRLTVGLTR-R-GQPRQYNVGPSVSKYPLRNLQPASEYTVSLVAIKG----NQES--BKATGVFTTL
FN-III6 QPGSSIPPYNTEVTET--TIVITWTPA--- PRIGFKLGVRPSQGG---EAPREVTSDSGSIVVSGLTPGVEYVYTIQVLRD - -~ -GQERDABIVNKVVT -~
FN-III7 PLSPPENLHLEANPDTG-VETVSWERSTTPD I TEYRITTTPTNGQQGNSLEEVVHADQSSCTEDNLS PGLEYNVSVYTVKD - - --DKESV-BISDTIIP--
FN-III8 AVPPPTDLRFTNIGPD- - TMRVIWAPPPS IDLTNFLVRYSPVKNE-EDVAELSISPSDNAVVL TNLLPGTEYVVSVSSVYE- - -~ QHEST-BLRGROKT - -
FN-III9 GLDSPTGIDESDITAN--SETVHWIAP-RATITGYRIRHHPEHFS-GRPREDRVPHSRNSITLTNLTPGTEYVVSIVALNG- - - -REES--BLLIGQQST-
FN-III10 VSDVPRDLEVVAATPT- -SLLISWDAP-AVTVRYYRITYGETGGN - SPVQEFTVPGSKSTATISGLKPGVDYTITVYAVTGRGDSPASSK-BISINYRT--
FN-III11 EIDKPSQMQVTDVQDN--SISVKWLPSSSP-VTGYRVTTTPKY DQTEMTIEGLQPTVEYVVSVYAQNP ESQ-EBLVQTAVT-—
FN-III12 ATPAPTDLKFTQVTPT- - SESAQWT PP-NVQLTGY TPKEKT INLAPDSSSVVVSGLMVATKYEVSVYALKD - - - - TLTSR- BAQGVVTTLE
FN-III13 NVSPPRRARVIDATET- -TITISWRTKTET- ITGFQVDAVPANGQ- - TPIQRTIKPDVRSYTITGLOPGTDYKIYLYTLND - - - -NARSS - BVVIDAST--
FN-III14 ATDAPSNLRFLATTPN- - SLLVSWQPP-RARITGYIIKYEKPGSP-PREVVPRPRPGVIEATI TGLEPGTEYTIYVIALKN- - - ~NOKSE-PLIGRKKT - -

Fig. 1.  FN-IIl; structures and FN-1Il module sequence alignment. (a) Stereo views of the backbone heavy atom superposition of 24 minimized NMR structures.
The two B-sheets and loops connecting B-strands are colored green, red, and gray, respectively. The same color code was used for all other representations of
FN-I1I4. Stereo views of the Ca atom trace (b) and cartoon drawings of a single FN-llI; structure (c) in two different orientations are shown. (d) Schematic diagram
of FN-IIl;. (e) Sequence alignment of 14 FN-IIl modules. The secondary structures of solved modules are highlighted. A key conserved proline among all other

modules, but not in FN-IIl; and -lll, is highlighted in purple. Protein snapshots were generated with vmb (40).

partial denaturing can occur under physiological conditions, and
whether these denatured fragments are thus physiologically
relevant. Recently, single-molecule experiments using atomic
force microscopy (AFM) have revealed that the mechanical
unfolding pathway of FN-III; is markedly different from that of
other FN-IIT modules such as FN-III;, -III;», and -III;3 (21).
FN-III; exhibits pronounced intermediate states during forced
unfolding. Because no structural information of the FN-III;
module or its forced-unfolding intermediate was available, it was
not known whether these intermediates were functionally rele-
vant or correlated to fragments promoting fibrillogenesis. To
address this issue, we determined the structure of FN-III; by
using NMR spectroscopy. We then used steered molecular
dynamics (SMD) (22), which has been successfully applied to
identify the mechanical unfolding intermediate of titin Ig do-
mains previously (23, 24), to simulate the forced unfolding of
FN-III; and probe its mechanical intermediates. We find that the
structure of one stable mechanical intermediate is closely related
to the adhesive FN-III; fragment previously implicated to ini-
tiate formation of FN. Taken together with known experimental
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findings, these results suggest how mechanical stretching induces
partial unfolding and exposure of cryptic sites.

Materials and Methods

Sample Preparation. Human FN cDNA encoding FN-III; repeat
(residues S609-S701 in Swiss-Prot accession no. P02751) was
subcloned into a pGEX-6P-2 expression vector (Pharmacia).
The recombinant module was expressed in Escherichia coli BL21
strain as a GST fusion protein. Uniformly "N-labeled FN-III,
was expressed in M9 minimal media by using 0.1% (wt/vol)
ISNH4Cl, as the sole nitrogen source. Recombinant FN-III; was
purified by using the protocol previously used for FN-III;3
preparation (25). The identity and purity of the protein were
confirmed by electrospray mass spectrometry. NMR samples
typically comprised 1-2 mM protein in either 90% H,0/10%
D0 or 100% D0 containing 50 mM sodium phosphate buffer
at pH 6. The sample used for residual dipolar coupling mea-
surement contained 5% (wt/vol) of a 30/10/1 molar ratio of
ditridecyl-phosphatidylcholine/dihexyl-phosphatidylcholine/
cetyltrimethylammonium bromide.
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NMR Spectroscopy. NMR experiments were acquired at 'H fre-
quencies of 500.1, 600.1, and 750.1 MHz on spectrometers built
in-house at the Oxford Centre for Molecular Sciences, incorpo-
rating Oxford Instruments magnets, and on a Bruker (Billerica,
MA) DMX500 spectrometer. 3D 'H-N experiments were
recorded at 500.1 MHz at 20°C and 40°C. 'H and N resonance
assignments were obtained by using 3D NOESY- heteronuclear
sequential quantum correlation (HSQC) (75- and 125-ms mixing
times) and 3D total correlation spectroscopy (TOCSY)-HSQC
(34- and 61-ms isotropic mixing times). Vicinal *Jynia coupling
constants were measured from a 3D HNHA (correlation of 'HN,
15N, 'H,, resonances) experiment. Homonuclear 2D NOESY and
TOCSY spectra were recorded at 750 MHz and 40°C with mixing
times of 125 and 55 ms, respectively. 2D NOESY, TOCSY, and
double quantum filtered-COSY spectra were also recorded at
500 MHz with a sample dissolved in D,O. Slow-exchanging
amide protons were identified on a series of 2D 'H-'N HSQC
spectra recorded after dissolving the sample in D,O. Residual
dipolar couplings were measured from in-phase antiphase 'H-
1SN 'HSQC spectra (26). Data were processed by using the FELIX
2.3 software package (Accelrys, San Diego) and the Bruker
XWINNMR program, running on Sun and Silicon Graphics
(Mountain View, CA) workstations. Spectra were analyzed with
the aid of the XEASY program (27).

Structure Calculation. Structures were calculated by torsion angle
dynamics using DYANA (28). A set of 100 structures was calcu-
lated, starting with randomized conformers and using a standard
annealing protocol. The input for the structure calculation
consisted of 1,113 distance restraints and 81 dihedral angle
restraints. Twenty-three hydrogen bonds were constrained, cor-
responding to slow-exchanging amide protons. The 25 conform-
ers with the lowest residual target function (1.33 = 0.31 A%) were
subsequently refined by using the X-PLOR-NIH program (29) and
topallhdg force field. The structures were submitted to a simu-
lated annealing protocol, during which 57 dipolar coupling
restraints were introduced. Finally the structures were energy-
minimized by using the CHARMmMm?22 force field (30). One
structure was eliminated from the final set because of large
residual violations.

MD Simulations. The MD simulations of FN-III; were carried out
by following the method described previously (23, 31). The
program NAMD (32) was used with the CHARMm?22 force field
and TIP3 water parameters (33). Simulations were performed
with a time step of 1 fs, a uniform dielectric constant of 1, and
a cutoff of nonbonded forces with a switching function startin
at 10 A and reaching zero at 13 A. FN-III,; was solvated in a 64-A
diameter water sphere, resulting in a system of 12,532 atoms. The
whole system was minimized for 2,000 steps, followed by grad-
ually heating from 0 to 300 K in 10 ps. The temperature was
maintained at 300 K for another 10 ps, and the system was then
equilibrated for 1.8 ns. Starting configurations for SMD simu-
lations were obtained every 100 ps after the protein had been
equilibrated for 1.5 ns. During SMD simulations, external har-
monic force was applied to the C terminus of the protein while
fixing the N terminus, with the stretching direction chosen along
the vector pointing from N to C terminus and a spring constant
of 11.7 kgT/A2. Trajectories were saved every picosecond. The
end-to-end distance Rnc is defined as the distance between the
Ca atoms of the two termini. Force and Rnc presented in Fig.
3 were averaged every 4 and 20 ps for simulations at pulling
velocities 0.05 A/ps and 0.01 A/ps, respectively. The hydrogen
bond energy presented in Fig. 4 was calculated by using explicit
hydrogen bond parameters in the CHARMm?22 force field. The
total simulation time was 82 ns.
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Fig. 2.  Structures of equilibrated FN-IIl;. (a) Alignment of NMR (cyan) and
equilibrated (pink) structures shown in two different orientations. Two pro-
lines that prevent A and B strands forming more interstrand hydrogen bonds
are colored purple. Interstrand hydrogen bond networks of the ABE (b) and of
the GFCD B-sheets (c), the latter in different orientations. Hydrogen and
oxygen atoms are colored white and orange. Hydrogen bonds are represented
by black dashed lines.

Results

Structure of FN-lIll;. The structure of the recombinant FN-III;
module was determined by 'H, >N NMR spectroscopy. The
NMR structures exhibit few residual violations and low energies,
indicating good agreement with experimental restraints and
good geometry (Table 1). The structure of the FN-III; module
consists of two antiparallel B-sheets arranged as a B-sandwich
with a long axis of ~35 A (Fig. 1). One B-sheet is formed by three
strands (A, B, E), and the other B-sheet contains four strands (G,
F, C, D) as in other FN-III modules resolved previously (34-36).
The B-strands are well defined, with a backbone rms deviation
(rmsd) of 0.37 A (Table 1). Loops DE and EF show good
precision, whereas loops AB, BC, CD, and FG are more
disordered, especially loop AB (backbone rmsd of 1.95 A), which
is longer than in other structurally known FN-III modules.
Equilibration of the explicitly solvated protein for 1.8 ns yields
a stabilized structure with backbone rmsd from the NMR
structure of <2.5 A (Fig. 2a). The A strand in the triple-stranded
B-sheet ABE is unusually short, with only four backbone hydro-
gen bonds between Glu-5, Phe-7 and Asn-23, GIn-21 of the B
strand in the NMR structure. This hydrogen-bonding network
was marginally extended during the equilibration through the
formation of an additional hydrogen bond between Thr-9 and
Pro-19 (Fig. 2b). Furthermore, two prolines, Pro-12 and -19,
twist the A and B strands away from each other and act as
B-sheet breakers, disrupting further hydrogen bonding between
these two strands and resulting in an unusually weak B-sheet
compared to other FN-III modules (Fig. 2a). In contrast, in the
four-stranded B-sheet GFCD, the G and F strands form 10
interstrand hydrogen bonds (Fig. 2c¢), more than the F-G

Gao et al.
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Fig. 3. Mechanical unfolding intermediates of FN-IIl;. Curves shown (Top Left) are force vs. distance Rnc profiles from constant velocity SMD unfolding
simulations of FN-IIl; at speeds of 0.05 and 0.01 A/ps. Ryc is defined as the end-to-end distance between two termini. Multiple runs at the same velocity are
differentiated by a numeric suffix. Two force peak regions separated ~95 A are highlighted. Four unfolding intermediates (l1-1ls) characterizing the unfolding
pathway of FN-IIl; are shown as snapshots in cartoon representation. Transition from aligned state I, to I3 and from I3 to I, requires disrupting certain interstrand
hydrogen bonds between two B-sheets, ABE (a) and GFCD (b and c). The disruptions need assistance from surrounding water molecules (purple) that attack

hydrogen bonds. Formed hydrogen bonds between backbone oxygen (orange) and hydrogen (white) atoms are represented as thick black lines.

hydrogen bonds of any other structurally resolved FN-III mod-
ules. This structural difference, i.e., strengthening of the GFCD
sheet, can be attributed to the mutation of a proline located
in the FG loop, well conserved among other FN-III modules
(Fig. 1e).

Forced-Unfolding Intermediates. Because interstrand hydrogen
bonds have been shown to play important roles in the mechanical
stability of proteins (24, 37), the unusual hydrogen-bonding
network of FN-III; suggests a unique mechanical design. Indeed,
mechanical unfolding experiments using AFM have shown that
FN-III; has distinct intermediate states (21), which are not
typical for other FN-IIT modules such as FN-III;, and -III;3. To
further examine the mechanical response of FN-III;, we con-
ducted five SMD simulations at constant stretching velocities of
0.05 A/ps and 0.01 A/ps for a total time of 82 ns.

Two pronounced peaks were observed at end-to-end distances
Ruc of ~55 and ~150 A in all five unfolding simulations, and
four intermediates have been identified along the mechanical
unfolding pathway (Fig. 3). On stretching, the module first
elongates the coiled termini to ~40 A with no obvious disruption
of the tertiary structure, reaching state I;. This state, also called
“twisted state,” is similar to the first transitional state observed
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previously in studies of FN-I11;_;p modules (37). After I, the two
B-sheets rotate to align themselves in the direction of the force
vector, leading the protein to the second transitional state I, at
~55 A, also termed aligned state (37). The aligned state occurs
before separation of the A strand and corresponds to disrupting
the hydrophoblc core of the module, requiring a force of ~500
pN in 0.01 A/ps stretches. Entering the first peak area the force
subsequently remains high, ~500-800 pN, until the A strand
separates from the fold.

Although the unfolding pathway is similar to that of other
FN-III modules before the first B-strand detaches from the
remaining fold (37), a significant divergence in the unfolding
pathway for FN-IIT; was observed after the detachment. The A
and B strands gradually unravel first under a lower force until
they are completely separated from the folding core, extending
the protein to ~150 A. At this point, the protein reaches its most
stable intermediate, termed I3, or ©CFN-III;, because it contains
C to G strands in the remaining folded core. Transiting further
from I3 requires a second peak force of up to ~1,400 pN in 0.01
A/ps stretches to disrupt the remaining GFCD B-sheet. After
this most prominent force peak, the module gradually extends
under a much lower force. Occasionally a fourth intermediate,
14, was seen before a third force peak; the intermediate, also

PNAS | December9,2003 | vol. 100 | no.25 | 14787
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strands (F-C, red); and between C and D strands (C-D, green).

termed ©FFN-III;, contains only C, D, and E strands folded.
Finally, the protein fully extended at ~330 A.

Transition from one intermediate to the next requires forces
to overcome energy barriers contributed not only from inter-
strand hydrogen bonds but also from van der Waals (vdW) and
electrostatic packing interactions of the protein (Fig. 4). Tran-
smon from I, is connected to the first force peak between 40 and
70 A. The force peak is correlated with the breaking of five
intrastrand hydrogen bonds between A and B strands, the
breaking of two to four hydrogen bonds between G and F strands
near the C terminus, and a severe perturbation of the hydro-
phobic core. Reaching I3 and stretching the protein away from
the intermediate, the second force peak at ~150 A arises,
correlating with the burst of six to eight F+C hydrogen bonds and
two to four G-F hydrogen bonds, as well as a sudden increase
of the protein’s vdW energy. Breaking interstrand hydrogen
bonds other than those between A and B strands and between
G and F strands generally requires a relatively small force,
because the respective hydrogen bonds rupture one by one in a
“zipper-like” fashion. Rarely, a third peak force arises corre-
sponding to destabilizing I, by breaking the remaining hydrogen
bonds, mainly between C and D strands.

Discussion

Comparison with AFM Experiments. Unfolding experiments of FN-
III, repeats using AFM has revealed several mechanically stable
conformations, separated by 90 or 200 A and characterized
through rupture forces of 90 and 120 pN, respectively (21). This
suggests the existence of intermediates that are consistent with
our SMD results, despite the fact that rupture forces measured
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in SMD are about one order of magnitude higher than in AFM
experiments due to the different pulling velocity regimes (38).
According to SMD simulations, the extensions of 90 and 200 A
observed in AFM experiments are caused by the transition from
I, to I5 and by completely unraveling I5. The transition from I,
to I5 is characterized by breaking the A-B interstrand hydrogen
bonds at distance Ryc of 40-70 A (55 * 15 A), and unraveling
I3 is characterized by breaking the GF hydrogen bonds at Rnc
of ~150 A. Accordingly, our simulations give an extension of
~95 A from I, to 15, and an extension of ~180 A for unraveling
I, in close agreement with AFM experiments. Furthermore, the
SMD rupture force corresponding to disrupting I3 is higher than
the force needed to extend I, in qualitative agreement with
AFM experiments.

Comparison with Anastellin NMR Structure. Ruoslahti and col-
leagues (17) have found that anastellin, a 76-residue FN-III;
fragment beginning with residues NAPQ of the BC loop and
spanning the remaining C to G strands, is able to stimulate
fibrillogenesis of FN to form so-called super-FN (17). This
fragment has shown antimetastatic effects on tumors grown in
mice (20). Unless the 76-residue fragment assumes a new
conformation, structurally it would correspond to the folded
core of the Iz intermediate ©“SFN-I11; found in our SMD studies,
containing only the C to G strands. Indeed, the predicted
structure of intermediate I3 is in excellent agreement with a
recently published anastellin NMR structure (19), which exhibits
a similar single antiparallel B-sheet consisting of C, D, F, and G
strands, as well as a flexible E strand covering partially the
hydrophobic core. Formed interstrand hydrogen bonds shown in

Gao et al.
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Fig. 3b match well with those observed in the NMR structure
(figure 3 in ref. 19). A difference is found at the G--F interstrand
hydrogen bonding. Two bonds at residues Glu-83 and Thr-85 are
missing in case of anastellin but are present in the simulated I5,
whereas two bonds of Phe-89 near the C terminus were observed
in the NMR structure but are broken in the simulated I5.

Tuning Mechanical Stability of Intermediates. Assuming the prom-
inent unfolding intermediate I5 has functional relevance, it is of
interest to understand the origin of this intermediate, based on
the NMR structure reported here. In this respect, we note that
the NMR structure shows that FN-III; contains four more
hydrogen bonds between the F and G strands than FN-III,,
which exhibits an intermediate similar to I3, but only rarely (39).
In fact, the intermediate is found only in the seldom case that
stretching of FN-III;( unravels the A strand first. However, as a
consequence of the strong F-G interstrand hydrogen bonding,
unfolding of FN-III; always begins with unraveling the A strand
and, accordingly, always leads to the Is intermediate. The
structural reason for the strong F-G hydrogen bonding is the
absence of a proline residue that is otherwise highly conserved
and found at the beginning of the G strand of other FN-III
modules (Fig. 1le). Based on other FN-III modules with known
structure (FN-III7_1012-14), this proline creates a B-bulge, pre-
venting formation of more backbone hydrogen bonds and in-
creasing solvent accessibility to existing backbone hydrogen
bonds between the F and G strands. In contrast, FN-III; and
FN-III, belong to the few FN-III modules that do not include this
proline and, consequently, do not contain the B-bulge. The
absence of this proline thus enhances interactions between the
F and G strands and stabilizes FN-III; and -1II, over other FN-III
modules. This hypothesis is consistent with AFM experiments in
which FN-III; and -III, modules were found to be the mechan-
ically most stable FN-IIT modules (21). The absence of the stated
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proline in FN-III, implies that FN-III, is capable of forming an
intermediate similar to I3 described above. Interestingly, FN-III,
has also been proposed to contain buried cryptic sites necessary
for fibrillogenesis (12). However, further research is needed to
determine under what physiological conditions the I5 interme-
diate may be exposed by mechanical stretching.

Significance of the Intermediates. The intermediates of FN-III; can
have profound physiological relevance. The states I; and I, may
expose cryptic sites buried between domains or doubling the
length of modules without inducing the unraveling of the entire
FN-III tertiary structure. The presence of two late-stage inter-
mediates after the unraveling of the first B-strands, I3 and L4, can
expose further cryptic sites buried deep in the hydrophobic core.
It was previously suggested that fibrillogenesis involves the
swapping of B-strands with other partially unfolded FN-III
modules (14). Our findings of a stable intermediate I3 in the
mechanical unfolding pathway support this suggestion and pro-
vide a structural model revealing how cells exploit mechanical
forces to expose cryptic sites on the FN-III; module. Once an
FN-III; module is stretched into this intermediate, the straight-
ened A and B strands can potentially be swapped with adjacent
partially unfolded FN-III modules, thereby promoting binding
among FN molecules.
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