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Summary. The membrane permeability coefficients for the 
homologous monocarboxylic acids, formic through hex- 
anoic, as well as benzoic and salicylic, were determined 
for egg phosphatidylcholine-decane planar bilayer mem- 
branes. The permeabilities of formic, acetic and propionic 
acid were also determined for "solvent-free" phosphatidyl- 
ethanolamine bilayers. Permeability coefficients were cal- 
culated from tracer fluxes measured under otherwise sym- 
metrical conditions, and precautions were taken to ensure 
that the values were not underestimated due to unstirred 
layer effects. The relation between the nonionic (HA) per- 
meability (pro) and the hexadecane/water partition coef- 
ficient (Kp) was: logP"=0.901ogKp+0.87 (correlation 
coefficient=0.996). Formic acid was excluded from the 
analysis because its permeability was sixfold higher than 
predicted by the other acids. The permeabilities for "sol- 
vent-free" membranes were similar to those for decane- 
containing membranes. The exceptionally high perme- 
ability of formic acid and the high correlation of the other 
permeabilities to the hexadecane/water partition coef- 
ficient is a pattern that conforms with other nonelectrotyte 
permeabilities through bilayers. Similarly, the mean in- 
cremental free energy change per methylene group ((SAG/ 
- C H 2 -  ) was - 7 6 4 c a l m o l  - t ,  similar to other homo- 
logous solutes in other membrane systems. However, 
much less negative 6A G values ( -  120 to - 400 cal tool 1) 
were previously reported for fatty acids permeating bi- 
layers and biological membranes. These values are due 
primarily to unstirred layer effects, metabolism and bind- 
mg to membranes and other cell components. 

Key Words fatty acid - weak acid - membrane per- 
meability �9 lipid bilayer, partition coefficient 

Introduction 
A review of the literature on nonelectrolyte per- 
meability suggests that the nonionic forms of 
monocarboxylic acids are unusual permeants 
because their apparent permeability coefficients 
are relatively insensitive to increasing chain 
length. This implies that the permeability barrier 
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is more hydrophilic toward monocarboxylic 
acids than to other nonelectrolytes, thus sug- 
gesting a different rate-limiting step for per- 
meation. For example, the fatty acid permeabil- 
ities through planar lipid bilayers reported by 
Wolosin and Ginsburg (1975) are proportional 
to the decane/water partition coefficient raised 
to the 0.38 power, meaning that the rate-limit- 
ing barrier behaves as though it is much more 
hydrophilic than decane. In contrast, the per- 
meability to other nonelectrolytes including bu- 
tyric acid is proportional to the first power of 
the hexadecane/water partition coefficient (Fin- 
kelstein, 1976; Orbach & Finkelstein, 1980). 

Reported patterns of short-chain fatty acid 
permeabilities of biological membranes are ex- 
tremely variable. In general, fatty acids appear 
to permeate a relatively hydrophilic barrier, 
based on the small incremental free-energy 
change (cSA G) with the addition of a methylene 
group. For example, reports from Dietschy's lab 
(reviewed by Dietschy, 1978; Thompson & 
Dietschy, 1981) on a variety of membranes give 
6AG's near zero for acetic-hexanoic acids and 
about - 300 cal/mol for hexanoic-tetradecanoic 
acids. However, more polar solutes, e.g., amides 
and diols, give 6A G's of -600  to -800  cal/mol 
(Finkelstein, 1976; Wright & Bindslev, 1976; 
Orbach & Finkelstein, 1980). 

In light of the large variability and unusual 
patterns of fatty acid permeation in biological 
membranes, it is important to establish per- 
meability coefficients and permeability patterns 
in lipid bilayer membranes. The bilayer system 
is useful because true membrane permeabilities 
can be measured despite two factors which 
complicate biological membrane studies. Firstly, 
the nonionic weak acid (HA) is often highly 
permeant, so the unstirred layer permeability 
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(pal) is a ma jo r  c o m p o n e n t  of  the total  per- 
meabili ty.  Secondly,  the relatively impermean t  
ionic form (A- )  "faci l i tates" the diffusion of 
t racer  t h r ough  the unst i r red layers. For tuna te ly ,  
this provides  a way of  measur ing  the m e m b r a n e  
permeabi l i ty  (pro) even when p,,>pul (Gut-  
knech t  & Tosteson,  1973). 

In  a recent  paper  (Walter, Has t ings  & Gut -  
knecht ,  1982), we established criteria to deter- 
mine pm for H A  using butyr ic  acid as an exam- 
ple. Our  value for butyr ic  acid permeabi l i ty  was 
60-fold greater  than  that  repor ted  by Wolos in  
and  Ginsburg  (1975) on a similar bi layer sys- 
tem. The d iscrepancy was shown to be due to 
inadequa te  unst i r red layer correct ions.  Thus  we 
hypothes ized  that  weak acid permeabil i t ies  are 
governed  by the same rules as o ther  nonelec-  
trolytes and  that  the apparen t ly  less negative 
values of b A G / - C H  2 -  are due to unst i r red 
layer effects and possibly o ther  factors related 
to h y d r o p h o b i c i t y  or me tabo l i sm of weak  acids. 

In this s tudy we measured  the permeabil i t ies  
of  shor t -cha in  fatty acids and  benzoic  and  sali- 
cylic acids t h r ough  lipid bi layer membranes .  The 
p r imary  objective was to establish the perme-  
ability pa t te rn  and  find out  whether  these per- 
mean t  weak acids show norma l  bAG values 
with the addi t ion  of  - C H  2 -  groups.  We  also 
wished to provide  baseline permeabi l i ty  data  
for compar i son  with biological  m e m b r a n e s  
where non ion ic  diffusion, car r ie r -media ted  
t r anspor t  of  H A  or A - ,  and  paracel lu lar  trans- 
por t  are all possible and  difficult to distinguish. 

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

MEMBRANE FORMATION 

Lipid bilayer membranes were made by the brush tech- 
nique of Mueller and Rudin (1969) from a solution of egg 
phosphatidylcholine (PC) in decane (25 to 30mg/ml) (Lip- 
id Products, Surrey, England, or Avanti Biochemicals, 
Birmingham, Ala.). The decane (Aldrich Chemical Co., 
Milwaukee, Wis.) was passed over an alumina column 
before use. Membranes were formed on a 1.6 mm 2 hole in 
a polyethylene partition separating two magnetically stir- 
red, 1.25 ml chambers. Ag/AgC1 electrodes were placed on 
either side of the membrane and membrane resistances 
were calculated from current/voltage relationships. The 
membranes were monitored visually using a low-power 
microscope for estimates of the bilayer membrane area. 
The membranes were held planar by adjusting the volume 
in the rear chamber with a micrometer syringe. 

The aqueous solution was usually 100 mM NaC1 plus 1 
to 10 mM unlabeled acid and 5 to 10 mM of appropriate 
buffer (MES, PIPES, HEPES, Tricine or CAPS, Sigma 
Chemical Co., St. Louis, Mo.). The weak acid dissociation 
constants were corrected for ionic strength as described by 

Perrin and Dempsey (1974). The temperature was 22 
_+2~ 

For some experiments, large "solvent-free" mem- 
branes were used (Montal & Mueller, 1972). A 0.8 mm 2 
hole was punched in 1 rail (25 I.tm) Teflon, which was then 
mounted in a Teflon chamber divided into two 3-ml com- 
partments. The hole was wiped with squalane (Eastman, 
Rochester, N.Y.) and then bacterial phosphatidylethanol- 
amine (PE) in pentane was layered on the aqueous sur- 
face in each compartment. The membrane was formed by 
slowly raising the two aqueous solutions above the hole. 
Membrane capacitance and current-voltage relationships 
were monitored routinely. 

FLUX MEASUREMENTS 
AND PERMEABILITY CALCULATIONS 

One-way fluxes were measured by means of tracers under 
symmetrical conditions. As soon as the membranes were 
optically black, 0.5 to 10gCi of 14C-labeled acid were 
injected into the rear chamber. The trans compartment 
was perfused continuously at 0.5 to 1.5 mlmin -1. The 
perfusate was collected in a vacuum trap at 3-min in- 
tervals for about 30 min. The flux measurement generally 
reached steady state between 3 and 6 min after injection of 
tracer. The rear chamber was sampled periodically using a 
10-gl syringe. Samples were counted in a liquid scintil- 
lation counter. Fluxes were calculated from the equation: 

t 4ctrans 
J = (1) 

t A S  cis 

where J is the one-way flux in mol cm-2 sec -1, 14Ct .... is 
the total amount of tracer (gCi) entering the front com- 
partment during the time interval t (sec), A is the mem- 
brane surface area (cm 2) and S c~s is the specific activity of 
labeled acid in the rear compartment (gCi tool-1). Tracers 
were obtained from ICN (Irvine, Calif.) or New England 
Nuclear (Boston, Mass.). 

Solute fluxes across Montal-Mueller membranes were 
determined by measuring the rate of accumulation of trac- 
er in the trans compartment. Tracer was injected into the 
cis compartment and 50 to 1001al samples were taken 
from the trans compartment at regular intervals. The vol- 
ume removed from the trans compartment was replaced 
by an equal volume of cold buffer. The total amount of 
tracer in the trans compartment was calculated from the 
concentration in the sample aliquot and the volume of the 
compartment was corrected for dilution with cold buffer. 
The amount of tracer increased linearly with time and the 
flux was determined from: 

d 14Ctrans 1 
J = d ~  scisA (2) 

where d~4Ctrans/dt is the rate of increase in total tracer in 
the trans compartment. 

Permeability coefficients were determined from the 
fluxes using the relationship developed for solutes with 
one permeant (HA) and one relatively impermeant (A-) 
molecular form (Gutknecht, Bruner & Tosteson, 1972; 
Walter et al., 1982): 

1 1 1 
(3) 

Y Pr~[HA]+P~![A-] Pro[HA] 



A. Walter and J. Gutknecht: Monocarboxylic Acid Permeation 257 

where pu~ is the unstirred layer permeability coefficient for 
HA or A-  and pm is the membrane permeability coef- 
ficient for HA. Equation (3) is applicable only when pH 
throughout the unstirred layer is constant. 

The difference between Pff[ and PAul is very small, so 
the denominator of the first term in Eq. (3) can be written: 
P~l[Ar], where [ A r ] = [ H A ] + [ A -  ]. Thus, Eq.(3) can be 
rewritten in a tinearized form: 

[Ar] [Ar] 1 
(4) 

d pro[HAl pul" 

The value for P" is obtained from the slope of the line 
resulting from fluxes determined at several pH's. 

The assumption that only HA contributes significantly 
to the transmembrane flux was confirmed by comparing 
the measured flux to the A-  flux (JA-) predicted by as- 
suming that all the membrane conductance (G) was due to 
A-  (Hodgkin, 195t): 

RTG 
Ja- - z z f z (5) 

where R, T, z and F have their usual meanings. For all the 
test soiutes, the calculated Ja- was less than 2 ~  of the 
measured flux. 

PARTITION COEFFICIENTS 

The hexadecane/water partition coefficients (Kv) (mo!/vol 
ratio) were determined by equilibrating an aqueous so- 
lution (100mMHC1) containing 14C-labeled solute with 
hexadecane (Eastman, Rochester, N.Y.) that had been 
passed through an alumina column. The aqueous solution 
and hexadecane were added to a capped centrifuge tube, 
mixed on a vortex and held on a gyrotary shaker at room 
temperature (22 to 25 ~ for at least 30 rain. The samples 

were then centrifuged at 6,600 x g for 30 min (a procedure 
shown to remove any emulsified water from the hexa- 
decane phase). An aliquot of the hexadecane phase was 
removed for liquid scintillation counting. Then all the 
remaining hexadecane was removed and 10 gl of the aque- 
ous phase was taken for counting. Fresh hexadecane was 
layered over the remaining aqueous phase, and the 
equilibration and sampling process were repeated until the 
K v became constant. This process removed all impurities 
more hydrophobic than the test solute. Generally no hy- 
drophobic impurities were detected. 

R e s u l t s  

T a b l e  1 s h o w s  p a r t i t i o n  coeff ic ients  a n d  per -  
m e a b i l i t y  coeff ic ients  o f  w e a k  ac ids  t h r o u g h  egg 
P C - d e c a n e  ( M u e l l e r - R u d i n )  b i layers  a n d  bac -  
ter ial  P E - s q u a l a n e  ( M o n t a l - M u e l l e r )  bi layers .  
Pe rmeab i l i t i e s  o f  M u e l l e r - R u d i n  m e m b r a n e s  
were  d e t e r m i n e d  f r o m  fluxes m e a s u r e d  at  sever-  
al p H ' s  by  m e a n s  o f  Eqs.  (3) a n d  (4). P e r m e a b i l -  
ities o f  M o n t a l - M u e l l e r  m e m b r a n e s  were  de-  
t e r m i n e d  at o n l y  one  pH ,  at  least  0.5 p H  uni t s  
h ighe r  t h a n  t h a t  r e q u i r e d  to  e l imina te  u n s t i r r e d  
l ayer  effects in the  M u e l l e r - R u d i n  sys tem.  T h e  
uns t i r r ed  l ayer  th i cknesses  were  s imi la r  (ca. 
200 gm)  in b o t h  c h a m b e r s .  A l t h o u g h  the re  a re  
fewer  d a t a  for  the  M o n t a t - M u e l l e r  m e m b r a n e s ,  
the  pe rmeab i l i t i e s  a re  gene ra l l y  s imi la r  to  the 
d e c a n e - c o n t a i n i n g  m e m b r a n e s .  W e  a l so  m e a -  
su red  ace t i c  ac id  p e r m e a b i l i t y  o f  bac t e r i a l  P E -  
d e c a n e  b i l aye r s  a n d  o b t a i n e d  (3.4 _+ 0.3) 

Table L Hexadecane/water partition coefficients and membrane permeability coefficients 
of weak acids in two types of lipid bilayer membranes 

Acid Kp P" (cm sec- t) 

Mueller-Rudin 
(egg PC-decane) 

Montal-Mueller 
(bacterial PE-squalane) 

Formic (1.2_+0.3) • 10 .4 (1.1 _+0.2) x 10 -a 
17=6 n = 9  

Acetic (3.7_+0.4) x 10-* (6.6_+1.3) x 10 .3 
1l = 12 n =4  

Propionic (2.3_+0.4) x 10 .3 (2.6_+ 1.0) x 10 .2 
/1=6 n= 7  

Butyric (8.7_+0.6) x 10 .3 (95+0.5) x 10 -2 
t~ = 7 n = 42 

Hexanoic (1.4-+0.1) x 10 1 1.1_+0.2 
n=6  n=7  

Benzoic (5.3_+0.4)• .2 (5.5_+ 1.7) x i0 -1 
a : 6  n=7  

Salicylic (6,1 _+0.9) x 10- 2 (7.7 _+ t.0) x 10-" 
/~ = 6 n = 1 0  

4.3 • 10 . 3  

n = l  

(6.9_+1.8) x 10 -3a 
n= 3 

(3.5_+1.2)• 10 -2 
/1=2 

a The permeability of bacterial PE-decane bilayers to acetic acid was (3.4_+0.3) 
x 10- 3 cm sec- i (n = 3). 
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Fig. l. Relation between monocarboxylic acid perme- 
ability and hexadecane/water partition coefficient. Closed 
circles represent egg phosphatidylcholine-decane mem- 
branes. The linear regression equation (excluding formic 
acid) is log pm= 0.90 log Kp + 0.87 (r = 0.996). The open cir- 
cles represent permeabilities of "solvent-free" phosphati- 
dylethanolamine bilayers and are not included in the re- 
gression analysis. The error bars indicate standard de- 
viations 
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Fig. 2. Fatty acid permeabilities of several types of mem- 
branes. Except for diaphragm muscle, the values reported 
are nonionic (HA) permeabilities (P'~ or  vaPP). Values for 
diaphragm muscle are reported as ptot, defined as J/[AT], 
because the authors made no assumptions about the per- 
meant species (Schwartz & Dietschy, 1980). Some of the 
permeabilities are "corrected" for unstirred layers, and the 
methods of correction are evaluated in the text. Red cell 
data are fi'om Klocke et al. (1972) and toad bladder data 
are from Rosen et al. (1964) 

x 10- 3 cm sec-  1 (Table 1), slightly lower than 
P~ for "solvent-free" PE bilayers, i.e., (6.9+ 1.8) 
x 10 .3 cm sec-L  

All of our values for acetic acid perme- 
ability are slightly higher than the value for egg 
PC liposomes reported by Alger and Prestegard 
(1979), who used nuclear magnetic resonance 
techniques. We calculated a liposome perme- 
ability of 1.4 x 10- 3 cm sac- t at 25 ~ from their 
value of (5+_2) x10 4cmsec  -1 at 7~ and 
their activation energy for permeation of 
10.4 kcal mo1-1. Their lower value may be due 
partly to the choice of pK and/or  the presence 
of some multilamellar liposomes. 

Figure t shows the relation between mono-  
carboxylic acid permeability and hexadecane/ 
water partition coefficient, plotted according 
to the equation: 

log P" = a log Kv + b. (6) 

The line is the least-squares fit of the data from 
the Mueller-Rudin membranes, excluding for- 
mic acid which has a sixfold higher perme- 

ability than predicted by the other solutes. The 
correlation coefficient is 0.996 and the slope of 
the line is nearly 1.0, indicating that pm and Kv 
are linearly related. Permeabilities for the sol- 
vent-free membranes fit the same pattern, and 
the formic acid pm is also higher than predicted. 
Benzoic and salicylic acids fall on the re- 
gression line, signifying that the correlation is 
not restricted to the homologous straight- 
chained fatty acids�9 Benzoic and salicylic acids 
have similar Pin's and Kp's despite the presence of 
an additional hydroxyl group in salicylic acid. The 
apparent noneffect of the additional - O H  is 
due to its position adjacent to the carboxyl 
group allowing internal hydrogen bonding 
(Pauling, 1960)�9 Additional hydroxyl groups in 
the meta or ortho positions would be expected 
to greatly decrease the K_ and pro. 

�9 . / r  

Fatty acid permeablhttes of egg PC-decane 
bilayers are plotted as a-function of the alkyl 
chain length in Fig. 2. For solutes larger than 
formic acid, Pm increases by a factor of 3.5 to 
3.9 per methylene group. The slope of the line 
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Table 2. Incremental free energy changes with the addition 
of a methylene group to homologous fatty acids and al- 
cohols" 

System 6A G/- CH 2 -  Reference 
(cal m o l -  1) 

Kp, hexadecane/water 
C 2 - - C  6 -898_+159 This study 

Kp, octanol/water 
C 2 - C  5 -715_+107 Wolosin and 

Ginsburg (1975) 
Kp, red cell 

ghost/water b 
C 4 - C 7 - 663 _+ 152 

Kp, liposome/gas ~ 
C 1 - C 4 (alkanes) - 878_+ 87 

pm, egg PC-decane 
bilayer C 2 - C  6 -764_+ 54 

pro, bacterial 
PE-squalane 
C 2 - C  3 - 9 6 8  

pro, egg PC-decane 
bilayer C 2 - C  s -397_+147 

pro, red cell 
C 2 - C  5 -591_+133 

P", toad bladder 
C 3 - C 6 - 6 7 9  _+ 2 7 4  

C 6 -  C 8 - 37_+ 57 
P", je junum 

C 2 - C  8 -118_+156 

Roth and Seeman 
(1972) 

Miller et al. (1977) 

This study 

This study 

Wolosin and 
Ginsburg (1975) 

Klocke et al. (1972) 

Rosen et al. (1964) 

Sallee and Dietschy 
(1973) 

C 8 - C 1 2  -300_+ 96 
C, 2 - C18 - 695 Sallee (1979) 
C 3 - C l o  -213_+157 Jackson et al. (1978) 

a Representative data were selected from a large litera- 
ture on fatty acids and are not intended to be compre- 
hensive. Values of g)AG were calculated from Eq. (7) and 
are expressed as the mean +SD. T = 2 5 ~  for all values 
except red cell and jejunum, which were 37 ~ 
u These parti t ion coefficients include all membrane-as- 
sociated solute and thus are not perfectly representative of 
parti t ioning into the hydrocarbon core of the membrane 
(see Katz & Diamond,  1974). 
c This Kp is for alkanes which partit ion into the hy- 
drocarbon core of the bilayer. 

in Fig. 2 reflects the mean incremental free 
energy change per methylene group (6AG/ 
- C H 2 -  ), which was calculated according to 
Diamond and Wright (1969): 

(7) 

where P~ and P~ are the membrane perme- 
ability coefficients for two solutes that differ by 
only a methylene group. The results are given 
in Table 2. For acetic through caproic acids, 
6 A G / - C H  2 --  764 calmol-1 for decane- 
containing bilayers and -898  cal mol-1 for the 

hexadecane/water Kp's. For "solvent-free" bi- 
layers 6A G = - 968 cal mol-  1 based on a single 
ratio of acetic to propionic acid permeability 
coefficients. 

Discussion 

MONOCARBOXYLIC ACIDS 
ARE "NORMAL"  SOLUTES 

The permeability coefficients of monocarboxylic 
acids correlate well with and are linearly re- 
lated to the hexadecane/water partition coef- 
ficients (Fig. 1). The one exception, formic acid, 
has a higher pm than predicted by its Kp, simi- 
lar to another one-carbon nonelectrolyte, for- 
mamide (Gallucci, Micelli & Lippe, 1971; 
Finkelstein, 1976). The "high" permeabilities for 
the first members of homologous series seem to 
be analogous to the "high" permeability re- 
ported for water (e.g., Finkelstein, 1976) and are 
probably due to a size-selective step in the per- 
meation process (Walter & Gutknecht, manu- 
script in preparation). The monocarboxylic acid 
permeabilities conform to the pattern estab- 
lished for other nonelectrolytes (Orbach & 
Finkelstein, 1980) and, therefore, are "normal" 
solutes. 

One theoretical basis for the correlation be- 
tween P" and Kp is a simplified description of 
membrane permeation (Diamond & Wright, 
1969): 

KmD m 
p m  p 

d (8) 

where K~ and D m are the average partition and 
diffusion coefficients for the solute in the mem- 
brane interior and d is the membrane thickness. 
A high correlation between pm and Kp into a 
model solvent indicates that the membrane se- 
lectivity is determined by the same forces which 
determine K Thus, our data indicate that the �9 p" 

bllayer membrane barrier is almost as hydro- 
phobic as hexadecane. The three values from 
the "solvent-free" membranes are almost identi- 
cal to the values for decane-containing mem- 
branes, indicating that the membrane hy- 
drophobicity inferred from Fig. 1 is not caused 
by the presence of decane. 

The short-chain fatty acid permeabilities in- 
crease by a factor of 3.5 to 3.9 per methylene 
group (Table 1). The incremental free energy 
per - C H  2 -  for partitioning into hexadecane 
and for permeation across both types of lipid 
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bilayers ranges from - 764 to -968  cal mol-  1, 
independent of alkyl chain length over the 
range of C 2 to C 6 (Table 2). Our values com- 
pare favorably with g)AG/-CH 2 -  of -878  
calmo1-1 for partitioning of alkanes into 
phosphatidylcholine/phosphatidic acid (96:4) 
liposomes and -663  calmol-1 for fatty acid 
partitioning into red cell ghosts (Table 2). Other 
classes of nonelectrolytes and other types of 
membranes also give 6A G's within the range we 
observed (e.g., Wright & Bindslev, 1976). From 
the data of Finkelstein (1976) and Orbach and 
Finkelstein (1980), we calculated 3A G / - C H  2 -  
ranging from - 686 to - 809 cal mol-  1 for diols 
and amides permeating membranes made of egg 
PC-decane, egg PC-cholesterol-decane or 
sphingomyelin-cholesterol-decane. 

In contrast, the fatty acid permeabilities re- 
ported by Wolosin and Ginsburg (1975) in- 
crease slowly with chain length (Fig. 2), and 
g)A G / - C H  2 -  decreases with chain length, giv- 
ing an average value of -397  calmol-1 (Ta- 
ble 2). However, all of Wolosin and Ginsburg's 
fatty acid permeabilities are underestimated due 
to inadequate unstirred layer corrections (Wal- 
ter et al., 1982). The degree of underestimation 
increases with chain length (Fig. 2), resulting in 
lower absolute values for 3AG and shallow 
slopes when the data are plotted as in Fig. 1. For 
example, Wolosin and Ginsburg's fatty acid 
data (C 2 to Cs) yield slopes of 0.38 for decane 
and 0.56 for octanol. Thus, inadequate unstirred 
layer corrections cause the membrane barrier to 
appear more hydrophilic than it actually is. 

CRITERIA FOR MEMBRANE-LIMITED FLUXES 
OF FATTY ACIDS 

Permeability Patterns 

If fatty acid fluxes across cell membranes are 
limited by diffusion of HA across the lipid core 
of the membrane, then permeabilities of fatty 
acids should increase log-linearly with acyl 
chain length, and values of g)AG/-CH 2 -  
should be fairly constant and in the range of 
- 600  to - 8 0 0  calmo1-1. Different perme- 
ability patterns within a homologous series sug- 
gest either that permeation occurs by more 
than one pathway or that true membrane per- 
meabilities are masked by other rate-limiting 
processes, e.g., unstirred layer permeation, me- 
tabolism or nonmetabolic binding. 

Klocke, Andersson, Rotman and Forster 
(1972) determined weak acid permeabilities of 

red blood cell membranes by observing external 
pH changes as fatty acids were taken up by 
cells in a continuous flow system. Their method 
allowed measurement of initial rates of uptake, 
and the external unstirred layer thickness was 
only 1 to 2 gin. g)AG/-CH 2 -  calculated from 
their data is -591  calmol-1,  slightly lower 
than our value for lipid bilayers (Table 2). The 
difference may be real or due to a small un- 
stirred layer effect on the red cell butyric and 
valeric acid permeabilities. However, the red 
cell permeability pattern is generally similar to 
the pattern for PC-decane bilayers (Fig. 2). Ear- 
lier fatty acid permeabilities reported by Green 
(1949) were underestimated due to unstirred 
layer effects and other factors discussed by 
Klocke et al. (1972). 

Studies on weak acid/base transport fre- 
quently report the apparent nonionic perme- 
ability (papp), which for weak acids is defined as 
J/[HA-1. papp is the value one would calculate 
directly from tracer fluxes without including the 
unstirred layer term in Eq. (3); thus, papp <pm if 
unstirred layer effects are significant. An ex- 
pression for papp is obtained by multiplying 
both sides of Eq. (4) by [HAl/[-Arl and sub- 
stituting D/g) for pul to give 

[HA] [-HA l ~ 1 
(9) 

j [-At j Da q pm 

where [ H A l / J =  1/P app and Daq is the aqueous 
diffusion coefficient. Figure 3 shows how papp 
deviates increasingly from pm as acyl chain 
length increases, c5 increases and pH decreases. If 
chain length increases at constant pH, the trac- 
er flux will be limited eventually by the un- 
stirred layer, because P'~ increases much faster 
than Daq decreases. The "critical" chain length 
at which papp becomes nearly constant is a 
function of pul/pm and (pH-pKa) .  Failure to 
recognize the cause of the nonlinear relation- 
ship described by Eq.(9) has led to the er- 
roneous conclusions that either A-  is crossing 
the membrane or that pm is pH dependent 
(Bean, Shepherd & Chan, 1968; Inui etal., 
1977). 

An example of the pattern shown in Fig. 3 
is the series of fatty acid permeabilities reported 
for toad bladder at pH6.0 (Rosen, Leaf & 
Schwartz, 1964). In toad bladder papv (i.e., J/[HA-I) 
increases steeply for fatty acid chain lengths C 3 
to C 6, then levels off around C 6 to C 8 (Fig. 2). 
The values of hAG/ -CH 2 -  for C 3 to C 6 are 
about -679  cal mol-1, similar to lipid bilayers 
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Fig. 3. Membrane permeabilities of PC-decane bilayers 
(Table 1) are used to calculate apparent permeability coef- 
ficients (P"PP) of fatty acids as a function of chain length, 
unstirred layer thickness (6) and pH. papp = J /[HAl,  which 
was calculated by Eq. (9), using measured values of P", 
and two different values of 5 and pH. [HA]/[AT] was 
determined from the pK, of each acid. Aqueous diffusion 
coefficients (Daq) were taken from Bidstrup and Gean- 
koplis (1963). For comparison, the true membrane per- 
meabilities (P") are shown also (dashed line) 

and red cell membranes (Table 2). Thus, papp 
probably represents pm over the range of C 3 to 
C 6. However, the nearly constant values of papp 
over the C 6 to C 8 range probably reflect an 
unstirred layer limited permeability as described 
by Eq. (9). The two orders of magnitude differ- 
ence between toad bladder, red cell and bilayer 
permeabilities (Fig. 2) reflects the unusually low 
permeability of the toad bladder to most non- 
electrolytes (Bindslev & Wright, 1976). The in- 
trinsically low permeability also causes the 
"critical" chain length at which pul becomes 
rate limiting to be C 6 to C 8 rather than C 4 to 
C 7 as suggested by the model curves in Fig. 3, 
which are based on lipid bilayer permeabilities. 

Equilibration Rates in Cells and Tissues 

Permeabilities are often calculated from the 
rates of net uptake of solutes into cell suspen- 
sions or isolated tissue. For example, Klocke 
et al. (1972) measured fatty acid permeabilities 
of red cells by using a continuous flow system 
and taking advantage of the rapid dissociation 
of HA inside the cell. The initial half-time (t~/2) 
for equilibration of pentanoic acid, their most 

permeant solute, was about 0.02 sec. In isolated 
intestinal cells the tl/2 for octanoic acid efflux 
was too fast to measure at 0~ (tl /2<t5sec),  
and propionic acid efflux was too fast to mea- 
sure at 37~ (tz/2=l to 2min at 0~ E, 
_~ 13 kcal mol-  1) (Lamers, 1975). From the pub- 
lished values for intestinal permeabilities, we 
estimate that all fatty acids larger than pen- 
tanoic should equilibrate with t~/a's <20 sec, as- 
suming that about 12~o of the cell surface is 
accessible to fatty acid, pH =7.4, T =  37~ and 
the unstirred layer thickness is 150 pm (Jackson, 
Williamson, Dombrowski & Garner, 1978). In 
contrast, most investigators studying fatty acid 
uptake by intestinal tissue observe constant and 
rather slow rates of uptake over sampling pe- 
riods of 1 to 8 min (e.g., Sallee & Dietschy, 1973; 
Westegard & Dietschy, 1974; Jackson etal., 
1978; Sallee, 1979; Thompson, 1980, 1982, 
1983). Furthermore, apparent activation ener- 
gies for uptake of fatty acids by intestine (C 6 to 
Cto ) are very low, i.e. <4.4kcalmo1-1 (Sallee 
& Dietschy, 1973). Nevertheless, all of these 
investigators argue that the rate-limiting step in 
fatty acid uptake is diffusion through the plas- 
ma membrane. However, this argument as- 
sumes either that influx measurements are com- 
plete before the tracer concentration in the cyto- 
plasm becomes significant or that fatty acids 
are removed from the cytoplasmic pool by me- 
tabolism and/or sequestration at rates exceed- 
ing the transmembrane influx. These assump- 
tions were not verified in any of the above 
studies on intestine nor in similar studies of 
fatty acid uptake by diaphragm muscle 
Schwartz & Dietschy, 1980) and adipocytes (Sher- 
rill & Dietschy, 1975). 

Figure 2 shows the permeability patterns for 
fatty acid uptake by diaphragm muscle; roughly 
similar patterns were observed in intestine and 
adipocytes. In every case, the pattern is charac- 
terized by a shallow slope which increases with 
chain length (see also Table2). A major con- 
clusion from these studies is that the cell mem- 
brane barrier to fatty acids is relatively polar, 
similar to isobutanol in its solvent properties 
(Dietschy, 1978; Schwartz & Dietschy, 1980). 
However, this permeability pattern, together 
with the low temperature coefficient, first-order 
kinetics, constant rates of uptake over several 
minute incubation periods, and high levels of 
accumulation of medium- to long-chain fatty 
acids, suggest that some process(es) other than 
transmembrane diffusion is (are) limiting the 
rate of uptake of most fatty acids. 
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That the cell membrane is not rate-limiting 
for uptake of Clo to C16 fatty acids was clearly 
shown by DeGrella and Light (1980a, b), who 
studied suspended rat heart myocytes. These 
authors were able to identify saturable (meta- 
bolic) and nonsaturable (nonmetabolic) com- 
ponents of total uptake. The saturable com- 
ponents (oxidation and esterification) were inde- 
pendent of chain length. The nonsaturable com- 
ponent was accumulation of free fatty acids into 
a hydrophobic region of the cell, deduced from 
the c~A G/ -  CH 2 -  of - 650 cal mol-  1. Only at 
very low concentrations (0.1 gN) or low temper- 
ature was the total uptake rate apparently lim- 
ited by transmembrane diffusion. From their 
uptake rates at low concentrations we estimate 
a minimum "permeability" for decanoic acid of 
approximately 200 nmol min-  1 (mg protein)- 
which is 2 to 4 orders of magnitude higher than 
the values reported for isolated adipocytes, in- 
testine and muscle (Sallee & Dietschy, 1973; 
Sherrill & Dietschy, 1975; Jackson et al., 1978; 
Schwartz & Dietschy, 1980; Thompson, 1982). 

The rather low and relatively constant per- 
meabilities of short- and medium-chain fatty 
acids in intestine, adipocytes and diaphragm 
muscle (Fig. 2) might suggest unstirred layer- 
limited uptake. However, Sallee and Dietschy 
(1973) showed that short-chain fatty acid per- 
meabilities are not altered by the stirring rate. 
Furthermore, the unstirred layer model predicts 
a hyperbolic relationship between apparent per- 
meability and chain length (Fig. 3), whereas the 
observed relationship in cell and tissue uptake 
experiments is always concave upward (Fig. 2) 
(Sallee & Dietschy, 1973; Sherrill & Dietschy, 
1975; Sallee, 1979; Schwartz & Dietschy, 1980; 
Thompson, 1980, 1982, 1983). A third argument 
against the unstirred layer model is that isolat- 
ed adipocytes show short-chain fatty acid per- 
meabilities about 100 times lower than intestine 
or diaphragm muscle, although the unstirred 
layer is much smaller in suspended cells than in 
intestine or muscle (Sallee & Dietschy, 1973; 
Sherrill & Dietschy, 1975; Schwartz & Diet- 
schy, 1980). Thus, we conclude that unstirred 
layers alone cannot explain the permeability 
pattern shown in Fig. 2. However, unstirred 
layer effects do become significant as chain 
length increases (Jackson et al., 1978; Schwartz & 
Dietschy, 1980; Thompson, 1980). Unfortu- 
nately, the unstirred layer corrections used by 
Dietschy, Thompson and coworkers are in- 
adequate because (1) they neglect the effects of 
chemical reactions in the unstirred layers as 

described by Eq. (3) and (2) their solutions are 
buffered primarily by CO2/HCO ~, which reacts 
too slowly to ensure a constant unstirred layer 
pH in the presence of net acid/base transport 
(Gutknecht, Bisson & Tosteson, 1977). 

The uptake rates of fatty acids by cells and 
tissues during short-term incubations are prob- 
ably controlled by a combination of metabolic 
and nonmetabolic processes which result in 
shallow slopes and increasingly negative values 
of (~AG/-CH 2 -  as chain length increases 
(Fig. 2). Very small fatty acids (C 2 and C3) may 
be absorbed as A- as well as HA (Lamers, 
1975), which tends to elevate the short-chain 
part of the curve. Unstirred layer effects become 
increasingly important for medium-chain fatty 
acids, which tend to depress the midportion of 
the curve. Long-chain (C12 to Ct8 ) fatty acids 
show 6AG/- CH 2 -  values approaching - 700 
calmol-1 (Table 2). However, these val- 
ues were obtained with micellar solutions which 
"facilitate" fatty acid diffusion through the ex- 
ternal unstirred layer (Sallee, 1979). The increas- 
ingly negative 6A G values for fatty acids longer 
than C s are probably due primarily to increas- 
ing amounts of nonmetabolic accumulation in 
membranes and other hydrophobic sites in the 
cell. Using the uptake rates of Sallee and Diet- 
schy (1973) or Jackson et al. (1978) and the cell 
water estimates of Lamers and Hulsmann 
(1975), we calculate that for fatty acids longer 
than C 5 the intracellular "concentration" will 
exceed the extracellular concentration within 
5 min. Lamers and Hulsmann (1975) made simi- 
lar calculations for octanoic acid in isolated 
intestinal cells. Nonmetabolic domination of 
long-chain fatty acid uptake was clearly demon- 
strated in isolated intestinal cells in which the 
rate of palmitate accumulation during 5-rain 
incubations was not affected by metabolic in- 
hibitors or even by killing the cells (Haag, Bier- 
bach & Holldorf, 1976). Although the exact 
sites of cellular accumulation are not known, it 
seems clear that nonmetabolic binding, not 
transmembrane diffusion, dominates the uptake 
of most medium- and long-chain fatty acids, 
especially at millimolar concentrations which 
are much higher than the Km's for metabolic 
product formation (DeGrella & Light, 1980a, 
b ) .  

Conclusions 

Fatty acid permeation through lipid bilayer 
membranes is due to nonionic (HA) diffusion 
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and is p r o p o r t i o n a l  to the hexadecane /wa te r  
pa r t i t ion  coefficient  for  HA,  s imilar  to  the per- 
meabi l i ty  pa t t e rn  of  o ther  none lec t ro ly tes  in lip- 
id bilayers.  Biological  m e m b r a n e  da ta  are con-  
sistent with the hypotheses  tha t  (1) diffusion of 
H A  is the p r ima ry  mechan i sm  for fat ty acid 
up take  and  (2) the lipid bar r ie r  is similar in 
po la r i ty  to synthet ic  b i layer  membranes .  T h e  
great  d iscrepancies  a m o n g  publ ished values for 
permeabi l i t ies ,  pe rmeab i l i ty  pa t te rns  and values 
of  3 A G / - C H  2 -  for fat ty acids are due  pri- 
mar i ly  to the h y d r o p h o b i c  na tu re  of  these so- 
lutes. This  causes uns t i r red  layer  l imi ta t ions  of 
up t ake  rates and  n o n m e t a b o l i c  a c c u m u l a t i o n  in 
m e m b r a n e s  and  o ther  h y d r o p h o b i c  regions of  
the cell. F a t t y  acids are anabol ic  as well as 
ca tabol ic  substrates.  Thus,  they accumula t e  due 
to b iochemica l  processes tha t  m a y  be mis taken  
for m e m b r a n e - l i m i t e d  uptake.  In complex  tis- 
sues such as intest ine and  muscle,  the t rue 
m e m b r a n e  permeabi l i t ies  to mos t  fat ty acids 
c a n n o t  be measured .  H o w e v e r ,  fa t ty  acid per- 
meabil i t ies  and  permeabi l i ty  pa t te rns  in lipid 
bi layers  can  serve as useful s tar t ing points  for 
studies of  fat ty acid t r anspor t  in complex  
biological  m e m b r a n e s  and  tissues. 
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