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ABSTRACT: Merozoite surface protein 2 (MSP2), an abun-
dant glycosylphosphatidylinositol-anchored protein on the
surface of Plasmodium falciparum merozoites, is a promising
malaria vaccine candidate. MSP2 is intrinsically disordered and
forms amyloid-like fibrils in solution under physiological
conditions. The 25 N-terminal residues (MSP2,_,;) play an
important role in both fibril formation and membrane binding of
the full-length protein. In this study, the fibril formation and
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solution structure of MSP2,_,; in the membrane mimetic solvents sodium dodecyl sulfate (SDS), dodecylphosphocholine
(DPC), and trifluoroethanol (TFE) have been investigated by transmission electronic microscopy, turbidity, thioflavin T
fluorescence, circular dichroism (CD), and nuclear magnetic resonance (NMR) spectroscopy. Turbidity data showed that the
aggregation of MSP2,_,; was suppressed in the presence of membrane mimetic solvents. CD spectra indicated that helical
structure in MSP2,_,5 was stabilized in SDS and DPC micelles and in high concentrations of TFE. The structure of MSP2,_,; in
50% aqueous TFE, determined using NMR, showed that the peptide formed an amphipathic helix encompassing residues 10—24.
Low concentrations of TFE favored partially folded helical conformations, as demonstrated by CD and NMR, and promoted
MSP2,_,; fibril formation. Our data suggest that partially folded helical conformations of the N-terminal region of MSP2 are on
the pathway to amyloid fibril formation, while higher degrees of helical structure stabilized by high concentrations of TFE or
membrane mimetics suppress self-association and thus inhibit fibril formation. The roles of the induced helical conformations in

membrane interactions are also discussed.

alaria is one of the most important infectious diseases in the
world, and the development of a vaccine against malaria is a
major global health priority." Merozoite surface protein 2 (MSP2),
one of the most abundant proteins on the surface of malaria
Plasmodium falciparum merozoites, has shown promise as a
malaria vaccine component.””* Recent studies demonstrated
that full-length MSP2 is an intrinsically disordered protein
(IDP), which is prone to forming amyloid fibrils.”® There is
also evidence that MSP2 exists in an oligomeric form on the
merozoite surface,® but it is not known whether these oligomers
are related to the amyloid fibrils formed by recombinant MSP2
in vitro. Understanding the propensity of MSP2 to aggregate in
solution is important for its development as a vaccine candidate, as
the soluble monomeric and fibrillar forms may have different
antigenic and immunogenic properties.
The conserved N-terminal region of MSP2 (MSP2,_,s) con-

stitutes the structural core of fibrils formed by full-length MSP2,°
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and peptides corresponding to both the entire conserved N-
terminal region”® and a centrally located fragment of this region”
form fibrils similar to those formed by full-length MSP2. Nuclear
magnetic resonance (NMR) experiments detected some local
structure in MSP2,_,; as a free peptide”® and as part of full-length
MSP2.° The observed amide proton chemical shifts indicated that
this region assumes a conformation in the isolated peptide similar
to its conformation in the full-length recombinant protein.” The
N-terminal region of the protein is also essential for the interaction
of the recombinant FC27 isoform of MSP2 with dodecylphos-
phocholine (DPC) lipid micelles.’

Many intrinsically disordered amyloidogenic proteins, including
a—synuclein,m Aﬁ,11 and tau,"? contain some residual structures in
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solution and are able to form helical structure upon binding to
membranes.’*”'* Moreover, membrane binding of these amo)rl-
oidogenic proteins can alter their aggregation processes.'®'”
Membrane binding accompanied by conformational change
and aggregation of these proteins may also disrupt membranes
and thereby contribute to the pathological changes that lead to
serious diseases such as Parkinson’s, Alzheimer’s, and prion diseases
that are accompanied by amyloid deposition."®~*°

Sodium dodecyl sulfate (SDS) and DPC micelles are often
used as membrane mimetics for in vitro studies.”’ Trifluor-
oethanol (TFE) has also been widely used to mimic membrane
environments when peptides are not structured in water and
only poorly structured in phospholipid micelles,”*>* with low
concentrations mimicking the proximity to the membrane and
higher concentrations mimicking surface and interior environ-
ments.”>* In our study, we have used transmission electronic
microscopy (TEM), thioflavin T (ThT) binding fluorescence,
turbidity, circular dichroism, and NMR spectroscopy to
investigate the fibril formation and solution structure of
MSP2,_,s in the presence of SDS and DPC micelles and in
aqueous TFE. We show that MSP2,_, forms substantial helical
structures in membrane environments, which alter the fibril
formation to different degrees. Our results imply that partial
helical conformations are on-pathway intermediates leading to
MSP2,_, aggregation and fibril formation.

B MATERIALS AND METHODS

Materials. TFE and ThT were purchased from Sigma-Aldrich
(Shanghai, P. R. China). *H,0 and TFE-’H, were from
Cambridge Isotope Laboratories. DPC was obtained from
Anatrace Inc. Other reagents were all of analytical or higher purity.

MSP2,_,; (98% pure) was purchased from GL Biochem Ltd.
(Shanghai, P. R. China) and used without further purification.
Peptide solutions were prepared by dissolving the peptide in
Milli-Q water at a concentration of 5 mg/mL and incubating
the solution at 80 °C for 10 min, followed by centrifugation at
12000 rpm for 10 min to remove insoluble particles. The exact
concentrations of peptide in the final stock solutions were
determined by absorption at 280 nm using an extinction
coefficient of 2980 M~ ! cm™, which was calculated from the
amino acid composition using the ProtParam program in
ExPasy (http://www.expasy.ch/tools/#primary).

Transmission Electron Microscopy. Samples for TEM
were prepared as for the ThT fluorescence assay (see below)
except that they contained no ThT and were left stationary at
room temperature (20 °C) until they were examined by TEM.
Ten microliters of each sample was deposited on a carbon-
coated grid; excess material was removed by blotting, and
samples were negatively stained twice with 10 uL of a 2%
uranyl acetate solution (w/v). The grids were air-dried and
viewed on a JEM-2100 (JEOL) transmission electron micro-
scope.

ThT Binding Fluorescence and Turbidity. A stock
solution of 500 yM ThT was prepared in Milli-Q water and
stored at 4 °C protected from light to prevent quenching. For
ThT fluorescence measurements, 200 xL solutions containing
10 uM ThT and 20—40 uM MSP2,_,; were incubated in 96-
microwell black polystyrene plates with flat bottoms (Costar,
Corning Inc.) and measured at various time intervals. Three
replicates corresponding to three wells were measured for each
sample to allow for well-to-well variation. A SpectraMax MS
multidetection reader (Molecular Devices Ltd.) was used to
read the ThT fluorescence with excitation at 443 nm and
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emission at 484 nm. Both excitation and emission slits were
maintained at 2 nm. All measurements were taken at 20 °C.

The samples for turbidity measurements were prepared in
the same way but were set up in 96-microwell clear polystyrene
plates with flat bottoms (Greiner), allowing the measurement
of absorption at 405 nm.

Circular Dichroism. Circular dichroism measurements
were conducted on a Jasco model J-810 spectropolarimeter.
Spectra were recorded in the range of 190—260 nm at a protein
concentration of 30 or 90 yM (0.1 or 0.3 mg/mL, respectively)
using a 0.1 cm path-length cell. All CD measurements were
performed at room temperature (20 °C), and each spectrum
was the average of three scans smoothed for further analysis.
The data averaging and smoothing operations were performed
using the function provided in the spectral analysis software of
the spectrometer.

NMR Spectroscopy. NMR measurements were taken at
25 °C on a Bruker DMX-500 spectrometer. Samples (500 uL)
of 1.3 mM MSP2,_,s were prepared in water containing 10%
’H,0, without any TFE, or with 5 or 50% TFE-’H,. NOESY
spectra were recorded with mixing times of 200 ms, and
TOCSY experiments were conducted with spin-lock times of
80 ms. The data sizes for the NOESY, TOCSY, and DQF-
COSY experiments were 512 (t;) X 2K (t,) points. All spectra
were acquired in TPPI mode. The carrier frequency was
centered on the H,O resonance, and 'H chemical shifts were
referenced to water at 298 K (4.773 ppm). The strong solvent
resonance was suppressed using the Watergate sequence”’
during the preparation period for TOCSY and DQF-COSY
experiments, and also during the mixing time for the NOESY
experiments. NMR data were processed and analyzed using
NMRPipe*® and Sparky.” Data were typically apodized using a
shifted sin or sin® function before zero-filling and Fourier
transformation in both dimensions.

Structure calculations were conducted with CNS** employ-
ing a simulated annealing protocol for torsion angle dynamics,
with upper boundaries of 2.8, 3.5, and 5.0 A and a lower
boundary of 1.80 A on the basis of NOE intensity
measurements. For the initial rounds of structure calculations,
only unambiguous NOEs were used. Subsequently, all other
ambiguous NOEs were introduced in consecutive steps. Simple
nonbonded interactions were used during structure calcu-
lations. At the final stage, 100 structures were calculated, from
which the 10 structures with the lowest energy were selected.
The calculated structures were evaluated using PRO-
CHECK_NMR*' and MOLMOL.**

B RESULTS

MSP2,_,; Was Prone to Aggregation under Physio-
logical Conditions, and the Aggregation Was Suppressed
under Membrane Mimetic and Acidic Conditions. In PBS,
MSP2,_,, aggregated readily to form fibrils, as demonstrated by
TEM (Figure 1) and ThT binding (Figure 2A). The sigmoidal
increase in ThT fluorescence indicated a nucleation-dependent
aggregation process, which is typical of amyloid fibril formation.
Because ThT added to preformed MSP2,_, aggregates gave a
very weak ThT fluorescence signal in the presence of SDS and
DPC micelles or a high concentration (50%) of TFE (Figure S1,
Supporting Information), ThT was not suitable for monitoring the
kinetics of formation of fibrils by the MSP2 peptide under these
conditions. Measurements of solution turbidity were therefore used
to assess the influence of these three membrane mimetic solvents
on the aggregation dynamics of MSP2,_,;. The results showed that
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Figure 1. TEM diagrams for the fibrils formed by MSP2,_,; in PBS. The samples were prepared and manipulated as described for the ThT
fluorescence assay, except that the former contained no ThT. After fluorescence kinetics measurements, the samples were left stationary at room

temperature (20 °C) for 1 day until they were examined by TEM.
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Figure 2. Fibril formation kinetics of MSP2,_, (A) at neutral pH and
acidic pH and (B) in PBS in the presence of different concentrations
of TFE, monitored by ThT binding fluorescence. The concentrations
of the peptide and ThT were ~30 and ~10 uM, respectively. The
dotted line represents the fitted sigmoidal line for the PBS data.

adding the three membrane mimetic solvents strongly suppressed
the aggregation of MSP2,_,; (Figure 3A). Examination of these
samples by TEM was complicated by artifacts introduced by the
presence of these membrane mimetics, but it was clear that fibril
formation was not totally suppressed except by 60 mM DPC
(Figure S2, Supporting Information).

The aggregation of MSP2,_,s under physiological conditions
prevented further investigation of the solution structure of the
peptide using CD and NMR. To circumvent this, acidic
conditions (10 mM HOAc at pH 3.4 or 10 mM NaP; at pH 5),
which significantly inhibited aggregation of MSP2,_,; (Figure 2A)
while preserving structure similar to that at physiological pH®
(Figure S3, Supporting Information), were employed for the
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Figure 3. (A) Fibril formation kinetics of MSP2,_,; in PBS, PBS with
60 mM SDS, PBS with 60 mM DPC, and PBS with 50% TEE,
monitored via turbidity at 405 nm. (B) Influence of different concen-
trations of TFE on MSP2,_,; fibril formation in PBS, monitored via
turbidity at 405 nm. The concentrations of the peptide and ThT were
~30 and ~10 uM, respectively.

structural studies. TEM studies of samples of MSP2,_,s in acidic
buffers showed there were few aggregates formed in the presence
or absence of the three membrane mimetic solvents under these
conditions (data not shown).

Low Concentrations of TFE Promoted MSP2,_,;
Aggregation, while High Concentrations Suppressed
Aggregation. As the fluorescence of ThT bound to MSP2,_,
aggregates was not markedly affected by concentrations of TFE
much lower than 50%, it was feasible to use ThT fluorescence
to investigate the influence of these lower concentrations of
TFE on the kinetics of MSP2,_,; aggregation. Whereas high
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concentrations of TFE strongly suppressed the aggregation of
MSP2,_,,, low concentrations showed the opposite effect. At
concentrations below 8%, TFE enhanced MSP2,_,5 aggrega-
tion, with a clear shortening of the nucleation phase (Figure 2B).
When the concentration of TFE increased beyond 10%,
the aggregation of MSP2,_,s was significantly delayed, with the
ThT fluorescence remaining low (Figure 2B). These
concentration-dependent and opposite effects of TFE on the
kinetics of MSP2,_,5 aggregation were confirmed by turbidity
measurements (Figure 3B). The apparent difference between
the effects of low concentrations of TFE in Figures 2B and 3B
may reflect the fact that ThT is sensitive to cross-f structure

while turbidity is sensitive to aggregate size. Our results are
consistent with a fibrillation mechanism in which peptides form
intermediates rich in helical structure prior to their trans-
formation to fibrils rich in cross-f structure.

SDS and DPC Micelles and High Concentrations of TFE
Induced MSP2,_,; To Form Substantial Helical Structure.
MSP2,_,5 was largely disordered in aqueous solution at both
neutral and acidic pH as indicated by the significant negative
peak around 200 nm in CD spectra (Figure 4A). This was
consistent with previously published CD and NMR data for
MSP2,_, in aqueous solution.””® Poor chemical shift dis-
persion in the one-dimensional (1D) 'H NMR spectrum
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Figure 4. Circular dichroism spectra of MSP2,_, (A) in aqueous and membrane mimetic solutions, (B) at pH 3.4 (in 10 mM HOAc) with different
concentrations of TFE, and (C and D) at neutral pH (in PBS) with different concentrations of TFE, demonstrating the disordered conformations of
the peptide in aqueous solutions and the stabilization of helical structure in the presence of membrane mimetic solvents. The concentrations of the
peptide were ~30 uM for panels A—C and 80 yM for panel D. The curves in panel A for acetate and phosphate buffers are superimposed, as are
those for the peptide in SDS and DPC. In panel B, the curves for 50 and 60% TFE are completely overlapped.
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(data not shown) was also consistent with the largely
disordered nature of MSP2,_,.®

In the presence of 60 mM SDS or DPC micelles, MSP2,_,¢
adopted conformations with substantial helical structure, as
indicated by troughs around 208 and 222 nm in CD spectra
(Figure 4A). Increasing the concentrations of SDS and DPC
(to 200 mM) had no further effect on the CD spectra (data not
shown). TFE also induced MSP2,_, to form helical structure
(Figure 4A,B), with the helical content reaching a maximum at
approximately 50% TFE (Figure 4B). The extents of helical
structure induced by SDS and DPC micelles were similar (26.2
and 24.3%, respectively, calculated with the Yang method®®)
but less than that induced by S0% TFE (31.2%). Although the
peptide aggregated rapidly at neutral pH, corresponding CD
experiments under physiological conditions (in PBS) were
performed for comparison. The results obtained (Figure 4C)
were similar to those found in 10 mM HOAc, confirming the
relevance of studies under acidic conditions.

Low Concentrations of TFE Promoted Some Helical
Structure in MSP2;_,;5. CD measurements performed on
MSP2,_,5 in PBS in the presence of the low concentrations of
TFE (<10%) that promoted aggregation showed an increase in
helical content, as was found for higher, inhibitory, concen-
trations of TFE. This was demonstrated by the deepening of
the trough at 222 nm in the CD spectra as the TFE concen-
tration was increased from 0 to 2, S, 8, and 10% (Figure 4D).

This nascent helical structure in low concentrations of TFE
was confirmed by NMR data. As in PBS, MSP2,_,; in a sodium
phosphate solution at pH 5 aggregated eventually, but after a
much longer nucleation phase (Figure 2), which made NMR
analysis of the MSP2, ,; samples feasible under these
conditions. COSY, TOCSY, and NOESY spectra were recorded
for 1 mM MSP2,_,; in 10 mM NaP; with and without 5% TFE.
Chemical shifts of C*H resonances in particular are indicative of
the secondary structures of peptides and proteins,®*** with C*H
resonances from helical regions generally being upfield of their
random coil values.*® As shown in Figure 5, MSP2,_,5 in 10 mM

0.00

-0.05

-0.10

-0.15

ASC°H (ppm)

-0.20

-0.25 4
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Figure 5. Chemical shift deviations from random coil values® for C°H
chemical shifts of MSP2,_,5 in 10 mM NaP; at pH S with and without
5% TFE. The negative deviations imply a propensity to form helical
structure.

NaP; at pH S showed an enhanced propensity to form helical
structure in the presence of 5% TFE, as illustrated by the more
pronounced upfield C*H resonances.

Structure of MSP2,_,; in 50% TFE in 10 mM HOAc.
Although SDS and DPC micelles induced helical structures in
MSP2,_,s and suppressed fibril formation by the peptide to
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some extent, these detergent solutions were less suited for
structural studies of the peptide under membrane mimetic
conditions by NMR spectroscopy. The 1D 'H NMR spectrum
of the peptide in SDS and 10 mM HOAc displayed broad
resonances (Figure S4, Supporting Information), which might
have resulted from conformational exchange between the free
and detergent-bound peptide. The 1D '"H NMR spectrum of
MSP2,_,5 in DPC and 10 mM HOAc gave better resolved
resonances (Figure SS, Supporting Information), but with
intensities that decreased to less than half within a few hours.

CD data (Figure 4) suggested that 50% TFE was sufficient to
stabilize the highest content of helical structure in MSP2,_,,. In
addition, the 1D 'H NMR spectrum gave reasonably well-
resolved resonances (Figure S6, Supporting Information) and was
stable in HOAc but not PBS for many weeks, which was necessary
for two-dimensional NMR studies. For these reasons, 50% TFE in 10
mM HOAc was chosen as the solvent for determination of the
solution structure of MSP2, _, in a membrane mimetic environment.

The "H NMR resonances of MSP2,_,5 were assigned using a
combination of DQF-COSY, TOCSY, and NOESY spectra.’’
Figure S7A of the Supporting Information shows some of the
NOE:s in the NH—NH region of a 200 ms NOESY spectrum of
MSP2,_,5 in 50% TFE and 10 mM HOAc, and Figure S7B of
the Supporting Information shows the d,(i,i+1) NOE con-
nectivities. NMR resonance assignments are documented in
Table S1 of the Supporting Information.

Comparison of the C"H chemical shifts of MSP2,_,5 in 50%
TEE with “random coil” reference values>® (Figure 6A) shows
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Figure 6. (A) Chemical shift deviations from random coil values*® for
C'H shifts of MSP2;_,5 in 50% TFE in 10 mM HOAc, implying the
propensity to form helical structure along the peptide and relatively
rigid helix in the range of residues 10—24. (B) Sequential and medium-
range NOEs for MSP2, ,5 in 50% TFE in 10 mM HOAc,
demonstrating characteristic NOEs for helical structures.”” The
thickness of the bars indicates the relative intensity of the resonances,
and the asterisks signify the NOEs whose existence or intensity is
ambiguous because of resonance overlap.

upfield deviations for all residues in the peptide, consistent with
the helical structure indicated by CD. The C'H shifts of
residues 10—22 exhibited relatively greater deviations than
those from the N-terminal region, implying more stable helical
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structure in this region. These conclusions are supported by the
pattern of medium-range NOEs, with many d\(i,i+3), dx(ii+4),
and d,4(i,i+3) NOEs in the region of residues 10-25 (Figure 6B),
signifying a regular helix structure. The weaker sequential dyy(i,i+1)
and stronger d(i,i+1) for residues 2—10 imply a relatively more
extended conformation in this region, consistent with the lack of
intermediate and long-range NOEs at the N-terminus.

A total of 100 structures of MSP2,_,5 in 10 mM HOAc and
50% TFE were generated by restrained molecular dynamics and
distance geometry-simulated annealing calculations in CNS,*
and the 10 structures with the lowest potential energy were
selected for further examination. The structural statistics are
summarized in Table 1. Most of the dihedral angles were found

Table 1. Summary of Structural Statistics of MSP2, 5 in 50%
TFE and 10 mM HOAc at 25 °C

no. of nonredundant distance restraints 388
intraresidue (i = j) 235
sequential (li — jl = 1) 95
short-range (1 < li — jl < S) 58
long-range (li —jl > 5) 0

deviations from ideal geometry
bond lengths (A)
bond angles (deg)

0.0044 + 0.00002
0.442 + 0.0038
impropers (deg) 0.1539 + 0.010S

rmsd over all residues”

all heavy atoms (A) 242 + 0.50

backbone heavy atoms (N, C%, C') (&) 1.55 + 0.54
rmsd for the helical regionb

all heavy atoms (A) 1.59 + 0.29

backbone heavy atoms (N, %, C') (A) 0.54 + 0.14
Ramachandran plot® (%)

most favored 89.1

allowed 9.6

additionally allowed 1.3

disallowed 0

“Root-mean-square deviation (rmsd) values from MOLMOL. YOver
residues 10—24. “Data from PROCHECK_NMR.

in the most favored or additionally allowed regions of the
Ramachandran plot, indicating the good quality of the
structures. As shown in Figure 7A, the structure consists of a

Q
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A

Figure 7. (A) Structure of MSP2,_,; in 50% TFE in 10 mM HOAc
(superimposed over the backbone N, Ca, and carbonyl C atoms of all
residues). (B) Average of the 10 lowest-energy structures of MSP2,_
in 50% TFE in 10 mM HOAC, with hydrophobic side chains and polar
side chains shown on the opposite sides. (C) Surface representation of
the average structure of MSP2,_,5 in 50% TFE in 10 mM HOAc, with
positive charge colored blue and negative charge red. All structures are
shown with the N-terminus at the top.
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regular o-helix in the region of residues 10—24, with an
extended conformation for residues 5—9 and a disordered N-
terminus. The helical structure is moderately amphipathic, with
all three hydrophobic side chains in this region located on one
side of the a-helix and polar and charged side chains on the
other (Figure 7B). The amphipathic nature of the a-helix formed
by MSP2,_,; is further illustrated by the surface distribution of
charge on the average structure shown in Figure 7C.

B DISCUSSION

MSP2 is an abundant P. falciparum merozoite surface protein,
which may play a role in the initial interaction of the merozoite
with the host erythrocyte. Understanding the interactions of
MSP2 with both the parasite and erythrocyte membranes is
therefore of interest. We have shown previously that MSP2 can
bind to DPC micelles and that the conserved 25-residue N-
terminal region is important for this interaction.” This region of
MSP2 is also respon51ble for the formation of amyloid-like
fibrillar aggregates, and for these reasons, we have investigated
the structure of MSP2,_, and its aggregation under membrane
mimetic conditions.

Numerous studies have demonstrated that the fibril formation
kinetics of amyloidogenic proteins or peptldes are modified when
they associate with membranes or hp1ds For example, a lipid
bilayer facilitated nucleation of A fibrils,*® anionic phospho-
lipids enhanced fibrillogenesis of a-synuclein,® and anionic
micelles and vesicles induced fibril formation by tau.** In contrast,
other studles showed that lipids mhlblted aggregation of a-
synuclein,*' insulin,** and Af peptide.* Our results indicated that
both SDS and DPC micelles inhibit the aggregation of MSP2,_,s,
although not completely as some fibrils were seen in negatively
stained preparations of MSP2,_,; in SDS examined by TEM. 1D
NMR data showed broadened or attenuated resonances for the
peptide in SDS or DPC; as the mass of the complex of
monomeric MSP2,_,¢ with DPC or SDS micelles is less than
20 kDa, the overall tumbling of the micelle-bound peptide
should not have been a problem for high-resolution NMR
studies, so the broadening and attenuation of resonances
in the micelles presumably result from conformational
exchange or/and the formation of aggregates.

MSP2,_,s, which is the core of the amyloid-like fibrils formed
by recombinant MSP2,° was shown previously to have some
helix propensity in NMR studies of the full-length protein.” The
results of our CD and NMR studies with the peptide in SDS
and DPC micelles, and 50% TFE, showed that this nascent
helix was stabilized under these membrane mimetic conditions.
This stabilization was more marked for residues 10—24, which
form a regular a-helix in 50% TFE, with residues 5—9 adopting an
extended conformation and the N-terminus being disordered.
Stabilization of the helix, which would decrease the probability of a
conformational change to f-strand, was most likely responsible for
inhibition of the aggregation of MSP2,_,; into fibrils at higher
TFE concentrations.

Recent evidence indicates that a-helical species are important
intermediates on the pathway to the formation of amyloid
fibrils**~*¢ and that conformational changes resulting in increased
f-sheet content occur subsequently. Our results support such a
model for formation of fibrils by MSP2,_,.. At TFE con-
centrations of <10%, a small but reproducible increase in the
kinetics of fibril formation as measured by ThT fluorescence was
observed. Correspondingly, CD and NMR analyses showed an
increased helical content at these low TFE concentrations. The
involvement in formation of fibrils of MSP2 conformers
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containing some helical structure in the N-terminally conserved
region of the protein is consistent with the many observations that
the formation of more ordered regions of structure facilitates
formation of fibrils by other intrinsically disordered pro-
teins.**~* If some a-helix promotes fibril formation but greater
a-helix stabilization inhibits aggregation, we might expect that the
kinetics of formation of fibrils by MSP2 would vary markedly
under different conditions. We have reported previously that the
kinetics of fibril formation by 3D7 MSP2 are very much slower
than the kinetics of fibril formation by FC27 MSP2.° The
MSP2,_,5 sequence is common to these two isoforms of MSP2,
but the propensity for a-helix formation in this region, and hence
the propensity to form fibrils, may be influenced by the very
different sequences in the variable region immediately C-terminal
to MSP2,_..

The helical contents of MSP2,_, induced by SDS and DPC
were lower than in 50% TFE, which may be a consequence of
exchange between the lipid-bound and water-soluble states in
these micelles, representing the state of the peptide prior to
binding to or insertion into a membrane. The conformation of
the peptide in 50% TFE, with more pronounced helical
structure, presumably represents the state of the peptide bound
to or within a membrane, suggesting a possible mechanism by
which MSP2 may undergo conformational changes during the
process of merozoite attachment and invasion. Gaining an
understanding of the ways in which this GPI-anchored parasite
antigen is more ordered than recombinant monomeric MSP2 in
solution will be important for the further development of MSP2
as a component of a malaria vaccine. The association with
membranes may also serve to limit aggregation of MSP2 on the
parasite surface. More generally, the N-terminal region of
MSP2 represents another example of a highly unstructured
region of a protein whose propensity for fibril formation is
enhanced by low levels of helical stabilization and disfavored by
more substantial helical stabilization.
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