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ABSTRACT: Apoliprotein E (apoE) is a potent suppressor of interleukin 2- (IL2-) dependent T lymphocyte
proliferation. In this study, we have used a range of monomeric and dimeric peptides encompassing
amino acids 130—169 in human apoE to locate a region with both cytostatic and cytotoxic effects on
IL2-dependent T lymphocytes. Monomeric peptides representing residues 130—149 or 130—1535 inhibited
the proliferation of the cells without causing loss of cell viability. However, cytostasis by a peptide
representing the extended 130—169 domain or dimeric peptides of amino acids 141—155 or 141—149
was accompanied by potent cytotoxic activity. These results suggest that residues 141—149, which include
the overlap between the functional peptides, are responsible for cytostasis and cytotoxicity. Complete
ablation of both activities by the polyanionic agent heparin highlighted the important contribution of the
positively charged amino acids in the 141—149 region to peptide bioactivity. Furthermore, the bioactive
apoE peptides also had a relatively high helical content, suggesting that o-helical content is necessary for
bioactivity. Cytotoxic apoE peptides were characterized by a high density of polar face positively charged
residues together with a high nonpolar face hydrophobicity. This conclusion is supported by the reduced
hydrophobicity and polar face positive charge density of the significantly less active E2;30-160 peptide.
The cytotoxic apoE peptides are structurally similar to previously characterized class L lytic peptides.
They do not, however, exert their cytotoxic activity by destabilizing membrane bilayers as is the case
with the class L peptides, as evidenced by their minimal hemolytic activity. We conclude that amino
acids 141—149 in apoE, when present in an amphipathic &-helix conformation, represent an immuno-
regulatory sequence which has either cytostatic or cytotoxic activity, depending upon nonpolar face
hydrophobicity and polar face positive charge density.

Apolipoprotein E (apoE)! plays a major role in the
regulation of cholesterol homeostasis by mediating clearance
of cholesterol-rich lipoproteins from the blood (Mahley,
1988). In recent years, several “nontraditional” functions
for apoE have emerged, including a potential role for apoE
isoforms in the pathogenesis of the neurodegenerative
disorder Alzheimer’s disease (AD) (Corder et al., 1993;
Rebeck et al., 1993; Strittmater et al., 1993b). In addition,
apoE appears to be involved in the regulation of the immune
system (Harmony et al., 1986; Mahley, 1988). The regulated
biosynthesis of apoE by monocyte-derived macrophages,
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accessory cells important in the immune system, has provided
support for this possibility (Basu et al., 1982; Mazzone et
al., 1987). ApoE has profound inhibitory effects on the
proliferation of T lymphocytes in vitro. Proliferation of
mitogen-activated T lymphocytes, purified or in mixed
populations of peripheral blood mononuclear cells (PBM),
is inhibited by apoE (Avila et al., 1983; Pepe & Curtiss,
1986; Kelly et al., 1994). ApoE is also a potent inhibitor of
the proliferation of interleukin 2- (IL2-) dependent T
lymphocytes (Mistry et al., 1995), the differentiated products
of mitogen-activated naive T cells (Cantrell & Smith, 1984;
Taniguchi & Minami, 1993).

Information on the molecular basis of apoE’s cytostatic
effects has emerged from two studies in which synthetic
peptides were used to define a domain in apoE between
amino acids 141—155 as a sequence that contributes to its
suppression of mitogen-activated T cells (Cardin et al., 1988;
Dyer et al., 1991). It is unclear whether this domain is also
responsible for apoE’s suppression of IL2-dependent cell
proliferation. Although proliferation of both types of T
lymphocytes is suppressed by apoE, it is possible that
inhibition is mediated by distinct structural domains. One
piece of evidence which suggests that this may be the case
is that mitogen-activated naive T cells and IL2-responsive
cells have a different susceptibility to apoE isoforms
(Harmony et al., 1995). The three major isoforms of apoE,

0006-2960/95/0434-11142$09.00/0 © 1995 American Chemical Society



Apolipoprotein E Peptide Cytotoxicity

apoE2, apoE3, and apoE4, are equally potent toward mito-
gen-activated T cells. However, the Cys-for-Arg substitution
at residue 158 in the apoE2 isoform obviates, to a great
extent, apoE suppression of IL.2-dependent T cell prolifera-
tion.?

We focus here on the identification of a domain in apoE
that contributes to its suppression of IL2-induced T cell
proliferation. On the basis of the studies of Dyer et al.
(1991), which showed that peptides have greater cytostatic
activity in multimeric form, we utilized a range of both
monomeric and dimeric synthetic peptides representing
sequences in apoE in the region defined by residues 130—
169. This region includes the previously reported immuno-
regulatory domain, one of two heparin-binding domains
(Cardin et al., 1986; Weisgraber et al., 1986), and the domain
responsible for binding of apoE to the low-density lipoprotein
(LDL) receptor (Weisgraber et al., 1983; Lalazar et al., 1988).
Unexpectedly, two distinct immunoregulatory activities
emerged: the arrest of cell proliferation that was not
correlated with a reduction in cell viability and that which
was correlated with cell death.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. All peptides were synthesized by the
standard solid-phase method, using N*-Boc-amino acids with
benzyl-based side-chain protecting groups and p-methyl-
benzhydrylamine resin on an Applied Biosystems Model
430A peptide synthesizer, as described previously (Diccianni
et al., 1991). The branched dimer of E4;-15s was synthesized
by first coupling N*-Boc-Lys (e-Boc) to the resin and then
simultaneously elongating the peptide chain at both a- and
€-NH; groups. Peptides were cleaved from the resin by using
anhydrous HF to obtain peptide amides. Crude peptides
(10—25 mg) were purified by reversed-phase HPLC on a
Vydac C-18 semipreparative column (250 x 10 mm, 10 y#m
particle size, 300 A pore size), using a gradient of 25—60%
B (0.1% TFA—CH3CN) in 0.1% TFA—H,0 over 60 min at
a flow rate of 4.7 mL/min. Fractions containing pure peptide
were concentrated in a Savant vacuum concentrator, com-
bined, lyophilized in aliquots, and stored at —20 °C. The
overall yields of peptides were 5—25%. The purity of all
peptides was >96%, as determined by analytical reversed-
phase HPLC on a Vydac C-18 column (250 x 4.6 mm, 5
um particle size, 300 A pore size). Peptide concentration
was quantitated by amino acid analysis. The integrity of
the peptides was verified by complete sequence analysis,
using automated Edman degradation on an Applied Bio-
systems Model 470A sequenator.

Cell Culture. Complete medium consisted of either RPMI-
1640 (Hazelton, Lenexa, KS) or Dulbecco’s modified Eagle’s
medium (DMEM; Whittaker Bioproducts, Walkersville, MD)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Hazelton), 25 mM HEPES (pH 7.4), 100 units/mL
penicillin, 100 gxg/mL streptomycin, and 0.3 mg/mL L-
glutamine (RPMI-FBS or DMEM-FBS). Cells were washed
with RPMI-1640 containing penicillin, streptomycin, and
L-glutamine (RPMI). Serum-free medium (SFM) consisted
of RPMI containing 15 xg/mL insulin, 10 ug/mL transferrin,
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0.5 ug/mL linoleic acid, 5 x 10~° M S-mercaptoethanol, 5
ug/mL catalase, and 1 mg/mL bovine serum albumin. For
mouse cell lines, medium was supplemented with 2 mM
pyruvate.

Cells were maintained at 37 °C in a humidified 5% CO,
incubator. The mouse IL2-dependent cytotoxic T cell line
(CTLL-15G) was obtained from Dr. Kendall Smith (Dart-
mouth Medical School, Hanover, NH). CTLL-15G cells,
maintained in DMEM—FBS plus 5% rat T cell growth factor
(McCarthy et al., 1987), were cultured at 1 x 10* cells/mL
and passaged within 48—72 h. Human IL2-dependent
primary T cells were generated, as described previously
(Mistry et al., 1995). Briefly, human PBM (2.5 x 106 cells/
mL) were incubated at 37 °C for 72 h with 10 ng/mL OKT3
(Ortho Diagnostics, Raritan, NJ), washed three times with
RPMI, resuspended in RPMI—FBS, and incubated without
IL2 for 24 h prior to the addition of recombinant human
IL2 (rIL2; Collaborative Research, Bedford, MA) and apoE
peptides.

Cell Proliferation Assay. Cellular uptake and incorpora-
tion into DNA of methyl[*H]thymidine (TdR, 6.7 Ci/mmol,;
ICN Biomedicals Inc., Irvine, CA), as a measure of cell
proliferation, were determined by liquid scintillation counting
of harvested cell cultures. CTLL-15G cells (1 x 10%40.24
mL) were cultured in SFM in flat-bottom microtiter plates
for 24 h with 20 units/mL rIL2 in the absence or presence
of peptides; 1 uCi of TdR was added to each well 4 h prior
to harvest. Human IL2-dependent primary T cells (1 x 10°%/
0.24 mL) were cultured in SFM for 48 h with 10 units/mL
rIL2 in the absence or presence of peptides and pulsed with
1 uCi of TdR 8 h prior to harvest. All cells were harvested
onto glass fiber filter paper with a multiple sample automated
harvester (Cambridge Technology Inc., Watertown, MA).
Cell proliferation data are represented as the mean and
standard error of the mean (SEM) of % cpm TdR incorpo-
rated for triplicate cultures relative to control (no peptide)
= (experimental cpm/control cpm) x 100. TdR incorpora-
tion of control cells (no peptide) was 26 600 £ 2700 cpm in
eight experiments with CTLL-15G cells and 28 400 & 7200
cpm in six experiments with human primary T cells. The
ICs values for each peptide, representing the concentration
of peptide which results in 50% inhibition of proliferation
relative to control obtained by interpolation of each dose—
response curve, are reported as mean = SEM for several
independent experiments.

Chromium Release Assay. Cell viability was determined
by a long-term chromium release assay (Grabstein, 1980).
Cells (1 x 107) were labeled with 100—200 uCi of sodium
[*!Cr]chromate (Naz’'CrO4; 10—35 mCi/mL; Amersham,
Arlington Heights, IL) in 500 uL. of DMEM—FBS for 4 h
at 37 °C. After being labeled, the cells were washed once
and incubated for 30 min in 50 mL of SFM to reduce
spontaneous release of >!Cr and then washed three times with
RPMI. Cytotoxicity assays, established at the same time as
cell proliferation assays, contained no TdR. At 24 h (CTLL-
15G) or 48 h (human primary cells), 100 uL of conditioned
medium was collected from each of triplicate wells, and 3'Cr
was quantitated in a TM Analytic y counter. The percentage
of specific >'Cr release (peptide-mediated lysis) was calcu-
lated as % specific release = [(experimental release —
spontaneous release)/(total release — spontaneous release)]
x 100. Total ICr release was determined by lysis of the
cells with 1% NP-40 (Sigma Chemical Co., St. Louis, MO).
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Spontaneous release was the >'Cr release from cells incubated
with rIL2 but in the absence of peptide. In all experiments,
the spontaneous release was <1.7% of the total 3!Cr release/
h, which is comparable with values reported by others for
long-term S'Cr release assays (Russell, 1981; Garner et al.,
1991). The LCs for each peptide represents the concentra-
tion of peptide which resulted in 50% specific >'Cr release
by the cells and was obtained by interpolation of each dose—
response curve. The LCsy values for each peptide are
reported as mean = SEM for several independent experi-
ments.

Peptide Analysis. Circular dichroic (CD) spectra of the
apoE peptides were recorded in the absence or presence of
2,2,2-trifluoroethanol (TFE; Sigma), a helix-enhancing sol-
vent which stabilizes secondary structure (Barrow et al.,
1992; Sonnichsen et al., 1992; Otvas et al., 1993). Spectra
were obtained over the interval of 196—250 nm on a JASCO
710 spectropolarimeter, calibrated with dio-camphorsulfonic
acid and using 0.1 cm path-length quartz cells. The o-helical
content of the apoE peptides was estimated by using the
method of Morrisett et al. (1973), according to the equation
% a-helix ([0]2, — 3000/—3600 — 3000) x 100. Mean
residue ellipticity ([6]y22) was calculated as [f]n2 =
(6222)(MRW)/10lc, where 0y, is the measured ellipticity
angle at 222 nm, MRW is the mean residue weight, [ is the
optical path length (cm), and c is the protein concentration
(g/mL).

The helical wheel diagrams of the peptides were computer
generated, using the previously described WHEEL program
(Jones et al., 1992). This program orients the helix with its
nonpolar face directed toward the top of the page. Peptide
hydrophobicity values were calculated by averaging the
hydrophobicity of the residues that map to the nonpolar face
of the amphipathic helix, as described previously (Jones et
al., 1992); values are expressed as mean hydrophobicity per
residue of the nonpolar face.

Hemolysis Assay. Human or sheep erythrocytes were
washed three times with gelatin veronal buffer (Sigma). Cells
(5 x 10%mL) were incubated in gelatin veronal buffer (total
volume 1 mL) for 4 h at 37 °C in the absence or presence of
peptide. Cells were incubated in water to determine total
hemoglobin release. After incubation, the cells were cen-
trifuged (10 min at 1000g), and supernatants were analyzed
for hemoglobin release by measuring absorbance at 413 nm.
Results are reported as a percentage of total hemoglobin
release and are the mean and standard deviation (SD) of
triplicate determinations.

RESULTS

Comparison of the Biological Activity of ApoE Peptides.
Monomeric and dimeric peptides corresponding to amino
acid residues 130—169 in human apoE and subregions within
this domain (Table 1) were synthesized. The effects of these
peptides on the IL.2-induced proliferation of mouse CTLL-
15G cells or human primary T cells were evaluated. Ej3p-160
inhibited the proliferation of CTLL-15G cells (Figures 1A)
with an ICso of 5.8 & 0.6 uM (n = 8). This ICs is
comparable to that determined for native apoE, ~2—3 uM
(Mistry et al., 1995). However, suppression by the peptide,
in contrast to that by apoE, was accompanied by a significant
loss of cell viability, assessed by trypan blue exclusion.
Quantitation of E;3p-169-mediated cytotoxicity (Figure 1A),
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Table 1: ApoE Synthetic Peptides

peptide amino acid sequence®
] *
Ey30-169 TEELRVRLASHLRKLRKRLLRDADDLQKRLAVYQAGAREG?
E130-149 TEELRVRLASHLRKLRKRLL
E{30.155 TEELRVRLASHLRKLRKRLLRDADDL
E141-169 LRKLRKRLLRDADDLQKRLAVYQAGAREG
Ejs0-169 RDADDLQKRLAVYQAGAREG
Eis1-155 LRKLRKRLLRDADDL
Branched Eq141. 155y, LRKLRKRLLRDADDL>KCONH2
L RKLRKRLLRDADDL

Tandem E(14).155y, LRKLRKRLLRDADDL - LRKLRKRLLRDADDL

Epi1.243 GERLRARMEEMGRS TRDRLDEVKEQVAEVRAKL

¢ The single-letter amino acid code is used. ® In peptide E2,30-169, C
is substituted for R at residue 158, marked with an asterisk.
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FIGURE 1: Ej3p-169 is cytostatic and cytotoxic to IL2-dependent T
cells. The proliferation (M) of CTLL-15G cells (panel A) or human
primary T cells (panel B) cultured in SFM with rIL2 (10 and 20
units/mL, respectively) and E;3p-1¢0 was measured, as described
in Experimental Procedures. Values represent the mean percent
TdR incorporation (£SEM) relative to control (no peptide) of three
to four independent experiments performed in triplicate. Peptide
cytotoxicity (O) was determined by a 3!Cr release assay, as
described in Experimental Procedures. Values represent the mean
percent specific cytotoxicity (SEM) of three independent experi-
ments performed in triplicate.

using a chromium release assay, gave an LCsp of 10.5 &
1.0 uM (n = 8). The cytotoxic activity was independent of
assay method, as similar results were obtained when lactate
dehydrogenase release was measured. Human I1.2-dependent
primary T cells, like mouse CTLL-15G cells, were suscep-
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FIGURE 2: ApoE peptide activity is isoform specific. The prolifera-
tion of CTLL-15G cells cultured in SFM with 20 units/mL rIL2
and either E2,3p-160 () or E30-160 (O0) was measured (panel A),
as described in Experimental Procedures. Values represent the
mean percent TdR incorporation (£SD) relative to control (no
peptide) of a representative experiment performed in triplicate.
Peptide cytotoxicity was determined by a >!Cr release assay (panel
B), as described in Experimental Procedures. Values represent the
mean percent specific cytotoxicity (+SD) of a representative
experiment performed in triplicate.

tible to both the suppressive (ICsy 8.7 & 0.7 uM, n = 6) and
cytotoxic (LCsp 12.4 £ 0.8 uM, n = 6) activities of E3o-169
(Figure 1B). The ICs; and LCsp values were not different
when the amount of IL2 was increased from 10 to 2000 units/
mL. Two conclusions can be drawn from these results:
susceptibility to E;30-169 is not dependent upon cell adaptation
to in vitro culture conditions, and it is not species specific.

To determine whether a Cys-for-Arg substitution at residue
158 would affect the activity of Eiso-169, a peptide corre-
sponding to amino acids 130—169 in apoE2 (E239—160) Was
synthesized (Table 1). This peptide also inhibited the IL2-
dependent proliferation of CTLL-15G cells (Figure 2A).
However, in two independent experiments, the ICso (25.6
uM; n = 2) was 3—4-fold higher than that of Ejso-i6o-
Furthermore, incubation of the cells with E2;39-1¢9 resulted
in much lower levels of cytotoxicity (Figure 2B). E2i30-169
had less than 30% cytotoxicity at 30 M, whereas E13-169
resulted in approximately 70% cytotoxicity at 15 4uM. These
results indicate that, like native apoE, the bioactivity of the
apoE peptides is isoform dependent.

To define further the bioactive subdomains within Ej30—i69,
we asked whether the cytostatic and/or cytotoxic activities
were localized in the amino or carboxyl half of the peptide.
Eis0-140 (Figure 3A) effectively suppressed IL2-induced
proliferation of CTLL-15G cells with an ICsp of 15.1 & 1.90
4M (n = 4). However, incubation of cells with this peptide
resulted in only a minor loss of cell viability: 77%
suppression of proliferation in the presence of 30 ©M Ej3-149
was accompanied by ~20% cytotoxicity. Eiso-169 (Figure
3B) was neither suppressive nor cytotoxic, even at concen-
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FIGURE 3: Ej3p-149 I8 cytostatic, but not cytotoxic, to IL-2-dependent
T cells. The proliferation (M) of CTLL-15G cells cultured in SFM
with 20 units/mL rIL2 and either E;3—149 (panel A), Eso—160 (panel
B), or Ei4;-155 (panel C) was measured, as described in Experi-
mental Procedures. Values represent the mean percent TdR
incorporation (£SEM) relative to control (no peptide) of three
independent experiments performed in triplicate. Peptide cytotox-
icity (O) was determined by a 3!Cr release assay, as described in
Experimental Procedures. Values represent the mean percent
specific cytotoxicity (£SEM) of three independent experiments
performed in triplicate.

trations as high as 30 uM. A combination of Ei3-149 (30
uM) and E;s5p-169 (30 #uM) was not cytotoxic but resulted in
an extent of inhibition of DNA replication comparable to
30 /,tM E130_149 alone. In addition, E141—155 (Figure 3C), the
peptide encompassing the site connecting Eizp-149 and
Eis0-169, Was inactive.

Potent Cytotoxic Activity of Dimeric ApoE Peptides. We
next asked whether peptide Ej41-1s5, which displayed no
activity as a monomer, is active when synthesized in dimeric
form, as shown previously by Dyer et al. (1991) for mitogen-
activated naive T cells. Dimeric apoE peptides representing
two copies of amino acids 141—155 in either a branched
(branched Eja1-1ss), or tandem (tandem Ej41-1s5),) config-
uration were synthesized (Table 1). Both the branched
(Figure 4A) and tandem (Figure 4B) peptide effectively
suppressed the proliferation of CTLL-15G cells, with ICs¢’s
of 47 £ 1.0 uM (n = 3) and 1.9 = 0.2 uM (n = 3),
respectively. Suppression was accompanied by potent cy-
totoxic activity with LCs¢’s of 15.5 + 3.9 uM (n = 3) and
3.2 £ 0.4 uM (n = 3), respectively. The activities of these
dimeric apoE peptides, like those of the apoE peptide
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FIGURE 4: Dimers of amino acids 141—155 are cytostatic and
cytotoxic to IL-2-dependent T cells. DNA replication (M) by
CTLL-15G cells cultured in SFM with 20 units/mL rIL2 and either
branched Ej41-155), (panel A) or tandem E14;-155), (panel B) was
measured, as described in Experimental Procedures. Values
represent the mean percent TdR incorporation (=SEM) relative to
control (no peptide) of two to three independent experiments
performed in triplicate. Peptide cytotoxic activity (O0) was deter-
mined by a SICr release assay, as described in Experimental
Procedures. Values represent the mean percent specific cytotoxicity
(£SEM) of two to three independent experiments performed in
triplicate.

monomers, were not influenced by the IL2 concentration.
These data demonstrate that cytotoxicity is independent of
the configuration of the peptide dimer. Consideration of the
activities of the apoE peptides encompassed by residues
130—169 indicates that the 141—149 region, which repre-
sents the overlap between the functional peptides, is respon-
sible for both cytostatic and cytotoxic effects. Therefore,
we synthesized a dimeric peptide of 141—149 in the tandem
configuration. This peptide was also cytostatic and cytotoxic,
with ICso and LCsy values about 20% higher than those of
the tandem dimer of 141—155.

Dyer et al. (1991) previously reported that a monomeric
peptide of the 141—155 sequence in apoE has no biological
activity against mitogen-activated T cells, whereas the
corresponding tandem peptide is cytostatic but not cytotoxic.
The disparity between the cytotoxic effects of this peptide
in the two cell systems is unclear. The major difference
between the experimental designs in the two studies is the
inclusion by Dyer et al. (1991) of FBS in the medium; in
our experiments, cells were cultured in the absence of FBS.
Amphipathic peptides can interact with lipoproteins present
in FBS, and this may explain the difference. However, we
have found that tandem E(4;-1s5), is also cytotoxic in the
presence of FBS (data not shown). Dyer et al. (1991)
examined peptide cytotoxicity by using the lactate dehydro-
genase (LDH) release assay. FBS contains fairly high levels
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of endogenous LDH. The LDH contributed by dying cells
may therefore have been a small undetected proportion of
the total. Since our peptides were purified and well
characterized, we are confident that apoE peptide bioactivity
was not due to an impurity. In addition, exhaustive dialysis
of the peptides prior to use did not eliminate their cytotoxic
activity. ApoE peptide cytotoxicity was also not an artifact
of the synthesis procedure, since other peptides, representing
different sequences but of a similar length and synthesized
by the same procedure, had no effect on IL2-dependent cells.

Comparison of the IC50’S of E130—149 and E(141—155)2 shows
that dimers of the sequence E;4-155 are 3—7 times more
suppressive than E3p-149. To determine whether this dif-
ference is due primarily to the existence of a potent
suppressive signal within residues 150—155, peptide Ei30-155
was synthesized and tested for biological activity. Ei3-15s
had cytostatic and cytotoxic activities comparable to those
of Ei3p—149: its ICsp was ~22 yum and its LCso >30 um.
However, Ej41-160 was neither suppressive nor cytotoxic at
concentrations as high as 40 uM.

Structural Basis of ApoE Peptide Cytotoxicity. The
cytotoxic activity of the apoE peptides was intriguing, as
cytotoxicity is not a known characteristic of native apoE.
Other peptide toxins, such as those present in wasp and bee
venom and synthetic peptides of the human immuno-
deficiency virus type-1 envelope glycoprotein, have a high
a-helical content (Argiolas & Pisano, 1984; DeGrado, 1988;
Segrest et al., 1990; Srinivas et al., 1993). Therefore, we
asked whether apoE peptide cytotoxicity were related to
helical content. The [, of each apoE peptide was assessed
by circular dichroism (CD) analysis in the absence and
presence of TFE, and the a-helical content was estimated
by the method of Morrisett et al. (1973). TFE is a
membrane-mimicking solvent which is widely used to
stabilize o-helices in regions with some helical propensity
in peptides which are otherwise unstructured in aqueous
solutions; TFE does not induce helix formation independently
of sequence (Barrow et al., 1992; Sonnichsen et al., 1992;
Otvas et al.,, 1993). Although the a-helical content of a
peptide in TFE does not necessarily correlate with that during
an incubation with cells, it does indicate the propensity of a
peptide to form an o-helix. The cytostatic peptide Ei30-149
could not be distinguished from the cytotoxic apoE peptides
on the basis of its a-helical content. The helical content of
all but one of the bioactive peptides was 31-46% in PBS.
These values increased to 60—81% in the presence of TFE
(Table 2). By contrast, the helical contents of Ejso—160 and
Ei41-155 were 37% and 44%, respectively, in the presence
of TFE, indicating that these inactive apoE peptides had a
significantly lower overall propensity to form an o-helix.
The exception was branched E(i41-1s5),, which is potently
suppressive and cytotoxic, yet had a propensity to form an
a-helix similar to that of the inactive peptides.

Helical wheel diagrams of bioactive apoE peptides (Figure
5) were constructed to determine whether apoE peptide
cytotoxicity were related to unique features of the peptides’
predicted amphipathic helical domains. The cytotoxic pep-
tides Ei3-160 and tandem E(41-1s5, (Figure 5A,C) have
higher nonpolar face hydrophobicities (0.70 and 0.82 vs 0.64,
respectively) and a higher number of polar face positive
residues compared to the cytostatic peptide E;30-149 (Figure
5B) (9 and 11 vs 7, respectively; Table 2). It is interesting
that the Cys-for-Arg substitution at residue 158 in E230-169
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Table 2: Properties of Active and Inactive ApoE Peptides®

o-helix nonpolar face polar face
peptide residues in TFE, % hydrophobicity positive residues ICsp, uM LCso, uM

bioactive peptides

Ei30-169 40 67 0.70 9 58+0.6 105+1.0

E230-169 40 60 0.62 8 25.6 >30

Ei30-1490 20 81 0.64 7 15,1 +£1.9 >30

Ei30-155 26 74 0.71 6 22.0 >30

branched E()41—155)2 31 38 0.85 8 47+10 155+ 3.9

tandem E(141—155)2 30 79 0.82 11 19+0.2 32+04
inactive peptides

Eis1-169 29 59 0.68 8 >40 NC

Eiso-160 20 37 0.42 4 NS NC

Ei41-155 15 44 0.85 5 NS NC

E2ii-243 33 32 0.74 9 NS NC

4 NS = nonsuppressive; NC = noncytotoxic (tested at concentrations to 40 uM).

(*, Figure 5B) only slightly reduces the nonpolar face
hydrophobicity from 0.70 to 0.62 and the number of polar
face positive residues from 9 to 8 but is associated with a
profound reduction in both cytostatic and cytotoxic potency.
In terms of their nonpolar face hydrophobicities and levels
of positive charge, the cytotoxic apoE peptides are similar
to the previously described class L lytic peptides (Segrest et
al., 1990). However, according to the recent findings of
Tytler et al. (1993), the presence of interfacial Arg residues
and the high Arg:Lys ratio of Ei30-169 and tandem E41-15s),
prevent them from forming the “inverted” wedge conforma-
tion, which is characteristic of class L. peptides. The
properties of the apoE peptides are summarized in Table 2.
Heparin Ablates ApoE Peptide Activity. Analysis of the
activities of the apoE peptides encompased by residues 130—
169 in apoE suggests that the 141—149 region of apoE is
important for activity. An obvious feature of this sequence
is the presence of four positive charges. We reasoned that
if the positive charge of this domain were responsible for
peptide-mediated cytostasis and cytotoxicity, polyanionic
agents such as heparin should ablate both activities. The
effects of heparin on E;30-14¢-mediated cytostasis (Figure 6A)
and cytotoxicity due to tandem E(141-1s5), (Figure 6B) were
evaluated. The concentrations of Ejs-149 and tandem
E(141-155), used in the incubations were equivalent to the ICsy’s
and LCsq’s, respectively. Heparin at 100 ug/mL maintained
cell proliferation by cells incubated with E;3,_149 at near
control levels. The cytotoxic effect of tandem E141-155), was
completely ablated in the presence of 10 ug/mL heparin. As
expected, DNA replication by cells incubated with the
tandem peptide was also maintained at near control levels
by heparin. In addition, preincubation of the cells with
heparin followed by its removal during incubation with
peptide had no effect on peptide activity, suggesting that
heparin did not alter the cells’ susceptibility to the peptides.
Chondroitin sulfate similarly relieved apoE peptide suppres-
sion and cytotoxicity. Heparin or chondroitin sulfate alone
had minimal effect on IL2-dependent cell proliferation.
We also determined the effects of a positively charged
peptide representing amino acids 211—243, the other heparin-
binding domain in apoE (Cardin et al., 1986), on IL2-
dependent T cell proliferation and viability. Esjj-243 (Figure
5D) has a polar face positive charge density of nine residues,
which is midway between that of the cytostatic peptide
Eis0-149 and the cytotoxic peptides Ejz-1¢9 and tandem
E(41-155,, and a nonpolar face hydrophobicity of 0.74.
However, concentrations of Ejjj-243 up to 40 4uM had no

effect on cell proliferation or viability. The results, taken
together, indicate that the positively charged 141—149
sequence, the domain which represents the overlap between
the functional E 30— 16 and Eq41-1ss), peptides, is responsible
for cytostasis and cytotoxicity.

Cytotoxic ApoE Peptides Are Not Hemolytic. The pre-
dicted structural properties of the amphipathic helical seg-
ments of the cytotoxic apoE peptides, Ei30-160 and tandem
E(141-153),, suggest that their cytotoxic effects on T lympho-
cytes were not due to destabilization of the cell membrane
resulting in cell lysis. In order to test whether the apoE
peptides had the ability to disrupt membranes, the hemolytic
activities of the apoE peptides were compared with that of
mellitin, a 26-residue peptide toxin isolated from honeybee
venom which is potently hemolytic (Tosteson & Tosteson,
1981; DeGrado, 1988). Concentrations of tandem Ej41-1ss),
as high as 30 4uM did not lyse erythrocytes during a 4 h
incubation, whereas 30 uM mellitin caused 100% lysis
(Figure 7). A similar result was obtained using sheep
erythrocytes incubated for either 4 or 24 h. E;30-1¢9 did cause
approximately 50% hemolysis, but at a concentration 3-fold
higher than the LCsy determined for T cell cytotoxicity. The
apoE peptides cytotoxic to T cells had no effect on the
viability of human liver HepG2 cells, human uterine epi-
thelial Ishikawa cells, or human fibroblasts (data not shown).

DISCUSSION

Amino acids 130—169 in human apoE encompass an
immunoregulatory domain with both cytostatic and cytotoxic
activities against IL2-dependent T cells. This finding is
consistent with results of previous studies (Cardin et al.,
1988; Dyer et al., 1991) that implicated residues 141—155
in apoE’s antiproliferative effect on naive mitogen-activated
T cells. The similar potencies of Ei3p-143 and Ejszg—iss
indicate that the cytostatic domain is located within residues
130—149. However, a longer peptide representing residues
130—169 and dimeric peptides of amino acids 141—1355 also
have potent cytotoxic activity. These results indicate that
the positively charged, leucine-rich sequence, corresponding
to amino acids 141—149-RKLRKRLL- in the mature protein
which represents the overlap between the functional peptides
identified, is responsible for both the cytostatic and cytotoxic
effect.

The density of positively charged amino acid residues in
the 141—149 domain clearly makes a significant contribution
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FIGURE 5: Helical wheel diagrams of apoE peptides. Helical wheel diagrams of the E30-169 (panel A), E30- 140 (panel B), tandem E41-1s5),
(panel C), and Ej;;-243 (panel D) were computer generated by using the WHEEL program. Each peptide was modeled with the Lys and
Arg residues in snorkel orientation. Positively and negatively charged amino acid residues are highlighted, and the position of the nonpolar—

polar interface is marked.

to apoE peptide bioactivity. Consistent with this conclusion
is the ablation of both peptide-mediated cytostasis and
cytotoxicity by the polyanionic glycosaminoglycans (GAG),
heparin and chondroitin sulfate. GAG-binding capacity does
not, in itself, account for bioactivity since peptide Ez;;-243,
which can bind heparin (Cardin et al., 1988) but which lacks
the 141—149 sequence, is inactive. Calculation of an
electrostatic potential map for the amino-terminal domain
of human apoE indicates a large region of positive potential
projecting out from residues 136—150 (Wilson et al., 1991),
It is therefore possible that, in the bioactive monomeric apoE
peptides, the additional positive charge of amino acids 136—
140 is required for the 141—149 sequence to express

immunoregulatory activity. The lack of activity of E141-169
supports this proposal. Amino acids 136—140 are not,
however, necessary for bioactivity as evidenced for the potent
activity of the 141—155 and 141-149 dimeric peptides
which do not contain this sequence. The importance of
positive charge density for apoE peptide bioactivity is
highlighted by the reduced activity of E2;30-165 compared
to Ey30-169. Studies of the three-dimensional structure of
human apoE have shown that substitution of Cys for Arg at
position 158 disrupts the region of positive charge in the
vicinity of the 141—149 region, despite the fact that residue
158 is well removed from the 141—149 sequence (Wilson
et al., 1991).
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FIGURE 6: Heparin ablates the cytostatic and cytotoxic activities
of apoE peptides. The proliferation (panel A) of CTLL-15G cells
cultured in SFM with 20 units/mL rIL2, E; 30149 (15 uM), and
increasing concentrations of heparin (grade I from porcine intestinal
mucosa, Sigma) was measured, as described in Experimental
Procedures. Bars represent the mean percent TdR incorporation
(£SD) relative to the appropriate control, containing heparin but
no peptide, in a representative experiment performed in triplicate.
The cytotoxicity of tandem Ejs4;-1s5), (3.25 uM) toward CTLL-
15G cells cultured with IL2 and heparin (panel B) was determined
by a 3ICr release assay, as described in Experimental Procedures.
Bars represent the mean percent specific cytotoxicity (£SD) in a
representative experiment performed in triplicate.
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FIGURE 7: ApoE peptides have low hemolytic activity. Human
erythrocytes, suspended in gelatin veronal buffer, were exposed to
increasing concentrations of Ei3p-160 (M), tandem E(141-155), (&),
or the bee venom toxin mellitin (Sigma; ). After a 4 h incubation
at 37 °C, the amount of hemoglobin release was determined
spectrophotometrically, as described in Experimental Procedures.
Values represent the mean percent of maximum lysis (£SD) in a
representative experiment, performed in triplicate. Hemoglobin
release by cells incubated in water for 4 h was considered to be
100% lysis.

The contribution of positively charged residues in the
141—149 region to apoE peptide bioactivity is likely to relate
to the interaction between the peptides and the cells. It is
not known whether peptide-mediated cytostasis and cyto-
toxicity are receptor-mediated effects. However, the logical
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extension of the finding that the cytotoxic apoE peptides have
low hemolytic activity is the presence of a specific site of
interaction for the peptides at the cell surface. An obvious
candidate for an “immunoregulatory” binding site is the LDL
receptor, as the LDL receptor binding domain of apoE is
located in residues 140—160 (Weisgraber et al., 1983;
Mahley, 1988; Lalazar et al., 1988). However, the absence
or presence of the high-affinity LDL receptor does not
influence apoE peptide suppression or cytotoxicity, suggest-
ing that this receptor is not involved.? The LDL receptor-
related protein (LRP) is also a potential binding site for the
apoE peptides. The domain of apoE responsible for binding
to the LRP, although not yet determined, has been predicted
to involve residues 140—160. Also, multiple copies of apoE
appear to be required for binding to one LRP (Beisiegel et
al., 1989; Kowal et al., 1989). The reduced suppressive and
cytotoxic activity of E23-_je0 provides support for the
proposal that the LRP is the binding site for the apoE
peptides, since previous studies have indicated that the Cys-
for-Arg substitution at residue 158 in the E2 isoform reduces
its binding affinity for the LRP (Kowal et al., 1990). We
propose that the positively charged bioactive apoE peptides
mediate their effects by binding to at least one of the
negatively charged ligand-binding domains of the LRP.

An additional structure feature of the apoE peptides which
appears to influence their interaction with the cells is their
amphipathic a-helical conformation. Helical wheel analysis
indicated that all of the bioactive peptides have the potential
to assume an amphipathic a-helical structure, with a
relatively high nonpolar face hydrophobicity and positive
charge polar face density. Both positive charge and hydro-
phobicity enhance a peptide’s affinity for negatively charged
cell surfaces (Segrest et al., 1990; Taffs & Sitkovsky, 1992).
Correlative evidence that a-helical content is necessary but
not sufficient for bioactivity was obtained from CD analysis
of the apoE peptides by which all of the active peptides
exhibited a relatively high propensity to form an o-helix.
This result is consistent with previous findings (Wilson et
al., 1991) that residues 130—164 in human apoE form one
of the four amphipathic o-helices in the amino-terminal
domain of the protein. It is probable that the short length
of the 141—155 monomer precluded it from forming a stable
o-helix, which may account for its lack of bioactivity. One
exception to the correlation of peptide bioactivity with
helicity is the diminished potential of the branched dimer of
the 141—155 sequence, which has potent activity, to form a
stable a-helix relative to its tandem dimer counterpart and
the other bioactive apoE peptides. The reduced helical
content of the branched peptide may relate to the structural
constraint of the Lys residue linking the two copies of the
141—155 sequence.

The nonpolar face hydrophobicity and polar face positive
charge of the cytotoxic apoE peptides are notably high when
compared to the cytostatic 130—149 and 130—155 peptides.
We suggest that cytotoxicity is a function of hydrophobicity
and positive charge density and may, as a consequence, result
from efficient peptide—cell interactions. The cationic class
L peptide toxins described by Segrest et al. (1990), which
have some properties in common with the apoE peptides,
are highly surface active. However, we have ruled out the
possibility that apoE peptides exert their cytotoxic activity
by the same mechanism as the class L peptides. Class L
peptides interact with membrane bilayers to produce dramatic
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structural changes which result in the cell lysis (Argiolas &
Pisano, 1984; Christensen et al., 1988; Srinivas et al., 1992).
This does not appear to be the case with the cytotoxic apoE
peptides, as evidenced by their low hemolytic activity. The
apoE peptides have interfacial Arg residues and a high Arg:
Lys ratio, which prevent formation of the “inverted wedge”
to promote the destabilization of membrane bilayers (Tytler
et al.,, 1993). High concentrations of E3-169 may cause
some erythrocyte lysis due to the known ability of this
peptide to bind lipid (Sparrow et al., 1985), allowing it to
associate nonspecifically with cell membranes.

The identification of residues 141—149 in apoE as an
immunoregulatory domain with both cytostatic and cytotoxic
activities raises the question of whether peptide-mediated
cytostasis and cytotoxicity are related cellular processes.
Native apoE exerts its antiproliferative effects on IL2-
dependent T cells by inhibiting cell cycle progression through
the G1a/G1b boundary (Mistry et al., 1995). It is reasonable
to suggest that the 130—149 and 130—155 peptides have a
similar effect, since these peptides mimic the cytostatic
activity of the native protein. We propose that the cell death
caused by the cytotoxic apoE peptides is preceded by growth
arrest. Close examination of the dose—response curves for
each of the cytotoxic peptides shows that, at low concentra-
tions of peptide, there is inhibition of proliferation which is
not accompanied by significant cytotoxicity. However, at
higher peptide concentrations, generally 2—3 times the ICso
for each peptide, suppression of proliferation can, in large
part, be attributed to cell death.

The physiological relevance of the cytotoxic activity of
the apoE peptides is uncertain. Native apoE is not cytotoxic
at concentrations which are potently cytostatic toward both
mitogen-activated and IL2-dependent T cells (Kelly et al.,
1994; Harmony et al., 1995). However, the findings of two
recent studies permit speculation that apoE expresses cyto-
toxic activity in vivo. A significant proportion of the apoE
that is newly synthesized by either HepG2 cells (Ye et al.,
1993) or a mouse macrophage cell line transfected with a
constitutively expressed human apoE cDNA (Mazzone et al.,
1992) is degraded intracellularly, allowing in situ generation
of apoE peptides from the nascent protein. Parallels can be
drawn between the apoE peptides and the bioactive peptide
amyloid § (AB) which is released by proteolytic cleavage
of the integral membrane protein S-amyloid precursor protein
(8-APP) (Shoji et al.,, 1992; Haass et al., 1992). The Af
fragment is the major constituent of amyloid plaques in the
brains of subjects with AD and has been reported to have
significant neurotoxic activity (Yankner et al., 1990; Kowal
et al, 1991). Interestingly, apoE exhibits high-avidity
binding for AS (Wisniewski et al., 1993; Strittmatter et al.,
1993b) and colocalizes with Af in plaques and tangles in
AD brain tissue (Wisniewski & Frangione, 1992). Further-
more, the gene encoding one of the isoforms of apoE (e4) is
associated with late-onset familial and sporadic AD (Corder
et al., 1993; Rebeck et al., 1993; Strittmatter et al., 1993a).
These recent findings raise the possibility that native apoE
has a toxic activity in vivo which contributes to the extensive
neurodegeneration found in this disease.

In summary, the fact that apoE peptide-mediated cytostasis
mimics the activity of native apoE provides a versatile tool
for examining mechanisms which regulate growth factor-
dependent T cell proliferation. The unique cytotoxic activity
of the apoE peptides that we have described here not only
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has far-reaching implications in terms of regulation of the T
cell-mediated immune response but may also explain other
observations such as the recently proposed role of apoE in
the pathogenesis of neurodegenerative diseases (Roses,
1994).
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