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Background: Naturally occurring G26R mutation of apoA-I is associated with hereditary amyloidosis.
Results: The G26R mutation destabilizes the N-terminal helix bundle in full-length protein and also enhances amyloid fibril

formation by the N-terminal 1-83 fragment.

Conclusion: The G26R mutation has dual critical roles in apoA-I structure and fibril-forming propensity.
Significance: The findings provide new insight into amyloid fibril formation by apoA-I.

A number of naturally occurring mutations of apolipoprotein
(apo) A-1, the major protein of HDL, are known to be associated
with hereditary amyloidosis and atherosclerosis. Here, we
examined the effects of the G26R point mutation in apoA-I
(apoA-1,,,.) on the structure, stability, and aggregation propen-
sity to form amyloid fibril of full-length apoA-I and the N-ter-
minal fragment of apoA-I. Circular dichroism and fluorescence
measurements demonstrated that the G26R mutation destabi-
lizes the N-terminal helix bundle domain of full-length protein,
leading to increased hydrophobic surface exposure, whereas it
has no effect on the initial structure of the N-terminal 1-83
fragment, which is predominantly a random coil structure.
Upon incubation for extended periods at neutral pH, the N-ter-
minal 1-83 variants undergo a conformational change to
B-sheet-rich structure with a great increase in thioflavin T fluo-
rescence, whereas no structural change is observed in full-
length proteins. Comparison of fibril-forming propensity
among substituted mutants at Gly-26 position of 1-83 frag-
ments demonstrated that the G26R mutation enhances the
nucleation step of fibril formation, whereas G26K and G26E
mutations have small or inhibiting effects on the formation of
fibrils. These fibrils of the 1-83 variants have long and straight
morphology as revealed by atomic force microscopy and exhib-
ited significant toxicity with HEK293 cells. Our results indicate
dual critical roles of the arginine residue at position 26 in apoA-
I,wa: destabilization of the N-terminal helix bundle structure in
full-length protein and enhancement of amyloid fibril forma-
tion by the N-terminal 1- 83 fragment.
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Apolipoprotein A-I (apoA-I)? is the major protein compo-
nent of plasma high density lipoprotein (HDL). It functions as a
critical mediator in reverse cholesterol transport, a process by
which excess cholesterol in peripheral cells is transferred via
HDL to the liver for catabolism (1, 2). The amino acid sequence
of human apoA-I (243 residues) contains 11- and 22-residue
repeats of amphipathic a-helices (3) that fold into two tertiary
structure domains, comprising an N-terminal a-helix bundle
spanning residues 1-187 and a separate less organized C-ter-
minal region spanning the remainder of the molecule (4-6).
The helical segments in the N-terminal domain are involved in
the activation of lecithin-cholesterol acyltransferase to convert
cholesterol to cholesterol ester (7, 8), whereas the C-terminal
helix is involved in the strong lipid binding properties of this
protein (5, 9, 10).

Naturally occurring mutations in human apoA-I are known
to be associated with low plasma HDL levels and hereditary
amyloidosis (11). The hereditary amyloidogenic mutations are
clustered in the N terminus (residues 1-100) and in residues
154-178 of the protein (12, 13). In most cases, the N-terminal
fragment of these mutated apoA-I is the predominant form of
protein found in amyloid fibril deposits (14). Although the
structural consequences of these mutations have not been
defined yet, it is thought that an unstable N-terminal helix bun-
dle conformation associated with amyloidogenic mutations
promotes proteolytic cleavage of full-length protein, resulting
in the release of the N-terminal fragment to form amyloid fibril
deposits (13, 15). Consistent with this, the N-terminal 1-93
fragments of apoA-I variants have been shown to aggregate in
vitro to form amyloid fibrils at acidic pH (16, 17).

Nonhereditary forms of wild-type (WT) apoA-I are also
commonly observed to be deposited as amyloid fibrils in ath-

2 The abbreviations used are: apoA-l, apolipoprotein A-I; AFM, atomic force
microscopy; ANS, 8-anilino-1-naphthalenesulfonic acid; ATR, attenuated
total reflection; FTIR, Fourier transform infrared spectroscopy; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ThT, thioflavin T.
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erosclerotic plaques (18), suggesting that mutations in the pro-
tein are not essential for its conversion into amyloid. In fact, a
recent study demonstrated that oxidative modification of
apoA-I methionine residues induces amyloid formation by the
native, intact protein (19). In addition, a peptide comprising
residues 4659 of apoA-I was shown to form amyloid fibrils
with cross-B structure (20), suggesting that this region is one of
the core amyloidogenic segments in the apoA-I sequence (15).
However, the molecular mechanisms underlying the amyloido-
genic propensity of apoA-I are still poorly understood.

In the present study, we examined the effects of the Iowa
(G26R) mutation, the first and most common amyloidogenic
mutation found in apoA-I (21-24), on the structure, stability,
and aggregation propensity to form amyloid fibril for full-
length apoA-I and the N-terminal fragment (amino acids 1-83)
of apoA-I. As with other amyloidogenic variants, the N-termi-
nal 1- 83 fragment is the major constituent of the lowa variant
found in amyloid deposits (21). The results demonstrated that
the N-terminal 1— 83 fragment of apoA-I has a strong propen-
sity to form amyloid fibrils at neutral pH and that the G26R
mutation greatly enhances the amyloid fibril formation of this
N-terminal fragment.

MATERIALS AND METHODS

Preparation of apoA-I Proteins—The cDNA encoding the
N-terminal fragment 1-83 of apoA-I was obtained by PCR
methods using full-length human apoA-I cDNA as a template.
The mutations in human apoA-I to create G26R and/or single
tryptophan variants (W@8, W@50, or W@72) were made using
the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA). The cDNA was ligated into a thioredoxin fusion
expression vector pET32a(+) (Novagen, Madison, WI) and
transformed into the Escherichia coli strain BL21 Star (DE3)
(Invitrogen). The resulting thioredoxin-apoA-I fusion proteins
were expressed and purified as described (5, 10). Cleavage of the
thioredoxin fusion protein with thrombin leaves the target
apoA-I with two extra amino acids, Gly-Ser, at the amino ter-
minus. The apoA-I preparations were at least 95% pure as
assessed by SDS-PAGE. In all experiments, apoA-I variants
were freshly dialyzed from 6 M guanidine hydrochloride solu-
tion into the appropriate buffer before use.

Circular Dichroism (CD) Spectroscopy—Far-UV CD spectra
were recorded from 185 to 260 nm at 25 °C using a Jasco J-600
spectropolarimeter. The apoA-I solutions of 50 ug/mlin 10 mm
Tris buffer (pH 7.4) were subjected to CD measurements in a
2-mm quartz cuvette, and the results were corrected by sub-
tracting the buffer base line. The a-helix content was derived
from the molar ellipticity at 222 nm ([6],,,) using the equation:
% of a-helix = ((—[6],,, + 3,000)/(36,000 + 3,000)) X 100 (25).

Attenuated Total Reflection-Fourier Transform Infrared
(ATR-FTIR) Spectroscopy—ATR-FTIR spectra were recorded
on a Jasco FTIR spectrometer FT/IR-6200 equipped with an
ATR PRO610P-S reflectance accessory. An aliquot of apoA-I
samples (0.3 mg/ml) in 10 mm Tris buffer (pH 7.4) was spread
on the germanium waveguide, and the excess water was
removed under nitrogen flow. ATR-FTIR spectra were
recorded over the wave number range of 1,000-3,500 cm ™ Lata
resolution of 2 cm ™! and 256 accumulations under continuous

JANUARY 25,2013 +VOLUME 288-NUMBER 4

nitrogen purge. To evaluate secondary structure, the amide I
area (1,600 1,700 cm™ ') in the spectra was deconvoluted using
a Spectra Manager Software (Jasco, Tokyo, Japan).

Urea Denaturation Study—For monitoring chemical dena-
turation, lipid-free proteins at a concentration of 50 ug/ml were
incubated overnight at 4 °C with urea at various concentrations.
K, ata given denaturant concentration was calculated from the
change in [6],,, determined by CD in 10 mM Tris buffer (pH
7.4). The Gibbs free energy of denaturation in the absence of
denaturant, AG,°, the midpoint of denaturation, D", and m
value, which reflects the cooperativity of denaturation in the
transition region, were determined by the linear equation,
AG, = AG,’ — m[denaturant], where AG, = — RT In K, (26,
27).

Fluorescence Measurements—Fluorescence measurements
were carried out with a Hitachi F-4500 fluorescence spectro-
photometer at 25 °C. To monitor the exposure of hydrophobic
sites on the apoA-I variants, 8-anilino-1-naphthalenesulfonic
acid (ANS) fluorescence spectra were collected from 400 to 600
nm at an excitation wavelength of 395 nm in the presence of 50
png/ml protein and an excess of ANS (250 um) (5). To access the
local environment of apoA-I single Trp variants, Trp emission
fluorescence was recorded from 300 to 420 nm using a 290-nm
excitation wavelength to avoid tyrosine fluorescence. In
quenching experiments of Trp fluorescence, Trp emission
spectra of proteins were recorded at increasing concentrations
of KI (0—0.56 M) using a 5 M stock solution containing 1 mm
NaS,0; to prevent the formation of iodine. After correction for
dilution, the integrated fluorescence intensities were plotted
according to the Stern-Volmer equation, Fy/F = 1 + K, [KI],
where F, and F are the fluorescence intensities in the absence
and presence of quencher, respectively, and K, is the Stern-
Volmer constant. Quenching parameters were obtained by fit-
ting to the modified Stern-Volmer equation, F,/(F, — F) = 1/f, +
1/f K, [KI], where £, is the fraction of Trp residue accessible to
the quencher.

Kinetics of protein aggregation and fibril formation were
monitored using fluorescent dyes, thioflavin T (ThT), and ANS.
apoA-I variants (0.3 mg/ml) in 10 mm Tris buffer (150 mm
NacCl, 0.02% NaN,, pH 7.4) were incubated at 37 °C with agita-
tion on an orbital rotator at 10 rpm in the presence of 10 um
ThT or 10 um ANS. ThT fluorescence was recorded from 460
to 600 nm at an excitation wavelength of 445 nm. The time-de-
pendent increase in ThT fluorescence intensity was fitted to a
sigmoidal equation (28, 29)

Fmax - FO
ot T exp[k(t, — )]

F=F (Eq. 1)

where F is the fluorescence intensity, F, is the initial base line
during the lag phase, and F,,, is the final base line after the
growth phase has ended. k is the apparent rate constant for the
growth of fibrils, and £,,, is the time to 50% of maximal fluores-
cence. The lag time is calculated as ¢,, — 2/k.

Atomic Force Microscopy (AFM)—For analysis by AFM, 5 ml
of each sample solution (0.6 mg/ml) in 10 mm Tris buffer was
diluted with distilled water (45 ml), and 10 ml of the mixture

was deposited on freshly cleaved mica (The Nilaco Corp.,
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Tokyo, Japan). After washing the mica with distilled water
(20 ml), samples were imaged under ambient conditions at
room temperature using a NanoScope® Illa tapping mode
AFM (Veeco, Plainview, NY) and microcantilever OMCL-
AC160TS-R3 (Olympus, Tokyo, Japan).

Cytotoxicity Assay—Cytotoxicity was measured using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (30). HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 100 units/ml penicillin, 100 pg/ml
streptomycin at 37 °C in 5% CO, atmosphere. Cells were plated
ata density of 4 X 10* cells/well on poly-L-lysine-coated 24-well
plates in DMEM containing 2% FBS. After a 24-h incubation,
apoA-I variants in 10 mM phosphate-buffered saline were
added and cells were further incubated with DMEM containing
2% EBS for 24 h. Cell viability was quantitatively determined by
reduction of MTT. After the addition of MTT to each well (final
concentration was 0.5 mg/ml) for 3 h, the medium was
removed, and the resulting formazan crystals were solved in
dimethyl sulfoxide. Absorbance values of formazan were meas-
ured at 570 nm with subtracted absorbance at 650 nm.

RESULTS

Physicochemical Characterization of apoA-I G26R Variants—
We first investigated the effects of the G26R mutation on the
structure and stability of full-length apoA-I and its N-terminal
1-83 fragment. CD spectra (Fig. 14) show that full-length
apoA-I forms a-helical structure, whereas the 1- 83 fragment is
predominantly in the random coil structure at neutral pH (16),
and that the G26R mutation has a small effect on their overall
secondary structure (17). However, the G26R mutation greatly
reduces stability of full-length apoA-I against urea denatur-
ation (Fig. 1B) such that the midpoint of denaturation is 1.8 M
urea (versus 2.7 M urea for WT apoA-I) and the free energy of
denaturation is 2.4 kcal/mol (versus 3.5 kcal/mol for WT). As
shown in Fig. 1C, such a destabilization of full-length protein by
the G26R mutation leads to exposure of more hydrophobic sur-
faces as reflected by the great increase in ANS fluorescence (17).
In contrast, both the 1-83 and the 1-83/G26R fragments
exhibited a little increase in ANS fluorescence, consistent with
both fragments forming the random coil structure (Fig. 1A4).
These results indicate that the G26R mutation significantly
destabilizes the helix bundle structure of full-length apoA-I, but
that this mutation has negligible effect on the random coil
structure of the 1—83 fragment.

Amyloid Fibril Formation of apoA-I N-terminal Fragment—
The propensity to form amyloid fibrils of apoA-I G26R variants
was assessed using the amyloidophilic dye, ThT (31, 32). On
incubation for several days at 37 °C, pH 7.4 with agitation, there
was no increase in ThT fluorescence for WT and the G26R
variant in full-length apoA-I (Fig. 2A4) (19, 24). In contrast, the
N-terminal 1-83 fragments exhibited large increases in ThT
fluorescence in a time-dependent manner, in which the G26R
mutation greatly enhanced the amyloid fibril formation.
Kinetic analysis of sigmoidal increases in ThT fluorescence
indicated that the G26R mutation greatly reduces the lag time
for fibril formation of the 1-83 fragments (22.5 and 11.4 h for
1-83 and 1-83/G26R, respectively). With increasing protein
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FIGURE 1. G26R mutation greatly affects structure and stability of full-
length apoA-I. A, far-UV CD spectra of apoA-I WT (a), G26R (b), 1-83 (c), and
1-83/G26R (d). Protein concentration was 50 ug/ml. deg, degree. B, urea-
induced denaturation curves of apoA-I WT (@) and G26R (O) monitored by
CD. Protein concentration was 50 pug/ml. C, ANS fluorescence spectra in the
presence of apoA-| variants. apoA-l WT (a), G26R (b), 1-83 (c), 1-83/G26R (d),
and free ANS for comparison (e). Protein and ANS concentrations were 50

ng/mland 250 um, respectively.

600

concentration, the development of ThT fluorescence was accel-
erated (Fig. 2B), consistent with the nucleation-elongation
mechanism of aggregation that is common to most amyloid
fibrils (33).

The hallmark feature of amyloid proteins is the increase in
B-strand conformation. To determine the secondary structural
change in the 1-83 fragments, CD spectra were collected for
the samples before and after incubation. As shown in Fig. 34, a
spectrum of the 1— 83 variant after incubation displayed a single
minimum at ~216 nm, signifying the formation of 3-sheet-rich
structure. Similar conversion of CD spectra was also observed
for the 1-83/G26R (Fig. 3B). In contrast to the case of struc-
tural transition of the N-terminal fragment of apoA-I at acidic
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pH (16, 17), the transient helical structure was not observed
during incubation at neutral pH (supplemental Fig. S1).

The secondary structure of fibrils was also estimated by
ATR-FTIR spectroscopy. FTIR spectra of the 1-83 and 1-83/
G26R variants showed that the band at ~1,630 cm ™! became
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evident after incubation, indicating the conversion to the
B-sheet structures (Fig. 3, C and D). These results indicate that
the N-terminal 1-83 fragment of apoA-I forms amyloid fibrils
with B-strand conformation at pH 7.4 and that the G26R muta-
tion greatly enhances its fibril-forming propensity.

Single Trp Variants of apoA-I 1-83/G26R—To probe the
local conformation of the 1-83/G26R fragment in the fibril
structure, we substituted intrinsic Trp residues (Trp-8, Trp-50,
and Trp-72) to Phe to generate single Trp variants, W@8,
W@50, and W@72, in the 1-83/G26R fragment. Such substi-
tuted mutations did not affect the kinetics of amyloid fibril for-
mation as monitored by ThT fluorescence (data not shown).
Trp fluorescence emission spectra of 1-83/G26R W@50 (Fig.
4A) demonstrated a significant blue-shift in wavelength of max-
imum fluorescence upon transition to the fibrils, indicating
transfer of the Trp residue into a more hydrophobic environ-
ment. Reduction of fluorescence intensity is likely to be due to
the intermolecular energy transfer among Trp residues in close
proximity (34). Comparison of wavelength of maximum fluo-
rescence among three single Trp mutants indicates that Trp-8
is located in a more solvent-exposed environment than Trp-50
and Trp-72 in the fibril structure (Table 1).

We also compared Trp quenching behaviors of three single
Trp mutants of 1-83/G26R to the aqueous quencher KI (Fig.
4B). As summarized in Table 1, the fraction of Trp residue
accessible to the quencher of 1-83/G26R W@50 is much
smaller than other variants, indicating that Trp-50 is the least
exposed to the solvent in the fibril structure. These results sug-
gest that Trp-50 is located in the core region of the 1-83/G26R
fibrils, consistent with the prediction that residues 15-20 and
50-57 are the most aggregation-prone regions in the apoA-I
N-terminal fragment (17).

Effect of Gly-26 Substituted Mutations on Amyloid Fibril For-
mation of apoA-I 1- 83 Fragment—To explore the role of argi-
nine residue at position 26 on the fibril-forming propensity of
the apoA-I 1- 83 fragment, we generated two additional substi-
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FIGURE 3. Far-UV CD (A and B) and ATR-FTIR (C and D) spectra of apoA-l 1- 83 and 1-83/G26R variants before (dashed line) and after incubation for 5
days (solid line) at pH 7.4. Protein concentration was 50 ug/ml. deg, degree. a. u., arbitrary units.
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TABLE 1

Fluorescence parameters for amyloid fibrils of apoA-1 1-83/G26R sin-
gle Trp variants

KI quenching parameters

apoA-I variants WMEF* f. Ky,
nm e
1-83/G26R W@8 345 0.89 + 0.19 3.0+ 1.1
1-83/G26R W@50 343 0.60 = 0.13 1.9 + 0.4
1-83/G26R W@72 343 091 = 0.14 21*05

“ WME, wavelength of maximum fluorescence. Estimated error is within =1 nm.

tuted variants of the 1-83 fragment, 1-83/G26K and 1-83/
G26E; glycine 26 is substituted with a positively and negatively
charged amino acid, respectively. Fig. 54 shows the increases in
ThT fluorescence of these 1-83 variants over the time course.
The G26K mutation enhanced the fibril formation of the 1-83
fragment, but the effect was much smaller than the G26R. In
contrast, no significant increase in ThT fluorescence was
observed in the G26E mutant over time. Consistent with this
trend in development of ThT fluorescence, the CD spectra
reflected conversion from random coil to B-sheet in 1-83/
G26K (Fig. 5B), whereas there was no structural change in
1- 83/G26E (Fig. 5C).

We also performed ANS binding studies to the apoA-I11-83
variants to compare the aggregated state over incubation time.
ANS has been used to detect amyloid fibrils because it binds to
the fibrillar or prefibrillar states of proteins (35). Similarly to the
1-83/G26R protein (Fig. 1C), all 1-83 variants exhibited a
small increase in ANS fluorescence in freshly prepared sample.
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FIGURE 5. Changes in ThT fluorescence and CD spectra of apoA-l 1-83
variants over incubation time at pH 7.4. A, ThT fluorescence of 1-83
(dashed line), 1-83/G26R (dotted line), 1-83/G26K (M), and 1-83/G26E (V).
Protein and ThT concentrations were 0.3 mg/mland 10 um, respectively. a. u.,
arbitrary units. Error bars indicate S.E. Band C, far-UV CD spectra of 1-83/G26K
(B) and 1-83/G26E (C) before (dashed line) and after incubation for 5 days
(solid line). Protein concentration was 50 ug/ml. deg, degree.

On incubation, ANS fluorescence increased with similar kinet-
ics to the increase in ThT fluorescence for the 1- 83 and 1- 83/
G26R variants (Fig. 6A). In contrast, the development of ANS
fluorescence was observed at lag phase of ThT fluorescence for
1-83/G26K, and despite the lack of ThT signal, a significant
increase in ANS fluorescence was detected for 1- 83/G26E (Fig.
6B). Such discrepancies in increases in ThT and ANS fluores-
cence suggest that the 1-83/G26K and 1-83/G26E variants
predominantly form prefibril oligomers before the fibril forma-
tion (36).

The morphology of amyloid fibrils formed by the 1-83 frag-
ments was estimated by AFM (Fig. 7). AFM images of the 1-83,
1-83/G26R, and 1-83/G26K variants incubated for 5 days at
37 °C demonstrated the formation of long and straight fibrils
with heights of ranging from 5 to 10 nm. The coexistence of
large aggregates is likely to be due to the strong hydrophobic
interactions resulting in the formation of amorphous aggre-
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FIGURE 6. Changes in ANS fluorescence of apoA-1 1- 83 variants over incu-
bation time at pH 7.4. A, ANS fluorescence of 1-83 ([JJ) and 1-83/G26R (@®).
ThT fluorescence of 1-83 (dashed line) and 1-83/G26R (dotted line) is also
shown for comparison. B, ANS fluorescence of 1-83/G26K (A) and 1-83/G26E
(V). ThT fluorescence of 1-83/G26K (dotted line) and 1-83/G26E (dashed line)
is also shown for comparison. Protein and ANS concentrations were 0.3
mg/ml and 10 um, respectively.

FIGURE 7. AFM images of apoA-I 1- 83 variants after 5 days of incubation
at pH 7.4. Scale bars represent 1 um except for the inset in 1-83/G26R (0.2
um) showing the twisted morphology.

gates as well as amyloid fibrils (37). AFM image of 1-83/G26E

reveals that there is no fibril formation with this variant.
Cytotoxicity of apoA-1 Amyloid Fibrils—The cytotoxicity of

amyloid fibrils of apoA-I 1-83 variants was examined by using
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FIGURE 8. Cytotoxicity of apoA-l1 1-83 variants. A, effect of apoA-I 1-83/
G26R concentration on the cell growth. apoA-l 1-83/G26R was added to the
medium of HEK293 cells before (O) or after incubation for 5 days (®). Error bars
indicate S.E. B, 1-83 variants or WT apoA-| after incubation for 5 days was
added to the medium of HEK293 cells at a final concentration of 0.2 um. Error
bars indicate S.E. C, apoA-l 1-83 or 1-83/G26R after incubation for 24 or 48 h
was added to the medium of HEK293 cells at a final concentration of 0.2 um.
Error bars indicate S.E.

the MTT assay. As shown in Fig. 84, the 1-83/G26R fibrils
prepared by incubation for 120 h induced high cell toxicity with
HEK293 cells in a dose-dependent manner (effective concen-
tration giving 50% cytotoxicity (EC,) is 0.12 um), whereas a
freshly prepared sample had no toxicity. The fibrils of the 1- 83
and 1-83/G26K variants exhibited similar toxicity to 1-83/
G26R, whereas the 1-83/G26E variant as well as WT apoA-I
did not exhibit any toxicity (Fig. 8B), indicating that the forma-
tion of the fibril structure is critical to the cytotoxicity of the
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1-83 fragments. We also tested the cytotoxicity of the prefibril-
lar state of apoA-I1 1-83 and 1-83/G26R variants after incuba-
tion for 24 or 48 h. As shown in Fig. 8C, apoA-11-83 had no or
a small effect on the cell growth up to a 48-h incubation,
whereas the 1-83/G26R variant exhibited strong toxicity even
ata 24-hincubation. These results suggest that the G26R muta-
tion promotes the development of the intermediate aggregates
of the 1-83 fragments responsible for the strong cytotoxicity
(38, 39).

DISCUSSION

It is known that apoA-I amyloid fibrils extracted from
patients with hereditary apoA-I amyloidosis consist of the
N-terminal 9-11-kDa fragments; the fibrillar deposits in the
heart contain mainly the 1-93 fragment, whereas those in other
organs contain fragments ranging from approximately residues
1-80to 1-100 (12, 13). In the Iowa (G26R) mutation, the major
protein constituent of the fibrils isolated from spleen and liver
was found to be residues 1-83 of apoA-I (21). In the present
study, we demonstrated that this N-terminal 1- 83 fragment of
apoA-I has a strong propensity to form amyloid fibrils at neutral
pH and that the G26R mutation greatly enhances its fibril for-
mation. We also found that the amyloid fibrils of the 1-83
fragments exhibit strong toxicity to HEK293 cells as with amy-
loid B fibrils (40). To our knowledge, the finding that the 1-83
fragment of apoA-I forms amyloid fibrils at physiological neu-
tral pH is quite novel because the previous observations indi-
cated that the fibril formation of apoA-I in vitro requires the
acidic condition (16, 41, 42), methionine oxidation (19), or
amyloidogenic mutations (23, 43).

Many plasma apolipoproteins including apoA-I display a
high susceptibility to form or associate with amyloid fibrils both
invitro and in vivo (44, 45), perhaps due to their partially folded,
flexible conformation in the lipid-free state (46). All known
amyloidogenic mutations in human apoA-I are clustered in res-
idues 26-107 and 154—178, both of which are located within
the largely helical bundle structure comprised of residues
1-120 and 144 -184 (15). Thus, it is expected that mutations in
these positions destabilize the bundle structure of apoA-I,
thereby promoting its proteolysis.

The results in the previous (24) and present studies demon-
strated that the G26R mutation indeed destabilizes the helix
bundle structure of full-length apoA-I (Fig. 1). Because the
G26R substitution places the strong basic arginine residue into
the nonpolar face of the amphipathic helix, it would prevent the
optimal packing of the helical segments, resulting in the desta-
bilization and increased solvent exposure of the N-terminal
helix bundle (supplemental Fig. S2). In fact, our recent hydro-
gen-deuterium exchange and mass spectroscopy measure-
ments of apoA-I; . demonstrated that the G26R mutation
induces widespread structural reorganization of residues in the
central region of the apoA-I molecule despite a small change
in the net helical contents (47). Similarly to the G26R mutation,
the fibrillogenic L178H mutation, which is also located within
the N-terminal helix bundle, was shown to exhibit a decreased
protein stability and an altered lipid binding profile (43). In
addition, oxidation of the methionine residues of apoA-I causes
the destabilization of the tertiary and quaternary structure of
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the protein, leading to the formation of amyloid fibrils (19).
Thus, it is likely that the destabilization and partial unfolding
of the protein structure is a common feature for the fibril for-
mation of full-length apoA-I.

The fluorescence results using single Trp mutants of the
apoA-I 1-83/G26R fibrils (Fig. 3B and Table 1) indicate that
the residues around Trp-50 are located in the core region of the
fibrils formed by the N-terminal 1-83 fragment. The crystal
structure of a C-terminal truncated apoA-I (PDB entry 3R2P)
identified a segment, residues 44 —55, in an extended conforma-
tion with the B-strand-like geometry (6). This implies the pos-
sibility that segment 44 —55 provides a template for the cross-
B-sheet conformation in amyloid fibrils (15). Consistent with
this, a peptide comprising residues 46 —59 of apoA-I was shown
to aggregate to form amyloid-like fibrils (20), suggesting the
exposure of this relatively unstructured segment being involved
in the initiation and propagation of the fibril formation of
apoA-I. In addition, the electron paramagnetic resonance study
demonstrated that residues 41-56 are converted to (-sheet
structure in apoA-I; ., whereas residues 27-56 are largely
a-helical in WT apoA-I(23). Thus, the predominantly random
coil structure of the N-terminal fragment is expected to expose
the region of residues 44 —55 to facilitate protein aggregation.

Previous studies of apoA-I 1-93 fragment, however, demon-
strated that the protein aggregation occurred only at acidic pH,
not at neutral pH (16, 41), and that the G26R mutation had no
effect on its aggregation propensity (17). Because the 1-93 frag-
ment contains additional residues 84-93 (QEMSKDLEEV),
which are rich in negatively charged amino acids at neutral pH,
it is possible that this region may alter intermolecular or intra-
molecular electrostatic interactions of the N-terminal frag-
ments, resulting in the inhibition of protein aggregation. In this
regard, the fact that the G26E mutation in the 1-83 fragment
strongly inhibits its fibril-forming propensity suggests that the
optimal electrostatic interactions are important for the fibril
formation of thel-83 fragment.

The finding that the G26K mutation exhibits less pro-
nounced effect on the increase in ThT fluorescence when com-
pared with the G26R mutation (Fig. 5A) is striking. Similar
increasing behaviors of ANS in the 1-83/G26R and 1-83/
G26K variants over 24 h (Fig. 6, A and B) indicate that the
generation of prefibril oligomers is similar in both variants.
Rather, the formation of the fibril structure appears to be much
faster in the 1-83/G26R variant than 1-83/G26K. Although
the replacement of arginine with lysine does not alter the net
charge at neutral pH, this conservative substitution is known to
affect many protein-protein interactions (48, 49). Thus, the dif-
ferences in the hydrogen-bonding capacity (50) and relative
hydrophobicity (51) in arginine and lysine residues may affect
the intermolecular interactions of the 1- 83 fragments, thereby
altering the kinetics of fibril formation. Interestingly, molecular
dynamic simulations suggested that arginine interacts with the
aromatic residue of proteins due to cation- electron interac-
tion, leading to alteration of the protein stability in the partially
unfolded state (52). It should be noted that the effects of the
G26K mutation on the protein stability of full-length apoA-I
appear to be similar to the G26R mutation (supplemental Fig.
S3).
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As a general mechanism of amyloid fibril formation, it is pro-
posed that a subtle balance between the hydrophobic and elec-
trostatic interactions determines the amyloidogenicity of the
proteins (37). In lysozyme, a well known amyloidogenic pro-
tein, the extent of charge repulsion was supposed to determine
the assembly pathway and morphology of fibrillar aggregates
(53). Indeed, some of the amyloidogenic mutations in lysozyme,
W64R and D67H, involve the introduction of additional posi-
tively charged residues into the clustered region of the protein
(54). In this regard, it is interesting that many amyloidogenic
mutations in apoA-I including the G26R mutation involve the
additional positive charge or the loss of a hydrophobic residue
within the N-terminal helix bundle (15).

In conclusion, this is the first study demonstrating that the
N-terminal 1- 83 fragment of apoA-I has a strong propensity to
form amyloid fibrils at physiological neutral pH. Our results
also indicate that the G26R point mutation in apoA-I,_, has
dual critical roles in the protein structure and stability: destabi-
lization of the N-terminal helix bundle in full-length protein
and enhancement of amyloid fibril formation by the N-terminal
1-83 fragment. Thus, it is likely that many other naturally
occurring mutations of apoA-I associated with hereditary amy-
loidosis would cause not only the destabilization of the protein
structure but also an increase in susceptibility to form amyloid
fibrils by enhancing the intermolecular aggregation.
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