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ABSTRACT: In order to more clearly define the structure of human plasma fibronectin (PFn) under physiologic 
buffer conditions, we determined the mean harmonic rotational relaxation times (pH) of PFn and the 
thrombin-derived 190/ 170-kDa PFn fragment using steady-state fluorescence polarization. These mea- 
surements utilized the long lifetime emission (7 = 1.2 X s) exhibited by l-pyrenebutyrate, which had 
been covalently attached to amino groups at  random sites on the PFn subunit. Our data analysis assumed 
that two independent processes depolarize the fluorescence exhibited by the dansylcadaverine and l-py- 
renebutyrate conjugates of PFn: (A) rapid (pH < lo4 s) “thermally-activated” localized rotational motion 
of the protein side chains bearing the fluorescent probe [Weber, G. (1952) Biochem. J .  51, 145-1541 and 
(B) slow (pH - lo4 s) temperature-independent global rotational motion of the whole PFn molecule. Since 
only the pH associated with the latter process is a true hydrodynamic parameter (i.e., sensitive to size and/or 
shape of the PFn molecule), we utilized isothermal polarization measurements to discriminate against the 
interfering signal arising from “thermally activated” probe rotation. The pH (4.4 f 0.9 ps) derived from 
an experiment in which pyrene-PFn fluorescence polarization was monitored as a function of sucrose 
concentration at  constant temperature is 7 (f1.4) times longer than that predicted for an equivalent hydrated 
sphere. We propose that “thermally activated” probe rotation gives rise to the nearly 100-fold shorter PFn 
pH values previously reported in the literature. Consequently, our data exclude all previous models which 
invoke segmental flexibility of the PFn peptide backbone. The simplest hydrodynamic model supported 
by our fluorescence data is an oblate ellipsoid with an axial ratio of 151 .  All prolate models can be 
unambiguously excluded by this result. We estimate that the disk-shaped PFn molecule has a diameter 
and thickness of 30 and 2 nm, respectively. Electron microscopy of negatively stained PFn specimens on 
carbon also showed PFn to have a compact rounded structure. The much faster rotational relaxation rate 
of the pyrene-l90/170-kDa PFn fragment (pH = 0.92 f 0.1 1 ps) compared to pyrene-PFn indicated that 
this monomeric PFn fragment, like native PFn, had an oblate shape under physiologic buffer conditions. 

E a s m a  fibronectin (PFn)’ is a 520-kDa (Rocco et al. 1987; 
Sjoberg et al., 1987) heterodimeric glycoprotein which me- 
diates cell attachment and spreading in a wide variety of 
biological systems. The molecular basis for this adhesive 
biological activity resides in its multiple binding affinities for 
various macromolecules found within cells, on cell surfaces, 
and in extracellular matrices. Although PFn has been char- 
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acterized by a wide variety of biophysical techniques [for 
reviews, see Hermans (1985) and Odermatt and Engel 
(1989)], the relationship between PFn structure and its various 
adhesive biological functions remains poorly understood. 
Furthermore, these previous biophysical studies have not yet 

Abbreviations: PFn, human plasma fibronectin; pH, mean harmonic 
rotational relaxation time; TBS, Tris-buffered saline (50 mM Tris- 
HCI/I 50 mM NaCI, pH 7.4, buffer); EDTA, ethylenediaminetetraacetic 
acid; PMSF, phenylmethanesulfonyl fluoride; KIU, kallikrein inactivator 
unit(s) ; SDS, sodium dodecyl sulfate; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, T ,  fluorescence lifetime: PBS, 
phosphate-buffered saline (30 mM sodium phosphate/100 mM NaCI, 
pH 7.4, buffer); ( T ) ,  second-order average fluorescence lifetime; 7, sol- 
vent viscosity; po, rotational relaxation time expected for an equivalent 
hydrated sphere; pyrene-PFn, 1-pyrenebutyrate-conjugated PFn; CD, 
circular dichroism; STEM, scanning transmission electron microscopy; 
ANS-PFn, I-anilino-8-naphthalenesulfonate-conjugated PFn. 
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clearly elucidated the solution structure of the PFn molecule 
under physiologic buffer conditions. 

Electron microscopy of PFn that had been rotary-shadowed 
onto mica from glycerol-containing buffers of physiologic ionic 
strength revealed slender ”strand-like structures” characterized 
by contour lengths in the 120-160-nm range (Engel et al., 
1981; Erickson et al., 1981). A wide assortment of more 
compact structures (with dimensions ranging from 15 X 9 nm 
to 50 X 30 nm) have been reported in electron microscopic 
investigations of PFn that had been rotary-shadowed from a 
low ionic strength buffer (Erickson & Carrell, 1983) or de- 
posited upon thin carbon films (Koteliansky et al., 1980; Price 
et al., 1982; Tooney et al., 1983). Sedimentation velocity 
measurements indicate that the PFn molecule deviates sig- 
nificantly from spherical symmetry, since the observed s20,w 
(13 S )  (Mosesson & Umfleet, 1970) is much slower than that 
predicted for a sphere (21 S )  (Odermatt et al., 1982). More 
recently, Sjoberg et al. (1987) have employed small-angle 
X-ray and neutron scattering to study PFn structure at 
physiological pH and ionic strength. The hydrodynamic model 
which best fit this data was an oblate ellipsoid (i.e., disk) 
having a diameter and thickness of 27.6 and 2.88 nm, re- 
spectively. 

Previous studies which have utilized nonisothermal 
fluorescence polarization measurements to study the rotational 
diffusion of PFn (Williams et al., 1982) or PFn fragments 
(Forastieri & Ingham, 1985) have yielded rotational relaxation 
times 1-2 orders of magnitude shorter than that predicted by 
a rigid spherical model. Similar results were obtained when 
the rotational relaxation time of PFn was estimated from 
electron spin resonance measurements (Lai & Tooney, 1984; 
Lai et al., 1984; Narasimhan & Lai, 1989). All of the above 
observations have been taken as supporting evidence for PFn 
segmental flexibility, i.e., a structure in which the constituent 
domains of the molecule can rotate independently of each 
other. 

In order to more clearly define PFn structure under phys- 
iologic buffer conditions, we determined the rotational re- 
laxation times of PFn and the monomeric thrombin-derived 
1901 170-kDa PFn fragment using steady-state fluorescence 
polarization. This study employed the long lifetime emission 
exhibited by an extrinsic fluorophore, I-pyrenebutyrate, which 
had been covalently attached to amino groups at random sites 
on the PFn subunit. We calculated the rotational relaxation 
time (pH) from fluorescence polarization measurements ob- 
tained as a function of the temperature to solvent viscosity ratio 
(Weber, 1953). Our data analysis assumed that two inde- 
pendent processes account for all the observed depolarization: 
(A) rapid (subnanosecond) “thermally-activated” localized 
rotational motion of the protein side chains bearing the 
fluorescent probe (Weber, 1952) and (B) slow (microsecond) 
temperature-independent global rotation of the whole PFn 
molecule. Only the pH associated with the latter process is 
a hydrodynamic parameter which reflects the size and shape 
of the PFn molecule. We show that the large depolarization 
observed when the sample is heated emanates from the 
“thermally-activated” rotational motion of the fluorescent 
probe. Consequently, the shorter than expected pH values 
derived from previous nonisothermal polarization measure- 
ments (Williams et al., 1982; Forastieri & Ingham, 1985; 
Ingham et al., 1988) are not a valid representation of the 
hydrodynamic properties of the PFn molecule. When iso- 
thermal conditions were used to discriminate against the de- 
polarization originating from “thermally-activated” probe 
rotation, we found that fluorescence polarization showed PFn 

to be a rigid, disk-shaped molecule. This observation forms 
the basis for this report. 

MATERIALS AND METHODS 
Outdated human plasma was obtained from the Blood 

Center of Southeastern Wisconsin (Milwaukee, WI). We 
purchased 5-aminopentyl-(dimethylamino)-l-naphthalene- 
sulfonamide (dans ylcadaverine) and succinimidyl 1 -pyrene- 
butyrate [lo% (w/w) adsorbed on Celite] from Molecular 
Probes (Eugene, OR). a-Thrombin and factor XI11 were 
generous gifts from Drs. John Fenton (New York State De- 
partment of Health, Albany, NY) and Kevin Siebenlist (Sinai 
Samaritan Medical Center, Milwaukee, WI), respectively. 
The isolation of factor XI11 from human plasma followed a 
published method (Lorand & Gotoh, 1970). Sepharose 4B-CL 
and trasylol were from Pharmacia (Piscataway, NJ) and 
Mobay Chemical Corp. (New York, NY), respectively. 
Heparin- and gelatin-Sepharose 4B-CL affinity resins were 
prepared by a modification (Homandberg et al., 1985) of a 
previously described 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 
affinity chromatography with 50 mM sodium citrate150 mM 
NaC1, pH 5.5,  elution (Miekka et al., 1982; Smith & Griffin, 
1985). For certain preparations of PFn, we employed gela- 
tin-Sepharose chromatography using 3 M urea-TBS elution 
(Engvall & Ruoslahti, 1977). PFn was quantitated from its 
absorbance at 280 nm using its known extinction coefficient 
[ E  = 1.28 cm2mg-’ (Mosesson & Umfleet, 1970)]. PFn- 
containing fractions (> 1 mg/mL) from the gelatin-Sepharose 
column were pooled, dialyzed extensively against TBS, stored 
at 4 OC, 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 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). 

Conditions for the digestion of PFn by thrombin (Ho- 
mandberg & Erickson, 1986) and cathepsin D (Balian et al., 
1979) have been reported previously. The preparation and 
characterization of the thrombin-derived 1901 170-kDa and 
29-kDa PFn fragments have been described previously (Ho- 
mandberg & Erickson, 1986; Benecky et al., 1988a). The 
190/170-kDa PFn fragment was quantitated from its absor- 
bance at 280 nm using c = 1.20 cm2 mg-* (Homandberg & 
Erickson, 1986). The amino acid sequence of this fragment 
began at position 260 (Homandberg & Erickson, 1986) in the 
PFn sequence (Kornblihtt et al., 1985). This indicated that 
the 190/170-kDa PFn fragment lacked the 30-kDa amino- 
terminal domain. 

Preparation and Characterization of Dansylcadaverine- 
PFn. We employed factor XIIIa mediated cross-linking to 
label PFn covalently with dansylcadaverine (Williams et al., 
1982). After a 2-h reaction period, gelatin-Sepharose chro- 
matography with 3 M urea-TBS elution was used to separate 
dansylcadaverine-PFn from unreacted dansylcadaverine. The 
extent of label incorporation was quantified by comparing the 
fluorescence intensity (Aex = 350 nm; A,, = 520 nm) of 
dansylcadaverine-PFn in 1% SDS at pH 7.4 to that of a known 
concentration of free dansylcadaverine in the same solvent 
(Williams et al., 1982). Typically, our dansylcadaverine-PFn 
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preparations contained 2 mol of dansylcadaverine/mol of PFn. 
Williams et al. (1982) have shown under these conditions 
labeling is confined to a single site (glutamine-3) near the 
amino terminus of each PFn subunit. The fluorescence lifetime 
(7 = 1.2 X lo-* s) of dansylcadaverine-PFn has been reported 
previously (Williams et al., 1982). 

Preparation and Characterization of the 1 -Pyrenebutyrate 
Conjugates of PFn and the 190/170-kDa PFn Fragment. PFn 
(0.80 mg/mL) was dialyzed against 50 mM NaHCO,-lOO 
mM NaCl, pH 8.5, buffer and then incubated with 1 mg/mL 
succinimidyl 1 -pyrenebutyrate [ 10% (w/w) adsorbed on 
Celite] . We kept the Celite-adsorbed reagent in suspension 
during the reaction period through repeated inversion of the 
reaction vessel. After 45 min, the pH of the reaction mixture 
was adjusted to pH 7.4 by the addition of 0.10 M HCl, and 
the sample was then applied to a gelatin-Sepharose column 
(2-mL bed volume/mg of PFn applied). After extensive 
washing of the affinity resin with TBS, we eluted pyrene-PFn 
with 50 mM sodium citrate-I50 mM NaCl, pH 5 . 5 ,  buffer. 
Protein-containing fractions (> 1 mg/mL) were pooled, dia- 
lyzed against TBS, and stored at 4 OC until use. The number 
of dye molecules bound per PFn molecule was determined by 
absorption spectroscopy using a molar extinction coefficient 
of 4.0 X lo4 M-I cm-' at 346 nm for protein-bound 1-py- 
renebutyrate (Knopp & Weber, 1969). We prepared the 
1-pyrenebutyrate conjugate of the thrombin-derived 1901 
170-kDa PFn fragment in a similar manner, except that ge- 
latin-Sepharose chromatography with 3 M urea-TBS elution 
was employed. 

Absorption Spectra. UV/visible absorption spectra were 
recorded on a Gilford Response spectrophotometer using 
quartz cuvettes of 1-cm path length. 

Fluorescence Emission Spectra. Fluorescence data were 
obtained on an SLM-Aminco SPFSOOC spectrofluorometer 
equipped with the manufacturer's polarization accessory. 
Pyrene-PFn emission spectra were obtained using 330-nm 
excitation with both excitation and emission polarizers in the 
vertical position. The slits for the emission and excitation ports 
were adjusted to yield a 5-nm band-pass. Pyrene-PFn samples 
were at 0.2 mg/mL in PBS. The solvent background was 
subtracted from the pyrene-PFn fluorescence data, but the 
data were left uncorrected for the wavelength-dependent re- 
sponse of the photomultiplier. 

Gelatin- and Heparin-Sepharose Affinity Chromatogra- 
phy. We compared the affinities of pyrene-PFn and native 
PFn for gelatin-Sepharose in the following way. PFn ( 5  mg) 
was applied to a gelatin-Sepharose column (1 X 15 cm) that 
had been previously equilibrated in TBS. We washed the 
column with 50 mL of TBS and then eluted the bound PFn 
with a linear urea gradient (50 mL of TBS vs 50 mL of TBS-8 
M urea) while collecting 1-mL fractions. We also compared 
the affinities of pyrene-PFn and native PFn for heparin-Se- 
pharose. In this type of experiment, we dialyzed our samples 
( 5  mg) against 20 mM Tris-HC1-50 mM NaCl, pH 7.4, buffer 
and then applied them to a heparin-Sepharose column (1 X 
15 cm) which had been equilibrated in the same buffer. After 
the column was washed with 50 mL of the 20 mM Tris buffer 
containing 50 mM NaCl, bound PFn was eluted with a 100- 
mL linear salt gradient (50 mM NaCl vs 800 mM NaCl) 
while collecting 1-mL fractions. 

Analytical Ultracentrifugation. Sedimentation velocity 
measurements in PBS were performed at 20 OC in a Beckman 
Model E analytical ultracentrifuge equipped with a photoe- 
lectric UV scanner. Centrifugation runs were at 56000 rpm. 
Samples were adjusted to give an A2BOnm reading of 0.80. 

Benecky et al. 

Far-W Circular Dichroism. CD spectra were recorded on 
a JASCO J500A spectropolarimeter. PFn samples (0.5 
mg/mL) subjected to CD analysis were dialyzed against 50 
mM sodium phosphate, pH 7.4, buffer and then transferred 
to 0.2-mm path-length cylindrical quartz cells. We averaged 
four scans that were each accumulated between 255 and 185 
nm in 0.2-nm increments, employing a scan speed of 5 nm/ 
min, a gain of 10 mdeg/full scale, and a time constant of 4 
s. The solvent background obtained under the identical ex- 
perimental conditions was subtracted from the raw CD data. 
Conversion of the PFn CD data to mean residue ellipticity 
assumed a mean residue molecular weight of 108. We ana- 
lyzed these data in terms of protein secondary structure ele- 
ments using CONTIN (Provencher & Gliickner, 1981) on a 
Digital Equipment Corp. VAX computer at Marquette 
University (Milwaukee, WI). CD data for the thrombin-de- 
rived 1901 170- and 29-kDa PFn fragments were obtained and 
analyzed in a similar manner. 

Phase-Modulation Measurements of Pyrene-PFn 
Fluorescence Lifetime. We measured the pyrene-PFn 
fluorescence lifetime using the phase-modulation technique 
(Lakowicz, 1983a). These measurements were made on an 
SLM 48000s multiple-frequency phase-modulation spectro- 
fluorometer at SLM Instruments, Inc., in Urbana, IL. Gly- 
cogen was employed as the zero lifetime standard. The ex- 
citing light ( A  = 330 nm) passed through a 2-nm band-pass 
slit, and we employed an optical cutoff filter to collect all 
emission having h > 370 nm. Pyrene-PFn samples were at 
1 mg/mL in PBS. The temperature of the sample was 
maintained within f0.2 OC of the desired temperature using 
a jacketted cell holder and a circulating water bath. For each 
sample, we measured the phase shift and demodulation of 
pyrene-PFn fluorescence as a function of modulation fre- 
quency between 0.8 and 3.0 MHz. We calculated the 
fluorescence lifetime(s) of pyrene-PFn from these data using 
an analysis previously outlined by Weber (1981). We per- 
formed these computations on an IBM PS/2 computer uti- 
lizing the software package that accompanied the SLM 
48000s spectrofluorometer. In the case of doubly exponential 
fluorescence decay, we employed the second-order average 
lifetime, (7) = ( L ~ , ~ T ~ ~  + C Y ~ T ~ ) / ( ( Y ~ ~ ~  + C Y ~ T ~ ) ,  in subsequent 
calculations of pH (Brochon & Wahl, 1972). In this equation, 
a and 7 denote each component's fractional contribution and 
fluorescence lifetime, respectively. 

Fluorescence Polarization Measurements on the Dansyl- 
cadaverine and I -Pyrenebutyrate Conjugates of PFn. We 
calculated the fluorescence polarization, P, using the single- 
channel method (Lakowicz, 1983b): 

where G = IHV/IHH. I 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 under 
identical experimental conditions. G is an instrument cor- 
rection factor which accounts for the different transmission 
efficiency of the emission monochromator for vertically and 
horizontally polarized light. We monitored dansyl- 
cadaverine-PFn emission at 520 nm using 350-nm excitation. 
For pyrene-PFn, the excitation and emission wavelengths were 
330 and 398 nm, respectively. The excitation and emission 
slits were both adjusted to yield a 7.5-nm band-pass. PFn 
samples were at 0.20 mg/mL in PBS. Each fluorescence 
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> 
intensity determination was performed on duplicate samples, 
with a single measurement representing an average of 160 
independent readings. The resulting polarization values were 
reproducible to within fO.OO1. Sample temperature was 
thermostated to within fO.10 OC of the desired temperature 
by using a circulating water bath and a jacketted cell holder. 

Analysis of the Fluorescence Polarization Data Using the 
Perrin Equation. The fluorescence polarization exhibited by 
the dansylcadaverine and l-pyrenebutyrate conjugates of PFn 
is expected to obey the following relationship (Perrin, 1934): 

(1 /P -  1/31 = (1/Po - 1/3)[1 + W/dl (2) 

where /3 = RT/ V .  Therefore, a plot of (1/P - 1/3) vs the 
temperature to solvent viscosity ratio (T/q) yields a line with 
slope /3(1/Po - 1/3) and intercept ( l /Po  - 1/3). Po is the 
observed polarization in the absence of all molecular motion 
(Le., T / v  = 0). /3 is the ratio of the slope to the intercept of 
the Perrin plot, R is the gas constant, 7 is the fluorescence 
lifetime, and Vis the molecular volume. We can then calculate 
the rotational relaxation time, p ,  provided 7 is known: 

P = (37/8)(T/r])-' (3) 

This calculation assumed the solvent to be water at 25 OC ( T / s  
= 3.34 X lo4 K Pl). This equation can only be applied 
rigorously to spherical molecules (Perrin, 1934). However, 
Weber (1953) has extended this treatment to include elliptical 
macromolecules. In this case, the measured rotational re- 
laxation time corresponds to pH, the harmonic mean of the 
rotational relaxation times about the principal axes of the 
ellipsoid. 

Perrin plots were constructed from polarization data ob- 
tained as a function of either temperature or sucrose con- 
centration [0-55% (w/v)] at  constant temperature. These 
analyses utilized previously tabulated viscosity data (Sober, 
1970; Weast, 1972) and ignored the small increment in vis- 
cosity produced by the buffer salts (Le., 30 mM sodium 
phosphate and 100 mM NaCl). Po was determined from the 
intercept of the nonisothermal Perrin plot. However, esti- 
mation of Po from polarization measurements made in highly 
viscous solvents (e.g., 55% sucrose at 4 "C) yielded similar 
results. 

Thermally Activated" Depolarization Arising from the 
Rotational Motion of the Fluorescent Probe. If rapid localized 
rotational motion of the fluorescent probe makes a contribution 
to the observed depolarization that is independent of the de- 
polarization arising from the slow overall rotation of the 
macromolecule, a modified form of the Perrin equation must 
be employed in the analysis of the fluorescence polarization 
data (Wahl & Weber, 1967; Weltman & Edelman, 1967): 

( 1 / P -  1/3) = ( l / P o , a p p -  1/3)[1 + P(T/q)l (4) 

where (1/Poapp- 1/3) = (1/[1 -f*(T)I)(l/Po- 1/31, f*(T), 
the fraction of the total fluorescence intensity arising from the 
rapidly rotating fluorescent probe, increases in its relative 
proportion at  higher sample temperatures. (l/Po,app - 1/3) 
is the intercept of a Perrin plot derived from an experiment 
in which solvent viscosity was varied by the addition of sucrose 
at  constant temperature [i.e., conditions where f2( T )  is con- 
stant]. (1 /Poapp - 1 /3) will be larger than (1 /Po - 1 /3) when 
depolarization due to probe rotation is operative. Equation 
4 indicates that pH can be determined from the low-viscosity 
component (Le., 130% sucrose at  20 "C; T/? > 8000 K P') 
of the isothermal Pemn plot, since this depolarization is derived 
exclusively from the slow overall rotation of the dimeric PFn 
molecule. Downward curvature in the isothermal Perrin plot 

l.0L" : 
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FIGURE 1: Perrin plots obtained by monitoring (A) dansyl- 
cadaverine-PFn and (B) pyrene-PFn fluorescence polarization in PBS 
as a function of either sucrose concentration [0-30% (w/v)] under 
isothermal conditions (m) or temperature (0-40 "C) in the presence 
(A) and absence (0) of 35% (w/v) sucrose. The isothermal Perrin 
plots for dansylcadaverine-PFn and pyrene-PFn were obtained at 
25 and 20 OC, respectively. To facilitate the direct comparison of 
the dansylcadaverine-PFn and pyrene-PFn data, we have normalized 
the polarization data with respect to the limiting polarization, Po. 
Therefore, ( l /P-  l/3)/(1/P0- 1/3) = 1 denotes the absenceofall 
molecular rotational motion. From the intercepts of the respective 
nonisothermal Perrin plots, we estimated the Po values of dansyl- 
cadaverine-PFn and pyrene-PFn to be 0.404 and 0.1 58, respectively. 

observed at  high viscosity (i.e., >40% sucrose; T/v < 5000 
K PI) originates from the rapid localized rotational motion 
of the protein side chains bearing the fluorescent probe. The 
thermodynamic barrier to free rotation of the fluorescent probe 
was estimated from the temperature-dependent variation in 
(l/PO,app - 1/3) (Rawitch et al., 1969): 

In (l/PO,app - 1/3) = constant + (E,/R)(l/T) ( 5 )  

Thus, a plot of In (l/Po,ap - 1/3) vs the reciprocal of the 

where E,  is the "activation energy" for free probe rotation. 
Electron Microscopy. Transmission electron microscopy 

was carried out in a Philips 400T electron microscope at 60-80 
kV. Ultrathin carbon films (25-30 A in thickness) were 
prepared by a previously reported method (Wall et al., 1985). 
For negative staining, PFn (5.0 pg/mL in TBS) was deposited 
upon a wet carbon film and stained with 2% uranyl acetate. 
PFn samples for rotary-shadowing were dialyzed against a 0.15 
M ammonium acetate, pH 7, buffer containing 30% (v/v) 
glycerol, diluted to a final concentration of 30 pg/mL, sprayed 
onto the carbon film, and rotary-shadowed with 25-30 A of 
platinum at a shadowing angle of 7O. 

RESULTS 
Rotational Relaxation Measurements on Dansyl- 

cadauerine-PFn. The mean harmonic rotational relaxation 
time (pH) derived from an experiment in which dansyl- 
cadaverine-PFn fluorescence polarization was measured as 
a function of temperature (Figure lA, circles) is much shorter 
(-5.0 X lo-* s) than that predicted by a spherical model (po 
= 6.28 X lo-' s). This is essentially a confirmation of an 
earlier observation (Williams et al., 1982). However, the 
Perrin plot derived from an experiment in which solvent vis- 
cosity was varied by the addition of sucrose at  constant tem- 
perature (25 "C) exhibited negligible slope (Figure lA, 

absolute temperature (in K- P ) will yield a line with slope EJR, 
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squares). We estimate from these data that pH is on the 
microsecond time scale. 

The much shorter rotational relaxation time observed under 
nonisothermal conditions can be explained if we assume that 
both fast (pH < s) localized rotational motion of the 
covalently attached dansylcadaverine probe and slow (pH - 
10” s) overall rotation of the dimeric PFn molecule make 
independent contributions to the observed depolarization. This 
analysis, first developed by Weber (1952), predicts that probe 
rotation is “thermally activated” (i.e., its contribution to the 
observed depolarization increases at higher temperatures). The 
much shorter pH observed under nonisothermal conditions 
(Figure 1 A, circles) reflects “averaging” of the slow rotational 
motion of the protein (pH - 10” s) with the temperature- 
dependent fast rotational motion of the fluorescent probe (pH 
< 5.0 X lo-* s). We estimated the respective contribution of 
probe rotation to the observed depolarization (43% at 25 “C) 
from the intercepts of the nonisothermal and isothermal 
dansylcadaverine-PFn Perrin plots (Figure 1 A) using eq 4. 
We also observed that pH decreased significantly when the 
nonisothermal experiment was carried out in PBS containing 
35% (w/v) sucrose (Figure lA,  triangles). The apparent 
decrease in pH induced by 35% sucrose reflects the slow overall 
rotational motion of the protein being frozen while the 
fluorescent probe continues to exhibit unhindered rotation 
(Weltman & Edelman, 1967). The negligible slope associated 
with the isothermal dansylcadaverine-PFn Perrin plot (Figure 
1A squares) implies that the PFn molecule does not exhibit 
significant rotational displacement during the lifetime of 
dansylcadaverine-PFn fluorescence (1.2 X IO-* s). Depo- 
larization originating from thermally activated probe rotation 
has been used to explain similar observations in fluorescence 
polarization investigations of rabbit y-globulin (Wahl & 
Weber, 1967), human yG-immunoglobulins (Weltman & 
Edelman, 1967), thyroglobulin (Rawitch et al., 1969), and 
fibrinogen (Acuiia et al., 1987). 

Characterization of the 1 -Pyrenebutyrate Conjugate of PFn. 
It became apparent that the relatively short fluorescent lifetime 
of the dansylcadaverine probe (1.2 X 10% s) made it insensitive 
to the slow overall rotation of the dimeric PFn molecule (pH - 10-6 s). In order to estimate pH more precisely, we prepared 
the I-pyrenebutyrate conjugate of PFn (pyrene-PFn) by the 
use of the amine reactive reagent succinimidyl l-pyrene- 
butyrate. The longer fluorescence lifetime exhibited by 1- 
pyrenebutyrate ( N lo-’ s) makes this probe more sensitive to 
the slow rotational diffusion exhibited by large (>200 kDa) 
proteins (Knopp & Weber, 1969; Rawitch et al., 1969). The 
optical and fluorescence spectral properties of pyrene-PFn 
(Figure 2) were indistinguishable from those of other l-py- 
renebutyrate-conjugated proteins (Knopp & Weber, 1969; 
Rawitch et al., 1969). Preparations of pyrene-PFn utilized 
in this study contained 0.3-0.8 mol of pyrenebutyrate/mol of 
PFn. Under these conditions, pyrene-PFn bound to gelatin- 
Sepharose and heparin-Sepharose columns with affinities 
comparable to that of the underivatized starting material (data 
not shown). We also observed that the thrombin and cathepsin 
D proteolytic digestion pattern of pyrene-PFn was identical 
with that of native PFn (data not shown). All PFn fragments 
isolated from these digests exhibited fluorescence emission 
spectra characteristic of bound pyrenebutyrate (data not 
shown). This confirmed that labeling was not confined to any 
specific region of the PFn subunit. We also observed that the 
s20,w value (1 2.8 S) and far-UV CD spectrum of pyrene-PFn 
were indistinguishable from those of native PFn (data not 
shown). The -3OX higher fluorescence quantum yield ex- 
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FIGURE 2: Characteristic absorption (A) and fluorescence (B) spectra 
exhibited by pyrene-PFn preparations in PBS. The excitation and 
emission wavelengths used to generate the fluorescence data were 330 
and 398 nm, respectively. 

Modulation Frequency[YHz] 

FIGURE 3: Phase angle (circles) and modulation (squares) data ob- 
tained for pyrene-PFn at 20 “C in PBS. Phase shift (-) and de- 
modulation (- - -) predicted for doubly exponential fluorescence decay 
with components 7, = 34 ns and Q = 134 ns representing 7% and 
93% of the total emission intensity, respectively. 

hibited by pyrenebutyrate relative to dansylcadaverine and the 
facile preparation of milligram quantities of pyrene-PFn by 
the nonenzymatic labeling procedure employed here facilitated 
detailed spectroscopic study of this PFn derivative. 

Pyrene-PFn Fluorescence Lifetime Measurements. Phase 
shift and demodulation measurements of pyrene-PFn at  20 
“C yielded data that could be fit confidently to a model as- 
suming doubly exponential fluorescence decay with compo- 
nents T~ = 3 4  ns and r2 = 134 ns representing 7% and 93% 
of the observed emission intensity, respectively (Figure 3). 
The complexity of the fluorescence decay dictated the use of 
the second-order average lifetime, ( T), in subsequent pH 
calculations. We noticed that pyrene-PFn fluorescence in- 
tensity decreased markedly as temperature was increased 
(Figure 4, inset). Since changes in relative fluorescence in- 
tensity often mirror changes in fluorescence lifetime, we ex- 
amined the relationship by which (?)  varied as a function of 
temperature (Figure 4). As would be expected, ( 7 )  decreased 
in a linear fashion as temperature was increased. 

Rotational Relaxation Measurements on Pyrene-PFn. The 
biphasic nature of the pyrene-PFn isothermal (20 “C) depo- 
larization curve became evident when we extended our PO- 
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FIGURE 4: Effect of temperature on the pyrene-PFn second-order 
average fluorescence lifetime. (Inset) The traces shown from top to 
bottom correspond to pyrenePFn emission spectra obtained at 3,9, 
15, 20, 26, 31, 38, and 44 O C ,  respectively. 
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FIGURE 5: (circles) Perrin plot obtained by measuring pyrenePFn 
fluorescence polarization as a function of sucrose concentration [0-55% 
(w/v)] at 20 OC in PBS. (Square) An estimate of (l/Po- 1/3) derived 
from a polarization measurement in 55% sucrose at 4 O C .  

larization measurements to solutions of high viscosity (Figure 
5 ) .  The depolarization observed at low viscosity (T/v > 8000 
K P'; Le., 130% sucrose) arises from slow overall rotation 
of the PFn molecule while the high-viscosity component ( T / q  
< 5000 K P'; i.e., 140% sucrose) emanates from the rapid 
localized rotational motion of the fluorescent probe. Similar 
to the observations made above (Figure lA, squares) for 
dansylcadaverine-PFn, the slope associated with the low- 
viscosity component of the isothermal Perrin plot (Figure lB, 
squares) was small compared to that of the nonisothermal 
depolarization curve (Figure 1 B, circles). We also observed 
the apparent increase in pH when the nonisothermal experiment 
was carried out in buffer containing 35% sucrose (Figure lB, 
triangles). 

However, unlike dansylcadaverine-PFn, we detected a small 
but significant depolarization associated with the slow overall 
rotation of the dimeric PFn molecule (Figure lB, squares). 
We note that this small depolarization (AP = 0.004) required 
that we "correct" for the additional polarization contributed 
by sucrose (-0.001) in our data analysis. The pH calculated 
from these data (4.4 f 0.9 ps) is 7 (f1.4) times longer than 
that predicted for a 520-kDa sphere containing 0.4 g of H20/g 
of protein (po = 0.63 ps). The simplest hydrodynamic model 
which fits the data is an oblate ellipsoid with an axial ratio 
of 15:l (Figure 6). All prolate models can unambiguously 
be excluded by this result (Figure 6). We estimate that the 
disk-shaped PFn molecule has a diameter and thickness of 30 
and 2.0 nm, respectively. 

Analysis of the polarization data obtained for the l-py- 
renebutyrate conjugate of the thrombin-derived 190/ 170-kDa 
PFn fragment (Figure 7; circles) assumed that this PFn de- 
rivative had the same fluorescence lifetime as pyrene-PFn. 

0 
Q 
\ 

P 
31 

FIGURE 6: Mean harmonic rotational relaxation times expected for 
various prolate (triangles) and oblate (circles) ellipsoidal models. The 
derivation of the functions relating the pH/po ratio to ellipticity is 
outlined in the Appendix. 
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FIGURE 7: (Circles) Pyrene-190/ 170-kDa PFn fragment depolari- 
zation curve generated under isothermal conditions. The p~ calculated 
from these data is 0.92 f 0.1 1 ps. (Squares) PyrenePFn data shown 
for comparison (pH = 4.4 f 0.9 ks). In these experiments, the 
temperature to solvent viscosity ratio was varied by the addition of 
sucrose (0-30%) at 20 "C. PBS was the solvent. 

Since we established that the relative quantum yields of 
pyrene-PFn and pyrene-190/170-kDa PFn fragment 
fluorescence were identical (data not shown), this assumption 
appeared to be valid. Pyrene-190/ 170-kDa PFn fragment, 
which retained full PFn heparin and gelatin binding activity 
(data not shown), exhibited a much faster rotational relaxation 
rate (pH = 0.92 f 0.11 ps) than pyrene-PFn (Figure 7, 
squares; pH = 4.4 f 0.9 ps). Taken together with its observed 
s20,w near 6 S (Benecky et al., 1988a), we conclude that the 
190/ 170-kDa PFn fragment is monomeric under physiologic 
buffer conditions. The 190/ 170-kDa PFn fragment pH value 
is approximately 4-5 times longer than that predicted for an 
equivalent hydrated sphere po = 0.22 ps. This indicates that 
this peptide, like native PFn, has an oblate shape under 
physiologic buffer conditions (Figure 6). We also observed 
that the far-UV CD spectrum of the 190/170-kDa PFn 
fragment was superimposable upon that of the PFn/amino- 
terminal 29-kDa PFn fragment CD difference spectrum (data 
not shown). 

Previous investigators have noted curvature in Perrin plots 
derived from experiments in which dansylcadaverine-PFn 
(Williams et al., 1982) and ANS-PFn (Ingham et al., 1988) 
fluorescence polarization was monitored as a function of 
temperature. Dramatic temperature-dependent changes in the 
electron spin resonance spectrum of a maleimide spin-labeled 
PFn preparation have also been reported (Lai & Tooney, 
1984). These observations have been taken as supporting 
evidence for temperature-induced PFn conformational changes 
between 0 and 40 OC. Since we believed that the tempera- 
ture-dependent effects noted above were merely manifestations 
of "thermally activated" probe rotation, we investigated 
whether temperature-induced changes in PFn conformation 
could occur by studying the temperature dependence of the 
PFn pH value (Figure 8). The 10,20, and 30 OC pyrene-PFn 
isothermal depolarization curves yielded a family of lines that 
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FIGURE 8: Comparison of pyrene-PFn isothermal depolarization curves 
at IO OC (triangles), 20 OC (squares), and 30 OC (circles), respectively. 
Other experimental conditions same as in Figure 7. The high-viscosity 
data (i.e., T/t, < 5000 K PI), which show nonlinearity due to the 
rapid independent rotational motion of the fluorescent probe, have 
been omitted for clarity. 

were approximately parallel. This indicated that pH did not 
change significantly within this temperature range. From these 
data (using eq S), we also estimated that the thermodynamic 
barrier to free rotation of the 1-pyrenebutyrate probe was small 
(-2 kcal/mol). 

Electron Microscopy of PFn. Electron micrographs of 
negatively stained PFn specimens on carbon showed rounded 
compact structures with diameters around 20 nm (Figure 
9A,B). Structures of similar shape and dimensions have been 
noted in STEM images of PFn that had been freeze-dried on 
carbon (Tooney et al., 1983). However, PFn specimens that 
had been sprayed onto carbon in the presence of 30% glycerol 
and visualized by platinum rotary-shadowing appeared as 
extended strandlike structures (Figure 9C). The dimensions 
of these extended structures (140 X 2 nm), which are similar 
to those previously reported for rotary-shadowed PFn speci- 
mens on mica (Engel et al., 1981; Erickson et al., 1981), 
seemed incompatible with the PFn structural model derived 
from our pyrene-PFn fluorescence polarization measurements. 

DISCUSSION 
Implicit in our analysis of the fluorescence polarization data 

is the assumption that two mutually independent dynamic 
processes depolarize the fluorescence exhibited by the dan- 

sylcadaverine and 1 -pyrenebutyrate conjugates of PFn: rapid 
(subnanosecond) localized rotational motion of the fluorescent 
probe and slow (pH = 4.4 ps) global rotation of the dimeric 
PFn molecule. Since the former process is temperature de- 
pendent (Wahl & Weber, 1967; Weltman & Edelman, 1967), 
isothermal polarization measurements have been employed in 
this study to estimate the rotational relaxation time of PFn 
and the thrombin-derived 190/ 170-kDa PFn fragment under 
physiologic buffer conditions. We estimated pH from the 
low-viscosity component (i.e. T/q > 8000 K PI; 13w0 sucrose 
at 20 "C) of the pyrene-PFn isothermal Perrin plot. This 
procedure assumes that the localized and global rotational 
motions of the probe and protein respectively are temporally 
distinguishable. This condition is fulfilled when 37/pc >> 1 
(Weber, 1953), where pc is the rotation relaxation time of the 
protein side chain bearing the fluorescent probe. Since 7 = 
123 ns (Figure 3) and pc - 0.2 ns (Wahl & Weber, 1967), 
this assumption appears valid (37/pc = 1800). We also made 
the assumption based on the linearity of the low-viscosity 
component of the isothermal Perrin plot that moderate levels 
of sucrose [i.e., 530% (w/v)] do not perturb the native 
structure of the PFn molecule. 

Keeping in mind the assumptions made above, the pH 
calculated from polarization measurements made on pyrene- 
PFn under isothermal conditions is approximately 7 times 
longer (4.4 f 0.9 ps) than that predicted for an equivalent 
hydrated sphere (po = 0.63 ps). This result, which rigorously 
excludes all possible prolate ellipsoidal models, indicates that 
the dimeric PFn molecule has a rigid oblate shape under 
physiologic buffer conditions. We estimate that the disk- 
shaped PFn molecule has a diameter and thickness of 30 and 
2.0 nm, respectively. This model is in good agreement with 
the PFn structure predicted by small-angle X-ray and neutron 
scattering measurements (Sjiiberg et al., 1987). This structural 
model also appears consistent with the "compact" structures 
observed during electron microscopic examination of negatively 
stained (Figure 9A,B) and freeze-dried (Tooney et al., 1983) 
PFn specimens deposited on carbon. We note, however, that 
the dimensions of the PFn molecule obtained by electron 
microscopy were somewhat smaller (-20 nm) than those 

FIGURE 9: (A) Electron microscopy of negatively stained PFn at a magnification of 128700X. Samples were deposited upon an ultrathin carbon 
film (25-30 A in thickness) and visualized by negative staining with 2% uranyl acetate. Bar = 100 nm. (B) Same as (A) except at a magnification 
of 363800X. Bar = 50 nm. (C) Electron microscopy of rotary-shadowed PFn at a magnification of 1287OOX. Samples were sprayed onto 
a carbon film in the presence of 30% (v/v) glycerol and visualized by platinum rotary-shadowing. Bar = 100 nm. 
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predicted by fluorescence polarization (- 30 nm). This could 
reflect partial dehydration of the molecule during specimen 
preparation for electron microscopy. 

Our fluorescence data exclude models which represent the 
solution structure of PFn under physiologic conditions as an 
extended molecule (Engel et al., 1981; Erickson et al., 1981). 
Previous work has shown that glycerol induces a change in PFn 
conformation under physiologic buffer conditions (Rocco et 
al., 1983). Therefore, we believe that the extended structures 
observed during electron microscopic examination of rotary 
shadowed PFn specimens (Engel et al., 1981; Erickson et al., 
198 1 ; Erickson & Carrell, 1983; Figure 9c) largely reflect a 
PFn conformational change induced by glycerol exposure 
during specimen preparation. However, we cannot exclude 
the possibility that an electrostatic interaction between PFn 
and the substrate (e.g., mica) could also participate in this 
effect (Tooney et al, 1983). 

Models which invoke extensive segmental flexibility of the 
PFn peptide backbone under physiologic buffer conditions 
(Williams et al., 1982; Lai & Tooney, 1984; Lai et al., 1984; 
Forastieri & Ingham, 1985; Narasimhan & Lai, 1989) can 
also be excluded by our fluorescence polarization data. Our 
data indicate that the rapid “thermally activated” rotational 
motion of the fluorescent probe (Weber, 1952), rather than 
PFn segmental flexibility, gives rise to the shorter than ex- 
pected pH values previously calculated from the PFn (Williams 
et al., 1982) and the gelatin binding 42-kDa PFn fragment 
(Forastieri & Ingham, 1985) nonisothermal polarization data. 
Since the PFn rotational relaxation times estimated from ESR 
measurements by Lai and co-workers (Lai & Tooney, 1984; 
Lai et al., 1984; Narasimhan & Lai, 1989) are also approx- 
imately 2 orders of magnitude shorter than our fluorescence 
polarization derived value (pH = 4.4 p s ) ,  we predict that the 
rapid independent rotational motion of the maleimide spin- 
label contributes significantly to the observed ESR signal. 
Spin-labeled maleimide covalently bound to the ADP/ATP 
carrier has been shown to be an unsuitable probe of protein 
rotational diffusion because of its indepedent rotational motion 
(Horvith et al., 1989); this observation establishes precedence 
for our contention. We also note that the ESR-derived ro- 
tational relaxation time decreased progressively at higher 
sample temperatures (Lai & Tooney, 1984). This behavior 
is quite reminiscent of the “thermally-activated” depolarization 
noted in the present study. Furthermore, our parallel obser- 
vation of dramatic changes in both sedimentation velocity 13 
S - 6 S and pH (4.4 p s  - 0.92 pus) between PFn and 
thrombin-derived 1901 170-kDa PFn fragment indicates that 
our fluorescence polarization derived pH is a parameter sen- 
sitive to changes in the hydrodynamic characteristics of the 
PFn molecule. In contrast, the ESR hyperfine splitting ap- 
peared to be insensitive to the size differences between PFn 
and the trypsin-derived 215-, 185-, 75-, and 31-kDa PFn 
fragments (Narasimhan & Lai, 1989). Therefore, we believe 
that the ESR measurements of Lai and co-workers are es- 
sentially monitoring the independent rotational motion of the 
PFn sulfhydryl groups which bear the maleimide spin-label. 
Consequently, we must question the validity of the ESR ev- 
idence supporting PFn conformational changes induced by 
temperature (Lai & Tooney, 1984) or adsorption to a solid 
substrate (Narasimhan & Lai, 1989). 

We found that the Perrin plots obtained isothermally at 10, 
20, and 30 “C  respectively yielded a family of approximately 
parallel lines (Figure 8). This observation suggests that pH 
does not change significantly throughout this temperature 
interval. Therefore, we find no evidence for the tempera- 
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ture-induced changes in PFn conformation reported previously 
(Williams et al., 1982; Lai & Tooney, 1984; Ingham et al., 
1988). We believe that the temperature-dependent spectral 
changes noted in these studies are simple manifestations of 
”thermally-activated” probe rotation. 

The observed pH for the thrombin-derived 190/170-kDa PFn 
fragment (0.92 f 0.1 1 ps ) ,  which is 4-5 times longer than that 
predicted for an equivalent hydrated sphere (po = 0.22 ps), 
indicates that this peptide retains the disk-like structure 
characteristic of the native molecule. We estimate that the 
190/ 170-kDa PFn fragment has a diameter and thickness of 
18 and 1.9 nm, respectively. We also observed that the far-UV 
CD spectrum of the 190/170-kDa PFn fragment was super- 
imposable upon that of the PFn/amino-terminal29-kDa PFn 
fragment CD difference spectrum. Therefore, PFn and the 
190/170-kDa PFn fragment must be very similar in their 
secondary and tertiary structural characteristics. We can also 
conclude that the 30-kDa amino-terminal domain does not play 
an essential role in the structural stabilization of an isolated 
PFn subunit. 

Since the analysis of PFn fluorescence polarization data 
using Perrin analysis has generally been misapplied in the 
literature, we outline the factors that should be considered 
when this approach is used in the future (Weber, 1953). Perrin 
plots constructed from polarization measurements made as a 
function of temperature often yield anomalously short pH 
values due to “thermally-activated” depolarization arising from 
the localized rotational motion of the protein side chains 
bearing the fluorescent probe. This temperature-dependent 
process can be diagnosed rather simply by comparing the y 
intercepts of Perrin plots generated under nonisothermal and 
isothermal conditions, respectively. Probe rotation would cause 
the isothermal value to be significantly larger than the non- 
isothermal value. The nonisothermal approach would also not 
be valid in our present system due to the fact that the pyr- 
ene-PFn fluorescence lifetime is temperature dependent. It 
is also critical to choose a fluorescent probe with a lifetime 
comparable to the time scale of the rotational motion under 
investigation. For example, the slow global rotational motion 
of the PFn molecule (pH = 4.4 X 10” s) is insensitive to short 
lifetime fluorescent probes such as fluorescein (T  = 4.5 X lo4 
s) and dansylcadaverine (T = 1.2 X lo-* s). These probes 
would be biased toward the detection of the rotational motion 
of the side chains bearing the fluorescent probe (p, = 2.0 X 
10-lo s). For this reason, we employed the long-lifetime probe 
l-pyrenebutyrate (T  = 1.2 X lo-’ s) in our experimental 
system. If a longer fluorescent lifetime probe were available, 
the PFn pH value could be determined with greater accuracy. 
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APPENDIX 
Rotational Relaxation Times Expected for  Various Hy- 

drodynamic Models. (A)  Sphere. po, the rotational relaxation 
time expected if PFn were spherical, was estimated by using 
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eq 6. Substituting R = 8.314 X lo7 erg mol-' K-l, T = 298 

P O  = 3qV/RT (6) 
K, 7 = 0.0089 P, and V = 5.82 X lo5 cm3 mol-' into this 
equation, we obtained p o  = 6.28 X s. This calculation 
assumed that PFn had a molecular weight of 520K, a partial 
specific volume of 0.72 mL/g (Mosesson et al., 1975), and a 
hydration of 0.40 g of H20/g of protein (Rocco et al., 1987). 
Using an average molecular weight of 180K and making 
similar assumptions for partial specific volume and hydration, 
we estimated p o  = 2.17 X s for the thrombin-derived 
190/ 170-kDa PFn fragment. 

( B )  Elliptical Models. The disk-shaped oblate ellipsoid is 
characterized by a single short semiaxis, b, and two identical 
long semiaxes, a. The cigar-shaped prolate ellipsoid is char- 
acterized by a single long semiaxis, a, and two identical short 
semiaxes, b. For each type of ellipsoid, the axial ratio (p,) is 
defined as a/b ,  the ratio of the long to the short semiaxes. Two 
rotational frictional coefficients characterize an ellipsoid: fa 
for rotation about the a semiaxis, and& for rotation about the 
b semiaxis. Expressions for these frictional coefficients have 
been given by Cantor and Schimmel(l980). These frictional 
coefficients are defined relative to&, the rotational frictional 
coefficient of a hydrated sphere of equivalent volume: 

(7a) Fa = f a / f o  = 4(1 - p2)/3(2 - P'S) 

Fb = f b / f O  = 4(1 - P4)/3P2[s(2 - P 2 )  - 21 (7b) 

In these equations, S and p are defined in the following way: 
prolate ellipsoid 

S = 2(1 - p2)- ' /2  In ([I  + (1 - ~ ~ ) ] ' / ~ / p ]  

p = b / a  = l / p ,  

(8a) 

(8b) 

(9a) 

(9b) 

When these expressions are evaluated, it is found that oblate 
ellipsoids produce approximately the same friction, whether 
they rotate about the long axis (fa) or the short axis ( fb) .  Both 
motions involved more friction than does the rotation of an 
equivalent sphere. Prolate ellipsoids rotate around their long 
axis (fa) with less friction than that of an equivalent hydrated 
sphere. However, rotation about its short axis cfb) is accom- 
panied by extremely great friction. 

Each rotational frictional coefficient can be related to a 
rotational relaxation time, p ,  which measures the rate at which 
an anisotropic distribution relaxes to equilibrium through a 
particular rotational motion. For ellipsoids relative to 
equivalent hydrated spheres: 
prolate ellipsoid 

oblate ellipsoid 
S = 2@2 - l)-l/2 tan-' (p2  - 1)1/2 

p = a / b  = pr  

& / P O  = Fb (loa) 

( 1 Ob) 

P b / P O  = Fa (1la) 

(1lb) 

However, steady-state fluorescence polarization measure- 
ments yield p H ,  the harmonic mean of pa and pb. This quantity 
is calculated for prolate and oblate ellipsoids by using eq 12 
and 13, respectively. 

P b / P O  = 2FaFb/(Fa + Fb) 
oblate ellipsoid 

P a / P O  = 2FaFb/(Fa + Fb) 

Benecky et al. 

prolate ellipsoid 

PH-' = 1/3[P[' + 2 ( P b ) - ' ]  

pH-' = 1 /3[2(&)-' + &-'I 

(12) 
oblate ellipsoid 

(13) 

Therefore, we can obtain functions relating p H / p o  to ellip- 
ticity (Figure 6) by using the following three-step method: (1) 
evaluating Fa and Fb for a given axial ratio (eq 7-9); (2) 
utilizing Fa and Fb to calculate p a  and P b  (eq 10 and 11); (3) 
computing the harmonic mean ( p H )  of p a  and P b  (eq 12 and 
13). 

Estimation of PFn Size. The volume of an oblate ellipsoid, 
V, equals (4/3)7ra2b. Using V = 9.66 X cm3/molecule 
and the axial ratio ( a / b  = 15) predicted by fluorescence po- 
larization, we estimated the diameter ( 2 4  and thickness (26) 
of the disk-shaped PFn molecule to be 30 and 2 nm, respec- 
tively. 
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ABSTRACT: The effects of nonylphenol and 3,5-dibutyl-4-hydroxytoluene (BHT) on the activity of the 
(Ca2+-Mg2+)-ATPase of skeletal muscle sarcoplasmic reticulum have been studied. At high concentrations, 
both inhibit the ATPase activity of the ATPase either in native lipid or in bilayers of dioleoyl- 
phosphatidylcholine but, at  low concentrations, an increase in ATPase activity is observed, particularly for 
the ATPase reconstituted into dimyristoleoylphosphatidylcholine. Neither nonylphenol nor BHT binds at  
the lipid-protein interface of the ATPase. Nonylphenol decreases the effective equilibrium constant for 
phosphorylation of the ATPase by Pi probably through an increase in the effective rate of dephosphorylation 
of the phosphorylated ATPase. It also decreases the effective rate of the E2-Ca2E1 transition and increases 
the effective equilibrium constant E2/E1 for the ATPase. Inhibition of ATPase activity follows from the 
slowing of the E2-E1 transition despite increases in effective rates for dephosphorylation and for the transport 
step, Ca2E1 P-E2P. Since nonylphenol has been shown to affect equilibrium constants for various steps 
in the reaction pathway of the ATPase, inhibition of activity of the ATPase cannot follow from effects on 
the fluidity (viscosity) of the membrane, since fluidity alone cannot affect equilibrium properties of the system. 

%e activities of many membrane proteins have been found 
to be affected by a wide range of hydrophobic molecules. 
Although some of these effects may arise from specific in- 
teractions between the hydrophobic additive and a distinct site 
on the protein, the majority of the effects are likely to be 
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nonspecific. Since hydrophobic molecules partition extensively 
into the phospholipid component of biological membranes, 
effects of such molecules could follow from an effect on the 
fluidity of the bilayer, with the activity of membrane proteins 
being very sensitive to the fluidity, or viscosity, of the sur- 
rounding lipid (Sinensky, 1974; Chong et al., 1985; Almeida 
et al., 1986). To test this possibility, we previously studied 
the effect of lipid fluidity on the activity of the (Ca2+- 
Mg2+)-ATPase purified from the sarcoplasmic reticulum of 
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