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ABSTRACT: In eukaryotic cells, neutral lipids serve as major energy storagemolecules; however, inPlasmodium
falciparum, a parasite responsible for causing malaria in humans, neutral lipids may have other functions
during the intraerythrocytic stage of the parasite life cycle. Specifically, experimental data suggest that neutral
lipid structures behave as a catalyst for the crystallization of hemozoin, a detoxification byproduct of several
blood-feeding organisms, including malaria parasites. Synthetic neutral lipid droplets (SNLDs) were
produced by depositing a lipid blend solution comprised of mono- and diglycerides onto an aqueous surface.
These lipid droplets are able to mediate the production of brown pigments that are morphologically and
chemically identical to hemozoin. The partitioning of heme into these SNLDs was examined by employing
Nile Red, a lipid specific dye. Soluble ferriprotoporphyrin IX was observed to spontaneously localize to the
lipid droplets, partitioning in a pH-dependent manner with an estimated log P of 2.6. Interestingly, the pH
profile of heme partitioning closely resembles that of β-hematin formation. Differential scanning calorimetry
and kinetic studies demonstrated that the SNLDs provide a unique environment that promotes hemozoin
formation. SNLD-mediated formation of the malaria pigment displayed an activation energy barrier lower
than those of individual lipid components. In particular, lipid droplets composed of diglycerides displayed
activation barriers lower than those composed of monoglycerides. This difference was attributed to the
greater fluidity of these lipids. In conjunction with the known pattern of lipid body proliferation, it is
suggested that neutral lipid structures within the digestive vacuole not only are the location of in vivo
hemozoin formation but are also essential for the survival of the parasite by functioning as a kinetically
competent and site specific mediator for heme detoxification.

Intracellular neutral lipid particles or macromolecular lipid
assemblies are present in nearly all organisms (1). Generally,
these particles function as storage compartments and metabolic
organelles (reviewed in ref 1). However, in Plasmodium, neutral
lipids are hypothesized to exhibit an unusual function in the
parasite heme detoxification pathway. During the blood stage
of the infection, the parasite enters the host erythrocyte and
degrades hemoglobin as a source of nutrients (2, 3) and possibly
also both to create space (4) within the cell and to maintain
osmotic balance (5-7). As a consequence of hemoglobin catab-
olism, toxic free heme, in near molar concentrations, is released
within the acidic digestive vacuole (DV)1 (8). The parasite circum-
vents this toxicity by quickly sequestering the heme into a crystal
known as hemozoin. Hemozoin is morphologically and chemically

identical (9-11) to its synthetic form, β-hematin, although a
recent study has indicated that there are subtle differences
between natural hemozoin and β-hematin prepared under non-
aqueous equilibrium conditions. The former appears to exhibit
more disorder in the Fe-Obonds than the latter (12). It is amicro-
crystalline cyclic dimer of ferriprotoporphyrin IX [Fe(III)PPIX]
in which the propionate side chain of one protoporphyrin
coordinates to the iron(III) center of the other and proto-
porphyrin molecules interact via significant π-stacking interac-
tions of their unligated faces (12, 13). The dimers hydrogen bond
to their neighbors via the second propionic acid group, forming
extended chains through the crystal. Though hemozoin has been
exhaustively characterized, the mechanism responsible for its
formation remains a topic of debate. Furthermore, it is believed
that this process is inhibited by chloroquine and other quinoline
and related antimalarials (14). In view of the continued emergence
of drug resistance, a more detailed understanding of hemozoin
crystallization may facilitate development of future treatments
that target this parasite specific pathway.

The dramatic increase in the lipid content of the infected
erythrocyte (15-19) and observations of hemozoin localization
in neutral lipid “nanospheres” or their proximity tomembranous
structures thought to be remnants of the inner membrane of
transport vesicles (TVs) involved in hemoglobin ingestion (20-22)
have directed investigations of hemozoin formation toward
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neutral lipids. Specifically, triacylglycerol (TAG) and diacylglyc-
erol (DAG), lipids traditionally important for membrane bio-
genesis and energy storage, are synthesized by Plasmodium
falciparum and packaged into neutral lipid bodies (NLBs) in a
stage specific manner within the DV (17, 18, 23). In contrast,
these lipids are barely detectable in uninfected erythro-
cytes (15, 19). The NLBs are closely associated with the DV
and have been suggested to ultimately derive from digestion of
TV phospholipids in the DV. However, the function of NLBs
during parasite growth remains unclear. Two popular hypotheses
include NLBs functioning as a depot of lipid intermediates that
are generated during digestion of phospholipids (23) and NLBs
serving as a deposit of lipid components that can be quickly
mobilized to supply the growing parasite with fatty acids and
acylglycerols for membrane generation (18). In this study,
experimental data suggest that these neutral lipids function as a
mediator of hemozoin formation in a site and time specific
manner.

Recently, Pisciotta et al. reported that a specific blend of
mono-, di-, and triacylglycerols present in the DV is sufficient for
mediating hemozoin formation (21). Thin layer chromatography
together with mass spectrometry identified the components of
these lipids to be the monoglycerides monostearoylglycerol
(MSG) and monopalmitoylglycerol (MPG) and the diglycerides
1,3-dioleoylglycerol (DOG), 1,3-dipalmitoylglycerol (DPG), and
1,3-dilinoleoylglycerol (DLG) in a 4:2:1:1:1 ratio (21). Here,
SNLDs comprising the same ratio as this biological lipid blend
were utilized to investigate the localization and partitioning
of Fe(III)PPIX into the lipid droplets. DSC and kinetic mea-
surements demonstrate that the lipid blend provides a unique
environment for hemozoin formation. Via observation of the
collisional (Stern-Volmer) quenching of Nile Red (NR) fluo-
rescence, confocal microscopy and conventional fluorescence
spectroscopy reveal that soluble Fe(III)PPIX rapidly localizes
to the SNLDs and partitions into SNLDs in a pH-dependent
manner. In conjunction with the known pattern of lipid body
proliferation, it is proposed that neutral lipids, possibly precur-
sors related to NLBs, are both the mediator and location of in
vivo hemozoin formation.

EXPERIMENTAL PROCEDURES

Reagents. All lipids were obtained from Nu-Check prep inc.
(Elysian, MN) or Sigma-Aldrich (Vorna Valley, South Africa).
The lipid blend refers to the established 4:2:1:1:1 MSG:MPG:
DOG:DLG:DPG biological ratio reported by the Sullivan
group (21). Each lipid was dissolved in a 9:1 mixture of methanol
and acetone to promote lipid solubility. Stock solutions of lipid
were prepared at 16.2 mM. Porcine hematin (Sigma or Fluka)
was prepared by dissolving the solid in 0.1 M NaOH with
vortexing for 2 min followed by addition of a 9:1 methanol/
acetonemixture such that the desired concentration is achieved in
a 1:1 mixture of the NaOH solution and the methanol/acetone
solution. We prepared citric buffer by dissolving citric acid at
50mMand adjusting to the desired pH, usually 4.8, usingNaOH.
A 20 μMstock solution ofNR (MPBiomedicals, LLC, or Sigma-
Aldrich) was prepared in acetone and used immediately.
Characterization. (i) Formation and Characterization

of SNLDs.AMalvern Zetasizer with a lower limit of 0.6 nmand
an upper limit of 6 μm was utilized in the size stability and
ζ potential measurements of the neutral lipid particles. A sample
was prepared by depositing the lipid (in a 9:1 methanol/acetone

mixture) onto the citric buffer and immersed in a 37 �Cwater bath
to allow the formation of a lipid emulsion to take place. A 22.5
gauge needle was then used to extract samples formeasurement by
carefully removing the bulk lipid subphase while avoiding with-
drawal of the surface lipidmonolayer. This techniquewas repeated
for each lipid. The SNLDs were further characterized using
confocal microscopy to visually confirm that the lipid particles
exhibit continuous as opposed to hollow interiors (i.e., are droplets
rather than liposomes). SNLDpreparation for confocal imaging is
described in the Fe(III)PPIX partitioning section below.

(ii) Differential Scanning Calorimetry (DSC). Thermal
analysis (TA) of neutral lipid samples encapsulated in sealed
aluminum capsules was conducted with a TA Instruments DSC
Q200. Approximately 2.4-3.2 mg samples of each lipid were
weighed with a microbalance and analyzed over a temperature
range from 80 to -80 �C at a cooling rate of 10 �C/min and a
heating rate of 15 �C/min. The exothermic and endothermic
peakswere determined by plotting heat flow (adjusted forweight)
versus temperature.

(iii) β-Hematin Characterization. Products collected from
depositing premixed neutral lipid blend (21) with Fe(III)PPIX in
a 9 cm Schott-Duran crystallization dish were characterized to
confirm the presence of β-hematin. Fourier transform infrared
(FTIR) spectroscopy was used to characterize the product
β-hematin formed in the lipid/water system. The product was
washed extensively using a 5% pyridine solution and further
characterized using powder X-ray diffraction (pXRD). pXRD
was conducted using Cu KR radiation (λ = 1.541 Å), with data
collection on a Philips PW1050/80 vertical goniometer in the
2θ range of 5-40� using an Al sample holder. Images of crystal
products were obtained on a Hitachi S-4200 scanning electron
microscope (SEM). Lattice spacings were measured from images
obtained from a Philips CM20 transmission electron micro-
scope (TEM).
Fe(III)PPIX Localization and Partitioning into Synthetic

Neutral Lipid Droplets. (i) Nile Red Fluorescence Quench-
ing by Fe(III)PPIX. Fluorescence spectra of NR (24) were
recorded in acetone as a function of concentration to deter-
mine the linear range of intensity versus concentration. A series
of fluorescence spectra were also recorded in different solvents to
observe the dependence of λem(max) on polarity. To observe the
effects of Fe(III)PPIX on NR fluorescence, a 100:1 lipid/NR
solution was prepared with a final concentration in buffer at the
desired pH of 100 μM lipid and 1.0 μM NR. The following
buffers were used: 0.020 M HEPES [4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid] at pH 6.0-8.0 or citric acid/citrate at
pH 2.8-5.5. A 1 mL aliquot of NR-labeled SNLD dispersed in
aqueous medium was placed in a quartz fluorescence cuvette and
titrated with Fe(III)PPIX prepared by dissolving hematin in
0.1 M NaOH. The fluorescence spectrum was measured on a
Varian Cary Eclipse fluorescence spectrophotometer. Both ex-
citation and emission slit widths were set to 5 nm with a medium
scan control andmediumPMT detector voltage. The sample was
excited at 540 nm, and the emission spectrum was recorded from
560 to 800 nm.

Data were analyzed according to the Stern-Volmer equation
(eq 1) (25):

I0

I
¼ 1þKSV½Q� ð1Þ

where I0 is the intensity at λem(max) in the absence of the
quencher, I is the observed intensity at λem(max) in the presence
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of a given concentration of quencher, KSV is the Stern-Volmer
quenching constant, and [Q] is the concentration of the quencher,
in this case Fe(III)PPIX.

Partitioning of Fe(III)PPIX between an aqueous solution and
octanol was measured at pH 7.51 using a HEPES-buffered
aqueous solution (0.020 M, 3 mL). The Fe(III)PPIX stock
solution (500 μM) was prepared from hematin in MeOH and
then introduced into the buffer at a final concentration of
57.8 μM. This was shaken and equilibrated for 6 h at 37 �C with
an equal volume of octanol. At the end, the UV-visible spectra
of the aqueous and octanol layers were recorded on a Varian
Cary 100 spectrophotometer at 403 nm.

(ii) Confocal Microscopy Studies. For confocal micros-
copy measurements, the 16.2 mM lipid blend solution was
prepared using stocks in a 4:2:1:1:1 volume ratio. We prepared
a 100:1 lipid/NR solution by combining 150 μL of NR stock with
18.5 μL of lipid blend stock. This solution was briefly vortexed
and diluted with a 50mMsolution of citric buffer (pH4.8) to give
a final volume of 1 mL. This solution was again briefly vortexed,
giving a final lipid concentration of 300 μM and an NR
concentration of 3 μM. A lipid volume of 180 μL was imaged
in a glass bottom microwell dish (35 mm Petri dish and 14 mm
microwell dish, MatTek Corp.). A 500 μMFe(III)PPIX solution
was prepared for quenching of the NR signal as described above.
Quenching was performed by sequentially adding 20 μL of the
Fe(III)PPIX solution every∼30 s, starting 10 s into imaging, until
complete quenching was observed. Great care was taken not to
displace the lipid droplets. Measurements were taken using a
Zeiss LSM510METAupright confocal microscope (VUMCCell
Imaging Shared Resource) using the time series application with
63� oil (1.4) immersion objectives. Z stacking was performed
before and after quenching to ensure lipid droplets were not
displaced during the experiment. The quenching experiment was
repeated with the exception of introducing 400 μL of 250 μM
Fe(III)PPIX at once (10 s into imaging). The quenching experi-
ments were repeated for citric buffer adjusted to pH 1.3, 2.3, 4.8,
5.5, 6.7, 7.3, and 8.1. The rate of photobleachingwasmeasured by
imaging the fluorescence intensity of NR-labeled SNLDs in the
absence of heme for 200 s. The experiment was repeated for pH
4.8 with the addition of 140 μL of Fe(III)PPIX.
Kinetics of β-Hematin Formation. Kinetics were per-

formed using a method that we have previously optimized with
respect to yield, rate, and reproducibility and which has been
reported in detail (26). Reactions were performed at pH 4.8 in
15 mL Falcon polypropylene conical tubes. After equilibration
for∼15min in aThermoPrecision reciprocal shakingwater bath,
samples were carefully but quickly deposited (dropwise) onto the
surface of the citric buffer using a 1 mL syringe with a 22.5 gauge
needle. Extreme care was taken not to disturb the solution within
the tube. All data sets were completed in triplicate and at four
distinct temperatures ranging from 25 to 60 �C. Activation
energies were calculated by fitting experimental data to the
Arrhenius equation. Statistical analysis (t test) was performed
using GraphPad Prism version 4.0.

RESULTS

Characterization of β-Hematin. Structural, spectroscopic,
and morphological analyses of the brown pigment formed by
introduction of soluble Fe(III)PPIX into the lipid blend emulsion
of SNLDs unequivocally confirm the formation of β-hematin
(Figure 1). pXRDexhibits the three strong and numerousweaker

diffraction peaks characteristic of β-hematin (Figure 1a). Infra-
red spectra exhibiting prominent peaks at 1662 and 1210 cm-1,
corresponding to the presence of the CdO and C-O stretching
vibrations of propionate-linked hematin dimers, respectively,
further confirm the formation of β-hematin (Figure 1b). SEM
of the product showed needlelike crystals resembling hemozoin in
crystal habit (Figure 1c), while TEM of the largest face displayed
electron dense crystals with a lattice spacing close to that expected
for the {100} face of hemozoin (Figure 1d). Collectively, these
findings definitively confirm the ability of SNLDs to mediate
β-hematin formation.
Characterization of Synthetic Neutral Lipid Droplets.

The SNLDs were formed by depositing a 9:1 methanol/acetone
solution of the neutral lipid blend onto an aqueous layer.
Confocal imaging of samples extracted from just beneath the
surface confirmed that this composition of lipids spontaneously
organizes into an emulsion (Figure 2). Orthogonal projections of
these lipid droplets demonstrate formation of spherical lipid
droplets with continuous, nonhollow interiors (Figure 2a), similar
to our previously reported study using pure monoglyceride (26).
Visually, the SNLDs exhibited a size distribution of a few
hundred nanometers to fewmicrometers in diameter. In addition
to confocal microscopic observations, the ζ potentials of the
blend and its individual components were compared in an effort
to explore the possibility that cations might accumulate around

FIGURE 1: Characterization of β-hematin produced using SNLDs
suspended in citric buffer (pH 4.8) at 37 �C. (a) pXRD, (b) FTIR,
(c) SEM, and (d) TEM data all show the characteristic features of
β-hematin. Fringes in theTEM image in panel d exhibit a lattice spacing
of 13.4 ( 1 Å, corresponding to β-hematin characteristic pXRD
peaks at approximately 7.6 ( 0.5 2θ, close to that seen in panel a.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101397u&iName=master.img-000.jpg&w=205&h=346
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the headgroups. However, true to their “neutral” lipid definition,
no significant charge potential difference was observed for each
individual component or the lipid blend composition (Figure 2b).
Conventionally, ζ potential values higher than an absolute value
of 25 mV are considered typical of stable colloids because of the
electrostatic repulsion between particles, while colloids with ζ
potentials with absolute values of <10 mV tend to flocculate or
coalesce because surface charge is negligible (27, 28). By compar-
ison, ζ potential values for liposomes made of 1,2-dioleoyl-3-
trimethylammoniopropane (DOTAP) and 1,2-dioleoyl-sn-glyc-
erol-3-phosphoethanolamine (DOPE) at room temperature are
50mV (29). A final point to note is that we cannot be sure that all
of the SNLDs have the same composition as the bulk lipid
solution from which they are formed. It is possible that they may
represent a heterogeneous population, so observations reported
may represent an average behavior of the sample.

To determine whether the lipid blend has unique properties
different from those of its individual components, DSC was
performed on the blend and on the component lipids. Ideally, if
the heterogeneous lipid composition of the blend provides better
packing of lipid molecules through new intermolecular interac-
tions, a detectable change in heat flux would be necessary to
break these new interactions.Measured phase transition peaks of
the five neutral lipid samples were consistent with those of
published values (30). Lipids containing saturated hydrocarbon
chains (MSG, MPG, and DPG) have a higher melting point
than lipids with unsaturated chains (DLG and DOG). When the
saturated lipidsMSG,MPGandDPGwere heated, negative heat
flow peaks were measured at 76, 74, and 74 �C, respectively
(Figure 3a-c). These values matched those of published mea-
surements (30, 31) for corresponding melting temperatures.
Cooling of the samples produced a positive heat flow at 69, 63, and
63 �C, respectively, corresponding to crystallization peaks of
MSG, MPG, and DPG, respectively. In general, pure saturated

asymmetric monoglycerides exist in three polymorphic forms,
namely, sub-R,R, andβ (32). All polymorphs have a double chain
length packing mode, characterized by a long spacing of ∼50 Å
for MSG (32). When monoglycerides, present in the R poly-
morph, are cooled 35-50 �C below the crystallization point, they
undergo a polymorphic transition to a reversible sub-R poly-
morph. Further cooling of MSG and MPG samples produced
positive heat flow peaks at 40 and 36 �C. These peaks are
interpreted as the transition point (R to sub-R form) for MSG
and MPG and are consistent with transition temperatures
published by Gunston and Padley (30).

Phase transition measurements for unsaturated diglycerides
differed from those of saturated monoglycerides. Melting tem-
peratures of 25 and 4.0 �C were measured for DOG and DLG,
respectively (panels d and e of Figure 3, respectively). Cooling of
the samples produced positive heat flow peaks at 14 and -5 �C,
respectively. DSC plots of individual components of the lipid
blend were normalized to the biological ratio (21) and overlaid
(Figure 3f).When compared to the overlaid plot, theDSC plot of
the lipid blend (Figure 3g) exhibited new melting peaks that
shifted to lower temperatures (5, 20, and 63 �C). Instead of four
crystallization peaks, the lipid blend contained two new peaks
at 5 and 45 �C.
Fluorescence Characteristics of NR in the Lipid Blend.

The fluorescence spectrum of NR is solvatochromic, with more
hydrophobic solvents producing a shorter emission wavelength

FIGURE 2: Confocal micrographs of SNLDs and ζ potentials of
SNLDs and droplets composed of component lipids. (a) Confocal
microscopy of NR-labeled SNLDs composed of the 4:2:1:1:1 MSG/
MPG/DOG/DLG/DPG lipid blend demonstrates the presence of
micrometer-sized lipid droplets with continuous interiors. (b) ζ potentials
and standard deviations (STD) of the individual neutral lipids and
the blend show that they are all close to zero as expected.

FIGURE 3: DSCof individual lipids and the lipid blend. The scans are
for (a) MSG, (b) MPG, (c) DPG, (d) DOG, (e) DLG, (f) an MSG/
MPG/DOG/DLG/DPGoverlay with components normalized to the
lipid blend ratio of 4:2:1:1:1, and (g) the lipid blend.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101397u&iName=master.img-001.jpg&w=199&h=226
http://pubs.acs.org/action/showImage?doi=10.1021/bi101397u&iName=master.img-002.png&w=239&h=351
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maximum [λem(max)] than more hydrophilic solvents (24).
Examination of λem(max) for a range of solvents exhibits a linear
dependence of this parameter on the ET(30) of the solvent, a
measure of microscopic hydrophobicity (Figure 4a, inset). The
spectrum of NR in SNLDs (Figure 4a) exhibits a λem(max) of
617 nm, corresponding to an ET(30) of 45 ( 4 kcal/mol. This is
slightly more polar than acetone (42.2 kcal/mol) but less polar
than octanol (48.1 kcal/mol) (33). It also definitively demon-
strates that NR is incorporated into the SNLDs and does not
reside in the aqueous solution, confirming the observations of the
microscopy studies.
Fe(III)PPIX Partitioning into Neutral Lipid Droplets.

One leading hypothesis for hemozoin formation involves expi-
taxial nucleation at the lipid-water interface, extension of the
crystal along the interface, and an interior movement of the
hydrophobic crystal to the interior of the NLB (26, 34, 35).
However, little is known about the partitioning of Fe(III)PPIX
molecules into the lipid droplets. Using the unique selective
neutral lipid staining property of NR, it has been possible to
follow the partitioning of soluble Fe(III)PPIX into SNLDs
(18, 24). Fluorescence calibration measurements reveal a linear

relationship between the concentration of NR and the measured
fluorescence intensity (up to 1 μM in a conventional cuvette and
up to at least 12 μM when using a 96-well plate attachment)
(Figure 4b). In all experiments presented here, the concentration
of NR used in experimental measurements was well within
the linear fluorescence range. The introduction of soluble Fe(III)-
PPIX into an aqueous emulsion of the lipid blend containing
NR resulted in concentration-dependent quenching of fluores-
cence with no shift in wavelength, demonstrating that NR is
not displaced from the SNLDs into the aqueous phase by
Fe(III)PPIX. This quenching was found to conform to the
Stern-Volmer relationship up to at least 60 μM Fe(III)PPIX,
indicating that the decrease in fluorescence intensity is a result of
only one form of quenching in this range, either dynamic
(collisional) or static quenching, because a mixed process gives
rise to an upward deviation from linearity (25). The slope of the
Stern-Volmer plot increases significantly with temperature
(Figure 4c), and Fe(III)PPIX has no significant effect on the
NR absorbance spectrum and vice versa (Figure 4c, inset).
Collectively, these two observations convincingly suggest that
dynamic rather than static quenching occurs in this case (25). The
fact that the emission spectrum envelope does not change shape
as it is quenched further indicates that the quenching is not simply
a result of light absorbance by Fe(III)PPIX, because this would
result in significant absorption at shorter wavelengths but little
absorbance at longer wavelengths and would thus distort the
shape of the emission spectrum. The slope of the Stern-Volmer
plot, KSV, is dependent on the pH of the aqueous medium
(Figure 4d). Because KSV is the product of the fluorescence
lifetime of the fluorophore (τ0) and the bimolecular quenching
constant (kq), it is not expected to change as a function of pH,
because the hydrophobic interior of the NR-labeled SNLD is not
likely to be altered by the pH of the aqueous medium. The most
likely explanation for the increase inKSV with a decrease in pH is
therefore that the local concentration of Fe(III)PPIX in the
SNLD increases with a decrease in pH because of increased
partitioning of the partly protonated neutral form of Fe(III)-
PPIX into the hydrophobic lipid. Indeed, the data can be fitted
to a protonation model with a single pKa of 4.62 ( 0.09, with a
KSV of 0.021( 0.003 μM-1 in the deprotonated form and a KSV

of 0.124 ( 0.007 μM-1 in the protonated form. Assuming
that this difference arises solely as a result of the increased
Fe(III)PPIX concentration in the SNLD particle in the case of
the protonated form, this indicates a 6( 1-fold accumulation of
the protonated relative to the uprotonated form of Fe(III)PPIX
in SNLD. Unfortunately, the absolute log Dlipid cannot be
evaluated from these data. However, measurement of octanol-
water portioning of Fe(III)PPIX at pH 7.51 where it is soluble in
both media indicates a log DOW of ∼1.8. In combination, these
data suggest an approximate log P for Fe(III)PPIX in its neutral
form of ∼2.6.

This quenching of NR was visually corroborated using con-
focal microscopy. Immediately following the addition of Fe(III)-
PPIX to NR-labeled SNLDs under physiological conditions,
fluorescence quenchingwas observed (Figure 5a). In fact, the rate
of partitioning of Fe(III)PPIX into the SNLDswas also found to
be pH-dependent. Under pH conditions (2.3, 4.8, and 5.5) that
more than span the expected range for the parasite DV (36-38),
NR quenching observed at 50 s after the first addition of 500 μM
Fe(III)PPIX was 74, 78, and 76%, respectively (Figure 5b).
Interestingly, at pH 1.3, slightly less quenching was observed
(26%), possibly because Fe(III)PPIX is entirely in its doubly

FIGURE 4: Fluorescence characteristics of NR in SNLDs and effects
ofFe(III)PPIX.A typical bulk fluorescence emission spectrumofNR
in SNLDs dispersed in aqueous solution (pH 7.51, 25 �C, 0.02 M
HEPES buffer). The excitation wavelength is 540 nm. The inset
shows the correlation (r2 = 0.94) between the emission wavelength
maximum ofNR and the Dimroth-Reichardt hydrophobicity para-
meter ET(30) (33). The solvents are dodecane, toluene, ethyl acetate,
chloroform, acetone, dimethylformamide, dimethyl sulfoxide, 2-pro-
panol, pentanol, butanol, methanol, and water [from lowest to
highest ET(30), respectively]. (b) The fluorescence intensity of NR
exhibits a linear dependence on concentration in acetone up to at
least 1 μM. The measurements were performed in a 1 cm quartz
cuvette using a Varian Cary Eclipse UV-visible spectrofluorimeter.
(c) Stern-Volmer plots for NR in SNLD at 25 (;) and 45 (---) �C.
The increase in slope (KSV) from 0.0185 to 0.0218 mM-1 is small but
significant (with 95% confidence intervals of 0.0173-0.0197 and
0.0205-0.0231 mM-1, respectively). The inset shows absorbance
spectra of Fe(III)PPIX and NR in methanol. These are spectra for
33 μM Fe(III)PPIX ( 3 3 3 ) and 5 μM NR ( 3 - 3 ), the sum of these two
spectra (---), and the spectrumofamixture of 33μMFe(III)PPIXand
5 μM NR that is identical to the sum of the component spectra
illustrating that neither spectrum changes as a result of mixing.
(d) There is a significant increase in quenching constantKSV (in units
of mM-1) with a decrease in the pH for NR in SNLDs dispersed in
aqueous solution at 25 �C. The inset shows typical Stern-Volmer
plots at pH 7.51, 5.0, and 2.85.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101397u&iName=master.img-003.png&w=239&h=206
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protonated cationic form at this pH value. Likewise, significantly
less quenching was observed (at 50 s) for pH 6.7, 7.3, and 8.1,
respectively, where the NR quenching was only 23, 20, and 28%,
respectively. At 150 s, the percents of total quenching for samples
incubated at pH 2.3, 4.8, and 5.5 approach their maximumvalues
(90, 92, and 94%, respectively). These values do not increase
significantly at 200 s. For quenching at pH 4.8, a final Fe(III)-
PPIX concentration of 220μMwas required to quench the interior
of the NR-labeled SNLD. Note that this value reflects the overall
amount of Fe(III)PPIX introduced into the SNLD solution and
not the amount of Fe(III)PPIX localized within the SNLD.

At 200 s, maximal quenching of 80, 89, 87, and 57% was
observed for samples incubated at pH 1.3, 6.7, 7.3, and 8.1,
respectively. Location specific monitoring of fluorescence inten-
sity during quenching experiments displayed selective localiza-
tion of Fe(III)PPIX. Regions with no lipid present measured no
significant changes in fluorescence. To ensure that the quenching
effect was not due to photobleaching, the fluorescence intensity
of labeled SNLDswasmonitored.Mild quenching, specifically, a
reduction of 2.0% in fluorescence intensity units, was measured
after 50 s (Figure 5a) and 23%at 200 s, suggesting that drastically
decreased fluorescence intensities of SNLDs were indeed a con-
sequence of the addition of Fe(III)PPIX and not photobleaching.
To confirm that the continual introduction of Fe(III)PPIX did
not disrupt quenching measurements, Fe(III)PPIX was also
added once to the NR-labeled SNLD suspension to produce a
final Fe(III)PPIX concentration of 200 μM.Maximal quenching
of this samplewas still observed at 200 s; however, a slower rate of
partitioning was observed. At the 50 s time point, only 40%
quenching was observed.

Kinetics of β-Hematin Formation. SNLDs successfully
promote β-hematin formation under physiologically relevant
conditions (37 �C and pH 4.8) with a half-life (t1/2) of 1.9 (
0.01 min (Figure 6b). The activation energies of β-hematin
formation mediated by SNLDs and each of the individual
component lipids were determined from Arrhenius plots. An
examination of activation energy revealed that monoglycerides
exhibit energy barriers higher than those of diglycerides. MSG
andMPG have calculated values of 74.8( 5.3 and 60.4( 7.1 kJ/
mol, respectively, while DLG, DPG, and DOG exhibited lower
values of 44.5 ( 15.4, 35.2 ( 9.4, and 37.7 ( 3.3 kJ/mol,
respectively (Figure 6a). When the individual lipids are com-
bined, the lipid blend revealed a much lower activation energy
barrier of 27.8 ( 3.4 kJ/mol (Figure 6a,c). To evaluate the
statistical significance of these relationships, t test analyses were

FIGURE 5: Photobleaching of NR and rates of Fe(III)PPIX quench-
ing of NR-labeled SNLDs at pH 1.3, 7.3, and 4.8. At a pH similar to
that of the DV of P. falciparum (4.8), Fe(III)PPIX rapidly partitions
into SNLDs, indicated by quenching of NR (a). The dependence of
the extent of NR quenching at 50 s after addition of Fe(III)PPIX
illustrates a bell-shaped curve. At pH values where the two propio-
nate groups of Fe(III)PPIX are predominately un-ionized or ionized,
the rate of NR quenching is slower (b). In (a) 100% represents no
quenching and 0% represents complete quenching.

FIGURE 6: Kinetics of β-hematin formation. (a) Molar activation
energies of β-hematin formation in the presence of the individual
lipids and the blend. The error bars correspond to the standard error
of the mean for three independent determinations. (b) Formation of
β-hematin in the presence of SNLDs at pH 4.8 and 37 �C. The lipid
droplets were suspended in citric buffer. The solid lines are best fits of
three independent runs to a first-order kinetic equation. (c)Arrhenius
plot for β-hematin formation in SNLDs at pH 4.8 in citric buffer.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101397u&iName=master.img-004.png&w=180&h=269
http://pubs.acs.org/action/showImage?doi=10.1021/bi101397u&iName=master.img-005.jpg&w=180&h=437
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performed. Mean activation energies for the blend compared
to those of MSG and MPG revealed differences at the 99.8%
(p= 0.002) and 99.3% (p= 0.007) confidence levels, suggesting
the observed differences between the blend and monoglycerides
are statistically significant. Similar observations were calculated
for blend with DOG and blend with DPG with 98% (p = 0.02)
and 93% (p= 0.07) confidence levels, respectively. t test evalua-
tion for blend with DLG revealed a difference at the 86% con-
fidence level (p = 0.14).

DISCUSSION

Most eukaryotic cells contain cytosolic NLBs that are hypoth-
esized to participate in energy storage (20, 39). However, the
presence of neutral lipid nanospheres in theDV ofPlasmodium as
well as the association of NLBs with the DV suggests that these
neutral lipids may have a role in hemozoin formation, a process
that occurs within this organelle. In this study, experimental data
support the hypothesis that neutral lipid nanospheres within the
DV possibly related to lipid bodies associated with the DV not
only are the location of in vivo hemozoin formation but are also
essential for the survival of the parasite by functioning as a
time and site specific mediator of heme detoxification. Previous
studies of SNLDs formed through sonication reported successful
mediation of β-hematin formation (18). Recently, interfacial
studies revealed crystal formation at a biologically compatible
rate (t1/2≈ 2 min) (26, 35). In this study, the neutral lipid blend in
the ratio reported by Sullivan and co-workers to be present in the
parasite (4:2:1:1:1 MSG:MPG:DOG:DLG:DPG ratio) (21) was
shown to support β-hematin formation by pXRD, FTIR, SEM,
and TEM under biologically realistic conditions.

This lipid blend was found to spontaneously assemble into an
emulsion with the lipid dispersed in a form resembling lipid drop-
lets. These SNLDs displayed physical properties (i.e., spherical
droplets with diameters in the range of hundreds of nanometers
to a few micrometers) similar to those of their in vivo counter-
parts (18, 21), rendering themuseful for investigation of their role
in hemozoin formation. Initially, it was thought that surface
charges on the lipid droplets arising from noncovalent inter-
actions with ions might provide a driving force for hemozoin
nucleation; however, ζ potential measurements revealed that
such interactions do not appear to occur, because all of the
component lipids have values of <10 mV. In fact, the data
suggest that the emulsions probably flocculate, a process inwhich
the droplets coagulate, but retain their individual integrity. Such
flocculated systems may then undergo coalescence, in which the
interface between droplets is lost and single, larger droplets
form (28). This would account for the SNLD size distribution
that we have previously demonstrated (26) and the fairly large
standard deviations in ζ potential.

The polarity of this lipid environmentwas found to lie between
that of acetone and that of octanol as determined by the fluore-
scence emission peak maximum position of NR that occurs at
616 nm. It is notable that inP. falciparum, Jackson et al. observed
weak fluorescence of NR with a wavelength maximum at
615 nm from the region immediately surrounding the hemo-
zoin (18). At the time, this was ascribed to membrane material,
but our findings suggest that it may well arise from the lipid
spheres in which hemozoin is now known to form. By con-
trast, the interior of lipid bodies in the proximity of the DV is
much more hydrophobic, giving a NR emission maximum of
590 nm (18).

The SNLD provides a unique crystallization environment that
differs from that of its individual components. The melting
properties revealed by DSC of the lipid blend are not merely
an overlay of the phase transitions of each individual component.
The interactions of the five neutral lipids produce two new
crystallization and three new melting peaks, suggesting that the
heterogeneous lipid population of the lipid blend facilitates a new
molecular organization of the component lipids. A melting
temperature shift to lower temperature suggests that less inter-
action is occurring between lipid molecules in the SNLD than in
homogeneous samples. This is evident in a comparison ofmelting
temperatures betweenmono- and diglycerides. In saturated lipids
(MSG and MPG), the measured melting temperature is higher
than that of unsaturated DLG and DOG. This is likely a result
of the presence of double bonds in the unsaturated lipids. These
“kinks” will weaken the alignment of the hydrocarbon chains,
producing a more fluid packing environment. Despite the lipid
blend being composed of a 7:2 ratio of monoglycerides to
diglycerides, the presence of DOG andDLG reduces the primary
melting peak. This lower melting point suggests that less stable or
fewer interactions between lipid molecules are present in the
SNLDs,whichmay result inmore fluid and less oriented packing.

The new organization of lipids in the SNLD is not entirely
unexpected given the differences in the number of free glycerol
hydroxyl groups and acyl groups in monoglycerides versus
diglycerides and in the degree of saturation of hydrocarbon
chains of the components of the lipid blend. It has previously
been demonstrated that the temperatures at which lipids undergo
phase transitions are dependent upon the headgroup, the hydro-
carbon chain length, and the degree and type of unsaturation
present (40). For example, the addition of double bonds, as is the
case with DOG and DLG, reduces the number of hydrophobic
interactions between lipid molecules, thereby creating weaker
dispersion interactions. Berlin and Sainz’s DSC examination of
phase transitions and molecular orientation in the liquid state of
sonicated dispersions of neutral lipids reported that the position-
ing of acyl moieties in glycerolipids reduces the fluidity of
dispersed lipid micelles (31). The authors attributed this restric-
tion in mobility to the interactions between adjacent acyl chains.
By the same reasoning, lipid droplets composed of homogeneous
monoglycerides (MSG or MPG) are likely to exhibit more
surface rigidity than lipid droplets composed of a heterogeneous
composition, such as the lipid blend. The diversity in saturation
of the components of the lipid blend will also contribute to the
overall packing of the lipids in the lipid droplets, because
unsaturated hydrocarbon chains do not pack as well as saturated
chains. Together, the DSC data demonstrate that the SNLDs are
partly molten, a fact that might play a significant role in the
biological function of the blend in hemozoin formation.

To explore the partitioning of Fe(III)PPIX into SNLDs,
we used the hydrophobic dye, NR. Conveniently, soluble
Fe(III)PPIX was observed to be capable of quenching NR fluo-
rescence. Temperature-dependent Stern-Volmer plots that show
an increasing level of quenching with increasing temperature and
a lack of sensitivity of the ground electronic state to interaction of
NR with Fe(III)PPIX indicate that this is a result of collisional
(dynamic) quenching (25). The combination of the pH depen-
dence of NR quenching by Fe(III)PPIX and octanol-water
partitioning of Fe(III)PPIX at pH 7.51 suggests that an ∼400-fold
partitioning of the neutral form of Fe(III)PPIX into SNLDs
relative to the aqueousmediummight be expected. This phenom-
enon was visualized by confocal microscopy as a diminishing
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of fluorescence upon the addition of Fe(III)PPIX. In previous
studies, TEM images of soluble Fe(III)PPIX introduced into
synthetic lipid droplets composed of MPG showed the localiza-
tion of electron dense matter surrounding the lipid droplets (26).
However, in the absence of elemental imaging, it could not
be confirmed that this electron dense material was indeed
Fe(III)PPIX. In this study, confocal microscopic studies con-
firmed that Fe(III)PPIX spontaneously localizes to SNLDs
under physiologically relevant conditions. Visually, a dramatic
reduction in the fluorescence intensity of the NR-labeled lipid
blend was observed upon introduction of Fe(III)PPIX (see the
Supporting Information for real-time video imaging). Further
addition of Fe(III)PPIX resulted in almost complete quenching
of the droplet fluorescence. This may be the first visual, real-time,
evidence of partitioning of heme into neutral lipid droplets.
Within the malaria parasite, heme is released as a consequence
of hemoglobin degradation in a continuous manner. The
immediate localization of these heme molecules in the DV lipid
nanospheres would be expected to encourage rapid crystalliza-
tion of hemozoin. However, in vivo transport mechanisms
remain unclear. No additional mediator was introduced to
facilitate the trafficking of Fe(III)PPIX in this study. However,
the same spontaneous localization may not exist within the
complex environment of the DV.

The rate and extent of partitioning of Fe(III)PPIX into
the SNLDs observed using confocal microscopy appear to be
pH-dependent and seemingly parallel conditions required for
β-hematin formation (26, 41, 42). In a pHrange that encompasses
thatwhich promotes hemozoin formation in vivo (pH∼2.3-6.5),
Fe(III)PPIX molecules partition rapidly into the SNLDs. Out-
side this range (pH 1.3, 6.7, 7.3, and 8.1), the initial (50 s)
quenching was dramatically weaker. These observations can be
attributed to the protonation state of Fe(III)PPIX. At low pH
(<2.0), both propionates of Fe(III)PPIX are protonated and a
water molecule is present as the axial ligand. In this environment,
an overall charge ofþ1 substantially decreases the partitioning of
Fe(III)PPIX into the SNLDs. Between pH 2.3 and 5.5, one
propionate is presumably deprotonated, producing an overall
neutral state that allows Fe(III)PPIX to enter the SNLDs to a
greater extent. From pH 5.5 to 7.5, both propionates are likely
ionized, with the water axial ligand remaining protonated and
resulting in an overall charge of -1. Fe(III)PPIX again cannot
easily partition strongly into the lipid. At pH >7.5, the axial
ligand is OH- and the overall charge is -2, further inhibiting
Fe(III)PPIX from entering the lipid. Interestingly, over a longer
time period, there is a further increase in the level of Fe(III)PPIX
uptake under these conditions, indicating that the rate of Fe(III)-
PPIX partitioning is decreased. However, in the pH range of the
DV, released heme will be able to rapidly enter lipid droplets to a
large extent and convert to hemozoin, allowing the parasite to
avoid the consequent heme toxicity. This observed pattern of
partitioning of heme into the SNLDs illustrates the ability of
lipid droplets to control the site of hemozoin formation during
heme detoxification. Similar pH trends of heme partitioning were
observed formaximal quenching. In addition, peripheral quench-
ing, indicating that Fe(III)PPIX did not enter the interior of the
SNLDs, was observed at pH 1.3 and 6.7 and higher pH values.

The introduction of Fe(III)PPIX into the SNLD suspension
successfully produced β-hematin with a t1/2 of 1.9 ( 0.01 min at
37 �C and pH 4.8, close to that reported for the malaria parasite
DV (43). This rate of heme conversion is well within the maximal
half-life of 40 min previously estimated to be the maximum

permitted to account for the observation that free heme in the
parasite is limited to at most 5% at 36 h in the life cycle (35). Such
a rapid rate of conversion of heme by the corresponding lipid
blend in the parasiteDVwould therefore account for the fact that
non-Hz Fe(III)PPIX is undetectable (i.e., makes up less than 5%
of total Fe) in the M€ossbauer spectrum of late trophozoite stage
parasites (44). This lipid-mediated process is vastly more efficient
and faster than that previously reported for protein-mediated
hemozoin formation. For example, Pandey et al. reported only
∼1% conversion over 12 h in the presence of histidine rich
protein 2 (HRP II) (45), while Jani et al. reported slightly more
than 30% conversion over 20 min and ∼10% conversion over
10min in the presence of the so-called heme dimerization protein
(HDP) (46).

Kinetic studies revealed that the degree of saturation of the
lipids influences the activation energy of β-hematin formation.
SNLDs composed of just DPG, DOG, or DLG displayed
activation energies lower than those of monoglycerides (MSG
or MPG). The difference in molecular packing of the lipid
molecules may be responsible for these measured differences.
As explained above, DLG and DOG exhibit greater fluidity at
the lipid body surface. This loosely packed surface may allow for
faster organization of Fe(III)PPIX molecules, resulting in the
measured lower activation energy. In the case of the lipid blend,
the incorporation of a heterogeneous lipid population apparently
alters the surface properties of the lipid body, with the differences
in hydrocarbon chain length, degree of saturation, and head-
group polarity all contributing to a more fluid and corrugated
surface (47) that is better able to template β-hematin formation.
This surfacemay provide “pockets” for precursor heme dimers to
intercalate and assemble, initiating hemozoin nucleation. Further-
more, the increase in packing fluidity may explain the complexity
of the lipid blend associated with hemozoin in the parasite. If one
type of lipid is sufficient to template hemozoin formation (26, 35),
why does the parasite use a composition of five different lipid
components? The answer is likely to be associated with the
increase in surface energy associated with the template surface.
This is evident in the observed lower activation energy. Addi-
tional studies that include the examination of lipid packing are
critical for the further evaluation of this hypothesis. Given that
lipid peroxidation typically occurs at methylene groups adjacent
to double bonds (48), making saturated lipids less susceptible to
oxidative damage than unsaturated lipids, the blend might also
provide a means for the parasite to create an interface with
hemozoin forming properties that resembles that of unsaturated
lipids, while retaining a lipid mixture that is composed of almost
80% saturated lipids. In the strongly oxidative environment of
the DV, this may slow degradation of the lipid nanospheres and
the production of lipid peroxides.

CONCLUSIONS

This study has shown that Fe(III)PPIX spontaneously and
rapidly accumulates in SNLDs at pH values close to those of the
DV of P. falciparum. The neutral lipid blend reported to be
present in the DV has unique properties that seem to strongly
promote β-hematin formation by drastically lowering the activa-
tion energy of the process relative to lipid emulsions containing
saturated monoglycerides. In particular, despite being composed
largely of saturated mono- and diglycerides, it lowers the activa-
tion energy to a level similar to but even lower than that of the
unsaturated diglyceride DOG. This suggests that the particular
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composition of the blend plays a critical role in its biological
function. Collectively, these findings strongly support the hy-
pothesis that hemozoin formation is caused by lipid droplets
(lipid nanospheres) in the DV. It is noteworthy that the time
period reported for NLB production in vivo coincides with that
of the blood feeding stage of the P. falciparum life cycle. Studies
of the incorporation of [14C]oleic acid into serum free medium by
Palacpac et al. have shown that mono- and diglyceride synthesis
begins to appear ∼10 h into the parasite life cycle and continues
to the early schizont stage, while there is rapid incorporation
into triglycerides during the late trophozoite stage, probably
corresponding to formation of the neutral lipid bodies seen to be
associated with the DV (49). The relative abundance and
localization of lipid bodies are stage-dependent (23, 50), with
large numbers of lipid bodies found in the late trophozoite and
early schizont stages of the intraerythrocytic cycle (17, 50). In
addition, microscopic observations of lipid bodies during the
course of intraerythrocytic development have been reported to
reveal tiny NR fluorescent dots (<1 μm) in the early ring stage.
These dots increase in size (∼2 μm) as development proceeds to
later stages (50). The overlapping of neutral lipid production and
hemoglobin degradation is unlikely to be coincidental. Given
that the formation ofNLBs and neutral lipid structures in theDV
is probably related to common pathways in the parasite, this may
indicate that neutral lipids are important in sustaining parasite
viability via heme detoxification through mediation of hemozoin
formation.

SUPPORTING INFORMATION AVAILABLE

Confocal micrographs of NR-labeled SNLDs in the presence
ofFe(III)PPIX.The left-hand panels showNR fluorescence from
NR in lipid droplets prior to addition of Fe(III)PPIX. Careful
addition of Fe(III)PPIX results in almost complete quenching
of the NR signal at pH 4.8 (c) and 5.5 (d) but incomplete or
no quenching at pH 1.3 (a), 2.3 (b) 6.5 (e), 7.3 (f), and 8.1 (g). A
Quicktime movie showing fluorescence quenching of NR in
SNLDs after addition of Fe(III)PPIX. This material is available
free of charge via the Internet at http://pubs.acs.org.
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