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Abstract. There is continuing controversy about the albumin-FA+H,O - albumin+ FA-H,O (€N}
mechanism for transfer of fatty acids (FA) between

plasma and the interior of cells amite versa.One view  FA-H,O + plasma membrang, -~ H,O

is that this is a spontaneous process. The generally ac- + plasma membrane-Ffy 2
cepted view is that each step of the process is facilitated

by a specialized protein. Whether uptake is spontaneoud@sma membrane-ffy — plasma membrane-FA  (3)
or facilitated, the components of the uptake system, e.g.,
albumin, water, FA, plasma membrane, and putative’
transport proteins of the plasma membrane, must behave
according to the rules of the physical chemistry of the

system. We review these features to illustrate the con] N€re is no evidence to the contrary. The generally ac-
straints they impose on the design of experiments t¢repted view, however, is that the energy barriers in (1) to

adduce the mechanism of uptake. Analysis of the litera{4) &€ so high that each is catalyzed by a separate, spe-

ture in the context of the physical chemistry of the uptakedalized protein, which i_s needed to account for observed
ates of uptake of FAs into cells [1-4, 9, 14, 20, 46, 48,

system indicates that arguments for a facilitated mecha

nism of uptake for FA are not supported by any data®% 71, 72, 79, 82]. Several putative FA transport/
binding proteins have been isolated [30, 37, 53, 66, 74,

extant. By contrast, comparison of the rates for indi- ) :
vidual steps of the pathway traversed by FA movingS80: 81l The data relating to these and the idea of a
from albumin to the inside of a cell (or vesicles of a protein-facilitated mechanism for uptake of FAs by cells,

model system) with rates of uptake of FA of tissues in the2S OPPosed to a chemically driven, spontaneous mecha-

steady state shows that the rates of the former are suffiSm of uptake, have been reviewed on numerous occa-
cient to account for the rate of the latter. sions in the recent past [5, 6, 12, 32, 35, 49, 58, 65, 86].

We see no need for another review of these data. On the
other hand, review of the literature reveals flaws in ex-
periments designed to adduce evidence for the mecha-

Reactions (1) to (4) depict the pathway by which Iongmsm by which FA enter cells and that data from these

hain FAS 1 fer bet | d the interi xperiments have been misinterpreted. Both problems
chain FAS transter between plasma an € INtErIOr Otefiact the failure to consider the physical chemical prop-
cells. The subscripts out and in refer to the outer an

rties of the system of interest: a water-insoluble ligand

inner halves of the plasma membrane; and the subscri Ea)i - - . .
S A) interacting with water luble protein (albumin
cell denotes that the hydrated FA is inside the cell. Thg ) interacting with water, a soluble protein (albumin),

i it i h " d and a lipid bilayer (plasma membrane). We review here
:gra;l(e:(;ﬂgiare wnitten as It each reaction proceeds spoy, o physical chemical implications of (1) to (4) that are

independent of whether the mechanism of uptake is
spontaneous or facilitated. We use a few simple models
- in which it is easy to see the thermodynamics and kinetic
Correspondence tdD. Zakim behavior of FA moving between components. The mod-

lasma membrane-FA~ plasma membrane
+ FA'HZOceII (4)
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els are constructed with increasing complexity of ele-
ments and range from static models in which equilibrium
states will be achieved to a dynamic model with metabo-
lism of FA, which is expected to reach the steady state
rate of uptake= rate of metabolism rather than an over-

all equilibrium state. The analysis emphasizes how ther-
modynamic and kinetic realities impose constraints orfFAl
the design of experiments for elucidating the mechanism

of uptake of FA into cells.

Thermodynamics

0 0.4 0.8 1.2

[albumin-FA] mM

MobDEL 1: THE DISTRIBUTION OF FA BETWEEN ALBUMIN
AND EMPTY LIPID VESICLES

We describe first how FAs distribute at equilibrium be- Fig. 1. Equilibrium valug of [FA"®™Pas a function of [aIbumin-FA]_ at
tween albumin in (1) and the lipid region of a membrane™0!es FA/moles albumin= 0.5 (®) and = 4 (O). The concentration

. . . . . . .. of membrane lipids was constant. [FA]m is moles FA/moles phospho-
(in (2)). Modeling the system in this way is fully justi- lipid. For detailssee[56]

fied because, independent of whether FA enter cells by a

passive or facilitated mechanism, there is overwhelming

evidence for the ready solubility of fatty acids in phos- Because of a large difference in rate constants for the
pholipid membranes. _ _ ~ forward reactions of (1), which is slow, and (2) which is
When C.Ompl-eXeS of album|n'IFA are -d|SSOIVed n fast [24], it cannot be assumed that [E\Pﬁ‘lﬂ’ is at its
water, FA dissociates from albumin to satisfy the ther-equilibrium value even at the instant of mixing. Values
modynamic relationship in (5). of K3, [FA] yater [albumin], and [albumin-FA] in a mix-
) ture of albumin-FA complexes and membranes in water
cannot be calculated from tabulated values of

If some amount of lipid-containing membrane, e.g., pureKalb* except at the equilibrium position in (6). Another
lipid bilayer or the lipid bilayer region of a membrane, is consequence of the chemistry of the system is that mem-

added to the system, FA in water rapidly enters the memPrane lipid will appear to become saturated with FA at a
brane phase. This event drives dissociation of FA fronfinité value for [FAl,em,as more albumin-FA complex
binding sites on albumin. FA moves between the albuat & fixed, initial mole ratio FA/albumin) is added to
min and lipid compartments until the equilibrium condi- fixeéd amount of lipid bilayer. This simple chemical

tions of Eq. () are reached, which applies because FA i"OPerty is demonstrated in Fig. 1, which shows the re-
membrane and albumin phases is at lationship between [FAl.mnand [albumin-FA] for dif-
ferent initial ratios moles FA/moles albumin. The physi-

cal chemistry of the system has behavior that could be

interpreted as “biological” [56]. The value of [FALmp
(6) that “saturates” the lipid phase depends on the nominal

value of the mole ratio FA/albumin [56]. The lipid bi-
equilibrium with FA in a common aqueous phase. FAlayer phase hence does not truly become saturated with
also will shift in the reverse direction if albumin is added. FA; and 1y intercepts in a double reciprocal plot of the
FAs do not need to run down a thermodynamic gradientata in Fig. 1 are apparent values for saturating concen-
in order to shift from albumin to lipid phase. The chemi- trations of FA. So despite apparent “saturation” of bind-
cal potential difference between FA in different compart-ing in plots like Fig. 1, one species of FA does not
ments only sets the equilibrium concentrations that sateompete with another for binding to the membrane [23].

K&® = [FA],atwer [aloumin]/[albumin-FA]

(Ka'®) ([albumin-FA/[albumir =

(KM ([membrane-FX[membrang

isfy the condition of (6).
Equation (5) suggests that [FA}.r can be calcu-

On the other hand, a pure lipid bilayer contains a maxi-
mum number of “sites.” Pure lipid phases can be satu-

lated for the uptake system, which is a common basis forated by a number of hydrophobic compounds at high

analyzing data for uptake of FA into cells.{. 3, 10, 12,

48, 64 for representative treatments]. However, albumin
contains several sites for binding FA, with variable af-

finity for FA [17, 36]. Therefore, a tabulated value for
Ka"® will apply only at the instant of mixing and then

vary with time as FAs move from albumin to membrane.

concentrations of the latter [8, 29, 41, 50, 62, 63].

The concentration of FA that appears to saturate the
membrane in Fig. 1, for mole ratio FA/albumia 0.5
(within the physiologic range), is about 2 mole percent.
This value is high in the context of a nontoxic, physi-
ologic concentration [41-44]. It is also high compared
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with concentrations achieved in vivo. Under physiologic MopeL 3: THE DISTRIBUTION OF FAS BETWEEN
conditions for concentrations of plasma membrane an@dLBuMIN AND LIPID VESICLES CONTAINING A
albumin, for example, with a nominal ratio of 0.5 moles MEMBRANE-BOUND FA SINK OF FINITE SizE
FA/mole albumin the concentration of palmitate in
plasma membrane lipids is 0.06 mole percent [56]. At aThis adds considerable complexity to the system. A
nominal value of 4 moles FA/mole albumin (above membrane bound FA trap has effects K§l° and the
physiologic range), the concentration of palmitate risesequilibrium position of (6) similar to those for a soluble
to only 1.4 mole percent of plasma membrane lipid [56].trap in the interior of a vesicle. Additionally, however, if
The high avidity of albumin for FA provides a vehicle the protein is integral to the membrane, it will perturb the
for bulk phase transport and a buffer system for FA inpacking of lipids of the membrane bilayer and thereby
blood [22]. The avidity of albumin for FA is so great alter KI®*™ An integral membrane protein creates de-
that concentrations of FA in membrane lipids are kept afect structures at the protein-lipid interface within the
low levels under physiologic conditions [22, 56]. hydrophobic interior of the bilayer, for example [38].
Theory predicts thakT*™ will be impacted by Depending on the protein, its concentration in the mem-
chemical and physical changes within the lipid phasebrane, and the lipid composition of the bilayer, an inte-
[25, 26, 84], which is substantiated by direct experimen-gral membrane protein can influence packing between
tal observation [51, 57, 76]. Experimental design forpolymethylene chains of phospholipids not at the protein
studies of the uptake problem must consider, thereforeinterface. One cannot assume, therefore, that an integral
the potential effects of experimental variableskiff™  membrane protein that binds FA in vitro has this singular
For example, phloretin is used to wash cells in FA uptakeeffect in a membrane. The validity of this assumption
experiments, on the assumption that it inhibits facilitatedhas to be established experimentally. Without knowing
transport §.f. 1-4, 9, 14, 20, 46, 48, 64, 71, 72, 79, 82]. that KI'®*™Pis constant for variable experimental condi-
Phloretin, however, dehydrates the lipid-water interfacetions, data from such experiments, e.qg., after stable over-
and expands lateral separation of adjacent phospholipidsxpression of candidate proteins in cell linesf.[8],
[39]. Phloretin also inhibits spontaneous transfer of FAcannot be interpreted.

across pure phospholipid bilayers [33, 34]. Determining whether or not a putative FA binding
protein (in the plane of a membrane) binds FA at a spe-
MODEL 2: THE DISTRIBUTION OF FAS BETWEEN cific site or changek®™ is another difficult experi-
ALBUMIN AND LIPID VESICLES CONTAINING A SOLUBLE mental issue. It does not reduce to measuring the differ-
FA SINK OF FINITE SizE ence between [FA] in the membrane component of the

system with and without the protein of interest. Extra
Cells contain interior compartments to which FAs bind, FA measured in the former instance could be solvated by
including soluble FA binding proteins [60], intracellular bulk lipid phase or could be bound at a specific binding
membranes and lipid droplets in cells like adipocytes.site on a putative binding/transport protein. The only
This situation can be modeled by trapping a FA inside acertain way to determine the location of the extra FA in
vesicle by having it bind to a protein. In this setting, this experiment is to utilize integral membrane protein
some of the FA bound initially to albumin will become molecules with optical signals that are activated or
bound to the FA-trap inside the vesicle, as FA equili-quenched when ligands bind to specific sites. This has
brates across the outer and inner halves of the bilayer angkt to be accomplished. Using fluorescent FAs is prob-
becomes hydrated (reaction (4)) inside the vesicle. Mordematic because structural differences between parent
FA will shift from albumin to the total vesicular com- and fluorescent-labeled FA influence binding to albu-
partment in the presence of a soluble FA-tnap an  min, solubility in the bilayer, and so on.
empty vesicle. The extra amount of FA moving from Experimenters have tried to get around the problem
albumin to the inside of the vesicle will affect the equi- in simple ways. Careful reading of the literature leads to
librium distribution of FA between albumin and lipid the inescapable conclusion that experimental designs to
because, as noted alreadi§,” at equilibrium changes as this end are biased [1-4, 9-11, 14, 20, 46, 48, 64, 71, 72,
the mole ratio FA/albumin declines. The extent to which74, 79, 82]. Experiments leading to the conclusion that
Ka® is perturbed at equilibrium for model 2 depends onuptake is facilitated already assume that FA not bound at
the size of the trap, which includes its avidity for FA. the ligand binding site of a protein intrinsic to the uptake
In addition to perturbing the value &&"® at equilibrium,  mechanism is nonspecifically bound to membranes or
a FA-trap, e.g., intracellular FA binding protein, adds thecells and has no relationship to the uptake system. Fur-
property of competition because, in contrast to the lipidther assumptions are made. FA not bound to a specific
phase, the second protein phase has a far more limiteidjand site on a protein should be removed from the
binding capacity for FA. But we note the site at which system prior to analysis of the amount of FA taken up by
competition occurs is independent of the events of upthe system. And the so-called “nonspecifically bound
takeper se. FA” can be removed quantitatively and selectively by
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washing cells or membranes with alboumf[3, 10, 11, interacts with this enzyme to form the enzyme-substrate
48, 64, 72 for representative experimental designs]. complex [54, 55].

The purpose of the uptake experiments is to adduce  Since FA dissolves readily in bilayers, (3) is the only
information on the mechanism of uptake of FA. Yet the membrane event in the uptake of FA for which the spon-
design of the relevant experiments purposely discardsaneous event might be too slow for physiologic needs.
information relating to a nonfacilitated mechanism. Assume, therefore, that the membrane trap in model 3
These data are excluded from final observations andatalyzes (3). Important consequences follow from
from consideration. This logical flaw is compounded by whether (7) or (8) describe the step leading to the en-
experimental uncertainty about the amount of FA actu-zyme-substrate complex for a catalyzed (3). As men-
ally taken up by a system because it is assumed thdtoned already, interpretations of binding data or rate data
“nonspecific fraction of FA” is removed selectively by are made in terms of agueous phase concentrations of FA
washing with albumin. However, albumin added to[c.f. 3, 10, 12, 48, 64 for representative experiments].
model 3, after FA has equilibrated between componentsThis is not necessarily incorrect because [FAl is a
removes FA from all components to which FA is not dependent variable that can be calculated from (6).
bound covalently. It can be argued that more FA can béNone of the work on the uptake problem that we can
extracted by albumin from compartments with relatively find calculates [FA] .., On the basis of (6), however.
poor vs. high affinity for FA; but there are no data to [FA],.. iS Calculated instead frork3"® for the ratios
establish the relative affinities of putative uptake com-moles FA/moles albumin used in an experiment and an
ponents for FA, except as reviewed already for albuminalgorithm that accounts for binding to multiple sites at
and lipid membranes in model 1. Washing with albuminany given ratio of moles FA/moles albumin. The discus-
thus not only removes information from the system. Itsion of Model 1 illustrates that this is an improper use of
also perturbs information about interactions between FAdata because it is based on assumptions that are not likely
and putative transport and/or binding proteins. to prove valid. Simple calculations indicate that differ-

There is still another level of complexity to the in- ences between true and calculated values of [FA]
teraction of FA with the membrane-bound FA-trap in could exceed 2-fold, depending on the conditions of an
model 3. FA is hydrated by the water phase (on theexperiment; so this is not a trivial point. Additionally,
outside of the vesicles) and solvated by the lipids withinthe real value of [FA] ..., changes continuously over the
the membrane. Which pool of FA interacts with the time course of an experiment. These uncertainties can be
membrane-bound trap to form the protein-FA complex?avoided by using very high concentrations of albumin-
The simple answer is with both, but not equally so.FA complexes in assay systems. Under this condition,
There is a compelling thermodynamic basis for conclud-only a small fraction of FA shifts from albumin to the
ing that the pool of FA within the membrane is the proxi- membrane, which keep&3® constant at its nominal,
mate pool interacting with an integral-membrane, FA-initial value, but does not assure that [FAL, is at its
trap. equilibrium value, over the course of an experiment.

Reaction (7) is the rate for binding of FA in water The lack of physical meaning in calculations of
and (8) for FA within the membrane to a putative mem-[FA],,..r [S€€ 3, 10, 12, 48, 64 for representative experi-
brane binding protein, which could bind FA only and/or ments] is further illustrated by implications from the data
catalyze (3). Because of the difference in the concentrain Fig. 1. It is easy to show with these data that a lipid
tions of components in the water and membrane phasebjlayer can have 2 or more equilibrium concentrations of

FA for a given value of [FA].er in the absence of
= changes of any other thermodynamic variable. This can-
Vuater = K7 [FALuater[Membrane proteffaie, @) not bg; o) the)::alculation of [Fye,]ue,from (1) must not

Vo= g [FA]ompl membrane proteifq ®) apply to the system of albumin-FA plus membrane.

VivatedVmempCaN be on the order of >1tP. Besides this MoDEL 4: THE DISTRIBUTION OF FAS BETWEEN

advantage for binding via the lipid bilayer, transfer of FA ALBUMIN AND LIPID VESICLES CONTAINING A SOLUBLE

from water to membrane decreases its entropy of motionFA SINK OF INFINITE SiZE

This makes the free energy change smaller for (8) than

for (7) because binding in the former instance is entropi-The FA trap in this iteration of the model is a metabolic

cally less costly. Therefor&g > k,. There is little work  system. This feature causes the transfer of FA from al-
on the interaction of integral membrane enzymes withbumin to the model cell to run down a thermodynamic

substrates that dissolve within the lipids of the bilayer.gradient. Whereas the chemical potential of FA is higher
There are, however, relevant data for microsomal acylin water, or membrane, or bound to an intravesicular
CoA ligase, for which FA is the membrane-soluble li- trap, as compared with binding to albumin, which causes
gand. [FA],empnot the agueous phase pool of substratethe three prior models to run until an equilibrium distri-
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bution of FA occurs for all components, the metabolicthat they are orders of magnitude larger than those for
trap of infinite capacity draws all FAs into it. Interme- hydration. The progress curve for the rate equation in
diate reactions in the pathway from albumin to entry into(10) depicts the approach of the system to its equilibrium
the metabolic trap might or might not be at their equi- position. It will not be zero order. Nevertheless, Mi-
librium positions, in this model; but FA does not reach anchaelis-Menten assumptions have been made in order to
equilibrium state within the metabolic trap. The lower estimate initial rates, extrapolated from nonlinear rates or
free energy for the products of metabolissiFA bound  even from data at a single time poirsefe3, 10, 11, 48,
to albumin pulls the overall reaction to essential comple-64, 72 for representative examples]. But the ‘initial rate”
tion. Whether none, any, or all the intermediate reac-of uptake of FA into any membrane in (10), for an ex-
tions in the pathway are at their equilibrium positions periment in which FA is added as albumin-FA com-
depends on their rates relative to each other and the rafdexes, isk,[FA]3®. The “initial rate” in a typical FA-
of metabolism. If the rates of the intermediate reactionsuptake experiment, assuming that this rate can be esti-
are fast relative to the rate of metabolism, the interme-mated with a reasonable accuracy, contains information
diate reactions will be at equilibrium. If the rate of me- only about the albumin compartment. Equation (10) also
tabolism is fast relative to intermediate reactions, inter-shows that it is trivial to demonstrate increasing rates of
mediate reactions may achieve steady-state concentraptake under the condition that eithler or [FA],, in-
tions of FA different from the equilibrium positions of crease. Modulating the rate of uptake by adding albu-
the system. Or some of the intermediate reactions wilimin-FA complexes with varying ratios of moles FA/
be at equilibrium and others at steady state. If (1) and (2Jnoles albumin thus yields a trivial result.
are not at equilibrium during transfer of FA in model 4, If the rate constant for transbilayer movement of FA
[FA] water CANNot be calculated from any of the observ-is not zero, then (11) describes the progress curve for
ables. transfer of FA from albumin to membrane, wheegis

the rate constant for reaction (3), which we assume is the

o , , same for forward and reverse directions.

Kinetic Considerations

~d{F AL/ dt = ki {[FAIZ® - [FAI?™ - [FAL™}
MopeL 1 ~ K FAI™ + K[ FAJS™ = K FAL™

Abumrad and colleagues [1] have stated that the problem
of determining the mechanism for the uptake of fatty
acids is to analyze rate data in the context of the Mi-
chaelis-Menten formalism. “Determination of the initial N ) .
rate of uptake of a substance as a function of its externd]r0ach to equilibrium and is no;llfero order. The initial
concentration can distinguish simple diffusion (a linear ate of transf_er remaing,[FA]o™, and (11) applles
relationship) from transport (a saturable process).” Mos hether reaction (3) occurs spontaneously or is a cata-

workers in the field have followed this lead. Thermody- yzgd event. Ik, >> k; and K.Z >> Ks, then the distri-
namic analysis of models 1 to 3 shows, however, that ution of FA between albumin and the outer half of the

simple chemical process can reach limiting values (bei |IayerhW||II reac;r;hqu!lllbrlumlqt)etfor(je tFA e?#'“brates tileb
come saturated) at finite concentrations of the experi-Ween alves of the biayer. Rate data In this case will be

mental variable. Moreover, the Michaelis-Menten for- best fitted by 2 exponential terms. The first contains

malism does not apply to analysis of any of the modelg’nformatiqn about.rea_ctions (1.) and (2) while.the second
discussed exponential contains information about reaction (3). But

Consider the kinetic behavior of model 1, in which if. ks >> Ky andlgz, the progress to 'equilibri'um will be a
there is no transfer of FA from outer to inner halves ofSlngle e_xponentlal and proylde no_lnformatlon onthe rate
the bilayer. If all FA is present initially on albumin and of reaction (3). The same is true in the case iat k,

lipids are added, the rate of decline of FA in the albuminand ks - K, This simple analysis of.a very S.i”f‘p'e
compartment (or appearance of FA in the lipid Compart_SyStem illustrates, therefore, the experimental difficulty
ment) is given by (10), in which the superscripm of extracting meaningful rate data about single steps that
means outer half of bila,yer. are a part of a sequential pathway.

11

The progress curve for movement of FA from albumin to
membrane in (11) still describes the time course for ap-

~d[FA]yp/dt = K{[FA] 3° = [FAI?™ = K[FAI?™ (10)  MopELS 2 AND 3

The rate constantk, andk_,, respectively, are for hy- Putting an FA trap inside a vesicle (model 2) or inside a
dration of FA bound to albumin or membrane. The ratesmembrane (model 3), or both, does not change the fun-
for binding of FA to albumin or membrane are not con- damental applicability of (10) and (11) as opposed to a
sidered because well-known binding constants indicateate expression that can be analyzed according to “Mi-
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chaelis Menten kinetics.” Additional rate terms have torate. In other words, it cannot be assumed that the true
be added to (11), but these terms will not alter the physievents of uptake, i.e., the nonmetabolic events, can be
cal significance of the so-called initial rate of uptake. measured directly in a given metabolic system. This
This still equalsk,[FA]3P. Whether or not uptake is fa- possibility must be established experimentally.

cilitated, FAs move in models 2 and 3 from albumin to There is a relationship between the extent to which
other compartments until an equilibrium distribution is the nonmetabolic components of model 4 are loaded and
reached, and the time-dependence of this process againtise steady state rate of uptake. (12) is the rate equation
not zero order. Not surprisingly, the extent of uptake offor metabolism of FA via acyl-CoA ligase (first meta-
FA can be driven by increasing the capacity of FA trapsbolic step for esterification or oxidation) at fixed [ATP]
[10, 11, 48, 64], but this observation provides no insightand [HS-CoA], where [FA] is concentration in the en-
into mechanism. doplasmic reticulum [22, 54, 56].

vV = Ky/VmalFA]lligase] (12)
MoDEL 4
[FA] is directly proportional to [FA},emp, Whether model

The kinetic pattern of model 4 is different from the other 4 1S @t equilibrium or a steady-state condition. This

models because there are 2 separate rate processes i£ans that rate of uptake in the pre-steady state and the
The first rate process is for loading of nonmetabolicSteady state is determined by thermodynamic variables

alb memb
compartments with FA, to reach either equilibrium or that affectkg™ or Kg®" such as temperature [75] and

steady-state values for [FA] as discussed already. Thglectror::hﬁmical gradien_|t§ [73, 83]. h tor th
second rate process is for the metabolism of FA. Ifprog-  /Vhether or not equilibrium is achieved for the non-

ress curves for disappearance of FA from albumin ardn€tabolic components of the uptake system, the pre-
followed, there will be a pre-steady-state phase correSteady-state phase will be relatively brief. Care has not

sponding to the loading of the nonmetabolic compart-been taken to distinguish between the pre-steady—sta;e
ments, followed by a steady-state rate that equals the raf@t€ and the steady-state rate of uptake or to be certain
of metabolism of FA. The shape of the progress curvé qt thgse rates can be separated n an'uptake expenment.
during the pre steady state can be convex, depending O'Ehls failure also confounds interpretation of data in the
the relative rates of events in the pre steady state, Ioadingefa_ture' Thus, examination of the models shows that
phase of an experiment and the rate of metabolism in th&'Nibitors of the metabolism of FA, of the TCA cycle,

steady state. If the appearance of free FA inside th@d Of oxygen consumption will appear to inhibit the
“uptake” of FA. Conclusions have been made about

vesicle of model 4 is the observable followed, the prog- , )
mechanism of uptake on the basis that steady-state rates

ress curve for uptake will look like those for the other ; .
models because [FA] in nonmetabolic compartments ap?! UPtake were altered, typically by thiol reagents [1].
Pbviously, inhibitors of metabolism that have no relation

proaches equilibrium or steady-state values. The appea . S
ance of FA inside the vesicle is the least useful observC € m_eCha“'S_”_‘ of uptake will diminish t_he steady state
able of the system because most FA will be in the form"ate _Wh'le prowdmg no data'on meghanlsm. The same
of metabolic products; and the fraction oxidized to,£O 2PPlies to interpreting experiments in which some ma-
which could be large, is lost. Independently of the ob-hipulation has increased the rate of uptake of FA in the

servable followed, whether rates of processes for loadin§t€ady state. According to (12) this kind of result will be
and metabolism can be separated from each other g&2used by anincrease in [FA], which could be due to an
pends on their relative rates. The events of uptpée enhanced rate of transfer of FA to the FA metabolizing

emb P
se,e.g., the loading phase, can be studied only if the pré:ompartment or to a change K™, or to an increase

steady state rate is far greater than the steady state rat8. [Ill%ase] or arrl]other _FA-met;lblt_)llzmg e_nzymﬁ,hwmch
It is not known whether this condition exists for any real Would mean a change in metabolic capacity. All the pos-

cell under the conditions that have been employed tQsibilities that could account for changes in rates of uptake

study the “uptake” process. It has been shown for per-'n the steady state, as experimental conditions are varied,

fused liver that the metabolic rate is relatively large asmUSt be accounted for explicitly. cherW|se no conclu-
compared with the loading rate [22]. Total [FA] in the Sions can b_e made about the reaction in the_ overall path
cells of perfused liver cell is constant with time after a for UPtake, i.e., steps (1) to (4) and metabolic steps, that
steady state rate of uptake is achieved: but this conceri affected by the variable of interest.

tration is less than required for an equilibrium distribu-

tion of FA between albumin and non-metabolic compart-indirect Evidence on the Mechanism of Uptake of
ments of the liver cell [22]. These specific results meanFA into Cells

that the rate(s) of events of the uptake process cannot be

studied in perfused liver because the rate(s) of thes€&igure 1 shows that the criteria that have been used to
events are obscured by contributions from the metabolidistinguish between a facilitated or nonfacilitated mecha-
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nism for uptake of FA (given explicitly in ref. 1) are not absence of catalyst, theoretical considerations show con-
valid. Constraints imposed by the thermodynamics andsincingly that rapid transbilayer diffusion is expected for
kinetic behavior of the uptake system for FA indicate molecules that dissolve in the apolar region of a bilayer
that experimental design in the applicable system is mor¢21, 41, 78]. This prediction has been validated for an
difficult than has been appreciated. It is unlikely, in fact, array of these compounds [8, 13, 15, 16, 19, 27, 40, 47].
that any set of experiments with intact cells or tissues can  In summary, the most that can be said with certainty
yield definitive information about the mechanism. On about the uptake system for FA in cells is that measure-
the other hand, simple experiments in model systemgnents of reactions (1) to (4) support the conclusion that
when combined with data from cells, can yield insight Uptake could be a spontaneous process. Each step of (1)
into mechanism. Model 1, for example, contains all theto (4) is faster than what is needed to account for mea-
steps traversed by FA moving from plasma to the insidesured steady-state rates of uptake of FA into cells.
of a cell. One or all the steps could be slower or fasterAlthough these observations do not prove the mechanism
than the steady-state rate of uptake of FA in cells. If onef uptake, they make it difficult to imagine why nature
(or all) of these events were slower (in model 1) thanWould use resources for a purpose not needed.
steady-state rates of uptake of FA in cells, then indirect
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