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ABSTRACT. Fibronectin (FN) is an extracellular matrix (ECM) protein found soluble in corporal fluids or

as an insoluble fibrillar component incorporated in the ECM. This phenomenon implicates structural changes
that expose FN binding sites and activate the protein to promote intermolecular interactions with other
FN. We have investigated, using fluorescence and circular dichroism spectroscopy, the unfolding process
of human fibronectin induced by urea in different ionic strength conditions. At any ionic strength, the
equilibrium unfolding data are well described by a four-state equilibrium modelIN< 1, < U. Fitting

this model to experimental values, we have determined the free energy change for the different steps. We
found that the N= I, transition corresponds to a free energy of 14.5.4 kcal/mol. Comparable values

of free energy change are generally associated with a partial unfolding of the type Il domain. For the |
< |, transition, the free energy change is &@.4 kcal/mol at low ionic strength but is twice as low at

high ionic strength. This result is consistent with observations indicating that the complete unfolding of
the type 11l domain from partially unfolded forms necessitates about 5 kcal/mol. The third step,))

which leads to the complete unfolding of fibronectin, corresponds to a free energy change &f(149.4
kcal/mol at low ionic strength whereas this energy is again twice as low under high ionic strength conditions.
This hierarchical unfolding of fibronectin, as well as the stability of the different intermediates controlled
by ionic strength demonstrated here, could be important for the understanding of activation of the matrix
assembly.

Fibronectin is a multifunctional glycoprotein expressed by terminus of the polypeptide4). Two type Il modules
various cell types (hepatocytes, fibroblasts, macrophages, andnterrupt a row of nine type | modules. Fifteen type llI
leucocytes, among others). This protein, circulating in the modules make up the middle of the polypeptide. Type |, II,
blood and plasma, could be transformed by cultured fibro- and Ill modules are also found in many other proteins, type
blasts into an insoluble fibrillar component of the extracel- 11l even being ubiquitous in animal proteid)( They are
lular matrix (ECM} (1). Once incorporated, fibronectin connected by short polypeptide segments sensitive to pro-
becomes a prominent constituent of ECM around and beneathteinases and are regrouped in functional domains that express
many cells. It provides substrates for cell adhesion and specific binding activities ). X-ray crystallography and
migration during development, wound healing, and other NMR spectroscopy have been successfully used to elucidate
situations, as well as affecting many cellular functions the structure of some individual modules or short fragments.
including proliferation, survival, and differentiatioi2,(3). Their structure was found as being maiphsheet, and the

This large glycoprotein is a dimer. The two subunits of three types of modules are considered as globla8)(
around 250 kDa are covalently linked via two disulfide bonds  Under plasmatic buffer conditions (10 mM Tris-HCI, 150
near their carboxy termini. Each subunit is composed of a mM NaCl, pH 7.4), at room temperature, the conformation
series of modular domains known as fibronectin repeats |, of the whole fibronectin has been investigated by several
I, and Il (12, 2, and 15 copies, respectively). Modules of techniques. Among recent works, it has been showed that
type I, I, and Ill consist of about 45, 60, and 90 amino acids, under such buffer conditions fibronectin conformation im-
respectively. The 12 type | modules are disposed as fol- plies both large-scale flexibility and local order. Results from
lows: 9 make up the Niterminus and 3 end the COOH |ight scattering and small angle neutron scattering have

shown that the native fibronectin conformation is consistent

*To whom correspondence should be addressed. Phone: (33)With a Gaussian chain of 56 glo_bular modulék Conc_em'
134 2566 01. Fax: (33) 1 34 25 65 52. E-mail: emmanuel.pauthe@ ing the secondary structure, it has been unambiguously

bio.u-cergy fr. established that native fibronectin contains about 43%
A N ) .
5 EgngF%E{eﬂ?.'versme Cergy .Ponto'se‘ B-sheet, 28% turns, and 25% unordered structut8si(l).
"LPPI, Universitede Cergy-Pontoise. However, though conformation and structure of whole

1 Abbreviations: ECM, extracellular matrix; FN, fibronectin; FNI, fibronectin in well-defined solution have been preCisely
fibronectin domain type | module; FNII, fibronectin domain type Il

module; FNIII, fibronectin domain type Il module; KI, potassium ~ Characterized, studies concerning fibronectin stability and/
iodide. or structural behavior in various conditions have been
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principally restricted to its fragments. Indeed, there are few No systematic study of denaturant-induced structural
techniques available to follow structural variations in non- modifications of the whole fibronectin has been reported.
globular proteins of such high molecular mass. Such studiesin the present work, we analyze the equilibrium urea-induced
have been essentially made on type Ill modules. It is well unfolding of fibronectin under different ionic strength
accepted that there are binding sites hidden in the foldedconditions in order to characterize structural changes of
core of FNIII modules, such as the two synergetic sequencesfibronectin. Spectroscopic probes, such as fluorescence and
RGD and PSHRN, found in the tenth and the ninth type Il circular dichroism, have been used to follow changes in
module, respectively, and responsible of fibronectin interac- secondary and tertiary structures. Whatever the ionic strength
tion with specific cellular receptors (integrin). Upon a was, the data are well described by the four-state sequential
mechanical stretching, these modules could be partially model: N= I, < I, < U. In all cases, the first intermediate
unfolded and become “activated”. Exposure of these cryptic I, seems to have the same secondary structure content.
sites by mechanical unfolding triggers the binding of FNIIl However, some variations appear in the tertiary structure
modules from other molecules, favoring matrix assembly organization at high ionic strength. Moreover, the stability
(12—14). Spectroscopic methods and scanning calorimetry of intermediates depends on ionic strength.

have been used to confirm this property of FNIIl modules  Effects of ionic strength on the urea-induced denaturation
and, in particular, the ninth type Ill module. It has been of fibronectin are discussed in terms of stability and structural
clearly demonstrated that temperature-induced unfolding of modifications of the different states. Possible biological
FNIll o proceeds through a partially unfolded intermediate implications of intermediate states are discussed in the light
which undergoes rapid self-association, leading to the of fibril formation and interaction with cellular receptors.
formation of large stable multimers that retain substantial
amounts off-sheet structurelf). Such structural organiza- MATERIALS AND METHODS

tions might play a role in the regulation of matrix assembly.  Fibronectin Purification.Fibronectin was purified from
Furthermore, recent steered molecular dynamics (SMD) human cryoprecipitated plasma according to a protocol
simulations have been used to study how mechanical developed in our laboratory that yields a large quantity of
stretching of FNII-1 affects the relative distance between homogeneous proteinl§). This protocol is based on
the RGD and the PHSRN synergetic sequence in kNIl fibronectin affinities for both gelatin and heparin. Briefly, it
and FNIll, modules, respectively. These simulations predict consists of three liquid chromatography steps: a gelatin
the existence of an intermediate unfolding state in which the affinity followed by a heparin affinity and finally another
synergy-RGD distance is strongly increased and becomes gelatin affinity chromatography. All chromatography gels
too large to allow both sites to cobind the same receptor. were purchased from Chisso Corp., Japan. The purity of the

Thus, these simulations suggest that increasgd binding preparation was determined by densitometry analysis of silver
attributed to the synergy site can be turned off mechanically nitrate-stained SDSpolyacrylamide gel electrophoresis, 98.2
by stretching FNI§-10 into this intermediate statel). + 0.8% (w/w). Fibronectin concentrations were determined

The existence of such intermediate unfolded states couldby optical absorbance measurements at 280 Alt= 12.8.
so play a role in the regulation of interactions between matrix ~ Reagents.UItrapure urea was purchased from Merck.
proteins (as fibronectin) or between these last ones and othelUltrapure reagent grade tris(hydroxymethyl)aminomethane
molecules such as the integrin receptors. and sodium chloride were obtained from Research Organics.

Concerning the whole fibronectin, few studies have been lonic Strength Conditions UseBenaturation experiments
realized on the structural variations and stability induced by of fibronectin were realized under five different ionic strength
physical or chemical parameters (such as temperature, pHconditions: “pure water” at pH 7.4, 1 mM Tris-HCI, pH
or denaturant reagent). Structural modifications of fibronectin 7.4, 10 mM Tris-HCI, pH 7.4, and 10 mM Tris-HCI, pH
induced by increasing temperature have been recently7.4, containing either 30 or 150 mM NaCl. The ionic strength
reported, using Fourier transform infrared (FT-IR) and light chosen for the five different buffers is based on the!
scattering spectroscopyl). The authors observed that, at value. This physicochemical parameter, called the screening
high temperature, a partially unfolded state of fibronectin is length for electrostatic interactions, gives some information
induced and an aggregation process occurs via the formationabout the distance of inter- and intramolecular electrostatic
of intermolecular hydrogen bonds and intermolecglatruc- interactions in solution1@). This parameter equalssthl) 2,
ture. Moreover, effects of ionic strength and pH on fibronec- wherely, is the Bjerrum length antithe ionic strengthly is
tin structure have been investigated by several spectroscopiche distance at which the Coulomb energy between two
methods (fluorescence, circular dichroism, etc.). The resultscharges matches the thermal enek@y This distance is 7.2
suggested that a change in pH or in ionic strength (above 1A for pure water at room temperature.
M NaCl) induces an unfolding resulting in two loosely In pure water (water, 18 K2), at pH 7.4,x,"* is around
associated disk-shaped subunit®)( This structural arrange- 360 A, which is twice the protein size (150 A), indicating
ment permits the independent rotational motion of each that inter- and intramolecular repulsive interactions in
fibronectin subunit around the carboxyl-terminal interchain solution are clearly not negligible. Thus, chains do not attract
disulfide bonds. This conformational change is presumably together in pure water. The same situation applies in 1 mM
mediated by the salt- or pH-induced disruption of intersubunit Tris-HCI, pH 7.4, where, ! is around 150 A, a value close
salt bridges and/or hydrogen bonds. to that of the protein size. Pure water and 1 mM Tris-HCI

So, these studies concerning structural modifications of conditions are thus called “low ionic strength conditions” in
fibronectin have been essentially led on electrostatic interac-the following.
tions but not on hydrogen bond interactions which maintain ~ In 10 mM Tris-HCI, pH 7.4, 10 mM Tris-HCH 30 mM
secondary and tertiary structures. NacCl, pH 7.4, and 10 mM Tris-HCt 150 mM NacCl, pH
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7.4,k0tis 60, 30, and 10 A, respectively. These values are concentration [Q];k, is the bimolecular collisional rate
smaller than the size of fibronectin. Thus, an increase in ionic constant between the quencher molecules and the tryptophan
strength leads to some attenuated electrostatic attractiveresidues. The produkro, called the SterrrVolmer constant
interactions, also called screening charge. Consequently, th€Kg), is analogous to an equilibrium constant. It reflects the
chains can interact together to some extent in solution. Thesefluorophore accessibility and is thus related to the environ-
three buffer conditions are called “high ionic strength mental flexibility of the tryptophans.

conditions” below. Since fibronectin contains more than one tryptophan

Preparation of Denatured Samplddrea stock solutions  residue, the Lehrer equation was used to determine the
(10 M) were prepared in the five different ionic strength tryptophan-accessible fraction to quencher molecules such
conditions. All solutions were prepared freshly for each as iodide.
experiment and filtered (0.22m pore size) before use. For
denaturation experiments, samples at constant protein con- Fo [0 fKIQ] |
centration and various urea concentrations were prepared by D
mixing proper amounts of urea from the 10 M stock solution
with constant amounts of native fibronectin in the corre-
sponding buffer. The same procedure applied for renaturation
experiments, except native fibronectin was replaced by 10
M urea-denatured fibronectin in the specific buffer. In both
denaturation and renaturation experiments the samples wer
incubated at 24°C for 24 h before measurements. This
incubation time has been found optimal to allow the protein
to reach the unfolding/refolding equilibrium at any urea
concentrationsA 8 hincubation time led to a noncoincidence
between the unfolding and refolding curves. This apparent
hysteresis was progressively reduced upon increasing the =
incubation time and totally disappeared when the incubation
time was 24 h or more.

Furthermore, each sample, once incubated for 24 h, was noe . . )
checked for any possible aggregation just before fluorescenceVnerefa = ¥i_ifi is the maximum fraction of accessible
or circular dichroism measurements. This was achieved by fliorophores. From this equation, a plot BYAF = f(1/
systematically recording the absorption spectrum of all [Q]) yields a straight line whose extrapolation at 1/[QJ0
samples between 220 and 340 nm in a 922 Uvikon spec-9ives the value of Ifon the axisFo/AF.
trophotometer. The absence of turbidity between 310 and !f €ach accessible fluorophore has a different valuiof
340 nm was taken as indicating that no aggregation occurred the Lehrer relationship can be rewritten as
Moreover, the absorption spectrum allowed to check the

n n
protein concentration in the samples. 1+ SYK[Q] + Z K K[Q]? +
F, ; i ' K

AF A1+ K(Q]

where Fq is the fluorescence intensity in the absence of
guencherAF = Fo — F is fluorescence decrease for a given
qguencher concentration [Qf, = Fo/Fo is the fractional
gontribution to the total fluorescendg, of fluorescence
intensity Foi from theith fluorophore, an; is the Stera-
Volmer constant of an individual accessible tryptophan
residue.

If each fluorophore accessible to the quencher exhibits the
same value oK, the equation becomes

Jo_ 1
AF  fK[Q]

1
1,

A baseline control was realized for each experiment at i=
any ionic strength, with a series of samples containing urea
at various concentrations but where the fibronectin was . .
replaced by the equivalent volume of the appropriate buffer. ZfiKi[Q](l + ZKj[Q] +)

Fluorescence Measuremenf$uorescence measurements = =
were performed on a Perkin-Elmer spectrofluorometer, model \yherej andj correspond to théh andijth fluorophores.

LS S0B, equipped with a data recorder and a temperature- At |ow quencher concentrations, this relationship can be
controlled cell holder. The fluorescence spectra were mea- equced to
sured at a protein concentration of @M with a 1 cmpath

length cell and at constant temperature {23. Excitation n
and emission bandwidths were set at 10 and 5 nm, respec- ZlKi
tively. Intrinsic fluorescence was excited at 295 nm, and the Fo . 1 i=
emission spectra were recorded between 310 and 410 nm. E T + n
(A) Fluorescence Quenching Experimenisyptophan fK[Q] Kif,

fluorescence quenching induced by iodide (potassium salt & =
from Sigma) was analyzed according to the Steviolmer

(20) and Lehrer 21) equations. where the reciprocal of L, Ki/y L ,Kifi can be considered as
The dynamic quenching process can be described by thean effective average of the maximum fraction of accessible
classical SterrrVVolmer relationship: fluorophores, f)e, and 3 K; as an effective averaged

guenching constantKjeg.
Fo _To_ Values of {3)err and K)err associated with the accessible
E 7 1+ quO[Q] fluorophores are obtained from the extrapolated intercept on
the Fo/AF axis of the Lehrer plot and the slope at low
whereF, andto andF andt are the fluorescence intensity quencher concentrations, respectively.
and the time constant of fluorescence decay, respectively, (B) Data Analysis of the Denaturation Process of Fi-
in the absence and in the presence of the quencher at a givebronectin.The unfolding/refolding transition of fibronectin
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was quantitatively analyzed according to the four-state K, = exp(—AG,/RT) (16)
sequential model:

K;= —AG4/R 17
Nel,<l,—U 3= exp(-AG4/RT) 17)
K1 Ko Ks

whereR is gas constant (1.987 ealol"*K~1) andT is the
in which N and U are the native and unfolded statesnd temperature in kelvin. We assumed, as generally accepted,
I, are two unfolding intermediates, amd, K, andK; are that the free energy change for each step in the reaction is
the dissociation equilibrium constants of the corresponding linearly dependent upon denaturant concentratis 23):

steps.
If the total molar concentration of polypeptide chains is AG, = AG®; — my[denaturant] (18)
No, then
AG, = AG°, — my[denaturant] (19
No=[N] + [I] +[I5] + [U] 1)
, o ] ) AG; = AG°; — my[denaturant] (20)
and the molar fraction of each species is defined as in the
equations where AG°;, AG®,, and AG°; are the free energy changes
= [NJ/N ] ) in the absence of denaturant amg m,, andny are the free
energy dependences upon denaturant concentration associated
_ with each step.
fin = [12JINo] 3) From eqs 1520, theK;, KiK3, andK;K;K3 expression
fo =[N (4) can be written as follows:
I
—(AG°; — mJU
— [UJINg (5) <, = expno s D 1)

with
—[AG®, + AG®, — (m, + m,)[U]]
f+f,+f,+f,=1 (6) KK, =exp RT

(22)

The equilibrium constantk;, K,, andKj are related to the KKK, =
molar fraction of each species andNg as follows: —[AG®, + AG®, + AG®, — (M, + m, + my)[U]]
Ky = fiu/fy (7) P RT

K = filfiy (8)
The amplitude of the spectroscopic signal determined at any
Ks=1/f, 9) denaturant concentration is assumed to be a linear combina-
tion of the fractional contribution from each species:

(23)

Using eqs 79 and substituting in terms &f, eq 6 can also

be written as Y =Y\f, + Yi.fin T Yol + Yufy (24)
f, 1 1 1 =1 (10) whereYy, Yi1, Y2, andYy are the specific contributions of
KKKz KoK K each species to the signals.

. _ . . Using eqs 1+14, eq 24 can be expressed as
Rearranging eq 10, the fraction of each species is obtained

as shown in the equations v Yy T YKy + YRKK, + YK KK, (25)
‘f 1 1) 1+ K, + KK, + KKK,
14K, + KK, + KKK
1o e s From eqgs 2123, eq 25 can be written as follows:
K o
f, = (12) (AG®; — my[U])
114+ K+ KK, + KKK, Y= {Y +Y, exp( RT +
—(AG°, + AG°, + U
. KK, 13 Y, exd - — (Mt m)luD)
21K KK, + KKK, —(AG°, + AG°, + AG°; — (m +m, + m3)[U])
Yy ex RT
KKK
f,= Lz (14) —(AG®; — m{U))
1+ K, + KK, + KKK, 1+ ex —RT
At a given denaturant concentration, each equilibrium —(AG°1 +AG, —(m + rr12)[U])
constant is related to the free energy change of the corre- s .
sponding step: exp( (AG +AG%, + AG —(m+m,+ ms)[U]))}
RT

K, = exp(=AG,/RT) (15) (26)
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Thus, the final relationship (eq 26) that expresses the
observed signaY as a function of the denaturant concentra- 3%
tion, contains 10 unknownsYy, Y, Yz, Yu, AG®;, AG®,,
AG®3, my, M, and me.

(C) Nonlinear Least-Squares Fitting Proceduiée 10
unknown parameters\G°;, AG®;, AG®3, my, My, Mg, Yy,
Yi1, Yz, andYy, were deduced from the transition curves at
any ionic strength by fitting the data to eq 26, developed in
terms of AG®;, AG®,, AG°s, my, mp, and mg, using the
nonlinear least-squares procedure included in the software
Fig.P (version 2.7) from Biosoft (Cambridge, U.K.). At each
ionic strength, three independent series of data were collected 0310 150 3% 340 350 300 370 30 950 400 410
and analyzed. To avoid any divergence during the minimiza- wavelength(nm)
tion procedure, the number of unknown parameters was
restricted by setting as fixed parameters the specific fluo- B
rescence of the native and fully unfolded statdsandYy, —~ 250 |
using the experimental fluorescence values measured at 05
and 10 M urea, respectively. Additionally, at low ionic
strength, the specific fluorescence of the first intermediate
Y1 was graphically estimated between JlahM urea and
also set as constant during the fitting procedure. In a second
fitting step, all of the 10 parameters were set as floating.
The robustness of the fit was tested by initializing the fitting
session with different sets of initial estimates. 0 ]

Circular Dichroism Measurementéll CD measurements 310 320 330 340 350 36 370 380 390 400 410
were acquired with a CD6 spectropolarimeter from Jobin- Ficure 1: Fluorescence emission spectra of fibronectin during the
Yvon. In the far-UV CD, spectra were recorded between 195 genaturation process. The samples were excited at 295 nm. In both
and 260 nm with a 0.02 cm path length cell at protein panels, fibronectin (0.4M) was incubated for 24 h at 24C in 1
concentrations around 2M. Each spectrum results from de) TAti?/ﬂdCLttpg |7-4) (pafgjell(')“)'\,/l iomai?ing) ured 91(')\4 (ﬁﬂogd,
averaging five successive scans recorded at constant ban |1_|ne|, i OmeM ,\'I”e i a”H 24 gral‘yB ine . ?rir':?n rr“ t”S'M
pass (2 nm) with a 0.5 cm step and a constant ””teg'r""“,o”(s,(cinczi1 |iﬁe)52 M (dot?ecd line). P iy (é’r;; line). N el
time of 2 s. The baseline was acquired with the correspondingg’ show theimax emission of fibronectin in 1 mM Tris-HCI, pH
buffer, under strictly the same conditions and then subtracted7.4, and 10 mM Tris-HCIl and 150 mM NaCl, pH 7.4, respectively.
from the spectrum of the sample. A similar procedure was
used for near-UV CD spectra, between 250 and 350 nm,induces an unfolding of the protein, with exposure of its
except that the path length was 1 cm instead of 0.02 cm. tryptophan residues to solvent. However, the fluorescence
During acquisition, the temperature of the cell holder was spectrum presents a shoulder around 330 nm, which indicates
controlled by circulating water at constant temperature from the persistence of some nativelike structures. Nevertheless,
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a water bath. the urea-induced fluorescence dramatic change reveals a
marked alteration of the tertiary structure. In addition, the
RESULTS far-UV CD spectrum (data not shown) of the urea-treated

Urea-Induced Fibronectin Denaturatiofibronectin con- fibronectin showed a large eIIipfcicity chang_e, indicgtir)g the
tains a large number of tryptophan residues (around 80)Ioss of“secondary struﬂc?ure. This stgte of fibronectin is thus
essentially localized inside the different globular modules Cc@lled “unfolded state” in the following.
of the molecule and disposed in a homogeneous way along At intermediate urea concentrations (around 4 M), some
the chain. On the basis of this feature, steady-state fluores-differences, depending on ionic strength conditions, appear
cence emission intensity and emission maxima of tryptophanin emission spectra. Representative data are shown in Figure
residues were used as probes of the urea-induced denaturatioh, panels Aand B, for protein h 4 M urea (dotted line).
of the protein under different ionic strength conditions. On one hand, at high ionic strength, the emission maximum

As shown in Figure 1, in absence of denaturant, fibronectin at 4 M urea is centered around 331 nm, close to the value
has a maximum fluorescence emission centered at 330 nmpbtained for fibronectintd M urea (Figure 1, panels B and
indicating that the majority of the tryptophans are buried in B’). This indicates that the tertiary structure of fibronectin
the folded protein. The same result is observed at low andis only slightly affected by urea at 4 M. On the other hand,
high ionic strength (1 mM Tris-HCI, pH 7.4, and 10 mM at low ionic strength and the same urea concentration (4 M),
Tris-HCIl + 150 mM NacCl, pH 7.4; panels A and B of Figure  the fluorescence emission spectrum was clearly red shifted
1, respectively). These data indicate thal) & urea, ionic compared to that of the native protein: its maximum is 335
strength, in the range tested, has no effect on the tertiarynm instead of 330 nm in the absence of urea (Figure 1, panels
structure of fibronectin. Consequently, we called this state A and A). This red shift was observed at any concentration
“native state”. ranging from 3 © 4 M urea under low ionic strength

In 10 M urea, the fluorescence emission maximum is red conditions (data not shown). This observation suggests the
shifted to 350 nm, indicating that urea at high concentration accumulation of an equilibrium unfolding intermediate
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between 3 ath 4 M urea, under these conditions of ionic A
strength.

Thus, it seems that the unfolding process of fibronectin
could be different according at low and high ionic strength,
with or without accumulation of a partially folded state.

Effect of lonic Strength on the Equilibrium Unfolding of
Fibronectin. (A) Fluorescence Measuremddtea-induced
denaturation of fibronectin has been studied at five different
ionic strengths: two referred to as low, water 1&NMnd 1 B
mM Tris-HCI, pH 7.4, and three referred to as high, 10 mM
Tris-HCI, pH 7.4, 10 mM Tris-HCH 30 mM NacCl, pH
7.4, and 10 mM Tris-HCH- 150 mM NaCl, pH 7.4 (see
Materials and Methods).

Figure 2 shows the influence of the ionic strength on the
urea-induced transition of fibronectin by investigating the
environment of the tryptophan residues as followed by
emission intensity at 360 nm. As can be seen in Figure 2A,B
(open circle), under the two low ionic strength conditions,
there is almost no change between 0 and 1.8 M urea. A first
cooperative increase of the signal was observed between 2
and 3 M urea. Then a second cooperative transition occurred
between 5 ath 7 M urea. These data showed that, under these
low ionic strength conditions, the complete unfolding of
fibronectin seems to obey a three-state unfolding process,
with a well-populated folding intermediate accumulating at
3—4 M urea. On the contrary, the unfolding transitions of
fibronectin at high ionic strength, as shown in Figure D ' 10mM Tris, 30 mM NaCl pH7.4
(open circle), reveal a single cooperative transition that occurs
between 4 ath 8 M urea.

So, it appears that ionic strength induces an important
difference in the denaturation pathway of fibronectin.

To characterize more precisely the unfolding at the dif- g
ferent ionic strengths tested, we analyzed the transition curves
using a nonlinear least-squares fit of the different set of data.

Water 18 MQ

1 mM Tris, pH7.4

o] 10 mM Tris, pH7.4

Fluorescence emission at 360 nm (U.A.)

Since the transition profiles collected under the low ionic 10 mM Tris, 150 mM NaCl pH7.4
strength condition (Figure 2A,B) obviously revealed the 250
transient accumulation of a stable intermediate around 3
M urea, the experimental data have been first fitted according 200
to a three-state model. After convergence, a nonrandom de- 150
viation between the simulated curve and the experimental WP
data was systematically observed, whatever the fitting pro- L
cedure used. Therefore, we concluded that the equilibrium 50
denaturation process of fibronectin did not obey a three-state 0123456 7 8 910

transition. This result suggested that a more complicated un- o Urea,M . .
folding mechanism, implying at least three steps and two Ficure 2: Equilibrium denaturation of fibronectin. Denaturation

. . S was measured by fluorescence emission at 360 nm with excitation
intermediate states should occur under weak ionic strength," 595 1im. In all experiments, the protein concentration was 0.1

conditions. uM. Each sample was measured after 24 h incubation. The data
According to the same approach as above, we fitted the were fit simultaneously (solid lines) as described under Materials

data collected at high ionic strength to the minimum two- @nd Methods using the development of eq 26.

state transition. In this case, again the fit was clearly not mental data and the simulated curves obtained from the best
satisfactory since the curve calculated from the best fit fits indicates that this equilibrium-unfolding model was
showed a marked deviation from the experimental data. Thesyitable.
sequential three-state model did not satisfactorily account On the basis of this minimum three-stage equilibrium
either for our experimental data and still led to an important model, we determined the conformational free energy,
statistical error (data not shown). Thus, again in this case, AGH°, and them values (see Materials and Methods) for
the fitting analysis clearly indicates that a minimum three- each step during the denaturation process. Table 1 sum-
stage model had to be considered. marizes the values of the thermodynamic parameters deduced
The five series data (at either ionic strength) were then fit from the best fits under the different ionic strength conditions.
to the sequential four-state model with much better results, In water, 18 M2, the free energy changesG®; (N < I1),
as shown in Figure 2 (solid lines). In this case, whatever the AG®; (I; < 1), andAG®; (I, < U) were respectively 10.5
ionic strength was, the good correlation between the experi-+ 0.4, 8.6+ 0.3, and 15.G+ 0.4 kcal/mol. Thus the global
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Table 1: Thermodynamic Parameters Characterizing the Denaturation Process of Fibtonectin

fluorescence

ionic strength conditions AG°P m© AG°P m° AG°P mge AG°P
water, 18 M2 10.5+0.4 48+ 0.5 8.6+ 0.3 1.8+ 0.2 15.0+£ 04 1.8+0.3 34.2+ 0.6
1 mM Tris-HCI, pH 7.4 9.9+ 0.2 3.6+ 0.2 6.6+ 0.3 1.2+ 0.15 13.7+ 0.8 1.8+ 04 30.2£ 0.8
10 mM Tris-HCI, pH 7.4 10.6£ 0.4 4.4+ 0.3 45+ 0.3 1.0+ 0.1 7.4+ 0.3 1.2+0.2 22.5+ 0.7
10 mM Tris-HCI, 30 mM NacCl, pH 7.4 10.8 0.4 5.0+ 0.2 42+0.2 1.0+ 0.1 7.4+0.1 1.1+ 0.1 22.5£ 0.5
10 mM Tris-HCI, 150 mM NaCl, pH 7.4 1004 51+1.2 4.2+ 0.3 1.0+ 0.1 7.3+ 0.1 1.1+ 0.1 222+ 0.4

aThe denaturation transitions under various ionic strength conditions were fitted to eq 26 as developed in Materials and Methods. For each
parameter, the values correspond to the average of values calculated by nonlinear square fitting from the three independent sets of data. The errors
correspond to the standard deviation calculated from average values of the corresponding parémniatakmol=2. ¢ In kcaktmol-M~1,

free energy changeAG°: associated with the N= U A

transition in water, 18 MR, obtained by summing the free fi,1

energy changes of the individual steps, is 34.D.6 kcal/ 14+—--—-. fi.2 B

mol. Similarly, the global free energy change was calculated fn \\ //\\\
o

l’ s
/

1 mM Tris-HCI, pH 7.4, 10 mM Tris-HCI, pH 7.4, 10 mM \X \X‘
Tris-HCI + 30 mM NaCl, pH 7.4, and 10 mM Tris-HCH 04 | [ A
150 mM NaCl, pH 7.4, are 30.2 0.8, 22.5+ 0.7, 22.5+ / \ F
0.5, and 22.2+ 0.4 kcal/mol, respectively. So, the global 02 | /“ /
free energy change decreases with increasing the ionic \ J/ ) \
strength. 0 ] ‘ ‘
When comparing the free energy change of each individual
step, we observed no significant change with the ionic
strength for the N= |, transition conditions (average value: B
10.5 kcal/mol). Concerning the second stepet I, the fi,1
calculated values ohG°; decrease with increasing the ionic LI ]
strength. Similarly, the free energy change of the third fn \ /f\ .
transition, b < U, decreases when ionic strength increases. 0.8 1 3/
Thus, the decrease of the global free energy change with 06 | | \ s N\
increasing ionic strength is related to both transitions»| ' / \/
I, and b < U, the conversion of N to,lbeing insensitive. 04 | )\ ’,X‘
/

for the unfolding transition at other ionic strengths. The 0.8

corresponding values @G°; for the N< U equilibrium in 06 |

Fraction

Fraction

To evaluate the transient accumulation of the different

species along the urea-induced unfolding, the equilibrium 02 | \ \
distribution of the four species, N, ll;, and U, as a function /S L N

of urea concentration could be reconstituted using the fitted 0 - .
values ofAG®;, AG®,, AG®3, my, mp, andny (see Table 1). o 1 2 3 4 5 6 7 8 9 10
Similar curves are obtained for the two low and the three [urea], M

high ionic strength conditions. As examples, Figure 3 shows Ficure 3: Distribution of the native, intermediate, and unfolded
these distribution curves for 1 mM Tris-HCI, pH 7.4, and state of fibronectin as a function of urea concentration. The fractions
10 mM Tris-HCI+ 150 mM NaCl, pH 7.4. As can be seen of native €), the first intermediatefyq), the second intermediate

L . : . (fz), and the unfolded f() states were calculated using the
the main difference between the two situations is the lower 2 meters deduced from the fits of the denaturation transitions in

accumulation of the second intermediateat high ionic (A) 1 mM Tris, pH 7.4, and (B) 10 mM Tris-HCI and 150 mM
strength compared to that at low ionic strength. NaCl, pH 7.4.

(B) Fluorescence Quenchings previously established,

the equilibrium unfolding processes of fibronectin, at any between { in both conditions might reflect a difference in
ionic strength tested, can be well described by the sequentialconformational flexibility. Fibronectin contains a large
four-state equilibrium model. On the basis of this model, amount of tryptophan residues, and each of them is charac-
ionic strength affects the thermodynamic parametAiG°( terized by its microenvironmental properties. Depending on
andm) associated with the two last steps, changing the extenttheir localization in the protein, these tryptophans are
of accumulation of the intermediates. In the analysis of the accessible to the solvent to various extents, according to the
steady-state tryptophan fluorescence spectra and particularlyconformational flexibility and the extent of individual
emission maxima, some differences between low and highaccessibility of a particular residue varied along the dena-
ionic strength conditions were evidenced, especially at turation transition. Fluorescence quenching experiments have
intermediate denaturant concentration, between 3.4 and 4 Mbeen proved to give precise information about local confor-
urea, where the first intermediate statg ccumulates. As  mational fluctuation around tryptophans. We thus used this
previously mentioned, the accumulation ofd only slightly approach to compare the conformational flexibility of the
more pronounced under low ionic strength condition. This intermediate state kt low and high ionic strength. Quench-
suggests that lis not corresponding to the same species at ing experiments were realized with fibronectin in the absence
high and at low ionic strength. The structural distinction or in the presence of urea at 3.4, 4, and 10 M urea, under



Sequential Unfolding of Fibronectin Biochemistry, Vol. 43, No. 6, 20041731

v / Table 2: Fluorescence Quenching of Fibronectin and Free
': Tryptophan by lodid&

1 mM Tris-HCI, 10 mM Tris-HClI,
pH7.4 150 mM NaCl, pH 7.4

Ket M) fa(%)  Ker(M™Y)  a(%)

native state 0.26+0.07 8+2 0.26+0.07 8+ 2
(0 M urea)

intermediate state 0.61+0.14 14+2 0.23+0.11 9+ 2
(3.4 M urea)

intermediate state 0.66+0.15 14+1 0.47+0.16 11+2
(4 M urea)

unfolding state 2.69+0.12 73+3 2.25+0.10 68+3
(10 M urea)

free tryptophan 3.3:0.11 85+3 3.25+0.09 87+3

a Keir represents the StetfVolmer constant for proteins containing
several populations of tryptophan residues faride accessible fraction
of tryptophan quenched by iodide.

40

35 A

30 4

25 A

FO/(FO-F)

60 was deduced from the slope of the linear part of the curves.
These values are listed in Table 2.

The values oKt (0.26 M%) and (.)err (8%) for the native
state (i.e., in absence of urea) are unaffected by the ionic
strength. At intermediate urea concentration (3.4 and 4 M)
some differences appear between low and the high ionic
strength conditions. In 1 mM Tris-HCI, pH 7.4 (Figure 4A),
similar Lehrer plots were observed at 3.4l&hM urea, with
values of Ker and (.)er Of over 0.6 M and 14%,
respectively. In contrasKer and (a)err at high ionic strength
(10 mM Tris-HCI, 150 mM NaCl, pH 7.4; see Figure 4B)
are substantially lower and in addition differ between 3.4
and 4 M urea (0.23 M' and 9% vs 0.47 M' and 11%; see
Table 2). This last difference probably comes from the
overlapping between the distribution curves in the range
/ 3.4—4 M urea, more pronounced at high than at low ionic
strength. As shown in Figure 3, at low ionic strength, the
contamination of 1 by I, in 3.4 M urea is roughly the same
as that 84 M urea at high ionic strength. On the other hand,

), M' the difference irKer and €a)err at 3.4 M urea between low
FiGUre 4: Lehrer plot of the tryptophan fluorescence quenching _and high_ionic_strength cle_arly reveal_s that the first folding
of fibronectin by iodide. Quenching of fluorescence was measured intermediate 4 is more flexible at low ionic strength.
on fibronectin under its native state (triangle) and intermediate state (C) Far- and Near-UV Circular Dichroism AnalysiEar-

3}43'74.'4'\/'(;;?]2,(%02? }Jns)lgr?nm uTrr?: l&sg;;grr%) '1n5é mll\\/l/l eré'l"%,'_l and near-UV CD has been used to study the effect of ionic

7.4 (panel B). In both panels, the solid lines correspond to the linear Strength on the secondary and tertiary structures of fibronec-
regression of the data sets, and the dotted line corresponds to thdin in different unfolded states. Figure 5A shows the far-UV
guenching of free tryptophan in solution in the related buffer. CD spectra of fibronectin at 0, 4, and 10 M urea under low
and high ionic strength conditions (1 mM Tris-HCI, pH 7.4,
low (10 mM Tris-HCI, pH 7.4) and high (1 mM Tris-HCI, ~ @nd 10 mM Tris-HCI, 150 mM NaCl, pH 7.4). First, we can
150 mM NaCl, pH 7.4) ionic strength conditions. The oObserve that, despite a difference in amplitude between the
selective ion T was used as a quencher to preferentially Native state spectra recorded under the two ionic strength
probe tryptophans near the surface of the protein. A solution- conditions, the g_eneral shape is the same. Moreover, the ratio
free tryptophan in the presence of gelatin (which mimics ©Of the CD amplitude at all wavelengths is constant. Thus
protein environment) was also used as a standard to evaluatdhis difference is probably due to the concentration accuracy.
the complete accessibility to quencher. The results were Indeed, we used the same value of the extinction coefficient

analyzed according to the Lehrer representation by plotting @ 280 nm, in both conditions, whereas this parameter may
Fo/(Fo — F) as a function of 1/ft], Fo and F being the be affected by the salt concentration. We thus c_onsMergd
fluorescence intensity in the absence and at a given quenchefhat the secondary structure in the native state was insensitive
concentration [t]. The results are shown in Figure 4, but 0 the ionic strength. The large negative CD amplitude
concerning fibronectin unfolding states, the curves were centered at 212 nm |nd|cat_es that native fibronectin has a
omitted for clarity. Values of the accessible fractiof)ef;, secondary structure essentially organized argfistheets.

for the different states were obtained from the intercept of In 10 M urea, the protein clearly lost jfssheet structures.
the curves, andes (i.e., constant of SterAVolmer when However, the positive amplitude between 220 and 240 nm
protein contains only one population of tryptophan residues) remains. Because the unfolding occurred without any reduc-

FO/(FO-F)

0 10 20 30 40 50
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2 at either urea concentration tested the CD intensity in the
tryptophan resonance region is systematically lower at high
ionic condition. This effect indicates an effect of ionic
strength on the tertiary structure organization in the different
urea-induced states of fibronectin.

DISCUSSION

Ag per residus

Combination of fluorescence and circular dichroism
spectroscopy allowed us to investigate the secondary and
-1.5 tertiary structure evolution and to determine the thermody-

2. namics parameters of stability along the denaturation process
induced by urea under different ionic strength conditions.
We have described conditions for equilibrium unfolding of
fibronectin in urea-containing buffer with various ionic
strength, monitored by intrinsic fluorescence. There is an
3,0E-04 evident red shift in the fluorescence emission spectrum when

-25
195 205 215 225 235 245 255

wavelength (nm)

2.5E-04 B the protein is incubated in urea at intermediate concentration
(around 4 M) at low ionic strength. This suggests that under
2.0E-04 these conditions the tryptophan residues are partially exposed
1,56-04 to solvent. Moreover, this red shift is observed between 3
3 1oe04 gnd 4 M_ urea, sugggsting t.he existence (_)f an unfolding
G intermediate state. This shift is less marked in the same urea
§ 5,0E-05 . concentration range at higher ionic strength. Under strong
S50.0E400 4 m e NN e denaturant conditions, at 10 M urea, whatever the ionic
< strength, both the increase in intensity at 350 nm and the
5.0805 red shift in the fluorescence emission spectrum indicate an
-1,0E-04 ; unfolding of the protein.
1,5E-04 Some precautions have been taken to ensure that the
250 270 290 310 330 350 observed effect could not be due to experimental artifacts

wavelength (nm) such as pH variations or aggregation process. Indeed, for
Ficure 5: Circular dichroism of fibronectin under various states th(.a eXp?”memS a};[ low tl)omc streggth,dp.ure W:;I]ter and 1 mkl}/l
along its denaturation process. Far-UV (panel A) and near-uv 11S-HCI, pH 7.4, have been used, and in such no or weakly

(panel B) CD spectra were recorded with fibronectin in 1 mM Tris- buffered solutions, some pH variation could appear. So, we
HCI, pH 7.4 (solid lines), or in 10 mM Tris-HCl and 150 mM NaCl, checked that the difference in the fibronectin denaturation

PH 7.4 (gofoe?w'i”es)n“ipk']v' urea I(b|aCk |””37|)4 M urea (gray  pathway is exclusively due to ionic strength and not to pH
ine), and | urea (light gray lines). In all cases, the protein |- ation For this purpose, the pH of each sample was
concentration was 2M.

controlled before and after measurements, and we observed

ing agent, this CD band likely corresponds to the contribution that, despite the weak ionic strength used, the pH variations
of disulfide bonds to the far-UV CD. were negligible. This control clearly confirms that the

At 4 M urea, the concentration corresponding to the difference in denaturation pathway of fibronectin including
accumulation 0]1 the first intermediate, Ithe far-UV CD the accumulation of an intermediate state in urea concentra-

spectra recorded at low and high ionic strength superimposedion @bove 3-4 M urea is exclusively dependent on ionic
The slight blue shift of the negative band between 205 and Strength.
222 nm accompanied by the slight decrease of the minimum Moreover, at high ionic strength, the valuexof indicates
indicates a partial conversion g¢i-sheets to unordered that intra- and intermolecular electrostatic interactions are
structures. Thus,tat M urea, the intermediate state has the nhot negligible and could induce aggregation of fibronectin.
same secondary structure content at low and high ionic S0, we analyzed precisely fibronectin absorption spectra at
strength, and its secondary structure content is closer to thadifferent urea concentrations (0, 3.4, 4, and 10 M) under the
of the native protein rather than to the unfolded one. different ionic strength conditions tested (data not shown).
Figure 4B shows the near-UV CD spectra of fibronectin No turbidity was detected above 320 nm, where there is no
in 0, 4, and 10 M urea recorded between 250 and 350 nm atéxpected absorption of the protein, indicating that no
low and high ionic strength under the same conditions a_lggregation of fibronectin occurred in urea-containing solu-
described above for the far-UV CD data. These near-UV tions.
CD spectra reflect the environments of the aromatic amino  lonic Strength Contribution on Fibronectin Denaturation
acid side chains and thus give information about the tertiary Pathway.To characterize precisely the ionic strength-induced
structure of the fibronectin. We observed, under a particular difference in the denaturation pathway of fibronectin, the
ionic strength condition, a decrease in the negative peakfluorescence dependence toward urea concentration has been
intensity at 283 nm when urea concentration was increased fitted to several models, and in all cases, the data are well
These results confirm that urea affects the tertiary as well described by at minimum four-state equilibrium. Such an
as the secondary structure organization of fibronectin. unfolding process has been previously reported in the case
Comparing high and low salt concentrations, we noted that of procaspase-3, a homodimeric prote2#)( To correlate
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unfolding of this protein to a biological meaning, we third transition are shifted to lower urea concentration. These
investigated more precisely th€G° value associated with  changes corroborate the decrease in the correspodiig
each step along the transition. values.

Concerning the first step, whatever ionic strength used, To explain this ionic strength effect, it is necessary to
around 10.0 kcal/mol is needed to convert the native stateconsider the electrostatic interaction contributions that could
N to the first intermediate;] The AG®, corresponding to exist in fibronectin. Indeed, it is generally accepted that
the second transition, i.e; ¢ |, appears to vary with the  €lectrostatic interactions on protein surface, such as ion pairs,
ionic strength; it drops from 8.6 0.3 to 4.2+ 0.3 kcal/ ~ could contribute to protein stability and could play an
mol from the lowest to the highest ionic strength tested. The important role in the conformational specificitp9, 30).
free energy change of the third steps+ U, also decreases Analysis of the free energy change associated with tive N
from 15.0+ 0.4 to 7.3+ 0.1 kcal/mol when the ionic |1 transition indicates that this step is not affected by the
strength increases. ionic strength conditions used. One hypothesis is that one

In a previous work, Litvinovitch et al.26) reported that part .of the FNII_I.domain (the part implied in this transition)
the free energy change necessary to unfold the type IS shgh_tly stabilized by eleqtros_tatlc forces but preferably
domain of fibronectin is 10 kcal/mol. However, 2 years later Maintained by other contributions such as hydrophobic
Erickson 6) demonstrated that, taking into account ener- Interactions, van der Waals forces, and hydrogen boBits (
getic considerations, an additional 5 kcal/mol is needed to 32- On the contrary, the free change energy associated with
obtain the complete unfolding of this isolated domain. More the h = > step, which permits the complete unfolding of
recent studies reported that stretching of native fibronectin the FNIII domain, is affected by the ionic strength conditions.
begins by type Il modules unfolding2(). Indeed, the So, we can now suppose that this Iast_ p_art of t_he FNIII
increase in contour length is around 28.5 nm, a distance thatdomain is r_namly stabilized by _electrostatlc interactions. For
is consistent with the length of an unfolded FNIII domain. €Xa@mple, it has been experimentally shown that when
Furthermore, the results obtained by stretching experimentsaﬁraCt'Ve electrostatic interactions are attenu:_ated, the §t§b|llty
(28) can be compared with our results from chemical of FNIII 1o decreases3@). Thus, the conformational sta}blllt'y
denaturation, since a possible correlation between mechanicaPf the FNIlli, module can be enhanced by adjusting

and traditional unfolding has been clearly demonstrated. electrostatic pro_perties, so that an increase in_io_nic stre_ngth
Thus, we can reasonably postulate that the first step in results in removing the unfavorable electrostatic interactions

the urea-induced denaturation of the entire fibronectin would Oncizyrr?(tzilrnniiurfti%ellast transition step< U. the influence
correspond to the partial unfolding of type Il modules, while g P ’

the second steps, leading to the second intermediate, woulamc lonic strength is more obvious. To un_d_ers'Fan_d this
result in the complete unfolding of these type Ill modules. Important effect, we analyzed charge repartition inside the

Thus, the two first steps (N> 11 and h < I») could be modules implicated in this third transition. In the type |
attributed to a hierarchical denaturation of the type Il module, the most represented medule, about one-third among

modules. This result, observed for the first time on the whole the 45 residues on average are charged. Also, the charge

fibronectin, is consistent with the previous data of Oberhauser mean distribution is balanced. So, electrostatic attractive

et al. on FNIIl modulesZ6), who postulate such a mecha- interactions could largely contribute to the stability of this
nism. using atomic force m,icroscI(D)py type of module. An increase in ionic strength could lead to

. . . ) a screening charge effect. Attenuation of these attractive
According to this hypothesis, the last step which leads 10 g o ctrostatic interactions could then destabilize the modules.
the totally unfolded state would imply both the 12 FNI and - ;g effect is concomitant with an increase of ionic strength

the 2 FNII modules. These modules are shorter than FNII, i 16 range used. Consequently, a shift to a lower concentra-
vv_|th 45 and 60 reS|duesz respectively, and contain mtgrnal tion of urea as well as a decrease &6°; should be
disulfide bonds that are likely to prevent their denaturation. ,pcarved. These results confirmed this prediction. First, the
lonic Strength Effect on Fibronectin Stabiligonforma-  species distribution clearly indicates that high ionic strength
tional free energies andh values for each step in the attenuates accumulation of the intermediate state and pro-
eqU|I|br|um unfoldlng have been calculated. The data Clearly motes, from an energetic point of view, the different
indicate a difference in protein stability under low or high transitions. Second, the quenching fluorescence measure-
ionic strength conditions. Indeed, the difference in confor- ments evidence a stable intermediate state between 3.4 and

mational free energy for the global N> U transition, 4 M urea under low ionic strength conditions, whereas under
between low and high ionic strength conditions, is 120  the same conditions, at high ionic strength conditions, the
0.7 kcal/mol (34.2+ 0.6 versus 22.2t 0.4 kcal/mol,  detected intermediate appears to be less accumulated. These
respectively). So, fibronectin appears clearly more stable in data confirm that an increased ionic strength destabilizes this
low ionic strength conditions. intermediate state. Such effect of ionic strength contribution

We also calculated the midpoint urea concentration for to the stabilization of an intermediate state has been
the three steps of the transition (depending on the respectivepreviously observed for other multidomain proteins such as
AG® andmvalues). The midpoint urea concentration of the human serum albumin34). This study reports that an
first step was found to be 2.5 M urea and independent of increase of anions in solution during a urea-induced dena-
the ionic strength. This result confirms that the first transition turation process prevents the formation of the intermediate
step is definitely not affected by the ionic strength. On the state, and the authors suggest that the electrostatic binding
contrary, as expected, the midpoint values for the secondof anions to the positively charged sites of human serum
and the third step transitions vary with ionic strength. When albumin is the major factor responsible for the anion-induced
the ionic strength increases, the midpoints of the second andconformational stabilization.
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Concerning the denaturation extent of fibronectin at high initial cell attachment, exposure of the integrin binding
urea concentration, it must be noted that in 10 M urea, arginine-glycine—aspartic acid (RGD) loop, and availability
whatever the ionic strength conditions used, the conformation of self-assembly sites are likely regulated by fibronectin
could be grossly considered as a “random coil”, though, due conformation. Indeed, steered molecular dynamics simula-
to the preservation of the disulfide bridges, restricted regionstions predict that, before unraveling of FNIII modules, the
probably retain some residual structure. Indeed, from the buried cryptic sites between adjacent modules could be
apparent difference in thi€. value of fibronectin in 10 M exposed in the intermediate state obtained from the force
urea compared to that of free tryptophan, the protein cannotapplication leading to the partially unfolding state of FNIII
strictly be considered as completely unfolded. We thus camemodules 89). Stretching FNIII modules into this intermediate
to the conclusion that fibronectin should be considered as astate requires less force than breaking apart theffisstands.
chain of small globular domains behaving like an individual Moreover, steered molecular dynamics simulations predict
protein, for it has been shown that denaturant concentrationsthat stretching the FNIJ, module into this intermediate state
as high & 8 M urea do not always induce a complete reducesusf; integrin binding (6). Besides, a recent work
unfolding of small globular proteins3p). Persistence of indicates that perturbing the native conformation of the
disulfide bonds obviously reinforces this resistance to FNIIlg synergy site, required for efficient integriosS;
complete unfolding. As a matter of fact, when denatured at binding and cell adhesion, leads to impaired domain stability
10 M urea in the presence of dithiothreitol, the fluorescence (40). Indeed, a mutation into the RGEPHSRN-synergistic
emission spectrum showed an enhanced red shift (355 insteadequence of FNIjl-1o not only has a negative effect on the
of 350 nm in the absence of reducing agent) and an increaseadhesion of baby hamster kidney fibroblasts (which leads
in fluorescence intensity (data not shown). A disruption of to a reduced ability of these ligands to recognize integrin
the intermolecular and intramolecular disulfide bonds thus asf3;) but also has a strong negative effect on the thermo-
leads to the complete fibronectin unfolding. However, in dynamic stability of the FNIJ domain.
previous works, from scattering experiments, a completely In conclusion, it could be admitted that conformation and
unfolded state of fibronectin has been supposed to occur instability of different fibronectin states play a crucial role in
8 M urea Q). These results, in apparent contradiction, have the regulation of fibronectin interaction with other molecules,
to be attributed to differences between structural and con-such as integrin, or other fibronectin molecules during the
formational point of views. fibrillogenesis processi(, 42). Our results demonstrate for

In summary, here we demonstrate that the denaturationthe first time that this hierarchical FNIII module unfolding
process implies intermediate states with stability affected by (implicated in biological processes and largely illustrated on
ionic strength conditions. At low ionic strength, the first the isolated module by theoretical and experimental ap-
intermediate accumulated is more stable than the intermediateproaches) is applied to the whole fibronectin. Moreover,
state detected at high ionic strength. Due to this observation,whatever the ionic strength conditions used, the fibronectin
one hypothesis is that the ionic strength effect participates unfolding pathway implicates a (minimum) four-state mech-
in the structuring of the intermediate states. anism with, in particular, a sequential two-stage unfolding

lonic Strength Effect on Fibronectin Structuiiéhe folded of the FNIII module. Nevertheless, despite this analogy in
conformation can be disrupted by environmental changes notunfolding pathways, some differences exist concerning both
involving variations in covalent structurg®). Near-UV CD the energetic contribution needed for the transition and the
data reveal, at high ionic strength, minor changes in the structure organization of the intermediate states. Indeed, it
tertiary structure of fibronectin in its native state. However, clearly appears that subtle structural reorganizations exist in
the secondary structure of the native state is not affected byfibronectin due to the ionic strength effect, i.e., electrostatic
the ionic strength conditions, as shown by comparison of contribution that could contribute in vivo to the modulation
the related far-UV CD spectra. These results suggest thatof fibronectin behavior. Hence, conformational stability and
increasing the ionic strength could imply variations in the hierarchical unfolding could significantly modulate the
topology of loops and turns, changing the force pattern that binding properties of fibronectin to cell and matrix molecules.
stabilizes thef-strands and the tertiary structure of the
protein. These changes do not affect the secondary structurdd CKNOWLEDGMENT
distribution but decrease the urea concentration necessary
to unfold the protein by weakening the interactions between d
strands. This situation has been shown in the case of lentil
lectin, an allg-sheet protein. In this case, pH in the range
of 5.0-10.0 induces no significant change in the overall
secondary structure observed but aff¢:sheet angB-turn
cross-interactions in a way that makes the protein more
sensitive to the heat-induced denaturatif)(

Biological Implication of the Fibronectin Intermediate
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processes involving extracellular matrix remodeling, fiboro- REFERENCES
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