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Biological context

Fibronectin is a large multifunctional glycoprotein in-
volved in cell adhesion, cell migration, wound healing
and the regulation of cell growth. Fibronectin is a
modular protein composed of three different modules
termed types I-III. These independently-folded mod-
ules provide multiple binding sites for cell receptors
of the integrin families and for other extracellular ma-
trix (ECM) proteins. There are several variants, all
of which originate from alternative splicing of FNIII
domains (EDA, EDB and IIICS). Fibronectin contain-
ing EDA is highly expressed during embryogenesis,
but only slightly expressed in adult tissue except on
special pathological conditions such as wound healing,
liver fibrosis, glomerulosclerosis, vascular neoinitima
and cardiac transplantation. The biological function
of EDA itself, however, is still poorly understood.
Here, we present the tertiary structure of the human
EDA (hEDA) in solution. Its dynamic conformational
property will also be discussed.

Methods and results

DNA fragment coding hEDA was obtained by
PCR reactions of cDNA prepared from human
liver mRNA. Recombinant hEDA was expressed in
E. coli BL21(DE3). Purified samples were con-
centrated to 1-2 mM in a 2H,O/'H,0 (1:9) so-
Iution of 20 mM sodium phosphate (pH 7.0) and
50 mM NaCl or 400 mM Na;SO4. All NMR spec-
tra were recorded on a Bruker AMX-600. 'H, 13C
and PN assignments were carried out by using 'N-
'H HSQC, HNCA, HN(CO)CA, HNCO, HNCACB,
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CBCA(CO)NH, HBHA(CBCACO)NH, H(CCO)NH,
C(CO)NH, HCCH-TOCSY and '3C-edited NOESY-
HSQC. The stereospecific assignment of the valine
and leucine methyl groups were obtained by biosyn-
thetically directed fractional 10% '3C labeling. All
data were processed by nmrPipe (Delaglio, 1993) and
data analysis was assisted by the software Pipp (Gar-
rett et al., 1991). Interproton restraints for the structure
calculations were obtained from '3C-edited NOESY-
HSQC and N-edited NOESY-HSQC with 50 ms
mixing time. Slowly exchanging amide protons were
identified by monitoring the series of ’N-'H HSQC
spectra recorded at different time points. The coupling
constants 3JHN_H0L were measured from the HNHA
experiment. The ¢ and { dihedral angle restraints
were derived from the 3JpN_Hq coupling constants and
chemical shifts indices. The structures were calculated
using the YASAP protocol (Nilges et al., 1988) within
X-PLOR (Brunger, 1992).

The boundaries of hEDA were originally chosen
in a reference to other FNIII sequences to encode a
90-residue domain (hEDA(1-90)). The >’N-"H HSQC
spectrum of hEDA(1-90) at 20 °C in 50 mM sodium
phosphate buffer (pH 7.0) containing 50 mM NaCl
showed the expected number of resonances for a pro-
tein of 90 amino acid residues, having chemical shifts
typical of a random coil (7.8-8.5 ppm) (Figure 1a).
This suggests that the isolated hEDA(1-90) is un-
folded, unlike the other single FNIII domains such as
fibronectin 10th FNIII repeat (fnFNIII10), EDB and
tenascin third FNIII repeat (tnFNIII3) (Main et al.,
1992; Hamill et al., 1998; Fattorusso et al., 1999).
The hEDA extended by four residues derived from
the neighboring fnFNIII12 sequence at the C-terminus
(hEDA(1-94)) exhibited twice the number of expected
peaks for a protein of 90 amino acid residues in the
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Figure 1. TH-I5N HSQC spectra of two hEDA species in two different conditions. (a) hEDA(1-90) in 50 mM NaCl. (b) hEDA(1-94) in 50 mM
NaCl. (c) hEDA(1-94) in 400 mM Nay SOy4. All spectra were recorded at 20 °C in 20 mM sodium phosphate buffer (pH 7.0).

ISN-TH HSQC spectrum (Figure 1b), half of which
had a chemical shift dispersion characteristic of the
folded protein. Raising the temperature caused a grad-
ual reduction in the intensity of the cross peaks outside
the random-coil region, and these peaks mostly dis-
appeared at 37°C at which numerous other FNIII
domains are stable (data not shown). Because this ther-
mal transition was reversible, it is likely that the slow
conformational exchange on the NMR time scale is
present between the folded and unfolded states of the
hEDA. The further addition of 4—12 residues to the
C-terminus did not affect the equilibrium between the
folded and the unfolded state of hEDA(1-94) (data not
shown).

The resonances of the unfolded state disappeared
upon addition of 400 mM NaSOy4 (Figure 1c). The
overall structure in the presence of Na;SO4 and that
of the folded state in the absence of Na;SO4 appeared
to be same, because the backbone 1°N chemical shifts
were nearly identical. Thus, the following structure
determination was carried out for hEDA(1-94) in the
presence of Na;SOy4 at 20 °C.

Sequence-specific assignments of the backbone
resonances were obtained except for N1 at the N-
terminus and D78-M79. For the side-chain assign-
ments, the Cy, C3, Hy and H3 resonances of several
proline residues and the indole CH signals of H44
and H76 were unassigned. The aromatic CH signals
of Y32 were not observed probably due to flipping
of the aromatic ring, in a fashion similar to fnFNIII9
and fnFNIII10 (Copie et al., 1998). The chemical

shift values of 'H, !3C and >N resonances were de-
posited in the BioMagResBank (accession number
BMRB-5027).

The secondary structure of hEDA(1-94) was deter-
mined on the basis of the NOE data, \H/2H exchange
data, 3JuN_Ha coupling constants data and chemical
shift index. The relative locations of the P-strands
were determined from the long-range NOEs between
the individual B-strands. As anticipated from the se-
quence alignment with other fnFNIII domains (Dick-
inson et al., 1994), hEDA(1-94) is composed of seven
B-strands (from BA to PG) where conserved amino
acids among the fnFNIII domains are found at approx-
imately analogous positions. The only exception is the
position of BD. The counterpart of Y36 is H44 but
not E45 which had been predicted from the sequence
alignment. Furthermore, BD stretches from G42 to
L46 and shifts upward by three residues from the pred-
icated secondary structure, which results in the short
CD loop consisting of 3 residues (usually 68 residues
in other fnFNIII domains) and the long DE loop con-
sisting of 9 residues (usually 5-6 residues). This is
probably because the presence of P48 perturbs the D
strand formation at the authentic position. The long
DE loop contains the acidic-residue cluster (D51, E53,
E54 and D55). This is characteristic of hEDA, because
the corresponding loop in other fnFNIII domains has
only one acidic residue at most.

The three-dimensional structure of hEDA(1-94)
was determined from the total 1340 experimental re-
straints (Table 1). The structure statistics for 20 low



Table 1. Summary of Restraints for hEDA(1-94) in
structure calculations

Type Number of restraints
All 1340
Distance constraints 1289
Intraresidue (i = j) 435
Sequential (Ji—j|=1) 332
Short range (|i—j|<5) 87
Long range (Ji—j| > 5) 381
Hydrogen bond 54
Dihedral restraints 51
¢ angle 33
{r angle 18

Figure 2. The overall fold of the energy-minimized average struc-
ture of hEDA(1-94). The seven B-sheets are labeled (BA-BG).

energy NMR structures are summarized in Table 2.
hEDA(1-94) adopts the classical FNIII fold consisting
of two antiparallel B-sheets that form a B-sandwich
(Figure 2). The two P sheets enclose a well-defined
hydrophobic core of 22 amino acids: L8, F10, V13,
118, 120, W22, P25, V29, Y32, V34, Y36, L46,
A57, 159, L62, Y68, V70, V72, A74, L84, G86
and T90 (Figure 3). The root mean-square deviations
in backbone atoms in pB-sheet regions of hEDA(1-94)
relative to other FNIII domains are 0.94 A, 1.15 A,
1.11 A and 1.71 A for fnFNIII8, fnFNIII9, fnFNIIT10
and tnFNIII3, respectively (PDB ID code: 1FNF and
1TEN). The atom coordinates have been deposited in
the Protein Data Bank (PDB ID code 1J8K).
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Figure 3. Different stereorepresentations of hEDA(1-94). (a) Su-
perposition of the side-chains forming the hydrophobic core to-
gether with the backbone atoms (N, Ca, and C’) of the selected
20 NMR-derived structures of hEDA(1-94). Tertiary structures of
hEDA(1-94) were superimposed onto the energy-minimized aver-
age structure using P-sheets regions. The side-chains forming the
hydrophobic core are indicated by yellow. (b) Heavy-atom display
of the energy-minimized average structure. The following color
code was used: black, backbone; yellow, hydrophobic side-chains;
gray, polar side-chains; blue, positively charged side-chains; red,
negatively charged side.

Discussion and conclusion

The FNIII domain is generally a stable module. Most
FNIII domains have a melting temperature higher than
60°C at neutral pH. In contrast, isolated hEDA(1-
94) is mostly unfolded at 37 °C and exists in dynamic
equilibrium between the folded and the unfolded states
at 20 °C on the physiological condition. Furthermore,
hEDA(1-90) became unfolded by the removal of the
four C-terminal residues. This suggests that hEDA
can be easily transformed to the unfolded state as a
result of mechanical stress on the molecule through
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Table 2. Structure statistics of hEDA(1-94) NMR structures

{SA} <SA>r
(A) X-PLOR energies (kcal/mol)
Eotal 168 +8 163
Ebond 88 +£07 87
Eangle 117 +4 114
Eimproper 18 +1 17
Evdw 74 +18 6.7
Enoe 17 +3 18
Ecdih 0.02 £0.03 0.02
(B) r.m.s.d from idealized geometry
Bonds (A) 0.004 +0.001  0.004

0.54 £0.002 0.54
0.40 +0.004 0.40

Angles (deg)
Impropers (deg)
(C) r.m.s.d from experimental restraints

NOE (A) 0.016 £0.002  0.017
dihedral angle (deg) 0.06 =+ 0.06 0.07
(D) r.m.s.d to mean structure (A)

All non-H atoms in all regions 1.34 £0.09

All non-H atoms in $-sheet regions ~ 0.93 =+ 0.08

Backbone atoms in all regions 0.89 +0.10

Backbone atoms in $-sheet regions 0.51 £0.06

{SA} refers to the final 20 simulated annealing structures; <SA>r
refers to mean regularized structure obtained from superposition
of core backbone atoms of 20 NMR structures followed by re-
strained regularization of the mean structure. The 20 structures
have no NOE violations greater than 0.3 A and no dihedral angle
restraint violations > 1.0 deg.

Enoe and Ecgjpnwere calculated using force constants of
50 keal mol~! A=2 and 200 keal mol~! rad—2, respectively.
Eygw Was calculated using a final value of 4.0 kcal mol~ 1 A—4
with the van der Waals hard sphere radii set to 0.75 times those in
the parameter set PARALLHDG supplied with X-PLOR.

an external force such as cytoskeletal machinery. Re-
cent studies of titin and tenascin show that an external
pulling force on the entire protein results in the con-
secutive unfolding of the individual FNIII domains in
an all-or-none fashion (for a review, see Zhu et al.,
2000). These data indicate that the folding/unfolding
reaction may contribute to extensibility or elasticity
of the FNIII repeat-containing molecules and regu-
late the ligand-binding activity as a recognition switch.
Several FNIII domains of fibronectin have been eluci-
dated to contain cryptic sites that are recognized by
other fibronectin domains, becoming exposed only af-
ter at least a partial unfolding (Hocking et al., 1996;
Litvinovich et al., 1998).

There are two possible mechanisms of how EDA
may function in the whole molecule. The first pos-
sibility is that the insertion of EDA induces a local
and/or global conformational change in fibronectin

(Manabe et al., 1997; Johnson et al., 1999), which
could cause stabilization or destabilization of the in-
dividual FNIII domains. The second possibility is that
EDA itself binds to a cell-surface receptor and regu-
lates the matrix assembly or interaction between the
fibronectin and other proteins. Although the recep-
tor of EDA remains unidentified, the presence of the
receptor has been suggested by the study of the re-
combinant EDA or monoclonal antibody recognizing
EDA (Jarnagin et al.,, 1994; Xia and Culp, 1995;
Serini et al., 1998). In either case, this conformational
equilibrium may play a key role in the physiological
function of EDA. The detailed characterization will
provide useful information about the unique functional
role of EDA.
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