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Abstract

Hematin crystallization is the primary heme detoxification mechanism of malaria parasites
infecting human erythrocytes and the target of currently applied antimalarial medications. The
composition of the crystallization medium within the parasite’s digestive vacuole (DV), the aqueous
or lipid sub-phases, has been the subject of intense debate. Here we show that a blend of lipids,
designed to mimic the lipid sub-phase in the parasite DV, contains significant amounts of soluble
water that facilitates hematin crystal formation. We show that the hematin solubility in citric
buffer-saturated n-octanol (CBSO), a model for the DV lipid sub-phase, is 100,000-fold greater than
in a biomimetic aqueous solution, indicating that organic-based crystallization provides an
environment for faster hematin crystallization and more efficient heme detoxification. We
demonstrate that hematin crystals grow with physiologically-relevant rates from CBSO and do not
grow from our biomimetic aqueous solvents. Our findings suggest that hematin crystallization most
likely requires the participation of lipid structures. We propose a mechanism of hematin
crystallization in the parasite DV that reconciles this conclusion with data on hemoglobin transport
and hematin generation and crystallization in vivo. The proposed mechanism suggests that hematin
becomes incorporated into crystals via a layer of neutral lipids or possibly after penetrating the
phospholipid bilayer of the DV. We specify guidelines for tests of the proposed mechanism and

highlight its clinical and pharmacological implications.

Introduction

The main mechanism of heme detoxification in malaria parasites (i.e., Plasmodium
falciparum, Plasmodium vivax, and three others) is the formation of hemozoin crystals. Parasites
catabolize hemoglobin and release Fe(Il) heme,! which oxidizes to toxic Fe(IlI) hematin. The
cytotoxicity of hematin stems from two processes: hematin catalyzes the production of reactive

oxygen species, and it binds to cell membranes. These processes can lead to severe cell structure
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damage.? To survive, the parasites sequester hematin as crystalline hemozoin.3 4 Accordingly, the
traditional Western treatment for malaria, quinine, and its synthetic homologues (chloroquine,
amodiaquine, and others)58, operate by inhibiting hematin crystallization.?. 19,

Malaria is endemic in most equatorial regions of the world.!! Approximately 584,000
million deaths, a subset of 124 to 283 million clinical episodes, are caused by malaria every year.
Nearly 40% of the global population is at risk for malaria infection.!? A resurgence of the disease
has occurred in since 1970 and 80’s due to the spread of Plasmodium parasites resistant to
chloroquine combination treatments.!! 13 In recent years, parasite resistance to artemisinins, the
most advanced line of antimalarial defense, has been detected in 5 countries of the Southeast Asia.12
The weak responses to the common antimalarial drugs underscore the urgent need for research
into the main processes of the malaria parasite physiology.

Despite many years of effort,* 6 9 1417 fundamental questions regarding the mechanism of
hematin crystallization and its inhibition remain elusive. One of the most significant open questions
is on the nature of the environment within the parasite where hemozoin crystals recruit hematin
and grow. Hemoglobin digestion and heme detoxification occurs in the parasite digestive vacuole
(DV), the organelle that ensures fast growth and replication of the parasite. While the majority of
the DV volume is occupied by an aqueous solution with pH in the range 4.8 - 5.5,18 19 lipids, mostly
neutral mono- and diglycerides, have been reported to form a sub-phase in the DV bulk.6. 15,20

The origin of the lipids in the DV can be traced to the invasion of the erythrocyte by a
merozoite, the parasite form that escapes the liver (the parasites settle in their host’s liver
following introduction by a mosquito).2! The merozoite enforces a localized indentation in the
erythrocyte membrane, which deepens until the neck connecting the merozoite space with blood
plasma is severed. Thus, the endocytosed parasite is completely surrounded by the erythrocyte
membrane in addition to its own. The resulting double phospholipid bilayer defines the formation

of the parasite DV and the transport of hemoglobin to the DV. The proposed scenarios of DV
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formation and supply of hemoglobin?z 23 assume invagination of the parasite’s double membrane to
endocytose hemoglobin-rich erythrocyte cytoplasm.2t. 22 The formed double-walled vesicles hold
the remnants of the erythrocyte membrane on the inside. As several such vesicles fuse to form the
DV, invading proteases and lipases digest hemoglobin to aminoacids and heme and convert the
inner membrane phospholipids to neutral glycerides.20

These scenarios suggest an estimate of the total amount of neutral lipids that may
accumulate in the DV of a mature parasite. A parasite processes up to 70% of the total hemoglobin
in a red blood cell.2¢ The corresponding volume of the erythrocyte cytoplasm endocytosed and
transported to the DV is ca. V = 70 fL (1 femtoLiter = 1015 L = 1 pm3). Assuming that the
hemoglobin transport vesicles are spheres of radius r = 300 nm,?5 and that each phospholipid
molecule occupies S = 0.7 nm2 26 on a bilayer surface and yields one glyceride lipid molecule, we
obtain n = 6V/rdS = 2 x 109 as a rough estimate of the number of neutral lipid molecules. This value
would be moderately altered by assuming larger or smaller transport vesicles. A sub-phase of this
amount of glycerides would occupy a volume of ~1 fL, a relatively small fraction of the DV volume
in a mature trophozoite (the parasite form that feeds on hemoglobin) of ca. 50 fL.22 23 The volume of
the lipid sub-phase may be further reduced by lipids that embed in the DV phospholipid bilayer.27

The location and structure of the lipid sub-phase in the parasite DV is a subject of debate.
Electron microscopy observations have indicated that the lipids, which poorly dissolve in water,
self-assemble into nanospheres suspended in the DV.6 15 However, recent studies with mature
parasites suggest the absence of suspended lipid structures greater than 25 nm.17.25. 28 [t is feasible
that a significant fraction of the neutral lipids deposit on the DV walls and thicken the DV
membrane, as documented by Kapishnikov et al. 17. 25 28 Hemozoin crystals have been observed
immersed in the lipid nanospheres,5 15 or with their basal surfaces attached to the DV membranel!?.
25,28 and other crystal faces apparently exposed to the acidic aqueous phase. While it is accepted

that hemozoin crystals nucleate on the DV membrane,!6 25 disagreement as to the crystal growth
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medium (aqueous or organic) and the pathways in which free hematin incorporates into the
growing crystal is still rampant.17. 25,28-31

Here, we review recent evidence that suggests that hematin crystallization requires the
participation of lipid structures. We demonstrate that a significant amount of water can be
dissolved in a mixture of mono- and diglycerides that are representative of the physiological
neutral lipid composition in the parasite DV. Based on the solubility of water in the lipid blend, we
design a model solvent—citric buffer-saturated n-octanol (CBSO)—to mimic the lipid environment
for hematin crystallization. We demonstrate that hematin solubility is ca. 105 higher in CBSO than in
biomimetic aqueous solvents; that several common antimalarial drugs are soluble in CBSO at
concentrations sufficient for their efficacy as crystal growth inhibitors; and that hematin crystals
with structure and morphology identical to physiological hemozoin grow at physiologically-
relevant rates from hematin solutions in CBSO, but not in biomimetic aqueous solvents. These
findings demonstrate that hematin crystallization from a lipid phase is a significantly more efficient
route for heme detoxification and suggest that the lipid sub-phases in the parasite DV’s may be the
location for hematin crystallization. We propose a scenario that reconciles this conclusion with the
available observations of hemoglobin digestion, hematin generation, and heme detoxification in

vivo.

The water content of the lipid sub-phase in the parasite DV

Both physiological and synthetic hematin crystals are comprised of dimers bound by
reciprocal COO--Fe(Ill) coordination bonds, and connected through chains of -COOH-HOOC-
hydrogen bonds.* The formation of hydrogen bonds requires the presence of water and hydrogen
ions. These structural features have been used as supporting evidence for the hypotheses that

crystallization occurs in an aqueous medium.!?. 25 28 Thus, it is evident that hematin crystallization
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in an organic medium (e.g, lipid sub-phase of the DV) is feasible only if water is available in that
environment.

Recent analyses indicate that the lipid structures in the DV of P. falciparum consist of
monopalmitic, monostearic, dipalmitic, dioleic, and dilinoleic glycerols at molar ratios 2:4:1:1:1.15.32
Since the lipid structures are in contact with the aqueous environment of the DV, it is feasible that
they are saturated with water. To test this hypothesis, we determined the water solubility in a
mixture of lipids representative of the DV blend using thermal gravimetric analysis (TGA).10 The
results in Fig. 1 show a mass loss in lipid samples that plateaus between 70 and 85¢C. Since these
temperatures are significantly lower than the boiling points of the lipids, we conclude that the
evaporated solvent component is water. The three traces in Fig. 1 indicate that the average amount
of dissolved water in the lipid mixture is 8.5 * 0.5% weight, corresponding to 4.2 + 0.3 mol kg
This amount significantly exceeds the one needed to construct the hydrogen bonds in the hematin
crystal structure, suggesting that water-saturated lipids could be a suitable medium for hematin
crystallization.

The above lipid mixture is solid at room temperature (it is liquid at 37°C); hence, n-octanol
has been suggested as a convenient biomimetic model.6: 33 Normal octanol is an amphiphilic
molecule with a hydrophobic aliphatic tail of medium length and a hydrophilic polar head (-OH),
which is smaller than the glycerol ester functional groups of the mono-and diglyceride lipids.
Accordingly, water solubility in n-octanol (2.70 mol kg1)34 is lower than what was measured for the
lipid mixture, but it is still sufficient for hydrogen bonding in hematin crystals. Octanol is routinely
used to mimic lipids during determinations of the lipophilicity of drugs. Other model organic
solvents that have been suggested in the literature are n-pentanol and monomyristoylglycerol
(MMG).6 33 Normal pentanol is similar to n-octanol, but with a shorter aliphatic chain and
correspondingly lower hydrophobicity. Tests in our laboratory revealed that hematin crystal grown

from n-pentanol are dendritic, in sharp contrast to the habit of hemozoin. MMG is solid at
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temperatures up to 68 - 70°C, which sets it apart it from the physiological lipid mixture. Herein, we
use n-octanol saturated with citric buffer at pH 4.8 (which is within the range of pH in the DV)18 19

as a model for the lipid mixture in the DV of malaria parasites; we refer to this solvent as CBSO.

Hematin and antimalarial drug solubility in organic and aqueous

media

To determine the solubility of hematin in CBSO, we added 2 - 5 mM hematin powder to 5
mL CBSO held in a sealed glass vial. The vials were stored at constant temperature. Aliquots were
removed and the concentration of dissolved hematin was determined spectrophotometrically. This
procedure was repeated until the concentrations in each vial reached a plateau, defined by three
consecutive readings of similar value.l9 35 Microscopic observations revealed that the initial
amorphous hematin powder appeared to fully dissolve and -hematin crystals with typical needle-
like habit 16 had formed. The steady concentration of this solution signifies equilibrium between the
hematin crystals (and not amorphous hematin) and the solution. This concentration was used as
the solubility of hematin in CBSO. The solubility determined using this bulk technique was
consistent with a determination based on monitoring the growth and dissolution of steps on
hematin crystal surfaces as a function of hematin concentration using atomic force microscopy
(AFM).10

In Fig. 2 we compare the solubility of hematin in CBSO at 25°C to that in aqueous citric
buffer at the same temperature and pH 4.8.35 The data in Fig. 2 reveal that the solubility in CBSO is
ca. 105 higher than in aqueous solutions. This is not surprising since hematin is highly hydrophobic.
Given that crystal growth rates roughly scale with the solubility,3¢ this disparity in the magnitude of
hematin solubility indicates that crystallization from an organic phase is a significantly faster

method of heme detoxification than from an aqueous phase.
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An argument in the literature in favor of aqueous crystallization of hematin is the low
solubility of the quinoline-class antimalarials in organic liquids, which would seemingly reduce
their efficacy as inhibitors of crystals growing in a lipid phase. To quantitatively address the issue of
antimalarial drug solubility in organic solvent, we measured the solubility of three common
antimalarial drugs (chloroquine, amodiaquine and quinine) and two antibiotics employed in
combination antimalarial therapies (doxycycline and sulfadoxine) in CBSO and citric buffer at pH
4.8. The data in Fig. 3 reveal that the solubilities of chloroquine and amodiaquine in CBSO are lower
than that in aqueous solvent; however, they are significantly higher than the solubility of hematin in
CBSO, ca. 0.2 mM. The solubilities of quinine, doxycycline, and sulfadoxine in CBSO are higher than
their respective solubilities in the aqueous solvent and higher than the solubility of hematin in
CBSO. The comparison between drug and hematin solubilities suggests that the five tested drugs
can dissolve in CBSO with quantities that are sufficient for the inhibition of hematin crystallization.
While we did not systematically determine the solubilities of additional antimalarials, such as
pyronaridine, mefloquine, quinoline, and artemisinin, we performed preliminary bulk
crystallization experiments using these compounds and observed that they also dissolve in organic

solvents at concentrations sufficient for inhibition of hematin crystallization.

The growth of large hematin crystals from CBSO

The dimensions of hematin crystals in vivo are constrained by the size of the DV and the
availability of hematin produced during digestion of hemoglobin. Hence, the largest hemozoin
crystals extracted from the P. falciparum are less than 1 pm in their longest dimension.1s In vitro,
both constraints are relaxed and one would expect significantly larger crystals to grow. As a test for
the suitability of different environments for hematin crystallization, we attempted to grow hematin
crystals larger than the physiological limit in purely aqueous, purely organic (anhydrous n-octanol),

and CBSO solvents.
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In aqueous solutions, we produced hematin crystals with longest dimension < 3 um,
achieving a marginal increase in crystal size, but only through the use of non-physiological
conditions (i.e., ionic strength 0.5 - 5 M).35 Our attempts to grow hematin crystals in aqueous
solution using citric and acetate buffers (both at pH 4.8) as a surrogate for the DV produced crystals
with a morphology distinctly different from that of hemozoin.35 Representative AFM images of
crystals grown in acetate buffer are presented in Fig. 4. The crystals exhibit block structure,
illustrated in Fig. 4A. The entire surface area of the two twinned crystals in Fig. 4A, C, and D is
rough. Sharp crystal edges, which are a signature of the crystallinity, are missing from all observed
crystals. The crystals were often lamellar, as the one shown in Fig. 4C. The surface height profile in

Fig. 4G along the dashed line in Fig. 4E demonstrates that the layer thickness varies from 12 to 63

nm. All layer heights are significantly greater than the thickness of a single crystal layer in the (100)
plane, which is 1.22 nm.37 This inequality indicates that the layers observed in Fig. 4E are not
growth steps, but rather elements of a mesoscopic lamellar structure. Such layered structures are
an indication of growth under high elastic stress.38 Another consequence of the elastic stress is
severe twinning, which is known to impose unexpected crystal shapes3¢ and is a potential
mechanism for the unusual triangular crystals in Fig. 4C.

In summary, hematin crystals grown from aqueous solutions at pH 4.8 have unusual
macroscopic and mesoscopic morphological features, which are incompatible with the shapes and
surface features of biological hemozoin. This discrepancy cannot be attributed to impurity effects
since impurities are abundant in vivo. Hence, one would expect rougher crystal shapes of biological
hemozoin, which is in stark contrast to the actual observation. These considerations suggest that
biological hemozoin crystals may not grow within a purely aqueous environment.

We then performed bulk crystallization studies using CBSO as a surrogate for the lipid sub-
phase in the DV, as illustrated in Fig. 5A - C.39 We placed ca. 2 mM hematin powder in direct contact

with 5 mL freshly prepared CBSO. After three days, crystals of size 10 - 50 um were observed at the
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bottom of the container, Fig. 5D. The crystals were well faceted and had smooth faces with no

visible gaps. To identify the primary faces, we used the published values of the dihedral angles.16

The crystal habit consists of {100}, {010}, (001) and (011) faces with ratios between their
respective areas that are comparable to the hemozoin crystals found in P. falciparum, Fig. 5E.1¢ The
powder X-ray diffraction (XRD) pattern of the grown crystal, Fig. 5F, is similar to those of hemozoin
crystals extracted from the DV of P. falciparum and synthetic hematin crystals.16

To understand the sequence of processes leading to the growth of large hematin crystals,
we analyzed the temporal evolution of the growth solution. Dynamic light scattering
characterization of the CBSO solvent, top curve in Fig. 5G, revealed that it is not homogenous, but
contains a relatively monodisperse population of scatters of size 120 nm (for details of this method,
see Ketchum et al, 35). When we diluted CBSO with anhydrous n-octanol, these scatterers
disappeared, indicating that they are aqueous buffer droplets. We found that crystals do not
nucleate in mixtures of citric buffer and n-octanol that are supersaturated with hematin unless
water droplets are present. This observation suggests that the water - octanol interface promotes
crystal nucleation. The higher solubility of hematin in octanol (Fig. 2) suggests that crystals most
probably form in the octanol phase and not in the water droplets. It is reasonable to suggest that n-
octanol molecules in contact with the water droplets orient with their -OH head groups toward the
water and hematin crystals nucleate on the ordered layer of aliphatic tails. This scenario is similar
to the hypothesis of hematin crystal nucleation on the aqueous side of a water - glyceride interface,
assisted by a layer of ordered -OH groups 16 27. 40, but differs in that we propose crystal nucleation
occurs in the organic phase.

At later stages of crystal growth, when the hematin concentration increases due to further
dissolution of amorphous hematin powder, the water droplets dissolve, as observed by DLS (Fig.
5G, lower curve). Our results reveal that both the organic and aqueous components are critical for

crystal growth. For instance, hematin crystals failed to grow in anhydrous n-octanol, which agrees
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with the hypothesis that H* ions are a necessary component of the growth medium, presumably to

facilitate the formation of hydrogen bonds in the crystal structure.!5 23,37

Growth of crystals in aqueous and organic biomimetic solvents

We employed in situ AFM to monitor the evolution of unfinished layers on large hematin
crystals (prepared in CBSO) in the presence of multiple solvents. To mimic the aqueous
environment in the DV of P. falciparum, we prepared solutions at low ionic strength. To simulate
conditions used in previous studies of hematin crystallization,> we also probed high ionic strengths.
In addition, we tested several pH values in which growth solutions were prepared by adding
hematin to the crystallization solution using two methods: dissolving in a 0.1 M NaOH and titrating
to the desired pH, or placing solid hematin in the solvent, analogous to the CBSO solution
preparation. We tested aqueous hematin solutions saturated with n-octanol to bring them closer to
the composition in the parasite DV. In addition, we examined both filtered and unfiltered solutions
to observe whether large aggregates forming in the solution might act as non-classical growth units
and/or sites for heterogeneous nucleation.

For each growth solution composition, in situ AFM images revealed the dynamics of hematin
crystal surfaces for over 48 hours. No surface processes leading to crystal growth were observed
for any of the aforementioned solutions. In acidic solutions, immobile single steps were initially
observed on the basal face, but they became obscured with increased time of exposure to the
solution due to the deposition of an apparent coating (Fig. 6 A - C). In aqueous solutions, hematin is
known to form several dimers and higher oligomers: the n - © dimer (Fig. 6D) in which the Fe
atoms in two parallel hematin monomers face outwards and are linked by overlapping & electron
density; and the p-oxo dimer (Fig. 6E) in which two hematin monomers are in parallel positions
and their facing Fe atoms are bound by a O atom. As illustrated in Fig. 6E, larger oligomers can form

when two or more p-oxo dimers catenate by « - © linkages. 4! The structures of the soluble dimers
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and oligomers are distinct from that of the head-to tail dimer (Fig. 6F), which exists in hematin
crystals. It is feasible that any of the former three dimers and oligomers may be the species coating
the surface in AFM images (Fig. 6C).

In basic solutions (i.e., high solubility of hematin)35, the steps retreated, thereby indicating
dissolution of the crystals. We did not detect any dynamic events that could allude to non-classical
mechanisms (e.g., the deposition of precursors or aggregates followed by their restructuring to
become part of the underlying crystal) in any of the tested aqueous solvents. A summary of all
tested growth solution compositions and the observed surface behaviors in AFM studies is
provided in Table 1.

In situ AFM observations revealed that in anhydrous n-octanol, in which the solubility of
hematin is even greater than its value measured in CBSO,3> steps retracted at hematin
concentrations lower than the solubility, which is consistent with crystal dissolution. At
concentrations higher than the solubility, continuous AFM scanning for 48 hours revealed no step
growth or retreat, as shown in Fig. 7. Moreover, we did not observe the formation of an overlayer
on the crystal surface, as was observed in acidic aqueous solutions (Fig. 6C).

In contrast, in situ AFM observations of hematin crystallization in CBSO reveal growth
following a classical layer-by-layer mechanism wherein new crystal layers nucleate and grow by
the attachment of solute molecules to advancing steps. The (100) faces present unfinished layers of
height h = 1.17 + 0.07 nm, close to the unit cell di mension in the [100] direction a = 1.22 nm, Fig.
8.4 These layers nucleate, as illustrated in Fig. 8A and B, and their nucleation quantitatively
complies with a priori predictions of classical nucleation theory.19 The layers spread by association
of molecules to the steps, and this process follows first order kinetics with a step kinetic coefficient
B = 4.3 um s! in the dominant growth direction and corresponding rate constant k = 104 s'.
Concentrations lower than the solubility result in step retreat, indicating dissolution of the hematin

crystal.1o
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The rates of nucleation and growth of new crystal layers provide insight into hematin
crystallization in vivo. Electron micrographs of hemozoin crystals in the parasite DV reveal that the
crystals can reach thicknesses in the [100] direction of approximately 100 nm within 20 hours,
corresponding to an average growth rate of about 10-3 nm s'1. The combination of step velocity and
step density can be used to approximate the hematin concentration required to achieve this growth
rate, which we estimate to be close to 0.22 mM. This value is only slightly higher than the solubility
of 0.16 mM, implying that hematin is sequestered into crystals soon after its release during
hemoglobin digestion. Thus, even a moderate delay in crystallization may induce a significant

accumulation of toxic hematin, leading to parasite eradication from its human host.

Nucleation and growth of hematin crystals in vivo

Here, we summarize the evidence that an organic phase is a preferred environment for the
growth of hematin crystals. Hematin solubility is five orders of magnitude higher in organic solvent
than in aqueous solutions that mimic the aqueous environment in the parasite DV. Since crystal
growth rate roughly scales with solubility, crystallization from organic solvents is seemingly a more
efficilent means of heme detoxification. Many of the current antimalarial drugs are sufficiently
soluble in the biomimetic CBSO solvent to ensure significant slowdown or complete cessation of
hematin crystallization. The crystals grown in aqueous buffers are constrained to sizes < 3 um and
are morphologically and structurally different from physiological hemozoin, whereas crystals as
large as 50 pum possessing a morphology and powder XRD pattern similar to those of physiological
hemozoin grown from the biomimetic CBSO solution. The unfinished layers on the surface of pre-
grown hematin crystals do not appear to grow in aqueous solutions supersaturated with hematin;
however, in situ AFM measurements in biomimetic CBSO supersaturated with hematin reveal the
generation and growth of two-dimensional layers with growth rates that are generally consistent

with our estimate of hemozoin growth rate in vivo.
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This conclusion must be reconciled with the data on hemoglobin transport to the digestive
vacuole, the digestion of hemoglobin and lipid, and heme release and detoxification in vivo 17.20-23,25,
28 that demonstrate the following key points: (i) Hematin and neutral lipids are released in the
aqueous sub-phase of the DV since the proteases and lipases that digest hemoglobin and the inner
membranes of the hemoglobin transport vesicles are water-soluble; (ii) The synthesis of neutral
lipids that are crucial for hematin crystal nucleation and growth is concomitant with the release of
heme during hemoglobin digestion; (iii) The total volume of produced neutral lipids is about 1 fL;
(iv) The released lipid droplets likely deposit on the DV membrane.

A mechanism of hematin crystallization in the parasite DV that reconciles the laboratory
findings and the data on parasite physiology is suggested by the classical vapor-liquid-solid (VLS)
crystallization mechanism,36 illustrated in Fig. 9A. The VLS mechanism applies to crystals growing
from their vapor. Since the molecular concentration in the vapor is low, the rate of growth directly
from the vapor is slow. To accelerate crystallization, a drop of neutral liquid is deposited on a face
of interest. The liquid is chosen such that the crystallizing compound is highly soluble in it. This
leads to accumulation of molecules in the liquid drop and to correspondingly faster growth. Since
the liquid is not incorporated in the crystal, the liquid drop is lifted with the growing interface,
ensuring continuous crystallization.

We propose a mechanism of hematin crystallization analogous to the VLS growth mode
wherein the role of vapor is taken by the aqueous medium, in which hematin is released. The liquid
droplet in the VLS growth mode is then represented by lipids accumulated at the open crystal
surfaces or at the interstice between the crystal and the underlying DV membrane. The proposed
mechanism is illustrated in Fig. 9B. Crystals nucleate either on the phospholipid membrane of the
DV17.25 28 or at the interface of neutral lipids, which may coat the DV membrane or embed in its
phospholipid bilayer.16. 40. 42, 43 Hematin plates as large as 10 x 10 um? embedded in biomimetic

phospholipid bilayers have been observed.#¢ Given that the solubility of hematin in the aqueous
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solution is exceedingly low, hematin may be supplied to the nucleation site via two pathways:
through a layer of neutral lipids that coat the membrane,?8 or through the DV membrane itself as
hematin is significantly soluble in the two-dimensional environment of a phospholipid bilayer.*+

It is likely that the nucleated hematin crystals are coated by newly synthesized neutral
lipids within the parasite DV. The surface of the hematin crystals is highly hydrophobic and can
serve as a natural assembly site for the lipids. Their transport from the location of phospholipid
hydrolysis may be enabled by their low, albeit finite, solubility in aqueous solutions. The thickness
of the neutral lipid layer may be less than the detectable limit of analytical instruments (e.g., 25
nm), in particular around large crystals that are similar to those observed in mature trophozoites
by Kapishnikov et al.17.25.28 The nucleated crystals grow from continuously released hematin, which
diffuses through the aqueous solution, dissolves in the lipid, and associates to the crystals at the
respective growth sites.l0 Crystal growth is coordinated with the layer expansion by the
concomitant generation of hematin and neutral lipids. An alternative pathway of hematin from the
DV bulk to the crystal is via the DV membrane; this pathway is compatible with hematin
crystallization exclusively through a lipid phase. The hematin crystal would mostly grow by
molecular attachment to the basal (100) face that lifts the crystal into the DV.

The pharmacological consequences of this crystallization mechanism are significant. The
primary implication is that potential antimalarial drugs that work by blocking hematin
crystallization should be tested in water-saturated organic environments and not in purely aqueous
solvents. Exploring the details of the transport of hematin from its synthesis in the aqueous sub-
phase in the DV, through the lipid structures that underlie or shroud the hematin crystals, may offer
valuable new targets for blocking crystallization and suppressing the parasite.

Several aspects of the proposed mechanism can be tested by high resolution electron
microscopy and X-ray imaging of P. falciparum parasites. A direct confirmation would be to

measure low hematin (free from hemoglobin) concentrations in the DV bulk and significantly
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higher levels around growing crystals. This non-uniform distribution of hematin would suggest
phase heterogeneity of the DV, compatible with a lipid layer coating the crystals. Determining the
hematin concentrations embedded in the DV membrane could test the alternative crystallization

pathway, discussed above.
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Aqueous solutions examined as putative growth media for f-hematin crystallization

25 mM citric

hematin dissolved in

no step growth
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Acidic, buffer, pH4.80 | 0.1 M NaOH, pH 13 <2nM or dissolution
low ionic strength
25 mM citric . . no step growth
buffer, pH 3.5 solid hematin, 2 mM <2mM or dissolution
Acidic, 4.5 M ammonium | hematin dissolved in <0.1mM no step growth
high ionic strength | acetate, pH 4.80 | 0.1 M NaOH, pH 13 ' or dissolution
0.1 M NaOH, . :
pH 13 none 0 mM step dissolution
. 0.1 M NaOH, hematin dissolved in . .
Basic pH 13 0.1 M NaOH, pH 13 0 mM step dissolution
0.1 M NaOH, . :
pH 10 none 0 mM step dissolution
none 0 mM step dissolution
- . 25 mM citric solid hematin <0.1 mM no step groyvth
Acidic solution . or dissolution
. buffer, pH 4.80;
saturated with .
. . saturated with n-
organic solution
octanol b i1 dissolved i "
ematin dissolved in <0.1 mM no step growt

0.1 M NaOH, pH 13

or dissolution
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Figure Captions

Figure 1. Solubility of water in a lipid mixture representative of the composition of the neutral
lipids in the parasite DV: monopalmitic, monostearic, dipalmitic, dioleic, and dilinoleic
glycerols at molar ratios 2:4:1:1:1. The mass fraction of evaporated solvent, determined by
thermogravimetric analysis (TGA) is plotted as a function of temperature at three

temperature ramp rates, labeled i to iii.

Figure 2. Comparison of the solubility at 25°C of hematin in citric buffer saturated n-octanol (CBSO)

and aqueous citric buffer at pH = 4.8.

Figure 3. The solubility at 25°C of three antimalarial drugs, amodiaquine (AQ), quinine (QN), and
chloroquine (CQ) , and two commonly used antibiotics, sulfadoxine (SD) and doxycycline
(DC), in citric buffer saturated n-octanol (CBSO), top, and aqueous citric buffer at pH = 4.8,

bottom.

Figure 4. AFM analysis of the surface structure of hematin crystals grown in aqueous solutions at
pH = 4.8. A. Low magnification view of two crystals consisting of individual blocks; dashed
lines highlight block boundary. B. High magnification view of the surface of a crystal
showing rounded formations. C. A crystal with apparent lamellar structure, indicated by
arrows. D. High resolution image of the area highlighted by a white square in C shows
rounded formations similar to those in B. E. A crystal with a relatively smooth surface
around the white square and a rough area covering more than 80 % of the top face. F. A
high resolution image of area highlighted by a square in E showing that the apparently
smooth area consists of lamellar layers. G. Surface profile along dashed line in E. The
thicknesses of the layers are shown in nanometers. Reprinted from Ketchum et al.35 with

permission from AIP.
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Figure 5. The growth of large hematin crystals from citric buffer saturated octanol (CBSO). A. A
CBSO sample is placed in contact with amorphous hematin. B. Amorphous hematin
dissolves and hematin crystals nucleate at the interfaces of citric buffer droplets. C. As the
concentration of soluble hematin increases, the water solubility in n-octanol increases and
the aqueous droplets suspended in CBSO dissolve. During this time, hematin crystals
continue to grow and gradually sediment. D. An AFM image of a crystal that was prepared
using the procedure illustrated in A - C. E. Transmission electron microscopy images of
crystals extracted from P. falciparum, reprinted from Noland et al. 4> with permission from
Elsevier. F. Powder X-ray diffraction (XRD) patterns of hematin: top, a model pattern
computed using the software package Diamond and hematin structure coordinates from the
Cambridge Structural Database; middle, crystals grown in the laboratory following the
procedure illustrated in A - C; and bottom, hematin reagent from Sigma Aldrich (as
received), indicating that the commercial material is predominately amorphous. G.
Correlation functions from CBSO samples analyzed by dynamic light scattering (DLS). Upper
curve: from CBSO prior to introduction of hematin reveals the presence of droplets of
aqueous citric buffer of radius R = 120 nm, as schematically depicted in A. The lower curve

provides evidence of droplet dissolution after one day of crystal growth.

Figure 6. The crystal surface in biomimetic aqueous solvents. A - C. Time-resolved AFM images
reveal the evolution of the surface of a crystal grown in CBSO after insertion in aqueous
citrate buffer at pH 4.8. The steps on the surface do not move indicating that molecules do
not incorporate into them at a significant rate. After 9.5 hr, the surface is coated with a
residue that may consist of hematin dimers and higher order oligomers. C. The residue
persists after an additional 13.5 hr of imaging. D and E. The structures of a n—r dimer and of
stacked p-oxo dimers, respectively. F. The structure of the head-to-tail dimer existing in

physiological and synthetic hematin crystals.
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Figure 7. AFM images of a (100) hematin surface in an anhydrous n-octanol solution containing
0.55 mM hematin. Continuous imaging for approximately 40 min reveals that the steps

neither propagate nor dissolve.

Figure 8. The evolution of the surface features on a (100) hematin surface in CBSO with hematin
concentration 0.21 mM. The step indicated with the arrow in A (labelled i) grows upward.

An example of new islands that nucleate and grow is indicated with the arrow in B (labelled
if).

Figure 9. A. The vapor-liquid-solid (VLS) mechanism of crystal growth. B. Schematic illustration of
the proposed aqueous - lipid - solid (ALS) mechanism of hematin crystallization in the
parasite DV. The parasite, enveloped in a double membrane, resides in a red blood cell.
Hematin and neutral lipids (dioleic glycerol is shown) are synthesized in the aqueous sub-
phase during the digestion of, respectively, hemoglobin and hemoglobin transport vesicle
membranes. Hematin crystals nucleate on the DV membrane and remain attached to the
membrane bilayer during growth. Hematin likely reaches the crystal by one of two
pathways: dissolving into a shroud of neutral lipids that coats the crystals, or penetrating

the phospholipid bilayer of the DV membrane.



CrystEngComm Page 22 of 33

22

TOC Text

Hematin crystallization, the primary heme detoxification mechanism of malaria parasites

infecting human erythrocytes, most likely requires the participation of lipid structures.
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