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ABSTRACT: Plasma apolipoproteins form amphipathic « helices in lipid environments but in the lipid-free state show a high
propensity to form f structure and self-associate into amyloid fibrils. The widespread occurrence of apolipoproteins in amyloid
plaques suggests disease-related roles, specifically in atherosclerosis. To reconcile the dual abilities of apolipoproteins to form
either @ helices or cross-f sheet structures, we examined fibrils formed by human apolipoprotein C-II (apoC-II). A structural
model for apoC-II fibrils shows a cross-f core with parallel § strands, including a buried K30-D69 charge pair. We investigated
the effect of abolishing this charge pair in mutant D69K apoC-II. Fluorescence studies indicated more rapid fibril formation and
less solvent accessibility of tryptophan (W26) in D69K apoC-II fibrils than in wild-type (WT) fibrils. X-ray diffraction data of
aligned D69K apoC-II fibrils yielded a typical cross-f structure with increased f sheet spacing compared to that of WT fibrils.
Hydrogen/deuterium (H/D) exchange patterns were similar for D69K apoC-1I fibrils compared to WT fibrils, albeit with an
overall reduction in the level of slow H/D exchange, particularly around residues 29—32. Molecular dynamics simulations
indicated reduced S strand content for a model D69K apoC-II tetramer compared to the WT tetramer and confirmed an
expansion of the cross-# spacing that contributed to the formation of a stable charge pair between K69 and E27. The results
highlight the importance of charge-pair interactions within the apoC-II fibril core, which together with numerous salt bridges in
the flexible connecting loop play a major role in the ability of lipid-free apoC-II to form stable cross-f fibrils.

myloid fibrils accumulate within plaques in a number of within amyloid deposits and the general propensity of apoli-
common and debilitating diseases, including Alzheimer’s poproteins to form amyloid fibrils in vitro suggest common struc-
and Parkinson’s disease and type II diabetes." Plasma apoli- tural features that predispose them to amyloid fibril formation.
poproteins are prevalent within the list of proteins that have been Amino acid sequence comparisons within the apolipoprotein
identified within amyloid deposits in vivo. The list includes superfamily reveal a high level of conservation derived from

apolipoprotein (apo) A-I” apoA-IL,* apoA-IV,* apoC-II,° and
apoE® as well as the apolipoprotein-related proteins a-synuclein
and serum amyloid A.' Histological studies demonstrate the
accumulation of several plasma apolipoproteins within athero-
sclerotic plaques, raising the possibility of a causative role in the
development of atherosclerosis.”” Considerable attention has
focused on the universal presence of apoE in amyloid plaques in
view of the strong genetic linkage with specific isoforms of apoE
and Alzheimer’s disease.” In vitro studies reveal several lipid-free
apolipoproteins readily form fibrils with all the properties of

duplications of an ancestral repeat.'’ This repeat unit coincides
with shared structural features, specifically a high proportion of
class A amphipathic a-helical domains that mediate the binding
to lipoprotein surfaces. Class A amphipathic a helices are
characterized by lysine residues at the junction of the hydrophilic
and hydrophobic surfaces of the helix and negatively charged
residues positioned centrally in the polar surface. This distri-
bution of charged residues, especially from the lysine residues, is
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considered to provide stabilizing interactions with the phosphate
and choline moieties of the phospholipid headgroups that anchor
the protein to the phospholipid surface.'' It has been proposed
that in the absence of lipid surfaces apolipoproteins have limited
conformational stability leading to misfolding and amyloid
formation.' It is of interest to contrast the ability of the apoli-
poprotein superfamily to form class A amphipathic helices with
the high propensity of this class of proteins to form amyloid
fibrils. Amphipathic helices contain hydrophilic residues dis-
tributed on the polar face and thus separated by three or four
residues within the sequence, consistent with a rise of approxi-
mately 3.6 amino acids per turn of the helix. This raises the
question of how such structures are compatible with the
formation of a cross-f# structure where every second amino
acid residue is located within the hydrophobic core of the
amyloid fibril.

Extensive structural studies of amyloid fibrils formed by lipid-
free human apoC-II led to the development of a structural
model'” that provides some insight into this question. The model
consists of a three-layered pB-strand—loop—f-strand structure
with the two /3 strands, encompassing residues 20—36 and 58—74
of apoC-1I, in parallel register within monomer units and parallel
within the cross-f sheets. Molecular dynamics (MD) simulations
show that loop flexibility allows the charge clusters to rearrange
to minimize repulsive interactions inherent in parallel-in-register
models. An integral part of the model is the existence of a buried
charge pair involving K30 and D69 within the cross-f core of the
fibrils. These residues are present in a lipid binding region'* and a
highly conserved a-helical lipoprotein lipase-activating region,
respectively.'> The formation of the buried K30-D69 charge pair
within apoC-II fibrils reconciles the dual abilities of apoC-II to
form class A amphipathic helices and cross-f structure in lipid
and lipid-free environments, respectively. To explore the role of
the K30-D69 charge pair, we have previously studied the fibril
forming ability of a D69K charge-pair mutant of apoC-IL"® This
study describes the effects of this mutation on the structural
properties of apoC-II amyloid fibrils.

B MATERIALS AND METHODS

Preparation of ApoC-Il. Expression and purification of wild-
type (WT) apoC-II and D69K apoC-II were performed as
described previously.'® N enrichment of WT and D69K apoC-II
was achieved using a modification of published methods.'”"®
Purified apoC-1I stock solutions (30—4S mg/mL) were stored at
—20 °C in 5 M guanidine hydrochloride (GuHCl) and 10 mM
Tris-HCI (pH 8.0).

Fibril Formation. Fibril formation was performed by dilution
of the protein stocks (30—40 mg/mL) to either 0.3 or 1 mg/mL
in refolding buffer [100 mM sodium phosphate buffer and 0.1%
sodium azide (pH 7.4)], followed by incubation under quiescent
conditions at room temperature (22 °C) for S days.

Fluorescence Spectroscopy. Fluorescence measurements
for apoC-II samples were conducted using a Cary Varian Eclipse
fluorescence spectrophotometer (Agilent Technologies Inc.) at
20 °C. Tryptophan emission spectra were collected over the
wavelength range of 300—450 nm with an excitation wavelength
0f 295 nm. Fluorescence quenching experiments were performed
on apoC-II samples using acrylamide as an external quencher at
concentrations ranging from 0 to 0.3 M. Serial additions of
acrylamide (2 uL of 2 M) were added and mixed thoroughly with
the samples. The excitation wavelength was set at 295 nm, while
the emission wavelengths for the fibril samples and freshly
prepared samples were set to 344 and 357 nm, respectively.
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Stern—Volmer plots were constructed, and the effective
quenching constants (Kp,) were determined by linear regression
analysis based on the Stern—Volmer equation:

K

F 1+ Kp[Q] (1)
where F, and F are the fluorescence intensities of the un-
quenched and quenched fluorophore, respectively, and [Q ] is
the molar concentration of the quencher.

Hydrogen/Deuterium (H/D) Exchange Measurements
by NMR Spectroscopy. Hydrogen/deuterium (H/D) ex-
change methods were used to map the f-core structure of
amyloid fibrils formed by '“N-labeled apoC-II variants. The
extent of incorporation of deuterium into fibril samples was
monitored using "H—'""N heteronuclear single-quantum coher-
ence (HSQC) spectra obtained at a series of time points follow-
ing the initiation of hydrogen exchange with deuterium. To
achieve this, a quenched H/D exchange approach'” was applied
to the fibril samples. The experimental procedure consisted of
four steps (fibril formation, H/D exchange, quenching, and
dissolution), followed by NMR analysis.

Fibril formation of '*N-labeled apoC-II samples was performed
under standard conditions to a final concentration of 1 mg/mL.
Mature fibrils were collected by centrifugation at 100000 rpm for
30 min (MLA 130 rotor, OptimaMax centrifuge). One pellet
fraction obtained from a sample aliquot of 500 uL was kept
separate for acquiring a "H—""N HSQC reference spectrum of the
fully protonated sample. This pellet fraction was immediately
snap-frozen in liquid nitrogen and stored at —20 °C. To initiate
deuterium incorporation, the remainder of the pellet fractions
were resuspended in 2.5 mM Tris-HCI buffer and 100% D,O
(pH 7.4) (uncorrected glass electrode reading) and incubated at
22 °C. At selected time points (0.5, 24, 72, and 168 h), fibril
samples were collected by centrifugation at 100000 rpm for 30 min
and the resulting pellet fractions were snap-frozen in liquid
nitrogen and stored at —20 °C. The frozen pellets were solubilized
for 10 min in a solution containing 95% (v/v) dg-dimethyl
sulfoxide (DMSO), 4.5% D,0, and 0.5% d,-dichloroacetic acid
(d,DCA) (pH 4.3) (uncorrected glass electrode reading) and
then transferred to NMR tubes immediately for spectral mea-
surement. Under these conditions, exchange is quenched but not
completely stopped,””*" and therefore, to account for differential
exchange of individual residues, we prepared a reference sample of
fully protonated fibrils that were dissolved in the d,-DMSO/D,0/
d,-DCA buffer for NMR data acquisition under the same con-
ditions. Measurements were performed on a Bruker AVANCE III
HD 700 MHz NMR spectrometer equipped with a triple-
resonance cryoprobe. Two-dimensional 'H—""N HSQC spectra
for each H/D exchange sample and reference samples were ob-
tained at 25 °C using a spectral width of 6000 Hz and 2048 com-
plex points in the 'H dimension, and a spectral width of 1024 Hz in
the >N dimension with 256 t, increments. Data were processed
using NMRPipe** and analyzed in NMRView,” as previously
reported."”

X-ray Diffraction. ApoC-II fibril samples at 0.3 mg/mL were
pelleted by centrifugation at 100000 rpm for 30 min (TLA-100
rotor, OptimaMax centrifuge), followed by resuspension in
distilled water. This process was repeated three times to remove
bufter salts. The final resulting fibril pellet was then resuspended
in a small volume of distilled water to a final concentration of
approximately 10 mg/mL. Fibrils were aligned using a modi-
fication of the stretch frame method as previously described.”*
X-ray diffraction images were acquired at the Australian
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Figure 1. Tryptophan fluorescence emission spectra of apoC-II samples during fibril incubation. ApoC-II samples (0.3 mg/mL) were incubated in
refolding buffer at 22 °C. The excitation wavelength was 295 nm. Emission spectra of (A) WT apoC-II and (B) D69K apoC-II were collected
immediately after the initiation of refolding (—) and following incubation for 8 h (———), 24 h (—-—), and 120 h (--). In panel B, the 24 and 120 h
spectra overlapped with the 8 h spectra and were omitted from the figure for the sake of clarity. (C and D) Maximal emission fluorescence intensity
(Fanay) and wavelength (4,,,,) corresponding to the emission maximum for WT (@) and D69K (A) vs incubation time.

Synchrotron MX2 beamline (4 = 0.9184 A). The sample-to-
detector distance was 140 mm, and the exposure time was 5 s. A
processed image was obtained by using a raw diffraction image
and subtracting an image of background air scattering, which was
obtained under identical conditions with no sample in the beam.
The processed diffraction ima§es were then analyzed using the
software package CLEARER.”

Molecular Dynamics Simulations. A stable full-length WT
apoC-II fibril tetramer, identified in our previous work,"> was
used as a starting structure for molecular dynamics (MD)
simulations of the mutated D69K aggregate. Explicit solvent
MD simulations were conducted on the D69K apoC-II mutant
tetramer using the GROMACS 4.6.5 (www.gromacs.org) simu-
lations package. The interatomic interactions were treated using
the GROMOS force field parameter set 43A1 and the SPC water
model. Electrostatic interactions were evaluated using the
particle-mesh Ewald (PME) method; van der Waals interactions
were truncated at 10 A. The D69K apoC-II tetramer model was
enclosed in a periodic cubic box sufficiently large to avoid signi-
ficant cross-cell interactions with a minimal distance between the
solute and the edges of the box of 12 A. The simulation box was
solvated with 56073 SPC water molecules, corresponding to a
water density of ~1.0 g/cm®. The apoC-II tetramer charge of
—8 was compensated by adding eight Na* counterions to ensure
a neutral simulation cell. The MD simulations were conducted
under constant particle number, pressure, and temperature
(NPT) conditions with the target temperature maintained via the
velocity rescaling method,”® where the solvent and protein
were coupled separately to a temperature bath at 300 K with a
temperature coupling constant of 0.1 ps. Pressure coupling was
performed using the Parrinello—Rahman scheme.”” A constant
pressure of 1 bar and a pressure coupling constant of 1.0 ps were
applied uniformly for the system. Bond lengths were constrained
using the LINCS algorithm.”® An integration time step of 2 fs
was used. The whole system was initially energy minimized to
remove steric clashes using the steepest descent approach.
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To allow the solvent to relax around the protein, MD equili-
bration was performed for 100 ps with the protein fibril re-
strained. Unrestrained simulation was performed for 160 ns, in
which reaching the equilibrium was monitored by following the
evolution of the total energy and root-mean-square deviation,
which plateaued after simulation for 100 ns, and the last 60 ns was
used for data analysis. Visualization of system geometries and
interactions and evaluation of protein secondary structure and
ion-pair (salt bridge) formation were performed using the visual
molecular dynamics (VMD) environment.” A salt bridge was
considered formed if the distance between any oxygen atoms of
an acidic residue side chain and the nitrogen atoms of a basic
residue side chain was less than 3.2 A. The intersheet and inter-
strand spacing were determined from the middle two strands of
the tetramer by taking the average of the backbone center-of-
mass distance separations of opposing (facing) residues within
the two f§ strands (encompassing residues 20—36 and 58—74).
Root-mean-square fluctuation (rmsf) analysis was employed to
measure the deviation (dynamics) of W26 during equilibrium.
To quantify the hydration level of the 3 core, the number of water
molecules present in the first hydration shell (within 3 A) of the
f-sheet strands was determined (averaged over the last 1 ns of
simulation).

Analysis of Fibril Stability. Fibril stabilities were examined
using a GuHCI denaturation assay.”’ Preformed WT and D69K
apoC-II fibrils were added at a final concentration of 0.3 mg/mL
to specified final concentrations of GuHCI. Samples were
vortexed and incubated at room temperature for 24 h prior to
centrifugation at 100000 rpm (436000g) for 30 min at 20 °C in
an OptimaMax centrifuge using a TLA-100 rotor (Beckman
Coulter Instruments, Inc.,, Fullerton, CA). The supernatants
were immediately removed, and the protein concentration was
determined by optical absorbance measurements at 280 nm
using a DU-800 UV /vis spectrophotometer (Beckman Coulter).
The proportion of apoC-II in the supernatant was determined
from their optical absorbances relative to uncentifuged samples
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solubilized in the presence of 6 M GuHCI. The GuHCI con-
centrations at half-maximal dissociation (c,/,) for both WT
and D69K were derived from fits to a four-parameter sigmoid
function.

B RESULTS

Time-Dependent Change in Tryptophan Fluorescence
during Fibril Formation. We monitored the change in the
fluorescence on fibril formation of the single tryptophan (W26)
in WT apoC-II and D69K apoC-II using fluorescence emission
measurements (Figure 1). W26 in both WT apoC-II and D69K
apoC-II showed an increase in its maximal fluorescence intensity
during the fibril incubation period. In the freshly refolded state,
the maximal fluorescence intensities of WT apoC-II and D69K
apoC-II were approximately 320 and 360 au, respectively. These
maxima occurred at an emission wavelength of 354 nm. Over the
incubation time, D69K apoC-II showed a more rapid increase in
the maximal fluorescence intensity compared to that of WT
apoC-II, reaching a plateau value within 8 h, while the maximal
fluorescence intensity for WT apoC-II changed slowly over a
period of 120 h. The observed rates of changes in maximal fluo-
rescence intensities are attributed to more rapid fibril formation
by D69K apoC-1I, consistent with previous studies.'® The wave-
length corresponding to the emission spectral peak for both WT
apoC-II and D69K apoC-II samples showed a blue shift of
approximately 10 nm during the incubation period, which can be
attributed to the transition of W26 to a more hydrophobic
environment.

Acrylamide Quenching Analysis. The accessibility of W26
in WT apoC-II and D69K apoC-II to solvent was determined
using an acrylamide fluorescence quenching approach and evalu-
ated by Stern—Volmer plots (Figure 2). Quenching constants for
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Figure 2. Stern—Volmer plots for acrylamide quenching of the
tryptophan fluorescence in apoC-II samples: freshly prepared WT
apoC-1I (O), freshly prepared D69K apoC-1I (A), WT apoC-II fibrils
(@), and D69K apoC-1I fibrils (gray triangles). The best-fit lines drawn
through the data based on eq 1.

freshly prepared samples of WT apoC-II and D69K apoC-II were
at least 2.5-fold greater than for fibril samples formed by WT
apoC-1I and D69K apoC-II (Table 1), indicating that W26 in
the freshly prepared samples is more exposed to the solvent
than W26 in the fibril samples. An additional observation is
the quenching constant for fibrils formed by D69K apoC-II is
approximately 15% lower than for WT apoC-II fibrils, indicating
less accessibility to the quenching agent.

H/D Exchange Studies. H/D exchange experiments®' were
used to measure the exchangeability of amide protons of specific
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Table 1. Fluorescence Quenching of ApoC-II Variant Samples

Kp (M7)°
WT monomer” 10.5 + 0.1
D69K monomer” 103 + 0.1
WT fibrils 4.3 + 0.04
D69K fibrils” 3.6 +0.03

“Samples (0.0S mg/mL) were freshly refolded in refolding buffer.
bSamples (0.3 mg/mL) were refolded in refolding buffer and
incubated at 22 °C for S days. “The quenching constants, Kp, are
the slopes of the Stern—Volmer plots in Figure 2.
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Figure 3. 2D "H—""N HSQC spectra for fully protonated ['*N]apoC-II
amyloid fibrils freshly dissolved and dissociated in 95% d,-DMSO, 5%
D,0, and 0.2% d,-DCA: (A) WT apoC-II and (B) apoC-II D69K.
Residue specific assignments are indicated.”*

amino acid residues in fibrils formed by [**NJWT apoC-II and
["*NJapoC-II D69K. Two-dimensional (2D) 'H-""N HSQC
NMR spectra for fibril samples exposed to D,O over 0.5, 24, 72,
and 168 h as well as protonated reference samples were collected
following solubilization and dissociation of the fibril in
dg-DMSO/D,0/d,-DCA buffer. The spectra of samples of
protonated ["NJWT apoC-1I showed “NH chemical shifts
(Figure 3A) that were similar to the sequential resonance
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Figure 4. Residue specific protection of the backbone amides in fibrils
formed by (A) WT apoC-1I and (B) D69K apoC-II. The protection
ratios are expressed as peak intensities for fibril samples subjected to
H/D exchange relative to fully protonated fibril samples for 0.5 h (white
bars) and 168 h (black bars). Residues indicated by gray circles are
proline residues or insufficiently resolved in the 2D 'H—""N HSQC
spectra to unambiguously measure intensity changes (Figure 3).

assignments of ['*C,">NJWT apoC-II reported previously.’'
Spectra of D69K apoC-1I (Figure 3B) showed peaks assigned to
residues 68—71 were significantly shifted while the positions of
all other peaks were similar to those of the WT apoC-II spectra.
Of a predicted number of 74 peaks for WT apoC-II and D69K
apoC-II spectra, 52 and 50 '*NH resonance peaks, respectively,
were sufficiently well-resolved for their peak intensities to be
unambiguously measured.

The degree of H/D exchange for each residue was evaluated by
the ratio of the corresponding peak intensity between the
exchanged and protonated sample spectra prepared and acquired
under the same conditions.”" The results in Figure 4 show the
protection ratio of the amide protons of individual amino acid
residues in WT apoC-II and D69K apoC-II fibrils subjected to
H/D exchange over periods of 0.5 and 168 h. Samples obtained
immediately after D,O treatment (0.5 h) yielded a range of
protection ratios indicating regions within the fibrils with both
high and low rates of H/D exchange. Several residues yielded low
protection ratios of approximately 0.2, which were similar to the
values from control experiments using fibrils formed in the
presence of D,O (Figure S3). In contrast, residues 19—37 and
57—74 within the cross-f sheet regions of the fibrils"* showed
much higher levels of protection. The overall levels of protection
within the core of the cross-f sheet regions were higher for WT
apoC-II than for D69K apoC-II fibrils, indicating a destabiliza-
tion of the fibrils that can be attributed to the D69K mutation.
Further reductions in the protection ratios were observed
following incubation of the samples in D,O for longer periods.
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Figure S. Exchange kinetics for well-resolved peaks identified in 2D
'"H-'SN HSQC spectra for amyloid fibrils formed by (A) [“NJWT
apoC-Il and (B) ["*N]D69K apoC-IL. Representative data for residues
located in unprotected regions (--): M9 (A), Y41 (gray triangles), and
L75 (A). Representative data for residues located in the first § strand
(—): A29 (O), K30 (gray circles), and A32 (@®). Representative data for
residues located in the second f strand (———): F67 (O0), T68 (gray
squares), and D69 (H).

The peaks with high protection ratios at 0.5 h remained
prominent after incubation for 168 h. For both WT apoC-II
and D69K apoC-II fibrils, amide protons of residues 19—35 and
57—72 remained as the most protected regions, indicating the
overall fibril structure of D69K apoC-II fibrils is very similar to
that of WT apoC-II fibrils.

The exchange kinetics of representative residues with well-
resolved spectral peaks are presented in Figure S. Residues M9,
Y41, and L75 in both WT apoC-II and D69K apoC-II fibrils show
low protection ratios at each time point, indicating rapid H/D
exchange rates, consistent with their location within flexible
regions of the fibrils. For WT apoC-II fibrils, representative
residues A29, K30, and A32 within the first ff strand and residues
F67, T68, and D69 within the second f strand undergo a rela-
tively slow decay in protection ratios, indicating relatively stable
secondary structure. By comparison, these same f-strand residues
within D69K apoC-1I fibrils show lower initial protection ratios
and a more rapid decay consistent with a destabilization of the
fibrils caused by the D69K mutation. This conclusion is supported
by kinetic data obtained for a wider range of residues located
within the fibril core (Figures S1 and S2).

X-ray Diffraction Analysis. The presence of cross-f struc-
ture packing in apoC-II amyloid fibrils was assessed using X-ray
fiber diffraction (XRD). The XRD images (Figure 6) showed a
classical cross-f diffraction pattern with dominating reflections
on the meridional and equatorial axes for both fibrils formed by
WT and D69K apoC-IL The strong sharp meridional reflection
at approximately 4.6 A corresponds to the distance between the

DOI: 10.1021/acs.biochem.5b00535
Biochemistry 2015, 54, 4805—4814


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00535/suppl_file/bi5b00535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00535/suppl_file/bi5b00535_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00535

Biochemistry

120

100

Intensity
[<2] [<]
o o

H
o

N
o

o

Pixel

Intensity

50 100 150 200 250 300 350 400 450

160

120

-]
o

40 |

50 100 150 200 250 300 350 400 450

Pixel

Figure 6. X-ray fibril diffraction images of (A) WT apoC-II and (B) D69K apoC-II fibrils. Equatorial reflections on the vertical axis are indicated with a
white arrow; meridional reflections are indicated on the horizontal axis with black arrows. (C and D) Radial profiles for panels A and B, respectively.
The spacings of equatorial (———) and meridional (—) reflections are indicated by the major peaks.

B strands along the fibril axis. A more diffuse equatorial spacing
around 10 A corresponds to the intersheet spacing of the fibrils. A
much weaker, meridional reflection with a spacing of 3.79 A was
also observed for fibrils formed by WT apoC-II and D69K apoC-II
as a shoulder on the outer edge of a diffuse scattering ring. This
indicates further order within the structure of the fibril axis, which
has also been reported in other amyloid systems.*” The results in
Table 2 show that the meridional spacings for D69K apoC-II
fibrils compared to WT apoC-II are similar (p > 0.05) whereas
the equatorial spacings differ (p < 0.001). This difference in
equatorial spacing is attributed to an increased distance between
the f sheets within D69K apoC-II fibrils.

Molecular Dynamics (MD) Simulations of the D69K
ApoC-ll Tetramer Mutant. Explicit solvent MD simulations
were performed on the D69K apoC-II tetramer, and the data
collected were compared to those of the previously modeled WT
apoC-II fibrils."”> Cartoon representations of the WT and the
equilibrium structure of the mutated D69K apoC-II tetramer are
shown in panels A and D of Figure 7. The simulations of the
D69K mutant showed the tetramer generally retained the typical
“letter-G-like” f-strand—loop—p-strand structure of WT apoC-1I
fibrils, in spite of a minor distortion of -sheet structuring in the
outer (/31 sheet) region. The disruption of the f-strand content
occurred because of the same-charge repulsions between K30
and K69, which caused some swelling in this region (Figure 7E,F)
and an increase in the f-sheet spacing to 9.64 + 0.54 A in D69K,
compared to that in the WT fibril model (9.08 & 0.4 A). This
restructuring caused the nearby glutamate (E27) to enter deeper
into the /3 core to balance out the highly cationic environment. The
increased mobility within this region also allowed an increased
level of water (~7%) in the area compared to that in the WT fibril.
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Table 2. Analysis of X-ray Diffraction and MD Simulation
Data for WT and D69K ApoC-II Fibrils

meridional spacing” (A) equatorial spacing” (A)

WT 3.79 £ 0.01 4.65 + 0.01 9.57 + 0.02
D69K 3.79 £ 0.01 4.64 + 0.01 9.65 £ 0.02
p=083" p=0.19" p <0.001”
MD-simulated structure p-strand spacing (A) P-sheet spacing (A)
WT S5.11 £0.53 9.08 + 0.40
D69K 524 +£0.31 9.64 + 0.54

“The spacing data were obtained from the major peaks in the radial
profiles, which were derived using CLEARER to analyze the images
from different sections of the aligned sample. bp values refer to the
comparison of spacings for WT and D69K fibrils with n = 4 and n = 6,
respectively.

Nevertheless, the average distance between the f strands of D69K
(524 + 0.31 A) was similar to that of the WT fibrils (5.11 +
0.53 A), which demonstrates the overall retention of cross-f
structure packing in solution. Importantly, the physical model
dimensions obtained from the MD simulations are in line with the
meridional and equatorial spacing determined by our X-ray
diffraction studies (Table 2).

To examine further the structural features and stability of the
mutated D69K apoC-II oligomer, the f-strand propensity was
calculated for each residue, defined as the amount of time each
residue spends in a f-sheet backbone conformation during the
final 60 ns of simulation (Figure 8). The percentages were taken
as an average over the four monomers, where the standard
deviations relate to the difference in f# content for each residue in
different monomers. The data show that the f-stranded regions
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Figure 7. Molecular dynamics simulations of D69K fibrils. MD snapshots of the equilibrium conformations are colored on the basis of secondary
structure elements (yellow for  strand, white for coil, and cyan for turn) of the (A) WT and (D) D69K tetramer. The central f-core structure
and arrangement of ionic residues K30 and E27 (shown as licorice) near residue 69 are shown from side and top views of the WT (B and C) and D69K
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Figure 8. Percentage of time each residue spends in the f-strand conformation at equilibrium from the (A) WT" and (B) D69K tetramer simulations.
The two f-strand regions (20—36 and 58—74) and connecting loop identified previously in the WT apoC-II fibril are labeled with braces for reference.

between residues 20—34 (1 sheet) and 59—75 (/32 sheet) retain
their f-sheet structure for the entire trajectory of each tetramer
(Figure 8), although with a probability lower than that of our
WT model."® In accordance with the H/D exchange studies,
some subtle differences between WT and D69K apoC-II fibrillar
structure were observed in MD simulations. A decrease in
f-strand content can be seen in the outer 1 sheet between
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residues A29 and Q34, which is due to the like-charge repulsion
induced by K30 and K69, as highlighted in Figures 7 and 8. The
significant decrease in ff-structure content (~19%) compared to
that of the WT fibrils suggests an increase in structural flexibility
and solvent exposure of the D69K fibril, confirmed by the
decreased protection ratios seen for D69K compared to WT
fibrils in the H/D exchange experiment.
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Figure 9. Equilibrium MD snapshots of the aromatic ring structuring of neighboring W26 in vicinal chains (green). The WT fibril exhibited in-register
n-stacking (left), while the D69K fibril features less ordered aromatic arrangements (right).

The decreased stability in the core region associated with the
formation of the new ionic pair between K69 and E27 in the
mutant and the K69 repulsion from K30 causes perturbations in
the positioning of the neighboring W26 residues. Specifically, in
the WT fibril, W26 residues are seen to form in-register z-stacks.
In contrast, residues within the D69K fibril are less ordered,
forming a variety of relative orientation angles between the
aromatic rings in the vicinal chains (Figure 9). This coincides
with the higher mobility in the mutant and the higher level of
water near the aromatic rings. This behavior is seen from rmsf
analysis, which showed an ~27% increase in the dynamics of
W26 in D69K compared to those of the WT fibril, as calculated
over the last 10 ns of simulations.

The positional distribution of charged residues in the fibril
model demonstrates that ion pairs play a major role in the
formation and stability of the fibril structure. The presence of
multiple salt bridges in D69K apoC-II fibrils that are also present
in WT fibrils shows that charged residues contribute to the
stabilization of aggregate structure (Figure 10). Specifically, for
both WT and D69K apoC-II fibrils, the ion pairs within the f
core (K19:E20) and connecting loop (E47:K48, E47:RS0, and
D51:KSS) exhibited lifetimes (>20% occurrence) longer than
the lifetimes of those near the C-terminal loop region (K76:E79,
K39:E78, and K39:E79), which were more transient in nature
(<10% occurrence). The simulations showed that for D69K
fibrils the same-charge repulsion between the neighboring K30
and K69 residues in WT fibrils was compensated by the elec-
trostatic attraction between K69 and the nearby cationic E27
with the formation of a stable (~50%) E27-K69 salt bridge
(Figure 10).

Analysis of Fibril Stabilities. The results of the H/D
exchange experiments (Figures 4 and 5) indicated the D69K
mutation caused a decrease in the level of exchange protection in
the amyloid core region that can be attributed to a destabilization
of the fibrils. This assertion was tested using GuHCI denatura-
tion assays.’’ The results in Figure 11 show distinct denaturation
profiles for WT and D69K apoC-II fibrils with ¢/, values of
1.5 and 1.1 M GuHC], respectively. This difference in c,, values
turther supports a D69K-induced reduction in fibril stability.

B DISCUSSION

The results in Figure 1 show significant changes in the fluo-
rescence properties of W26 on fibril formation by both WT and
D69K apoC-II. The changes occur more rapidly for D69K fibrils,
implying faster fibril formation, an effect we have previously
attributed to the loss of an inhibitory effect of D69 on WT fibril
formation.'® A consequence of the D69K mutation is the loss of a
charged pair (K30-D69) and the associated need to accom-
modate two lysine residues within the fibril core. While buried
lysine residues have been observed in other protein systems,”” >
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A

Figure 10. Persistent salt bridges (shown as licorice) in the (A) WT and
(B) D69K fibril, superimposed over the vdW surface cloud
representation of volume occupied by the D69K tetramer, colored on
the basis of the predominant secondary structure (yellow for f strand,
white for coil, and cyan for turn). Important regions discussed in the text
are also highlighted. The region of reduced f-strand content in D69K
(residues 29—34) is found opposite the mutation site and is colored
magenta on the ribbon representation of the fibril model. Residues
§7—62 are toward the N-terminus of the strand and are relatively distant
from the mutation site in both WT and D69K fibrils (green).

there appear to be no precedents for buried charge residues within
the cross-f core regions of amyloid fibrils. This feature may be
peculiar to fibrils formed by members of the apolipoprotein
family'~” for which their dual abilities to form both amphipathic
a helices and cross-# structures impose constraints on the
distribution of charged residues within the fibrils.

The results of our H/D exchange, X-ray diffraction, and MD
studies show a remarkable overall degree of similarity between
WT and D69K apoC-II fibrils, implying very similar fibril
morphologies. Sedimentation velocity and electron microscopy
studies confirm this conclusion.'® Similar observations have also
been reported for Af fibrils in which a series of mutant forms
were found to influence fibril kinetics and dynamics but leave the
general fibril structure unchanged.36 However, while the overall
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Figure 11. Analysis of fibril stabilities. Preformed WT (@) and D69K
(O) apoC-II fibrils were incubated for 24 h at various GuHCI
concentrations. The amount of apoC-II present in the supernatants
following centrifugation at 100000 rpm (436000g) for 30 min was
estimated by optical absorbance measurements at 280 nm. Data are
presented as fractions relative to absorbances at 280 nm for
uncentrifuged samples in 6 M GuHCI. The lines drawn through the
data are best-fit lines using a four-parameter sigmoid function.

structure of apoC-II fibrils is maintained, there are significant
changes at the detailed structural level. Most significant is the
overall decrease in the level of H/D exchange protection for
D69K apoC-II fibrils compared to WT fibrils, indicating more
rapid H/D exchange for residues within the fibril core and lower
fibril stability. This change in fibril stability is supported by the
MD simulations that show a significant decrease in f-sheet
structure content consistent with an increase in structural
flexibility and solvent exposure, and by the GuHCI denaturation
studies indicating less GuHCl is required for half-dissociation of
D69K apoC-II fibrils than for that of WT. Another significant and
perhaps related change is the increased distance between the
P sheets revealed by the X-ray diffraction results and supported
by the MD simulations. This structural change in D69K apoC-II
fibrils is also accompanied by the formation of a stable E27-K69
salt bridge, an increase in the water content near the aromatic
rings within the core region, and a reduction in the degree of in-
register 7-stacking formed by W26. These results indicate that
while the loss of the K30-D69 charge pair does not prohibit fibril
formation, the presence of two lysine residues within the core
region significantly alters the stability and dynamics of fibrils.

It is of interest to compare these structural perturbations in the
core region of D69K apoC-II fibrils and specifically the increased
dynamics of W26 with the results of the acrylamide-induced fluo-
rescence quenching studies. We propose two possible explan-
ations to reconcile our observations that D69K apoC-II fibrils are
less stable and more dynamic than WT fibrils while the level of
acrylamide-induced fluorescence quenching of W26 is reduced.
The presence of an additional lysine residue within this core region
may inhibit the entry of acrylamide and reduce the extent of
quenching. Alternatively, differences in the degree of in-register
m-stacks formed by W26 in D69K apoC-II fibrils may affect the
efficiency of acrylamide-induced fluorescence quenching.

The D69K mutation lies within the C-terminal f strand
(residues $S8—74) of apoC-II fibrils and a highly conserved
a-helical lipoprotein lipase-activating domain."”> The mutation
has a significant effect on the calculated hydrophobic moment of
the fragment of residues 58—74. The calculated values for the
WT and D69K fragments are 3.9 and 3.5 kTA/e, respectively.’’
The decrease in the amphipathicity of this region for the D69K
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fragment could exert a direct effect on the structure of the
monomeric species that self-assemble into amyloid fibrils. D69K
apoC-II forms fibrils more rapidly than WT apoC-II, suggesting
that increased levels of transient @-helical structures in WT,
compared to D69K apoC-II, reduce the relative rates of fibril
formation. For both mature WT and D69K fibrils, fibril stability
is facilitated by the formation of numerous salt bridges in the
flexible connecting loops. This suggests that a major contributor
of the increased stability of WT fibrils compared to that of D69K
apoC-1I fibrils is the ability to form a K30-D69 charge-pair inter-
action within the fibril core. This interaction is lost in the D69K
apoC-II mutant but partly compensated by the formation of an
alternate E27-K69 ion pair. These results highlight the important
stabilizing effects of charge-pair interactions within the amyloid
core of apoC-II fibrils that could account for the general ability of
apolipoproteins to form both amphipathic a helices in the
presence of lipid and cross-# fibrillar structures in the lipid-free
state.
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