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Abstract

We consider a linear receptor reinsertion step in our kinetic model of the primary steps occurring in
receptor-mediated endocytosis. In contrast with our previous zeroth order receptor reinsertion assumption,
here we consider a first order process, and we study the effect of receptor diffusion on the trapping rate
constant (k*) and the radial distribution of receptors around coated pits (g,)- Using expetimental data for
low density lipoproteins (LDL) receptors on fibroblast cells, we find that the trapping of receptors by coated
pits is diffusion-controlled for any value of the escaping rate constant (k ~). This result is significantly different
from our previous findings. In fact, for a zeroth order process, we find that either diffusion has no effect on
k™ or, at the most, receptor trapping is 84% diffusion-controlled. Moreaver, we find values for the receptor
reinsertion rate constant (x), which range between 15% of the pit’s invagination rate constant, A, and three
halves A. In addition, the ratio k /A is equal to the ratio of the concentration of receptors in pits with respect
to the internalized receptors. Comparison between the experimental radial distribution of receptors around

pits and the theoretical should provide an indication of the diffusion effect on k*.
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1. Introduction

Receptor-mediated endocytosis is a process
that enables cells to transport macromolecules
across the plasma membrane. Macromolecules
that utilize this pathway include polypeptides,
hormones, growth factors, low density lipopro-
teins [LDL), transferrin, proteins modified for
degradation, and some antibodies. In addition,
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viruses and bacterial toxins gain entry to the cell
by using this process [1]. The receptors that pat-
ticipate in endocytosis are integral membranc
proteins synthesized by the cell and inserted into
the plasma membrane [2]. The receptors are spe-
cific for each macromolecule that gains entry
through receptor-mediated endocytosis. Once in
the membrane, the receptors distribute in differ-
ent ways depending on the receptor and cell type.
Epidermal growth factor (EGF) receptor is found
randomly distributed on the cell surface [3]. Once
bound to its ligand, the EGF ligand-receptor
complex moves to regions of the cell membrane
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known as coated pits. In contrast, LDL receptors
tend to cluster in these coated regions [4]. Once
in these coated regions, receptors are immobi-
lized and internalized.

The coated pits derive their name from a lat-
tice formed by a protein called clathrin and the
cytoplasmic surface of the cell [5]. On the aver-
age, each cell may have between 500 to 1500
coated pits on its surface [6]. These coated re-
gions invaginate and form coated vesicles which
continually lose their coats, forming endocytic
vesicles called endosomes [7]. This process occurs
on average approximately every 20 seconds, and
it is continual and independent of any other
process. In some cells, the coated pits are situ-
ated above actin filament bundles. Therefore, the
coated pits are able to interact with the cytoskele-
ton [8], but how the clathrin recycles to the cyto-
plasmic surface is not known.

An important aspect of the internalization of
receptors is their recycling. Experiments with fi-
broblasts in culture have shown that the internal-
ization of a, macroglobulin molecules is of the
order of 2 X 10° molecules per hour [9]. At this
rate, the cell is unable to synthesize receptors fast
enough to replace the internalized receptors. Us-
ing this example, one could assume that receptors
are immediately recycled to the cell surface and
reutilized. A fraction of receptors probably end
up in the lysosomes and are degraded. One could
also assume that the synthesis of receptors occurs
in response to this degradation, and this is a
zeroth order process.

Receptor synthesis is partially responsible for
keeping a steady surface receptor concentration.
But in some cases, synthesis is a slow process
compared with receptor-ligand internalization.
For example, when cells were incubated with «
macroglobulin ZI-trypsin complexes (aM!>1-
T) at 37°C, accumulation of aM'>I-T occurred
until the saturation point (8.8 fmol aM'*1-T per
rg cell protein) was reached [10]. The aM®I-T
is internalized via receptor-mediated endocytosis,
and it is degraded in the lysosomes at a minimum
rate of 35% per hour [10]. This means that when
the system reaches the saturation point, M >I-
T internalization occurs at a rate of 3.1 fmol
aM'®1-T per ug protein per hour. It has been
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observed that surface receptors bind 0.7 fmol
aM'I-T per ug protein, and that the synthesis
of receptors occurs at a rate of 15% per hour
[10].

This experiment suggests that receptors must
be reutilized. If this is the case, experimental data
can be interpreted consistently with a rate of
ligand uptake proportional to the number of sur-
face receptors. The following experiment is con-
sistent with the previous assumption. When cells
were treated with cyclohexamide for four hours
at 37°C, their receptor synthesis and internaliza-
tion were altered. If later the cells were incu-
bated with «M'®I-T at 0°C, a 50% reduction in
ligand binding, compared with control cells, was
observed. The same percentage was observed for
cells incubated at 37°C. From these experiments,
the amount of aM'”I-T taken up per hour
divided by the bound «M!®I-T would give us
the number of times each receptor was used.
Thus, surface receptors in controlled cells and
cyclohexamide treated cells were utilized 5-10
times per hour [10].

Given the experimental evidence [11], one
could conclude that for certain cells, receptors
and ligands, receptor recycling is responsible for
the steady surface concentration of receptors in
receptor-mediated endocytosis. Furthermore, we
could assume that the synthesis contribution to
the receptor concentration is negligible. Based on
these considerations, we extend our model of
receptor-mediated endocytosis [12,13] by includ-
ing a first order receptor internalization. For this
model, we study the effect of receptor surface
diffusion on the distribution of receptors around
coated pits. In the next section, we discuss our
model and the modifications to include reinser-
tion of receptors as a first order process. Also, we
calculate the trapping rate constant within the
Fluctuation-Dissipation (F-D) theory [14,15]. In
Section 3, we consider the effect of receptor
diffusion on the trapping of LDL receptors by
coated pits, and we analyze the radial distribution
function of receptors around coated pits. Finally,
in section 4 we discuss our results and compare
them with our previous model calculation of the
random pit reinsertion with random zeroth order
receptor reinsertion.
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2. Linear receptor reinsertion

In receptor mediated-endocytosis, the internal-
ization of a macromolecule involves the binding
of the ligand to the receptor. In recent studies,
Linderman and Lauffenburger [11] and Kaplan
[16] analyzed the kinetics of ligand uptake, and
their results suggest that the reinsertion of recep-
tors is a first order process. This result is in
contrast with the assumption that receptor rein-
sertion is entirely due to receptor synthesis, which
is a zeroth order process. Moreover, for certain
systems the biosynthesis cannot account for the
steady state surface concentration of receptors
that is observed. Our present discussion of recep-
tor-mediated endocytosis is based on the ob-
served steady state surface concentration of re-
ceptors, and the slow, compared with ligand up-
take, biosynthesis of receptors. In order to in-
clude the previous observations, we modify our
minimal model of receptor-mediated endocytosis
[12,13]. Namely, we extend the number of exten-
sive variables and include the reinsertion of inter-
nalized receptors. Therefore, we consider five
clementary processes. The first process is the
trapping of receptors by a pit

R+ P(jR) = P((j+ DR), (1)

where R stands for receptor, P(jR) is a pit with j
receptors, and k (k™) is the rate constant for the
trapping (escaping) process. The invagination of a
pit with j receptors is the second process and is
represented as

P(jR) 5 jIR, (2)

where A is the rate of invagination, and IR repre-
sents the internalized receptor, which is the new
extensive variable. The third process is the rein-
sertion of a pit. In our model, we consider a
zeroth order random reinsertion of pits with K|,
being the rate of pit reinsertion. The next process
is the reinsertion of the internalized receptor,
and it is represented as

IR >R, (3)

with « being the rate of constant for this process.
Finally, we consider mobile receptors that can
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diffuse on the cell surface. This last process is
characterized by a diffusion coefficient, D.

Following the F-D theory [12-15], we get the
following equations for the average number den-
sities of the different species

drip _
drg
W= _k+ﬁPﬁR+k_’_lRP+KﬁIR (5)
drigp — - —

ds =k*ngnp — k" ngp — Afigp (6)
dng _

P = Migp — Kkfifg.- (7a)

In eqs. (5-7a) we have defined the average num-
ber of receptors in pits, ngp, as:

figp = Zﬁjp, (7b)
j=0

where 7ip is the average number of pits with j
receptors. In a compact notation, we define the
vector i’ = (Ap, Aig, Agp, Miz) and rewrite egs.

@)-(D) as
di
5 R, ®

where R represents a vector related nonlinearly
with n. In this model, we consider a constraint in
the number receptors, namely

Rgp + g + g = Const. = 7. 9)

With this constraint, the steady state solutions to
eqs. (4)-(7) are given by

AR /Tigp = A/K (10)

S =K, /A (11)

7S [kT+A

A | kAR (12)

_ iy

RS T F ) A (13)
A S

Fluctuations about these averages will eventu-
ally yield information on the distribution of re-
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ceptors around pits. Therefore, we have to ana-
lyze the statistical properties of fluctuations in
the number density. According to the F~D theory
[12-15], the fluctuations in the number densities
satisfy the following stochastic differential equa-
tion

odn -

—=Hén+f,
at

(14)

where 8n' =(8np, Sng, ngp). Notice that the
constraint in the number of receptors reduce the
number of independent fluctuations i.e., n;g =
—8ng — dngp. At steady state f is a multlvanant
Gaussian white noise; the noise vanishes on the
average and has the covariance matrix

{(r, OET(r, Yy =y(r, r)o(t~1"),  (15)

where 8(x) is the Dirac function. The relaxation
matrix, H, is given by

aR,
on s

R

(16)

ij =

Thus, eq. (14) is a linearization of egs. (4)—(7),
and H is given by

-A 0 0
H=| k'A% DV*-k*A§—-x k-«
k*ng k*ng —(k™+A)
(17)

The covariance matrix, ¥y, is determined following
the postulates of the F-D theory [12-15] and the
molecular mechanism described by egs. (1)-(3). If
one follows the procedure described elsewhere
[12,13], one obtains the following expression

AT 0
y=| 0 28D V>+k*ARay + (k™ +\)ngp
Anigp —knRny -k Age

where {n) is given by [12]
(n)= ):;2_::’ .

ngp

(19)

Using this information, we want to calculate
the density—density correlation function, which is
linked to the radial distribution function, g,
namely

(6nl-(r)¢‘3nj(r'))SS =o5(r,r')
= ﬁ?sﬁjs[g”-(r, r')y-— 1],
(20)

where the angular bracket represents the static
average over the steady-state ensemble. In order
to accomplish this task, we have to transform eq.
(17)-(18) to the Fourier space. In Fourier space,
we have the following expression for the fluctua-
tion—dissipation theorem [14]

H(k)é(k) +6(k)H(k) = —9(k), (21)
where
(k. k')
_ 1 dr [ dr’ eikr—ik"r ,
= (277)4[ rf re o,(r,r’)
o(k—-k')
=0,;(k)——— ) (22a)

After a lengthy but otherwise straightforward cal-
culation, one finds that the pit—receptor correla-
tion function, &,,, is

k*agny  b(x)
5 (k)= —
Ul}( ) 2D k2+§2(K) ’ (22b)
AnRp
—k'RgRE — kAR |8(r—r'), (18

k*agny + kg + An)ngp
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where we have defined the following quantities

- 2+3k/A+kTKk/A?

b} = [1+&/A[2+k/A] (%)
bk*Ag + A +k
£%(x) S (242)
24+k/A
EALTLE (240)
24k /A

Finally, the inverse Fourier transform gives the
pit—receptor density-density correlation function
in r-space

opr(lr—r'l)

+ 5885288
P

- - “b(k)K(£(x) Ir=r'l),  (252)
47D

where K, is the McDonald function (also called

a modified Bessel function) of order zero [17].

From this density—density correlation function,

the radial distribution of receptors around pits in

r-space is readily obtained

k*b(x)
47D

Ko(g(K)lr_r,l)‘
(25b)

ger(lr—r'l)=1-

Information about the average spatial distribu-
tion of receptors around coated pits is given by
the radial distribution function. This information
can also be used to calculate the binding rate
constant k. For this purpose we recall the appli-
cation of the F-D theory to bimolecular pro-
cesses [14,15,18]. In this approach, we need to
know the so-called intrinsic reactivity, £°, and
use the following expression for the bimolecular
rate constant for circular symmetry in two dimen-
sions

k+=2wf0°°k°(r)gm(r)r dr. (26)

The simplest type of reactivity function assumes a
unique reactive distance, in this case, the radius
of the pit, R. Therefore, we can express the
intrinsic reactivity as

o

k°(r) = —3&(r—R). (27)

2mr
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Thus, eq. (26) reduces to
k*=k°gpr(R). (28)

Equation (28) is a general result in the sense that
it includes the diffusion controlled case, which is
obtained when k°/k* > 1, as well as the possibil-
ity that diffusion is only partially rate limiting i.c.,
k°/k*=1. These conclusions are evident if we
consider egs. (26) and (28) and solve for k*. This
calculation yields the following result

kO
kv 47D
4D LS B(k)K R) )
47TD (K) 0(5(") )

for the diffusion-controlled case, the system
has to satisfy the condition
47D
> = )
b(k)K,(£(x)R)

o

(30)

which yields the following expression for the dif-
fusion-controlled rate constant

e 47D Gl
b B (OK(E()R) )

Under the assumption of a diffusion-controlled
process, and using the F-D theory, we obtained
an expression for the rate constant based on our
extended model of receptor-mediated endocyto-
sis. This theoretical result has to be consistent
with the solution of the macroscopic rate equa-
tions (4)-(7). In particular, eq. (31) and eq. (12)
have to be consistent, if diffusion of the receptors
on the cell membrane is the rate determining
step. In this case, the self consistency of the
model yields the following equations:

},\
R —D-x]
27D 24k™/A 7i

)2
= ———, 2
A 1+3k/2A+k"k/2X° B (32)

KO
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where we have defined

P =igp/fig (33)

| 2_1+k’/)\ ) K K ”
=14 JR—— — —.

¥ p2+k'/A[ RETY Y (34)

At steady state, the value of the ratio of receptors
in coated pits to the number of receptors outside
coated pits is known for LDL receptors on fibro-
blasts. Other parameters are known for this sys-
tem except for k and k~. Using these data, we
can explore the values of « and k~ which are
consistent with eq. (32).

In the case when the receptors escape from
the coated pits, we have two extreme cases. The
first and most physically plausible case considers
trapped receptors, or k= /A << 1. In this case, one
gets in general

2mD ﬁ W—KO R Bx y (35)
with
x=1+p[1+x/2A]+K/A. (36)

For the second case, where (k~/A) > 1, one ob-
tains

2 DﬁiDs 2 K |R A 37
mD—=x Ko 7* | (37)
with

x=1+2p[1+«/2A] +«/A. (38)

Equations (35) and (37) are the main result of
this section. In the present model, the new pa-
rameter, « /A, allows a solution to the consistency
equations, eqs. (35)-(37). Namely, we fixed the
value of k7 /A and solve for x/A. The solutions
to these transcendental equations will support
the assumption of diffusion as the rate determin-
ing step. These results contrast with the findings
based on our original model where a solution to
equivalent transcendental equations do not exist
[12,13]. Therefore, the effect of diffusion is par-
tial in the original model, and the assumption of
total diffusion control is not consistent. In the
present model and using data of LDL receptors
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on fibroblasts, we will explore, in the next section,
the values of the parameter « /A, which are con-
sistent with the assumption of diffusion control.

3. The effect of diffusion on the trapping of LDL
receptors

In this section, we use LDL receptors data to
test quantitatively our results. First, we will use
the experimental parameters in ¢gs. (35) and (37)
and find the value of k /A, which yields the ratio
of the concentration of receptors in pits with
respect to the concentration of internalized re-
ceptors. For example from Table 1, we get the
following general transcendental equation;

K,[0.086Vx |

k™ /A
=1. m+k‘x/2)@} (39a)
with
x=l+4.44[1+i]~1+k4+x//\. (39b)
w25k

Notice that we have in this model two unknown
parameters xk/A and kK~ /A. From this result, we
can analyze two limiting cases. The first considers
no escaping from the pit i.e. k¥~ /A < 1. This limit
yields, from eq. (39), a transcendental equation
for k /A

K K
KO[O.086\/1 + 2.22[1 + —] + -
2 A

=24 (40)

1+3K/2)\] )

For the second case, which considers fast escap-
ing or k= /A > 1, we have

K K
K0[0.086\/1 + 4,44[1 + _] 5
2A A

| I

1
=2.4[— . (41)

k/A

These two limits bound the values of /A which
are consistent with a diffusion controlled process.



E. Peacock-Lopez, E.B. Hannah / Biophys. Chem. 46 (1993) 261-271

Table 1

Characteristic parameters for LDL receptors

Parameter Symbol Value Source
Radius of coated pits R 0.10 um [19,20]

Receptor diffusion
constant D,
Steady-state density of

45%x1073 (um?/s)  [3,20]

coated pits (37°C)  #§ 0.31 (um)~2 {19,20]
Number ratio of

receptors in pits te

receptors out of pits g 22 [19,20]
Invagination rate

constant A 33x1073s7! [19,20]

Therefore, we limit our analysis to these cases.
However, a partial diffusion effect cannot be
neglected since the values of the experimental
parameters have fairly large uncertainties [13].

In the first case, the value k/A =0.151 solves
eq. (40). This result is related to a ratio of the
concentration through the steady state solutions
of eq. (7), namely eq. (10). Combining this result
with the experimental value of p, one can relate
the concentrations of receptors and receptors in
pits with internalized receptors. Finally, since the
total number of receptors is constant, we ob-
tained the fraction of internalized receptors, re-
ceptors and receptors in pits. According to our
model and the values for LDL receptors on fibro-
blasts, we predict that 82.0% of the receptors are
internalized, 12.4% of receptors are in pits, and
5.6% of receptors are on the cell surface outside
of pits. Even though we do not have experimental
ratios, our results are plausible. For example in
the case of EGF receptors, we find that the
binding of EGF is reduced by an 80% of the
initial binding capacity. For example in the pres-
ence of excess EGF steady state binding of EGF
is just 20% of the initial value. Recalling that
EGF receptors are only trapped when bound to a
ligand, one could say that 80% of the EGF recep-
tors are internalized.

For the second limiting case, k7> A, we find
the solution of the transcendental equation (41)
to be k/A = 1.685. This value predicts the follow-
ing concentration ratios: 29.0% for internalized
receptors, 48.8% for receptors in pits, and 22.2%
for free receptors on the cell surface. Therefore,
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the values of x/A, which are consistent with a
diffusion controlled process, lie in the interval
[0.151, 1.675]. The receptor fractions predicted by
our model range between 82.0% to 29.0% for
internalized receptors, 12.4% to 48.8% for recep-
tors in pits, and 5.6% to 22.2% for free receptors.

As we mentioned previously, a combined diffu-
sion-reaction controlled process cannot be ne-
glected since the experimental parameters ob-
serve large uncertainties. In this case, we con-
sider the ratio

y=k"/k® (42)
Using this ratio, we can rewrite eq. (29) as

1
y= Tk Jkoy (43)
or
y=1-k"/kp. (49)

If we use the steady state relation given by eq.
(12) and the definition of the diffusion-controlied
rate constant, we get

p k™+A_

y=1- 55 p BOKLERR).  (49)

Using the definition of b(x), eq. (45) reduces to

) 3k kTk
XN T T h A
y=1- = —K, | Ry =x |,
2mD k Mp D
e

(46)

where x is defined by eq. (34). If we use the value
of the parameters for LDL receptors on fibrob-
lasts, we get an equation for y with /A and
k™ /A as independent variables

3« kTk
TR
y=1- —| —==—=2 1K (0.086Vx),
1.2 k
2+ —
A
(47)

where x is given by eq. (39b). In principle, the
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value of «/A is given by the ratio in concentra-
tions of receptors in pits with respect to internal-
ized receptors, as described by eq. (10). Thus, a
connection with a measurable quantity exists. At
this point, different approaches can be taken
depending on the experimental data. For exam-
ple, if the parameters x /A and k~ /A are known,
the partial importance of diffusion can be esti-
mated; that is, if two parameters are known, the
third can be estimated. Unfortunately, k= /A and
y have not been measured and, in general, are
difficult to obtain experimentally. Therefore, we
will only the case where escaping is not allowed.
In this case, k™ /A < 1, and eq. (47) reduces to

1 [1+3K/2/\

y=1-— 2

" ]K0(0.086\/; ), (48)

with x given by eq. (38). Whether or not the
process is diffusion-controlled will be determined
by « /A, which is related to the fraction of recep-
tors in pits and internalized pits. As we have
shown in the previous section, if the value is
0.151, the process is diffusion-controlled. If this is
not the case, and once the value of x/A has been
determined, eq. (48) will predict the percentage
of diffusion dependence. Finally, since the value
of the ratio of the population of receptors in pits
with respect to internalized receptors has not
been reported, and the value of 0.151 is consis-
tent with diffusion control, we will not pursue any
further the analysis of a partial diffusion effect.
Instead, we consider the radial distribution of
receptors around coated pits.

Using the result obtained in this section, we
can analyzed the radial distribution function of
receptors around coated pits. Using eq. (25b), this
function is given by the following expression:

gre(lr—r'l)

k*b(x) -r'
-1-—— o[ £ }, (49)

where we have defined the following relation:

£(x) = \/— T ; , (50)

E. Peacock-Ldpez, E.B. Hannah / Biophys. Chem. 46 (1993) 261-271

and b is given yb eq. (24b). Furthermore, if we
use eq. (12), we can eliminate k', and eq. (50)
reduces to

gRP(|"—T'|)
“1__ figp k- b(")
_&3 —SS 4#D
—SS K
XK, 1/ \/_ [1+—— +1+—
S8 A
-l 51
X
— (51)

Using experiments values from Table 1, we find
that eq. (51) can be reduced to

gre(lr—r'l)

K k™
=1=Alp 7k

[ [K k- Ir— a
X 0.086]/f2

where we have defined the following relations:

, o (52)

) 3K K k™
- o +3— 4+ ——
k k AoA A
fi e —“—k-]— (53)
: o4l + —
A
[k k™ 1+k /A
fol=, —|=1+— +444[1+— S
A7 A A 201 2+k /0
(54)

From eq. (52), the two limiting cases, k /A > 1
and k~/A <1, can be considered. For these
limits, we have the values of x/A which are
consistent with a diffusion-controlled receptor
trapping. Therefore in the diffusion-controlled
case and for k~ /A <1, we find the following

expression:
lr—r'l
R ?

(55)

grp(lr—r'1)=1 —0.511K0[ .
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K <<h

O'OLO 20 3.0 4.0 50 6:() 7.0 80 9.0 10.0
R

Fig. 1. Radial distribution of LDL receptors around coated

pits for linear receptor reinsertion. In this case, we have used

parameters from Table 1 and egs. (55) and (56).

and for k= /A > 1, we have

lr—r'|
gre(lr—=r'])=1- 0.702K0[0.283 |
(56)

Figure 1 depicts the radial distribution function
of LDL-receptors around coated pits on fibro-
blasts for the limiting cases k~/A > 1 and k™ /A
<« 1. In contrast with our previous models [12,13],
this system shows minor changes in the distribu-
tion of LDL-receptors when the ratio k=/A is
varied between its two limiting values. Also, no-
tice that the value of ggp is zero when |r—r'| =
R. This condition reflects a consistency between
the diffusion-controlled receptor trapping as-
sumption in the present model and LDL data on
fibroblasts.

4. Discussion

Although only few details of the molecular
mechanism for individual steps involved in recep-
tor-mediated endocytosis are known, we can safely
assume that reinsertion of receptors can either be
first or zeroth order processes. This assumption
with the well accepted random pit reinsertion
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form the fundamental features of the model of
receptor-mediated endocytosis considered here.
Also an important and open question that the
model calculations try to explain is whether the
actual receptor trapping by coated pits is a diffu-
sion-controlled process or not. As we have argued
before, the slow receptor diffusion on the cell
membrane is not enough to assume a diffusion-
controlled receptor trapping. Rather than con-
sider receptor diffusion as the only indicator, we
have to compare it with the actual interaction
occurring when the receptor reaches the pit
boundary. Thus actual knowledge of the molecu-
lar process at contact between the pit and the
receptor is needed. Once the trapping mecha-
nism is understood, the characteristic diffusion
time for receptor trapping has to be compared
with the characteristic time. In order to say that
receptor trapping is diffusion-controlled, the
characteristic diffusion time has to be much
greater than the characteristic trapping time.
Although the molecular details are still not
fully known, our model calculations look for con-
sistency between experimental data and the diffu-
sion-controlled trapping assumption. The model
of receptor-mediated endocytosis considered here
has been introduced in previous work [2,13],
where we have assumed a random and zeroth
order pit and receptor reinsertion. For these as-

1.0 ZTO 3?0 4t0 5;0 6j0 7?0 8}) 9?0 100
rR
Fig. 2. Radial distribution of LDL receptors around coated
pits for random receptor reinsertion. In this case, we have
used parameters from Table 1 and eq. (55) from Ref. [12].
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sumptions, the model is not consistent with a
diffusion-controlled receptor trapping for LDL
internalization by fibroblasts. This conclusion is
depicted in Fig. 2, where the line g, =1 repre-
sents no diffusion effect. And, the value of the
radial distribution different from zero at r=R
implies a partial diffusion effect.

In contrast, in the present work we have con-
sidered a different receptor reinsertion mecha-
nism. Instead of the zeroth order, we have as-
sumed a first order reinsertion. This assumption
is consistent with the idea that receptors are
reused several times before they are degraded.
For this reinsertion mechanism, we have found
that the the model is consistent with a diffusion-
controlled receptor trapping. This conclusion is
depicted by Fig. 1. Notice that g,, is equal to
zero at r = R in both limit cases. Moreover, using
Table 1, we get quantitative values for the rein-
sertion coefficient x and values for the ratio of
the concentration of receptors in pits with respect
to internalized receptors.

One of the most interesting differences is de-
picted in Fig. 3, where we notice that in the case
of random receptor reinsertion diffusion has no
effect on the distribution of receptors around
coated pits, i.e., g, =1. In contrast, for linear
reinsertion, receptor trapping is diffusion-con-
trolled, ie., g (R)=0, and affects the distribu-
tion of receptors around the coated pits. Also, we

Random reinsertion

En
0.5

Linear reinsertion

1.0 2.0 3;0 4.0 5i0 6.0 7j(J 8.0 9:0 10.0
R
Fig. 3. Direct comparison of the radial distribution of LDL
receptors around coated pits between the random and linear
receptor reinsertion mechanisms, when Kk~ < A.
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Random reinsertion

&
0s

Linear reinsertion

0.0 . . . ; " . — L
1.0 20 30 40 5.0 6.0 7.0 8.0 9.0 10,0
/R

Fig. 4. Direct comparison of the radial distribution of LDL
receptors around coated pits between the random and linear
receptor reinsertion mechanisms, when &7 > A,

notice that in the case k™ > A, Fig. 4, the models
yield different prediction. Namely, linear reinser-
tion is consistent with a diffusion-controlled re-
ceptor trapping while random reinsertion is not
and only a partial diffusion effect is present, i.e.,
g(R)#0.

Although our method is able to give exact
relations, it is sensitive to experimental parame-
ters. Due to large uncertainties in the measured
quantities, we cannot draw a definite conclusion
is to whether receptor trapping is diffusion-con-
trolled or not. However, our model calculations
can help to elucidate and understand the pro-
cesses involved in receptor-mediated endocytosis
if new refined measurements, details of the pit—
receptor boundary mechanism and determination
of the radial distribution of receptors around pits
are obtained.
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