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Nanosecond Fluorescence Anisotropy Decays of n-(9-Anthroyloxy) Fatty
Acids in Dipalmitoylphosphatidylcholine Vesicles with Regard to Isotropic

Solvents'

Michel Vincent, Béatrice de Foresta, Jacques Gallay, and Annette Alfsen*

ABSTRACT: A set of n-(9-anthroyloxy) fatty acids [2-, 7-, 9-,
and 12-(9-anthroyloxy)stearic acid (AS) and 16-(9-
anthroyloxy)palmitic acid (16-AP)] has been studied by
time-resolved and steady-state fluorescence anisotropy mea-
surements in isotropic media (i.e., propylene glycol and a liquid
paraffinic oil, Primol 342) and in vesicles of dipalmitoyl-
phosphatidylcholine. The two modes of rotation, “in-plane”
and “out-of-plane”, of the anthroyl ring can be detected by
varying the excitation wavelength. In both isotropic solvents,
the value of the in-plane rotational rate is of the same order
of magnitude as the out-of-plane rate for each one of the
n-(9-anthroyloxy) fatty acids. In propylene glycol, the anthroyl
ring motions are similar for all derivatives except for the 16-AP
for which the fluorophore rotates at a higher rate. In the liquid
paraffinic oil, identical motions of the fluorophore are observed
for the 7-, 9-, and 12-AS; the motion for the 16-AP is again
faster, while that for the 2-AS is slower. Moreover, the
fluorophore motion for each probe is faster in this solvent than
in propylene glycol in conditions of identical viscosity. When
embedded in phospholipid bilayers, these probes report the

Fluorescence techniques have provided useful information
about lipid organization and dynamics in both model and
biological membranes (Vanderkooi & McLaughlin, 1975). In
particular, fluorescence anisotropy measurements are related
to the rotational motion of the probe, reflecting the frictional
retardation forces imposed by its microenvironment (Perrin,
1936; Weber, 1953). These measurements have been widely
used for the estimation of the membrane “fluidity” (Shinitzky
& Barenholz, 1978). The validity of this parameter has yet
been questioned (Hare et al., 1979), and some conditions
relative to its obtention will be discussed below.

The uncertainty about the location of some probes in
membrane systems, pointed out by Lentz et al. (1976) and
Lakowicz & Knutson (1980), is one of the difficulties that can
lead to some misinterpretations of the data. Due to their
structural analogy with the membrane lipid components, the
n-(9-anthroyloxy) fatty acids are likely to fit in the membrane
with their acyl chains parallel to those of the phospholipids.
These probes allow a labeling at a graded series of depths in
the bilayer, as demonstrated by fluorescence quenching and
energy transfer experiments (Thulborn & Sawyer, 1978; Haigh
et al., 1979). Consequently, they have been used in order to
estimate membrane fluidity gradients (Tilley et al., 1979; de
Paillerets et al., 1981). However, even in an isotropic medium,
differences are expected in the intrinsic fluorescence and
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microenvironment at a graded series of depths from the surface
to the center of the bilayer [Haigh, E. A., Thulborn, K. R.,
& Sawyer, W. H. (1979) Biochemistry 18, 3525-3532].
Studies in dipalmitoylphosphatidylcholine vesicles have been
performed at three temperatures (21, 37, and 47 °C) corre-
sponding to different lipid phases. The out-of-plane mode of
rotation is unhindered as demonstrated by an anisotropy decay
profile asymptotic to zero. Thus, evaluation of a membrane
“fluidity” parameter at different depths of the bilayer is
possible, even in the steady-state mode of observation. When
the in-plane mode of rotation contributes to the anisotropy
decay, a hindrance to the motion is observed below the gel to
liquid-crystalline transition. Then information about lipid
order can be obtained from the plateau value (r.) of the
fluorescence anisotropy decay. In the pretransition temper-
ature range (37 °C), the results evidence the existence of
structural lipid changes mainly localized in the hydrophobic
core of the bilayer. The main transition leads to a complete
disappearance of the hindrances on the in-plane rotation.

motional properties of the anthroyl ring as a function of its
position of substitution on the acyl chain. Such differences
in motional behavior have been hinted by steady-state
fluorescence polarization measurements at one excitation
wavelength (Tilley et al., 1979), and they have to be taken into
account for the interpretation of the data obtained in mem-
branes. Furthermore, the motion of this disklike fluorophore
is the result of at least two principal modes of rotation: “in-
plane” and “out-of-plane”. For the evaluation of each rate,
steady-state and dynamic fluorescence depolarization mea-
surements have to be performed at different excitation
wavelengths, corresponding to different angles between ab-
sorption and emission oscillators (Weber, 1971).

Another difficulty in the determination of membrane fluidity
is the existence of hindered rotational motions of fluorescent
probes, which has been stated for rod- as well as for disklike
probes [respectively diphenylhexatriene (Kawato et al., 1977,
Lakowicz et al., 1979) and parinaric acid (Wolber & Hudson,
1981) and perylene (Lakowicz & Knutson, 1980), 8-anilino-
1-naphthalenesulfonic acid (Kinosita et al., 1976; Wahl et al.,
1971), and 2-anilinonaphthalene (Badea et al., 1978)]. Such
hindered motion is evidenced on the anisotropy decay curve
by the persistence of a nonzero value of the fluorescence an-
isotropy at long times as compared to the excited-state lifetime
of the probe. This nonzero value has been interpreted either
in terms of reflecting barriers, within the framework of the
model first proposed by Wahl (1975a,b) and further extended
to a cone model by Kinosita et al. (1977), or in terms of an
orientational distribution function (Heyn, 1979; Lipari &
Szabo, 1980).

In the first part of this work, steady-state and time-resolved
fluorescence anisotropy measurements were carried out in
order to determine the motional properties of the n-(9-
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anthroyloxy) fatty acids in two isotropic media: a liquid pa-
raffinic oil (Primol 342) and propylene glycol. The differences
in the rotational rates observed in these two media are dis-
cussed in relation to solvation effect, bulk viscosity, and sub-
stitution position of the anthroyl ring on the acyl chain. In
the second part, these probes were used to describe the
structural organization of DPPC! vesicles at different tem-
peratures. The evaluation of hindrances imposed on each type
of rotational motion of the fluorophore would be expected to
bring more insight on the anisotropy of the membrane
structure.

Materials and Methods

Chemicals. Primol 342 was a gift of ESSO Research
Laboratory (Mont St. Aignan, France) and was free of
fluorescent impurities. Propylene glycol was from Merck
(Darmstadt, Germany) and used as supplied. Dipalmitoyl-
phosphatidylcholine (DPPC) (Serdary, Canada) was used as
purchased. This chemical migrated as a single spot on silica
with chloroform-methanol-water (65:25:5 v/v/v) as solvent.
n-(9-Anthroyloxy) fatty acids were from Molecular Probes
(Plano, CA). Their purity was controlled by thin-layer
chromatography with ethanol-water (95:5 v/v) as solvent
(Vanderkooi et al., 1974). All other reagents were of the
highest grade commercially available.

Phospholipid Samples. Ethanol-injected vesicles were
prepared from 20 mg/mL ethanolic solutions of DPPC by the
method of Kremer et al. (1977). The injection of 600 uL of
DPPC ethanolic solution in 20 mL of 0.05 M Tris-HCl and
0.1 M NaCl, pH 8, buffer was performed above the transition
temperature. The sample was passed through a 450-nm
Millipore filter. Lipid vesicles were labeled by adding 3 uL
of a 1 mg/mL tetrahydrofuran solution of #-(9-anthroyloxy)
fatty acids in 3 mL of buffer containing the vesicles
(probe:phospholipid molar ratio ~ 1:400). One blank was
performed by adding the same tetrahydrofuran aliquot without
fluorescent probe to the lipid vesicle suspension.

Absorption Measurements. They were carried out on a
Cary 118 spectrophotometer.

Viscosity Measurements, Viscosity values of Primol 342
were measured with a FICA viscosimatic M-S apparatus
equipped with an Ubbelhode viscosimeter (1.83-mm diameter)
and thermostated with a Huber HS 60 apparatus (Offenburg,
Germany). Calibration was performed with propylene glycol.
Densities were measured with a PAAR DMA 40 densitometer.

Steady-State Fluorescence Measurements. The steady-state
fluorescence emission anisotropies were measured with a T-
format SLM 8000 photon counting spectrofluorometer (Utr-
bana, IL) equipped with a single grating excitation mono-
chromator (MC 320) and Glan Thompson polarizers. The
sample cell holder was regulated by a Huber HS 60 thermo-
stat. Temperature in the sample was checked by means of a
digital thermometer Digitec 5810 (Dayton, OH) with a YSI
thermocouple (Yellows Springs, OH). For the polarization
excitation spectra, the band-pass was set to 1 nm, and
fluorescence emission was collected through Schott KV 418
cutoff filters. The emission anisotropies were calculated ac-
cording to

B R(vert) = R(horz)
"= R(vert) + 2R(horz)

I Abbreviations: DPPC, dipalmitoylphosphatidylcholine; #-AS, n-(9-
anthroyloxy)stearic acid; 16-AP, 16-(9-anthroyloxy)palmitic acid; DPH,
1,6-diphenyl-1,3,5-hexatriene; Tris, tris(hydroxymethyl)aminomethane;
13C NMR, carbon-13 nuclear magnetic resonance.

where R(vert) = I, /I and R(horz) = I,/ I, the first and
the second subscripts referring to excitation and emission
components, respectively. These relative intensities were di-
rectly recorded with the ratio mode in order to eliminate source
intensity fluctuations. R(horz) is a calibration factor, which
normalizes the output response of each analysis channel.
When necessary, the contribution of scattering or solvent
background to the fluorescence intensity can be automatically

subtracted on each channel, leading to the corrected new ratios:

’w Ihv - I’hv
R(horz) = ————
Ivh - I’Vh

Ipn = It
where the prime refers to the blank.

Steady-State Data Analysis. The results were interpreted
according to the formalism developed by Weber (1971) and
Shinitzky et al. (1971). These authors have derived an ap-
proximate form for the relation between the anisotropy values
of fluorescent rotating plates and their rates of rotation, in the
case where absorption and emission oscillators are coplanar
and where only small rotations can take place between exci-
tation and emission:

R(vert) =

Riy(2 cos? a - 1) + R, cos?

ro/r=1+ 67 1)

3costa-1

where 7 is the excited state lifetime, « is the angle between
the absorption and emission oscillators, R, is the rate of
rotation about an axis perpendicular to the absorption oscillator
and contained in the ring plane, i.e., an out-of-plane rate of
rotation, and R;; is the rate of rotation about an axis normal
to the ring plane, i.e., an in-plane rate of rotation. Since the
direction of the absorption oscillator may change as a function
of the excitation wavelength, as reflected by the r, values, the
R, values may not correspond to the same rotation of the
molecule when excited at different wavelengths, as stressed
by Weber (1971).

The quantity [(rg/r) — 1]/7, which according to eq 1 is
proportional to an average rate of rotation of the fluorophore,
has been plotted as a function of excitation wavelength.
Variation of this quantity would indicate anisotropic motion
of the fluorophore (Shinitzky et al., 1971; Valeur & Weber,
1978).

The determination of R;; and R, has been performed ac-
cording to a graphic method. By replacing cos? « by its ex-
pression in function of ry:

cos? = (Srg+ 1)/3
eq 1 becomes
Y=R,X+ R, 2)
with

Srg
Y =="((ro/r) =11/ (50 + 1))

and
X =(10rg~ 1) /(57 +1)

Y and X have been calculated from the ry and r experimental
values at each wavelength in the 300-400 nm range, and Y
has been plotted as a function of X. If the curve is fitted by
a straight line, this should indicate that R, is constant. Then,
the slope of this straight line and its intercept with the ordinate
axis yield R;, and R, respectively. Error bars AX and AY
have been calculated taking Ar = Ary = 0.002 and neglecting
errors on 7.

Nanosecond Anisotropy Decay Measurements. The time
courses of the emission anisotropy were obtained with a single
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photon counting fluorometer (Applied Photophysics, system
SP7 and Ortec system 9200 electronic device), as previously
described (Gallay et al., 1981; de Paillerets et al., 1981).
Excitation wavelength was selected by a grating monochro-
mator. Emission light was collected through a cutoff filter
Schott KV 418. Polaroid films were used on excitation and
emission sides. The flash lamp was filled with air, under a
pressure of 0.5 atm. In these conditions, spectral lines are
normally obtained with the strongest lines centered at 316, 337,
358, and 381 nm. The emission decay curves I,.(¢) and L;(t)
of the sample, from which a blank was subtracted when
needed, were collected successively for time periods in the
range of 5-20 min, depending on sample intensity. The ex-
perimental sum s(¢) and difference d(¢) decays were calculated
from the data according to

5(1) = In()]G + 2L(1)
d(1) = [1,()]G - Ly(1)

where G is a correction factor for the fluctuations in excitation
intensity and for the difference in the response of the analysis
photomultiplier to differently polarized light; G is given by

G =[(1+2n)/(1 - NIZL() /ZLD)]

where r is the steady-state anisotropy of the sample determined
as described above and 3 refers to the summation of the
counts for each curve over all the analyzer channels (Dale et
al., 1977).

The impulse responses S(t) and D(?) are related to the
experimental functions s(¢) and d(¢) by the convolution inte-
grals:

s(t) = j;'S(z ~ t)g(t) dt’
and
Q) = j;’p(z ~ t)g(t") dt’

A mono- or biexponential decay is assumed for S() and D(¢),
the parameters of which are computed using the modulation
function method according to Valeur (1978), followed for S(¢)
by a nonlinear least-squares regression. A first approximation
of the parameters of r(¢), also assumed to be mono- or biex-
ponential, is given by calculating the ratio D(¢)/S(¢), where
S/(1) is equal to S(¢) when this last function is monoexpo-
nential. When it is not the case, S(¢) is chosen as

S1t) = a’exp(~t/7)

where 7’ is the mean excited state lifetime calculated as
Car?/(Car) and a’as 3 ja; (Chen et al.,, 1977). Starting
from these calculated parameters of r(¢), a nonlinear least-
squares regression is performed, fitting the convolution product
of g(¢) and r(¢)S(¢) to the experimental curve d(t), in which
the parameters of S(¢) are held constant and only those of the
emission anisotropy decay are adjusted. When one of the
decay-time components of #(¢) is long as compared to the mean
lifetime of the excited state, a nonexponential function of the
form

r(t) = riexp(-t/®) + r.
can be used as a trial function for the analysis. r; can be
written as
ro=reo— e
where 7,29 is the anisotropy at zero time. In this case, ® has

been interpreted in terms of a relaxation time with which the
equilibrium distribution of the probe excited state inside a cone
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FIGURE 1: Fundamental anisotropy spectra of 2-AS (4), 7-AS (0),
9-AS (@), 12-AS (A), and 16-AP (O) in propylene glycol at -52 °C.
Absorption spectrum of 9-AS (=) in the same medium at room tem-
perature. Probe concentration 7 X 1075 M.

is approached (Kinosita et al., 1977).

Perrin Plots. Values of 1/r have been plotted as a function
of (Tr)/n, according to Perrin (1926), where T is the absolute
temperature, 7 the excited state lifetime, and » the solvent
viscosity. Extrapolation at (T7)/n = 0 leads to the value of
r 0_1.

Results

Fluorescence Properties of n-(9-Anthroyloxy) Fatty Acids
in Propylene Glycol. In the general case of completely a-
symmetric fluorophores, the steady-state fluorescence an-
isotropy is related by a complex function to the rotational rates
of the molecule (Weber, 1971). For planar aromatic mole-
cules, the steady-state measurements can yield an average rate
of rotation simply expressed as a function of the in-plane and
out-of-plane rates of rotation and of the fundamental an-
isotropy value (rp). The in-plane (R;;) and the out-of-plane
(R,p) rates are expected to be measured for r, values equal
to —0.2 (e« = 90°) and 0.1 (« = 45°), respectively, while they
are equally weighted for r, equal to 0.4 (a = 0°) (Weber, 1971;
Shinitzky et al., 1971; Valeur & Weber, 1978).

The fundamental anisotropy spectra (rp vs. excitation
wavelength, measured in propylene glycol at 52 °C) of the
n-(9-anthroyloxy) fatty acids appear to be identical, whatever
the substitution position (Figure 1). The value of ry = 0.1
is obtained at 319 nm, but the 0.4 and —1/5 values are never
reached in the wavelength range studied. The anisotropy
values () of this set of probes were measured as a function
of excitation wavelength, in the same medium at -10 °C. At
this temperature the viscosity of the solvent (490 cP) is in the
range of the viscosities usually ascribed to membranes
(Shinitzky & Barenholz, 1978), though the limits of validity
of this parameter for such systems are already known (Kinosita
etal., 1977; Hare et al., 1979). Excited-state lifetimes (7) were
measured for all probes at the same temperature (=10 °C).
The total intensity decay curves were best fitted with a single
exponential, and lifetime values (% 0.2 ns) are 11.3, 10.6, 10.4,
10.6, and 10.4 ns for 2-, 7-, 9-, and 12-AS and 16-AP, re-
spectively. The plots of [(ry/r) ~ 1]/7 vs. excitation wavelength
are given in Figure 2. For all curves, no significant deviation
from the horizontal is observed (Figure 2), which is an indi-
cation of isotropic motion of the fluorophore, whatever the
substitution position. The values of [(ro/r) — 1]/7 allow a
comparison between the average rotational rates of the dif-
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Table I: Computed Out-of-Plane (Rop) and In-Plane (R;,)
Rotational Rates and Corresponding Rotational Correlation
Times? (¢op and ¢;p) of n-(9-Anthroyloxy) Fatty Acids in
Propylene Glycol at —10 °C

probe®  Rop (MH2) ¢op (nS) Rip (MHz) ¢y (ns)
2-AS 3.5 48 3.5 48
7-AS 4.1 41 5.1 33
9-AS 4.6 36 5.0 33
12-AS 4.6 36 5.5 30
16-AP 8.6 19 9.1 18

@ Calculated as ¢op = 1/(6Rp) and ¢jp = 1/(6Rjp) according to
Yguerabide et al. (1870). b Probe concentration 7 X 1075 M.

Table II: Rotational Correlation Time Values (ns) ¢ of the
n-(9-Anthroyloxy) Fatty Acids in Propylene Glycol at —10 °C

excitation wavelength®

probe? 316 nm 381 nm
2-AS 27 35
7-AS 25 33
9-AS 25 32
12-AS 26 30
16-AS 15 17

@ +] ns. Y Probe concentration 1.5 X 107 M. ¢ Band-pass 10
and 2 nm for 316 and 381 nm, respectively.

ferent probes; these average rates are quite similar for the 2-,
7-, 9-, and 12-AS probes but significantly lower than the
average rate of the 16-AP. For determination of the R;, and
R, values, the anisotropy values have been plotted according
to eq 2, as described under Materials and Methods. As an
example, this plot is given for 9-AS (Figure 3). For all probes
the points are well fitted to a straight line (correlation coef-
ficients 2 0.958). Therefore, it has been possible to compute
the values of R;, and R, (Table I). The values obtained show
that the condition of validity of the plots (R X = is small
compared to unity) is fulfilled since R X = < 0.1 for the most
rapid probe (16-AP). No significant difference between these
two rates of rotation is obtained for each probe, taking into
account the precision of the determination of R;; and R,,. The
comparison of the results obtained for the different probes
evidences a slight increase in the rotational rates from the 2-AS

to the 12-AS, both rates being twice as high for the 16-AP:

(Table I).

Time-resolved measurements have also been performed at
-10 °C. Two excitation wavelengths have been selected, taking
into account the fundamental anisotropy values and the lamp
spectral lines. At 316 nm, where r, is nearly equal to 0.1, a
valuable estimation of the out-of-plane mode of rotation is
expected. When the excitation wavelength is set at 381 nm
(ry = 0.324), the two modes of rotation contribute about
equally to the depolarization (Kinosita et al., 1977). All
experimental anisotropy decay curves were best fitted with a
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FIGURE 2: Plots of [(ro/r) — 1]/ vs. excitation wavelength in propylene
glycol at —10 °C for 2-AS (A), 7-AS (0), 9-AS (@), 12-AS (A), and
16-AP (O). Probe concentration 7 X 107° M.
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FIGURE 3: Plot of Y = f{X) for the 9-AS in propylene glycol. ¥ and
X parameters are described under Materials and Methods.

single exponential. The results obtained are presented in Table
II. For each probe, the value of correlation time is slightly
different at the two excitation wavelengths. No significant
difference in the rotational motion properties occurs between
the 2-, 7-, 9-, and 12-AS probes, while the motion of the 16-AP
is 2 times faster. The coincidence, within the experimental
error, between the ry values measured in vitrified propylene
glycol and the anisotropy at zero time (r,o) obtained from
the decay curves at both excitation wavelengths is to be em-
phasized (Table III).

Fluorescence Properties of n-(9-Anthroyloxy) Fatty Acids
in Primol 342. For evaluation of the rotational motion
properties of this set of probes in a hydrophobic medium,
similar experiments were performed in a liquid paraffinic oil,
i.e., Primol 342, whose viscosity temperature dependence is
similar to the oneof the widely used White American Oil USP
35 (Hare & Lussan, 1977). The anisotropy spectra at 6 °C
of these probes are presented in Figure 4. At this temperature
the viscosity value of Primol is equal to 510 cP. The same
anisotropy values are obtained for the 2-, 7-, 9-, and 12-AS

Table III: Fundamental Anisotropy Values in Propylene Glycol and Primol 342 of n-(9-Anthroyloxy) Fatty Acids
excitation wavelength
316 nm 337 nm 353 nm 381 nm
probe- PG-52¢ PG-10® PR +6°¢ PG-529 PR +6° PG-52¢ PR+6° PG-52¢ PG-10Y PR +6¢
2-AS 0.084 0.08 0.07 0.173 0.13 0.228 0.17 0.324 0.34 0.24
7-AS 0.089 0.09 0.08 0.178 0.15 0.233 0.20 0.324 0.33 0.26
9-AS 0.090 0.08 0.09 0.178 0.16 0.231 0.20 0.323 0.33 0.25
12-AS 0.088 0.08 0.08 0.177 0.16 0.230 0.22 0.322 0.33 0.25
16-AP 0.088 0.09 0.07 0.174 0.13 0.229 0.19 0.327 0.33 0.25

@ Steady-state values in propylene glycol at ~52 °C. b Zero-time values from anisotropy decay curves in propylene glycol at —10 °C.

¢ Zero-time values from anisotropy decay curves in Primol 342 at 6 °C.
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FIGURE 4: Anisotropy spectra of n-(9-anthroyloxy) fatty acids in
Primol 342 at 6 °C: 2-AS (A), 7-AS (0), 9-AS (@), 12-AS (a),
and 16-AP (O). Probe concentration 7 X 1075 M.

Table 1V: Rotational Correlation Time Values (ns)? of the
n-(9-Anthroyloxy) Fatty Acids in Primol 342 at 6 °C

excitation wavelength €

probe® 316 nm  337nm  353nm 381 nm
2-AS 18 21 27 31
7-AS 14 15 16 19
9-AS 13 14 14 18
12-AS 12 13 11 19
16-AP 9 11 9 9

a1 ns. Y Probe concentration 1.5 X 107°M. ¢ Band-pass 10,
2, 2, and 2 nm for 316, 337, 353, and 381 nm, respectively.

while those for the 16-AP are about 40% lower between 310
and 400 nm (Figure 4). Total intensity decay curves analysis
reveals a single excited-state lifetime component for each probe
(given below). The fundamental anisotropy values r; are not
directly measurable in this medium, since a translucid gel state
occurs at temperatures below —6 °C. Nevertheless, assuming
the same value of r, for all probes (Tilley et al., 1979), it is
possible to compare their average rotational rates. For the
7-,9-, and 12-AS the same rotational rate can be deduced from
identical values of r (Figure 4) and of the excited-state lifetimes
[#(x 0.2 ns) = 10.6, 10.7, and 10.5 ns, respectively]. For
16-AP, a faster rotational motion can be inferred from the
lower values of the anisotropy (Figure 4) and from the higher
value of the excited-state lifetime (+ = 12.3 & 0.2 ns). The
excited-state lifetime value for 2-AS (r = 12.6 = 0.2 ns) is
consistent with a lower rotational rate, since anisotropy plots
for the 2-, 7-, 9-, and 12-AS are superimposable (Figure 4).

The rotational rate values of the probes measured by the
time-resolved technique appear to be in the same increasing
order (from the 2-AS to the 16-AP) (Table IV). All the
experimental anisotropy decay curves were best fitted with one
exponential term. For each probe, except for the 16-AP,
increasing values of correlation time are observed with in-
creasing excitation wavelength, i.e., with a larger contribution
of the in-plane mode of rotation (Table IV). Therefore, it can
be inferred that the in-plane correlation time is longer than
the out-of-plane one. The values of 7., obtained in Primol
342 at 6 °C are lower than those obtained in propylene glycol
at —10 °C, especially at 381 nm (Table III). Therefore, ex-
periments were performed with the 9-AS, using the synchro-
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FIGURE 6: Mean excited-state lifetime values at 21 (@), 37 (a), and
47 °C (m) for the n-(9-anthroyloxy) fatty acid derivatives in DPPC
vesicles. The bar refers to the error in the decay time measurements
and applies to all points,

tron radiation available at the Orsay Linear Accelerator (1.7-ns
flash duration), in order to resolve the anisotropy decay with
higher accuracy. At 6 °C and 353 nm as excitation wave-
length, a value of 0.195 is calculated for .. in good agreement
with the corresponding value obtained in the laboratory (Table
III). Another determination of the fundamental anisotropy
values was also carried out at different excitation wavelengths
according to the Perrin plot, giving extrapolated r, values equal
to 0.075, 0.136, 0.179, and 0.242 for 316, 337, 353, and 381
nm, respectively (Figure 5). None of the fundamental an-
isotropy values obtained by these alternative methods reached
the r, value measured in vitrified propylene glycol (Table I1I).

Fluorescence Properties of n-(9-Anthroyloxy) Fatty Acids
in Vesicles of DPPC. Time-resolved experiments were per-
formed at three temperatures: at 21 and 37 °C, below the
gel to liquid-crystalline transition, and at 47 °C, above this
transition. In contrast to the results obtained in isotropic
solvents, the total fluorescence intensity decays of all anth-
royloxy fatty acid derivatives are fitted by a biexponential at
each temperature. Both lifetimes are decreasing with in-
creasing temperature (from 12 to 8 ns and 4 to 2 ns for the
two components of 9-AS, for instance), but the weighting of
the two time components is independent of temperature: 2/3
and 1/3 for the longer and shorter component, respectively.
The mean excited-state lifetime values are given in Figure 6;
they increase from the 2-AS to the 16-AP, the increase being
sharper from 7-AS to 12-AS. The anisotropy measurements
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FIGURE 7: Anisotropy decays for the 9-AS in DPPC vesicles with
excitation wavelength set at 381 nm (5-nm band-pass). (Upper part)
Experimental (dots) and theoretical (solid lines) d(#)/s(¢) curves at
21 °C; (lower part) impulse anisotropy curves r(f) at 21 (a), 37 (b),
and 47 °C (c). Time resolution 0.217 ns/channel.
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FIGURE 8: 7. and r./r.aq values (left part, filled and open symbols,
respectively) and & (right part) values for the #-(9-anthroyloxy) fatty
acid derivatives in DPPC vesicles. The excitation wavelength was
set at 381 nm (5-nm band-pass); 21 (@), 37 (A), and 47 °C (m).

indicate a rotational behavior of the probes different from the
one observed in isotropic solvents.

At 381 nm as excitation wavelength, a nonzero asymptotic
value of the anisotropy is observed below the transition tem-
perature, as illustrated for 9-AS in Figure 7, and the anisotropy
decays are represented by a single exponential term plus a
constant 7(t) = (g — r=)e™/® + ro. The results for all the
probes are shown in Figure 8. At 21 °C, the values of r,
smoothly decrease from 0.13 to 0.09 for 2-AS to 16-AP, re-
spectively. At 37 °C, the same r. value of 0.05 is measured
for the 2-AS and the 7-AS. This value decreases to 0.02 for
the 9-AS and cancels out for the 12-AS and 16-AP. At 47
°C, r. is equal to zero, whatever the probe (Figure 8, left part).
The same figure (right part) shows the variations of ¢. Below
the transition, ¢ remains constant from the 2-AS to the 12-AS
and decreases for 16-AP. In contrast, at 47 °C, where no
hindrance is exerted on the motion of the probe, a continuous
decrease of ¢ is observed from the 2-AS to the 16-AP. The
7o values are lower that those obtained in propylene glycol
at —52 °C. Moreover, a significant diminution of r,.y values
is observed with increasing temperature, these values being
the same for all probes at each temperature (Table V). The
r./r= ratios, which afford a quantitative evaluation of the
hindrances, are plotted in Figure 8 (left part).

At 316 nm as excitation wavelength, the observed rotations
are unhindered for all probes whatever the temperature, as
illustrated for 9-AS in Figure 9; all the anisotropy decays are
represented by a monoexponential term. The variations of the
correlation times ¢ at 21 and 37 °C are given in Figure 10.
At 47 °C, the rotations were too fast and prevented precise
measurements. At this wavelength the 7,. values are close
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Table V: Zero-Time Anisotropy Values Computed from
Anisotropy Decay for n-(9-Anthroyloxy) Fatty Acids in
DPPC Vesicles

excitation wavelength

316 nm at temp CC)

381 nm at temp (°C)

probe 21 37 21 37 47
2-AS 0.080 0.075 0.250 0.210 0.183
7-AS 0.075 0.091 0.244 0.225 0.183
9-AS 0.082  0.094 0.246 0.210 0.186
12-AS 0.076 0.076  0.253 0.183 0.203
16-AP 0.070  0.091  0.233 0.170  0.206
0.
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FIGURE 9: Anisotropy decays for the 9-AS in DPPC vesicles with
excitation wavelength set at 316 nm (10-nm band-pass). (Upper part)
Experimental (dots) and theoretical (solid lines) d(¢)/s(f) curves at
21 °C; (lower part) impulse anisotropy curves #(¢) at 21 (a) and 37
°C (b). Time resolution 0.217 ns/channel.
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FIGURE 10: & values for the set of #-(9-anthroyloxy) fatty acids in
DPPC vesicles. Excitation wavelength 316 nm (10-nm band-pass);
21 (@) and 37 °C (A).

to the fundamental anisotropy values obtained in propylene
glycol (Table V).

Discussion

Interpretation of the Depolarizing Rotations of the Probes.
For most of the planar aromatic fluorophores which have been
studied up to now, including anthracene derivatives, absorption
and emission oscillators are contained in the plane of the
molecule (Birks, 1970; Berlman, 1971). Their motional
properties can be characterized by two modes of rotation:
in-plane and out-of-plane (Shinitzky et al., 1971; Valeur &
Weber, 1978; Lakowicz & Knutson, 1980). For the n-(9-
anthroyloxy) fatty acids, which have been used as fluorescent
probes in the present study, the question arises as to the di-
rection of the out-of-plane axis of rotation relative to the
symmetry axes of the anthroyl ring and to the acyl chain. If
an absorption oscillator along the short axis is assumed as for
anthracene (Badley et al., 1973), the out-of-plane motion
observed for small rotations should occur around the long axis
(Weber, 1971). However, the r, values measured in the
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long-wavelength band (300-400 nm) exhibit continuous
changes. Such behavior can be related to the observations of
Williams (1957) who reported that inductive substituents on
C-9 or C-10 of the anthracene ring strikingly enhance a weak
absorption transition (long-axis oriented) which lies under the
stronger transition at long wavelengths. This enhancement
would be associated to a lowering of the rq values in the
short-wavelength range below the values measured for un-
substituted anthracene (Williams, 1957). Such lowering is
actually observed for the r, values of the n-(9-anthroyloxy)
fatty acids (Figure 1) as compared to the values reported for
anthracene (Valeur & Weber, 1978). Therefore, by taking
into account the presence of this long-axis oriented absorption
transition, the out-of-plane motion around the short axis of
the anthroyl ring would also contribute to the depolarizing
rotations of these probes. From steady-state measurements
at different excitation wavelengths or from time-resolved
analysis at 316 nm, only one out-of-plane rotational rate is
evidenced in isotropic solvents. Moreover, the two rates of
rotational motion (in-plane and out-of-plane) are of the same
order of magnitude for each probe. Thus, in the fluorescence
time scale, the rotating unit behaves as an approximate sym-
etric rotor, differing from anthracene which can be considered
as an asymetric rotor (Mantulin & Weber, 1977; Valeur &
Weber, 1978). This different behavior could be assigned to
the substitution on the anthroyl ring by the fatty acid. Fur-
thermore, Johns et al. (1979) have suggested from 3C NMR
studies of the same probes that the anthroyl ring and the
carbon atom on which it is attached move as one unit. This
would expiain the slowing down of the in-plane motion with
respect to the out-of-plane one. The out-of-plane rotations
would occur relatively freely around the ester linkage, whereas
the in-plane motion would be more dependent on the acyl chain
reorientation.

Study of the Probes in Isotropic Solvents. In propylene
glycol, though the correlation time values given by the
steady-state measurements are higher than those given by the
time-resolved analysis, a good agreement is obtained for the
comparison between the different probes: the 2-, 7-, 9-, and
12-AS behave in a rather similar way while the 16-AP appears
to rotate faster than the other probes. This could be assigned
to the particular substitution location of the fluorophore in the
16-AP, i.e., at the end of the fatty acid chain.

In Primol 342, both 2-AS and 16-AP rotational motions are
different from those of 7-, 9-, and 12-AS. The lower rate of
rotation of 2-AS as compared to those of 7-, 9-, and 12-AS
is consistent with the existence of a hydrogen bond between
the carboxylic group of the fatty acid and the anthroyl ring
(Werner & Hercules, 1969), retarding the fluorophore motion.
Such slowing down of the motion of the 2-AS as compared
to the other derivatives has also been observed by steady-state
measurements in another paraffinic oil (Tilley et al., 1979).
Since no such difference has been observed for the 2-AS in
propylene glycol, this may be characteristic of the effects of
nonprotic solvents.

In experimental conditions where both solvents have the
same bulk viscosity, the systematic higher rate values found
for each probe in Primol 342 as compared to propylene glycol
can be attributed to a lower solvation of the fluorophore by
the former solvent, leading to a smaller rotating unit.

Study of the Probes in DPPC Vesicles. The fluorescence
properties of the fatty acid derivatives have been examined
in DPPC vesicles which undergo two thermal transitions. The
studies have been performed at three temperatures corre-
sponding to different lipid phases: at 21. 37, and 47 °C
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corresponding respectively to the Ly, Pg, and L, phases (Janiak
et al., 1976).

In all other reported fluorescence time-resolved studies in
lipid systems, hindered rotations have been evidenced whatever
the probe (Kawato et al., 1977; Badea et al., 1978; Wolber
& Hudson, 1981; Chen et al., 1977; Wahl et al., 1971; La-
kowicz & Knutson, 1980). In contrast, one of the important
results of this study is the existence of an unhindered motion
of the fluorophore. Such unhindered motion is observed when
excitation wavelength is set at 316 nm and therefore can be
assigned to the out-of-plane rotation of the anthroyl ring. This
rotation, which would mainly occur around the ester linkage
(nearly perpendicular to the hydrocarbon chain) as discussed
above, should be affected only by the frictional forces exerted
by the phospholipid acyl chains. On the other hand, when both
in-plane and out-of-plane motions contribute to the depolar-
izing rotations, a motional hindrance is evidenced by the ex-
istence of an r,, value in the anisotropy decay. Therefore, the
r. value is a characteristic of the in-plane mode of rotation
and would reflect the hindrances exerted by the phospholipid
organization on the reorientational motion of the fatty acid
chain.

At 2] °C (L4 gel phase), the r,/r,-q ratios obtained at 381
nm evidence a slight variation of the degree of orientational
constraint as a function of the labeled depth (Figure 9). At
this wavelength, the ¢ values reflect both hindered (in-plane)
and unhindered (out-of-plane) motions, and the delineation
of the respective components is not possible in the present
experimental conditions. Only the ¢ value for the 16-AP
differs from those obtained for the other probes, a result which
could be related to the particular motional behavior of this
probe in isotropic solvents. At 316 nm, where only the un-
hindered out-of-plane motion is observed, ¢ is an effective
correlation time and reflects the fluidity at different levels of
the bilayer. Since the variation of ¢, as a function of the
substitution position of the fluorophore, parallels the one ob-
served in isotropic solvent, a uniform fluidity with increasing
depths can be deduced.

At 37 °C (P, gel phase) and with an excitation wavelength
of 381 nm, the significant drop of the r../r..q ratio for 12-AS
and 16-AP as compared to the 2-AS (Figure 8) argues in favor
of lipid structural changes mainly localized in the hydrophobic
core of the bilayer. This is consistent with the results of Lentz
et al. (1978) and Levin & Fowler Bush (1981), although the
chemical nature of the polar head groups was shown to be
essential for the existence of the pretransition (Ladbrooke &
Chapman, 1969; Vaughan & Keough, 1974; Janiak et al.,
1976). At 381 nm, the variation of ¢ as a function of the
carbon substitution is similar to the one at 21 °C, all values
being smaller. The ¢ values measured at 316 nm indicate a
large enhancement of the fluidity as compared to the Ly gel
phase, whatever the membrane level.

At 47 °C (L, liquid-crystalline phase), and with 381 nm
as excitation wavelength, the anisotropy decays are asymptotic
to zero whatever the membrane depth. This is in contrast with
the results obtained with all other probes in similar systems
and especially with DPH, for which the persistence of a
nonzero value of the anisotropy is observed above the lipid
transition temperature (Chen et al., 1977; Kawato et al., 1977).
This may result from a different orientation of the emission
oscillator for DPH and the anthroyl ring {respectively per-
pendicular (Andrich & Vanderkooi, 1974) and parallel to the
membrane plane (Badley et al., 1973)]. With the same ex-
citation wavelength (381 nm) a steep fluidity gradient in the
bilayer can be inferred from the correlation time variations,
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since no similar changes are observed in isotropic solvents.

The divergence between the 7.~ values obtained in hydro-
phobic media (DPPC vesicles and Primol 342) as compared
to those obtained in vitrified propylene glycol raises some
questions. The good agreement found between the data ob-
tained from steady-state measurements in propylene glycol at
-52 °C and those issued from anisotropy decays in the same
medium at —10 °C is good evidence for the effectiveness of
our nanosecond apparatus and our numerical fitting proce-
dures. Furthermore, similar r,=q values are obtained in Primol
342 with either our nanosecond apparatus or a shorter flash
excitation from the synchrotron radiation, in agreement with
the extrapolated ry values obtained from the Perrin plot.
Therefore, one explanation of the divergence observed would
be the existence of a very short time component in the an-
isotropy decay (Wahl et al., 1971) in Primol 342 and DPPC
vesicles, in agreement with the temperature dependence ob-
served in the latter system. An alternative explanation could
involve a fast torsional vibration process of the excited state
occurring in a very short time period (Jablonski, 1960, 1965).

In conclusion, both hindered and unhindered rotations were
evidenced for the n-(9-anthroyloxy) fatty acids embedded in
DPPC vesicles, depending on the experimental observation
conditions. By selecting a suitable excitation wavelength, the
out-of-plane rate of rotation of the fluorophore was separately
monitored, and we have shown that no hindrance is exerted
on this type of motion. On the other hand, the hindered
depolarizing rotations could be specifically attributed to the
in-plane motion. These results allow the determination of
different parameters characteristic of the membrane. Mon-
itoring the out-of-plane mode of rotation, an evaluation of a
fluidity gradient is allowed either by the time-resolved or by
the steady-state technique since the zero value of the limiting
anisotropy 7., has no effect on the computation of the rotational
correlation times. For this evaluation one has to take into
account the intrinsic motional properties of the fluorophore
as a function of its substitution position on the fatty acid chain.

For excitation wavelengths where a nonzero value of 7, is
observed, the time-resolved technique brings information about
the lipid organization at different depths through the bilayer
leaflet.
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Purification, Composition, and Physical Properties of a Thermal Hysteresis
“Antifreeze” Protein from Larvae of the Beetle, Tenebrio molitor'

A. P. Tomchaney, J. P. Morris, S. H. Kang, and J. G. Duman*

ABSTRACT: Proteins which produce a thermal hysteresis
(difference between the freezing and melting points) in aqueous
solution are well-known for their antifreeze activity in polar
marine fishes. Much less is known about the biology and
biochemistry of similar antifreeze proteins found in certain
insects. A thermal hysteresis protein was purified from cold
acclimated larvae of the beetle, Tenebrio molitor, by using
ethanol fractionation, DEAE ion-exchange chromatography,
gel filtration, and high-pressure liquid chromatography. The
purified protein had a molecular mass of 17 000 daltons and

Several species of overwintering insects are now known to
produce proteinaceous antifreezes which significantly lower
both the freezing and supercooling points of the insects’ body
fluids (Duman, 1977a,b, 1980; Patterson & Duman, 1978,
1981). These proteins produce a thermal hysteresis whereby
the freezing point of an aqueous solution containing the protein
is depressed, by a noncolligative mechanism, well below the
melting point of the solution. This behavior is quite similar
to that caused by the protein and glycoprotein antifreezes used
by polar marine fishes (DeVries, 1980; Yeh & Feeney, 1978).
The unique, repeating primary structure of the fish antifreezes
(DeVries, 1971; DeVries & Lin, 1977) combined with their
higher order structure allows the proteins to hydrogen bond
(via the hydrophilic amino acid side chains in the case of the
proteins and by means of the hydroxyl groups of the carboh-
ydrates in the case of the glycoproteins) to the ice lattice and
thereby “poison” any possible seed ice crystals which might
be present in the system (Raymond & DeVries, 1977; DeVries
& Lin, 1977). This effectively lowers the freezing point of
the solution while not significantly changing the melting point.
It is likely that the insect thermal hysteresis proteins (THP’s)
operate by the same mechanism. It is also possible that the
THP’s promote supercooling by a similar mechanism. As the
temperature of an aqueous solution is lowered below its
freezing point, in the absence of a seed crystal, water molecules
form into small icelike clusters called embryo crystals. These
may form spontaneously or they may form around various
heterogeneous nuclei. These embryo crystals form, break up,
and re-form. As the temperature is lowered, the size of the
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its N terminus was lysine. The amino acid composition of the
antifreeze protein contained more hydrophilic amino acids than
the fish antifreezes. This is consistent with the compositions
of previously purified insect thermal hysteresis proteins.
However, the percentage of hydrophilic amino acids in this
Tenebrio antifreeze protein was considerably less than that
of other insect thermal hysteresis proteins. The freezing point
depressing activity of the Tenebrio antifreeze was less than
that of fish proteins and glycoproteins at low protein con-
centrations but was greater at high protein concentrations.

embryo crystals increases until a critical radius is reached and
the embryo crystal seeds the solution (Knight, 1967). It is
quite possible that the THP’s may bind to the surface of
embryo crystals and/or heterogeneous nuclei and thereby
promote supercooling by inhibiting the growth of embryo
crystals.

Insect THP’s have not been as extensively investigated as
have those of the fishes; however, THP’s have been purified
from two insect species—the milkeweed bug, Oncopeltus
fasciatus (Patterson et al., 1981), and the larvae of the Ten-
ebrionid beetle, Tenebrio molitor (Patterson & Duman, 1979;
Schneppenheim & Theede, 1980). The insect THP’s in gen-
eral are composed of considerably more hydrophilic amino
acids and lack the large percentage of alanine found in most
of the fish THP’s (generally over 60% of the amino acid
residues). T. molitor is quite unusual in that it produces a
number of THP’s which differ significantly in amino acid
composition. The purpose of this paper is to present the pu-
rification, composition, and properties of a Tenebrio THP
which has not been previously reported.

Experimental Procedures

Materials. T. molitor cultures were purchased from Car-
olina Biological Supply. DEAE-Sephadex and Sephadex
G-100 were purchased from Pharmacia. Spectrapor dialysis
tubing was from Fisher Scientific. All electrophoresis materials
(acrylamide, N,NV'-methylenebis(acrylamide), sodium dodecyl
sulfate, ammonium persulfate, glycine, N,N,N’',N'-tetra-
methylethylenediamine, Coomassie blue, and molecular weight
standards) were purchased from Bio-Rad Laboratories. The
standard phenylthiohydantoin derivatives of the amino acids
and the polyamide thin-layer chromatography sheets used in
the N-terminal analysis were from the Pierce Chemical Co.

Acclimation. Tenebrio larvae were acclimated to low tem-
peratures and a short photoperiod to induce THP production
(Patterson & Duman, 1978). Larvae were held for 1 week
in a Precision Scientific Model 805 incubator at a photoperiod
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