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Abstract: The amino acid sequences of apolipoprotein E (apoE) from 63 different mammalian spe-
cies have been downloaded from the protein database. The sequences were compared to human
apoE4 to determine conserved and non-conserved sequences of amino acids. ApoE4 is the major
risk factor for the development of late onset Alzheimer’s disease while apoE3, which differs from
apoE4 by a single amino acid change at position 112, poses little or no risk for the development of
this disease. Thus, the two proteins appear to be structurally and functionally different. Seven
highly conserved regions, representing approximately 47 amino acids (of 299) have been found.
These regions are distributed throughout the protein and reflect ligand binding sites as well as
regions proposed to be involved in the propagation of the cysteine-arginine change at position 112
to distant regions of the protein in the N- and C-terminal domains. Highly non-conserved regions
are at the N- and C-terminal ends of the apoE protein.
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Introduction

Humans, in contrast to other mammals, have three
major alleles of the APOE gene designated as
apoE2, apoE3, and apo4. The appearance of apoE3
and apoE2 appears to be a late event in evolution
since other primates, such as chimpanzees and bono-
bos, have a single major protein characteristic of
apoE4.' Almost all apoE proteins are 299 amino
acids in length. In humans, the alleles differ only by
single amino acid changes®: ApoE2 has cysteines at
positions 112 and 158, apoE3 has an arginine at
position 158, and apoE4 has arginines at both 112
and 1585 Yet, although the three isoforms have
many similar properties, some properties appear to
be quite different. It is now well established, for
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example, that apoE4 is the major risk factor for late
onset Alzheimer’s disease® while apoE3 is benign in
this regard and apoE2 might even be protective.”
The reasons for these differences are unknown.

Part of the difficulty in attempting to relate the
cysteine—arginine change at position 112 (for apoE3
vs. apoE4) to functional differences is that, for many
years after their discovery in the 1970s, no full-
length apoE structure was available. Then, in 2011,
Chen et al. published an NMR structure of full
length apoE3, the first such structure to be deter-
mined for this important protein.® The authors were
able to accomplish this task by making 4-5 muta-
tions in the C-terminal domain that prevented the
protein from aggregating to larger species. While
the N-terminal domain structure closely paralleled
that determined for the isolated N-terminal
domain,® the C-terminal domain was totally differ-
ent from earlier proposals.’® Thus, this domain was
not exclusively helical as earlier proposed but impor-
tantly interacted with helix 4 (residues 131-164) of
the N-terminal domain rather than helix 2 (residues
55-79)% as had been suggested.!® An earlier publica-
tion discusses this issue.!! Based on experiments
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Figure 1. A: Percent conservation, relative to human apoE4,
for 63 different species of apoE plotted as a function of residue
number. A large number of apoE sequences were determined
from analysis of the cellular DNA rather than direct amino acid
sequencing. Determination of conservation was made using
Muscle software. B: Data from Figure 1 plotted only for amino
acid residues showing those over 98% conserved.

using hydrogen—deuterium exchange,'? Frieden and
Garai identified regions of apoE that appeared to be
structurally different between apoE isoforms.!® In
particular, they concluded that these structurally
different regions of the protein were distant from
the residue change at position 112.13

In this article, I examine the role of amino acid
residues of apoE that are conserved over a large
database of known apoE sequences. It is shown that
conserved residues not only identify ligand binding
sites but also identifies the allosteric pathway by
which the cysteine—arginine change at position 112
in the N-terminal domain could be propagated to the
C-terminal domain.!®

Results

An important contribution of structure/function rela-
tionships is that of conservation of amino acid resi-
dues throughout a series of homologous proteins.
Similar to the active sites of enzymes, one can rea-
sonably argue that conserved regions of protein that
has no enzymatic activity, such as apoE, must have
conserved regions related to function. Therefore, an
approach to differences between apoE isoforms is to
examine conservation (or non-conservation) of resi-
dues among the different mammalian species that
have apoE. A search of the protein database reveals
63 sequences from different species that are over
60% similar to human apoE4. Supporting Informa-
tion Table IS lists the NCBI protein sequence identi-
fiers, the percent conserved relative to human
apoE4, and the common name of the species. All 63
sequences were then aligned using the online align-
ment tool Muscle and compared to human apoE4.
Figure 1(A) shows the percent of conserved amino
acids for these 63 apoEs relative to human apoE4.
Examining this figure it is immediately clear that
there is both considerable variation among the
sequences (see Supporting Information) as well as
several regions of the protein where amino acids are
highly conserved. These conserved regions were
then examined to see whether they might provide
information relevant to apoE function as well as
answers to why apoE3 and apoE4 are functionally
different. Among the 63 sequences, 15 amino acids
were absolutely conserved in all sequences relative
to apoE4. Because that appeared to be too small a
database those amino acid residues were included
that were identical in 62 of the 63 species as well,
that is, those that were over 98% identical, adding
another 32 amino acids. The total of 47 amino acid
residues represents ~16% of the 299 amino acid res-
idues in apoE. Figure 1(B) shows those amino acids
that are over 98% conserved over all species. I then
examined whether there were conserved sequences
of amino acids that would reflect conserved
regions of apoE. Figure 1(B) shows that there is
clustering of conserved amino acids. Given some lati-
tude in selecting the larger regions, they are resi-
dues 34-48, 92-100, 142-151, 155-165, and 253-280.
The amino acid residues in these regions are shown

Table I. Residues and Residue Sequence Number of Those that are Highly Conserved, Taken From Figure 1

Residue w w Y L w
Sequence number 26 34 36 37 39
Residue T E R K E
Sequence number 67 70 92 95 96
Residue R K K R R
Sequence number 142 143 146 147 150
Residue K Q E w F

Sequence number 242 246 255 264 265

Q S v Q E E L L

41 44 47 48 49 59 60 63
Q A R L Y R G R

98 100 114 115 118 119 127 136
D L R A Y G L Q

151 155 158 160 162 165 229 235
P D W

267 271 276

Those in bold and that are underlined reflect regions of amino acids in sequence as discussed in the text. The residues 47—

49 represent a short sequence and are not discussed.
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Figure 2. The highly conserved regions of apoE shown in
red. A: The regions 34-41 and 59-63, (B) The regions 95-100
and 155-162; as described in the text, the region 155-162 is
involved in the propagation of structural changes in the C-
terminal domain. This region also contains Arg158 that is
changed to Cys158 in apoE2 (see also Fig. 3). C: The regions
114-119, 142-151, and 155-162; as described in the text,
the region 142-151 includes the heparin and LDL receptor
binding sites. D: The regions 155-162 and 264-271. In all
cases the cysteine residue at position 112 is indicated. Note
that in (B,D) the cysteine residue at position 112 is distant
from the highly conserved residues. The orientation of apoE
differs in each figure to make easier viewing of the conserved
regions.

in Table I. In this table, the amino acids that are
highly conserved are shown in bold. Discussed below,
and as shown in Figure 2, these conserved regions
can be grouped together based on their proximity to
each other in the apoE structure as determined by
Chen et al.® These groupings are shown in red in Fig-
ure 2. Also noted in each apoE3 structure shown in
Figure 2 is the location of cysteine 112. One small
conserved region, residues 47-49, is not discussed
because it does not appear to be related to other
regions nor, at this time, is it known to be function-
ally important. As discussed later, Figure 1 also
shows that there are residues that are poorly con-
served (or conserved less than 30%) in all apoE
sequences.

The regions 34-41 and 59-63

These two regions of helix 1 (34—41) and helix 2 (59—
63) are in close contact as shown by Figure 2(A). It is
not clear at this time why these regions of apoE are
conserved but, based on considerations discussed
later, one could conclude that this region does have a
functional role. In the hydrogen—deuterium exchange
experiments'? and the chemical footprinting data
previously published,!* the peptide 31-37 was not
detected so it is unknown whether it is conformation-
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ally different between apoE isoforms or whether it
could be involved in the oligomer formation of apoE.
It is of interest that residues Glu59, Leu60, and
Leu63 are highly conserved while, as has been previ-
ously noted,!® Arg61 is not conserved at all. There
has been considerable discussion about the role of
Arg61 because it was proposed, based partly on a
Arg61Thr mutation, that this residue forms a salt
bridge with Glu255 in the C-terminal domain of
apoE4.'® As clearly shown by the NMR structure of
apoE3, however, Arg61 is not close to Glu255.2 How
the Arg61Thr mutation may affect the properties of
apoE has been discussed in a previous publication.
Briefly, however, it was proposed that the change
from arginine to threonine at this position affected
the behavior of apoE4 in the same way as the change
of arginine to cysteine (i.e., the difference between
apoE3 and apoE4) at position 112. As discussed
below, other highly conserved regions appear to have
important functional significance.

The region 95-100 and 155-162

As with regions 34-41 and 59-63, these two con-
served regions, 95-100 and 155-162, are close as
shown in Figure 2(B). Both sequences are distant
from cysteine 112. Within the sequence 155-162 is
Arg158. This residue is of special interest because
the difference between apoE3 and apoE2 is an argi-
nine to cysteine change at this position. In the
hydrogen—deuterium exchange experiments, the
peptide 94-104 showed slight differences between
apoE2 compared to apoE3 and apoE4 (which showed
no differences).!? This difference, which suggests
greater stability in apoE2, could be a consequence of
the effect to the arginine to cysteine change between
apoE2 and the other isoforms. The conserved pep-
tide 155-162 appears in three of the four conserved
regions of interaction shown in Figure 2, the only
peptide to do so, reflecting the important role this
sequence plays in the behavior of apoE.

The regions 114-119, 142-151, and 155-162
The two regions, 142-151 and 155-162, make up a
large percentage of helix 4 (residues 131-164) as
shown in Figure 2(C). In a previous publication, we
proposed that the cysteine—arginine change at posi-
tion 112 was propagated through the apoE structure
to a region of the C-terminal domain via helix 4.2 It
was suggested that the arginine—cysteine
change at position 112 was transmitted to a region
of helix 4, residues 140-158, by residues argininell4
and histidine140 that are in close proximity to
Cys112. Thus, it is of interest that residue 114 is
highly conserved. As shown by Chen et al.® there
are many interactions between helix 4 and the
C-terminal domain.

But the region consisting of both conserved pep-
tides, covering residues 142-162, may serve another

also
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Figure 3. A: A representation of residues 253-285 encom-
passing a highly conserved region (residues 264-271) of
apoE. These residues comprise the only turn in the C-
terminal domain. Shown are charged residues as well as glu-
tamine residues. B: The structure given in (A) but turned 90°
to show how arginine 158 relates to residues shown in (A).
The only amino acid change between apoE2 and apoES3 is a
cysteine, rather than an arginine, at this position. Also noted
is a region involved in the association of apoE to higher
molecular weight forms.'?

function as well linking, as it does, regions from
both the C- and N-terminal domains. It also appears
to be involved in both low density lipoprotein (LDL)
receptor and heparin binding as discussed later.

The regions 155-162 and 264-271

Residues 155-162 in helix 4 are adjacent to residues
264-271 of the C-terminal domain as shown in Fig-
ure 2(D). We had earlier proposed that region 155—
162 (and the conserved region 142-151) were
involved in the pathway leading to changes in the
C-terminal domain as a consequence of the argi-
nine—cysteine change at position 112.' In particular,
it was proposed that portions of the sequence 271-
279 were conformationally different between apoE3
and apoE4. Figure 3 shows a larger region, residues
253-285, that includes the only turn in the C-
terminal domain as well several charged residues
with buried side chains. As discussed later, the
region that appears conformationally different
between apoE3 and apoE4 is not well conserved.
Projecting into this region, and deeply buried, is
arginine 158, a residue of great interest because, as
noted earlier, the only difference between apoE3 and
apoE2 is the change from arginine to cysteine at
this position.

Non-conserved residues

Figure 1 also shows those residues that are not con-
served (or conserved less than 30%) in all apoE
sequences. In contrast to those highly conserved,
there is no obvious pattern although the regions at
the first 20 residues of the N-terminal domain and
last 10 residues of the C-terminal appear to be clus-
tered. Based on the hydrogen—deuterium exchange
data there were two regions suggested to be struc-
turally different between apoE3 and apoE4.!? One,
as discussed above, includes residues 271-279
while a second region of comprising residues 5-30.

Frieden

This latter region in particular is not highly con-
served while that of region 271-279 does include
some conserved residues. Should these regions be
conformationally altered by the arginine to cysteine
changes at either position 112 or 158, it may not be
surprising that they are not highly conserved. Below
the relation of conserved residues to ligand binding
are discussed.

ApoE receptors

The most important members of the low density lip-
oprotein receptor (LDLR) gene family, in terms of
being primary receptors for apoE/lipoprotein, appear
to be the LDLR and the low density lipoprotein
receptor related protein (LRP1). In general, it
appears that the region of apoE involved with bind-
ing to receptors encompasses residues 130-150.
With regard to LDLR, Lalazar et al. made mutations
in the region of 136-150 of apoE and found that all
variants, and particularly the Lys143ALa mutant,
displayed lower LDL receptor binding.*® With regard
to LRP1, Croy et al. investigated the binding of two
apoE peptides, 130-149 and a 141-155 dimer, to
LDL-like domains of LRP1'” and found that both
bound with nM affinity to LRP1. These results cer-
tainly suggest that the conserved region 142-160, as
shown in Figure 2(C), contains the residues essen-
tial for apoE binding to LDL receptors consistent
with earlier studies.'®'? It is interesting to note that
the arginine to cysteine change at position 158 in
apoE2 results in poor binding of apoE2 to receptor.2’

Lipoprotein particle/lipid binding

Nguyen et al.?! using surface plasmon resonance
(SPR) methods analyzed the binding of two plasma
lipoprotein particles, very low density lipoprotein
(VLDL) and high density lipoprotein3 (HDL3) to
apoE3 and apoE4. The data suggested two steps: an
initial binding step and a slower step reflecting
opening of the N-terminal domain. On measuring
the binding constants, they found that both the iso-
lated C-terminal domain and the isolated N-
terminal domain could bind lipoprotein particles but
that the C-terminal domain bound more tightly than
either the N-terminal domain or the full-length pro-
tein. Their data were consistent with earlier reports,
using truncated versions of apoE, that the region
spanning residues 250-299 was important for lipid
binding.?>?® These data indicate that, similar to
binding of AR (below), multiple regions of the pro-
tein can bind lipids although not equally well. How-
ever, the region 253-285 is conserved and perhaps
contains the binding site for the initial binding of
the lipid. In their discussion of lipid binding, Chen
et al. proposed the first step to be binding to the C-
terminal domain but clearly the interaction with
lipid is complex.® Examination of the region 253285
reveals at least 18 residues whose side chains are

PROTEIN SCIENCE ‘ VOL 24:138-144 141



solvent exposed consistent with the idea that lipids
bind to exposed hydrophobic regions.

Heparin binding

Heparin binding to apoE has been studied exten-
sively.242® As early as 1986, Weisgraber et al. deter-
mined that there were at least two binding sites for
heparin: the first located in the N-terminal domain
in the vicinity of residues 142-147 and the second
located in the C-terminal domain between residues
243 and 272.2° Both sites are highly conserved.
More recently, Futumura et al.,2® using SPR, charac-
terized binding as a two-step binding process. These
authors determined large changes in the first step of
binding in an apoE3 Lys146Glu mutant, a residue
located in the 143-155 conserved region. This is the
same region as discussed above with respect to bind-
ing of apoE to the LDL family of receptors.

Ap binding

There is considerable evidence for the idea that the
major mechanism by which apoE is correlated with
the occurrence of late onset Alzheimer’s disease is
by its effect on the metabolism of AR, specifically AR
clearance (i.e., Refs. [29-34]). Although some investi-
gators have attempted to determine the apoE/ApR
binding site, the results have been controversial.
Because AP, an intrinsically disordered protein,
binds to several different proteins it seems unlikely
that there would be a sequence of conserved resi-
dues common to such proteins. Indeed, strong evi-
dence now exists that apoE does not bind to
monomeric AR but rather to oligomers or clusters of
AP aggregate®®?® suggesting non-specific binding to
several regions of the apoE protein. Under these
conditions, it may never be possible to accurately
determine AR binding sites.

Association to higher molecular weight forms
ApoE is known to associate to higher molecular
weight forms3” and Garai and Frieden characterized
the association as an monomer—dimer—tetramer pro-
cess when the apoE concentrations were below 10
uM .28 Huang et al. compared the monomeric forms
with wild type protein and concluded that peptides
230—243 and 262-270 were involved'? consistent
with the observation that the isolated C-terminal
domain aggregates while the N-terminal domain is
always monomeric. Interestingly, the region 264-271
is highly conserved [Fig. 2(D)] in agreement with
earlier reports that the region spanning residues
250-299 was important for lipid binding.?2?% On the
other hand, the region of 230-243 is not conserved
(Fig. 1) suggesting that apoEs from different species
may show differences in their ability to form higher
molecular weight forms. It remains puzzling as to
whether the oligomerization of apoE has any physio-
logical consequences.

142 PROTEINSCIENCE.ORG

The allosteric pathway

In a previous publication, we proposed an allosteric
pathway to describe how a residue change at posi-
tion 112 in the N-terminal domain could be trans-
mitted to regions of the protein in the C-terminal
domain.'® Here we find that there is a strong corre-
lation between conserved residues and those
involved in propagating the suggested structural dif-
ference between apoE3 and apoE4. Specifically, one
such region, that of a portion of helix 4, is highly
conserved.

Discussion

The critical question is whether highly conserved
residues are linked to functional differences between
apoE isoforms. In this article, I take advantage of
the fact that there are 63 sequences to compare with
human apoE4 and, more importantly, the determina-
tion of the domain—-domain interaction as recently
published by Chen et al.® One can conclude that the
highly conserved regions do indeed appear to be
related to function. Another question that rises
immediately is whether this approach, examining
multiple apoE sequences for conserved regions, is
valid for defining functional differences between
apoE3 and apoE4. Typical database searches are
directed toward conserved residues that may be
involved, for example, in enzyme catalysis and sub-
strate binding. In contrast, apoE proteins bind a
number of different ligands. Thus, not only are we
concerned with regions that may be involved in
ligand binding but we wish to find those residues
that might be involved in functional differences
between apoE isoforms that occur as a consequence
of the single amino acid change between apoE3 and
apoE4. With regard to ligand binding, it was shown
that critical properties of apoE, that of binding to
lipoprotein particles, to members of the LDL recep-
tor family and to heparin are highly conserved.
Thus, ligand binding and conservation of residues
appear to be linked.

The previous work suggested two regions, one
from the N-terminal domain and one from the C-
terminal domain that appeared to be structurally
different between apoE isoforms.'®> The allosteric
pathway for both regions was the same. Surpris-
ingly, although some residues within the regions in
the C-terminal domain that we consider to be struc-
turally different between apoE3 and apoE4 (residues
271-279)' are conserved, several are not. Thus, it is
not clear whether this region is conserved or not.

It should be noted, however, that there may be
other regions that differ. The hydrogen—deuterium
exchange experiments that have been discussed
above did not cover the complete sequence.'? Miss-
ing from the data are results for residues 31-51, 61—
78, 124-161, and 244-261. Two sequences where

Role of Conserved Residues in ApoE Function



data are lacking include regions of conserved resi-
dues: 31-51 encompasses conserved region 34—45
and 124-161 encompasses conserved region 143—
155. Thus, more regions that might show conforma-
tional differences may, and probably do, exist.
Finally, it should be noted, perhaps as might be
expected, that there is little conservation of amino
acids at the ends (~20 amino acids at the N-
terminal end and 10 at the C-terminal end) of the
protein. Nor is there any clear sequence of amino
acids that are poorly conserved compared to those
that are highly conserved.

Apo E is a highly plastic protein. Regions
between structural elements, for example, are not
tight turns but rather loops. The protein undergoes
a large conformational change on binding to lipid in
which the N-and C-terminal regions spread out
along the surface of the lipid in a way described as a
helical hairpin.?® Certainly, the relation of conserved
sequences to functional differences is consistent with
the structure determined by Chen et al.® and incon-
sistent with earlier proposed structures that show
no interaction between the C- and N-terminal
domains in apoE3, a model that is clearly incorrect.

One can ask whether the differences between
apoE3 and apoE4 are truly structural differences or
rather reflect regions that exist in dynamic equilib-
rium between two or more conformations. The argi-
nine to cysteine change at position 112 may then
alter the equilibrium ratio of the different conforma-
tional forms, stabilizing one relative to the other(s).
In this scenario, apoE would possess characteristics
of both apoE3 and apoE4.
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