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The misfolding and self-assembly of proteins into amyloid
fibrils that occurs in several debilitating and age-related dis-
eases is affected by common components of amyloid deposits,
notably lipids and lipid complexes.We have examined the effect
of the short-chain phospholipids, dihexanoylphosphatidylcho-
line (DHPC) and dihexanoylphosphatidylserine (DHPS), on
amyloid fibril formation by human apolipoprotein C-II (apoC-
II). Micellar DHPC and DHPS strongly inhibited apoC-II fibril
formation,whereas submicellar levels of these lipids accelerated
apoC-II fibril formation to a similar degree. These results indi-
cate that the net negative charge on DHPS, compared with the
neutrally charged DHPC, is not critical for either the inhibition
or activation process. We also investigated the mechanism for
the submicellar, lipid-induced activation of fibril formation.
Emission data for fluorescently labeled apoC-II indicated that
DHPC and DHPS stimulate the early formation and accumula-
tion of oligomeric species. Sedimentation velocity and equilib-
rium experiments using a new fluorescence detection system
identified a discrete lipid-induced tetramer formed at low
apoC-II concentrations in the absence of significant fibril for-
mation. Seeding experiments showed that this tetramer was on
the fibril-forming pathway. Fluorescence resonance energy
transfer experiments established that this tetramer forms rap-
idly and is stabilized by submicellar, but not micellar, concen-
trations of DHPC and DHPS. Several recent studies show that
oligomeric intermediates in amyloid fibril formation are toxic.
Our results indicate that lipids promote on-pathway intermedi-
ates of apoC-II fibril assembly and that the accumulation of a
discrete tetrameric intermediate depends on themolecular state
of the lipid.

Amyloid fibrils are formed by the self-assembly of naturally
occurring proteins that misfold and aggregate into structures
that share a number of common properties. The defining char-
acteristics include increased �-structure compared with the

native form of the protein, a fibrillar cross-�-morphology, and
the ability to interact with the dyes thioflavin T and Congo Red
(1). The presence of specific fibrils in amyloid deposits associ-
ated with common neurodegenerative diseases, including
Alzheimer and Parkinson diseases, has drawn considerable
attention to the factors that affect amyloid fibril formation and
the role of these fibrils in disease. Several factorswithin amyloid
plaques exert effects on fibril formation, including metal ions,
glycosaminoglycans, and proteins, such as serumamyloid P and
apolipoprotein E (2). One important factor is the presence of
lipids and lipid complexes, which are common components of
all amyloid deposits. Fibrillogenesis by the A�2 peptide (3),
�-synuclein (4), or the islet amyloid polypeptide (5) is increased
significantly by phospholipids in a manner that depends on the
net charge of the phospholipid. Lipid bilayers composed of neg-
atively charged phosphatidylserine or other anionic phospho-
lipids accelerate amyloid fibril formation by several proteins
relative to control neutral lipids (6). Micellar lipids, such as
short-chain oxidized phospholipids, are present in human
plasma (7). These chemicallymodified and truncated lipids also
have the potential to affect the disease-forming properties of
amyloid fibrils. Oxidized cholesterol and 4-hydroxy nonenal (8,
9) accelerate fibril formation by A� and �-synuclein, whereas
oxidized cholesterol also accelerates amyloid fibril formation
by human apolipoprotein C-II (apoC-II) (10).
ApoC-II is one of severalmembers of the plasma apolipopro-

tein family that form amyloid fibrils (11). ApoC-II is a normal
component of very low density lipoproteins, where it plays an
important physiological role as an activator of lipoprotein
lipase. In the absence of lipids and under physiological condi-
tions, apoC-II readily self-associates to form twisted ribbon-
like fibrils with all of the hallmarks of amyloid (12). Immuno-
histochemical studies indicate the presence of apoC-II deposits
in human coronary artery plaques co-localized with serum
amyloid P, a widely used marker of in vivo amyloid (13). Fibrils
formed from both apoC-II and A� initiate early events in heart
disease, including the induction of several markers of the mac-
rophage inflammatory response (14, 15).
In the presence of high concentrations of lipid micelles,

apoC-II adopts a predominantly �-helical structure (16, 17),
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presumed to resemble the native state of apoC-II bound to
lipoprotein particles. However, in the presence of low concen-
trations of lipid complexes, apoC-II slowly forms amyloid
fibrils, albeit with a distinctly different rodlike morphology
compared with the twisted ribbon morphology of lipid-free
apoC-II fibrils (18). To investigate the role of individual lipid
molecules, we explored the effects of the model short-
chain phospholipid dihexanoylphosphatidylcholine (DHPC) on
apoC-II amyloid fibril formation (18, 19). These studies showed
that apoC-II amyloid fibril formation is accelerated by submi-
cellar levels of DHPC but strongly inhibited by micellar DHPC
(18, 19). These results indicated that individual lipid mole-
cules play an important role in amyloid fibril self-assembly.

The initial aim of our study was to
compare the activating effects of
submicellar concentrations of the
neutral phospholipid, DHPC, with
the structurally related negatively
charged phospholipid, dihexa-
noylphosphatidylserine (DHPS).
Interest in the structural details of

intermediates involved in amyloid
fibril formation arises from the pos-
tulate that small oligomeric species
mediate the disease-related effects
of amyloid fibrils (20–22). How-
ever, a major difficulty in defining
these species is the low steady-state
concentrations of intermediates in
amyloid fibril-forming pathways.
Studies on the kinetics of fibril for-
mation generally indicate a distinct
lag phase attributed to a slow nucle-
ation event that provides the seed
for subsequent fibril elongation.
Our recent studies of the size distri-
bution of apoC-II fibrils and con-
centration dependence of apoC-II
fibril formation led to the develop-
ment of a reversible kinetic model
involving an initial nucleation event
followed by elongation, coupled
with fibril breaking and joining (23).
Within the limits of our analysis, the
size of the amyloidogenic nucleus
involved in apoC-II amyloid fibril
formation could not be unequivo-
cally assigned. The recent develop-
ment of a new fluorescence detec-
tion system for the analytical
ultracentrifuge (24) afforded a
unique opportunity to explore the
existence of stable populations of
oligomeric intermediates formed at
low apoC-II concentrations where
fibril formation does not occur.
Using this approach, in conjunction
with fluorescence spectroscopy, we

show that submicellar levels of DHPC and DHPS promote the
rapid formation of a stable tetramer that is on the pathway for
amyloid fibril formation.

EXPERIMENTAL PROCEDURES

Materials—DHPS and DHPC were obtained from Avanti
Polar Lipids, Inc. (Alabaster, AL), and Alexa488 C5 maleimide
and Alexa594 C5 maleimide were obtained from Invitrogen.
ApoC-II was expressed and purified as described previously
(12). Purified apoC-II stocks were stored in 5 M guanidine
hydrochloride (GdnHCl), 10 mMTris�HCl, pH 8.0, at a concen-
tration of �45 mg/ml. ApoC-IIS61C was provided by Dr. Chi
Pham (University of Melbourne). ApoC-IIS61C was conjugated

FIGURE 1. The effect of DHPC and DHPS on apoC-II fibril formation. Fibril formation was monitored by ThT
fluorescence (a and b) or by the fluorescence intensity of Alexa488-labeled apoC-II in the pellet fraction after
preparative ultracentrifugation (c and d). The concentrations of DHPC (a and c) and DHPS (b and d) were 0
(closed circles), 5 mM (open triangles), 10 mM (closed squares), 15 mM (open squares), and 20 mM (crosses). The rate
of apoC-II fibril formation (expressed as the reciprocal of the time for half-maximal change) was calculated as a
function of phospholipid concentration for DHPC (open circles) and DHPS (closed squares) for the thioflavin T
reactivity data (e) and for the preparative ultracentrifuge data (f). a.u., arbitrary fluorescence units.
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with Alexa dyes, as described by the product manual. Briefly,
the sample was incubated with a 3-fold molar excess of
Alexa488 or Alexa594 C5 maleimide for 90 min at room tem-
perature. Free Alexa maleimide was removed by gel filtration
with a G25 Sephadex column (GE Healthcare). The labeling
efficiency was determined spectrophotometrically, assuming
molar extinction coefficients of Alexa488 at 495 nm of 71,000
M�1 cm�1, Alexa594 at 590 nm of 95,000 M�1 cm�1, and
apoC-II at 280 nm of 11,000 M�1 cm�1. Labeling efficiencies
were typically �95%, and labeled samples were stored as a 1.8
mg/ml stock at �20 °C in 5 M GdnHCl. Aliquots of phospho-
lipid in chloroform (2 mg/ml) were evaporated under a gentle
streamof nitrogen gas andused to prepare aqueous solutions by
the addition of the required buffer. The critical micelle concen-
tration (CMC) of the unlabeled short-chain phospholipids was
determined using Rayleigh light scattering measurements, as
described previously (25).
ApoC-IIAmyloid Fibril Formation—ApoC-IIwas refolded by

dilution to 0.3mg/ml froma stock solution into refolding buffer
(100 mM sodium phosphate, 0.1% sodium azide, pH 7.4).
ApoC-II amyloid fibril formation was monitored by taking
sample aliquots, in triplicate, at selected time points and deter-
mining the change in thioflavin T (ThT; 10 �M) fluorescence
intensity measured in an fmax fluorescence plate reader

(Molecular Devices, Sunnyvale, CA)
equipped with 444-nm excitation
and 485-nm emission filters. A cen-
trifuge-based assay was also used to
monitor the rate of Alexa488
apoC-II assembly into amyloid
fibrils. Labeled apoC-II was refolded
in refolding buffer, and residual
GdnHCl was removed using an
NAP5 desalting column (GE Health-
care). At intervals, 100-�l aliquots
were centrifuged for 30 min at
100,000 rpm (350,000 � g) in an
OptimaMax centrifuge using a
TL-100.1 rotor (Beckman Coulter
Instruments, Inc., Fullerton, CA).
The pellet was washed with refold-
ing buffer and dissolved in 100 �l of
5 M GdnHCl. The emission spec-
trum of the sample was recorded on
a SPEX Fluorolog-� 2 spectrofluo-
rimeter (Horiba Jobin Yvon, Edison,
NJ) using an excitation wavelength
of 495 nm and collecting the emis-
sion over the range 495–700 nm
using a 495-nm long pass filter.
Circular Dichroism Spectroscopy—

CDmeasurements weremade using
an Aviv model 62 DS CD spectrom-
eter (Aviv Associates Inc., Lake-
wood,NJ) at 25 °Cwith a 1-mmpath
length quartz cuvette, a spectral
bandwidth of 1 nm, a signal averag-
ing time of 2 s, and a data interval of

0.5 nm. The spectra presented are the average of two duplicates
and corrected using a reference solution lacking apoC-II. Data
were analyzed using CDPro (26).
Time Course of Alexa488-labeled ApoC-II Fluorescence—Re-

folded Alexa488-labeled apoC-II in the presence or absence of
lipids was transferred to a 96-well fluorescence plate, and 30 �l
of mineral oil was layered on top of each sample to reduce
evaporation. The fluorescence emission and anisotropy of the
samples was measured using a Paradigm fluorescence plate
reader (Beckman Coulter Instruments) equipped with 485-nm
excitation and 538-nm emission filters. Control experiments
showed that oil overlay did not affect the lipid-induced fluores-
cence changes of the Alexa488-labeled apoC-II.
Sedimentation Analysis—Sedimentation experiments were

conducted using an XL-A analytical ultracentrifuge (Beckman
Coulter Instruments), an An-Ti60 rotor, and double-sector
12-mm path length cells containing sapphire windows and
charcoal-filled epon centerpieces. A fluorescence detection
system (FDS; Aviv Biomedical) was used to monitor the fluo-
rescence of labeled apoC-II derivatives. The FDS uses a 488-nm
frequency doubled 13-milliwatt solid state laser and confocal
optics to excite a small spot in the solution column. The emis-
sion is directed through a 505-nm cut-off filter and into a pho-
tomultiplier tube for signal digitization (24). Sedimentation

FIGURE 2. Light scattering and sedimentation analysis of micelle formation by DHPC and DHPS. a, inten-
sity of scattered light at 400 nm as a function of added DHPC (closed circles) or DHPS (open circles). b and c,
sedimentation equilibrium data, plotted as log (absorbance 230 nm) versus radius (r) squared, for 2.5 mM (open
triangles), 12 mM (open squares), and 24 mM (open circles) DHRS and obtained at 20 °C and 24,000 (b) and 38,000
rpm (c) (46,500 � g and 116,000 � g, respectively). The data were fitted using Sedphat (28), assuming a
monomer-dimer-micelle equilibrium (solid lines) yielding association constants of k1,2 � 72.96 � 3.8 M

�1 and
k2,n � 1.24 � 1016 � 1.35 � 103

M
�36 (n � 37). These equilibrium constants were used to calculate the molar

concentrations of monomer (curve 1), dimer (curve 2), and micelle (curve 3) in d and the molar fractions of the
species (e). a.u., arbitrary light emission units.
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velocity data for Alexa488-labeled apoC-II were obtained at
20 °C using a rotor speed of 50,000 rpm (200,000 � g). Fluores-
cence data were collected at 1-min intervals from 6 to 7.25 cm
with the excitation laser focused at a spot 20�m in diameter, 31
�m below the surface of the sapphire window. Sedimentation
equilibrium data were collected using the FDS attachment for
samples ofAlexa488-labeled apoC-II and rotor speeds of 26,000
and 38,000 rpm (54,500 � g and 116,000 � g, respectively).
Sedimentation velocity data were analyzed using the c(s) pro-
gram SEDFIT 9.4 (27) and maximum entropy regularization to
convert the experimental data into a continuous size distribu-
tion. Sedimentation equilibriumdatawere analyzed assuming a
noninteracting species model using the SEDPHAT program
(28).
Fluorescence Resonance Energy Transfer—Emission spectra

of samples, in triplicate, containing a 1:4 mixture of Alexa488-
and Alexa594-labeled apoC-II in the presence of a range of
DHPS concentrations were recorded on an SPEX Fluorolog-� 2
spectrofluorimeter using an excitation wavelength of 480 nm
(2-nm bandwidth) and collecting the emission intensity over
the range 495–750 nm with a 495-nm long pass filter.
Seeding of Amyloid Fibril Formation—ApoC-II (50 �g/ml)

was incubated in refolding buffer in the presence or absence of
10 mM DHPS. At 15-min intervals, 100 �l of these solutions
were withdrawn and diluted with buffer (1.9 ml) containing
freshly refolded apoC-II (final concentration 0.2 mg/ml), and
the rate of fibril formation was monitored using the ThT assay.

RESULTS

The Effect of DHPC and DHPS on ApoC-II Fibril Formation—
The time course for apoC-II fibril formation in the presence of
various concentrations of DHPC and DHPS was monitored by
ThT fluorescence (Fig. 1). In the absence of added phospho-
lipid, ThT fluorescence increased with a small but discernable
lag phase, as previously reported (23). The addition of submi-
cellar DHPC (5 and 10 mM) increased the rate of fibril forma-
tion, whereas micellar DHPC inhibited fibril formation, con-
sistent with previous studies (18, 19). The addition of the
negatively charged derivative, DHPS, gave similar results;
DHPS at concentrations of 5 and 10mM accelerated the rates of
apoC-II fibril formation, whereas 20 mM DHPS inhibited fibril
formation. In view of the potential for the negative charge on
DHPS to affect ThT fluorescence measurements, we also con-
ducted a centrifugal pelleting assay using Alexa488-labeled
apoC-II. The results show similar trends with low concentra-
tions ofDHPCandDHPS accelerating fibril formation and high
concentrations causing inhibition. Electron microscopy con-
firmed that the morphologies of Alexa488-labeled apoC-II
fibrils and fibrils formed in the presence of DHPS were similar
to unlabeled apoC-II fibrils (supplemental material).
The kinetic data for fibril formationwere fitted empirically to

a three-parameterHill equation (solid lines) to obtain estimates
for the time to reach half-maximal fibril formation (t50), as
shown previously (29). The rates of fibril formation, expressed
as the reciprocal of t50, are plotted in Fig. 1. The ThT data show
maximum rate increases for DHPC and DHPS of �7- and
10-fold, respectively, whereas the data for the pelleting assay
show corresponding increases of 2.5- and 4.5-fold. Comparison

of the results for DHPC and DHPS indicates that the negative
charge onDHPS, comparedwithDHPC, does not exert amajor
effect on the rate of apoC-II fibril formation.
TheMicellar State of DHPCandDHPS—To further interpret

theDHPCandDHPS-mediated effects, we examined themicel-
lar state of these lipids. Critical micelle concentrations of
DHPC and DHPS were estimated using light scattering meas-
urements. Two distinct linear phases in light scattering for the
two phospholipids were observed (Fig. 2). The breakpoints in
the two phases provide estimates of 10.1 and 15.2 mM for the
CMCs of DHPC and DHPS, respectively. The value obtained
for DHPC is in good agreement with previous estimates
obtained under similar conditions (30, 31). The increase in the
CMC for DHPS compared with DHPC is consistent with the
higher concentrations of DHPS required to attain the maxi-
mum increase in the rate of apoC-II fibril formation (Fig. 1).
NMR spectroscopy, sedimentation equilibrium, and micro-

calorimetry data indicate that DHPC micelle formation pro-
ceeds via the formation of a dimeric intermediate (30, 32). Sed-
imentation equilibrium experiments were carried out to
provide a more complete analysis of the micellar state of DHPS
(Fig. 2). The results obtained for DHPS were incompatible with

FIGURE 3. CD spectra of freshly prepared apoC-II. a, CD spectra of apoC-II
(50 �g/ml) in the absence of phospholipid (open circles) and presence of 5 mM

(squares), 10 mM (triangles), 15 mM (diamonds), and 20 mM (inverted triangles)
DHPS. b, the data in a were fitted to obtain the relative proportions of �
(closed circles), � (inverted triangles), and random (closed squares) structure.
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a simple monomer-micelle equilibrium but were consistent
with a monomer-dimer-micelle equilibrium. Global fits using
this model (solid lines), with assigned values for the molecular

weights of the DHPS monomer and dimer, yielded best fit val-
ues for themolecularmass of theDHPSmicelle (17,700Da) and
the equilibrium constants for the interactions. This allowed the
concentration of the three species to be calculated as a function
of DHPS concentration (Fig. 2). The results confirm a CMC for
DHPS of �15 mM and a concentration-dependent increase in
the dimeric intermediate over the 0–15 mM range. These
results may be compared with those reported for DHPC, where
the dimer concentration increases over the 0–10mM range and
the CMC is �10 mM (30). These data closely follow the activa-
tion profiles for DHPC and DHPS on apoC-II fibril formation.
Circular Dichroism of ApoC-II—The effect of DHPC and

DHPS on the secondary structure of apoC-II was examined by
CD spectroscopy. These experiments were carried out using
freshly refolded apoC-II (50 �g/ml) under conditions where

FIGURE 4. Fluorescence spectroscopy of Alexa488-labeled apoC-II. a, fluores-
cence spectra of freshly prepared Alexa488-labeled apoC-II (50 �g/ml; excitation
at 495 nm) in the absence of lipid (curve 2) and in the presence of 10 mM DHPS
(curve 1) and of preformed, fibrillar Alexa488-labeled apoC-II (formed at 0.3
mg/ml and diluted to 50 �g/ml) in the absence (curve 4) and presence (curve 3) of
10 mM DHPS. b, fibril formation by Alexa488-labeled apoC-II (0.3 mg/ml) was
monitored by the fluorescence intensity (curve 2) and anisotropy (curve 1). c, as for
b but in the presence of 10 mM DHPS. a.u., arbitrary fluorescence units.

FIGURE 5. Time dependence of the fluorescence emission of Alexa488-
labeled apoC-II in the presence of 10 mM DHPS (485-nm excitation and
538-nm emission filters). a, the concentrations of Alexa488 apoC-II were
0.05, 0.1, 0.2, 0.3, and 0.4 mg/ml (for curves 1–5, respectively). The data are
normalized to the initial fluorescence of the solution. b, the initial rate of
change in fluorescence emission (in arbitrary fluorescence units (au) per time)
as a function of Alexa-labeled apoC-II concentration.
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fibril formation is negligible. DHPS increased the negative ellip-
ticities in the 205–240 nm region, indicative of an increase in
secondary structure (Fig. 3). Analysis of the data, assuming the
presence of �, �, and random structure, allowed the propor-
tions of these elements to be determined as a function of DHPS
concentration. Submicellar concentrations of DHPS increased
the proportion of �-structure relative to �-structure, whereas
micellar concentrations of DHPS promote increased �-struc-
ture. Similar changes in apoC-II secondary structure were also
observed with DHPC with an increase in the proportion of
�-structure over the concentration range 0–10 mMDHPC and
subsequent increase in �-structure in the presence of micellar
DHPC (results not shown). The increase in�-structure induced
by micellar DHPC and DHPS is consistent with the predomi-
nantly �-helical structures determined for apoC-II in lipid
micelles (16, 17).
Fluorescence Spectroscopy of Alexa488-labeled ApoC-II—A

continuous, fluorescence-based assay using Alexa488-labeled
apoC-II was developed to provide more detailed information
on the kinetics of fibril formation. Fluorescence spectra for
both freshly refolded and fibrillar Alexa488-labeled apoC-II
show characteristic maxima at 520 nm (Fig. 4). The fluores-
cence intensity of freshly refolded apoC-II is �2-fold higher
than the fibrillar form, demonstrating that the Alexa488 probe
is quenched upon fibril formation. The addition of 10 mM
DHPS to freshly refolded and fibrillar Alexa488-labeled
apoC-II resulted in an increase in the 520-nm emission. DHPC

also increased the fluorescence
intensity of freshly refolded and
fibrillar Alexa488-labeled apoC-II
(supplemental material). Control
experiments showed that DHPS
and DHPC had no effect on the flu-
orescence intensity of free Alexa488
dye. The sensitivity of Alexa488-la-
beled apoC-II fluorescence to fibril
formation provided a convenient
and continuous assay for fibril
formation.
Time-dependent changes in

Alexa488-labeled apoC-II fluores-
cence emission and anisotropy
under fibril-forming conditions (0.3
mg/ml) were monitored in the
absence and presence of DHPS (Fig.
4). In the absence of phospholipid,
there was a significant decrease in
fluorescence intensity and a coinci-
dent increase in fluorescence ani-
sotropy corresponding to fibril
formation. In contrast, the time-
dependent changes in fluorescence
emission for Alexa488-labeled
apoC-II in the presence of 10 mM
DHPS showed complex kinetics
with an initial very rapid increase in
fluorescence intensity within the
dead time of themeasurement. This

fluorescence increase was accompanied by a similar rapid
increase in fluorescence anisotropy (dotted lines). These imme-
diate rapid changes were followed by a time-dependent bipha-
sic response. This involved an increase in intensity over a period
of 1–2 h with no significant change in anisotropy, followed by a
dominant decrease in fluorescence intensity and increase in
anisotropy, corresponding to fibril formation. The complex flu-
orescence kinetics observed under these conditions indicated
the accumulation of lipid-induced intermediates.
The nature of the lipid-induced intermediate(s) was exam-

ined by determining the biphasic fluorescence profile as a func-
tion of Alexa488-labeled apoC-II concentration in the presence
of 10 mM DHPS (Fig. 5). Over the concentration range of
50–400 �g/ml apoC-II, all samples showed an initial increase
in fluorescence intensity. Samples with apoC-II concentrations
of �100 �g/ml showed a subsequent decrease attributable to
fibril formation, whereas, for the 50 �g/ml sample, the initial
increase in fluorescence intensity reached a plateau value with
no subsequent decrease, consistent with the observation that
fibrils are not formed at this concentration. A similar concen-
tration dependence of Alexa488-labeled apoC-II fluorescence
emissionwas also observedwith 5mMDHPC, showing biphasic
responses at apoC-II concentrations of �100 �g/ml and a pla-
teau value obtained at 50 �g/ml (supplemental material). Anal-
ysis of the increase in fluorescence intensity of Alexa488-la-
beled apoC-II concentration in the presence of 10 mM DHPS

FIGURE 6. Sedimentation velocity data for freshly prepared Alexa488-labeled apoC-II (50 �g/ml)
obtained using fluorescence detection in the analytical ultracentrifuge. Shown are freshly prepared
Alexa488-labeled apoC-II alone (a) and in the presence of 10 mM DHPS (b). The data were obtained using an
angular velocity of 50,000 rpm (200,000 � g) and time intervals of 10 min. The solid lines through the data in a
and b were obtained by fitting the data to a continuous size distribution c(s) model (41), yielding the distribu-
tions in c and d, respectively.
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over the first 1 h showed that the initial rate of change was
independent of apoC-II concentration (Fig. 5).
Sedimentation Velocity Analysis—The data in Figs. 4 and 5

provide evidence for a stable, lipid-induced species that forms
at 50 �g/ml Alexa488-labeled apoC-II in the absence of signif-
icant fibril formation. This suggested that themolecular state of
this species would be amenable to sedimentation velocity anal-
ysis using the new high sensitivity FDS for the analytical ultra-
centrifuge. Fluorescence intensity scans obtained over time,
during sedimentation of Alexa488-labeled apoC-II alone (50
�g/ml) and in the presence of 10 mM DHPS, are presented in
Fig. 6. A single, major sedimenting boundary was observed for
apoC-II alone with an additional boundary evident in the pres-
ence of DHPS. The radial scans were analyzed assuming a c(s)
continuous distribution of sedimentation coefficients yielding
the distributions shown (Fig. 6). The results for Alexa488-la-
beled apoC-II alone indicate a single species with a modal sed-
imentation coefficient of 1 S, whereas the data in the presence
of DHPS indicate two major species with modal sedimentation
coefficients of 1.1 and 3.2 S. Sedimentation velocity measure-
ments using absorbance optics (230 nm) for unlabeled apoC-II
alone (50 �g/ml) and in the presence of 10 mM DHPS gave
similar c(s) distributions; however, the data were of poorer
quality, with a low signal/noise ratio. Sedimentation velocity
analysis showed that submicellar concentrations of DHPC (5
mM) and the longer chain phospholipid, 1-dodecyl-2-hydroxy-
sn-glycero-3-phosphocholine (100 �M), also promoted the for-
mation of a discrete faster sedimenting species (supplemental
material).
Sedimentation velocity experiments using the FDSwere con-

ducted with Alexa488-labeled apoC-II over a range of DHPS
concentrations, yielding the c(s) distributions shown in Fig. 7.
The results show three major populations with apparent sedi-
mentation coefficients of 0.9–1.1 S (population 1), 2.2–2.6 S
(population 2), and 3.0–3.5 S (population 3). As the concentra-
tion of DHPS increases, population 1 gradually diminishes,
whereas populations 2 and 3 increase. Calculation of the areas
under the distributions for each population showed that popu-
lations 2 and 3 are favored by micellar and submicellar DHPS,
respectively. A simple interpretation of this finding is that pop-
ulation 2 corresponds to a submicellar DHPS-induced, oligo-
meric apoC-II species, whereas population 3 corresponds to a
micellar bound apoC-II species.
Sedimentation Equilibrium Analysis—An assumption in c(s)

analysis of sedimentation velocity data is that the species are
not interacting on the time scale of the experiment. An indica-
tion that reversible interactionsmay be occurring in this system
is suggested by the variation in the sedimentation coefficients
for populations 2 and 3 at different DHPS concentrations (Fig.
7). Another limitation with sedimentation velocity studies is
that the analysis of sedimentation coefficients to obtain molec-
ular weight values requires assumptions concerning molecular
shape. We therefore extended our studies to sedimentation
equilibrium analysis using fluorescence detection. Sedimenta-
tion equilibrium data obtained over a range of DHPS concen-
trations, at two different rotor speeds and in the presence of
either H2O- or D2O-containing buffers, were analyzed globally,
assuming three species, as suggested by the sedimentation

velocity data (Fig. 7). Representative sedimentation equilibrium
data are presented in Fig. 8, where the solid lines indicate the
quality of the global fits. The complete analysis, summarized in
Table 1, allowed the partial specific volumes and molecular
weights of the three species to be determined. The partial spe-
cific volume obtained for species 1 was close to that calculated
for apoC-II alone (12). The data for species 2 indicated a pre-
dominantly lipid-free apoC-II species with a molecular weight
corresponding to a tetramer, whereas the values of the partial
specific volume and molecular weight for species 3 are consist-
ent with a single molecule of apoC-II associated with a DHPS
micelle (micelleMr 17,700). Similar sedimentation equilibrium
experiments using fluorescence detection were also performed
using Alexa488-labeled apoC-II over a range of DHPC concen-
trations. Global analysis of the data indicates that DHPC also
induced the formation of an apoC-II tetramer and an apoC-II-
micelle complex (Table 1). The results of the global fitting
allowed the proportion of species 1, 2, and 3 to be calculated as
a function of DHPC and DHPS concentration (Fig. 8). This
analysis shows that the tetrameric species (species 2) is favored
by submicellar lipid, whereas the micellar species (species 3)
predominates at micellar lipid concentrations.

FIGURE 7. Sedimentation velocity analysis of Alexa488-labeled apoC-II
obtained using fluorescence detection in the analytical ultracentrifuge.
a, continuous size distributions, c(s), for freshly prepared Alexa488-labeled
apoC-II as a function of DHPS concentration. b, the relative areas under the
peaks labeled 1, 2, and 3 in a as a function of DHPS concentration.
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Fluorescence Resonance Transfer Analysis of ApoC-II Tet-
ramer Formation—Our sedimentation analysis established the
existence of a stable, lipid-induced tetramer that forms at low
concentrations of apoC-II. To explore the formation of this
tetramer at earlier time points, a fluorescence resonance energy
transfer (FRET) assay was developed using Alexa488- and
Alexa594-labeled apoC-II as a donor-acceptor pair. Fluores-
cence emission spectra (excitation 480 nm) for separate solu-
tions of Alexa488-labeled apoC-II (50 �g/ml) and Alexa594-
labeled apoC-II (50 �g/ml) exhibited characteristic maxima at
520 and 617 nm, respectively (not shown). Emission spectra for
a 1:4mixture of these solutions acquired 5min after refolding in
the absence of lipid and in the presence of 10 mM DHPS are

shown in Fig. 9. The spectrum obtained for the lipid-free mix-
ture is equivalent to a simple summation of the contributions
from the two labeled components. This lack of any significant
FRET is consistent with the monomeric nature of apoC-II
under these conditions (Figs. 7 and 8). The addition of DHPS
leads to a decrease in emission at 520 nm and an increase in
emission at 617 nm, consistent with significant FRET resulting
from lipid-induced oligomerization. The magnitude of this lip-
id-induced FRET signal, estimated from the increase in fluores-
cence emission at 617 nm, was similar for mixed samples at
later time points, suggesting the presence of a stable oligomer.
FRET was not observed in control experiments for the same
mixture in the presence of denaturant (5 M GdnHCl).

The degree of FRET for mixtures
of Alexa488-labeled apoC-II and
Alexa594-labeled apoC-II was me-
asured as a function of DHPS con-
centrations (Fig. 9). The results
show that the FRET signal, meas-
ured either by an increase in inten-
sity at 617 nm or as a decrease in
intensity at 520 nm, increased sys-
tematically at submicellar DHPS
concentrations and decreased at
micellar DHPS concentrations.
Fig. 9 also shows that the fluores-
cence intensity of Alexa488-labeled
apoC-II alone at 520 nm varies with
DHPS concentration in a manner
that reflects the micellar state of
DHPS (Fig. 2), whereas the fluores-
cence intensity of Alexa594-labeled
apoC-II alone at 617 nm is essen-
tially independent of DHPS concen-
tration. Similar studies using DHPC
showed that the FRET signals
for mixtures of Alexa488-labeled
apoC-II and Alexa594-labeled
apoC-II were also dependent on
lipid concentration, with submicel-
lar DHPC (0–10 mM) inducing
FRET and micellar DHPC (�10
mM) abolishing the FRET signal.
These results are consistent with

FIGURE 8. Sedimentation equilibrium analysis of Alexa488-labeled apoC-II in the presence of DHPC and
DHPS. Representative sedimentation equilibrium distributions (detected by fluorescence intensity) are pre-
sented for apoC-II in aqueous buffers in the absence (a) and presence of 12 mM (b) and 20 mM (c) DHPS after
centrifugation at 26,000 rpm (54,500 � g) (open triangles) and 38,000 rpm (116,000 � g), open circles. Data
obtained at a range of DHPS concentrations in both H2O and D2O buffers were fitted to a three-species
noninteracting model to obtain the partial specific volume and molecular weights of the species (Table 1). The
proportions of each species were determined as a function of DHPS concentration (d). A similar set of experi-
ments was conducted to obtain the proportions of Alexa488-labeled apoC-II species present as a function of
DHPC concentration (e). Species 1 (open squares), species 2 (closed triangles), species 3 (open circles).

TABLE 1
Analysis of the effects of DHPC and DHPS on Alexa488-labeled apoC-II by sedimentation equilibrium and fluorescence detection in an
analytical ultracentrifuge
Sedimentation equilibrium experiments on Alexa-labeled apoC-II (50 mg/ml) were performed at 20 °C using fluorescence detection. Equilibrium data were collected at
angular velocities of 26,000 rpm (54,500 � g) and 38,000 rpm (116,000 � g) and in either H2O- or D2O-containing solutions for samples containing DHPS or DHPC. The
data obtained for each phospholipid were analyzed globally using the program SEDPHAT (28), assuming three species to obtain best fit values for the buoyant molecular
weights of the species in H2O and D2O. These values were used to calculate the partial specific volume (v) and molecular weight (M) of the species (36). Estimates of the
errors in the values were obtained using the Monte Carlo analysis from SEDPHAT.

Lipid present Species M (1 � v�) H2O M (1 � v�) D2O v M
DHPSa 1 2521 � 21 1605 � 26 0.730 � 0.002 9560 � 70

2 10,717 � 133 6594 � 72 0.735 � 0.003 40,700 � 470
3 4547 � 52 1587 � 31 0.826 � 0.002 27,300 � 330

DHPCa 1 2587 � 19 1691 0.729 � 0.002 9540 � 60
2 10,859 � 133 6734 � 52 0.734 � 0.003 40,820 � 520
3 4982 � 64 1728 � 46 0.827 � 0.002 28,800 � 410

a The concentrations of DHPS used were 0, 4, 8, 12, 16, and 20 �M. The concentrations of DHPC used were 0, 3, 6, 9, 12, and 15 �M. The apoC-II concentration was 50 �g/ml
in all cases.
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the sedimentation analysis and indicate that the lipid-induced
apoC-II tetramer is formed at an early stage in the refolding
pathway.
Seeding of ApoC-II Fibril Formation—The increase in fluo-

rescence emission of Alexa488-labeled apoC-II in the presence
of submicellar lipid over the first 1–2 h (Figs. 4 and 5) indicated
a slow process and provided an opportunity to determine
whether the species formed during this phase can seed fibril
formation. ApoC-II at 50 �g/ml was preincubated with 10 mM
DHPS for periods of 0–60 min and subsequently diluted into a
freshly refolded apoC-II solution (0.2 mg/ml) to a final DHPS
concentration of 500�M. The results showed that preincubated
samples systematically accelerate the rate of fibril formation by
apoC-II compared with a control sample containing the same
amount of DHPS but prepared without preincubation (Fig. 10).
In contrast, preincubation of apoC-II (50 �g/ml) in the pres-
ence of micellar DHPS (20 mM) and subsequent dilution into a
freshly refolded apoC-II solution (0.2 mg/ml) to a final DHPS

concentration of 500�Mdidnot alter the rate of fibril formation
compared with the control (Fig. 10). These results support the
hypothesis that the apoC-II tetramer formed in the presence of
submicellar phospholipid during the early stages of refolding is
an intermediate in the lipid activation pathway for apoC-II fibril
formation.

DISCUSSION

Lipids and lipidmetabolites present in amyloid deposits have
the potential to affect several areas of amyloid metabolism,
including the formation, stability, morphology, and toxicity of
fibrils (5, 6, 8, 9, 18, 33).Most experimental studies have focused
on lipid bilayers and membrane surfaces where many of the
effects of lipids on fibril formation are variable, depending on
the protein/lipid ratio and the degree ofmembrane penetration
(34). However, a general observation of these studies is that
amyloid fibril formation is favored by the presence of negatively
charged lipid surfaces (5, 6, 34, 35). Lipids also affect protein
folding and fibril formation at the level of individual lipid mol-
ecules. Monomeric lipids may arise through the oxidative
cleavage of membrane lipids and the production of truncated
derivatives, such as short chain phospholipids (7). Our previous
studies on apoC-II showed that submicellar concentrations of
short-chain phosphatidylcholine lipids increased the rate of
fibril formation, whereas concentrated lipid micelles and bilay-
ers completely inhibited this process (18). In view of the effect
of negatively charged lipid surfaces on amyloid fibril formation,
it was of interest to determine whether phospholipid charge
might also affect the ability of submicellar andmicellar lipids to
modulate fibril formation. Our results show that DHPS and
DHPC show a very similar activation profile for apoC-II fibril
formation (Fig. 1), with the main difference attributable to the
slightly higher CMC for DHPS compared with DHPC (Fig. 2).
This suggests that the charged state of these phospholipid head
groups has little effect and that the main factor causing accel-
erated fibril formation by submicellar lipids and inhibition by
micellar lipids is an interaction with the hydrophobic fatty acyl
chains. This is consistent with the observed correlation
between the length of the fatty acid side chain and the effect on
fibril growth (18).
Previous NMR and sedimentation studies of DHPC (30)

showed that micelle formation occurs via a monomer-dimer-
micelle equilibrium process, with dimer and micelle formation
favored at higher concentrations. A similar micelle assembly
pathway involving a DHPS dimer intermediate is also indicated
(Fig. 2). The concentration dependence of dimer formation for
both DHPC (30) and DHPS closely follows the profile for the
activation of apoC-II fibril formation by these lipids, suggesting
that phospholipid dimers may drive the initial steps in fibril
assembly.
An unexpected finding in the present study was the differ-

ence between the time course of the fluorescence changes for
Alexa-labeled apoC-II in the presence and absence of phospho-
lipids. In the absence of phospholipid, the changes observed in
both the fluorescence intensity and anisotropy correlated with
fibril formation accompanied by a short lag phase. More com-
plex kinetics were observed in the presence of submicellar
DHPC andDHPSwith three distinct phases observed. The first

FIGURE 9. FRET analysis of DHPS-induced apoC-II tetramer formation.
The excitation wavelength was 480 nm. a, fluorescence emission spectra of a
mixture of Alexa594-labeled apoC-II (40 �g/ml) and Alexa488-labeled apoC-II
(10 �g/ml) acquired 5 min after refolding in the absence of phospholipid
(curve 1, gray line) and in the presence of 10 mM DHPS (curve 2, black line).
b, effect of DHPS on the fluorescence emission intensity at 520 nm (closed
squares) and 617 nm (closed circles) for a mixture of Alexa488-labeled apoC-II
(10 �g/ml) and Alexa594-labeled apoC-II (40 �g/ml). Shown are control
experiments for Alexa488-labeled apoC-II (10 �g/ml) alone (emission at 520
nm; open squares) and Alexa594-labeled apoC-II (40 �g/ml) alone (emission at
617 nm; open circles). a.u., arbitrary fluorescence units.
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was a rapid increase in fluorescence intensity and anisotropy
within the dead time of themeasurements (�1min).We attrib-
ute these changes to rapid lipid binding and self-association of
apoC-II to form an oligomeric intermediate. This assertion is
supported by the rapid changes in the FRET signal (within 5
min) observed for mixtures of Alexa488- and Alexa594-labeled
apoC-II in the presence of submicellar DHPC and DHPS (Fig.
9). The second phase involved a slow increase in fluorescence
intensity which was not accompanied by any significant change
in fluorescence anisotropy. This suggests that this phase arises
from a conformational change rather than a change in the state
of aggregation. This conclusion is supported by the finding that
the rate of change in the fluorescence intensity in this phase is
independent of the initial starting concentration (Fig. 5). A pos-
sible explanation for this intermediate phase is a slow isomer-
ization event, such as proline isomerization (37, 38), or domain
interchange within the oligomer (39, 40). Alternatively, this
phase may involve lipid rearrangement or lipid displacement
from the oligomer. The third and slowest phase in Fig. 4 is a
large decrease in fluorescence intensity accompanied by
large increase in anisotropy. The magnitudes of these
changes are similar to those observed in the absence of lipid
and are consistent with the gradual formation of amyloid
fibrils. The rate of this last phase is dependent on apoC-II
concentrations, as expected for apoC-II fibril growth (23).
The final phase was not present at low apoC-II concentra-
tion (50 �g/ml), consistent with the finding that apoC-II
fibrils do not form at this concentration.
The availability of a sensitive and specific fluorescence detec-

tion system for the analytical ultracentrifuge provided an
opportunity to characterize the state of association of apoC-II
oligomers at low concentrations in the absence of fibril forma-
tion. This technology has the potential to characterize oligo-
meric amyloid precursors at concentrations that have hitherto
been inaccessible and under conditions where fibril formation
is negligible. Sedimentation velocity experiments over a range

ofAlexa-labeled apoC-II concentra-
tions (5–50�g/ml) in the absence of
lipids indicated a single monomeric
species (results not shown), suggest-
ing that oligomeric species do not
accumulate under these conditions.
In contrast, in the presence of
DHPC and DHPS, two additional
species appear (Fig. 7). Sedimenta-
tion equilibrium analysis estab-
lished these species as an apoC-II
tetramer formed at submicellar
phospholipid concentrations and an
apoC-II-micelle complex at higher
lipid concentrations. Comparison
of the lipid concentration depend-
ence of tetramer formation with the
changes in secondary structure (Fig.
3) indicates that the apoC-II tet-
ramer has increased �-structure
compared with the apoC-II mono-
mer and the apoC-II-micelle com-

plex. Furthermore, the results of seeding experiments (Fig. 10)
indicate that the apoC-II tetrameric intermediate seeds apoC-II
fibril formation, suggesting that the tetramer is on the pathway
to fibril formation. Characterization of this tetrameric interme-
diate using FRET provides a simple spectroscopic signal that
could be useful for high throughput screening of amyloid fibril
inhibitors. The ability to identify a discrete tetrameric interme-
diate offers the prospect of more detailed structural analysis of
this oligomeric species and the way it participates in the self-
assembly, metabolism, and toxicity of amyloid fibrils.
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