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Abstract: It has been estimated that 30%-50% of proteins self-assemble to form complexes consisting
of multiple copies of themselves. If there is a functional difference between different molecular weight
forms and if these forms interconvert on a reasonable time scale then oligomerization could be an
important metabolic control mechanism. The example given here is of apoE for which the oligomeriza-
tion process is measured in minutes to hours and the monomer binds lipids while the tetramer does
not. Examination of the literature reveals few reports on the rate constants that control the intercon-
version of different molecular weight forms. Perhaps it is time to collect such data.
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Introduction

Oligomeric proteins abound in nature. It has been
estimated that 30%—-50% of proteins self-assemble to
form oligomers consisting of multiple copies of them-
selves.! As of 2004 and out of a total of 452 human
enzymes for which the subunit composition was
known, only a third were monomers. Of the remain-
ing 311 most form homomultimers with homodimers
and homotetramers as the most highly represented.?
There have been extensive discussions as to why so
many oligomeric proteins exist (e.g., Refs. 1,3-10)
most of which suggest that oligomerization is impor-
tant for protein stability, for creating new binding
sites,® or for inducing allosteric behavior!! as well as
other functions. Griffin and Gerrard® state that “a
few general principles are starting to emerge that
give us a framework within which to rationalize the
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propensity for proteins to form oligomeric units, in
terms of both specific functional advantages and
generic facets of stability.” Schreiber et al. noted that
protein—protein association is at the center of diverse
biological processes ranging from enzyme catalysis/
inhibition to regulation of immune response by
cytokines” and a recent review discusses the impor-
tance of oligomers of G-protein coupled receptors
(GPCRs).'? The most extensive discussion of the
mechanism of tetramer formation has been given by
Powers and Powers® while oligomerization as a spe-
cial case of the general concept of protein—protein
interaction has been discussed in detail by Schrei-
ber et al.”

Many protein oligomers, like hemoglobin, are
stable and must be oligomeric to perform their spe-
cific function. Others are dynamic undergoing, at
least in vitro, readily reversible oligomeric, transient
interactions (i.e., Ref. 13,14). In such cases different
oligomeric forms have frequently been observed to
have different metabolic functions in that, for exam-
ple, one form may bind ligand differently than
another. One such example is the tumor suppressor
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p53 for which oligomerization plays an important
role in its activation.'® Indeed, that appears to be the
case for at least some, perhaps many, proteins that
undergo readily reversible oligomerization and may
be particularly relevant for enzymatic reactions.

The question addressed here is whether the rate
of the association-dissociation process could be a met-
abolic control mechanism. Over the years, investiga-
tors have uncovered a plethora of metabolic control
mechanisms that exist in biological systems. These
include the control of enzymatic activity by allosteric
effectors, substrate availability, feedback inhibition,
pH, post translational modification, the rate of pro-
tein synthesis and degradation and so on. This issue
was raised many years ago for enzymatic reactions'®
but is applicable to non-enzymatic systems as well.1”

The current work primarily discusses non-
enzymatic reactions. Many investigators have dis-
cussed protein oligomerization, but there are few dis-
cussions of the issue of different oligomeric forms
having different functions and fewer studies of the rate
constants that define the oligomerization process. While
many new techniques have become available to exam-
ine protein oligomerization the determination of rate
constants for such systems remains mostly unexplored.

Protein concentrations in vivo are simplistically
determined by the rate of synthesis and the rate of deg-
radation. Not only are those processes themselves com-
plex, but also protein concentrations may vary between
different organelles or subcellular compartments within
a given tissue. A frequent assumption is that equilibra-
tion between oligomeric species is “fast.” But “fast” is a
relative term since it is dependent of the timescale of
the measurement. Importantly, one can question what
“fast” means in metabolic processes.

The time course of protein oligomerization
In general, we expect ligands to bind rapidly to a pro-
tein, perhaps as a diffusion controlled process. Apparent
slow binding could reflect one of two possibilities: there
is a slow conformational change or an association—
dissociation process where only one form binds ligand. I
discuss here only the case where it is known that a pro-
tein undergoes an association-dissociation reaction from
independent results and where it is suspected that dif-
ferent molecular weight forms differ in ligand binding.
Schreiber et al. note that the observed rate constants of
protein—protein interactions, which could include oligo-
merization of a single protein, span a wide range, from
<1073 to >10® s71 pM~1.” While these authors discuss
methods for determining rate constants for protein—
protein interactions, the determination of rate constants
for oligomerization processes could be more complex.
Scheme 1 illustrates the simplest case where M =
monomer and D = dimer. Here we assume that a pro-
tein undergoes a monomer-dimer oligomerization and
that only one form, the monomer (M), binds a specific
ligand (L). Even for this simple case there are two
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possibilities: the equilibration between monomer and
dimer (D) is rapid or is slow relative to the time of
measurement. This distinction is important because
the results are quite different and the definition of
“rapid” and “slow” equilibration depends on the time
over which the reaction is measured. Most association-
dissociation process probably can be considered to be
slow. For apoE, discussed later, equilibration between
oligomeric forms is on the order of minutes to hours.
Rapid equilibration. If the association—dissociation
process is truly in rapid equilibrium, the system will
behave as if it is a single species. For this condition,
the rate constants for the monomer—dimer equilib-
rium (or any monomer-multiple oligomerization) need
to be quite large, perhaps close to a diffusion con-
trolled limit. Under these conditions, oligomerization
would not represent a control mechanism,

Slow equilibration. From examples in the literature,
it appears that protein oligomerization can be quite
slow. For Scheme 1 we arbitrarily assumed that
k; = 0.001 st pM™! and k_; = 0.002 s7! yielding a
dissociation constant of 2 pM. We also assume tha-
t only the monomer binds ligand. A saturating
ligand concentration added at time zero is 10 pM
and the ligand is assumed to bind rapidly using
k;=10s ' pMtand k_; = 1 s~ giving a dissociation
constant of 0.1 pM. In practice, the high concentra-
tion of a stock solution might be expected to be oligo-
meric (dimeric in this example) at zero time and
slowly dissociate resulting in both monomer and
dimer in solution. In this example the final concentra-
tions of monomer and dimer would be 0.3 and
0.047 pM, respectively. Thus, ligand binding will be
dependent on when the ligand is added.

Figure 1 shows the time course of ligand binding
with and without preincubation.

Pre-equilibration allows both monomer and
dimer to exist at the time ligand is added. Conse-
quently, the time course of ligand binding is biphasic,
the first phase being rapid ligand binding to the
monomer and the second phase being the conversion
of the dimer to the monomer as would be expected for
a slow equilibration between oligomeric forms. While
the parameters used in this example are arbitrary
they are indicative of the fact that the time course of
ligand binding as a function of ligand concentration
can be complex. The point here is not to investigate
many possibilities but to point out the role of the olig-
omerization process in defining the time course of
ligand binding. A more complex case, with respect to
apokE, is discussed later.

Methodologies for the Determination of Rate
Constants

Whether a protein oligomerizes or not is relatively
easy to determine. Various methods include analytical
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Scheme 1. Monomer-dimer mechanism.

ultracentrifugation, light scattering and size exclusion
as a function of protein concentration. The deter-
mination of rate constants for a non-enzymatic oligo-
merization process is, admittedly, more difficult than
that for hetero protein—protein interactions. While a
monomer—dimer process is easier to characterize than
a monomer—dimer—tetramer process methods do exist
and determination depends both on the time scale of
the process and the ability to perform experiments at
protein concentrations defined by the equilibrium
constant(s).

For systems involving tetramers the determination
can be made somewhat simpler using the assumption
that oligomer formation essentially always proceeds as a
monomer—dimer—tetramer process, preferably by a sin-
gle pathway.® In their study of apoE, which forms tetra-
mers, Garai and Frieden used a variety of methods
including FCS, intermolecular FRET, sedimentation
velocity and acrylamide quenching of tryptophan fluo-
rescence.'® Rajagopapan et al. used FCS to describe the
slow oligomerization kinetics of the tumor suppressor
p53.15 Morris et al.'® have reviewed the literature deal-
ing with protein aggregation and many of the techniques

listed may be applicable to simpler oligomerization pro-
cesses. Processes on the order of seconds or minutes
might be expected to be the most relevant for metabolic
control. However, some slower examples do exist. Zhao
et al., for example, used a kinetic analysis of sedimenta-
tion velocity to determine rate constants for the slow
dimerization of BirA, the central protein of the Escheri-
chia coli biotin regulatory system with %,, =2 X
107°s7t pM‘l and by = 2.7 x 107* s71.2° However, these
and other determined rate constants should always be
considered as apparent rate constants that ignore issues
of, for example, conformational fluctuations within a
monomer, that may affect oligomerization.

For faster processes, determination of rate con-
stants can be more complicated. In general, fluctua-
tion methods can be used. Kanno and Levitus note
several publications using FCS and provide a mathe-
matical treatment to use.?! However, it must be clear
that the attachment of a fluorescent probe does not,
in itself, affect the oligomerization properties.

The application to apolipoprotein E (apoE): Small
molecule and lipid binding

Because there are so few data in the literature con-
cerning the determination of rate constants for oligo-
mer association or dissociation, we have chosen to
use the data for apoE that were determined by Garai
and Frieden.'® The following paragraphs provide
information on this protein.
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Figure 1. Ligand binding kinetics for a monomer-dimer system assuming that only the monomer binds ligand with (A, D) and
without (B, C) preincubation. Protein concentrations: No preincubation, dimer = 0.2 uM with no monomer present. With
preincubation (at equilibrium after 2000 s) the monomer concentration = 0.3 pM and the dimer concentration = 0.047 pM. The
vertical line at zero time is the fast phase of ML formation after preincubation. The rate constants for monomer or dimer
association and dissociation are k; = 0.001 s~ pM~" and k_; = 0.002 s™", respectively, resulting in a dissociation constant of
2 pM. A saturating ligand concentration 10 pM was used with k; = 10 s™" pM~" and k_; = 1 s7" resulting in a dissociation

constant of 0.1 pM so that ligand binding is not rate limiting. Simulations performed using KinTek Explorer.

Frieden

28,29

PROTEIN SCIENCE | VOL 28:837-842 839



In humans, there are major three isoforms of
apolipoprotein E called apoE2, apoE3, and apoE4.
The monomeric molecular weight is 34.2 kDa
(299 aa). In vitro, apoE, at 25°C and concentrations
below 10 uM, forms oligomers,?? primarily tetramers.
Rate and equilibrium constants have been deter-
mined by Garai and Frieden.'® All the apoE isoforms
appear to have similar behavior in that formation of
monomer from the tetramer appears to be slow with
half times on the order of many minutes.

The sequence difference between isoforms is a sin-
gle amino acid substitution: apoE4 has arginine at
positions 112 and 158, apoE3 has a cysteine at posi-
tion 112 and apoE2 has cysteines at both positions112
and 158. Yet functionally, these isoforms are quite dif-
ferent. ApoE4 is the major risk for the development of
late onset Alzheimer’s disease while apoE3 appears to
be benign in this regard. ApoE2, on the other hand, is
associated with a greater risk for early vascular dis-
ease and the genetic disorder type III hyperlipoprotei-
nemia. This latter isoform binds poorly to cell surface
receptors compared with either apoE3 or apoE4.2

Figure 2 shows a time course for equilibration of
the molecular weight forms using data from the arti-
cle of Garai and Frieden as shown in Scheme 2.18 All
three isoforms yielded similar apparent rate con-
stants for the oligomerization process. The values
used here are detailed in Scheme 2.

In this scheme, apoE diluted from a stock solution
is assumed to be all tetramer and equal to 0.05 pM.
After 1 h, the endpoints are determined to be
[M] = 0.043 pM, [D] = 0.023 pM and [T] = 0.027 uM
where M, D, and T represent monomer, dimer, and
tetramer, respectively.

Figure 2 presents two cases where only monomer
binds ligand: (A) starting ligand binding without
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Scheme 2. Monomer-dimer-tetramer mechanism.

preincubation of the protein or (B) allowing the pro-
tein to come to equilibrium between the oligomeric
forms prior to adding ligand. In both cases an
apparent rate constant for ligand binding is due to
dissociation of the dimer to monomer and would be
approximately 0.00032 s™! but the extent of the
slow change is different and would be protein con-
centration dependent.

Lipid binding to the apoE

Only the monomer binds lipid.?*?*2 This conclusion
is based on a number of experimental techniques
including the observation that the time course of an
observed turbidity change was essentially the same
as the dissociation of protein to monomer.?* In 2017,
Frieden et al.%® proposed a mechanism for lipid bind-
ing to apoE monomer that involves the separation of
the N-and C-terminal domains allowing the protein
to spread on the surface of the vesicle. It remains
unclear how the long time course of dissociation, and
therefore presence of the apoE monomer, may affect
lipid binding in vivo.

Small molecule binding

A control mechanism for an oligomerizing protein
arises from the possibility that different molecular
weight forms have different functions such as the abil-
ity to bind ligand. For a monomer—dimer—tetramer
system many possibilities might exist: a ligand could
bind to all three species, only to monomer or to dimer
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Figure 2. Ligand binding kinetics for a monomer(M)-dimer(D)-tetramer(T) system. Rate constants, shown in Scheme 2 are for
apoE as determined by Garai and Frieden.'® The figure shows the differences between starting the ligand binding at zero time

(A) or after 3600 s to allow the tetramer to equilibrate between oligomeric forms (B). The assumption is that only monomer binds
ligand. Note that the time course of monomer binding is similar in both cases since it is primarily defined by the dissociation of the

dimer to monomer. The initial concentration of tetrameric apoE was 0.05 uM. Simulations performed using KinTek Explorer.
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or to tetramer. Using, for example, a fluorescently
labeled protein that reports on ligand binding, it may
be possible to analyze the time course of ligand binding
to determine to what species binds ligand. Under condi-
tions where ligand binds preferentially to one oligo-
meric form relative to another the time courses can be
quite different allowing one, in theory, to determine
which isoform binds ligand. This time course could be
mistaken for a slow conformational change but the dif-
ference would be detected by allowing the protein to
equilibrate to mixtures of different molecular weight
forms prior to adding ligand. Complications abound.
For example, the ligand could affect the distribution
of oligomeric forms or the method chosen should not
change the rate constants for the association—
dissociation process.

Application to enzymes

The examples above can be applied to enzymatic
reactions. Hysteresis in enzyme reactions is reflected
by time dependent changes in the time course of
an enzymatic reaction independent of substrate
depletion or product accumulation.?” Such effects
could be attributed to substrate induced conforma-
tional changes but might easily be due to changes in
the degree of oligomerization occurring on dilution,
in vitro, of the enzyme from a high concentration
stock solution to the enzymatic assay conditions. Gen-
erally this possibility has not been considered.

Discussion

The behavior of apoE is certainly not unique. As
noted earlier, many enzymes and non-enzymatic pro-
teins undergo oligomerization. There are, as dis-
cussed in the Introduction, many explanations for
this characteristic that but it is rarely, if ever, sug-
gested that it has a metabolic control function.

In terms of determining the rate constants for
oligomerization, apoE again is not unique. Although
not extensively studied, there are other examples of
oligomerization being a slow process.” These slow
processes could be critically important in regulating
function.

In terms of different oligomeric forms having dif-
ferent activities, the data are not as clear because so
few studies have examined this issue. But from a tel-
eological point of view, it makes sense. Thus, it is a
way of using the same protein to perform more than
one function without making isoforms of the same
protein. And, it is an enormously efficient way to con-
trol metabolic processes. As noted earlier there are
many ways to control metabolic processes. And while
protein—protein interactions are important, oligomeri-
zation is hardly mentioned. Perhaps because there is
an implicit (and unwarranted) assumption that all
oligomeric forms are equally functional. However, all
that is necessary for oligomeric forms to have differ-
ent functions is that the subunits of the oligomer

Frieden

block or expose regions necessary for that specific
function. Equally of interest is that cellular organ-
elles may contain different concentrations of the
same protein with oligomerization leading to differ-
ent behavior.

It must be noted that time courses observed for
isolated systems in vitro may be quite different from
what happens in vivo, a caveat that holds true for all
in vitro studies. Such a consideration should not,
however, negate the possibility, or even the probabil-
ity, that the time courses of oligomerization processes
can be a mechanism of metabolic control.

Conclusion

The number of proteins (including enzymes) that
exhibit readily reversible oligomerization is striking
and, as noted above, there is a plethora of metabolic
control mechanisms. Do we need another one? A rea-
son for having a single protein that exhibits different
functional properties as a consequence of reversible
oligomerization is that it is extremely efficient in
terms of energy utilization. More importantly, the
time course of any oligomerization process where the
oligomers are functionally different can define or
direct given metabolic pathways. While this may not
be a new concept it remains hardly examined. It is
time to remedy that deficiency. It is axiomatic to say
that kinetics define the life processes and that a sys-
tem that exists only at equilibrium will not survive.
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