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ABSTRACT: Aggregation of proteins to fiberlike aggregates often involves a
transformation of native monomers to f-sheet-rich oligomers. This general
observation underestimates the importance of a-helical segments in the
aggregation cascade. Here, using a combination of experimental techniques and
accelerated molecular dynamics simulations, we investigate the aggregation of a
43-residue, apolipoprotein A-I mimetic peptide and its E21Q and D26N mutants.
Our study indicates a strong propensity of helical segments not to adopt cross-f-
fibrils. The helix—turn—helix monomeric conformation of the peptides is
preserved in the mature fibrils. Furthermore, we reveal opposite effects of
mutations on and near the turn region in the self-assembly of these peptides. We
show that the E21—R24 salt bridge is a major contributor to helix—turn—helix /
folding, subsequently leading to abundant fibril formation. On the other hand, the cross section ()

K19—D26 interaction is not required to fold the native helix—turn—helix peptide.

However, removal of the charged D26 residue decreases the stability of the helix—turn—helix monomer and consequently
reduces the level of aggregation. Finally, we provide a more refined assembly model for the helix—turn—helix peptides from
apolipoprotein A-I based on the parallel stacking of helix—turn—helix dimers.

S elf-assembly of protein into fibrils has raised important been successfully developed on the basis of apolipoprotein A-I

questions about the nature of secondary structures in the (apo A-I) and its mimetic peptides.'*?°
aggregation cascade. It has been shown extensively that many Apo A-l is the major structural component of HDL, a
fatal neurodegenerative diseases (e.g.,, Alzheimer’s, Parkinson’s, heterogeneous combination of lipids and proteins used to
Creutzfeldt—Jacob’s, and amyotrophic lateral sclerosis) corre- shuttle lipids in the body.”' Helical intermediates have been
late strongly to the fibrillization of intrinsically disordered described in the fibrillogenesis of the apolipoprotein E

proteli_n3s such as amyloid-§ (Af), a-synuclein, prion, and protein.”*** Explanted fibrils of the apo A-I variant L174S
Tau. Moreover, many peptides and proteins, including

biologically active and de novo fragments, have been found to
form amyloid fibrils in vitro.*> This process typically involves
structural transitions into f-sheets, with a loss of globular native
states and any associated a-helicity.®"® Despite the dominant
role of the cross-f-sheet in mature fibrils” "' compelling
evidence points to an intermediate role for the a-helix in the
cascade.'”™"® Many aggregating proteins exhibit a-helical
character when associated with a membrane."*™"” However,

from cardiac tissue show both cross-f and residual helical
structure.** Fiber diffraction data indicate that the a-helices are
oriented perpendicular to the main axis of the fibril, similar to
the wild-type (wt) peptide fibrils. More recently, the apo A-I
variant L178H has been shown to form fibrils with exclusively
a-helical structure.”® The L178H variant is the first report of a
full-length variant of apo A-I that forms a-helical fibrils. The
presence of a-helical character in physiological apo A-I fibrils

the crowded environment in cells makes the study of in vivo indicates that this secondary structure is important in protein
aggregation challenging. To directly evaluate the role of the a-
helix in fibril formation, previous studies have been focused on Received: April 16, 2015
inducing a-helical peptides to self-assemble into fibrils in Revised:  June 11, 2015
solution by novel peptide design.'®™>° Model systems have Published: June 12, 201S
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aggregation and disease and suggests that our work on apo A-I
mimetic peptides may inform this growing area of exploration.

The helix—turn—helix motif is a key structural motif in apo
A-I. Residues 44—243 of apo A-I contain 10 tandem,
amphiphilic a-helices, many of which are connected by proline
residues. A number of short, amphiphilic, a-helical peptides
have been shown to recapitulate many of the physical
properties of the entire 243-residue apolipoprotein. For
example, the 18-residue, amphiphilic a-helical peptide
developed by Anantharamaiah and colleagues (peptide 18A
shown in Scheme 1)*° binds to lipid, activates the enzyme
lecithin-cholesterol acyltransferase (LCAT), and has other
physical properties typical of the full-length protein.

Scheme 1. Primary Sequences of the Peptides Studied”

18A Ac-DWLKAFYDKVAEKLKEAF-NH,

wt Ac-DWLKAFYDKVAEKLKEAFKVEPLRADWLKAFYDKVAEKLKEAF-NH,
E21Q Ac-DWLKAFYDKVAEKLKEAFKVQPLRADWLKAFYDKVAEKLKEAF-NH,
D26N Ac-DWLKAFYDKVAEKLKEAFKVEPLRANWLKAFYDKVAEKLKEAF-NH,

“The turn regions are colored red and the mutations green.

An early work by Fezoui et al,, in which one 18A segment
was used to construct the N-terminal helix of a 38-residue
helix—turn—helix motif, showed that the peptide undergoes an
a-helix—f-sheet transition leading to cross-p-fibrils.'”” On the
other hand, a previous work by Lazar et al. involved the
synthesis of a fibril-forming, 43-residue helix—turn—helix
peptide with two segments of peptide 18A connected by a
putative turn sequence from apo A-I (the wt peptide shown in
Scheme 1).2° Unlike the design of Fezoui et al, circular
dichroism (CD) of the 43-residue peptide in solution and CD
and FTIR of fibril films showed significant a-helical character.
Synchrotron X-ray fiber diffraction on a magnetically aligned
sample of the peptide confirmed the a-helical character in the
fibrils and indicated that the helical axes are oriented
perpendicular to the fibril axis.

The 43-mer peptide (henceforth termed the wt peptide)
forms o-helical fibrils instantaneously upon dissolution at
concentrations of >1 uM.”® It was thought that the strong
propensity of the wt peptide to form fibrils may be due to
electrostatic interactions in the turn region. The turn region
contains four charged residues placed so that, at pH close to
neutrality, oppositely charged groups could interact with one
another; Glu (E) and Arg (R) could interact (E21—R24), and
Lys (K) could interact with the Asp (D) (K19—D26), which
would stabilize the helix—turn—helix motif. We made
modifications in the turn region of the wt peptide to abolish
these potential electrostatic interactions and determine if these
interactions play an important role in fibril formation. The
E21Q mutation eliminates one of the potential salt bridges in
the turn region, while the D26N mutation eliminates the other.
The sequences of the 18A, wt, E21Q, and D26N peptides are
shown in Scheme 1.

This work explores the propensities of the wt, 184, E21Q,
and D26N peptides to form a-helical fibrils at the molecular
level. Transmission electron microscopy (EM), CD, intrinsic
tryptophan fluorescence, ion-mobility mass spectrometry (IM-
MS), and computational modeling were used to explore the
fibrillogenesis potential of these peptides.
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B MATERIALS AND METHODS

Peptide Synthesis and Purification. The wt peptide was
purchased from Midwest Biotech, and the E21Q and D26N
peptides were purchased from Aapptec. Peptide 18A was
synthesized using standard 9-fluorenylmethoxycarbonyl
(Fmoc) and HBTU/HOBt manual solid-phase synthesis. The
peptide was acetylated with acetic anhydride and amidated with
an Fmoc-Rink Amide resin (Anaspec). The peptide was cleaved
from the resin using 94% TFA, 5% triisopropylsilane, and 1%
phenol for 2 h at 295 K. Crude peptides were purified by
reverse-phase high-performance liquid chromatography (RP-
HPLC) on a semipreparative C18 column (Phenomenex) using
gradients of water [0.1% (v/v) TFA] and acetonitrile [0.1% (v/
v) TFA]. Peptide purity was >91% as determined by analytical
RP-HPLC. The molecular masses of the peptides were verified
by ESI mass spectrometry.

Determination of Peptide Concentrations. Peptide
concentrations were calculated using the extinction coefficients
for the tryptophan and tyrosine residues.”® The concentration
of peptide 18A was measured using an &4, of 7300 M~ cm ™,
and the concentrations of the wt, E21Q, and D26N peptides
were measured using an &, of 14600 M~' cm™' (Thermo
Electron Corp. Nicolet Evolution 300).

Fibril Sample Preparation. Fibril assays were performed
by incubating the wt, E21Q, D26N, and 18A peptides at 50 uM
in SO mM ammonium acetate buffer (pH 7.0). The samples
were incubated at 310 K and contained 0.01% NaNj to prevent
microbial growth. To determine if a higher temperature
promotes fibril formation in the E21Q peptide, 50 #M peptide
was heated for 16 h at 343 K in 50 mM ammonium acetate
buffer (pH 7.0) and 0.01% NaNj.

Transmission Electron Microscopy. Aliquots of fibril
samples (S uL) were applied to a glow-discharged, 400-mesh,
carbon-coated support film and stained with 1% uranyl acetate.
Images of fibrils at magnifications of 21000X and 137200X
were recorded using a FEI Tecnai F30 STEM microscope
operated at 300 kV and equipped with a Gatan CCD digital
micrograph.

Far-UV Circular Dichroism. CD data were collected on an
Applied Photophysics Chirascan CD spectrometer. The CD
spectra of freshly dissolved peptides were measured in 10 mM
ammonium acetate (pH 7.0). The wt, E21Q, and D26N
peptides were measured at 1 yM, and the 18A peptide was
measured at 2 yM. A concentration of 1 uM was chosen for the
helix—turn—helix peptides because the wt peptide forms fibrils
at concentrations of >1 yM.ZO The CD measurements were
collected at 1 nm intervals from 265 to 190 nm with a 1 s
averaging time and a 1 nm bandwidth. All spectra were
collected in a 1 cm quartz cuvette at 298 K. Three scans were
collected, and the data were averaged. A buffer baseline was
subtracted from the averaged data, and the curves were
baseline-corrected. The a-helical content of the peptides was
esti1;17ated from the mean residue ellipticities (MREs) at 222
nm.

Intrinsic Tryptophan Fluorescence. Samples were
prepared to explore the aggregation behavior of the wt,
E21Q, and D26N peptides. Samples (1 mL) containing SO uM
peptide in 20 mM ammonium acetate buffer (pH 7.0) and
0.01% NaNj; were prepared. To minimize tyrosine fluorescence,
the excitation wavelength was set at 295 nm and the tryptophan
emission was followed from 310 to 440 nm. The excitation and
emission bandpasses were set to 2 and 8 nm, respectively. The
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contents of a quartz 1 cm cuvette containing 0.4 mL of 20 mM
ammonium acetate buffer (pH 7.0) and a 20 uL aliquot of the
peptide solution were mixed, and the fluorescence was
measured (Aminco Bowman Series luminescence spectrom-
eter). The peptide samples were incubated at 310 K between
the time points. A background was also taken and subtracted
from the peptide scan.

lon-Mobility Mass Spectrometry. Sample Preparation.
Prior to introduction into the mass spectrometer, samples were
freshly prepared from peptide powder to a final concentration
of 50 M in 20 mM ammonium acetate buffer (pH 7.0).

Instrumentation and Method. A majority of IM-MS
experiments were performed using a lab-built mass spectrom-
eter (Instrument I). This instrument consists of a nanospray
source, an ion funnel, a 2 m long drift cell, an exit funnel, and a
quadrupole mass filter.*® The high resolution in ion mobility
offers arrival time separation among different conformations
and oligomeric species of the same mass to charge (m/z) ratio.

A second instrument (Instrument II) was also utilized for
injection energy studies of some ATDs at higher m/z values.
Details about this instrument were previously described.”” The
major difference is that the drift cell is shorter (~4.8 cm) and
thus the instrument has a lower ion-mobility resolution.

In an ion-mobility experiment, arrival time distributions
(ATDs) can be measured at different pressure to voltage (P/V)
ratios, allowing for the determination of a reduced mobility K,
and subsequently a collisional cross section 6, a quantity
independent of instrumental parameters (see eq 1).*° The
experimental cross sections can be compared with those of the
theoretical structures obtained from simulations.

1/2
1
( ) K, (1)

where T is the temperature of the buffer gas (295—300 K), N,
is the number density of helium at standard temperature and
pressure, e is the total charge of the ion, y is the reduced mass
of the He-ion collision system, and kj is the Boltzmann factor.
The relative abundance of a single species can be approximated
using the kinetic theory of gases. A measured ATD peak is
fitted with single or multiple Gaussian peaks using peak heights
and exact arrival times as variables. Each Gaussian peak
indicates a single species.’!

Molecular Dynamics Simulations. Molecular dynamics
(MD) provides a means of computationally investigating a
variety of events within time scales on the order of tens to
thousands of nanoseconds at an atomistic level.>* Since the first
publication on computer simulations of protein recognition,>
the field has grown tremendously and holds great promise for
unraveling complex processes, including protein structure
predictions and interactions. Quantitative analyses of three-
dimensional structure, and kinetic and thermodynamic
phenomena, are vital steps in understanding the driving forces
behind folding and unfolding pathways. In the most basic form
of MD, termed conventional MD (cMD) or “brute force”
dynamics, the biological systems of interest are often trapped in
a few local minima of a complex potential energy landscape.
Such long interstate lag times lead to insufficient sampling of
folding or interaction events. Furthermore, many relevant
processes (not limited to biology) occur on much longer time
scales (i.e., milliseconds to seconds), which are intractable for
any traditional MD techniques. All of these processes are
assumed to have a long-time dynamics, in which there are few
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infrequent jumps among different states that stongly depend on
the lag time.>* To overcome the nonergodic nature of system
states obtained from cMD, and to increase the accuracy of
structure prediction, new innovative MD methodologies have
been developed.** >’

Accelerated MD (aMD) was proposed by Voter and co-
workers under the name hyperdynamics,®® in which a designed
bias potential is adaptively utilized to fill the basins other than
the transition states between the basins. The technique has
quickly matured and has been applied to the simulations of
biological events in the subsequent work done by Hamelberg,
McCammon, and many others.>”*® aMD allows more rapid
sampling of conformations within a rough energy surface by
modifying the potential energy surface when V(r) is below a
predefined energy level E. Details about this method can be
found in section S1 of the Supporting Information or
elsewhere.*

Temperature-based replica exchange molecular dynamics (T-
REMD) offer a means of sampling conformation distributions
and extracting equilibrium thermodynamic functions, taking
advantage of the decrease in escape time from local minima at
elevated temperatures.”” In T-REMD, multiple copies are
simulated at different temperatures and adjacent replicas are
exchanged periodically with a probability defined by the
corresponding temperatures and energies of the copies (for a
review, see ref 41).

Structures obtained from the aMD and T-REMD simulations
were subjected to a short minimization in the gas phase to
mimic the dehydration process occurring inside the mass
spectrometer. All theoretical collision cross sections of the wt,
E21Q, and D26N monomers and their model structures were
computed using both the trajectory method (T]J) available from
the Mobcal package*** and the PSA method (http://luschka.
bic.ucsb.edu:8080/WebPSA/).**** For 18A systems, the
projection superposition approximation (PSA) method***
was employed because the T] method can overestimate the
cross sections for small systems.***”

Implicit Solvent aMD Simulations and in Vacuo T-
REMD Simulations. Method and Force Field Validation.
Duan and co-workers folded several small helix bundles using
the Amber03*® force field in combination with the solvation
model of Onufriev, Bashford, and Case.*” ' Because the wt
and its mutants are highly helical according to CD spectra (see
ref 20 and the subsequent sections), we used the same
procedure to fold all of these peptides. All implicit solvent
simulations were performed using the AMBERI12 package.*”

To validate the choice of force field and the implicit solvation
model, aMD simulations were performed for the 18A peptide,
whose NMR structure is known (Protein Data Bank entry
2FQ3;>® see section S1 of the Supporting Information for
simulation parameters and other details). The correct native
states [backbone root-mean-square deviation (rmsd) of 1 A]
were reached for this system, with multiple folding and
unfolding events sampled as seen in Figure 1. It is noted that
18A alternatively takes on either a full helix or partially folded
helical conformations (see Figure S1 of the Supporting
Information). aMD samples a much wider range of
conformations, making it an inexpensive method for probing
the native folded states of the peptides.

To simulate the wt, E21Q, and D26N peptides, aMD
trajectories several hundreds of nanoseconds to a few
microseconds in duration (the longest trajectory was 1.65 Us)
were performed at 300 K, with the dual boost potentials chosen
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Figure 1. Backbone root-mean-square deviation of structures obtained
from ¢cMD and aMD simulations of the 18A peptide. The reference
structure was obtained from Protein Data Bank entry 2FQS (blue).

according to a procedure described in ref 39 [see the
Supporting Information for the values of E(dih), E(tot),
a(dih), and a(total) used in each simulation] and randomized
initial velocities. In all simulations, the starting structures were
extended conformations built using tleap and minimized using
the sander module of the AMBER12 package.”

In vacuum T-REMD simulations*® were performed to
generate solvent free structures for the wt starting with 32
identical replicas (T = 285.00, 298.97, 313.48, 328.55, 344.20,
360.46, 377.33, 394.87, 413.09, 432.00, 451.65, 472.06, 493.27,
515.29, 538.18, 561.95, 586.64, 612.29, 638.93, 666.58, 695.34,
725.22, 756.26, 788.63, 822.14, 856.98, 893.15, 930.73, 969.77,
1010.30, 1052.44, and 1096.20 K). Extremely high temper-
atures were used to overcome slow structural relaxation in the
gas phase.>* The production run is 350 ns with the last 200 ns
subjected to analysis. The theoretical cross sections of these
structures offer the lower bound for experimental cross sections
of the monomers. Chirality restraints were applied for all
residues, and dihedral restraints were used to prevent trans to
cis isomerization for all residues except proline. At the end, all
structures are clustered on the basis of the backbone rmsd using
the Daura algorithm® with a cutoff value of 0.2 nm to identify
the major families of structures.

Explicit Solvent T-REMD and Standard MD Simula-
tions. Standard MD simulations in explicit solvent were
performed to examine the stability of different dimer models
using the GROMACS 4.6.3 package®*™® and the Amber03
force field*® in combination with the TIP3P water model.>’
The presence of explicit water and counterions is necessary to
capture intermolecular electrostatic interactions between two
monomer units. Initial structures were constructed from the wt
helix—turn—helix monomers obtained from the aMD simu-
lation, then solvated in a 6.5 nm side cubic box by 8647 water
molecules, and neutralized by two Cl~ counterions. Whole
systems were minimized and then subjected to a 3 ns
equilibration in the NPT ensemble (T = 300 K, and P = 1
bar) to optimize box size. The production run includes two
independent 50 ns trajectories in the NVT ensemble for
different initial velocities. The LINCS algorithm®® was
employed to constrain bonds between heavy atoms and
hydrogen, and the SETTLE algorithm® was used for water
molecules. These constraints allowed an integration time step
of 2.0 fs. The electrostatic and dispersion forces were computed
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with a real space cutoff of 1.2 nm, and the particle mesh Ewald
method was used to treat long-range electrostatics.”> The
temperature was maintained by the Nose-Hoover thermostat.®®
The temperature and pressure coupling constants were 0.1 and
1.0 ps, respectively. The equations of motion were integrated
accordingly to the leapfrog algorithm. The stability of the final
structure is determined on the basis of the secondary structure
of each monomer unit and the center-of-mass distance between
the two monomers.

Robetta Full-Chain Protein Structure Prediction. The
monomeric structures of the wt, E21Q, and D26N peptides
were also predicted using the Robetta server (http://robetta.
bakerlab.org/).**® Robetta provided automated structure
predictions using a comparative modeling method. Five
probable structures were generated for each peptide.

B RESULTS

Formation of Fibrils and Appearance As Determined
by EM. The wt peptide has been shown previously to form a-
helical fibrils in 10 mM sodium phosphate buffer (pH 7.6).*°
For the study presented here, the peptides were incubated in
ammonium acetate buffer, the buffer employed in the IM-MS
experiments. The wt, E21Q, D26N, and 18A peptides were
incubated at a concentration of 50 yuM in 50 mM ammonium
acetate buffer (pH 7.0). The wt peptide formed a pellet (13200
rpm) within 1 h of incubation at 310 K. EM revealed the
presence of fibrils (Figure 2A,B). The E21Q and D26N
peptides were used to investigate the role of the potential
electrostatic interactions in the turn region in fibril formation.
The E21Q peptide did not form fibrils after incubation for a
month at 310 K in S0 mM ammonium acetate buffer (pH 7.0),
indicating that the glutamic acid at position 21 is essential for

Figure 2. Electron micrographs of the precipitates formed by the wt,
E21Q, D26N, and 18A peptides. Precipitates stained with 1% uranyl
acetate are shown at magnifications of 21000X and 137200X as
follows: wt (A and B), E21Q (C and D), D26N (E and F), and 18A
(G and H). For panels A, C, E, and G, the scale bar is 200 nm. For
panels B, D, F, and H, the scale bar is 50 nm.
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fibril formation (Figure 2C,D). The D26N peptide, however,
did form fibrils after incubation at 310 K, indicating that the
aspartic acid at position 26 is not a key contributor in fibril
formation (Figure 2E,F). It is of interest to note that unlike the
wt peptide, a pellet (13200 rpm) was not observed after
incubation of D26N for several days; however, EM revealed the
presence of fibrils, and intrinsic tryptophan fluorescence
experiments support fibril formation (see Figure S1 of the
Supporting Information). EM and fluorescence both show that
the D26N mutation reduces the aggregation propensity of the
wt peptide. The EM images show fewer fibrils for the D26N
mutant. The 18A peptide did not show fibrils after incubation
for a month at 310 K (Figure 2G,H).

The fibrillogenesis potentials of the wt, E21Q, and D26N
peptides have also been explored in 10 mM sodium phosphate
buffer (pH 7.4) after incubation at 310 K (data not shown).
The wt and D26N peptides show a strong aggregation
propensity under these conditions, with a large number of
fibrils observed by EM. This indicates that there is a strong
solvent effect, with ammonium acetate showing fewer fibrils
than samples incubated in sodium phosphate buffer. The E21Q_
peptide does not show fibrils in 10 mM phosphate buffer (pH
7.4), similar to the results obtained in 10 mM ammonium
acetate buffer (pH 7.0) (Figure 2C,D).

Far-UV Circular Dichroism. Far-UV CD data were
collected on freshly dissolved peptide samples in 10 mM
ammonium acetate (pH 7.0). Ammonium acetate buffer gives a
high absorbance at low wavelengths (190—200 nm). Con-
sequently, the far-UV CD data are reported from 200 to 260
nm. The CD spectra of the wt, E21Q, and D26N peptides show
minima at 208 and 222 nm, consistent with significant a-helical
character (Figure 3). The helical content of the peptides was
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Figure 3. CD spectra of the wt (@), E21Q_(H), D26N (4), and 18A
(M) peptides in 10 mM ammonium acetate buffer (pH 7.0). For the
sake of clarity, every third point is shown.

estimated from their mean residue ellipticities (MREs) at 222
nm.>” The helical contents of the wt, E21Q, D26N, and 18A
peptides in 10 mM ammonium acetate buffer (pH 7.0) are 45,
43, 49, and 31%, respectively. The percent a-helix for the wt
peptide in ammonium acetate buffer (45%) is slightly lower
than the value reported ;reviously in 10 mM sodium phosphate
buffer (pH 7.6) (52%).”° The percent a-helix for peptide 18A
(31%) is similar to the value given in the literature (34%) for
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this peptide in PBS.® In addition, the zero crossover point
(wavelength at which MRE is zero) in the CD spectrum of 18A
in PBS is 197 nm.%” A similar result is seen in the current study
with a zero crossover point below 200 nm in ammonium
acetate buffer. The exact value is not reported because of the
high absorbance of the ammonium acetate buffer below 200
nm.

Molecular Dynamics Simulations. The data for the two
mutant peptides were collected and analyzed from two
independent aMD trajectories with different dihedral boost
potentials, unlike those of the wt peptide, which required only
one aMD trajectory.

wt. The 1.00 us aMD trajectory reaches the predicted helix—
turn—helix structure with an average radius of gyration (Rg) of
11.6 nm [i.e., helix—turn—helix, which is termed the native (N)
state; see Figure S3 of the Supporting Information for the
orientations and positions of different residue types]. However,
the turn region appears to be shorter than what was proposed
by Lazar et al.*° The folding is initiated by a quick hydrophobic
collapse, followed by the rearrangement of the C-terminal 18A
fragment into a helix. The rate-determining step for the
formation of this helix is a transition from a partial to a full
helix, which is also observed in other helical peptides. The
folding of the second helix at the N-terminus is another rate-
determining step, which requires the breaking of non-native
hydrophobic interactions between the hydrophobic faces
created by the first helix and the hydrophobic residues of the
remaining helix (see Figure S4 of the Supporting Information
and further discussion below). When the helix—turn—helix
motif is formed, a majority of the turn region excluding Pro22 is
part of the two helices. The interlocking hydrophobic seams,
while contributing to the stability of the helix—turn—helix
motif, allow a small degree of twisting and fraying, as previously
described in CD experiments.* In addition to the folded helix—
turn—helix motif, the trajectories also sample a considerable
population of helical bundles (R, < 11 nm), which are likely the
intermediates of the folding process (see Figure 4A and Figure
SS of the Supporting Information).

E21Q. The trajectory started with a lower dihedral boost
does not reach the helix—turn—helix motif within the time scale
of 1.65 ps. From this trajectory, a family of helix bundles are
sampled, composed of a C-terminal fully folded helix and a
partially folded N-terminal helix with a small turn at V10-All,
termed the P state. Because the turn region randomizes into a
coil because of the lack of the E21—R24 salt bridge, it is unable
to position the N-terminal fragment to support native
hydrophobic interactions and electrostatic contacts among
charged residues in the helix—turn—helix motif within the time
scale of the simulation. On the other hand, the 0.85 us
trajectory, with a higher boost potential, reaches the helix—
turn—helix structure (R, = 11.5 nm). The simulation suggests
that the mutation does not completely abolish the formation of
these folded structures but can limit or shift the populations
from a native N state toward partially folded P state structures.
As seen in Figure 4B, the two trajectories sample as least two
distinct, noninterconverting populations of structures. Because
the R, distributions are narrow and relatively unimodal for both
trajectories, the simulations qualitatively suggest that the helix
bundles and the helix—turn—helix motif are stable conforma-
tions of the E21Q peptide within the time scale of the
simulations.

D26N. The peptide was sampled using two aMD trajectories
at 1.40 and 0.85 us. Both of these trajectories sample helix—
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Figure 4. Normalized histograms of R, values of the structures obtained from independent aMD trajectories: (A) wt, (B) E21Q, and (C) D26N.
Clusters of final structures are shown in the insets, with the corresponding R, value. The helix bundle (left) and helix—turn—helix structure (right) of
the E21Q mutant are shown in panel B. (D) Secondary structure propensity of each residue (turn, 7-helix, a-helix, 3,,-helix, antiparallel f-sheet, and
parallel f-sheet) obtained from aMD trajectories of the wt and D26N mutant using the same low boost potentials.

turn—helix structures. Figure 4C shows bimodal distributions of
Ry, similar to that of the wt, suggesting that the P state helix
bundles and N state helix—turn—helix motif are sampled in
both trajectories and internally converted, with the latter being
favored. Helix—turn—helix structures are the final conforma-
tions in both cases. The turn region in the helix—turn—helix
motif folded by the first trajectory is shorter than that folded by
the second trajectory, leading to a small difference in average
cross sections.

Figure 4D compares the folding of the wt and D26N
trajectories. In the wt trajectory, after the helix—turn—helix
structure is reached, there are minimal fluctuations in secondary
structure of the two residues in the two helices. On the other
hand, the residues of the D26N mutant continue to alternate
between a-helix and turn structures, leading to the instability of
the native state.
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The aMD simulation results are in good agreement with the
Robetta structure predictions (see Figure S6 of the Supporting
Information). Both methods suggest that all three peptides can
adopt helix—turn—helix structures. There are partially folded
structures populated by all three peptides. There are also two
structures populated by the two mutants, in which there are no
significant interactions between the two helicies of the helix—
turn—helix motif. These two structures will be discussed later in
light of the experimental results.

lon-Mobility Mass Spectrometry. 78A. The ESI-q mass
spectrum of 18A shows two major peaks at m/z 748 and 1121,
corresponding to oligomer to charge ratios (n/z) of +1/3 and
+1/2, respectively (see Figure S7 of the Supporting
Information). Ion-mobility experiments reveal two monomer
species of charge state z = +3 with cross sections (aexp) of 435
and 457 A* (Figure S7B of the Supporting Information). The
theoretical cross section of the 18A helix obtained from aMD
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simulation (6pgy) is 463 A* (see the inset of Figure 1). Here,
the PSA method is employed because the trajectory method
can overestimate the cross sections for small systems.***” The
structure with the smaller experimental cross section is likely
the imperfect helix with a small turn near the Vall0-Alall
hydrophobic pair [opsy = 436 A’ (see Figure S2 of the
Supporting Information)]. The ATD at m/z 1121 shows the
presence of two species, a monomer with z = +2 and a dimer
with z = +4 (Figure S7C of the Supporting Information). The
doubly charged monomer has a cross section o, of 410 A,
similar to that of a helix—turn—helix motif [opg, = 412 A? (see
Figure S2 of the Supporting Information)]. The feature at a
shorter arrival time is assigned to a dimer (Gexp = 659 A?),
because of the difference in arrival time between the two
features. The data suggest that the 18A monomer motif is
amenable to dimer formation. However, larger oligomers are
not observed.

Three possible pathways can occur leading to an 18A dimer.
In the first pathway, the two monomers would interact through
hydrophobic interactions and expose charged residues to
solvent similar to those between the two helices of the wt
helix—turn—helix structure. However, unlike the wt peptide
where these two 18A segments are connected by a turn, the
entropic penalty for a pair of independent helices to associate is
predicted to be much higher. Furthermore, the experimental
cross section of the 18A dimer (O‘exp = 659 A?) is much smaller
than the hypothetical dimer composed of two 18A helices (see
Figure S3A of the Supporting Information; opgs = 705 A). The
second mechanism is that in which 18A undergoes a
conformational transition from a-helix to f-sheet, from which
the two molecules dimerize through the means of hydrogen
bonding interactions. However, 18A is an amphipathic peptide
known for retaining helical structure.2%%*%® In 18A, blocks
composed of two consecutive oppositely charged residues are
often separated by two or three bulky, hydrophobic amino
acids. This pattern stabilizes helical structures better than f-
sheets that favor a hydrophobic—polar repeating pattern.%’
Further, the CD spectrum of 18A shows no f-sheet signature
(Figure 3). The last possibility suggests random electrostatic
interactions among charged residues and hydrophobic collapse
among others, leading to a dimer with less defined secondary
structures and an oligomer that is unable to grow further. The
last mechanism appears to be the most probable, because it is
consistent with the formation of amorphous, nonfibrillar
aggregates observed in the TEM images of incubated 18A
peptide samples (Figure 2G,H). It also suggests a more globular
dimer with a cross section compatible with the experimental
cross section (a representative model structure is shown in
Figure S3C of the Supporting Information; opgy = 669 A?).
Finally, the data on the 18A peptide suggest a vital role of the
turn in positioning the two 18A helices to support fibrillization.

wt, E21Q, and D26N. In Figure S, the ESI-quadrupole mass
spectra of the wt, E21Q, and D26N peptides show the presence
of mainly monomer species with charge states z = +5 and +4
(m/z 1044 and 1305, respectively) in which z = +4 is
dominant. (The molecular weights of these peptides differ by
only 1 amu.) The insets in Figure S show the ATDs of the
major peak (m/z 1305; n/z 1/4) of the wt, E21Q, and D26N
mutants. The overall ATDs are very similar in the number of
features, suggesting that the peptides can adopt similar
conformations but their distributions are different. Each ATD
is composed of at least five main peaks: three with cross
sections of <820 A’ and the remaining two with larger cross
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Figure S. Nano-ESI-q-mass spectra of (A) wt, (B) E21Q, and (C)
D26N. Major peaks are annotated with oligomer to charge ratios (1n/
z). Representative ATDs of n/z +1/4 for the (A) wt, (B) E21Q, and
(C) D26N peptides are shown in the insets. Each feature is fitted to a
Gaussian distribution and labeled with oligomer size, n/z, and
experimental cross section.

sections. The shorter arrival time ATD peaks of E21Q are
dominant and the two other features better resolved than those
of the wt and D26N mutant. On the other hand, the wt and
D26N mutant have the later arrival time features that are
dominant but less resolved.

The cross section of the shortest arrival time feature in the z
= +4 ATDs (Gexp = 741 A?) is larger than those of the most
populated clusters obtained from in vacuo T-REMD simulation
[ory = 716 A? (see Figure S8 of the Supporting Information)],
suggesting that all of the features are dehydrated solution-phase
monomers. The major features at long arrival times in all ATDs
(i.e., the native helix—turn—helix N states in Figure S insets)
have cross sections in good agreement with those of the
theoretical “native” helix—turn—helix structures (Figure 4).
Side-chain rearrangements and a small degree of fraying
between the two helices give rise to a broad distribution and
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Figure 6. Injection energy studies using Instrument II for peaks at m/z 1305 (n/z 1/4) and m/z 1740 (n/z 1/3). Each feature is annotated with
oligomer size (M, monomer; D, dimer), n/z ratio, and an experimental cross section.

a large range of cross sections also observed in the simulation.
The remaining structures with cross sections of <820 A? are
helix bundles or other metastable, more compact structures
(ie, the partially folded P state).

The n/z +1/3 peak at m/z 1740 is also present but very
minor. Dimer populations are also detected at n/z +2/5 in
some cases. The intensities of the peaks were too low for IM-
MS measurements by Instrument I, but the ATDs could be
obtained with Instrument II (see Figure S10 of the Supporting
Information).
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Injection Energy Studies for the wt and Mutants. n/z
1/4. The ATDs of n/z 1/4 (m/z 1305) for the wt and its
mutants obtained from Instrument II show only extended
monomers (Uexp = 831-847 and 968—1012 A?) with no
compact, metastable structures (Figure 6). At high injection
energies (IE; >75 V), the molecules are energized, leading to a
shift in distribution to favor the most extended structure. This
change is more profound in the case of the mutants. While the
shortest time feature is the native N state, the more extended
feature is a “gas-phase” helix—turn—helix A state with a smaller
interacting surface between the two helices (see Figure 7).
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Figure 7. Model structures for P, N, and A states. The P and N states are obtained from aMD simulations and the A states from Robetta predictions.
A, and A, are structures in which the hydrophobic surface between the two helices is disrupted. The cross section of each structure is shown.

Because of the construction of Instrument II, the ions
generated from ESI are often energized before entering the
drift cell, which can lead to the partial loss of native
hydrophobic contacts in folded species. In solution, the native
helix—turn—helix motif favors an interlocking hydrophobic
seam as seen in Figure 4 and exposes charged residues to the
solvent. However, once the solvent evaporates and the peptides
are subjected to an injection energy at the drift cell entrance,
the hydrophobic surface between the two helices partially
unzips and the two helices can translate more freely. This gives
rise to the solvent free A states with larger cross sections.
Hence, low injection energies favor the solution-like N states,
and higher injection energies favor the solvent free A states.
The native state of the wt is more stable than both of the
mutants, as shown by the ratios between N states and A states
at an IE of 100 V.

n/z 1/3. The ATDs of n/z 1/3 (m/z 1740) of the wt and the
two mutants show two resolved features at low injection
energies (<40 V) (see Figure 6). The feature at shorter times is
assigned to the z = +6 dimer for all peptides based on its cross
section. As the injection energy is increased, the hydrophobic
interface between the two monomers making up the dimer
decreases, leading to a reduction in the intensity of the shorter
arrival time feature and eventually its total disappearance at
high IEs. The remaining peak at a longer arrival time is a
compact monomer (0,,, = 747=761 A%). The dimer of the
D26N mutant is more stable than that of the wt and E21Q
mutant, as shown by the ATDs obtained at an IE of 40 V. At
this IE, the monomer is the dominant species for the wt and
E21Q mutant whereas the dimer is dominant for the D26N
mutant. The feature labeled with an asterisk in the ATDs of the
D26N mutant does not correspond to a large oligomer (ie.,
tetramer), because its intensity remained unchanged at high
injection energies.
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B DISCUSSION

The E21Q Mutation Favors a Partially Folded P State
over the Native N State. The Native State of the E21Q
Monomer and Dimer Is Also Less Stable Than That of
the wt. Far-UV CD spectra (Figure 3) of the three peptides
show a-helical character, which is consistent with the
theoretical modeling and IM-MS experimental results. aMD
simulations (Figure 4) and ion-mobility data obtained from the
high-resolution ion-mobility experiments (Figure S) reveal that
all three peptides can fold into the helix—turn—helix N states.
They also show the presence of metastable, partially folded P
states with smaller cross sections. The population of P states in
the E21Q mutant is higher than in the wt because there is a
higher barrier for structural conversion between P and N states
of the E21Q mutant than of the wt, as suggested by aMD boost
potentials. We incubated the E21Q peptide for 16 h at 343 K
and observed fibrils by EM (data not shown), indicating that
the N state many be formed at higher temperatures.

Under high injection voltages and harsher experimental
conditions (Figure 6), the P states disappear and a new
structure appears, which we term a solvent free A state. In the A
states, the helix—turn—helix motif has lost significant hydro-
phobic contact between the two helices, resulting in free
movement of the helices and cross sections larger than those of
the N states. Figure 7 presents the model structures for P, N,
and A states together with their theoretical cross sections
obtained from the TJ***’ and PSA methods.**** The A states
were obtained from the Robetta structure predictions (see
Figure S6 of the Supporting Information).

Injection energy studies also indicate that the E21Q dimer is
less stable than those of the wt and D26N mutant. This finding
is consistent with the fact that EM results (Figure 2) indicate
E21Q has an aggregation propensity significantly weaker than
those of the other two peptides.
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The formation of an E21—R24 salt bridge is a major
contributor to helix—turn—helix folding, while the K19—D26
salt bridge has an opposite effect.

A detailed analysis (see Figure S9 of the Supporting
Information) of distances between E/Q21 and R24 indicates
that the folding of the helix—turn—helix monomer requires the
formation of a stable E21—R24 salt bridge. When this salt
bridge is formed, all trajectories sample the helix—turn—helix
structure (e.g., trajectory 1 of the wt, trajectory 2 of the E21Q
mutant, and both trajectories of the D26N mutant). When the
salt bridge is broken, the trajectories sample other structures
(e.g, trajectory 1 of the E21Q mutant; see also Figure S5 of the
Supporting Information). Furthermore, it is clear from the
simulation that the E21—R24 distance is better preserved than
the Q21—R24 distance. As a result, the helix—turn—helix N
states are favored by the wt and D26N mutant, whereas there is
a strong competition between the N state and partially folded P
states as mentioned above.

On the other hand, for the K19—D26 distances (Figure S9 of
the Supporting Information, right panels), this range of
distances does not specifically correspond to the helix—turn—
helix monomer. In fact, the large distances between the two
residues imply that the K19—D26 salt bridge does not exist in
the stable helix—turn—helix monomer. The only time that this
salt bridge exists is in the early stage, but the K19-D26
distance quickly increases when the helix—turn—helix motif
starts to form. This suggests that the K19—D26 salt bridge has a
negative effect on the folding because this salt bridge must be
severed to form the helix—turn—helix structure. It is also
supported by the trajectories of D26N, in which the K19—N26
distances do not change significantly from the beginning to the
end of the trajectory, but the peptide is able to fold into a
helix—turn—helix motif similar to that of the wt. Thus, we
conclude that K19—D26 interactions are not required for the
folding of the helix—turn—helix motif. However, the D26N
mutation removes a charge on the second helix segment, which
reduces the overall stability of the helix—turn—helix monomer
[as suggested by IM-MS that the monomer of D26N is less
stable that that of the wt (Figure 6) and by aMD (Figure 4D)]
and consequently decreases the aggregation propensity as
shown by the EM and fluorescence data.

Parallel Stacking of Helix—Turn—Helix Monomers To
Form a Dimer Is the Most Probable Pathway for Fibril
Formation. The IM-MS and aMD data show that the
significant differences between the nonaggregating E21Q_
mutant and the fibril-forming wt peptide are the population
and stability of the helix—turn—helix N state. We speculate that
this state is essential for fibril formation, especially because the
far-UV CD spectra show no ff-sheet character (Figure 3) and
the fibrils were previously shown to be non-amyloid.** We
construct some structures based on the models shown in Figure
8 and compare their cross sections with experimental cross
sections of the z = +5 and +6 dimers (see Figure 6 and Figure
S10 of the Supporting Information). These structures are built
on the basis of the helix—turn—helix monomers obtained from
the aMD simulation of the wt and subjected to short
minimization. Because the native helix—turn—helix structure
creates a hydrophobic surface between the two helices and two
hydrophilic surfaces on the outside (see Figure S4 of the
Supporting Information), there are four possible arrangements
for the dimer in which the helix—turn—helix N state is
preserved. The first two models have the two monomers
stabilized by charged surfaces formed by two intermolecular
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Figure 8. Four dimer models showing possible helix—turn—helix
arrangements to form a dimer. Each helix is shown as a rectangle with
the hydrophobic face colored green and the hydrophilic face exposed
to solution colored red. In models A and B, two monomers interact
through hydrophilic surfaces in an antiparallel and a parallel face-to-
back manner, respectively. The face-to-back manner implies the top
surface of a monomer is interacting with the back surface of another
monomer. In models C and D, two monomers are stacked on top of
each other and interact through hydrophobic surfaces in the middle of
the helix—turn—helix monomers.

helices running parallel or antiparallel to each other (see Figure
8, models A and B). However, the cross sections of these model
structures are significantly larger than the experimental values
[the models have cross sections (o,,) of 1499 + 32 and 1468 +
27 A% respectively (see Figure 7 and Figure S10 of the
Supporting Information), whereas experimental values range
from 1214 to 1248 A* (Figure 8)]. In the last two models, the
two monomers interact face to back through hydrophobic
surfaces, in which the two helix—turn—helix monomers are
stacked on top of each other, either parallel or antiparallel
(Figure 8, models C and D). The structures have cross sections
similar to the experimental cross sections of both z = +5 and +6
dimers (for model C, o,, = 1282 + 17 A% for model D, o,, =
1286 + 26 A%). The native N state creates a strong hydrophobic
core in the middle of the two helices, allowing another helix—
turn—helix motif to stack below (or above) it so that the whole
system can further elongate. This hydrophobic surface is vital to
the aggregation of these helix—turn—helix peptides. The results
from standard explicit MD simulations of the wt dimers suggest
that parallel stacking is more stable than antiparallel stacking
(see Figure S11 of the Supporting Information for the center-
of-mass distances between the two monomers as a function of
simulation time). Therefore, we suggest that parallel stacking of
two monomers on top of each other, rather than elongation
through side-by-side interactions in other directions, initiates
the fibril formation process.
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Next, we compare our proposed pathway with previously
published X-ray fiber diffraction data from Lazar et al.*® In the
monomer within the dimer obtained from MD simulations, the
average center-of-mass intramolecular distance between back-
bone Ca atoms of the two helices inside the helix—turn—helix
motif is approximately 10 A. The 10 A distance between the
two helices of the same monomer resembles the same distance
predicted from X-ray fiber diffraction (9.5 A). The region near
the turn can expand to a maximal distance of 20 A, while
previous X-ray fiber diffraction data suggest a value of 16 A (see
Figure S12 of the Supporting Information). In the dimer, the
parallel growing motif leads to protofibrils with a diameter
equal to the length of the helical seam of the monomer,
approximately 30—32 A, in agreement with the diameter of the
fibrils measured from previous and current EM imaging.*’
Overall, the intra- and intermolecular distances are qualitatively
consistent with the reflections obtained from X-ray fiber
diffraction used to construct the previous model. The major
difference lies in the arrangement of the dimer. The model
proposed by Lazar et al. had the two helix—turn—helix
monomers stacked on top of each other in an antiparallel
manner, rather than the parallel manner shown here. A revised
model of the peptide fibrils showing the parallel arrangement is
shown in Figure 9. The previous X-ray data cannot distinguish
between parallel and antiparallel arrangements.

fibril axis

polymerize

Figure 9. Model of peptide fibrils. The a-helical axes are perpendicular
to the long axis of the fibril. Helix—turn—helix dimers are shown
stacking in a parallel manner to grow the individual fibril. For the sake
of clarity, two colors (yellow and purple) are used to show the helix—
turn—helix peptides stacking.

B CONCLUSIONS

Some conclusions can be drawn from the comparison between
modeling distance measurements, IM-MS data, and the
previous X-ray fiber diffraction data.*’

(1) The formation of the helix—turn—helix monomer
correlates with non-f-fibrillization of the wt and D26N mutant
peptides.

(2) The turn region is essential for aggregation. The 18A
monomer adopts an a-helix, but the dimer is globular,
preventing fibrillization from occurring.

(3) In the process of dimerization, a helix—turn—helix motif
with a “short turn” (as seen in the aMD simulations of the
monomers) undergoes some conformational transitions to
elongate the turn and separate the two helices inside the
monomer (to a maximal distance of 20 A). This occurs without
disrupting the hydrophobic surface needed to stabilize the
native state, allowing another helix—turn—helix monomer to
make contact. This transition can occur because of the presence
of the E21—R24 salt bridge. The E21Q mutation significantly
weakens this salt bridge and destabilizes the helix—turn—helix
structure.

(4) On the basis of dimer stability and comparison between
models and experimental IM-MS dimer cross sections, the
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parallel stacking of the two monomers initiates the fiber
formation process instead of the elongation through side-by-
side interactions in other directions (Figure 8).

(5) According to the IM-MS and aMD data, the wt and
D26N peptides favor the native helix—turn—helix N state
monomers, whereas the E21Q peptide prefers the partially
folded P state. The E21Q mutant cannot aggregate into fibrils
unless it is heated to a higher temperature (343 K) to overcome
the barrier between the P and N states.

(6) The E21—R24 salt bridge is very important for formation
of helix—turn—helix structure, whereas the KI19—D26 salt
bridge appears to be a negative factor. Consequently, the wt
peptide and the D26N mutant can aggregate into fibrils. The
mutation on the turn (E21Q) has a more profound impact on
the aggregation propensities of the peptides than the mutation
on the helical sides (D26N).

This work illustrates that the helix—turn—helix motif is
essential in the fibrillogenesis of apo A-I mimetic peptides.
Because the helix—turn—helix motif is observed in the C-
terminal region of native apo A-I, and a-helical fibrils have been
observed in some C-terminal apo A-I mutants, we predict that
the C-terminal helix—turn—helix motif in apo A-I is essential for

a-helical fibrillogenesis.
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