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ABSTRACT. The trafficking kinetics of GLUT4 and GLUT1 in rat epididymal adipocytes were analyzed

by a four-compartment model based upon steady-state pool sizes of three intracellular fractions and one
plasma membrane fraction separated and assessed under both basal and insulin-stimulated states. The
steady-state compartment sizes provided relative values of the kinetic coefficients characterizing the rate
of each process in the loop. Absolute values of these coefficients were obtained by matching the simulated
half-times to those observed experimentally and reported in the literature for both basal and insulin-
stimulated states. Our analysis revealed that insulin modulates the GLUT4 trafficking at multiple steps in
the rat adipocyte, not only reducing the endocytotic rate consta#tf8ld and increasing the exocytotic

rate 8-24-fold but also increasing the two rate coefficients coupling the three intracellular compartments
2—6-fold each. Furthermore, GLUT1 was completely segregated from GLUT4 in two of the three
intracellular compartments, and its steady-state distribution is consistent with a four-compartment model
of GLUT1 recycling involving an insulin sensitive endocytosis step in common with the GLUT4 system,
but with all other processes being insensitive to insulin.

The uptake of glucose by muscle and adipose cells is intracellular GLUT4 compartments into three distinct frac-
catalyzed by the facilitative glucose transporters GLUT4 tions, T, H, and L, where T contained all of the plasma
and GLUT1 as the major and minor isoforms, respectively, membrane in addition to intracellular organelles trapped in
and further is regulated by insulin as reviewed recerity (it while H and L were exclusively of intracellular organelles
3). GLUT4 and GLUTL1 in these cells are largely kept idle with no plasma membrane contamination. In this study, we
in intracellular sites, and insulin recruits GLUT4 and GLUT1 isolated a plasma membrane fraction (PM) separately by the
from intracellular sites to the plasma membrane, increasing conventional homogenization and subcellular fractionation
steady-state plasma membrane levels as much as 10- anchethod (2) and measured its GLUT4 content, which also
2-fold, respectively Z, 4, 5). Evidence also indicates that allowed us to assess the size of the intracellular GLUT4
GLUT4 and GLUTL1 in these cells constantly and rapidly compartment trapped in T by a simple subtraction. Distribu-
recycle between the plasma membrane and intracellular sitegion of various recycling proteins and endosomal markers
by endocytosis and exocytosis, and insulin-induced recruit- further suggested that the intracellular GLUT4 in T, H, and
ment is associated with modulation of these procesdes (L (G4T, G4H, and G4L, respectively) are putative sorting,
8). In ultrastructural studies, GLUT4 was localized in several, storage, and exocytotic vesicle compartments, respectively,
morphologically distinct membrane structures, suggesting thein the GLUT4 recycling itinerary.
involvement of multiple intracellular compartments in the Detailed model studies18, 14) have shown that the
processesd 10). The roles of these individual intracellular  GLUT4 recycling kinetics in the adipocyte are inconsistent
compartments in GLUT4 and GLUT1 recycling and in their with a model of one intracellular and one plasma membrane
insulin-induced recruitment are currently unknown. compartment, and proposed a number of more complex

Using hypotonic lysis instead of mechanical homogeniza- models where two or more intracellular compartments
tion, we (1) have recently separated the rat adipocyte participate in the recycling. Having identified and assessed
the three distinct intracellular GLUT4 compartments in
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distribution of GLUT1 in fractions T, H, L, and PM, in basal kq

and insulin-simulated adipocytes. We show that GLUT1 and PM <4«— EV
GLUT4 are compartmentally completely segregated in H and

L fractions, and that the steady-state compartment sizes are

consistent with a four-compartment model of GLUT1 ki ks
recycling in which an insulin sensitive endocytosis step
operates in common with the GLUT4 system, but with all

. . " . . SR —» ST
other processes being separate and insensitive to insulin.

ka
MATERIALS AND METHODS FiIGure 1: Schematic diagram of the four-compartment model: PM,
. . plasma membrane; SR, sorting compartment; ST, storage compart-
Materials. Collagenase (type I) was obtained from Wor- ment; EV, exocytotic vesicle compartmet; rate coefficients.
thington (Freehold, NJ). 1F8 was purchased from Biogenesis ) ) N
Ltd. (Sandown, NH). Horseradish peroxidase-labeled protein  Gel Electrophoresis and Immunoblottingolubilized
A and anti-mouse IgG were from Zymed Laboratories (San meémbrane in Laemmli solution was applied to 10% SDS
Francisco, CA). Antibody against GLUT1 was a generous PAGE resolving gels, and separated proteins were subjected
gift from M. Mueckler of Washington University (St. Louis, t0 Western blotting as described previoush)( Proteins
MO) Trisacry' beads (Reacti_Ge' GF_ZOOO) were from Pierce were ViSUaliZed USiI’lg the enhanced Chemi|umil’leSCEI’lt Sub'
(Rockford, ||_) All other reagents were from S|gma except strate kit (DuPont NEN), and immunoblot intensities were
for where otherwise indicated. guantitated by densitometry using an analytical scanning
Subcellular Fractionation of Adipocyteadipocytes were  System (Molecular Dynamics, Sunnyvale, CA). The protein
isolated from epididymal fat pads of male Sprague-Dawley Was quantified with the BCA protein assay solution (Pierce),
rats and stabilized as described previoudg)(Subcellular ~ according to the manufacturer’s instructions.
membrane fractions enriched with plasma membranes (PM), Development of the Four-Compartment Kinetic Model.
nuclear and mitochondria (NM), h|gh_dens|ty microsomes The structure of the model is assumed to be a Simple circular
(HDM), and low-density microsomes (LDM) were separated arrangement, as shown in Figure 1. This configuration is
after homogenation as described previou$®_(5ubce”u|ar C(:.)nSiStent with the observation that GLUT4 reCYCIing. |S a
fractions from hypotonically lysed adipocytes were prepared highly regulated, energy-dependent process with distinct
as previously described (). Briefly, adipocyte lysates were ~ donor and target compartments for each step. The four
centrifuged at 90§ for 15 min, and the resulting 9g@ellet ~ compartments, denoted plasma membrane (PM), sorting
(T) was resuspended in 60 of NaC/HEPES buffer [150  (SR), storage (ST), and exocytotic vesicle (EV), each receive
mM NaCl, 10 mM HEPES, 1 mM EGTA, and 0.1 mM inflow from the preceding compartment and, in turn, provide
MgC|2 (pH 74)] The gog Supernatant was Centrifuged at @ flow into the fOIIOWing pOOl. The flow between Compart-
18500@ for 2 h, and the pellet (1850@0pellet) was ments is assumed to be unidirectional, with a rate that is
resuspended in 604 of NaC/HEPES buffer. A suspension linearly dependent upon only the content of the source
of the 90@ or 18500@ pellet, without or after sonication, ~compartment. Although this flow is likely to be mediated
was then layered onto 9 mlf @ 5 to 30%qglycerol gradient by one or more protein functions, we assume that under
prepared in NaCI/HEPES buffer over 400 of a 50% (w/ physiological conditions, the flow rate is well below the
v) sucrose pad (height of 10 cm), and centrifuged in a saturation level. Embedded energetic reactions driving the
40.2SW rotor (Beckman) at 600§@r 1 h, and 13 fractions ~ flow, as implied by the assumption that each step is
were collected from the bottom to the top (P and1P). irreversible, are not explicitly included in the model.
This typically separated GLUT4 into two peaks, a sharp, ~ Thus, by virtue of these assumptions, the flix,of the
heavy peak (fractions P, 1, and 2) and a broad, light peak Process (Figure 1), endocytosis, is given by the simple linear
(fractions 3-12). They were separately pooled and desig- Kinetic law
nated as fractions,Tand T_ for the 90@ pellet and fractions
H and L for 18500Q pellet, respectively.
ImmunoadsorptionThe procedures have been described
previously (1). Briefly, 1F8 or normal mouse IgG was
coupled to Trisacryl beads (Reacti-Gel GF2000, Pierce) at
a concentration of 0.7 mg of antibody/mL of resin, according
to the manufacturer’s instructions. The antibody-coupled
beads were quenched wi2 M Tris (pH 8.0) for 1 h,
incubated with 2% BSA in PBS [134 mM NaCl, 2.6 mM
KCI, 6.4 mM NaHPQ,, and 1.46 mM KHPO, (pH 7.4)]
for 2 h toprevent nonspecific binding, and washed five times
with 1 mL of PBS at room temperature. Fractionsand L
and sonicated fraction H (1008g of protein each) were
incubated with 30uL of beads overnight at 4C, and thgﬁiéitoen?éghange of the plasma membrane compartment
unbound supernatants were collected for analysis. Beads were

J, = k(PM)

where PM is the GLUT content of the PM compartment,
expressed as a percentage of the total transporter in the
system. Thek; values are rate coefficients in units of
reciprocal time, and; values are intercompartment transfer
rates in units of percent per time. Thus, compartment
volumes, and absolute concentrations, do not appear in the
kinetic equations. Furthermore, since all kinetic equations
are linear, the total amount of GLUT isoform occurs as a
common factor in all terms, and hence cancels out, making
no contribution to the form of the solution.

washed five times with 1 mL of PBS at°€, and then the d(PM)/dt = J, — J, = k,(EV) — k,(PM)
adsorbed material was eluted with SDS (2%)-containing
Laemmli buffer without3-mercaptoethanol fol h atroom and similar equations apply to each of the individual

temperature. compartments. Although the model system comprises four
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compartments, only three are independent since we assumédependent of the majority component which remains at
that total GLUT4 or GLUTL1 is conserved over the observed its steady-state distribution.

time span; thus, Corresponding to the three independent pool sizes char-
acterizing the model system, the time course followed by
PM+ SR+ ST+ EV =100 the system in relaxing into its steady state will, in general,

be composed of a weighted linear sum of three characteristic
Four was selected as the number of compartments in theexponential functions. It is important to note that the relative
model in accordance with the number of fractions that can contribution of each of these characteristic exponentials will
be distinguished by the fractionation protocol, and as a vary, depending upon the initial conditions imposed upon
number that is sufficiently large to adequately represent the the system. Consequently, tagparenthalf-time empirically
presumed kinetic complexity of the transporter system. observed for a particular compartment will depend on the
Although the real system is probably more complicated, type of transient experiment, TRAN or SS, which is being
modeling with a greater number of compartments would not conducted. Experimentally, only the plasma membrane
be justified in terms of the precision with which the compartment has been assayed with sufficient time resolution
experimental data can be analyzed. For example, a discreteo provide useful transient data, and the time course of PM
pool representing the endocytotic vesicles, while likely to in relaxing into its steady state is usually characterized by a
be a physical reality, does not appear in the model since thesingle lumped parameter, an apparent half-time. In like
content of this pool is assumed to be a negligible fraction of fashion, the curves generated by the model simulation are
the total GLUT within the system. This assumption is analyzed in terms of a single, apparent half-time, estimated
supported by the absence of an observable related fractionsimply as the period required for the PM pool to relax one-
in the fractionation procedure.y). half of the interval to its ultimate value.

Steady-state distribution of GLUT among the four com- It has been assumed, in modeling the transient behavior
partments is achieved when the flux of each process is theof the system, that the perturbation resulting in its subsequent
same, and the time derivative of each pool size vanishes.relaxation into the steady state is essentially instantaneous.
Under these conditions, a simple relationship exists betweenFor example, any time delay in the signal transmission from
the kinetic coefficients and the steady-state level of the pool the insulin receptor to the resultant change in kinetic

sizes coefficients is ignored in the structure of the model. Further,
the possible existence of an occluded portion of the GLUT4
Jss = Ky (PM)ss = Ky(SR)ss = Ky(ST)ss = Ky(EV)ss at the plasma membrane, resulting in a difference between

carrier amount and glucose transport activity, has not been

where the subscript SS denotes steady-state values. Thugonsidered in this model, nor have transport measurement
the relative magnitudes of the four rate coefficients can be data been used in calibrating the kinetic coefficients.
determined from the steady-state compartment contents. 1he simulation procedure utilized in this study consisted
Since the flux is an undetermined quantity, however, the of numerical integration of the differential equations describ-
absolute values of these coefficients cannot be deduced solelyd the kinetic system by means of a second-order pregictor
from steady-state measurements. Consequently, data deriveg0rrector integration algorithm with a fixed step size. The
from the time-dependent behavior of the model must be Step size was sufficiently small that doubling its magnitude
employed for this purpose. By scaling the sets of rate had no effect upon the computed results.

coefficients, such that the experimentally observed and ESULTS

simulated time constants are as similar as possible, we carl®

assign absolute values to the rate coefficients. Separate a Comparison of Steady-State GLUT4 and GLUT1
scaling factors are employed for the basal and insulin- compartmentsRat epididymal adipocyte intracellular com-
stimulated states, since these two states are kineticallypartments were separated into three fractions (see Materials
independent. and Methods), namely, a fraction trapped inside plasma
Boundary Conditions Affecting the Transient Beiba of membrane sheets (T) and two plasma membrane-free frac-
the GLUT4 Model Systenm the analysis of experimental tions, H and L. Fraction T was further separated after
GLUT4 data, we are concerned with two types of time- sonication into fractions J and T. on glycerol gradient
dependent data. The first, denoted TRAN, is the time coursecentrifugation. A plasma membrane fraction (PM) was
followed by the system upon the sudden change in kinetic prepared by the conventional homogenizatisabcellular
parameters from those characteristic of the basal state, tdfractionation method12). We have previously shown that
those attained under insulin stimulation, and the converse.the intracellular GLUT4 pools separated in T, H, and L are
The initial values of the pool size in this type of transition distinct and may represent the compartments for GLUT4
are then the steady-state values of the state (basal or insulinsorting (SR), storage (ST), and exocytic vesicles (EV),
stimulated) occupied by the system just prior to the transition. respectively {1).
The second class of time-dependent data, denoted SS, is that Here we compared the steady-state distribution of GLUT1
generated by labeling the plasma membrane pool with aand GLUT4 in these fractions in basal and insulin-stimulated
tracer, and measuring the decrease in PM content resultingadipocytes by immunoblotting them with GLUT1- and
from the redistribution of the marker throughout all four GLUT4-specific antibodies (Figure 2, upper panel). The
compartments. In this instance, the corresponding initial steady-state GLUT4 and GLUT1 pool sizes in fractions T
conditions are 100% in PM, and zero elsewhere. Since the(Ty plus T.), H, and L were then calculated from the relative
system is mathematically linear, the tracer distribution is blot intensities and the respective protein yields (Figure 2,
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Table 1: Steady-State GLUT4 Contents of Each of the Four Compartments, Rate Coefficients, and Half-Times

6% basal ins/bas (6%) insulin ins/bas (2%) 2% basal
PM (%) 6+ 2.0 6 36+ 1.8 18 2
SR (%) 20+ 2.8 1 20+ 3.2 0.83 24
ST (%) 56+ 3.7 0.72 40.4+ 2.2 0.72 56
EV (%) 18+ 1.6 0.2 3.6+ 0.5 0.2 18
ki (min~2) 0.380 0.29 0.111 0.27 0.417
ko (min~2) 0.114 1.75 0.200 5.71 0.035
ks (min~1) 0.040 2.48 0.099 6.60 0.015
ks (Min~1) 0.127 8.75 1.11 24.0 0.046

SS TRAN SS TRAN SS TRAN

expty (miny° 1.7 (11) 3.2 24 1.7 (11)
simtyz (min) 1.7 15 35 14 1.7 1.6

aPM, SR, ST, and EV signify plasma membrane, sorting compartment, storage compartment, and exocytotic vesicle compartment, respectively,
as in Figure 1. The steady-state contents of each of the four compartments are averages of three independent measurements (see Materials anc
Methods) and are expressed as a percent of total GLUT4, under both basal and insulin-stimulated conditions. Values for SR are obtained by
subtracting measured PM values from measured values with T. Shown in the last column are values assuming 2% basal PM as discussed in the text.
Rate coefficients are scaled to achieve the best correspondence between the experimental half-times, as reported in the literature, and half-times
measured in the simulation. Columns labeled ins/bas show the ratios between the values of each rate coefficient and compartment size in the
insulin-stimulated and basal states as derived from the model. Values faresfpown within parentheses are not used in calibrating the model
kinetics; see the text Values from refsg, 7, 13, and 15—-17. ¢ Value from the 6% basal initial state; for the 2% basal stateis 1.6 min.

Hypotonic Lysis Table 2: Measured Steady-State Distribution of GLUT1 among the
Four Compartments, Rate Coefficients, and Half-Titnes
(Ty) (T H L P —
insulin
GLUTA WG - w ..- - basal ins/bas insulin  (hypoth)
PM (%) 244+ 1.9 1.97 48.0t 2.5 52.5
- —— SR (%) 13.6+ 1.3 0.30 4.1+ 1.6 8.5
GLUT1 . . o " ST (%) 59.8+ 6.7 0.78 46.5t+ 6.6 37.6
- EV (%) 22+0.2 0.64 1.4£04 1.4
Insulin -+ - + - o+ - + ki (min~1) 0.380 0.29 0.111 0.111
ko (min™2) 0.682 2.0 1.333 0.682
GLUT4 GLUT1 ks(min™%) 0.155 0.73 0.113 0.155
70 70 ks (min—1) 4.22 1.26 5.33 4.22
55 55 SS TRAN SS TRAN
B 2w simtyo (min)  1.28  1.28 3.0 3.1
E 30 2 30 2The values ofk; in the basal and insulin states are set equal to
g 20 :‘g :'-g those for GLUT4. The insulin (hypoth) column shows the insulin
13 o stimulated steady-state compartment sizes that would be compatible

with the measured basal-state values, if all rate coefficients, other than

PM T H L PM T H L A - ‘ ’
ki, were insensitive to insulin.

Ficure 2: Subcellular distribution of GLUT4 and GLUT1 in basal
(—) and insulin-treatedi) adipocytes. (Upper panel) Fractiong, T

T., H, and L were prepared from basal and insulin-stimulated Sup. Pt.
adipocytes as described in Materials and Methods, apg 5f (T (H) L (T) (H) L
protein from each fraction was subjected to GLUT4 or GLUT1 NI 1F8 NI 1F8 NI 1F8 NI 1F8 NI 1F8 NI 1F8
immunoblotting. The results were reproduced in three additional ~ @~ —————"+— ——— — ——
experiments. (Lower panels) Immunoblot intensities revealed as GLUT4 ~» ~@ewms@me - .‘ [ T 18 .

described above were quantitated by densitometry, and perceni

distributions of GLUT4 and GLUT1 were calculated after adjust- gLUT1 : n -
ment for protein yields in each fractions. GLUT4 and GLUT1in T . uk

represent those inTand T.. PM denotes the plasma membrane, Insulin - +- 4 -+ - +-+-+ -+ -+-+-+-+-+

whose GLUT4 and GLUT1 pool sizes were assessed in parallel Fgure 3: Compartmental segregation of GLUT1 and GLUT4 in
experiments using PM, NM, HDM, and LDM fractions (Materials  rat adipocytes. Fractions TH, and L were prepared from basal
and Methods), and then PM pool sizes were expressed as &—) and insulin-stimulated) rat adipocytes, and subjected to
percentage of the total cellular contents as discussed in the textimmunoadsorption using 1F8 (1F8) or normal mouse IgG as a
White and black columns represent basal and insulin-stimulated control (NI), and the resulting supernatant (Sup.) and immuno-
states, respectively, and vertical lines indicate the standard deviationadsorbates (Pt.) were immunoblotted using polyclonal antibodies
These results were derived from four independent experiments. against GLUT4 and GLUT1. Each lane contained a fixed portion
1/20 (GLUT1) and 1/50 (GLUTA4) for Sup. and 2/5 (GLUT1) and
lower panel). For thg asses_sment. of the plasma membrane{i/E (G(LUT4) fz)r Pt.] of SL(Jpernata)nt or ac?sorbates o(riginate)d from
compartment (PM) sizes, similar immunoblotting anal,yses 100ug of protein from the specified fraction. Similar results were
were repeated using the PM, NM, HDM, and LDM fractions obtained in two other experiments.
(see Materials and Methods) obtained by the conventional
homogenizatiofrfractionation protocolX2) (not illustrated). We next immunopurified GLUT4 compartments in frac-
GLUT1 contents in PM were calculated as a percentage oftions T, H, and L using GLUT4-specific antibody, 1F8, and
the total in all the fractions, which were included in the measured their GLUT1 contents by immunoblotting (Figure
analysis (Figure 2, lower panel). Steady-state compartment3). It is clear here that GLUT1 is totally excluded from the
sizes for PM, SR, ST, and EV were calculated from these GLUT4 compartments in fractions H and L (ST and EV)
data and are summarized in Tables 1 and 2. for both basal and insulin-stimulated adipocytes. GLUT1 also
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did not colocalize with GLU4 in T, a subfraction of T 100
produced by sonic disruption. Trepresents only a small
fraction (10-20%) of the GLUT4 pool in T. Very little PM
GLUT4 and no GLUT4 in T; were immunoadsorbed to 1F8 sl
(not shown). Thus, possible colocalization of GLUTL1 in
GLUT4 compartments in fractionyl representing most of
the PM and SR compartments, is yet to be examined. The
relative contribution of H, L, and Tpool sizes to the total
cellular pool sizes (Figure 2) indicated that as much as 80% & so}
(basal cells) and 53% (insulin-stimulated cells) of GLUT4
and more than 60% (basal cells) and 50% (insulin-stimulated
cells) of GLUT1 inhabit separate compartments. sofb
Kinetic Analysis of GLUT4 Recycling in a Four-Compart- ‘ . . . ‘ ‘
ment Model.The identification and partial characterization 0 2 4 6 8 10 12 14
of three distinct intracellular GLUT4 pools (G4T, G4H, and Time - Minutes
G4L as SR, ST, and EV, respectively) in addition of the FIGURE 4 Comparison of half-times for PM GUT4 contents for
plasma membrane pool (G4PM as PM) (Table 1) led us to SS and TRAN experimental conditions, in the insulin-stimulated

state. The time course for the SS experiment is presented directly,
propose the four-compartment model for the GLUT4 recy- while the TRAN experimental curve is inverted and scaled so as

cling in the adipocytes, as described in detail in Materials to have the same initial and asymptotic values as the SS curve.
and Methods and depicted in Figure 1. Assessed steady-statélalf-time values are 1.4 and 3.4 min for TRAN and SS, respec-

compartment sizes available for both the basal and insulin-tively, as indicated by crosshatch marks. See the text for the
stimulated states (Table 1) greatly reduce the number of freeComputational procedure.

parameters to be adjusted, and thereby enhance the relevanc% . . . . :

of the model results to the actual system. The correspondingt ese results, .under 'condmons of msul'ln stimulation, the
scaled kinetic constants derived from these steady-state pooﬁpparent half-times differ by a factor ef2 in the two types

sizes, as described in detail in Materials and Methods, aremc experiments, as ShO\.Nn _in F_igu_re 4. In _this instance, the
also shown in Table 1. Since there has been some discrep-appareml’2 for label redistribution is 3.4 min, compared to
ancy in the literature€, 7, 13, 15-17) regarding the PM 1.4 (6% basal state) or 1.6 min (2% basal state) for the basal

pool size under basal conditions, two values, 6 and 2%, to insulin transition. ) ]
representative of those reported were considered here. Also Undershoot or overshoot in the contents of any single
shown in Table 1 are observed half-times taken from the COmpartment is not unexpected in the four-pool model. As
literature 6, 7, 13, 15-17) under various conditions, it happens, however, only the sorting compartment, SR,
compared with the corresponditig values measured in the _shqws a S|_g_n|f|cant o_vershoot under this particular set of
simulated system based upon the assigned rate coefficientdnitial conditions that is placed upon the system. Although
as shown in Table 1. not immediately evident from the figures, however, the PM
In insulin-stimulated GLUT4 trafficking, investigators have compartment also exhibits a slight undershoot, transiently
noted a difference in the apparemb depending upon the falling be|OW its ultimate steady-state value in both basal-
experimental conditions, SS or TRANL3). A similar state experiments.
difference in relaxation time is apparent in the simulated  Kinetic Analysis of GLUT1 Recycling in the Four-
results (Figure 4), and a reasonable match between theCompartment ModelWith available estimates of steady-
observed and simulated half-times under both types of state GLUT1 pool sizes of three distinct intracellular
experimental conditions can be achieved. This provides compartments and the plasma membrane compartment
additional support for the validity of the model structure we (Figure 2 and Table 2), a similar kinetic analysis in the four-
have assumed. compartment model for GLUT1 is of interest in comparison
Under basal conditions, however, the model system to the GLUT4 model results. It is particularly noteworthy
produces nearly identical half-time values for the SS and that the fractions tentatively identified as the storage and
TRAN experimental protocols. The values gk reported ~ exocytotic vesicle compartments (ST and EV, respectively)
in the literature, on the other hand, are widely divergent, for the two GLUT isoforms show no immunochemical
varying from 1.7 min in the steady-state experimed)ttp overlap between them (Figure 3). A straightforward inter-
about 11 min for the insulin to basal transieh8(16, 17). pretation of this finding is that, except for the endocytotic
For reasons mentioned in the Discussion, we have choserstep, GLUT1 and GLUT4 are processed through independent
the steady-state measurement (1.7 min) for calibration of thepathways. Like many recycling membrane proteins and
kinetics of the system under basal conditions. receptors 18), GLUT4 and GLUT1 are shown to be
Figure 5 shows the computed time course for each of the endocytosed via the clathrin-mediated pathwia(10, 19—
four compartments during relaxation under the four different 21), and it is quite possible that GLUT4 and GLUT1
experimental conditions, and for both the 6 and 2% (basal colocalize in certain endosomal compartments, most plau-
PM pool size) models. From these curves, it is evident that Sibly at the putative sorting compartment (SR,(23).
the apparent half-time of the PM compartment is nearly the  On the basis of the concept of an endocytosis process
same both in the basal steady-state experiment and in thecommon to both GLUT1 and GLUT4 discussed above, the
transition into the basal state from the insulin-stimulated state, endocytotic rate coefficient; for GLUT1 is set equal to
whether the 6 or 2% model is considered. As shown in Table that of GLUT4 in both the basal and insulin-stimulated states
1, theset;» values range from 1.5 to 1.7 min. In contrast to to yield the values shown in Table 2. With this assignment
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Ficure 5: Time course, computed by numerical integration of the kinetic equations, for each of the four GLUT4 compartments during
relaxation, under both SS and TRAN experimental conditions, and for both the 2 and 6% basal-state models. The SS experiment simulates
the redistribution of radioactively tagged GLUT4 introduced into the PM compartment. TRAN experimental conditions in the insulin-
stimulated state correspond to the relaxation of the system into its steady state from the 6% basal-state values as initial conditions. Conversely,
the insulin-stimulated steady state is the initial condition for the basal TRAN experiment. Refer to the text for the computational procedure.
Simulations are for the 6% basal-state SS experiment (A), the 2% basal-state SS experiment (B), the 6% basal-state TRAN experiment (C),
the 2% basal-state TRAN experiment (D), the insulin-stimulated SS experiment (E), and the insulin-stimulated TRAN experiment (F).

of k; values, together with the measured basal-state pool ky’ K4

sizes, it is possible to compute what the insulin stimulated (EV)—» PM EV,
steady-state compartment sizes would be, assuming all rate

coefficients of the system, other th&q remain constant ki

upon insulin treatment. These values, shown in Table 2 in ks’ GLUTI1 GLUT4 ks

the column labeled insulin (hypoth), are quite similar to the
measureq insulin stimulated values, anq pr.obably fgll W|th|n ST, SR ST,
the experimental error of the assay, taking into consideration K’ K,
the possible experimental error in both the basal and insulin- L

: ; IGURE 6: Schematic diagram of the GLUT1 and GLUT4 traf-
stimulated Compartment S'Z.e measuremen?s._Thus, these_da king systems with a common endocytosis step, with all other
are completely consistent with the mechanistic interpretation processes being independent.
that the relatively modest insulin responsiveness of GLUT1

. ; DISCUSSION

may result from the endocytosis pathway being shared by
both GLUT4 and GLUT1, with the remainder of the The GLUT4 compartment sizes assessed here (Figure 2
recycling pathway for GLUT1 being insensitive to insulin and Table 1) in each of these fractions for both basal and
effects, as illustrated in Figure 6. insulin-stimulated adipocytes closely reproduce those we
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have previously reported {). New and interesting findings  thus increasing the apparent half-time of the transition
here are the steady-state GLUT1 compartment sizes in theprocess in the actual system. For this reason, the half-time
T, H, and L fractions, which are significantly distinct from for the steady-state experiment was considered to be the most
those of GLUT4 (Figure 2 and Tables 1 and 2). Most notably, accurate representation of the physical system, and this value
very little if any GLUT1 was found in L, according to the was weighted relatively more in scaling the model parameter
EV compartment analysis (2.2 and 1.4% for basal and in the insulin-stimulated state.
insulin-stimulated states, respectively, in Table 2), the In the basal state, on the other hand, the half-time ratio
fraction that contains the GLUT4 pool significant in size and evidenced by the kinetic simulations diverges markedly from
most sensitive to insulin stimulation (18 and 3.6% of cellular that reported in the literature. While the model ratio is close
GLUT4 for basal and insulin-stimulated states, respectively, to unity, experimental results suggest the transition half-time
in Table 1). Morphologically, this fraction contains only is about 6.5-fold larger than thg, for the steady-state tracer
small vesicles 70 nm in diametet). For GLUT1, on the procedure (Table 1). These experimental results are quite
other hand, the intracellular compartment trapped in plasmapossibly misleading, however, because of the undetermined
membrane sheets in fraction T (SR in Table 2) is the most time lag involved in completely flushing insulin and its
sensitive to insulin stimulation (13.6% in basal and 4.1% effects from the system. Accordingly, tlg found experi-
after insulin stimulation). The intracellular GLUT4 pool size mentally in the SS experiment, 1.7 min, was used as a
in this fraction (SR in Table 1) was not significantly affected comparison in scaling the model system kinetics to ap-
by insulin stimulation. GLUT1 in fraction H (or the ST proximate the physical system.
compartment) is similar to GLUT4 in the fraction; it is by The values of the GLUT4 model kinetic rate coefficients
far the largest intracelllular compartment in size and modestly resulting from the fitting procedure (Table 1) have several
sensitive to insulin stimulation. The plasma membrane interesting properties. Under basal conditions, the endocytosis
GLUT1 compartment amounts to approximately 24% of the rate constantk;, with a value of about 0.4, has a similar
cellular GLUT1 in basal adipocytes, which was increased magnitude in both the 6 and 2% (basal PM pool size) model
to 48% in insulin-stimulated adipocytes, a 2-fold increase, variants. In either case, being the largest within the basal
reproducing values observed with 3T3-L1 adipocyt®s (  set of coefficients, the endocytosis rate constant tends to
Our recent estimation of four discrete functional pool sizes dominate the kinetic behavior of the PM compartment; in
in the GLUTA4 trafficking system at steady statd)provides fact, the corresponding time constan{t;, = 0.69%) of
the basic configuration of the four-compartment kinetic relaxation of the PM content is almost exactly the reciprocal
model (Figure 1). Such data fix the relative values of the of this rate constant. When the models are fitted to similar
rate constants within the model structure. Scaling the absolutehalf-times, then, it is not unexpected that the 6 and 2%
values of these coefficients to approximate the kinetic models would exhibit similar values for the endocytosis rate
behavior seen experimentally offers insight into the nature constantk;. The difference in the basal PM content in the
of the change produced by insulin stimulation of the system. two models thus results primarily from an approximately
In constructing this model, we have assumed both unidirec- 3-fold difference in the exocytosis rate coefficiekt,as well
tionality and kinetic linearity of the intercompartmental as ink, andks. Furthermore, since they are dominated by a
transfer processes as the simplest reasonable representatiosingle rate constant, the resultant half-times for both models
An essential feature of the fitting procedure is that the show only a slight dependence upon the initial conditions
ratio of half-times observed in the model simulations under as determined by the type of experiment. In the insulin-
the two types of experimental procedure (SS or TRAN) is stimulated case, on the other hand, the relative valués of
independent of the scaling parameter, depending instead upomndk, are inverted, and the endocytotic process no longer
the initial conditions characteristic of the two procedures. dominates the kinetics of the PM compartment (Table 1).
Thus, the magnitude of this ratio in the simulated system, The corresponding half-times are somewhat larger, and are
when compared with experimentally observed values, pro- much more dependent upon the type of experiment, SS or
vides some indication of the congruence of the model to the TRAN, and the associated initial conditions.
physical system. Further evidence supporting the model's The predictions of this model analysis concerning the
structural validity might be provided by the non-steady-state effect of insulin upon the kinetic coefficients for the processes
measurement of internal compartment contents (Figure 5).of endocytosis and exocytosis are reasonably consistent with
As noted above, the pool identified as SR exhibits a marked those determined by model analyses and reported in the
overshoot in the model basal-state simulations. Experimentalliterature (as summarized in ref8 and14). The endocytotic
determination of a transient SR pool size well above its rate constant in our model decreases by a facterdfwhile
ultimate steady-state value would be especially valuable in the exocytosis coefficient increases more than 8-fold in the
support of the model, and as a means of more firmly 6% model system, and 24-fold in the case of the 2% model.
establishing the sequential order of the assay fractions within Interestingly, the other two rate coefficients involved in the
the recycling sequence. system also increase in the presence of insulin, by factors
Thety, observed for steady-state relaxation in the presencebetween 1.8 and 6.6. This is the first demonstration of data
of insulin is about 33% larger than that of the transition from indicating that insulin also affects the GLUT4 trafficking
the basal to the insulin-stimulated state (expvalues for between discrete intracellular compartments in adipocytes.
the insulin-stimulated state in Table 1). The model generally  Multicompartment models of the glucose transporter
reproduces this relationship, with a somewhat larger ratio trafficking systems have been developed and analyzed by
of >2 (simty;, values in Table 1 and Figure 5). In part, at Holman et al. {3) and subsequently by Yeh et al4) to
least, the difference between these two numbers may resultadequately accommodate the various observed properties of
from a delay in signal transmission from the insulin receptor, these systems. As noted by both groups, for example, the



Kinetics of GLUT4 Recycling in Rat Adipocytes

Table 3: Characteristic Exponents for the Four-Compartment
GLUT4 and GLUT1 Trafficking Modefs

GLUT4

—0.389,—0.136+ 0.081i
—0.420,—0.048+ 0.024i —4.62,—0.665+ 0.279i
—1.114,—-0.204+ 0.115i —5.33,—-1.32,—0.228

@ GLUT1 kinetics are based entirely upon equating the endocytosis
rate coefficients for both GLUT isoforms, in both the basal and insulin-
stimulated states. The complex exponent pairs correspond to oscillatory!
solutions, where i denotes the imaginary coefficiaft; 1. These values
were obtained through analytic solution of the eigenvalue equation
generated by the set of three independent differential equations.

GLUT1
—4.22,—0.607+ 0.255i

basal (6%)
basal (2%)
insulin

Biochemistry, Vol. 39, No. 31, 200®365

The model developed here is based upon steady-state
distributions of GLUT4 and GLUT1 among four distinguish-
able fractions in rat adipocytes. Most importantly, it provides
the first experimental support for the fact that insulin
modulates the rate coefficients of all of the processes
involved in GLUT4 recycling, acting to decrease the rate
coefficient of endocytosis, while increasing all of the other
rate constants. A number of biochemical and molecular
biological interventions 23—29) are known to affect the
GLUT4 recycling in adipocytes, and our kinetic analysis
should be useful in identifying the site and molecular basis
of the intervention. Finally, the results of the steady-state
GLUT1 distribution are consistent with the hypothesis that

simplest two-pool model is incompatible with the different the two GLUT isoforms share a common endocytotic
half-times observed in the insulin-stimulated state for the process, which alone confers the insulin sensitivity of GLUT1
steady-state and transition types of experiments. This be-distribution to the plasma membrane. The validity of this

havior is readily simulated by the three-compartment models
considered by Holman et all®) and Yeh et al. 14), and

hypothesis remains to be tested.

by the four-compartment model developed here. The presentACKNOWLEDGMENT

model, however, possesses the advantage of being base
upon experimental measurement of steady-state GLUT4
pools plausibly identified with functional compartments of

the system, thus providing additional information about the
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relative values of the rate coefficients that are involved. = REFERENCES
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