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The human malaria parasite Plasmodium falciparum detoxifies the
heme byproduct of hemoglobin digestion in infected red blood
cells by sequestration into submicron-sized hemozoin crystals. The
crystal is composed of heme units interlinked to form cyclic dimers
via reciprocal Fe—O (propionate) bonds. Templated hemozoin
nucleation was envisaged to explain a classic observation by elec-
tron microscopy of a cluster of aligned hemozoin crystals within
the parasite digestive vacuole. This dovetails with evidence that
acylglycerol lipids are involved in hemozoin nucleation in vivo,
and nucleation of p-hematin, the synthetic analogue of hemozoin,
was consistently induced at an acylglycerol-water interface via
their {100} crystal faces. In order to ascertain the nature of hemo-
zoin nucleation in vivo, we probed the mutual orientations of
hemozoin crystals in situ within RBCs using synchrotron-based
X-ray nanoprobe Fe fluorescence and diffraction. The X-ray pat-
terns indicated the presence of hemozoin clusters, each comprising
several crystals aligned along their needle ¢ axes and exposing
{100} side faces to an approximately cylindrical surface, suggestive
of nucleation via a common lipid layer. This experimental finding,
and the associated nucleation model, are difficult to reconcile with
recent reports of hemozoin formation within lipid droplets in the
digestive vacuole. The diffraction results are verified by a study of
the nucleation process using emerging tools of three-dimensional
cellular microscopy, described in the companion paper.

crystal nucleation | optical birefringence | X-ray diffraction | submicrofocus
X-ray fluorescence | lipid-induced precipitation

n early electron microscopy report by Goldberg et al. (1)
described clusters of aligned hemozoin crystals within the
digestive vacuole (DV) of Plasmodium falciparum. This raised the
possibility of oriented nucleation, although the clustering and
alignment might have occurred after the nucleation step. Fitch
et al. (2) have proposed that neutral lipids play a role in inducing
crystallization of hemozoin within the digestive vacuole (DV).
The presence of lipid bodies a few hundred nm in diameter, com-
posed of mono- and diacylglycerols close to the outer surface of
the DV, has been reported by Jackson et al. (3). The authors pos-
tulated a role for these lipids in hemozoin precipitation, based on
in vitro crystallization of synthetic hemozoin, namely -hematin.
Many studies have demonstrated oriented nucleation of mole-
cular crystals induced under crystalline monolayers of amphiphi-
lic molecules at the air—aqueous solution interface, as a result of
complementarity between the amphiphilic head groups and the
crystal surface (4). Coupling this observation with the above re-
ports suggested that hemozoin nucleation occurs at a lipid—water
interface. On the premise that hemozoin nucleation is induced
via a surface layer of lipid glycerol groups that expose OH, CH,,
and oxygen lonepairs, nucleation was predicted to occur via the
{100} face, which exposes CO,H and C—H groups (5). Precipita-
tion of micron-sized crystals of pf-hematin from a myristoyl-gly-
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cerol solution/water interface was reported by Egan et al. (6). The
orientation of such crystals at the water surface was identified by
grazing incidence X-ray diffraction, revealing crystals floating on
their {100} faces, but not the presence of lipid layers (7). Egan
and co-workers extended this work, employing fluorescence,
confocal, and transmission electron microscopic imaging. They
demonstrated that the p-hematin crystallized at the water inter-
face of spherical particles with a homogeneous (i.e., “solid”) core,
according to confocal microscopy (8). By comparison, f-hematin,
grown in an O=S(CHj;), :CH;OH:CH;Cl solution, in contact
with a self-assembled HS—(CH,),; OH monolayer exposing OH
groups, was nucleated at the monolayer interface via its {100}
face, whereas the monolayer, exposing a 1:1 mixture of OH and
CH; groups, promoted nucleation equally via {100} and {010}
faces (7). Similar crystallization results were obtained by Wang
et al. in an acidic aqueous solution (9).

In contradistinction to the templated nucleation of f-hematin,
Coppens and Vielemeyer (10) and Pisciotta et al. (11) described
hemozoin crystals enveloped by neutral lipid droplets inside the
DV (thus apparently formed therein), detected by use of Mala-
chite green during chemical fixation for transmission electron
microscopy. Using mass spectroscopy, Pisciotta et al. identified
mainly monoacylglycerol lipids in association with isolated hemo-
zoin. Tilley and co-workers (12), using cryo soft X-ray tomogra-
phy with a 50-nm resolution, observed rod-like hemozoin crystals
in the DV, and noted that lipid nanodroplets encasing hemozoin
crystals may augment the X-ray absorption signal.

It is difficult to reconcile the observation of hemozoin crystals
embedded within a lipid nanosphere with the concept of induced
nucleation of hemozoin at a lipid surface. Templated nucleation
yielding oriented hemozoin crystals, induced via acylglycerol
lipids, implies aglycerol head group layer interfaced to water. To
better characterize the nucleation process, we used synchrotron
X-ray techniques to determine relative crystal orientation within
a hemozoin cluster. The issue is further examined in a companion
report (13) probing Plasmodium-infected RBCs by cryo soft
X-ray tomography (cryo-XT) and electron microscopy.

We describe use of a noninvasive procedure capable of scan-
ning many RBCs, singling out those that contain hemozoin crys-
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(A) The optical micrograph of Plasmodium-infected RBCs onto which the X-ray Fe fluorescence patterns are superimposed. The pure optical micrograph

is shown in Fig. S1. (B and C) The X-ray Fe fluorescence patterns of samples | and Il. Note that the two Fe-rich particles outside cell d in C are extraneous. (D)
Optical light birefringence pattern of an infected RBC as a function of rotation of crossed polarizers. The birefringence of hemozoin crystals in infected RBCs
using crossed polarizers has already been reported by Lawrence and Olson (16).

tals for detailed examination. The method involves use of a syn-
chrotron X-ray nanoprobe to locate the hemozoin crystals by
X-ray Fe fluorescence, and to obtain concomitantly X-ray diffrac-
tion measurements therefrom. The fluorescence also yielded an
estimate of the hemozoin amount in each cluster and the diffrac-
tion provided evidence of hemozoin crystal alignment therein.

Details on the preparation of the P falciparum—infected
RBC samples (I) and (II), their optical visualization (Fig. 1D
and Fig. S1), and the X-ray Fe fluorescence and diffraction mea-
surements (using X-ray beams of size 0.4 X 0.08 and 1 X 1 um?)
(Fig. S2) are given in Materials and Methods and SI Text.

Results

The X-Ray Fe Fluorescence and Diffraction Patterns. The areas of high
Fe content correspond to hemozoin clusters (Fig. 1 B and C). They
matched the optical presence of the malaria pigment (Fig. 14);
more importantly, the X-ray diffraction signals (Fig. S3) obtained
from these areas yielded d spacings corresponding to the most in-
tense X-ray reflections of f-hematin (14), allowing {hkl} assign-
ment thereto (Table 1).

By comparing the Fe fluorescence signal from the hemozoin
clusters to that from a reference Fe foil, the hemozoin content
in each cluster was determined, as detailed in Figs. S4 and S5
(Table 2). The low amount of hemozoin produced in RBCs a,

Table 1. Summary of results from X-ray diffraction
and Fe fluorescence measurements of sample I: hk/
indices of hemozoin X-ray reflections, the number
thereof, average intensity, observed d spacing, and
corresponding d spacing of p-hematin

hkl Nr { d (obs) d (BH)
100 13 127 12.05 11.99
020 2 54 7.30 7.27
120 1 77 5.87 5.87
211 1 43 5.00 4.98
031 4 92 4.13 4.11
131 10 68 3.71 3.69
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b, ¢, g, and f (Table 2) suggests a trophozoite stage [Table S1 in
the companion report (13)]; f is possibly a doubly invaded para-
sitized RBC; e might be either doubly invaded or composed of
two partially overlapping cells according to its shape (Fig. 14)
in which the lower cell contains the Fe-rich particle. By asserting
an average hemozoin crystal volume to be 0.0085 pm?, as derived
from Table S1 in the companion report (13), the number of
crystals in each RBC (Table 2) was estimated. It is noteworthy
that the volume 0.0085 pm3 corresponds to dimensions
~0.13 x 0.13 x 0.45 pm3, given that the relative dimensions of
hemozoin along its a, b, and ¢ axes are =~1:1:3.5, according to
its theoretical growth habit (15).

It is clear for at least two reasons that the hemozoin crystals
in a cluster in the DV tend to be oriented. One is that birefrin-
gence would be washed out in a cluster of randomly oriented he-
mozoin crystals, which is in contradiction to the pronounced
effect of crossed polarizers in the optical image in Fig. 1D. The
other reason is based on statistical analysis of the X-ray diffrac-
tion. The probability, p,, for occurrence of any particular single

Table 2. Summary of results from diffraction and
fluorescence data, sample I: labeled RBCs, volume of
hemozoin Vol(hz) (um3), estimated number of crystals, Nx,
and fraction of hemoglobin, Hgb, consumed to produce

hemozoin

RBC Vol (hz) Nx Hgb
a 0.112 13 0.2
b 0.099 12 0.1
C 0.091 1 0.1
d 0.175 21 0.2
e 0.228 27 0.4
f 0.191 23 0.3
g 0.064 8 0.1
h 0.117 14 0.2

Nx=~Vol/0.0085, where 0.0085 ym3 is the average hemozoin
crystal volume per infected RBC as derived from Table S1 in the
companion report (13).
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(hkl) reflection from a cluster can be estimated as the product of
the number of crystals in the cluster, ~10, and the inverse number
of reflecting (hkl) Bragg planes in one crystal, about 100, see
Fig. S6. The latter gives the extension of a Bragg point to a Bragg
volume as one proceeds from a macroscopic crystal to a nano-
crystal (detailed in SI Text). For hemozoin crystals, the order
of magnitude is p; = 0.1. Were the crystals in the cluster randomly
oriented, the probability for simultaneous observation of any
particular Akl reflection from »n different crystallites within that
cluster would be (p;)". Observations of five or more reflections
(vide infra) would be vanishingly improbable.

Hemozoin Crystal Alignment Within a Cluster. We now describe mod-
els for mutual crystallite orientation within the hemozoin clusters,
derived from the diffraction results. Given that the sample was
not rotated, the most intense reflections—{100}, {031}, and
{131}—had the highest probability of being observed, as was the
case (Table 1). Thus, we confine the analysis of crystal alignment
in terms of these three reflections. We focus on hemozoin clusters
in RBCs b and f (sample I), and RBC a (sample II).

The RBC b contains one hemozoin cluster, which yielded five
{131} Bragg peaks (2'-6") and one {031} peak (1’), the distribu-
tion of which is depicted in Fig. 24, u. The locus of end points of
the five d*{131} diffraction vectors (Fig. 24, /) lie on a curved
line with the same sequence of corresponding crystals on the
X-ray fluorescence scan (Inset, Fig. 24, u), which is consistent
with hemozoin crystals arranged on a curved surface, with a com-
mon cylindrical axis.

The reflection patterns from RBCs f and a (Fig. 2 B and C)
incorporate features consistent with several hemozoin crystals
aligned along their needle ¢ axes, oriented with their {100} faces
towards a curved surface (Fig. 3). This model was deduced from
the geometry of the {100} and {131} reflection pairs (6’,3") and
(4 or 5, 2") from RBC f, and reflection pair (1’, 5'), complemen-

ted by the set of {100} reflections 2'—4’, from the RBC cluster a.
The model diffraction correlation is explained in the caption of
Fig. 3 A and B.

This model arrangement of aligned hemozoin crystals is
supported by the cryo-XT image of a trophozoite DV of P, falci-
parum, presented in the companion paper (13), shown here
in Fig. 3C. The aligned crystals lie close to the inner membrane
surface of the DV, exposing their {100} faces to the membrane
surface according to their morphology (15).

Summary and Conclusion. The feasibility of examining clusters of
hemozoin crystals in Plasmodium-infected RBCs by a synchro-
tron X-ray nanoprobe has been demonstrated. We were able to
locate the hemozoin clusters and estimate the amount of hemo-
zoin therein. The X-ray diffraction patterns obtained from some
of these clusters are interpreted in terms of hemozoin alignment,
with the crystals oriented essentially parallel along their needle ¢
axes, exposing their {100} faces to a curved surface. This inter-
pretation is consistent with nucleation of hemozoin via an acyl
glycerol lipid surface, but not a proof thereof, nor does it provide
information on the location of such a lipid surface. Regarding the
conundrum of relating templated hemozoin nucleation with the
observation of hemozoin crystals enveloped within a lipid droplet
(vide supra), it is difficult to conceive how a cluster of aligned crys-
tals may be formed therein. Finally, although we cannot rule out
that agglomeration occurred after nucleation, it does not exclude
face-oriented nucleated hemozoin needles becoming aligned by
contact. These intertwined questions are settled in the compa-
nion report (13).

Materials and Methods

Sample Preparation. The RBC samples were prepared by smearing magneti-
cally concentrated P. falciparum-infected RBCs stained in Giemsa solution
onto a 50-um thick, 10-mm diameter glass plate. For navigation across the
sample, a quadratic grid of labeled Cu bars with a square size of 63 um
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150 hkl <> 150 hkl <> 150 hkl <I>
] 1 h131 68 [ | o D131 59 | h131 37
100 = )0 31 100 100 1 00 125 100 I 100 122
5016 50 A 50
6 1e 11 N 1l
Eo o 6 B T L2
-50 .50 54 - 4 3
5
-100 & -100 c:us:er ; -100
N AN e cluster
-150 2’3 — X -150 — X -150 —_— X
100 -50 0 50 100 150 100 -50 0 50 100 150 100 50 0 50 100 150
[mm] [mm] [mmj
0.4 Al 0.4 Bi _ Ci
0.3 -~ 6 0.3 3 0.2
1 . o A 0.3 T
Y 02 5 Y 0.2 \ Y 0.1
0.2 l & 0.2 j ' 0.2
_ 6 -0.1 5\ 1\ 0.1 \‘6 o1l l of Z+— %\‘
5 —_— — of == 6—F—=—= X — 1195 - 5
< 0 - X o z g d 3 or Z 14’5 Zo 1 s x 01 2l
£ 0.1 0.1 5 3 5 ]
02l 57 )l( o5 2 04} 43 02 x\
4 g 0.2 T 0.2 2 02 0.3 5
0.4 03 0.4 0.3 3 03 0.4
-0.2 0 02 04 02 0 0.2 0.2 0 02 04 02 0 0.2 0.2 0 0.2 04 02 0 0.2
[A1] [A1] [A1]
Fig.2. (A, u; B, u; C, u) Bragg reflection positions on PILATUS (a two-dimensional X-ray detector). The X-ray diffraction patterns, in the form of Debye-Scherrer

rings, arise from the hemozoin clusters in RBCs b and f of sample |, and RBC a of sample Il. Insets are the corresponding X-ray Fe fluorescence patterns (Fig. 1B
and C), denoting the positions at which the diffraction signals were obtained. (A, /; B, I; C, |) The diffraction vectors, d*, with components d*x, d*y, and d*z,
which correspond to the Bragg peaks that appear on the PILATUS detector, as viewed along the z (Left) and y (Right) axes. (The x, y, and z axes are also depicted
in Fig. S2.) Note that peaks 2’ and 3’ in A almost coincide, yet might be different reflections according to analysis (S/ Text). Analogously, although peaks 1’ and 6’
might arise from simultaneous diffraction from the same crystal, analysis (S/ Text) indicates two antiparallel crystals. Scale (Insets), 2 pm.
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was glued on the opposite side of the smear. The RBCs were visualized in an
optical microscope, shown in Fig. 1 A and D and Fig. S1. Later, the same RBCs
could be positioned in the X-ray beam because the labeling also appeared in
the X-ray radiography of the Cu grid.

X-Ray Measurements. The experiments were conducted at the ¢cSAXS beam-
line of the Swiss Light Source using a nanofocus X-ray beam setup (Fig. 52). A
monochromatic X-ray beam was focused to a 400 x 80-nm? spot, yielding a
flux of 5- 108 photons/s. The first sample (I) was scanned in steps equal to
the spot size over an area of 30 x 24 pm?2. At each step lasting 0.1 s, the Fe
fluorescence yield was determined, and X-ray diffraction data accumulated
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Fig.3. Model of hemozoin crystal alignment on a curved surface. (A) Five rod-
like crystals (labeled 1 through 5) are depicted, with their ¢ axes aligned ap-
proximately parallel to the viewing direction and their {100} faces exposed to
the surface of a cylinder, lying along a curved line. The crystal morphology
[which is needle-like, exposing {100} and {010} side faces and (011) slanted
end faces] is based on an analysis of the theoretical growth form of p-hematin
and observed morphology of hemozoin (15). (B) View of the five crystals along
the cylinder radius passing through crystal 3. The model is consistent with
simultaneous diffraction of {100} and (13 1) reflections, 1’ and 5’ in Fig. 2C
(and with reflections 5’ and 2’, and 6’ and 3’ in Fig. 2B): The observed angle
between diffraction vectors d*(100) of crystal 1 and d*(131) of crystal 5 is
166°, so the angle between d*(100) and d*(131) is 14°. In one and the same
crystal of -hematin, this angle is 62°. The vector and label of d*(13 1) attached
to crystal 1 are semitransparent because they belong to crystal 5. Going from
crystal 1 to 5, the crystals are rotated in steps of 14.5° about their c axis (a total
of 58°) and 3.3° about their b axis, resulting in the observed angular difference
of 14° between d*(100) of crystal 1 and d*(131) of crystal 5. The model is
basically consistent with the observed {100} reflections 1/, 2, 3/, and 4’ shown
in Fig. 2C, which would require crystal rotations only about the c axis, and with
the {100}-oriented nucleation of p-hematin induced at various interfaces (7).
(C) View taken from report (13) of segmented cryo-XT of a trophozoite DV,
displaying hemozoin crystals lining the DV’s membrane, and (/nset) a recon-
structed tomogram section viewed along the same direction. (Scale bars: 1 um.)

for 0.25 s provided the Fe fluorescence signal was above noise level. For the
second sample (ll), the beam was focused to a 1-um diameter and scanned
over the sample area of 20 x 20 pum? in 0.2-um steps.
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