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ABSTRACT: In order to provide a more detailed understanding of human plasma fibronectin (PFn) solution
structure, we examined the effects of pH and ionic strength (u) variation on the sedimentation velocities
(530), fluorescence polarization-derived mean harmonic rotational relaxation times (py), far-ultraviolet
(UV) circular dichroism (CD), and intrinsic tryptophan fluorescence of dimeric PFn and the monomeric
190/170-kDa PFn fragment. By comparing the biophysicial properties of PFn with those of the 190/170-kDa
PFn fragment, we could assess the relative importance of intrasubunit and intersubunit electrostatic forces
in the stabilization of PFn structure. The py derived from isothermal polarization measurements on
1-pyrenebutyrate conjugated PFn decreased markedly (4.5 — 1.05-1.23 us) when p was increased from
0.2 to 1.2 or when the pH was adjusted from 7.4 to 2.0 or 11.0. We also noted a significant decrease in
the PFn 54, (13 — 8.5-9.6S) under these same solvent conditions. In contrast, the py and s, of the
monomeric 190/170-kDa PFn fragment were relatively insensitive to changes in u or pH. Computer
simulations of the observed pH-dependent changes in the far-UV CD of PFn and the 190/170-kDa PFn
fragment revealed only minor differences in protein secondary structure. We also observed only small
bathochromic shifts (1-3 nm) in the emission maxima of PFn and 190/170-kDa PFn fragment tryptophan
fluorescence under acidic or high u conditions. These results suggest that minimal changes in PFn tertiary
(i.e., intrasubunit) structure occur at pH 2, 11, or at u = 1.2. We therefore conclude that the driving force
behind the observed pH- and u-induced conformational changes in PFn is disruption of intersubunit
electrostatic contacts. Our data suggest that the “unfolded” PFn conformation occurring at pH 2, 11, or
© = 1.2 can be approximated by a structure consisting of two independently rotating disk-shaped subunits,

each having a diameter and thickness of 20 and 2.3 nm, respectively.

Human plasma fibronectin (PFn)! is a dimeric glycoprotein
of molecular weight 520000 (Sjoberg et al., 1987; Rocco et
al., 1987) that mediates cell adhesion and migration in a wide
variety of biological processes. Fibronectin-modulated cell-
surface and cell—cell interactions probably play a significant
role in wound healing, embryogenesis, phagocytosis, oncogenic
transformation, and hemostasis. The adhesive biological ac-
tivity of this molecule resides in its multiple binding affinities
for various macromolecules found within cells, on cell surfaces,
and in extracellular matrices.

Under physiological buffer conditions, PFn exhibits the
hydrodynamic behavior predicted for a disk-shaped molecule
with an approximate diameter and thickness of 30 and 2 nm,
respectively (Sjoberg et al., 1987; Benecky et al., 1990).
Structures observed during electron-microscopic examination
of PFn specimens that had been deposited on carbon films and
visualized by negative staining (Benecky et al., 1990) or STEM
(Tooney et al., 1983) appear consistent with this model.

The 55, of PFn decreases significantly under acidic, al-
kaline, and high ionic strength conditions (Alexander et al.,
1979; Markovic et al., 1983). Laser light-scattering mea-
surements revealed a marked decrease in the PFn diffusion
constant at pH 11 (Williams et al., 1982). More recently, laser
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light scattering (Rocco et al., 1987) and small-angle X-ray
scattering (Sjoberg et al., 1989) have shown that the PFn
radius of gyration almost doubles in the presence of 1 M NaCl.
All of these observations have been taken as evidence for a
model in which the PFn molecule adopts an “extended” con-
formation under acidic, alkaline, and high ionic strength
conditions. This extended conformation has been correlated
with the appearance of PFn as a long slender strand (140 nm
X 2 nm) during electron-microscopic examination of PFn
samples that had been sprayed onto a mica surface in the
presence of glycerol and visualized by platinum rotary shad-
owing (Erickson & Carrell, 1983).

The extended structures observed during electron-micro-
scopic examination of rotary-shadowed PFn specimens are
widely believed to represent the PFn solution structure under
acidic, alkaline, or high ionic strength conditions [for example,
see Erickson (1985) and Odermatt and Engel (1989)].
However, there are several observations that call into question

! Abbreviations: PFn, human plasma fibronectin; py, mean harmonic
rotational relaxation time; TBS, Tris-buffered saline (50 mM Tris-
HCI/150 mM NaCl, pH 7.4 buffer); EDTA, ethylenediaminetetraacetic
acid; KIU, kallikrein inactivator units; PMSF, phenylmethanesulfonyl
fluoride; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis; PB-PFn, 1-pyrenebutyrate conjugated human plasma fibro-
nectin; PB-190/170 kDa, 1-pyrenebutyrate conjugated 190/170-kDa
fibronectin fragment; po, rotational relaxation time predicted for an
equivalent hydrated sphere; 5, solvent viscosity; u, ionic strength; 7,
fluorescence lifetime; (7), second-order average fluorescence lifetime;
CD, circular dichroism; P, units of viscosity in poise; STEM, scanning
transmission electron microscopy.
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the validity of the correlation between the PFn solution
structure at any given pH or ionic strength and the images
of rotary-shadowed PFn observed in the electron microscope.
Despite a previous report that glycerol induces a change in
PFn conformation (Rocco et al., 1983), PFn samples are
routinely exposed to high {=30% (v/v)) glycerol concentrations
during sample processing prior to rotary shadowing. Consistent
with the occurrence of a glycerol-induced conformational
change, we observed that rotary-shadowed PFn specimens that
had been deposited on carbon in the presence of 30% glycerol
yielded extended structures, whereas negatively-stained
specimens that had been deposited on the same carbon sub-
strate in the absence of glycerol yielded compact rounded
structures (Benecky et al., 1990). These extended structures
also appear difficult to reconcile with the observation that the
dramatic change in PFn hydrodynamic behavior at pH 2 or
11 is accompanied by only a subtle change in its secondary
structure (Alexander et al., 1979; Osterlund, 1988). This
model also appears inconsistent with recent fluorescence energy
transfer measurements that indicate that the PFn intersubunit
distance does not change in the presence of 1 M NaCl (Wolff
& Lai, 1988, 1990).

In order to more precisely define the PFn conformational
changes that occur under acidic, basic, and high ionic strength
solution conditions, we investigated the effects of pH and
ionic-strength variation on the sedimentation velocities, far-
ultraviolet circular dichroism, intrinsic tryptophan fluorescence,
and fluorescence polarization-derived mean harmonic rota-
tional relaxation times of dimeric PFn and the monomeric
190/170-kDa PFn fragment. By comparing the biophysical
properties of PFn with those of the 190/170-kDa PFn frag-
ment, we were able to discern the relative importance of in-
trasubunit and intersubunit electrostatic forces in the stabi-
lization of PFn structure. Our present data support PFn
conformational changes in which acids, alkali, and high ionic
strength selectively disrupt intersubunit electrostatic contacts
while leaving the intrasubunit arrangement of salt bridges
and/or hydrogen bonds largely intact.

MATERIALS AND METHODS

Outdated human plasma was obtained from the Blood
Center of Southeastern Wisconsin (Milwaukee, WI). We
purchased succinimidyl-1-pyrenebutyrate (10% (w/w) ad-
sorbed on Celite] from Molecular Probes (Eugene, OR).
a-Thrombin was a generous gift from Dr. John Fenton (New
York State Department of Health, Albany, NY). Sepharose
4B-CL, iodoacetamide, and Trasylol were from Pharmacia
(Piscataway, NJ), Eastman Kodak (Rochester, NY), and
Mobay Chemical Corporation (New York, NY), respectively.
The gelatin—Sepharose 4B-CL affinity resin was prepared by
a modification (Homandberg et al., 1985) of a previously
reported method (March et al., 1974).

Isolation and Characterization of PFn and the Throm-
bin-Derived 190/170-kDa PFn Fragment. We isolated PFn
from outdated human plasma employing gelatin-Sepharose
4B-CL chromatography with a 50 mM sodium citrate, 150
mM NaCl, pH 5.5 elution (Miekka et al., 1982; Smith &
Griffin, 1985). PFn was quantified from its absorbance at 280
nm by using its known absorbance coefficient (¢ = 1.28 ¢cm?
mg') (Mosesson & Umfleet, 1970). PFn-containing fractions
(>0.8 mg/mL) from the gelatin—-Sepharose affinity resin were
pooled, dialyzed against TBS, stored at 4 °C, and used within
2 weeks of isolation. During isolation and storage, all buffers
and PFn stock solutions contained 0.5 mM EDTA, 0.10 mM
PMSF, 0.02% (w/v) sodium azide, and 1 KIU/mL Trasylol.
Upon SDS-PAGE (Laemmli, 1970) of reduced specimens on
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5% polyacrylamide gels, PFn migrated as a closely spaced
doublet at 220-225 kDa. SDS-PAGE under nonreducing
conditions confirmed that >85% of the total protein migrated
as the 450-kDa dimer with the remainder migrating in the
position of the 235-kDa PFn component (Chen et al., 1977).
In experiments designed to test the possibility of PFn interchain
disulfide-bond exchange, protein samples (0.5 mg/mL) were
dialyzed overnight against a deoxygenated 50 mM sodium
bicarbonate, 150 mM NaCli, pH 9.0 buffer in the presence and
absence of 10 mM iodoacetamide. For the entire reaction
period, anaerobic conditions were maintained by bubbling
nitrogen gas through the dialysis buffers. The respective
amounts of covalently linked PFn dimer in these samples were
estimated by SDS-PAGE on 4% polyacrylamide gels under
nonreducing conditions.

The 190/170-kDa PFn fragment was isolated from a
thrombin digest of PFn by gelatin-Sepharose 4B-CL chro-
matography with a 3 M urea-TBS elution (Homandberg &
Erickson, 1986; Benecky et al., 1988). We quantified this
fragment from its absorbance at 280 nm using e = 1.20 cm?
mg~! (Homandberg & Erickson, 1986). Size heterogeneity
of the 190/170-kDa PFn fragment reflected the slightly dif-
ferent lengths of the “A” and “B” PFn subunits (Click &
Balian, 1985). The amino acid sequence of this peptide begins
at position 260 (Homandberg & Erickson, 1986) in the PFn
sequence (Kornblihtt et al., 1985). Therefore, this fragment
lacks the 30-kDa amino-terminal domain. We have previously
shown that this large monomeric PFn fragment retains all of
the gelatin- and heparin-binding activity exhibited by the native
dimeric molecule (Benecky et al., 1988, 1990).

Preparation and Characterization of the 1-Pyrenebutyrate
Conjugates of PFn and the 190/170-kDa PFn Fragment. The
1-pyrenebutyrate conjugates of PFn and the 190/170-kDa PFn
fragment were prepared by the use of the amine-reactive
reagent succinimidyl- 1-pyrenebutyrate (Benecky et al., 1990).
Gelatin-Sepharose 4B-CL affinity chromatography was em-
ployed to separate PB-PFn and PB-190/170 kDa from un-
reacted succinimidyl-1-pyrenebutyrate (Benecky et al., 1990).
We have previously shown that the labeling reaction with
1-pyrenebutyrate is not confined to any specific region on the
PFn subunit (Benecky et al., 1990). The number of dye
molecules bound per protein molecule was determined by
absorption spectroscopy using a molar extinction coefficient
of 4.0 X 10* M~! em™! at 346 nm for protein-bound 1-pyre-
nebutyrate (Knopp & Weber, 1969). The protein conjugates
employed in this study contained 0.3-0.8 mol of 1-pyrene-
butyrate per mole of protein. Under these conditions, PB-PFn
and PB-190/170 kDa retained all the gelatin- and heparin-
binding activity present in native PFn (Benecky et al., 1990).
This degree of labeling had no discernible effect on the s,
and far-UV CD spectra of PFn and the 190/170-kDa PFn
fragment (Benecky et al., 1990).

Relative Fluorescence Quantum Yield Measurements.
Fluorescence data were obtained on a SLM-Aminco SPF500C
spectrofluorometer equipped with the manufacturer’s polar-
ization accessory. The reported emission spectra were excited
at 330 nm with both excitation and emission polarizers in the
vertical position. Slit widths for the excitation and emission
ports were adjusted to yield a 7.5-nm band-pass. These spectra
were corrected for the solvent background but were left un-
corrected for the wavelength-dependent response of the pho-
tomultiplier. The relative quantum yields of PB-PFn and
PB-190/170-kDa fluorescence were estimated by integrating
their respective emission spectra in the 350-450 nm interval.
The protein sample concentrations were at 0.2 mg/mL. We
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examined the effects of pH by employing a set of 4 = 0.2
buffers with pH values of 2.0, 7.4, and 11.0, respectively
(Miller & Golder, 1950). For these experiments, we utilized
the following buffers: 5.3 mM glycine-HCl and 185 mM
NaCl, pH 2; 8.6 mM sodium phosphate and 180 mM NaCl,
pH 7.4; and 7.6 mM glycine-NaOH and 188 mM NaCl, pH
11. To examine the effects of high ionic strength, we employed
the 8.6 mM sodium phosphate and 1.18 M NaCl, pH 7.4
buffer. Unless stated otherwise, these buffers were employed
throughout this study.

Variable-Frequency Phase-Modulation Fluorescence Life-
time Measurements. We measured the PB-PFn fluorescence
lifetime using the phase-modulation technique (Lakowicz,
1983a). These measurements were made on a SLM 48000S
multiple-frequency phase-modulation spectrofluorometer at
SLM Instruments, Inc., Urbana, IL. Glycogen was used as
the zero lifetime standard. The exciting light (A, = 330 nm)
passed through a 2-nm band-pass slit, and we utilized an
optical cutoff filter to collect all fluorescence having A, > 370
nm. The concentrations of PB-PFn samples were 1 mg/mL.
Sample temperature was maintained at 20.0 & 0.10 °C with
a jacketed cell holder and a circulating water bath. For each
given pH and ionic strength studied, we measured the
phase-shift and demodulation of PB-PFn fluorescence as a
function of modulation frequency between 0.8 and 3.0 MHz.
We calculated the fluorescence lifetime(s) of PB-PFn from
these data using an analysis previously outlined by Weber
(1981). We performed these computations on an IBM PS/2
computer utilizing the software package that accompanied the
SLM 480008 spectrofluorometer. In the case of double-ex-
ponential fluorescence decay, we employed the second-order
average lifetime, (7) = (o272 + a?12) /(a7; + a,73), in
subsequent py calculations (Brochon & Wahl, 1972). In this
equation, « and 7 denote the fractional contribution and
fluorescence lifetime of the first (subscript 1) and second
(subscript 2) decay component, respectively.

Fluorescence Polarization Measurements. We measured
the fluorescence polarization, P, exhibited by the 1-pyrene-
butyrate conjugates of PFn and the 190/170-kDa PFn frag-
ment using the single-channel method (Lakowicz, 1983b):

_ (yv =~ Byy) = G(lyy ~ Byw)
(Ivy = Byy) + G(Ivy = Byw)

where G = Iyy/Iyy. [ is the observed fluorescence intensity
when the excitation (first subscript) and emission (second
subscript) polarizers were in the vertical (V) and horizontal
(H) positions, respectively. B is the emission intensity of a
blank containing the same amount of underivatized PFn or
190/170-kDa PFn fragment under the identical experimental
conditions. G is an instrument correction factor that accounts
for the differences in the transmission efficiency of the optical
path for vertically and horizontally polarized light. For these
measurements, the excitation and emission wavelengths were
set to 330 and 398 nm, respectively. The excitation and
emission slits were both adjusted to yield a 7.5-nm band-pass.
The concentration of protein samples was approximately 0.2
mg/mL. Each fluorescence-intensity determination was
performed at 20.0 & 0.1 °C on duplicate samples, with a single
measurement representing an average of 160 independent
readings. The resulting polarization values were reproducible
to within £0.001.

Analysis of the Fluorescence Polarization Data with the
Perrin Equation. If rapid localized rotational motion of the
fluorescent probe makes a contribution to the observed de-
polarization that is independent of the depolarization arising

)
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from the slow overall rotational motion of the protein, the
depolarization associated with the overall rotation of PB-PFn
or PB-190/170-kDa molecules is expected to obey the fol-
lowing linear relationship (Wahl & Weber, 1967; Weltman
& Edelman, 1967):

1/P-1/3= (/P - 1/3[1 +68(T/7)] Q)

where 1/P; - 1/3 = (1/[1 - ADN(A/P; - 1/3) and 8 =
R7/V. Therefore, a plot of (1/P —1/3) vs the temperature
to solvent viscosity ratio (T/n) yields a line with a slope of
B(1/P,-1/3) and an intercept of 1/P; ~1/3. §is a parameter
determined from the ratio of the slope to the intercept of the
Perrin plot, R is the gas constant, 7 is the fluorescence lifetime,
and V is the molecular volume. The fraction of the total
fluorescence intensity arising from the rapidly rotating
fluorescent probe, f(T), increases in its relative proportion at
higher sample temperatures. Py is the observed polarization
in the absence of all molecular rotational motion (i.e., T/9 =
0). P, corresponds to the polarization where the overall ro-
tational motion of the protein molecule is frozen, while the
protein side chains bearing the fluorescent probe continue to
rotate freely. The term 1/P, — 1/3, which is derived from an
experiment in which solvent viscosity was varied by the ad-
dition of sucrose at constant temperature (i.e., conditions where
AT) is constant), will be larger than 1/Py— 1/3 when depo-
larization due to localized probe rotation is operative. We can
then calculate the rotational relaxation time, p, provided 7 is
known:

p = (3r/B)(T/n)" (3)

In all of our subsequent rotational relaxation time calculations,
we assumed the solvent to be water at 25 °C (7/n = 3.34 X
10 K P!). Eq 3 can only be applied rigorously to spherical
molecules (Perrin, 1934). However, Weber (1953) has ex-
tended this treatment to include elliptical macromolecules. In
this case, the measured rotational relaxation time corresponds
to py, the harmonic mean of the rotational relaxation times
about the principal axes of the ellipsoid. Eq 1 indicates that
pu can be determined from the linear low-viscosity component
(i.e., <30% sucrose at 20 °C; T/n > 8000 K P!) of the
isothermal Perrin plot, since this depolarization is derived
exclusively from the slow overall rotation of the protein
molecule. Downward curvature in the isothermal Perrin plot
at high viscosity (i.e., 240% sucrose at 20 °C; T//9 < 5000
K P') originates from the rapid localized rotational motion
of the protein side chains bearing the fluorescent probe (Be-
necky et al., 1990).

Perrin plots were constructed from polarization data ob-
tained as a function of sucrose concentration [0-30% (w/v)]
at constant temperature (20 °C). These analyses utilized
previously tabulated sucrose viscosity data (Sober, 1970). At
u = 0.2, we ignored the small increment in viscosity contrib-
uted by the buffer components. However, the additional
solvent viscosity contributed by 1.18 M NaCl proved to be
significant in PB-PFn samples having sucrose concentrations
of less than 10% (w/v). Therefore, we narrowed our exper-
imental range of viscosities to between 10 and 30% (w/v)
sucrose for PB-PFn at u = 1.20. P, was estimated from the
intercept of a Perrin plot constructed from polarization data
obtained as a function of temperature (Benecky et al., 1990).

Rotational Relaxation Times Expected for Various Hy-
drodynamic Models. (A) Sphere. The rotational relaxation
time, p,, expected if PFn were a hydrated rigid sphere, was
estimated by

po = 3nV/RT (4)
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Substituting R = 8.314 X 10" erg mol' K™!, T = 298 K, 7
= 0.0089 P, and ¥ = 5.82 X 10° cm? mol™! into this equation,
we obtained p, = 6.28 X 1077 s. This calculation assumed that
PFn had a molecular weight of 520000, a partial specific
volume of 0.72 mL/g (Mosesson et al., 1975), and a hydration
of 0.4 g of H,O/g of protein (Rocco et al., 1987). Using an
average molecular weight of 180000 and making similar as-
sumptions for partial specfici volume and hydration, we es-
timated p, = 2.17 X 1077 s for the thrombin-derived 190/
170-kDa PFn fragment.

(B) Elliptical Models. We have previously described the
derivation of functions relating the py/p, ratio to ellipticity
(Benecky et al., 1990). These functions were used to calculate
the mean harmonic rotational relaxation times expected for
various prolate (i.e., cigar-shaped) and oblate (i.e., disk-shaped)
ellipsoidal structures (Benecky et al., 1990).

Intrinsic Protein Tryptophan Fluorescence Measurements.
For these measurements, the polarization accessory was re-
moved from the SLM SPF3500C spectrofluorometer. The
reported emission spectra employed 295-nm excitation and slits
for the excitation and emission ports were both adjusted to
yield a 4-nm band-pass. These spectra were corrected for the
solvent background but were left uncorrected for the wave-
length-dependent response of the photomultiplier. Native
underivatized protein samples were at a concentration of 15
ug/mL.

Analytical Ultracentrifugation. Sedimentation velocity
measurements were made at 20 °C in a Beckman Model E
analytical ultracentrifuge equipped with a photoelectric UV
scanner. Centrifugation runs were at 56000 rpm. For these
experiments, protein concentrations were at 0.7 mg/mL.

Far-Ultraviolet Circular-Dichroism Measurements. CD
spectra were recorded on a Jasco JSO0A spectropolarimeter
that had been interfaced to an IBM-compatible computer. In
order to investigate the effects of acidic and alkaline conditions
on the far-UV CD spectra of PFn and the 190/170-kDa PFn
fragment, protein samples (0.5 mg/mL) were dialyzed against
the following buffers: 50 mM sodium phosphate, pH 2; 50
mM sodium phosphate, pH 7.4; and 50 mM sodium phosphate,
pH 11. Protein concentration measurements employed ¢ =
1.28 cm? mg™! for the 280-nm absorbance coefficient at each
pH we studied. Samples subjected to CD analysis were
transferred to 0.2-mm path-length cylindrical quartz cells. We
signal-averaged four scans, each of which consisted of 251
equally spaced data points in the 240-190-nm interval. We
employed a scan speed of 5 nm/min, a gain of 10 mdeg/full
scale and a 4-s time constant. The solvent background ob-
tained under the identical experimental conditions was sub-
tracted from the raw CD data. Conversion of the CD data
to mean residue ellipticity assumed a mean residue molecular
weight of 108 (Osterlund et al., 1985). From these data, we
estimated the protein secondary-structure distribution using
CONTIN software (Provencher & Glockner, 1981) on a Digital
Equipment Corporation VAX computer at Marquette Uni-
versity (Milwaukee, WI).

RESULTS

pH- and Ionic-Strength-Dependent Changes in the Lifetime
and Relative Intensity of PB-PFn Fluorescence. Character-
ization of the pH and ionic-strength dependence of the PB-PFn
fluorescence lifetime were prerequisites to the use of steady-
state fluorescence polarization as a probe of PFn structure
under acidic, alkaline, and high ionic strength solution con-
ditions (Figure 1A, Table I). We also monitored the relative
intensity of PB-PFn fluorescence as a function of pH (Figure
1B) and ionic strength (data not shown), because changes in
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FIGURE 1; (A) Phase (solid lines) and modulation (dashed lines) data
used to determine the effect of pH variation on the PB-PFn
fluorescence lifetime: (@—®) pH 7.4 phase angle data; (@---@) pH
7.4 modulation data; (O—O) pH 2.0 phase angle data; (O---0) pH
2.0 modulation data; (A—a) pH 11 phase angle data; and (A---A)
pH 11 modulation data. Symbols denote the experimental data, while
the dashed or solid lines display the theoretical fits to models assuming
doubly exponential fluorescence decay. Fluorescence decay parameters
derived from these measurements are summarized in Table I. (B)
Changes in the relative intensity of PB-PFn fluorescence observed
in 4 = 0.2 buffers having pH values of 2.0 (dotted line), 7.4 (solid
line), and 11.0 (dashed line), respectively.

Relative Fluorescence Intensity

Table I: pH- and lonic-Strength-Dependent Variation in the
Parameters of PB-PFn Fluorescence Decay Derived from
Variable-Frequency Phase-Modulation Measurements?

solvent condns? a 7, (ns) a, 72 (ns)  {r) (ns)*

pH74;, =02 00652 336 09348 134.0 123.2
pH74,4=12 0.0818 372 09182 1374 123.3
pHI1L; g =02 00611 146 09389 1147 106.8
pH 2.0, . =0.2 0.1400 57.7 0.8600 157.5 128.3

4 All analyses assumed doubly exponential fluorescence decay with «
and r denoting each component’s fractional contribution and fluores-
cence lifetime, respectively. ®Buffers are described under Materials
and Methods. ¢Computation of the second-order average fluorescence
lifetime assumed () = (272 + a,21,%) /(a7 + ay7y).

this parameter often mirror changes in 7 (Lakowicz, 1983c).
The relative intensity of PB-PFn fluorescence did not change
when the ionic strength was increased from 0.2 to 1.2 at pH
7.4 (data not shown). Consistent with this observation, the
second-order average fluorescence lifetimes ({7)) calculated
from the u = 0.2 and u = 1.2 PB-PFn variable-frequency
phase-modulation data were identical (123 ns; Table I).
Relative to the values obtained at pH 7.4, modest increases
(4-7%) in both average fluorescence lifetime and relative
fluorescence intensity were observed under acidic conditions
(i.e., pH 2 and ¢ = 0.2). Under alkaline conditions (i.e., pH
11 and p = 0.2), the average lifetime and the relative intensity
of PB-PFn fluorescence decreased by 15% and 30%, respec-
tively. The relative intensities of PB-PFn and PB-190/170-
kDa fluorescence were identical at each pH and ionic strength
investigated in this study (data not shown). This validated
our assumption in the subsequent analysis of the PB-190/
170-kDa fluorescence-polarization data that PB-190/170 kDa
displayed the same fluorescence lifetime as did PB-PFn.
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Scheme I; Structural models for the “unfolded PFn conformation” supported by the observation of a significantly shorter PFn py value
(1.05-1.23 us) under acidic, alkaline, or high ionic strength conditions. (A) In model A, the axial ratio of the disk-shaped (oblate) PFn molecule
decreases from a value of 15:1 under physiological buffer conditions to 4:1 at pH 2, at pH 11, or in the presence of 1.2 M NaCl at pH 7.4. (B)
Model B assumes that there is an equilibrium between dimeric and monomeric PFn forms, which strongly favors covalently linked PFn dimer
formation under physiological buffer conditions. We postulate that the salt- or pH-induced disruption of intersubunit electrostatic contacts shifts
this equilibrium to favor PFn monomer formation under acidic, alkaline, or high ionic strength solution conditions. Note that rearrangement of
the PFn intersubunit disulfide bonds is an implicit feature of this model. (C) In model C, changes in pH or ionic strength induce an unfolded
structure consisting of two loosely associated disk-shaped subunits. This structure permits the independent rotational motion of each PFn subunit
about the carboxyl-terminal interchain disulfide bonds. This conformational change is presumably mediated by the salt- or pH-induced

disruption of intersubunit salt bridges and/or hydrogen bonds.

Table 1I: Effect of pH and Ionic Strength on the Sedimentation
Rates of PFn and the 190/170-kDa PFn Fragment

solvent condns S20.°
PFn
pH74;p=02 13.0
pH 7.4, 4 = 1.2 9.6
pH 11.0; u = 0.2 8.5
pH2.0; 4 =02 8.6
190/170-kDa PFn Fragment

pH74,u=02 6.1
pH74,u=12 5.5
pH 11.0; 4 =02 56
pH 2.0; u = 0.2 6.2

7 Average experimental uncertainty was £0.3 S.

Effect of High Ionic Strength on the Hydrodynamic
Properties of PFn and the 190/170-kDa PFn Fragment. Two
mutually independent processes give rise to the depolarization
exhibited by the 1-pyrenebutyrate conjugates of PFn and the
190/170-kDa PFn fragment: (a) rapid (subnanosecond)
“thermally activated” rotational motion of the protein side
chains bearing the fluorescent probe (Weber, 1952) and (b)
slow (microsecond) temperature-independent global rotational
motion of the entire protein molecule (Benecky et al., 1990).
Only the rotational relaxation time associated with the latter
process is a hydrodynamic parameter that can be used to probe
protein structure. Perrin plots constructed from polarization
measurements made as a function of temperature yield
anomalously short py; values when thermally activated probe
rotation is present (Wahl & Weber, 1967; Weltman &
Edelman, 1967; Rawitch et al., 1969; Acuiia et al., 1987,
Benecky et al., 1990). Probe rotation also gives rise to non-
linearity in the high-viscosity region [7/7 < 8000 K P7}; i.e.,
>35% (w/v) sucrose at 20 °C] of the isothermal Perrin plot
(Wahl & Weber, 1967; Benecky et al., 1990). We therefore
discriminated against the thermally activated depolarization

67 e =020 _
- Ou=1.20 o
~ a7
~ 14 P
‘ o
N -
~ -
- 12L_,,M-
A
10 + +
0.0 1.0 2.0 3.0

T/7 % 10_4[°K paise_l]

—

1/P - 1/3

0.0 10 2.0 30
T/n % 10*4[°K poxse_l]

FIGURE 2: Perrin plots constructed from experiments in which (A)
PB-PFn or (B) PB-190/170-kDa fluorescence polarization was
monitored while solvent viscosity was varied by the addition of sucrose
to pH 7.4 buffers having ionic strengths of 0.2 (@—®@) and 1.2
(O---0), respectively, at a constant temperature (20 °C).

arising from probe rotation in our present experimental system
by employing low sucrose concentrations [0-30% (w/v)] at
a constant temperature (20 °C). Under these conditions, all
of the observed depolarization emanates from the slow global
rotational motion of the protein molecule (Benecky et al,,
1990). The py (4.5 £ 1.0 us) calculated from the p = 0.2
PB-PFn isothermal polarization data (Figure 2A, circles) was
indistinguishable from the value we previously obtained in PBS
(4.4 = 0.9 ps; Benecky et al., 1990). However, the Perrin plot
constructed from the u = 1.2 polarization data (Figure 2A,
squares) yielded a significantly shorter py (1.23 £ 0.18 us).
Concomitantly, we also noted a sharp (26%) decrease in the
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FIGURE 3: Perrin plots constructed from experiments in which (A)
PB-PFn or (B) PB-190/170-kDa fluorescence polarization was
monitored while solvent viscosity was varied by the addition of sucrose
to u = 0.2 buffers having pH values of 2.0 (0), 7.4 (®) and 11.0 (4),
respectively, at a constant temperature (20 °C).

PFn s, when the ionic strength was increased from 0.2 to
1.2 (Table II). The observed changes in py and s3, at u =
1.2 could be reversed by sample dialysis against a 0 = 0.20
buffer (data not shown). Taken by itself, the observation of
a significantly shorter p,; under high ionic strength conditions
suggested at least three possible models (illustrated in Scheme
I) for the high ionic strength induced PFn conformational
change.

In order to determine whether perturbation of the three-
dimensional arrangement of salt bridges/hydrogen bonds
within a PFn subunit occurred under high ionic strength
conditions, we studied the ionic strength dependence of the
190/170-kDa PFn fragment py (Figure 2B) and s, (Table
IT). These studies were motivated by our previous finding that
the thrombin-derived 190/170-kDa PFn fragment retains the
secondary and tertiary structure (i.e., intrasubunit properties)
of the native PFn dimer but due to its monomeric nature is
devoid of quaternary (i.e., intersubunit) structure (Benecky
et al., 1990). In contrast to the PB-PFn result (Figure 2A),
the rotational relaxation times calculated from the u = 0.2
and g = 1.2 PB-190/170 kDa isothermal polarization data
were identical (0.93 + 0.09 us). Comparison of the sy, values
of the 190/170-kDa PFn fragment obtained at » = 0.2 and
u = 1.2, respectively, did not reveal any significant difference
(6.1 £0.3S vs 5.5 £ 0.3S).

To test the possibility of PFn intersubunit disulfide-bond
exchange implicated in model B (Scheme I), we attempted
to “trap” the postulated noncovalently linked dimeric PFn
intermediates of this exchange process using iodoacetamide.
However, as monitored by SDS-PAGE under nonreducing
condtions, identical amounts of covalently linked PFn dimer
(450 kDa) were found in PFn samples that had been subjected
to anaerobic dialysis in the presence and absence of 10 mM
iodoacetamide (data not shown).

pH-Induced Changes in the Hydrodynamic Properties of
PFn and the 190/170-kDa PFn Fragment. The py of PB-PFn
decreased from 4.5 £ 1.0 us at pH 7.4 to 1.05 £ 0.10 us and
1.07 £ 0.10 us at pH 2 and pH 11, respectively (Figure 3A).
Confirming previously published work (Alexander et al., 1979;
Markovic et al., 1983), we also observed a marked decrease
in the PFn sedimentation rate under acidic or alkaline con-
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FIGURE 4: Far-ultraviolet CD spectra of (A) PFn or (B) the 190/
170-kDa PFn fragment obtained in 50 mM sodium phosphate buffers
having pH values of 2.0 (bottom trace), 7.4 (top trace), and 11.0
(middle trace), respectively. The method of Provencher and Glickner
(1981) was used to estimate changes in protein secondary structure
distribution from these data. These results are summarized in Table
111.

Table III: pH-Dependent Changes in PFn and 190/170-kDa PFn
Fragment Secondary-Structure Distribution Estimated from the
Far-Ultraviolet CD Spectral Data

pH* n’ a-helix (%) B-sheet (%)  remainder (%)°
PFn

7.4 22 0 83 %5 175

2.0 7 2+3 74+ 6 24 £ 7
11.0 8 2+3 811 17+ 4

190/170 kDa PFn Fragment

7.4 6 1+£2 79+ 4 20+ 4

2.0 3 41 77 £1 191
11.0 5 0 74 £ 7 267

450 mM sodium phosphate buffers were employed. ®The number of
independent experiments that were averaged. ¢Aperiodic secondary-
structure elements (e.g., random coil, S-turn) were grouped in the
“remainder” class.

ditions (Table II). To assess the sensitivity of PFn intrasubunit
electrostatic interactions to acid and alkali exposure, we ex-
amined the effect of pH variation on the py (Figure 3B) and
Sy (Table II) of the monomeric 190/170-kDa PFn fragment.
Analogous to the situation at 4 = 1.2 (Table II), examination
of the pH dependence of the 190/170-kDa PFn fragment
sedimentation rate revealed small differences that were within
the experimental uncertainty of this type of measurement
(£0.3 S). However, the py of PB-190/170 kDa decreased
from 0.93 & 0.09 us at pH 7.4 t0 0.62 £ 0.06 us and 0.45 £
0.05 us at pH 2 and pH 11, respectively (Figure 3B). We note,
however, that the magnitude of these pH-dependent effects
are relatively smaller than those observed for the dimeric
PB-PFn molecule (Figure 3A).

pH-Induced Changes in the Far-Ultraviolet Circular Di-
chroism of PFn and the 190/170-kDa PFn Fragment. Ob-
servation of pH-dependent changes in the py of the monomeric
PB-190/170-kDa derivative (Figure 3B) suggested that some
perturbation of intrasubunit salt bridges had also occurred
under acidic or alkaline conditions. Since it appeared likely
that changes in PFn secondary structure would accompany
the pH-dependent rearrangement of its intrasubunit salt
bridges, we studied the effects of these solvent conditions on
the far-UV CD spectra of PFn (Figure 4A) and the 190/
170-kDa PFn fragment (Figure 4B). Although pH-dependent
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FIGURE 5: Intrinsic tryptophan fluorescence exhibited by (A) PFn
or (B) the 190/170-kDa PFn fragment at u = 0.2 and pH 7.4 (solid
line), at p = 1.2 and pH 7.4 (dashed line), and at u = 0.2 and pH
2.0 (dotted line).

CD spectral changes were observed for both PFn and the
190/170-kDa PFn fragment (Figure 4), computer simulations
of these spectral changes suggested that only minor changes
in the distribution of secondary structure occurred within PFn
and 190/170-kDa PFn fragment molecules at pH 2 or pH 11
(Table I1I). The observation of an acid-induced change in
the PFn far-UV CD spectrum confirmed a previously pub-
lished result (Osterlund, 1988).

Changes in the Intrinsic Tryptophan Fluorescence of PFn
and the 190/170-kDa PFn Fragment Observed Under Acidic
and High Ionic Strength Conditions. In order to better un-
derstand the nature of the PFn conformational change that
had occurred under acidic or high ionic strength conditions,
we characterized the effects of these conditions on the intrinsic
tryptophan fluorescence (i.e., A, = 295 nm) of PFn (Figure
5A) and the 190/170-kDa PFn fragment (Figure 5B). This
technique, which utilizes the exquisite sensitivity of tryptophan
fluorescence to changes in the solvent polarity of their mi-
croenvironments within a protein, has been used extensively
to monitor subtle changes in protein conformation (Lakowicz,
1983¢). In a u = 0.2 buffer at pH 7.4, both PFn and the
190/170-kDa PFn fragment exhibited emission maxima at 330
nm. This value shifted to 331 and 333 nm at » = 1.2 and pH
2, respectively. Interference from tyrosinate fluorescence (e.g.,
N-acetyltryosinamide exhibited A, = 292 nm and A, = 407
at pH 11) precluded the application of this technique at pH
11.

DiScUSSION

PFn Structure under High Ionic Strength Conditions. In
this investigation, we observed that the rotational relaxation
time associated with the global rotational motion of the dimeric
PFn molecule decreased markedly (4.5 us — 1.23 us; Figure
2A) under high ionic strength conditions. Taken by itself, this
result appeared consistent with three possible models for the
ionic-strength-induced PFn conformational change (Scheme
I). PFn structures consistent with model A (i.e., py/p, = 2)
include an oblate (disk-shaped) ellipsoid with a 4:1 axial ratio

Benecky et al.

or a prolate (cigar-shaped) ellipsoid with an axial ratio greater
than 10:1 [see Figure 6 in Benecky et al. (1990)]. Both of
these shapes would display lower translational frictional re-
sistance (i.e., faster sedimentation velocities) than native PFn
(an oblate ellipsoid with a 15:1 axial ratio) does under
physiological buffer conditions (Cantor & Schimmel, 1980).
Consequently, the observation of a reduced PFn sedimentation
rate under high ionic strength conditions (Alexander et al.,
1979; Markovic et al., 1983; Table 11) excludes model A from
further consideration.

If our assumption that the driving force behind both models
B and C is the salt-induced disruption of intersubunit elec-
trostatic contacts is correct, one would also expect the three-
dimensional intrasubunit arrangement of PFn domains to be
relatively insensitive to ionic strength changes. In apparent
agreement with these predictions, we observed that the py
(Figure 2B), sy, (Table II), and intrinsic tryptophan emission
(Figure SB) of the monomeric 190/170-kDa PFn fragment
were all largely insensitive to ionic-strength changes. In
contrast, dramatic ionic-strength-dependent changes in the 559,
(Table II) and py (Figure 2A) of the dimeric PFn molecule
were observed. Since rearrangement of PFn’s interchain di-
sulfide bonds is an implicit feature of model B, we employed
iodoacetamide in an attempt to trap the putative noncovalently
linked dimeric PFn intermediates of this exchange reaction.
However, as assessed by SDS-PAGE under nonreducing
conditions, identical amounts of the covalently linked PFn
dimer were found in samples that had been subjected to
anaerobic dialysis in the presence and absence of iodoacet-
amide. On the basis of this observation, model B was excluded
from further consideration. We must therefore conclude that
model C is the most likely model for the ionic-strength-induced
PFn conformational change.

The py of PB-PFn (1.23 us) calculated from the u = 1.2
polarization data (Figure 2A) is approximately 4 times longer
than that predicted for a rigid hydrated sphere of molecular
weight 260000. This finding supports a model in which the
high ionic strength “unfolded” conformation of PFn can be
approximated by a structure consisting of two independently
rotating disk-shaped subunits (each having an approximate
axial ratio of 9:1) that remain covalently linked to one another
through a pair of carboxyl-terminal interchain disulfide bonds
(Petersen et al., 1983). Assuming a partial specific volume
of 0.72 mL/g (Mosesson et al.,, 1975) and a hydration of 0.4
g of H,O/g of protein (Rocco et al., 1987), we calculate that
each isolated PFn subunit would have a diameter and thickness
of 20.0 and 2.3 nm, respectively. Since we can not exclude
the possibility that the intersubunit disulfide bonds partially
restrict PFn subunit rotational motion, our present analysis
may overestimate the spherical asymmetry of each PFn sub-
unit. We have previously estimated the diameter and thickness
of the whole PFn molecule to be 30 and 2 nm, respectively
under physiological buffer conditions (Benecky et al., 1990).

PFn Structure at pH 2 or 11. The py or PB-PFn decreased
from a value of 4.5 us at pH 7.4 to 1.1 us at pH 2 or pH 11,
respectively (Figure 3A). We also observed a concomitant
decrease in PFn sedimentation velocity under these solvent
conditions (Table II). We again interpret these observations
as being indicative of an unfolded structure that permits the
independent rotational motion of each PFn subunit (i.e., model
C). Analogous to the situation at high ionic strength, this
model predicts that the electrostatic contacts between PFn
subunits would be especially sensitive to acid or alkali exposure.
Furthermore, there is no need to invoke any pH-dependent
change in the three-dimensional arrangement of salt bridges
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and/or hydrogen bonds within an isolated PFn subunit. Ex-
perimental observations that appear consistent with these
predictions include (1) the relative insensitivity of the s,,, of
the monomeric 190/170-kDa PFn fragment to changes in pH
(Table II) and (2) the analyses (Table III) of the PFn far-
ultraviolet CD spectral data (Figure 4A), which indicate that
only minor changes in the distribution of PFn secondary
structure accompany the dramatic pH-induced changes in its
pu (Figure 3A) and sedimentation velocity (Table II).

Evidence that PFn Tertiary (Intrasubunit) Structure Re-
mains Largely Unaffected by Changes in Solution pH and
Tonic Strength. The py of the monomeric PFn derivative,
PB-190/170 kDa, decreased from a value of 0.93 us at pH
7.4 t0 0.62 and 0.45 us at pH 2 and 11, respectively (Figure
3B). This observation raised the possibility that significant
disruption of intrasubunit salt bridges and/or hydrogen bonds
also had occurred under acidic or alkaline conditions. In order
to assess the extent of PFn intrasubunit structural rear-
rangement, we examined the effects of pH variation on the
S0 intrinsic tryptophan fluorescence, and far-ultraviolet
circular dichroism of the monomeric 190/170-kDa PFn
fragment. The sy, of the 190/170-kDa PFn fragment did
not change significantly under acidic or alkaline conditions
(Table I1). Analyses of the pH dependence of the 190/170-
kDa PFn fragment CD data revealed only minor differences
in protein secondary-structure distribution (Table III). In
addition, we observed only a modest bathochromic shift (330
— 333 nm) in the emission maxima of PFn and 190/170-kDa
PFn fragment tryptophan fluorescence under acidic conditions
(Figure 5). From these observations, we must conclude that
only minimal changes in the three-dimensional intrasubunit
arrangement of PFn domains occur under acidic, alkaline, or
high ionic strength conditions. Consequently, the Hérmann
and Richter (1986) model, which predicts a critical role for
the cleavage of intrasubunit electrostatic contacts during PFn
assembly into multimeric fibrils, may require revision in light
of this finding.

We have not elucidated the origin of the sensitivity of the
pu of PB-190/170 kDa to changes in pH. However, the
following discussion by Weber (1953) provides the most likely
explanation for this behavior: “It may be pointed out that
small changes in molecular shape or volume are much more
likely to be detected by a study of rotational diffusion than
by sedimentation or translational diffusion. For a globular
molecule the translational diffusion constant is roughly pro-
portional to the cube root of the volume whereas the rotational
relaxation time is proportional to the volume itself.” However,
it is not possible to exclude the possibility of pH-induced
changes in the degree of PFn hydration contributing to this
effect. There also exists the possibility that the intrasubunit
salt bridges exhibit greater lability in the 190/170 kDa PFn
fragment due to greater solvent accessibility. Since our present
data support a structural model in which PFn and the 190/
170-kDa PFn fragment display very similar intrasubunit (i.e.,
tertiary) structural characteristics, we consider this to be an
unlikely possibility.

Rigid vs Flexible PFn Structures. A “flexible PFn
structure” is usually defined as a structural configuration that
permits the independent rotational and translational motion
of each PFn domain. Assuming an average domain size of
30 kDa, flexible PFn structures would display py values on
the 1078 s time scale. Therefore, models that invoke extensive
“flexibility” of the PFn peptide backbone (Williams et al.,
1982; Lai & Tooney, 1984; Lai et al., 1984; Forastieri &
Ingham, 1985; Ankel et al., 1986; Narasimhan & Lai, 1989)
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are incompatible with the slow (107 s) rotational relaxation
times calculated from the PB-PFn and PB-190/170-kDa
isothermal polarization data (Benecky et al., 1990; this study).
On the basis of the above criteria, the structure of PFn is
“rigid” at any given pH and/or ionic strength. If, however,
one redefines PFn structural flexibility as a structure that
permits the independent rotational motion of each PFn subunit,
the structure of PFn is rigid under physiological buffer con-
ditions and flexible under acidic, alkaline, or high ionic strength
conditions.

Our present results question the validity of the correlation
believed to exist between PFn structure under acidic, alkaline,
and high ionic strength conditions and the appearance of PFn
as a slender extended strand (140 nm X 2 nm) during elec-
tron-microscopic examination of rotary-shadowed PFn spec-
imens (Engel et al., 1981; Erickson et al., 1981; Erickson &
Carrell, 1983). In contrast, our results suggest that the un-
folded PFn conformation can be approximated by a structure
consisting of two disk-shaped subunits (each having an ap-
proximate diameter and thickness of 20 and 2.3 nm, respec-
tively) that are each capable of independent rotational motion
while remaining covalently linked to one another through the
carboxy-terminal interchain disulfide bonds (model C in
Scheme I). We believe that the extended structures observed
during the electron-microscopic examination of rotary-shad-
owed specimens arise as a consequence of a conformational
change triggered by PFn exposure to high glycerol concen-
trations during sample processing (Rocco et al., 1983).

Qualitatively, our model for the extended PFn conformation
under acidic, alkaline, and high ionic strength conditions is
compatible with the observed increase in the PFn radius of
gyration under high ionic strength conditions (Rocco et al.,
1987; Sjoberg et al., 1989) and the reported decrease in the
PFn diffusion constant under alkaline conditions (Williams
et al., 1982). This structural model is difficult to reconcile
with the fluorescence energy transfer measurements of Lai and
co-workers (Wolff & Lai, 1988, 1990), which indicate that
1 M NacCl has no effect on the PFn intersubunit distance.
Clearly, further work is required to determine the origin of
this discrepancy.

Recently, the rotational diffusion coefficient of bovine
plasma fibronectin under physiological buffer conditions has
been measured by electric birefringence (Vuillard et al., 1990).
The rotational relaxation time reported in this study (0.76 us)
is significantly shorter than the py (4.4 us) we previously
obtained from fluorescence polarization measurements on
PB-PFn under physiological buffer conditions (Benecky et al.,
1990). However, the electric-birefringence-derived rotational
relaxation time of bovine plasma fibronectin is similar in
magnitude to the py values (1.05-1.23 us) we presently obtain
for PB-PFn in its unfolded conformation at pH 2, pH 11, or
u = 1.2 and pH 7.4 (this study). Since fibronectin is exposed
to an applied electric field during the electric-birefringence
measurement, we suggest that the applied field may cause
bovine fibronectin to assume its unfolded conformation (i.e.,
model C in Scheme I) under the conditions of the electric-
birefringence measurement.
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