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Abstract. Translational diffusion of a fluorescent sterol 
probe was measured in the plasma membranes of proto- 
plasts isolated from cortical cells of the primary root of 
maize seedlings. The apparent lateral diffusion coeffi- 
cient was typically observed to be nearly insensitive to 
temperature, while the mobile fraction increased with 
increasing temperature. These fluorescence photo- 
bleaching recovery (FPR) measurements were compared 
with the electron paramagnetic resonance (EPR) spectra 
of the methyl ester of 13-doxyl palmitic acid in mem- 
branes of corn root tissue in situ. The complex spectra 
observed with this probe were analyzed as weighted 
sums of simpler spectra of various order parameters and 
rotational correlation times. The reconstituted spectra 
calculated from the model show that EPR also detects a 
mobile (less ordered, fluid) fraction, distinguished by the 
order parameter S -- 0.1 to 0.2, which becomes more 
abundant as temperature increases and is qualitatively 
comparable to the mobile fraction determined by the 
FPR method. The observed results on the mobile frac- 
tions and the diffusion rates for translational (FPR) as 
well as rotational (EPR) motions are interpreted in terms 
of membrane organization, thus providing information 
on the population and structural patterns of the coexist- 
ing domains with a special emphasis on the response of 
the membrane to temperature changes. 

Key words: Plant membrane - -  Lipid domain - -  Fluo- 
rescence photobleaching recovery - -  Electron paramag- 
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Introduction 

The strategic position and structure of the membranes in 
cells infer their direct or indirect involvement in a wide 
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range of processes in tissues. Within this range of mem- 
brane processes, the role of membranes in the response 
of cells or tissues to temperature stress is an area of 
considerable interest for a wide variety of organisms. 
Temperature effects on membranes are conveniently 
studied by a variety of biophysical techniques, but results 
obtained with different techniques applied to the same 
biological system are not always consistent. While such 
inconsistencies confound data interpretation, they also 
emphasize the value of using more than one technique to 
assess the role of membranes in biological responses to 
temperature stress [30]. 

Apparent inconsistencies in data fi'om different bio- 
physical techniques can sometimes be rationalized on the 
basis of probe location. For example, one technique 
might involve use of a probe molecule that localizes in 
the polar head region of a membrane, while another tech- 
nique involves use of a probe that localizes in the hy- 
drophobic midplane. Similarly, some techniques, such 
as electron paramagnetic resonance (EPR), nuclear mag- 
netic resonance, and fluorescence depolarization, are in- 
herently most sensitive to short-range molecular mo- 
tions, while other techniques, such as fluorescence pho- 
tobleaching recovery (FPR), assess motions over 
distances much longer than molecular dimensions. The- 
oretical models relating long- and short-range motions 
are not always reliable as discussed previously [10, 26]. 

The present work involves the combined application 
of a long-range technique (FPR) and a short-range tech- 
nique (EPR) to assess heterogeneity of molecular mo- 
tions in situ in membranes of live cells and tissue. The 
model system is the cortical tissue of the primary root of 
maize seedlings, and the approach is enhanced by the 
comparison of genotypes that differ in chilling sensitiv- 
ity. In our previous work [23], we found that molecular 
transport across the cellular membranes exhibited some 
genotypic differences that might be related to chilling 
resistance. More generally, the importance of the lipid 
phase state relative to plant chilling sensitivity [9] con- 
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tinues to be supported by an increasing body of evidence, 
including the recent demonstration that chilling resis- 
tance of tobacco is influenced by genetically engineered 
changes in the degree of unsaturation of fatty acids in the 
phosphatidyl glycerol of chloroplast membranes [16]. 

Materials and Methods 

PLANT MATERIAL 

Maize (Zea mays L.) seeds were obtained from the Maize Research 
Institute, Belgrade, Yugoslavia. Three genotypes that differ in chilling 
sensitivity (L. Zari6, S. Peki6, B. Kereeki, and L. Satari6; Maize Re- 
search Institute, unpublished data) were used: K-33 (chilling sensitive). 
BCL-48 (chilling resistant) and F-2 (intermediate). The seeds were 
germinated on wet filter or blotting paper in the dark for 4 days at 25~ 
and then the root cortex was separated from the stele as described [8]. 
The resulting cortical sleeves were either used for the EPR experiments 
or for the isolation of protoplasts for the FPR experiments. Protoplast 
isolation was done at 25~ according to Gronwald and Leonard [8], 
except that the mannitol concentration was lowered to 0.45 M [6]. 

FLUORESCENCE LABELING AND FPR MEASUREMENTS 

The fluorescent probe, a Lucifer Yellow conjugate of cholesterol (LY- 
Chol), was synthesized as described [17]. Protoplasts were labeled for 
20 min at 25~ with 0.1 mg/ml (0.115 raM) LY-Chol and then washed 
[6]. Fluorescence photobleaching recovery (FPR) measurements were 
performed with an instrument and methods previously described [5, 
18]. The radius of the laser beam at focus on the specimen was peri- 
odically measured [29] during the course of the investigation and was 
always within the range of 0.550 to 0.783 gm, i.e., the smallest laser 
spot that could be focused with a given microscope objective lens 
(40x). A slightly smaller beam could be obtained by using a 100x lens, 
but it would require oil immersion and thus thermal contact with the 
specimen which would disturb our temperature variation measure- 
ments. Curve-fitting to obtain the apparent lateral diffusion coefficient 
(D) and mobile fraction (M) was based on the theoretical models of 
Axelrod et al. [3]. The values for D and M reported in the figm'es are 
averages _+ SD of 4 to 14 values, each obtained by analyzing the average 
of 10 individual diffusion curves recorded from protoplasts isolated in 
at least two different batches. Temperature control in the range of 1.7 
to 37~ was achieved during FPR measurements by using a water- 
jacketed microscope stage connected to a circulating bath. Specimen 
temperature was measured with a miniature thermocouple bonded to 
the top of the microscope slide. As has been typically observed in 
many other studies of lateral diffusion of plasma membrane compo- 
nents in either animal or plant cells, the D and M values determined in 
the present study exhibited considerable variation within the population 
of cells. To facilitate identification of statistically significant differ- 
ences in compared values, analysis of variance and the Student- 
Newman-Keuls post test of significance were performed with the as- 
sistance of the InStat program (GraphPad Software, San Diego, CA) for 
personal computers. Tabulated activation energies were calculated 
from the results of linear regression analyses performed with the same 
program. 

SPIN LABELING AND EPR MEASUREMENTS 

Ten microliters of a 0.01 M ethanolic solution of the spin probe, methyl 
ester of 13-doxyl palmitic acid (MeFASL(2,11)), was added to 1 ml of 

phosphate buffered saline (PBS, pH 7.4, osmolality 310 mmol/kg). 
The root cortex was immersed in this solution for 30 min at room 
temperature, subsequently rinsed with PBS, briefly dried by blotting on 
filter paper, halved along the root axis, and finally put into a 1 mm 
inner diameter glass capillary. Only the portion of the cortex closest to 
the tip of the root, about 1 em long, was used for EPR measurements 
in the temperature range between 5 and 35~ using a Bruker ESP 300 
X-band spectrometer equipped with a Eurotherm temperature control- 
ler. 

Complex line-shapes of the EPR spectra were analyzed through 
reconstruction from weighted contributions of typical spectral compo- 
nents arising from spin-labeled molecules dissolved in different envi- 
ronments representing the coexisting lipid domains in the membrane. 
In view of the spin probe used and the position of its doxyl group 
within the central region of the membrane bilayer, the experimental 
spectra were fitted by the calculated spectra through use of a model 
based on rapid motion of the nitroxide in membranes and axial sym- 
metry of the magnetic coupling tensors (g and A) [7]. The method has 
been described in detail elsewhere [35]. 

It is noted that EPR measurements on protoplasts were unsuc- 
cessful because protoplast suspensions of sufficient concentration 
could not be obtained. It is also noted that the pre-eminent consider- 
ations in lipid probe selection were proper and reliable membrane 
insertion and retention, rather than structural similarity between the 
FPR and EPR probes. Thus, LY-Chol was selected because it readily 
labels the maize protoplast plasma membrane and maintains a high 
ratio of cell surface-to-cytoplasmic fluorescence [17], while Me- 
FASL(2,11) was selected because it readily overcomes the cell wall 
barrier and achieves reliable and sufficient membrane insertion in situ 
in the maize root tissue. A fatty acid-type fluorescent probe was tested 
with protoplasts, and a cholestane-type spin label was tested with root 
cortex, but these probes exhibited poor membrane insertion and/or 
retention. 

ABBREVIATIONS 
EPR, 
FPR, 
MeFASL(2,11), 
LY-Chol, 

O~ 
M, 
SD, 
PBS, 
s, 
Z, 
w, 
AE, 

electron paramagnetic resonance; 
fluorescence photobleaching recovery; 
methyl ester of 13-doxyl palmitic acid; 
dilithium 4-amino-N-[([3-(carbo(5-cholesten-313- 
yl)-oxy)hydrazinocarbonyl)amino]- 1,8-naphthali- 
mide-3,6-disulfonate; 
apparent lateral diffusion coefficient; 
mobile fraction; 
standard deviation, 
phosphate buffered saline; 
order parameter, 
rotational correlation time; 
relative EPR intensity weighting factor; 
Arrhenius activation energy. 

Results 

LATERAL DIFFUSION PARAMETERS DETERMINED BY F P R  

Apparent lateral diffusion coefficients (D) of the sterol 
probe LY-Chol in the plasma membrane were in the 
range of (1 to 5) x 10 -9 cmZ/sec for all three genotypes 
and exhibited little, if any, dependence on temperature 
(Figs. 1A, 2A, 3A). Analysis of variance for between- 
temperature comparisons of D in BCL-48 showed no 
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Fig, 1. Temperature dependence of lateral diffusion of the LY-Chol 
sterol probe in the plasma membrane of BCL-48 maize protoplasts. The 
apparent diffusion coefficient (.4) and mobile fraction (B) were deter- 
mined by the FPR technique. Plotted points are averages with _+ SD error 
bars, and continuous lines are least squares fits to the averages at the 
temperatures across the entire 1.7 to 37~ range. 

significant differences except for a few pairs involving 
either 1.7 or 4.1~ Likewise, between-temperature 
comparisons of D in F-2 showed no significant differ- 
ences except for a few pairs involving 8.2~ Linear 
regression analysis of the temperature dependence of D 
in Arrhenius format yielded slopes that were not signif- 
icantly different from zero for either BCL-48 or F-2 
(Table 1). When averaged across the temperature range 
and compared, however, the D values for BCL-48 ((2.63 
+ 0.24) x 10 .9 cm2/sec, mean and 95% C.I.) and F-2 
((1.76 + 0.18) x 10 .9 cm2/sec) were highly significantly 
different (P < 0.001). In partial contrast to the results for 
the BCL-48 and F-2 genotypes, D for K-33 (Fig. 3A) did 
show some limited trends with temperature. An increase 
of D with increasing temperature occurred in the 22 to 
37~ range, and a linear regression analysis restricted to 
this temperature region (dashed line in Fig. 3A) yielded a 
slope that was significantly different from zero (P = 
0.013) and indicated no significant departures from lin- 
earity. The corresponding Arrhenius activation energy 
was 21.7 + 17.0 kJ/mol (mean and 95% C.I.). At lower 
temperatures, D exhibited an unexpected but significant 
increase, coupled with an anomaly between 10 and 17~ 
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Fig. 2. Temperature dependence of lateral diffusion of the LY-Chol 
stern probe in the plasma membrane of F-2 maize protoplasts. Other 
details as in Fig. 1. 

Due to these larger D values at lower temperatures, a 
single linear regression analysis over the entire 1.7 to 
37~ range yielded a negative activation energy (Table 
1) but indicated very significant departures from linear- 
ity. Overall, however, the variation of D with tempera- 
ture between 1.7 and 37~ was quite modest for K-33. 
When averaged across this temperature range, D for 
K-33 ((1.64 + 0.14) x 10 .9 cm2/sec) was not significantly 
different from D of F-2 but was highly significantly dif- 
ferent from D of BCL-48 (P < 0.001). 

Mobile fractions (M) of the sterol probe LY-Chol in 
the plasma membrane were in the range of 0.23 to 0.57 
for all three genotypes and exhibited overall increases 
within this range as temperature increased from 1.7 to 
37~ (Figs. 1B, 2B, 3B). The remaining fraction of the 
sterol probe moved so slowly that it appeared immobile 
on the time scale (typically 8 sec) of the experiment. 
With the data expressed in Arrhenius format, a single 
linear regression for each genotype was performed over 
the entire 1.7 to 37~ temperature range. Although this 
analysis indicated that significant departures from linear- 
ity occurred for each genotype, the appearance of the 
data (Figs. 1B, 2B, 3B) did not convince us that a more 
complex analysis was warranted. The Arrhenius activa- 
tion energies resulting from the simple linear regressions 
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Table 1. Summary of temperature variations of translational and rotational motions of labeled molecules in maize root cell membranes 

Parameter Genotype Refers to 

BCL-48 F-2 K-33 

FPR data from protoplasts 
D2o X 109 (cm2/sec) 3.4 + 1.3 1.5 + 0.7 1.3 + 0.3 Figs. 1A-3A 

AED(kJ/mol ) 3.1 +6.3 2.3 +7.6 -11.1 +5.7* Figs. 1A-3A 
3//2o 0.44 + 0.11 0.41 + 0.09 0.31 + 0.04 Figs. 1B-3B 

AE M (kJ/mol) 11.7 +2.3"  11.5 + 3.1" 5.9 + 2.3* Figs. 1B-3B 

EPR data from root tissue 
X2o (NS) 1.2 + 0.2 ND 1.3 + 0.2 Tab. 2, component (c) 
AEx (kJ/mol) 6.6 + 5.8 ND 9.1 + 2.9 Fig. 6 
Wc2 o 0.40 -+ 0.07 ND 0.46 + 0.08 Tab. 2 
AEwc (kJ/mol) 3.0 _+ 1.8 NO 20.8 + 2.9 Fig. 7 

The value of each parameter at 20~ is listed, together with its Arrhenius activation energy as estimated from a single linear regression analysis 
of all repeated determinations at all temperatures examined. Error ranges are 95% confidence intervals. 
* AE is highly significantly different from zero (P < 0.001). Other AE for FPR data are not significantly different from zero. ND = not determined. 
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Fig, 3. Temperature dependence of lateral diffusion of the LY-Chol 
sterol probe in the plasma membrane of K-33 maize protoplasts. Other 
details as in Fig. 1, except the dashed line in A, which is a least squares 
fit restricted to the 22 to 37~ range. 

were all positive and highly significantly different from 
zero (Table 1). These M activation energies did not dif- 
fer significantly between BCL-48 and F-2, but the value 
for K-33 was only about half as large. 

Since the F-2 genotype did not exhibit any unique 

lateral diffusion parameters that were strikingly different 
from those exhibited by either BCL-48 or K-33, our con- 
tinuing studies were limited to a comparison of the BCL- 
48 and K-33 genotypes, these representing the extremes 
among the chilling sensitivities of the three genotypes. 

At this point it is worth mentioning that some con- 
tribution to these mobile fraction changes with temper- 
ature might in principle be ascribed to alterations of the 
individual membrane domain sizes relative to the laser 
spot size [34]. The EPR results presented in the next 
subsection and compared with FPR in the Discussion, 
however, strongly indicate that the prevalent contribution 
to the temperature variations of the FPR mobile fraction 
stems from relative changes in the overall cell membrane 
area fraction populated by the fluid domains. 

EVALUATION OF THE E P R  SPECTRA 

The observed complex EPR spectra were evident super- 
impositions of several simpler spectra arising from spin 
probe molecules distributed within membrane regions 
with different ordering and dynamics of their molecular 
constituents (Figs. 4, 5). The spectra calculated as con- 
tributions from different membrane regions were char- 
acterized by different order parameters S and rotational 
correlation times "c (Table 2). The best calculated fits to 
two typical experimental spectra are shown in Fig. 4. 
The four components by which the low temperature 
spectrum of Fig. 4B was reconstructed are, properly 
weighted, presented in Fig. 5. The parameters that pro- 
duced the best reconstructions for all the other spectra 
are given in Table 2. The EPR intensity weighting fac- 
tors W are directly proportional to the relative population 
of the membrane regions by the spin probe molecules 
and are thus assumed to represent the relative fractions of 
the membrane surface area occupied by domains with 
distinct ordering and dynamics of their constituents. 
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A 

35~ 

B 

5~ 

2 mT 

Fig. 4. Experimental spectra (noisy lines) of MeFASL(2,11) in the ceil 
membranes of K-33 corn root tissue measured at (A) 35~ and (B) 5~ 
with the corresponding calculated spectra (continuous lines). In this 
presentation the amplitude of the spectra in A are diminished by a factor 
of three. The parameters used to calculate the spectra by the model are 
given in Table 2 and All = 3.3 mT, A~ = 0.605 mT, gll = 2.00270 and 
g• = 2.00745. The measurement of each experimental spectrum sam- 
ples over about 107 to 108 cells in the root tissue. 

The temperature dependencies of the rotational cor- 
relation time of the spin probe molecules dissolved in 
fluid membrane regions of least ordering (spectral com- 
ponent (c), order parameter S between 0.1 and 0.2) for 
the genotypes BCL-48 and K-33 are shown in Fig. 6. 
Similar Arrhenius plots for the weighting factors of this 
component (less ordered, fluid component Wc) are given 
in Fig. 7. The corresponding activation energies derived 
from the semilog plots in Figs. 6 and 7 are presented in 
Table 1. 

Analysis of the complex EPR spectra as the 
weighted superimpositions of several simpler spectra 
shows that the primary change with temperature increase 
from 5 to 35~ is a gradual increase in the proportion of 
less ordered regions of the membrane (Fig. 7), while 
their ordering (expressed as order parameter S) under- 
goes relatively small alterations over the same tempera- 
ture range, implying that the line-shapes of the individual 
spectral components do not change significantly within 
the measured temperature range. This observation justi- 
fies the assumption that temperature variations of the 
weighting factors W directly represent changes in the 
relative proportions of the coexisting membrane do- 

"/ 

(a) W=0.38 

(b) W=0.35 

~ (c) W=0.26 

(d) W=0.01 

~ 2 m  F = (a)+(b)+(c)+(d) 

T 

Fig. 5. Calculated spectrum F (continuous line in Fig. 4B) is a super- 
imposition of four components (a, b, c, d), which are presented with the 
appropriate weight factors, W, for this particular spectrum (in Table 2 
average values are listed). Components (a) and (b) are the more ordered 
membrane fractions, and component (c) represents the fluid, low or- 
dered fraction. Component (d), represented by the isotropic spectrum, 
is present only in a minute amount (1-2%) and, due to its large hyper- 
fine splitting (a = 1.616 mT, g -- 2.00537), corresponds to the spin 
probe molecules in the aqueous compartments of the tissue. Other 
parameters used in the calculation are given in Table 2 for the spectrum 
of K-33 genotype measured at 5~ 

mains. With temperature decrease, the chilling sensitive 
genotype K-33 exhibited a drastic increase of the immo- 
bilized, ordered membrane fractions. Over the same 
temperature range, the chilling resistant genotype BCL- 
48 exhibited much smaller changes in the relative pro- 
portions of the membrane domain fractions. 

Discussion 

Plant cell membrane dynamics were studied through two 
independent methods that assessed either lateral diffu- 
sion (FPR) or rotational diffusion (EPR) of lipi d probes 
in the membrane. Regardless of the different time scales 
of the FPR and EPR measurements, it is evident that they 
are both selective enough to distinguish between coex- 
isting membrane domains that differ in mobility and or- 
dering of their molecular constituents. The present data 
from both techniques show that lipid domains of differ- 
ent molecular mobility are coexisting in the maize mem- 
branes at all temperatures studied. Application of these 
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Table 2. Parameters evaluated to obtain the best fit between the experimental and calculated EPR spectra of MeFASL(2,11) in membranes in situ 

in the root tissue of two maize genotypes 

Genotype T ~ Spectral component W 1 S 2 x 3 Ns 3r mT ~ s  ~:g6 

BCL-48 5 a 0.35 0.65 3.0 0.36 1 1 
b 0.30 0.38 2.5 0.27 1 1 
c 0.34 0.15 1.2 0.17 1.08 0.9999 
d 0.01 0.02 0.001 0,09 0.93 1.0002 

10 a 0.50 0.80 3.0 0.40 1 1 
b 0.16 0.40 1.5 0.35 1 1 
c 0.33 0.20 1.0 0.22 1.08 0.9999 
d 0.01 0.02 0.001 0.08 0.93 1.0002 

15 a 0.30 0.50 3.0 0.38 1 1 
b 0.30 0.30 1.5 0.35 1 1 
c 0.38 0.15 1.5 0.20 1.10 0.9999 
d 0.02 0.02 0.001 0.09 0.94 1.0004 

20 a 0.29 0.50 3.0 0.38 1 1 
b 0.29 0,30 2.0 0.35 1 1 
c 0.40 0.15 1.2 0.20 1.08 1 
d 0.02 0.02 0.001 0.09 0.94 1.0003 

25 a 0.31 0.60 3.0 0.38 1 1 
b 0.31 0.30 3.0 0.30 1 1 
c 0.36 0.15 0.9 0.15 1,08 1 
d 0.02 0.02 0.001 0.09 0,95 1.0004 

35 a 0.30 0.60 3.0 0,38 1 1 
b 0.29 0.3 3.0 0,30 1 1 
c 0.38 0.10 0.9 0.15 1.09 0.9999 
d 0.03 0,02 0,001 0.09 0.93 1.0002 

K-33 5 a 0.37 0.80 3.0 0.40 1 1 
b 0.39 0.40 2.5 0.37 1 1 
c 0.23 0.18 1.3 0.18 1.08 0.9999 
d 0.01 0.02 0.001 0.09 0.93 1.0003 

10 a 0.36 0.80 3.0 0.38 1 1 
b 0.30 0.35 2.5 0.35 1 1 
c 0.33 0.16 1.5 0.17 1.08 0.9999 
d 0.01 0.02 0.001 0.09 0.95 1.0003 

15 a 0.33 0.80 3.0 0.38 1 1 
b 0.28 0.45 2.0 0.35 1 1 
c 0.38 0.15 1.5 0.18 1.08 0.9999 
d 0.01 0.02 0.001 0.08 0.98 1.0003 

20 a 0.26 0.50 3.0 0.35 1 1 
b 0.27 0.35 2.5 0.30 1 1 
c 0.46 0.10 1.3 0.15 1.08 0.9997 
d 0.01 0.02 0.001 0.07 0.93 1.0003 

25 a 0.26 0.55 3.0 0.37 1 1 
b 0.30 0.32 2.7 0.30 1 1 
c 0.42 0.12 1.2 0.15 1.07 0.9998 
d 0.02 0.02 0.001 0.08 0.95 1.0003 

30 a 0.18 0.40 3.0 0.35 1 1 
b 0.23 0.30 2.0 0.30 1 1 
c 0.56 0.10 1.0 0.13 1.06 0.9998 
d 0.03 0.02 0.001 0.07 0.96 1.0001 

35 a 0.15 0.60 3.0 0.35 1 1 
b 0.23 0.30 2.0 0.30 1 1 
c 0.59 0.1 1.0 0.13 1.05 0.9998 
d 0.03 0.02 0,001 0.07 0.96 1.0002 

These evaluated parameters correspond to the central part of the membrane lipid bilayer probed by MeFASL(2,11) where the nitroxide is attached 
to the carbon atom at position 13 of the palmitic acyl chain. Average parameter values obtained from the fittings of two or three spectra are listed. 
The measured spectra are quite reproducible, and they can be fitted using the parameter values within SD of about +15%, 
1 EPR intensity weighting factors proportional to the surface area of membrane domains represented by different spectral components (a, b, c, d). 
2 Order parameter. 3Rotational correlation time. 4Line-width of the individual Lorentz function. 5'6polarity correction factors for the magnetic 

coupling tensors A and g. The original values of the A and g tensor components are given in the caption to Fig. 4. 
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Fig. 6. Temperature dependence of the rotational correlation time ~ for 
the fluid, less ordered spectral component (c) (Table 2) in the spectra 
of MeFASL(2, 11) measured in the cell membranes in situ in corn root 
tissue for the two genotypes K-33 and BCL-48. The rotational corre- 
lation times were evaluated as the best fits to the line-shape of the 
experimental spectra. 
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Fig. 7. Temperature dependence of the less ordered membrane frac- 
tion, We, represented as the weight factors of  the spectral component (c) 
with the order parameter S = 0.1 to 0.2 in Table 2, for the spectra of 
MeFASL(2,11) in the cell membranes in situ in corn root tissue mea- 
sured for the two genotypes, K-33 and BCL-48. 

two fundamentally different techniques to one plant tis- 
sue in the present work has produced data that combine 
to strongly support and extend previous studies where 
separate applications of FPR [5, 6, 13, 15, 27, 29] or EPR 
[4, 32] led to data suggesting the existence of lipid do- 
mains in plant plasma membranes. 

The fluid, less ordered membrane fraction W c (Fig. 
7), representing component (c) of the superimposed EPR 
spectrum (Table 2), can be qualitatively compared with 
the mobile fraction M detected by FPR (Figs. 1B, 3B). 
Both of them are growing in size with increasing tem- 
perature, and the proportions of the remaining, more- 

ordered components are correspondingly diminished. 
Quantitative comparison of the FPR and EPR results is 
fraught with difficulties, however, and the presence of 
domains especially complicates the interpretation of the 
FPR results. Thus, further interpretation of the results is 
somewhat more straightforward for EPR than for FPR. 

The EPR technique provides a view of the molecular 
ordering and rotation in each domain. Rotational corre- 
lation times [25] of the MeFASL(2,11) spin probe, which 
are assumed to reflect environmental fluctuations by 
which the configurational barriers of the spin probe mol- 
ecules can be crossed, describe the fast rotational molec- 
ular motion. The rotational diffusion rates and corre- 
sponding Arrhenius activation energies observed in the 
present work (Table 1) are qualitatively within the tem- 
perature behavior expected on the basis of many previ- 
ous EPR studies of biological membranes. Since it is 
reasonable to assume that the spin probe concentration is 
equalized throughout the lipid parts of the membrane, the 
weighting factors W provide a good measure of the rel- 
ative amount of spin probe molecules in each type of 
domain. Though the actual size of individual domains is 
not accessible by the EPR approach, the measurements 
on both genotypes clearly reveal the existence of both 
disordered, fluid domains with typical rotational motions 
and more ordered, rigid domains with slower rotational 
motions. Across the range of studied temperatures, the 
rotational motions in the disordered, fluid domains in 
K-33 tend to be slightly slower and exhibit a faster de- 
crease with falling temperature than in BCL-48 (Fig. 6). 
The characteristic of K-33 having a less dynamic mem- 
brane at lower temperatures is especially apparent in the 
much larger activation energy of the weighting factor for 
the disordered, fluid domains with this genotype than 
with BCL-48 (Fig. 7). 

In addition to changes in fluidity and ordering im- 
posed by the membrane domain formation, as detected 
by EPR, compressibility might be another important 
characteristic of the plasma membrane associated with 
plant chilling resistance [14, 33]. Optimal regulation of 
these physical properties at the cell membrane level may 
have physiological relevance, especially with regard to 
providing proper environment for functioning of mem- 
brane-bound enzymes and for regulating the passive 
transport of water [24] and other molecules across cel- 
lular membranes. 

The interpretation of the FPR results is immediately 
complicated by lateral diffusion coefficients that lack 
significant temperature effects, as with the BCL-48 and 
F-2 genotypes, or even exhibit an overall negative acti- 
vation energy, as with the K-33 genotype (Table 
1). These results are clearly at odds with the hydrody- 
namics of free lateral diffusion of molecules in thermo- 
tropic liquid crystals [20], for which positive activation 
energies of 20 to 40 kJ/mol are typical [11]. The ob- 
served results for maize membranes imply the action of 
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other effects that compensate or overwhelm the expected 
increase of the diffusion coefficient with temperature. 
We think it likely that these other effects arise because 
lateral diffusion in the fluid domains is not free but rather 
is constricted by the presence of obstacles, these being 
the rigid lipid domains and/or membrane proteins and 
protein aggregates. Thus, the measured lateral diffusion 
coefficients are not true diffusion coefficients but rather 
are apparent diffusion coefficients that reflect the effects 
of obstacles in the path of lipid diffusion. 

The works of Saxton [21, 22] and Almeida et al. [1] 
present some of the recent refinements of theoretical 
models that have been formulated to describe lateral dif- 
fusion of membrane lipids in the presence of obstacles. 
Various experimental approaches to this problem have 
also been reported, and especially relevant to the present 
discussion are recent studies on lateral diffusion and 
fluid domain connectivity in two-phase lipid bilayers [1, 
2, 28]. Based on these previous theoretical and experi- 
mental studies, at least two effects can be considered as 
possible mechanisms behind the steady or increasing ap- 
parent diffusion coefficients observed with decreasing 
temperatures in the present work on maize membranes. 

One potentially important effect involves the perco- 
lation limit in two-phase lipid bilayers [1, 2, 28]. At 
temperatures above the percolation limit, the solid do- 
main exists as islands in a fully connected fluid domain. 
As temperature drops, the solid domain islands grow at 
the expense of the fluid domain and coalesce until, at the 
percolation limit, the solid domain islands connect and 
become continuous while the fluid domain disconnects 
into pools. Using FPR and a fluorescent lipid probe that 
partitioned only into the fluid domain of a two-phase 
lipid bilayer, Almeida et al. [1, Fig. 3 therein] demon- 
strated that the apparent diffusion coefficient markedly 
decreased as the temperature was lowered toward the 
percolation limit. In this temperature range, the apparent 
diffusion rate slowed due to the obstacle effect of the 
growing proportion of solid domain. Once the percola- 
tion limit was reached, however, the apparent diffusion 
coefficient increased with further decrease in tempera- 
ture. This increase in apparent diffusion rate with de- 
creasing temperature occurred because the only type of 
diffusion observable by FPR was the unobstructed dif- 
fusion that occurred within fluid domain pools that were 
located at the edge of the illuminated spot, partially in the 
dark and partially in the light [1]. While the increase in 
apparent diffusion coefficient that we observed with de- 
creasing temperature below 22~ in K-33 maize might 
involve a similar mechanism, we did not observe a pre- 
cipitous drop in mobile fraction that would be character- 
istic of passage through a percolation limit [1, 2, 28]. 
This implies that, most probably, the membrane domain 
structure was above the percolation threshold for both 
genotypes even at the lower edge of the temperature 
range applied in our measurements. 

Therefore, a second effect found in earlier studies 
may be a more likely mechanism behind the steady or 
increasing apparent diffusion coefficients observed with 
decreasing temperatures in the present work. Several 
different theoretical treatments of the obstacle problem 
have shown that the apparent decrease in diffusion co- 
efficient depends on obstacle size [1, 21, 22]. Specifi- 
cally, if the total obstacle area fraction of the membrane 
is held constant, then the apparent diffusion coefficient is 
significantly larger in the presence of a few large obsta- 
cles than in the present of many small obstacles. If ob- 
stacles in the maize membranes steadily coalesce as the 
temperature decreases, then this effect might compensate 
the expected decrease in the free diffusion coefficient. 
The obstacles might be small rigid lipid domains that 
coalesce into larger domains. Alternatively, the coalesc- 
ing obstacles might be membrane proteins. Since many 
membrane proteins tend to be excluded from rigid do- 
mains [19], the protein concentration in the fluid do- 
mains of maize protoplasts might be especially high. 
Protein aggregation in the plasma membrane of proto- 
plasts has been observed, in fact, by freeze fracture elec- 
tron microscopy [31]. Membrane proteins coupled to the 
fluctuations of the cytoskeleton network should also be 
considered in this context [12]. 

Acting separately or in concert, these two effects in 
BCL-48 membranes might compensate the expected de- 
crease in apparent diffusion coefficient at lower temper- 
atures. If this hypothesis is correct, then a change in the 
action of these effects must occur around 22~ in K-33 
(Fig. 3A) but not in BCL-48 (Fig. 1A). Except for an 
anomaly at about 15~ the apparent diffusion coefficient 
in K-33 increases by approximately a factor of three as 
the temperature drops from 22 to 12~ Above 22~ the 
apparent diffusion coefficient increases with temperature 
in a manner consistent with free diffusion, although the 
large 95% confidence interval on the activation energy 
here (21.7 + 17.0 kJ/mol) leaves uncertainty regarding 
significance. While this behavior around 22~ in K-33 
has some of the characteristics of a percolation limit [1, 
2, 28], neither the FPR mobile fraction (Fig. 3B) nor the 
EPR results (Figs. 6, 7) are supportive of such a drastic 
change in lipid dynamics at this temperature. A strong 
coalescence of membrane proteins or small rigid lipid 
domains below 22~ seems to remain as a viable hy- 
pothesis for the mechanism behind the increase in ap- 
parent diffusion coefficient. 

On the other hand, comparison of temperature vari- 
ations for the disordered (EPR) and the mobile (FPR) 
fraction in the K-33 membranes (the difference is just 
reverse, though less intense in the BCL-48 membranes, 
Table 1) leads us to the conclusion that the "micro- 
scopic" obstacle coalescence influencing the lateral dif- 
fusion rate, might be accompanied by rearrangements in 
the membrane domain pattern at a more "macroscopic" 
level. Low activation energy for the FPR mobile fraction 
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variat ions with temperature  (5.9 kJ /mol ,  Table  1), com-  

pared with  the corresponding va lue  for the E P R  disor- 

dered fraction (20.8 kJ/mol) ,  indicate  that at h igher  tem- 

peratures re la t ively large patches o f  the f luid membrane  

regions  are inaccess ib le  for the L Y - C h o l  f luorescen t  

probe (possibly surrounded by " s t r i n g s "  of  small  r igid 
domains) ,  thus producing  an apparent ly smaller  F P R  mo-  

bi le  fract ion.  As t empera tu re  drops these  s t r ing- l ike  

structures seem to change,  so that a higher  port ion of  the 

fluid regions  actual ly becomes  a part o f  the F P R  mobi le  
fraction, despite overal l  decrease of  this type o f  domain  
in the membrane ,  as detected by EPR.  

In conclusion,  we  be l ieve  that the phys io logica l  im-  

pl icat ions  o f  the exper imenta l  observat ions  presented 
here  are consistent  with K-33 being more  chil l ing sensi- 

t ive than BCL-48.  The  K-33 membranes  obvious ly  suf- 

fer  a drastic per turbat ion of  membrane  structure, as the 

temperature  drops. Adequa te  adaptat ion o f  the cell  to 

funct ioning at lower  temperatures  is not  a l lowed without  

a substantial concomi tan t  loss o f  the fluid membrane  
portion. Consequent ly ,  too many  integral  m e m b r a n e  en- 

zymes  m a y  be displaced f rom the membrane  environ-  
ment  which  provides  condit ions for their opt imal  activ- 
ity. 
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