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Abstract We have formulated a random walk model for 
emerging apolipoprotein B interaction with its translocation 
channel on the surface of the rough endoplasmic reticulum 
based on the assumption that this interaction is a diffusion- 
mediated process. From this model, we found that a substantial 
proportion of mRNA-ribosome complexes was not bound to 
their translocation channels at any given moment of quasi- 
steady state. The duration of polypeptide chain elongation was 
an important determinant of the number of mRNA-ribosome 
complexes bound to their channels, but it had little net effect on 
the integrated rate of protein synthesis and translocation. The 
rates of protein synthesis and translocation for different secre- 
tory proteins that were cotranslationally translocated were very 
similar provided that they had similar mRNA concentration. 
I We conclude that one of the control mechanisms regulating 
apolipoprotein B production may rely on the properties of trans- 
location channels to determine the fate of newly synthesized 
apolipoprotein B molecules.-Chen, L., J. Zhanp;, and L. 
Chan. Apolipoprotein B synthesis: a square lattice model. 
J Lipid Res. 1994. 35: 84-92. 
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Apolipoprotein B (apoB) is a major structural compo- 
nent of the triglyceride-rich lipoproteins. Two forms of 
apoB (apoB-100 and apoB-48) are synthesized in a tissue- 
specific manner (1, 2). In humans, apoB-100 is pre- 
dominantly synthesized in liver and is required for the as- 
sembly of very low density lipoprotein (VLDL) (3, 4); 
apoB-48 is synthesized in the small intestine and is a 
requisite structural component of chylomicrons. ApoB-48 
is also produced in the liver of rodents (5). The mecha- 
nism of apoB-48 production is unique. ApoB-48 mRNA 
is the product of apoB-100 mRNA editing, a post- 
transcriptional process by which a C is converted to a U 
at nucleotide 6666, changing the latter from CAA (encod- 
ing Gln-2153) to UAA (a stop codon). ApoB-48 thus com- 
prises the N-terminal4870 of apoB-100 (6, 7). As a major 
protein component of VLDL and the only protein com- 
ponent of LDL (low density lipoprotein) (4, 8, 9), apoB 
plays a pivotal role in lipoprotein metabolism and its 
regulation has profound effects on cholesterol homeostasis 
(10). The rate of apoB secretion in vitro and in vivo is 

modulated by various metabolic, nutritional, and hor- 
monal factors (11-13). Recent studies indicate that, despite 
wide fluctuations in apoB secretion under different condi- 
tions, its mRNA level varies little (14-16). This is espe- 
cially true for studies performed on the cultured human 
hepatoma cell line (HepGZ) (12-17). Thus, the control of 
apoB secretion appears to be mediated mainly at a post- 
transcriptional level through means such as translation, 
translocation, trafficking, intracellular degradation, and 
the re-uptake of the newly secreted VLDL particles (18). 
An important level of control may be on the surface of 
rough endoplasmic reticulum (rER) for the successful 
translocation of newly synthesized apoB molecules 
(19-21). In this study, we have confined our analysis to one 
of the possible control steps, namely, the interaction be- 
tween apoB mRNA-ribosome complex and its hypotheti- 
cal translocation channel on the surface of rER, with the 
hope that we may uncover some intrinsic properties of the 
process that modulates apoB production. We have con- 
structed a model to study the conditions under which the 
search for apoB translocation channels could be an im- 
portant determinant for the efficiency of translocation. 
Computer simulations were performed to assess the rate 
of protein production with respect to parameters that are 
potentially important for its control, including the num- 
ber of apoB mRNA molecules, the quantity of transloca- 
tion channels, the duration of polypeptide chain elonga- 
tion, and the degree of apoB mRNA editing. Our findings 
may have important implications for the regulation of 
apoB production and our understanding of cholesterol 
homeostasis and for secretory protein production in 
general. 

Abbreviations: VLDL, very low density lipoprotein; LDL, low den- 
sity lipoprotein; rER, rough endoplasmic reticulum; SRP, signal peptide 
recognition particle. 
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METHODS 

Theory 
ApoB translocation across the rER membrane is a pre- 

requisite for its production and the assembly and secre- 
tion of VLDL (19-21). There is strong evidence to suggest 
that the translocation of apoB is a cotranslational process 
(19, 22, 23), and probably involves some specific proteins 
on the rER. The docking protein for the recognition of 
ribosome with rER (24-27) and an aquatic channel on the 
surface of rER may also be part of its translocation 
machinery (28). A schematic drawing of apoB translation 
and translocation on the surface of rER is presented in 
Fig. 1 which may also serve as an example for the subset 
of secretory proteins that are cotranslationally trans- 
located. Translation of apoB mRNA occurs on ribosomes, 
and apoB synthesis is initiated in the N-terminus produc- 
ing the signal peptide that binds to the signal peptide 
recognition particle (SRP) in the cytoplasm. The whole 
complex (mRNA-ribosome-SRP) then touches down on 
the surface of rER and starts the search for pre-existing 
translocation channels. Once the complex “finds” a chan- 
nel, translation is resumed (25, 27) coincident with trans- 
location of the nascent apoB polypeptide. Upon completion 
of the polypeptide chain, mRNA and ribosomes dissoci- 
ate from rER surface and the translocation channel is 
then available for another round of protein synthesis and 
translocation. One of the control steps in apoB translation 

e 
Fig. 1. Schematic diagram of apoB synthesis and translocation. The 
process of apoB synthesis/translocation is divided arbitrarily into three 
steps. Step 1 represents the binding of ribosome to mature apoB mRNA 
and the initiation of the synthesis of signal peptide, which is recognized 
by the SRP particle, and translation is on hold until the beginning of 
translocation; this complex then rapidly diffuses towards the surface of 
rER. Step 2 represents the random walk of mRNA-ribosome complex 
in search of translocation channel on the surface of rER. Step 3 
represents apoB chain elongation and translocation and the subsequent 
dissociation of ribosome and mRNA from the rER surface, thus to start 
a new cycle of the whole process (flower, translocation channel; shaded 
circle, SRP). 

and translocation may be the search for andlor the assem- 
bly of the translocation channel. This step contrasts with 
the post-translational events such as lipoprotein assembly 
or intracellular degradation which may be a regulated 
process in response to various physiological manipula- 
tions. The model we will be exploring deals exclusively 
with an initial part of apoB synthesis, i.e., the dynamic 
relationship of mRNA-ribosome complex with its 
hypothetical translocation channel; the steps subsequent 
to this interaction are not addressed in this study. 

Model design 

The basic assumption is that the process by which an 
mRNA-ribosome complex searches for its translocation 
channel is diffusion-mediated. The surface area (A) of 
rER has been simplified as an NxN square (where 
N x N  = A) with a periodic boundary (a torus) to mimic 
the continuity of the total cellular rER and to simplify our 
mathematical treatment. The channels and the complexes 
are randomly distributed on the entire surface of NxN 
lattice with each occupying a lattice point. The diffusion 
pattern of mRNA-ribosome complexes on the surface of 
rER and the collision of the complex with its channel are 
further simplified as a random walk on the N x N  square 
lattice with every step the complex walks to one of its four 
nearest neighboring points with equal probability. The 
channels are held stationary (which is equivalent to as- 
suming that both the complex and the channel are 
mobile, but with lower relative diffusion coefficients (29, 
30)). When an mRNA-ribosome complex walks into the 
position of a channel, a successful binding of the complex 
to this channel occurs. The complex then occupies this 
channel for the period of time that is required for comple- 
tion of the entire polypeptide chain while it is being trans- 
located. Then, the channel will be available again for 
binding to new mRNA-ribosome complexes. In choosing 
the approach described, we have effectively eliminated 
some unknown parameters such as the effective collision 
area of the complex and channel, the direction of colli- 
sion, and the binding interaction of the complex with its 
channels. This approach serves as the basis for the simu- 
lation programming. An analytical solution of the num- 
ber of mRNA-ribosome complexes bound to transloca- 
tion channels at n steps is established, provided that n is 
smaller than the number of steps required to finish the 
polypeptide chain elongation. 

Simulation procedure 

Programs were written in Fortran 77 and are available 
upon request. Most of the simulations were performed on 
100 x 100 lattices. From our analytical results, however, 
it is clear that there is little gain in using larger lattice 
sizes, because the number of complexes bound to their 
translocation channels at n steps is directly related to the 
ratio of the average number of distinctive positions visited 
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by a walker after n steps over the lattice size (see Appendix 
for detail). 

100 - 

80 - 
3 60: 4 
8 

P 
4 4 0 -  
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RESULTS 

Analytical solution 

We only solved the problem of the number of successful 
binding of walkers (mRNA-ribosome complexes) to their 
channels at n steps with the initial condition of uniformly 
distributed walkers and the channels on the surface of 
rER, and provided that n is smaller than the number of 
steps required to complete the protein chain elongation 
and the translocation process. B(n) (the number of 
walkers that are bound to their translocation channels at 
n steps) is determined by the following functions: 

i-1 

Where Pi is the probability of the lattice point visited 
by i number of different walkers; Hi is the average number 
of channels bound with walkers on the lattice points that 
have been visited by i number of different walkers; Fi is 
the probability that at least i number of channels are at 
the lattice points that have been visited by i different 
walkers; Fj' is the probability that j number of channels 
are at the lattice points that have been visited by j number 
of different walkers; W is the number of walkers; R is the 
number of translocation channels that are within the lat- 
tice points visited by W number of different walkers at n 
steps; and S, is the average of distinctive lattice points 
visited by a walker after n steps (see detail in Appendix). 

Therefore, B(n) is solely determined by the number of 
channels and the complexes, the size of the lattice, the 
duration of translation, and the number of steps the com- 
plexes have walked. If the number of channels and com- 
plexes are to remain constant, then B(n) is determined by 
S,/NxN. This is the basis for our scaled-down simula- 
tions to avoid the use of huge numbers of N x N and n and 
the realistic condition to save computing time. 

Simulation 

a) The analytical solution shows a good match with the 
results of simulation up to about 500 steps but deviates 
slightly thereafter (Fig. 2). The reason for the deviation 
may be that, with the analytical approach, we have as- 
sumed that channels are uniformly (instead of randomly, 
as in simulation) distributed on the entire surface of rER, 
thus maximizing the probability of collision with walkers 
in the long term. 

6) The total number of translocation channels on the 
surface of rER correlates well with the efficiency of bind- 
ing. For a constant number of mRNA-ribosome com- 
plexes, the total number of translocation channels deter- 
mines the time the system takes to achieve its full capacity 
(Fig. 3). 

6) Only a fraction of the total complexes is bound to 
their translocation channels at quasi-steady state. Simula- 
tions were performed at equal numbers of walkers and 
channels with respect to different lengths of polypeptide 
chain. The number of ribosome-mRNA complexes 
bound with their translocation channels at quasi-steady 
state with different lengths of hypothetical polypeptide 
chain is shown in Fig. 4A. When the simulation steps 
reached the time that was required for the duration of 
chain elongation, an expected sharp drop in the bound 
complexes was observed which represents the start of the 
re-opening of translocation channels to other complexes. 
Note that under these conditions, for duration of chain 
elongation that varies from 1000 to 3000 steps, the num- 
ber of bound complexes is almost indistinguishable. 

*O v 
0 4  

0 500 1 000 1500 2ooo 

STEPS 

Fig. 2. Comparison of analytical and simulation results. The 
parameters used are: 100 mRNA-ribosome complexes, 100 translocation 
channels, with the surface area of rER as 100x100. The X axis 
represents the number of steps taken by the complexes, and the Y axis 
represents the number of mRNA-ribosome complexes bound to translo- 
cation channels. The heavy line is the analytical solutioii of the number 
of bound complexes at each step, while the thin lines represent the results 
of five different simulations. 
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Fig. 3. Effect of total number of channels on the efficiency of binding 
of complexes to the channels. Simulations were performed under the 
conditions of 100 mRNA-ribosome complexes, 100x100 lattice size of 
rER equivalent area, and the number of translocation channels from top 
to bottom at 500 (line 1); 250 (line 2); 100 (line 3); 50 (line 4); and 25 
(line 5). The X axis is the number of steps taken by the complexes, and 
the Y axis is the number of bound mRNA-ribosome complexes. 

It is clear that for proteins with 100 to 1000 amino acid 
residues (the range of most secretory proteins), the num- 
ber of bound complexes at quasi-steady state is propor- 
tional to the length of polypeptide chain (Fig. 4B). As the 
time (or number of steps taken) that is required to finish 
the individual polypeptide chain is also proportional to its 
length (assuming a constant rate of polypeptide chain 
elongation), then the overall number of molecules synthe- 
sized per unit time will be very similar for most secretory 
proteins that are cotranslationally translocated. Further- 
more, most of the mRNA-ribosome complexes are not 
bound to their channels at any given moment of protein 
synthesis (Fig. 4B). 

d) Simulation of apoB synthesis and translocation of a 
single human hepatocyte is shown in Fig. 5. Parameters 
for simulation are based on currently available experi- 
mental data (16-18) (see figure legend for detail). When 
the system achieves its quasi-steady state, only 40-60% of 
apoB mRNA-ribosome complexes have found their trans- 
location channels. On average, for a single liver cell, there 
are about 58 apoB molecules being synthesized at any 
moment. 

e) Scaled up simulations of apoB synthesis from 
100 x 100 lattice size are shown in Table 1. At quasi-steady 
state, use of a 1:l ratio of the mRNA-ribosome complexes 
versus translocation channels only slightly underestimates 
the bound complexes using a ratio of 1:500. Use of the 1:l 
ratio saves considerable computing time. Another feature 
evident in this table is that the number of bound apoB 
mRNA-ribosome complexes with translocation channels 
at quasi-steady states is not very sensitive to several-fold 
variation of the number of total translocation channels 
(see the 316x316 groups in Table 1). 

3 The degree of apoB mRNA editing has some inter- 
esting effects on the amount of apoB-100 and apoB-48 
synthesized in a single rodent hepatocyte. In our simula- 
tion, two species of mRNAs (apoB-100 and apoB-48) are 
competing for the same translocation channels. The only 
difference is that the time of completion of an apoB-48 
polypeptide chain is assumed to be 48% that of apoB-100, 
Le., it converts to the equivalent of 875 steps for apoB-100 
and 380 steps for apoB-48 in our 100x100 lattice system 
during the completion of one apoB-100 or one apoB-48 
molecule, respectively. Table 2 summarizes the collective 
effects of degree of editing (Le., % of apoB mRNA that 
is in the apoB-48 form) on the number of apoB-100 and 
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Fig. 4. Effect of the equivalent length of polypeptide chain on the 
number of bound complexes. The X axis represents the number of steps 
taken by the complexes, and the Y axis is the number of bound 
mRNA-ribosome complexes. Simulations up to 4000 steps were per- 
formed under the following conditions: 100x100 lattice size of rER 
equivalent area, 100 mRNA-ribosome complexes, 100 translocation 
channels, and different steps of a bound complex that will occupy the 
channels during the polypeptide chain elongation. Assuming that the 
rate of chain elongation is relatively constant for different proteins at 
5 residues per second, then, as detailed in the legend of Fig. 5,  3000 steps 
(A, line 1) of a bound complex that will occupy the channels during the 
polypeptide chain elongation is equivalent to a polypeptide of 20,000 
hypothetical amino acid residues. And so, iteratively, 2000 steps (A, 
line 2) is equivalent to a polypeptide of 10,000 amino acid residues, 1000 
steps (A, line 3) is equivalent to 5000 amino acid residues, 500 steps 
(B, line 1) is equivalent to 3000 amino acid residues, 200 steps (B, line 2) 
is equivalent to 2500 amino acid residues, and finally 100 steps (B, line 3) 
is equivalent to 500 amino acid residues. 
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the translocation channels were unique for a certain sub- 
set of proteins (e.g., apoB), the ratio of translocation 
channels versus mRNA-ribosome complexes should re- 
main high; otherwise, the protein production or translo- 
cation could be severely restricted. As shown in Fig. 5 ,  
even at 1:500 ratio, which probably is an overestimate (26, 
28, 34-36), one surprising prediction from this model is 
that the majority of the mRNA-ribosome complexes of 
secretory proteins that are being cotranslationally trans- 
located on the surface of rER are not bound to their trans- 
location channels, but just “idling“ around. This does not 
mean that the idling complexes do not contribute to pro- 
tein synthesis and translocation. In fact, every single com- 
plex contributes equally to enhancing the probability of 
finding their channels collectively. On the other hand, if 
the translocation channels are universal to most proteins, 
then, as shown in Fig. 3, five- to ten-times more channels 
versus mRNA-ribosome complexes could easily saturate 
the system. 

The assumption that the mRNA-ribosome complexes 
that are idling on the surface of rER are not synthesizing 
apoB protein until they successfully interact with their 
translocation channels is a logical consequence of the ac- 
tion of SRP, which will slow down or stop translation until 
the complexes touch down on the surface of rER (25-27) 
and successfully interact with translocation machinery, 
thus minimizing the possibility of premature synthesis of 
the protein that may become non-translocatable. It is 
clear that this model is only suitable for secretory proteins 
that are cotranslationally translocated. Although translo- 
cation has been shown to be independent of, or uncoupled 
from, the process of translation for certain secretory pro- 
teins or membrane-bound proteins (36), these proteins 
seem to represent a small subset of secretory proteins that 
either have short peptide chain length or do not require 
the participation of membrane for its folding or assembly 
(36, 37). It is also possible that some apoB mRNA-ribo- 
some complexes escape the translocation constraint and 

1, 
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Fig. 5.  Simulation of apB-100 synthesis in a single human hepatocyte. 
The average kinetic energy of each molecule is determined by mv2/2 = 

kT/2 (where m is the mass of the molecule, v the velocity, k the Boltzman 
constant, and T the absolute temperature). With a combined molecular 
weight of 9.7 ‘x  106, the average velocity of apoB mRNA-ribosome com- 
plex is about 50 cm/sec. Taking the diffusion coefficient (D = 1 x 
10-9cm2/sec) of a typical membrane-bound protein as the D of the 
mRNA-ribosome complex (41), the average of the free distance (d) the 
complex can diffuse and the time for each step (t) are then defined by 
d = ZD/v and t = 2 D W  respectively (42). Then, for the duration of 900 
seconds of apoB-100 chain elongation (Z), it takes the equivalent of about 
1.13 x 1015 steps. Taking 2.5 x 10-3cm2 as the total area of liver rER (35, 
36) and assuming the ratio of available translocation channels and apoB 
mRNA-ribosome is about 500 to 1 (26), then an area of 5 x 10-6cm2 
rER will have about 100 translocation channels for apoB mRNA-ribo- 
some complexes. From here we scale down to lOOx100 lattice, and the 
value of SJNxN at 900 seconds for apoB-100 in a hepatocyte is equiva- 
lent to the value of SJNxN 857 steps simulation in 100x100 lattice. 
The simulation conditions are chosen for 100 mRNA-ribosome com- 
plexes, 100 translocation channels, lattice size of 100 x 100, and the steps 
that required to finish one round of chain elongation is 857. Five simula- 
tions were performed up to 3000 steps. The X axis represents the num- 
ber of steps taken by the complexes, and the Y axis represents the num- 
ber of mRNA-ribosome complexes bound to translocation channels. 

apoB-48 molecules being synthesized on the surface of the 
rER. Note that the percentage of apoB-48 molecules 
being synthesized is significantly lower than expected 
from the percentage of editing, and the total number of 
apoB molecules (apoB-100 plus apoB-48) being synthe- 
sized decreases with increasing proportion of edited 
mRNA. 

DISCUSSION 

The mechanism that controls protein translocation is a 
complex process that involves multiple steps and the inter- 
action of numerous protein components of the rER (27); 
however, the translocation machinery could be universal 
for all secretory proteins (31). Some specific features of 
protein translocation such as that of “pause transfer” 
phenomenon in apoB (32, 33) indicate a unique interac- 
tion between the elongating polypeptide chain and its 
translocation channels. If the translocation machinery or 

TABLE 1. Effect of simulation scale on the bound apoB-100 
mRNA-ribosome complexes at quasi-steady state 

Total Number Total Number of Bound 
Lattice Size of Complexes Translocation Channels C/7d Complexes’ 

1002 100 100 1 : l  61 
142* 100 200 1:2 65 
224? 100 500 1:5 70 
3162 100 200 1:2  47 
316* 100 500 1:5 65 
316* 100 1,000 1:lO 73 

10002 100 10,000 1:lOO 74 
22362 100 50,000 1:500 75 

“C/T is the ratio of total number of ribosome-mRNA complexes ver- 

bThe value of bound complexes at quasi-steady state is the average 
sus total translocation channels in simulation. 

over the value from step 1000 to step 3000 of a single simulation. 
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TABLE 2. Effects of the degree of apoB mRNA editing on the synthesis of apoB-100 and apoB-48 in a single rodent hepatocyte, assuming 
that regulation is exerted solely at the level of mRNA-ribosome complex interaction with its translocation channel” 

ApoB-100 ApoB-48 Total % ApoB-48 Rate of Rate of Total Rate of % ApoB-48 
Editing Bound Bound Bound Bound ApoB- 100 ApoB-48 ApoB Molecules 

(%) Complexes Complexes Complexes Complexes (# per h) (# Per h) (# Per h) Produced 

0 61 0 61 0 244 0 2 44 0 
10 54 3 57 5.3 216 25 241 10.3 
20 49 6 55 11 196 50 246 20.3 
30 45 9 54 16.7 180 75 255 29.4 
40 36 16 52 31 144 133 277 48 
50 32 18 50 36 128 150 278 54 
60 26 23 49 47 104 192 296 65 
70 22 26 48 54 88 217 305 71 
80 14 33 47 70 56 275 331 83 
90 7 39 46 84 28 325 353 92 

100 0 44 44 100 0 367 367 100 

Five simulations were performed for each ’3% of editing. The average number of apoB-100 and apoB-48 mRNA-ribosome complexes that are en- 
gaged in polypeptide chain elongation on the surface of rER at quasi-steady state and the integrated rate of apoB-100 and apoB-48 production are 
presented. The parameters used are as follows: 100 total (apoB-48 and apoB-100) number of apoB mRNA-ribosome complexes, 100 translocation 
channels, and lattice size of 100 x 100. Under these conditions, a total of 857 steps is required for the duration needed to complete chain elongation 
for apoB-100 and 380 steps for apoB-48 (see legend of Fig. 5 for the derivation of these numbers). 

‘Undoubtedly other sites of regulation exist, but are not addressed in this computation. 

start chain elongation on the surface of rER without inter- 
action with translocation channel itself, or some trans- 
locating apoB molecules through local vibration may es- 
cape the constraint of the translocation channels (31), 
rendering them only partially translocated. The apoB 
molecules that are only partially translocated without 
further interaction with translocation channels may 
represent an intrinsic property of the system and may 
contribute to be a part of the pool of apoB molecules that 
are degraded intracellularly (21, 22). 

This model also predicts that under the same condi- 
tions (same relative concentration of mRNA, and sharing 
the same translocation channels), the number of polypep- 
tide chains synthesized per unit time for most secretory 
proteins should be very similar irrespective of the size of 
the proteins, although more time is needed to complete 
the synthesis of the larger ones. This is because of the 
diffusion nature of the interaction between the complexes 
and the translocation channels (30), and because the 
longer the polypeptide chain, the longer the ribosome 
complexes that will occupy the translocation channels 
during polypeptide chain elongation, and more of the 
mRNA-ribosome complexes are bound to their channels. 

ApoB-100 and apoB-48 provide a unique system to ex- 
amine some of the possibilities stated above. As the 
mRNAs of these two proteins differ only in a single base, 
it is reasonable to expect that their translation and trans- 
location properties are very similar, and that they share 
the same translocation channels. Thus, a specific predic- 
tion of this model as to the relative amount of apoB-100 
and apoB-48 on the surface of rER under different 
degrees of editing could be obtained (Table 2). The dis- 
parity between apoB-100 and apoB-48 in the mount  of 

membrane-associated apoB protein (38) probably repre- 
sents a later, perhaps post-translocational event of the 
regulation of lipoprotein assembly and secretion. 

The mechanism for the control of apoB synthesis and 
secretion is poorly understood (1, 2, 12, 15). It has been 
suggested that the control mechanism depends on the 
sorting of the newly synthesized apoB molecule and its as- 
sembly in lipoprotein particles (19). It is apparent that a 
substantial amount of apoB synthesized is degraded in- 
tracellularly (20, 21). It is, however, unclear whether the 
intracellular degradation serves as a regulating mecha- 
nism of apoB secretion or as a “quality control” mecha- 
nism that removes molecules that are not properly folded 
or assembled (19, 20, 22). It is possible that the control of 
apoB synthesis and secretion may also be partly regulated 
on the surface of rER; our simulations on the early event 
of the interaction of apoB mRNA-ribosome complexes 
with its translocation showed that the rate of synthesis 
could be affected by the property and/or the quantity of 
translocation channels. 

There are some unique features in apoB that require 
special consideration in our model. In the case of apoB, 
translocation may be a discontinuous process that in- 
volves “pause-transfer“ sequences that represent specific 
interaction of apoB polypeptide chain with its transloca- 
tion machinery (33). However, as long as the ‘pauses” are 
transitory compared with the time required for elongation 
of the entire apoB polypeptide, the binding profile of 
translocation channels and apoB mRNA-ribosome com- 
plexes and the integrated rate of apoB production will not 
change significantly. If, indeed, the pauses during translo- 
cation for apoB-100 and apoB-48 are very long, then from 
Fig. 4, it is apparent that the number of bound apoB-100 
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mRNA-ribosome complexes at steady state will be almost 
identical to that in the absence of any pause, but the num- 
ber of bound complexes of apoB-48 will almost double. 
Contrary to the effect of long pauses on the number of 
bound complexes, the consequences for the overall rate of 
apoB production for apoB-100 and apoB-48 are in the op- 
posite direction in that apoB-100 production will be 
reduced to half and apoB-48 production will remain the 
same compared to the situation where there is no pause. 
The different effects of "very long" pauses for apoB-100 
and apoB-48 or other shorter apoBs (produced in vitro) 
on their synthesis profile and their binding to transloca- 
tion channels on the surface of rER predicted from this 
model can be tested by mutating the "pause-transfer'' se- 
quences within the same experimental system. 

The possibility of apoB secretion being regulated at the 
level of translation may minimize the apparent futile cycle 
of synthesis and degradation. However, subsequent steps 
in apoB assembly may also be important, as in the case 
of abetalipoproteinemia, where the impairment of secre- 
tion may result from the malfunctioning of the assembly 
and secretory machinery (39). 

In summary, we have presented a square lattice model 
for an early event in apoB synthesis. This model is ap- 
plicable to secretory proteins in general, but is especially 
interesting in terms of apoB biosynthesis, not only be- 
cause of the unusually large size of apoB, but also because 
of the unique phenomenon of apoB mRNA editing that 
allows the production of two proteins of vastly different 
sizes from two almost identical mRNAs. Some of the pre- 
dictions from this model can be explored in future experi- 
ments on the regulation of apoB synthesis in various ex- 
perimental systems. H i  

APPENDIX 

From Montroll's original study of random walk on lattices (40), we can 
deduce the following iterative formulas to calculate the average distinc- 
tive lattice points visited by a walker on a NxN square lattice with 
periodic boundary condition (S"): 

Sn = 1 + A1 + A2 + . + A n  Eq. A-1) 

Where- 

* - 1  

And 

Eq. A-2) 

Eq. A-3) 

Thus, we have S,, the total average number of distinctive lattice points 
visited collectively by W, number of walkers, at n steps. 

S , = P ( l -  1 -  - ) ( :r Eq. A-4) 

Then, the average number of channels that will be included in those lat- 
tice points is 

R = R , ( l -  1-5 ) i N J  
Eq. A-5) 

, - I  

Where R, is the total number of channels on the NxN lattice. 
Following the same argument of equation A-4, the average total 

number of lattice points that have been visited by i number of walkers 
S, is then determined by 

Eq. A-6) 

Thus, P,, the probability of the distinctive lattice sites visited by i 
number of different walkers is 

Eq. A-7) 

= ( l =  

For a lattice domain that has been visited by i different walkers, the aver- 
age number of channels bound to the walkers is determined by the 
probability of at least i number of channels is within this domain Fi 
(with a weight of i), and the probability of j (j<i) number of channels 
is within this domain F,' (carrying a weight of j), then the total average 
number of channels being occupied by walkers in the lattice points that 
have been visited by i number of different walkers is 

Eq. A-8) 

Where 

Thus, when we combine equations A-7 and A-8, the average number of 
walkers (mRNA-ribosome complexes) that are bound to their transloca- 
tion channels at n steps B(n) is 

Iu 

B(n) = f'J4 Eq. A-1 1) 
1 - 1  

Then we know, from these serial equations that the only determinant of 
B(n) is the ratio of S, and NxN for a k e d  number of W, R,, and n. 
This provided us with a great convenience for simulating very large 
values of n and N x N as long as we kept tracking the value of S,IN x N. 
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