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Summary. Permeabilities for a homologous series of amine and 
carboxylate nitroxide spin probes were measured in human red 
blood cells by an electron paramagnetic resonance (EPR) 
method. Permeabilities determined in this study are much lower 
than would be predicted for a sheet of bulk hydrocarbon and the 
polarity of the rate-limiting region is shown to be greater than 
bulk hydrocarbon. This suggests that the rate-limiting region for 
permeation of these nonelectrolytes is somewhere in the mem- 
brane periphery rather than in the center of the membrane. The 
red cell membrane does not discriminate between these probes 
on the basis of molecular volume, as might be predicted by a 
simple free-volume theory of membrane permeation. 
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I n t r o d u c t i o n  

Biomembranes  are selective permeabil i ty barriers. 
For  molecules that do not cross the membrane  
through specific protein pa thways ,  the rate of  per- 
meat ion must  be attr ibuted to the physical proper-  
ties of  both the molecule and the lipid bilayer. The 
existence of  a lipid barrier  to permeat ion was first 
inferred f rom the correlation of  nonelectrolyte per- 
meabil i ty in cells with solubility in nonpolar  sol- 
vents (reviewed in Diamond & Wright, 1969). More 
recently,  significant advances  in understanding of 
membrane  structure and dynamics have been 
achieved by the application of a variety of  experi- 
mental  approaches  (reviewed in Fisher & Stoeck- 
enius, 1983; Sackmann,  1983), yet the rationaliza- 
tion of  nonelectrolyte  permeabil i ty data with these 
findings remains an outstanding problem. 

Recent  workers  have generally a t tempted to ex- 
plain pat terns  of  nonelectrolyte  permeabil i ty in lipid 
membranes  with either one of two simplified physi- 
cal models  of  membrane  structure. (i) Membranes  
behave like a thin sheet of  bulk solvent such as 

* P r e s e n t  address :  Jules Stein Eye Institute, University of 
California, Los Angeles, California 90024. 

hexadecane (Finkelstein & Cass, 1968; Finkelstein, 
1976; Orbach & Finkelstein, 1980). ( i i )  Membranes  
resemble soft polymers  such as natural rubber  (Lieb 
& Stein, 1969, 1971, 1986). While the requisite abso- 
lute permeabil i ty measurements  to test these 
models  are accumulat ing for planar lipid bilayers, 
useful data for cells and l iposomes are sparse. The 
purpose of this and the following paper  is to exam- 
ine the adequacy of  these models  in the light of  new 
permeabil i ty data from red blood cells and lipo- 
somes,  respectively.  In the following paper  we 
further examine whether  this data can be bet ter  
explained by taking into account  the spatial heter- 
ogeneity of  lipid membranes .  Here  we report  
permeabil i ty measurements  for a homologous se- 
ries of  weak acid and weak base spin probes in hu- 
man red blood cells by an electron paramagnet ic  
resonance (EPR) method.  Their  structures are 
shown below: 

R COOH 

0 0 

I i l  

We refer to the derivat ives of  I, 2,2,6,6-tetramethyl- 
piperidine-l-oxyl- ,  as " T A " ,  R = NH2 ; " M T A " ,  R 
= NHCH3 ; " D M T A " ,  R = N(CH3)2 ; " M E T A " ,  R 
= NCH3(CH2CH2OH); "CAT~" ,  R = N(CH3)~; 
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and " T C " ,  R = COOH. II is 2,2,5,5-tetramethyl-3- 
pyrroline- l-oxyl-3-carboxylic acid. 

Titratable solutes allow investigation of a faster 
permeability domain than is possible with neutral 
solutes because their uptake kinetics may be slowed 
to fit within an experimentally convenient time 
frame by adjusting the pH (see below). Titratable 
solutes are also useful in avoiding possible unstirred 
layer rate limitations (Gutknecht & Tosteson, 
1973). 

Nitroxides are chemically stable free radicals, 
detectable at micromolar concentrations with an 
EPR spectrometer. We measure nitroxide spin 
probe permeabilities by employing paramagnetic 
quenching agents, which broaden probe signal when 
in the same aqueous compartment. Cells are rapidly 
mixed with a solution containing probe and an im- 
permeant quencher. Probe signal is initially broad- 
ened, but increases in amplitude as it diffuses into 
the internal compartment where it is unquenched. 

K i n e t i c  A n a l y s i s  

A M I N E  PROBE I N F L U X  INTO CELLS 
A F T E R  R A P I D  M I X I N G  

We assume (i) only the neutral form of the amine is 
permeant, (ii) the equilibrium between charged and 
neutral forms is very fast relative to permeation, 
and (iii) the fraction of probe in the membrane is 
negligible. We define permeability as the ratio of 
transmembrane flux per unit area to the concentra- 
tion gradient between external and internalaqueous 
compartments. No assumption is made about the 
mechanism of permeation or the location of the 
rate-limiting step. We consider the problem of un- 
stirred layers in a subsequent section. 

Let  N -= total number of probe molecules 
sO. -= number of neutral probe molecules inside 

cell/N 
+ 

S~n =- number of charged probe moelcules inside 
cell/N 

+ 
Sin ~ SOn -t- Sin 
S~ ~- number of neutral probe molecules outside 

cell/N 
+ Sour ~ number of charged probe molecules outside 
cell/N 

+ 
Sout ~ S0ut + Sout 
Ka =-- amine dissociation constant 
[H +] -= hydrogen ion concentration 
P -= measured permeability 
A -= surface area per cell 
V ~ internal aqueous volume per cell 
Vout -= external aqueous volume per cell 

f - =  internal aqueous volume/total aqueous vol- 
ume. 

From the definition of permeability we have 

I dSin (Sout0 SOn) 
2 -d5 - e  Voo~ V / " 

We eliminate Vout with the relation V/Vou t = f/(1 - 
f ) ,  which gives us 

dsin PA (fS~ sOn) (1) 
dt V \ ( 1 - f )  ' 

From the dissociation equilibrium for weak ba- 
ses and mass conservation, one can derive the fol- 
lowing expressions: 

S0out = (1 -- Sin)/~lou t (2) 

s~ = s i . /3i~ 

+ 
w h e r e  flout = Ka/(K,  + [Hout]) and fii. = K J ( K ,  + 

+ 
[H~n]). Substituting Eq. (2) into Eq. (I), 

dsin e m  (_ f/~out [ f/~om + /~inl)  " 
dt - V \(1 - f )  Sin [(1 - - f )  

For the initial condition, Sin(0 ) = 0,  and assuming 
[H +] = constant (buffered solutions), this has the 
solution 

Sin(t)  = Sin(Oe)(l -- e-t/9 (3) 

f/•out 
where Sin(~C) = (f/3o.t + (1 -f)/~in) 

V (1 - f )  
T = 

PA (f~out + (1 - - f ) f l ~ . ) "  

When there is no pH gradient, flout = Bin and these 
expressions reduce to: si.(~) = f a n d  r = V(1 - f ) /  
(PA/3out). For carboxylate probes, the expressions 
(Eq. (3)) remain the same except that flout = [Hout]/+ 

+ 
(Ka + [Hour]) and fl~n = [H~]/(Ka + [H+]). 

If all other parameters are known, the perme- 
ability may be obtained by fitting experimental 
curves to Eq. (3). Solving for P and rearranging we 
get: 

p = V(1 - f ) s i . ( ~ )  

zAfflout (4) 

UNSTIRRED LAYERS 

We now generalize to include the effect of unstirred 
layers on the measured permeability. Gutknecht 
and Walter (1981) derived the following expression 
for the initial flux of weak base solutes across planar 
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membranes, which also applies to their initial flux 
into vesicles: 

1 l 1 

Jo P~I[S] + P,~[S ~ 

where J0 -=- initial flux, P~l ~ unstirred layer perme- 
ability, Pm ~- membrane permeability, [S] -= initial 
external concentration of probe (the initial internal 
concentration is zero), and [S ~ ~ initial external 
concentration of neutral probe. In addition to the 
assumptions made previously that (i) only the neu- 
tral form i s  permeant and (ii) the equilibrium be- 
tween charged and neutral forms is fast relative to 
permeation, this expression assumes that the un- 
stirred layer permeabilities for the charged and neu- 
tral species are the same and that the pH is constant 
across the unstirred layer. Noting that [S ~ = 
IS]flout, and J0 = P[S ~ = Pflout[S], we have: 

1 1 1 I 1 + [Hout] 
- + - -  - + + - -  ( 5 )  

Pflout Pul Pm/3out P ~, ~m K ~ P  m " 

The treatment for carboxylate solutes is similar 
(Gutknecht & Tosteson, 1973) except that the last 

KJ([Hoot]Pm). term in Eq. (5) i s  + 
+ 

Experimentally, if we plot I/Pflout vs. [Houd/Ka 
we obtain a slope of 1 ~Pro and an intercept of 1/Pu~ + 
1/Pm. Thus we can measure the unstirred layer per- 
meability by subtracting the slope from the inter- 
cept of such a plot. An alternative approach is to 
obtain an independent measure of Pu~ and calculate 
Pm from Eq. (5) using the value of P/3out at a particu- 
lar [Ho+t]. Pul is estimated from the apparent perme- 
ability of a rapidly permeant neutral solute. 

SURFACE CHARGE 

If the unstirred layer is not rate limiting, the concen- 
tration of neutral amine and carboxyl probes near 
the membrane surface will be identical to their bulk 
values, even in the presence of a surface charge. 
Hydrogen ion and the charged amine will be at- 
tracted to or repelled from the membrane surface to 
exactly the same extent. The ratio of their concen- 
trations will remain constant and, therefore, the 
concentration of the neutral amine will be constant 
according to the amine dissociation equilibrium. 
Similarly, hydrogen and carboxylate ions will be at- 
tracted to or repelled from the membrane surface to 
exactly the opposite extent. Therefore, the product 
of their concentrations is constant and the concen- 
tration of the neutral carboxyl is constant according 
to the carboxyl dissociation equilibrium. 

M a t e r i a l s  a n d  M e t h o d s  

PREPARATION OF RED CELLS 

Blood was collected from a healthy human donor in Vacutainer 
tubes with sodium heparin as anticoagulant. The red cells were 
pelleted and the serum and buffy coat removed. After resuspend- 
ing in 150 mM NaCI, 3 mM K3Fe(CN)6, the red cells were again 
pelleted and the supernatant removed. This was repeated three 
times. The resulting suspension was then diluted to 20% hemato- 
crit with more of the same solution and incubated at 5~ for at 
least 12 hr. Preincubation in ferricyanide, an impermeant oxidiz- 
ing agent, was found to diminish a time-dependent loss of EPR 
signal in red cells (Ross & McConnell, 1975). Cell suspensions 
were kept refrigerated until immediately prior to rapid-mix ex- 
periments when they were brought to room temperature. 

QUENCHING SOLUTIONS 

For amine permeability experiments, a solution containing 90 
mM (tetramethylammonium)2MnEDTA and 60 mM MOPS (3-{M- 
Morpholino}propanesulfonic acid) or 60 mM MES (2-{N-- 
Morpholino}ethanesulfonic acid) was titrated to the desired pH 
with 300 mM NaOH, then diluted to 290 mmol/kg. Osmolarity 
was measured with a Wescor 5500 vapor pressure osmometer. 
For carboxylate permeability experiments, a stock solution con- 
taining 1 M NiSO4 and 1 M tetraethylenepentamine (TEPA, 
Strem Chemicals) was prepared and stored at 5~ This stock 
solution was diluted to -0 .3  M, titrated to the desired pH with 
300 mM HC1, then diluted again to 290 mmol/kg. Nickel-TEPA is 
a more useful quenching agent than the unchelated nickel ion 
because of its reduced tendency to aggregate red cells and buffer 
capacity. 

SPIN PROBES AND EPR INSTRUMENTATION 

TEMPO (R = H), TEMPone (R = O), TEMPol (R - OH) and 
TA were obtained from Aldrich. II was obtained from Fisher. 
MTA, DMTA and META were synthesized according to Rosen 
(1974). TC was synthesized according to Rauckman, Rosen and 
Abou-Donia (1976). CAT1 was synthesized according to 
Mehlhorn and Packer (1979). TEMPsulfate (R = SO3) was syn- 
thesized according to Keith et al. (1977). EPR spectra and spec- 
tral transients were taken on a Varian E 109-E X-band EPR 
spectrometer interfaced to an Apple II microcomputer with an 
Adalab A/D converter (Interactive Microware). The minimum 
sampling interval was 50 msec. The spectrometer was operated 
at 10 mW power. All experiments were run at room temperature 
(15-25~ 

SPIN PROBE pKa's, SOLVENT/WATER 
PARTITION COEFFICIENTS 

The amine probes were titrated against NaOH and the resulting 
curves (pH vs. amount of NaOH added) were numerically differ- 
entiated (Lanczos, 1956) to obtain the pH at the point of mini- 
mum slope, which corresponds to the pkg.  

Solvent/water partition coefficients for the neutral amine 
were determined from the equilibrium distribution of probe be- 
tween solvent and 80 mM Na2HPO4, 60 mM NaOH, pH 12.0. The 
concentration of probe in each phase is proportional to the inte- 
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grated EPR signal intensity, which was obtained directly by dou- 
ble integration of spectra. Any incomplete separation of phases 
could easily be detected since probe spectra in water and hexa- 
decane or octanol are distinguishable due to differences in line- 
width, g-factor, and hyperfine splitting constant. Samples were 
incubated in 1.5-ml Eppendorf centrifuge tubes in a water bath at 
25~ without shaking. Probe was allowed to equilibrate for at 
least 24 hr and successive determinations at later times were 
found to be constant. 

As a check on our results, spin probe pK~'s and solvent/ 
water partition coefficients were simultaneously determined 
from the pH-dependent partitioning between 300 mM Ttis buffer 
(pH 8.2-10.0) and l-octanol. Measurements of the probe con- 
centration in aqueous and solvent phases at several pH values 
allowed calculation of the Ka and the neutral partition coeffi- 
cient, K ~ 

Let [S,] ~ solute concentration in solvent phase 
[Sw] =-- total solute concentration in aqueous phase 
[S~ -= neutral solute concentration in aqueous phase. 

Noting that [S,,] = [S~ + [H+])/K, and defining K ~ = [Ss]/ 
[SO], we obtain by substitution: 

[Ss] K~ 
[Sw] (K,~ + [H+])" 

Experimentally, [Ss] and [S.,] are found from the integrated EPR 
signal intensity in nonaqueous solvent and water, respectively. 
Best-fit values for both K ~ and Ka were obtained by nonlinear 
least squares (Duggleby, 1981) and were in good agreement with 
the values obtained above. 

Carboxylic acid pKa's could not be determined by titration 
because of the low solubility of the neutral species. Instead, 
pK~'s were determined by the above pH-dependent partitioning 
method, which requires only =1 mM instead of =100 mM con- 
centration of probe. In this case, [Ss]/[S,.] = K~ + 
[H+]). The buffer used was 100 mM citrate (pH 4.2-6.0) and the 
solvent phase consisted of either n-hexadecane or l-octanol. 
pK, ' s  obtained using the two solvents were in good agreement. 

INTERNAL VOLUME MEASUREMENTS 

Internal volumes for red cell suspensions were measured with 
TEMPone as described previously (Vistnes & Pushkin, 1981), 
(Mehlhorn, Candau & Packer, 1982). Because it is neutral, TEM- 
Pone distributes freely between aqueous compartments in a sus- 
pension of cells. If an impermeant quencher (line-broadening 
agent) such as Na2MnEDTA is added to the external compart- 
ment, the spectrum from this compartment is essentially re- 
moved and the amplitude of the remaining "protected" spectrum 
is proportional to the internal volume of the suspension, assum- 
ing linewidths are constant. TEMPone was added to an aliquot of 
red cells combined 1 : 1 with quencher solution to make a final 
concentration of 1 AM. The ratio of the amplitude for the same 
TEMPone concentration in an aliquot of red cells combined 1 : 1 
with nonquenching buffer yielded an estimate of the fraction 
internal volume, f.  

Samples for volume determinations and other equilibrium 
EPR measurements were loaded in 75-tzl micropipettes, which 
were then sealed at one end with hematocrit tube sealer. 

CELL WATER VOLUMES, SURFACE AREAS 

The concentration of cells in a suspension was estimated by 
cyanmethemoglobin assay: 50 t~l of the 20% hematocrit suspen- 
sion prepared for rapid-mix experiments was added to 4 ml of 
cyanmethemoglobin reagent (Hycel) and allowed to stand for a 
few hours until hemolysis was complete. The concentration of 
hemoglobin was determined from the absorbance at 540 nm (he- 
moglobin standards were also obtained from Hycel). Assuming 
29 pg Hb/cell (Osgood, 1935), we obtained directly the concen- 
tration of cells (# per cm3). The water volume per cell (in cm 3) is 
given by V = f/[cells]. We used a standard value for the red cell 
surface area of 1.369 x 10 -6 cm 2 (Jay, 1975). 

RAPID-MIX EXPERIMENTS 

For spin probe permeability measurements, unbuffered red cells 
were rapidly mixed with an equal volume of buffered quencher 
solution containing 2 mM spin probe. Because probe amplitude is 
proportional to the number of unquenched probe molecules, the 
rate of emergence of the internal protected amplitude is related 
to the permeability of the spin probe as described in the Kinetic 
Analysis section. Experimentally, we followed changes in the 
number of internal protected probe molecules by adjusting the 
magnetic field to fix on a peak and scanning vs. time. 

Rapid mixing was achieved with a custom-built stopped- 
flow apparatus mounted on the spectrometer. The red cell sus- 
pension and quencher solution were contained in separate sy- 
tinges with plungers joined together so they could be 
simultaneously driven (by hand). Effluents from the syringes 
flowed into a simple mixing "T"  immediately outside the sample 
cavity and thence through a glass capillary within the cavity. The 
distance traveled by the plungers with each experiment was con- 
trolled by adjusting a screw stop. The resonant cavity was 
mounted in a horizontal orientation to eliminate the effects of cell 
settling. 

A stopped-flow experimental record for the probe TEMPol 
(R = OH) is shown in Fig. 1. Red cells with equilibrated internal 
probe from the previous experiment are pushed out of the reso- 
nant cavity by just-mixed red cells with no internal probe, lead- 
ing to a steep drop in amplitude, which then recovers as probe 
diffuses in. 

The dead time of our mixing apparatus, defined as the time 
it takes for sample to travel from the mixing "T"  to the center of 
the observation port (resonant cavity), was estimated by timing 
the flow of a known volume of water through the apparatus and 
found to be =8 msec. The dead time was not measured for red 
cell suspensions, but is presumed to be somewhat longer than 
this because of differences in viscosity. In any case, our time 
resolution appears to be limited by imperfect mixing rather than 
dead time. The minimum of the transient in Fig. 1 corresponds to 
the stopping of the syringes. The initial steep, nonexponential 
recovery (see below) lasting -400 msec must correspond to the 
mixing time for our apparatus. We therefore routinely ignored 
time points within 400 msec of the minimum deflection in our 
data analysis. Time constants for the equilibration of titratable 
probes measured in this study ranged from seconds to minutes. 

A nonzero mixing time also implies a spread in "time zero" 
for probe uptake. Macey (1979) has shown, however, that a stag- 
gered superposition of uptake curves with identical time con- 
stants follows the same time constant at times later than the end 
of mixing. 
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Fig. 1. (a) Uptake  of  TEMPol  into RBC, pH = 7.4. TEMPol  (2 mM) in MOPS/(TMA)2MnEDTA buffer was rapidly mixed with 
unbuffered RBC (20% Hct) with 2 mM DNDS.  T = 21.5~ (b) Semilog plot of  ~E(t, 8t) for TEMPol  uptake in Fig. la .  8t = 50 msec .  
The first point cor responds  to the min imum in Fig. la  

Since unbuffered red cell suspens ions  were mixed with 
highly buffered quencher  solutions,  the initial external pH was 
set by the quencher  solution, while the initial internal pH was set 
by the internal buffering of  the red cell (pH = 7.2). Thus ,  the 
initial external  pH could be varied without equilibrating the cells 
at different pH values.  

Extract ing permeabili t ies f rom this type of exper iment  re- 
quires that  the t r ansmembrane  pH gradient remain constant  over 
the time course  of  equilibration of  probe. With our experimental  
design, there are newly created gradients  of  chloride, bicarbon- 
ate and pH across  the red cell membrane  upon rapid mixing, 
which are unstable  and will tend to collapse to an equilibrium 
distribution primarily via the anion exchanger .  The redistribution 
of  chloride is impor tant  because  it exchanges  with bicarbonate 
on the anion exchanger  and hence also leads to t ime-dependent  
pH changes .  In all red cell exper iments  we therefore added 1 mM 
4,4'-dinitro-2,2'  s t i lbenesulfonic acid (DNDS,  ICN Pharmaceut i-  
cals), which is a reversible inhibitor of  the anion exchanger.  
Even  so, slow collapse of the pH gradient could be inferred in 
some exper iments  where  the baseline drifted slowly with time. 
This was verified by moni tor ing changes  in the external  pH with 
a pH meter .  In such  cases,  only early points on the uptake curve 
were used  for curve fitting. 

by subtract ing each data point f rom a subsequent  data point at a 
fixed time interval, St. 

6E(t, ~t) = E(t)  - E(t  + 6t) 

= AE e -t/~ - ~ E  e -~t+a'/~ 

= AE(1 - e-8'/~)e l/~. (6) 

Using this procedure,  we have changed the problem to that 
of  curve fitting a new function,  BE(t, 8t) to an exponential  decay 
with the same t ime cons tant  as before and with the amplitude,  
AE (1 - e ~t/,) f rom which &E is readily obtained. Time con- 
stants  are obtained either by curve fitting 8E(t, 6t) by nonlinear 
least squares  (Duggleby, 1981) or f rom the slope of In 6E(t, ~t) 
vs. time. An example  of  such a semilog plot is shown in Fig. lb 
for TEMPol .  It can be seen that the plot deviates from a straight 
line for the first 400 msec ,  p resumably  due to imperfect  mixing. 
Fitted values for the parameters  are fairly insensit ive to the 
choice of St. We have  found,  however ,  that setting 8t = ~- tends 
to minimize s tandard errors for the parameters .  

Results and Discussion 

C U R V E - F I T T I N G  

The raw ouput  in this type of  exper iment  is a series of  voltages, 
E(t) ,  which are linearly related to the fraction internal solute, 
Sin(t). In practice,  we are confronted with the problem of curve 
fitting the data  not  to Eq. (3), but  to the following equation,  
which involves the additional parameter ,  E(0) 

E(t)  = AE (1 - e -t/') + E(0) 

where AE = E(~) - E(0). E(0) does not  cor respond simply to the 
voltage at zero EPR signal because  of  the presence of  a quenched 
background spec t rum in the external  aqueous  phase.  For sim- 
plicity, we reduced the number  of  curve-fitted parameters  to two 

SPIN  PROBE P A R A M E T E R S  

Spine probe pK~'s solvent/water partition coeffi- 
cients, and estimated molecular volumes are given 
in Table 1. It may seem surprising that the carboxyl- 
ate probes, TC and II partition so poorly into hexa- 
decane, yet so favorably into octanol. The differ- 
ences in partitioning into the two solvents are not 
nearly so great for the amine probes. The same pat- 
tern is seen in the partitioning data reported by Wal- 
ter and Gutknecht (1986). For example, Khex = 
0.053, Koct = 74 for benzoic acid while Khex = 0.013 
a n d  Koc t ~- 0.66 for ethylamine. 
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Fig. 2. (a) Uptake of META into RBC, pH = 6.5. META (2mM) in MOPS/(TMA)2MnEDTA buffer was rapidly mixed with unbuffered 
RBC (20% Hct) with 2 mM DNDS. T = 21.5~ (b) Semilog plot of BE(t, 6t) for META uptake in Fig. 2a 

Table 1. Spin probe parameters 

pK a Khex Ko~t V 

META 8.13 -+ 0.02 0.0188 -+ 0.0005 3.39 -+ 0.17 145 
TA 8.99 -+ 0.01 0.0311 -+ 0.0034 3.64 -+ 0.07 109 
MTA 9.06 -+ 0.01 0.101 -+ 0.002 6.88 -+ 0.11 120 
DMTA 8.57 -+ 0.03 0.644 -+ 0.017 13.6 _+ 0.4 130 
TC 4.12 -+ 0.02 0.011 -+ 0.002 22.3 -+ 0.5 118 
I1 3.72 - 0.02 0.015 -+ 0.003 41.8 -+ 1.5 105 

PKa determined from pH-dependent partitioning between 1-oc- 
tanol and 300 mM Tris/HCl (pH = 8.2-10.0) or 100 mM sodium 
citrate (pH = 4.2-6.0). Tabulated uncertainties are standard er- 
rors for curve-fit by nonlinear least squares. By titration, 
pK,,(META) = 8.12 -+ 0.04, pK,,(TA) = 8.94 -+ 0.06. 
Kh~x, Koct --= hexadecane/water and octanol/water partition coeffi- 
cients for neutral species at 25~ Amines were partitioned be- 
tween solvent and 80 mM sodium phosphate buffer, pH = 12.0. 
Khe• is an average of four measurements while Ko~t is an average 
of two measurements. Their uncertainties are standard devia- 
tions. Carboxylate determinations were from pH-dependent par- 
titioning (see above). 
V ~- Van der Waals molecular volume in cm3/mol, calculated 
according to Bondi (1964). 

PROBE BINDING TO HEMOGLOBIN 

IS INSIGNIFICANT 

In calculating permeabilities, we have assumed that 
the amine and carboxylate probes do not bind to 
hemoglobin to any significant extent. This was con- 
firmed experimentally by sonicating packed cells, 
centrifuging to pellet the membrane fraction, and 
assaying spectroscopically for probe binding to the 
concentrated hemoglobin in the supernatant. No 
significant immobilized spectral components were 

detected for any of the probes. We therefore con- 
clude that probe binding to hemoglobin is negligible 
for purposes of our analysis. 

PROBE UPTAKE FOLLOWS 

EXPONENTIAL KINETICS 

A typical stopped-flow experimental record is 
shown in Fig. 2a for META. Cells with equilibrated 
internal probe from the previous experiment are 
pushed out of the resonant cavity by cells with no 
internal probe, leading to a steep drop in signal, 
which then recovers as probe diffuses in. A semilog 
plot of 6E(t, ~t) vs. time for this uptake curve is 
shown in Fig. 2b. It is convincingly linear, though 
quite noisy at later times. The noise is accentuated 
in such a plot because of our use of a difference 
method in analyzing the data. Time constants were 
extracted for three such trials and averaged. Perme- 
abilities were calculated according to Eq. (4) and 
are presented in Table 2. Standard errors were cal- 
culated from the propagated errors in all measured 
quantities according to Young (1962). 

ONLY N EU TRA L SPECIES PERMEATE 

In our analysis, we assume that the charge probe is 
impermeant on the time scale of our experiments. 
We justify this assumption by the fact that CATj, a 
permanently charged quaternary amine nitroxide, 
does not enter the red cell to a detectable extent 
over a period of several hours. TEMPsulfate, a 
monovalent anion (R = SO3), does not enter to a 
detectable extent within 15 min. 
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Fig. 3. pH dependence  of  DM T A permeabili ty in RBC. Slope = 
1/Pm = (0.944 --+ 0.026) X l0 s sec /cm.  Intercept  = 1/Pu~ + l/Pm = 
(5.93 -+ 1.82) x 103 sec /cm 

U N S T I R R E D  L A Y E R  P E R M E A B I L I T Y  

To ascertain that our measured permeabilities cor- 
respond to the membrane and not the unstirred 
layer, we investigated the pH-dependence of 
DMTA permeability. In Fig. 3, we have plotted l/ 
P/3out u s .  Hout/Ka as described in the Kinetic Analy- 
sis section. The reciprocal of the slope was found to 
be (1.06 -+ 0.03) x 10 -3 cm/sec, which corresponds 
to the membrane permeability. By subtracting the 
slope from the intercept and taking the reciprocal, 
we obtain the unstirred layer permeability for this 
system, which was (2.00 -+ 0.73) x 10 -4 cm/sec. 

We also measured the apparent permeability of 
the neutral spin probe, TEMPol (Fig. la), which is 
believed to be fast enough to be entirely unstirred 
layer limited. P,~ obtained in this manner was (1.86 
-+ 0.36) x I0 4 cm/sec, in excellent agreement with 
the result for DMTA. Corrections for unstirred lay- 
ers, according to Eq. (5) in the Kinetic Analysis 
section, are negligible for DMTA at pH 6.5 and 
lower and negligible for the other probes at all pH 
values at which experiments were carried out. 

A M I N E  A N D  C A R B O X Y L A T E  PROBES F O L L O W  

L I P I D  P A T H W A Y  

The red cell amine and carboxylate permeabilities 
are given in Table 2. The carboxylate measurements 
required some additional controls. 

There are two protein pathways for anions in 
red cells, which could potentially short-circuit diffu- 
sion of the neutral species through the lipid path- 
way: the anion exchanger and the monocarboxylate 
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Table 2. Amine  and carboxylate  spin probe permeabilit ies in red 
cells (21~ 

P x 104 P/Pcalc 

pH = 6 
M E T A  0.774 -+ 0.078 0.0021 
TA 1.10 -+ 0.12 0.0018 
MTA 2.46 -+ 0.26 0.0012 
DMTA 10.2 • 1.2 0.00079 
pH = 5 
TC 1.89 -+ 0.13 0.0086 
II 3.57 -+ 0.23 0.012 

Pcalc ~ K D / A x ;  K =-- Khexadecane; D = 10 -6 cmZ/sec; Ax = 50 A. 

transporter (Deuticke, Rickert & Beyer, 1978). It 
was found that the initial rates of uptake of both 
carboxylate probes at pH 5 were decreased in the 
absence of the inhibitor DNDS (Fig. 4). Under these 
conditions, rapid collapse of the pH gradient via the 
anion exchanger will raise the external pH and slow 
initial uptake of the neutral form, whereas any 
movement of probe through the exchanger will ac- 
celerate initial uptake. Because a slowing of uptake 
was observed, it is apparent that pH equilibrates 
more quickly through the exchanger than do the 
carboxylate probes. Since pH equilibration was sat- 
isfactorily inhibited by 1 mM DNDS, movement of 
probe through the exchanger cannot have affected 
carboxylate permeability measurements under 
these conditions. 

We also investigated the possibility that TC and 
II permeate via the monocarboxylate transporter, 
which is completely inhibited by 3/zmol/(ml cells) 
p-chloromercuriphenyl-sulfonic acid (PCMBS, 
Sigma), (Deuticke et al., 1978) with lactate as sub- 
strate. Solid PCMBS was dissolved in cell suspen- 
sions to obtain this concentration immediately prior 
to control experiments. Time constants with and 
without the inhibitor, PCMBS, differed by only 12% 
for both probes, which could well be due to nonspe- 
cific effects of PCMBS on the red cell membrane. 

R E D  C E L L  P E R M E A B I L I T Y  A N D  S O L U B I L I T Y  IN 

N O N P O L A R  S O L V E N T S  

It has been widely assumed that the rate-limiting 
step in solute permeation of biomembranes is diffu- 
sion through the bilayer interior, rather than ad- 
sorption/desorption at the aqueous/membrane in- 
terface. In the second paper in this series (Todd, 
Mehlhorn & Macey, 1989), we demonstrate that TA 
and MTA are indeed not rate limited by adsorption/ 
desorption at the interface in PC/PA liposomes, nor 
is TA in PC/CH/PA liposomes. Such a demonstra- 
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Fig. 4. DNDS slows collapse of pH gradients during uptake of II 
into RBC. II (2 mM) in Nickel/TEPA buffer (pH = 5.5) was 
rapidly mixed with unbuffered RBC (20% Hct) +- 2 mM DNDS. T 
= 21.5~ Upper curve: with DNDS. Lower curve: without 
DNDS. Internal II first increases after rapid mixing, then de- 
creases as pH gradient moves towards new equilibrium 

tion was not possible with our probes in red cells 
because it requires significant binding of probe to 
the membrane. We will assume provisionally that 
some diffusion step within the bilayer is also rate 
limiting for all the probes in this study with red 
cells. 

Many investigators have attempted to account 
for solute permeabilities in plant and animal cells by 
a homogeneous solubility-diffusion mechanism 
whereby 

P = K D / A x  

with K -= membrane/water partition coeeficient, D 
-= intramembrane diffusion coefficient and Ax --= 
membrane thickness. It has generally been found 
that P ~ Ks where Ks is the solvent/water partition 
coefficient for an appropriate solvent thought to re- 
semble the bilayer interior such as olive oil. Such 
findings are consistent with a homogeneous solubil- 
ity-diffusion barrier. If this model is correct, we 
should be able to predict measured permeabilities 
from estimates of K, D, and Ax. Finkelstein (1976) 
reasoned that since the lipid tails are composed of 
hydrocarbon, the membrane interior should resem- 
ble a bulk hydrocarbon with respect to both parti- 
tioning and diffusion of solutes. 14C tracer perme- 
abilities were measured for a series of ten 
nonelectrolytes in egg PC planar lipid bilayers and 
reasonably good quantitative agreement was ob- 
tained with the calculated permeabilities for a 50-A 
thick sheet of hexadecane (Finkelstein & Cass, 
1968; Finkelstein, 1976; Orbach & Finkelstein, 
1980). Diffusion coefficients in hexadecane were as- 

Table 3. n-Alkanol permeabilities in human red cells (Brahm, 
1983) 

P • 103 P/Pr 

Methanol 3.7 0.011 
Ethanol 2.1 0.0024 
Propanol 6.5 0.0018 
Butanol 61.0 0.0048 
Hexanol 8.7 0.00007 

Pcalc -= KD/Ax;  K ~ olive oil/water partition coefficient; D -= 
diffusion coefficient in H20; Ax = 50 A; 

sumed to be similar to measured values in water 
(-10 5 cm2/sec). These solutes covered a range in 
permeability of nearly five orders of magnitude and, 
with one exception, were within a factor of 5 or 
better of the predicted value. A log/log plot of per- 
meability v s .  the product of the hexadecane/water 
partition coefficient, /(he• and the aqueous diffu- 
sion coefficient, had the predicted slope of one (Or- 
bach & Finkelstein, 1980). Similar results may be 
obtained from data compiled by Walter and 
Gutknecht (1986) and are presented in the following 
paper (Todd et al., 1989). 

Permeabilities were also measured for some of 
the same solutes in egg PC/cholesterol (PC/CL) and 
sphingomyelin/cholesterol (SM/CL) planar lipid bi- 
layers (Finkelstein, 1976). The calculated perme- 
abilities for a hexadecane sheet were too high on 
average by more than an order of magnitude for PC/ 
CL bilayers and by more than two orders of magni- 
tude for SM/CL bilayers. Evidently a bulk hydro- 
carbon sheet is a less satsifactory model for these 
membranes. 

We have made a similar comparison between 
the predictions for a hydrocarbon sheet and mea- 
sured red cell permeabilities for the amine and car- 
boxylate spin probes. The diffusion coefficient in 
hexadecane is not known for these probes, so we 
have made the conservative assumption that D -~ 
10 -6 cm2/sec. It can be seen in Table 2 that red cell 
permeabilities are two or more orders of magnitude 
lower than the permeabilities calculated for a sheet 
of hexadecane 50 A thick. Evidently, K, D, or both 
are lower than in bulk hydrocarbon. A similar dis- 
crepancy is found for the n-alkanol red cell perme- 
abilities reported by Brahm (1983) as seen in Table 
3. Thus, red cell membranes resemble planar lipid 
bilayers containing cholesterol and sphingomyelin 
in their relative impermeability to nonelectrolytes. 
This is consistent with their lipid composition of 
25% cholesterol, 18% sphingomyelin and only 23% 
PC (Korn, 1966). 

Cholesterol (McConnell & McFarland, 1972) 
and cholesterol with sphingomyelin (Todd et al., 



A.P. Todd et al.: Spin Probe Permeability in Red Cells 49 

a -  2 "  

-3  

-4 

-5 , -4.5 
-2 -1 0 0 

Log K(hexadecane) 

O 

�9 

o 

b -2.5 

O 
~ -3.5 
O 

o 

' i �9 

1 2 

Log K(octanol) 
Fig. 5. (a) RBC spin probe permeability (21~ v s .  n-hexadecane/water partition coefficient (25~ Squares: amine probes. Triangles: 
carboxylate probes. Error bars are within the size of the symbols. Lower line is best-fit slope through amine points (0.73 -+ 0.02). Upper 
line has unity slope. (b) RBC spin probe permeability (21~ v s .  l-octanol/water partition coefficient (25~ Upper line is best-fit slope 
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1989) have been shown to increase order in lipid 
membranes, which may explain their effect on non- 
electrolyte permeability. Spin-labeled stearic acids 
and spin-labeled cholestane do exhibit greater mo- 
tional restriction in oriented red cell membranes 
than in sonicated phospholipid dispersions (Hubbell 
& McConnell, 1969). Spin-labeled stearic acids also 
indicate a high degree of order in unoriented red cell 
ghost membranes (Todd et al., 1989). A high degree 
of membrane order suggests that the partitioning of 
solutes will be unfavorable and the diffusion of sol- 
utes slow. It has previously been shown that the 
hydrophobic spin probe, TEMPO, partitions rela- 
tively poorly into red cells (Hubbell & McConnell, 
1968). 

We have also plotted red cell permeability vs. 
solvent partitioning. For the amines, the plot of per- 
meability vs.  Khex has a slope less than 1 while the 
plot vs.  Koct has a slope greater than 1 (Fig. 5a,b) .  
Taken at face value, this result implies that the po- 
larity of the rate-limiting region of the membrane is 
intermediate between hexadecane and octanol. This 
suggests that the rate-limiting region for these 
probes is not in the center of the bilayer, which is 
expected to have the same polarity as bulk hydro- 
carbon (Flewelling & Hubbell, 1986). 

No APPARENT VOLUME DEPENDENCE 

There have been persistent reports that the size se- 
lectivity of biomembranes to nonelectrolytes is 

steeper than simple diffusion through water. This 
was found for Nite l la  cells (Collander, 1954, 1960), 
Chara cells (Lieb & Stein, 1969), multilamellar lipo- 
somes (Cohen & Bangham, 1972; Cohen, 1975) and 
planar lipid bilayers (Wolosin & Ginsburg, 1975; 
Wolosin et al., 1978). To explain such observations, 
Lieb and Stein (1969) suggested that membranes be- 
have like soft polymers such as natural rubber with 
respect to the diffusion of solutes. Diffusion in such 
media depends on the formation of a succession of 
holes of sufficient size to accommodate the solute. 
Since large holes are less favored energetically than 
small holes and small holes exclude larger solutes, 
soft polymers select against larger solutes. 

In Fig. 6a and b we have normalized red cell 
permeabilities for hydrophobicity (by Khe• and Koct, 
respectively) and plotted them against molecular 
volume. While red cell permeability data taken from 
Lieb and Stein (1986) do show a steep negative vol- 
ume dependence, our amine and carboxylate spin 
probe data do not. Assuming both data sets are rep- 
resentative, this suggests a break in volume depen- 
dence at 50-100 ml/mol. 

Lieb and Stein recently (1986) refined the soft 
polymer model and applied it to already extant non- 
electrolyte permeability data in human red cells. 
They found that a plot of P vs. Kh~• was a poor fit to 
a straight line with unity slope. A much better fit 
could be obtained if the permeabilities were first 
"corrected" for their Van der Waals volumes by 

p~=0 = p exp(-2.3mvV) 
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where P ~- measured  permeabil i ty coefficient, pv=0 
-= the zero volume or volume corrected permeabil-  
ity, V -= Van der Waals volume (cm3/mol) and my is 
a fitted parameter ,  the slope of a plot of  log ( P / K h e x )  

v s .  V .  The same procedure  was employed using 
other model solvents,  but the final fit was best  using 
hexadecane,  f rom which Lieb and Stein inferred 
that hexadecane  best  mimics the solubility charac- 
teristics of  the rate-limiting region of  the red cell 
membrane  interior. 

The fact that size selectivity for these solutes in 
red cells depends exponential ly on solute molecular 
volume coincides with the theoretical probabili ty of 
occurrence of holes of  volume greater  than or equal 
to the solute volume in a po lymer  (Cohen & Turn- 
bull, 1959). This probabil i ty should be proportional 
to the diffusion coefficient. It  is therefore argued 
that the red cell membrane  resembles  a soft polymer  
such as natural rubber  with respect  to the perme- 
ation of nonelectrolytes.  

We have combined Lieb and Stein 's  plot o f P  v =0 
v s .  Khex  for eight solutes with our own results (Fig. 
7). As can be seen, their data fits a straight line with 
unity slope, whereas  ours fails to follow the same 
overall  trend. 

I t  is interesting to consider why some workers  
have observed a negative volume dependence,  
while others have not (Orbach & Finkelstein, 1980). 
It has been suggested (Wolosin et al., 1978) that 
Finkelstein used solutes of  similar minimum cross- 
sectional area and that this, and not molecular  vol- 
ume, is the critical parameter .  Since our probes  are 
variations on the same nitroxide theme,  they should 
also have very similar minimum cross-sectional ar- 
eas. Gutknecht  and Walter  (1986) observed a clear 
negative volume dependence  in planar membranes  
for solutes smaller than 50 Da while larger solutes 
showed only a weak volume dependence.  These au- 
thors point out that a s teeper  dependence for small 
solutes is characterist ic of  the behavior  of  soft poly- 
mers.  This behavior  is not predicted by free-volume 
theory,  however  (Cohen & TurnbuU, 1959; Blank, 
1962, 1964). Since the molecular  weights of  our  sol- 
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utes all greatly exceed 50 Da, their lack of volume 
dependence may be inconsistent with a "naive" 
free-volume theory, but consistent with the behav- 
ior of real soft polymers. It may be that the Lieb and 
Stein theory applies only to small solutes, which 
can move through preformed holes or kinks in 
biomembranes (Trauble, 1971). For larger solutes 
(>50 Da), diffusion through the bilayer must in- 
volve the cooperative interaction of several lipid 
molecules with the solute, which apparently makes 
the process much less dependent on solute molecu- 
lar volume. 

This work was supported by NIH Grant Nos. GM-18819, HL- 
37593 (to RIM) and AG 04818 (to RJM). 
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