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ABSTRACT: Hematin crystallization, which is an essential component of
the physiology of malaria parasites and the most successful target for
antimalarial drugs, proceeds in mixed organic—aqueous solvents both in
vivo and in vitro. Here we employ molecular dynamics simulations to
examine the structuring and dynamics of a water—normal octanol mixture
(a solvent that mimics the environment hosting hematin crystallization in
vivo) in the vicinity of the typical faces in the habit of a hematin crystal. The
simulations reveal that the properties of the solvent in the layer adjacent to
the crystal are strongly impacted by the distinct chemical and topological
features presented by each crystal face. The solvent organizes into at least
three distinct layers. We also show that structuring of the solvent near the
different faces of f-hematin strongly impacts the interfacial dynamics. The
relaxation time of n-octanol molecules is longest in the contact layers and
correlates with the degree of structural ordering at the respective face. We
show that the macroscopically homogeneous water—octanol solution holds clusters of water and n-octanol connected by hydrogen
bonds that entrap the majority of the water but are mostly smaller than 30 water molecules. Near the crystal surface the clusters
anchor on hematin carboxyl groups. These results provide a direct example that solvent structuring is not restricted to aqueous and
other hydrogen-bonded solutions. Our findings illuminate two fundamental features of the mechanisms of hematin crystallization:
the elongated shapes of natural and synthetic hematin crystals and the stabilization of charged groups of hematin and antimalarials
by encasing in water clusters. In addition, these findings suggest that hematin crystallization may be controlled by additives that
disrupt or reinforce solvent structuring,

B INTRODUCTION liquid phase within the digestive vacuole;”' ™>® an alternative

During the intraerythrocytic stage of its life cycle, the malaria proposal that hemozoin grows in the aqueous subphase

. . S 115,17 21,23
parasite feeds on the hemoglobin in the cytosol of the host’s without assistance from lipids appears less feasible.

red blood cells.'™* Each hemoglobin molecule carries four These lipid structures may hold up to 15 wt % water invading
iron-containing prosthetic groups, hemes, which are released as from the surrounding aqueous solution,*” a crucial component
hemoglobin is digested and promptly converted to hematin, for the hydrogen and coordination bonds that uphold the
where iron is in its stable Fe*" form (Figure la). Hematin hemozoin crystal structure.””*’

catalyzes oxidation of essential parasite proteins and lipids and The synthetic analogue of hemozoin is known as f-hematin
thus is highly toxic to the parasite.”~ To survive, the parasite (Figure 1c). To explore the crystallization of f-hematin, the
sequesters hematin into innocuous crystals that present as mixture of neutral lipids found in the parasite’s digestive
intensely dark brown spots in the infected red blood cells and vacuole is typically replaced with normal 1-octanol, which

o . . 1,8—10
are known as malaria pigment or hemozoin (Figure 1b).

Hemozoin formation by hematin crystallization constitutes the
process of the parasite physiology most vulnerable to
antimalarial drugs and is sometimes referred to as the parasite’s
“Achilles heel”. The drugs suppress hematin crystallization and
boost the concentration of hematin above the toxicity level."'
The parasite digestive vacuole, in which hemoglobin is
catabolized, is largely filled with an aqueous solution of the
proteolysis enzymes.lo’1220 Hemozoin, however, likely assem-
bles in nanodroplets of neutral lipids that comprise a second

96,232

saturates with water at about 5 wt 202829 Despite many

years of research on hemozoin and f-hematin crystalliza-
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Figure 1. Structure of hematin and f-hematin crystals. (a) Molecular structure of hematin, the building block of f-hematin. Hematin has two
propionic side chains with carboxyl groups (red) and an iron core (pink) coordinated by four nitrogen atoms (blue). (b) A unit cell of #-hematin
highlighting the crystallographic hematin dimer (mauve). (c) SEM micrograph of a hematin crystal. The crystallographic directions and basal (100)
face are labeled. (d—g) Top view of the structures of the (100), (011), and (001), and (010) faces of f-hematin. (d—f) The (100), (011), and
(001) faces are patterned with alternating stripes of polar carboxyl groups (highlighted in beige) and nonpolar methyl and methylene groups.
Whereas the (100) and (011) faces are relatively flat, the (001) face has ~1.0 nm deep grooves, evident when viewing the crystal along the [100]
direction in (d). The polar groups reside on the inside ledges of the grooves. The center-to-center spacing between polar stripes is 1.5, 1.7, and 1.4
nm, and the overall carboxyl surface density is 0.85, 1.00, and 1.16 groups per nm? for the (100), (011), and (001) faces, respectively. (g) The
(010) surface exposes only nonpolar groups and exhibits shallow grooves ~0.6 nm deep, evident when viewing the crystal along the [100] direction
in (d). (h) Example of the slab geometry used for the molecular dynamics simulations. The f-hematin crystal is cleaved and reoriented to expose
two identical faces to the solvent, with the surface normal aligned along the major axis (z-axis) of the simulation cell. The periodicity of the S-
hematin crystal is retained along the minor (x- and y-) axes of the simulation cell. In (d), (e), (f), (g), and (h) oxygen is shown in red, nitrogen in
blue, carbon in cyan, iron in purple, and hydrogen in white.

s

12/13,3073819,21,22,24726,28,29 the polar stripes is different (1.5, 1.7, and 1.4 nm, respectively),
as is the overall surface density of polar groups (0.85, 1.00, and

1.16 groups per nm?, respectively). Lastly, the (010) face is

tion and the activity of antimalarial
11,25,43—52,30,53—57,32,34,35,39—42
drugs,' ¥ 732305375732343539742 i damental understand-

ing of the structures and dynamics at both the crystal—solution

interface and in the solution bulk, and on their correlation to
the crystallization mechanism and the activity of the
antimalarials, remains elusive.

Here we focus on the structuring and dynamics of a mixed
organic—aqueous solvent near the surfaces of f-hematin using
a homogeneous mixture of normal 1-octanol and water as a
model. The f-hematin crystals that emerge from these complex
media exhibit a rodlike morphology (Figure 1c), commonly
exposing to the surrounding solvent distinct (100), (010), and
(001) crystallographic faces and, in some crystals, a (011) face.
The (100) and (011) faces are topographically smooth and
exhibit alternating stripes of exposed polar (carboxyl) and
nonpolar (e.g., methyl/methylene) groups (Figure 1d,e). The
(001) face exhibits similar stripes (Figure 1f) but is
topologically rough with grooves as deep as ~1.0 nm (Figure
1d). The stripes of polar groups on the (001) face lie on ledges
inside of the grooves, whereas the bottoms of the grooves and
regions protruding from the surface comprise nonpolar groups
(Figure 1d). Although the (100), (011), and (001) faces all

present stripe-like motifs, the center-to-center spacing between

topographically rough with periodic indentations ~0.6 nm
deep, as measured from the outermost heavy atoms, and it
exposes only nonpolar groups.

We explore the properties of a S wt % water—octanol
mixture; owing to the lower molecular weight of water, the
number of water molecules in this mixture is ~28% of the total
number of molecules. This solvent composition was chosen to
model the majority components in the solution used to
precipitate f-hematin in recent experiments.*”>®*%374375

B METHODS

We employed molecular dynamics (MD) simulations con-
ducted with GROMACS 5.1.5.°° The simulations were
performed using the AMBER-based (FF99SBILDN"?) force
field developed by Becker et al®’ for f-hematin, the TIP3P
model of water,’’ and an all-atom representation of n-octanol
based on the generalized AMBER force field (GAFF).”” The
equations of motion in all simulations were integrated using
the leapfrog algorithm with a 2 fs time step, employing the
LINCS®® method to restrain bond lengths between heavy and
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hydrogen atoms and the SETTLE®* algorithm to model water
molecules as rigid bodies. Interactions were computed using a
1 nm cutoff and periodic boundary conditions in all three
directions of the simulation cell. Long-range contributions to
electrostatic interactions were handled with the particle mesh
Ewald method® using an error tolerance of 107>,

The crystal structure data for the f-hematin unit cell was
taken from the Cambridge Structural Database (REFCODE
AYILIE®*®”). Models of the crystallographic surfaces were
created by replicating the unit cell to create supercells. For the
(100), (010), and (001) surfaces, 3 X 3 X 5,4 X 3 X 4,and 3
X 3 X 4 supercells were generated, respectively; for the (011)
surface a 3 X 3 X 9 supercell was generated by cleaving a larger
3 X 12 X 14 structure along the (011) plane. Each supercell
was rotated to align the normal vector for the face of interest
along the z-axis of the simulation cell, modifying the angles of
the triclinic box as needed to preserve the periodicity of the
structure. The simulation cell was then enlarged along the z-
axis to create an infinite crystal slab with two exposed surfaces
(Figure 1h). To minimize finite size effects, the z-dimension of
the simulation cell was chosen to be at least 3 times the
thickness of the crystal slab. The vacuum space above and
below the crystal slab was then solvated with a S wt % water in
n-octanol mixture (Figure 1h).

The energy of solvated systems was minimized with the
steepest decent algorithm to remove forces of >1000 kJ mol™"
nm~' on atoms. Each system was subsequently equilibrated for
10 ns in the NVT ensemble at 325 K using a Bussi—Parrinello
thermostat® with a 0.1 ps time constant and then run for an
additional 220 ns at 325 K and 1 bar in the NP,T ensemble,
saving trajectory information from the last 200 ns for analysis.
Constant pressure (isostress) conditions normal to the surface
were maintained during the NP, T simulations by applying a
Parrinello—Rahman barostat® with a 2 ps time constant along
the z-direction of the simulation cell; no pressure coupling was
applied in the x- and y-directions.

B RESULTS AND DISCUSSION

To characterize the solvent structure near the faces of f-
hematin, we computed the density profiles for n-octanol along
the z-direction of the simulation cell (Figure 2a). The position
of the outermost exposed heavy atom was used to define the z
= 0 origin for each surface. This arbitrary choice leads to
nonzero densities for z < 0 due to solvent penetration into
surface corrugations but nonetheless facilitates straightforward
comparison between different faces of f-hematin. The
oscillations in the profiles near the solid—liquid interfaces (z
< 1 nm) reflect local density inhomogeneities arising from
structuring of the solvent into layers. The decay of the
oscillations as z increases signifies that the layers become more
diffusive further away from the surface, until they eventually
vanish at z & 1.5 nm where the solvent recovers bulk-like
properties.

Solvent layering near solid surfaces is a ubiquitous
phenomenon that has been studied extensively, predominantly
in aqueous solutions, using experimentm_73 and computer
simulation.*””*7%7 Layering occurs even in systems with
purely repulsive fluid—wall interactions but is often enhanced
by attraction.”® Accordingly, density oscillations are strong
near (100), (011), and (001) faces, which contain polar groups
that can form H-bonds with the solvent species but are nearly
absent near the apolar (010) surface (Figure 2a). The primary
peak associated with the solvent contact layer, however, is most
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Figure 2. Solvent density profiles. Density profiles for n-octanol (a)
and water (b) as functions of distance z from the (100), (011), (001),
and (010) faces of f-hematin. The z = 0 origin is defined by the
position of the outermost exposed heavy atoms on each face.

pronounced for the (100) surface, which has a lower areal
density of polar groups than the (011) and (001) faces,
indicating that other factors besides surface chemistry (e.g.,
surface roughness) also influence structuring near the interface.
Indeed, the density profile for the highly corrugated (001)
surface exhibits three large oscillations of similar magnitude
rather than a single, well-defined contact peak, as observed for
the relatively flat (100) and (011) faces.

Density profiles for water were also analyzed near the
surfaces (Figure 2b). Similar to those for n-octanol, the water
density profiles for the three faces with exposed polar groups
exhibit pronounced contact peaks, whereas a more diftusive
first peak is observed for the (010) surface. For n-octanol,
however, the peaks in the density profiles for the (100), (011),
and (001) surfaces are regularly spaced and ~0.5 nm in width,
consistent with the formation of multiple solvation layers. For
water, by contrast, density oscillations beyond the contact peak
are irregular and diffuse, indicating the presence of large
inhomogeneities.

Inspection of the simulation trajectories revealed that these
large density inhomogeneities are associated with aggregates of
H-bonded species (Figure 3) and contain water and n-octanol;
the aggregates near the crystal surface also incorporate hematin
carboxyl groups. To characterize these aggregates, we
computed the size distribution of H-bonded clusters. Standard
geometric criteria based on the donor—acceptor distance and
angle were used to identify H-bonds,”” and pairs of H-bonded
species were considered to be part of the same cluster. The
aggregation number N,g, was defined as the number of oxygen
atoms in the cluster, and the location of each cluster was
determined from its geometric center computed using the
positions of the oxygen atoms. Clusters located within 1 nm of
each surface were considered to be in the interfacial region. For
comparison, a similar analysis was also performed for a bulk
water in n-octanol mixture with the same composition.

https://doi.org/10.1021/acs.jpcb.1c06589
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Figure 3. Schematic presentations of the solvent structures and H-
bonded clusters near the surfaces of -hematin. (a, b, ¢, d) Side views
of the (100), (011), (001), and (010) faces of f-hematin, respectively.
The dashed line in each panel indicates the position of the outermost
heavy atom defining the origin at z = 0. Hematin (gray) and n-octanol
(cyan) are displayed using stick representations. The hydrogen atoms
of water and the n-octanol hydroxyl group are shown as white spheres,
whereas the oxygens of heme, n-octanol, and water are shown as gold,
red, and blue spheres, respectively.

For the bulk mixture, the distribution of aggregate sizes is
broad and nearly flat, exhibiting a weak peak around S O atoms
(Figure 4a). This result is quantitatively consistent with prior
computational studies of water in n-octanol mixtures.”*””
Detailed analyses in these studies have demonstrated that the
broadness of the distribution arises from a diverse spectrum of
H-bonded aggregates with a large variation in size and shape.
The architecture of the aggregates is also diverse, ranging from
linear chain-like aggregates formed through the H-bonding of
hydroxyl heads of n-octanol molecules to water-centered
micellar aggregates. The aggregate size distribution near the
(010) face of f-hematin is remarkably similar to that in the
bulk mixture (Figure 4e), whereas the distributions near the
(100), (011), and (001) faces qualitatively differ and exhibit
substantially lower numbers of large clusters (Figure 4b—d).
These observations suggest that the strong layering near the
(100), (011), and (001) faces may disrupt the H-bond
network of the solvent, resulting in small aggregates that
interact with exposed polar groups on these surfaces.

The density profiles and cluster analysis reveal that the
structure of the solvent is strongly perturbed near the faces of
P-hematin with exposed polar groups. To further investigate
the structure in the interfacial regions, we analyzed the
orientational ordering of n-octanol by computing the joint
distribution P(cos(0),zcom), where 8 is the angle between the
surface normal and the vector adjoining n-octanol’s tail carbon
and oxygen atom and zcgy is the normal component of the
vector between n-octanol’s center-of-mass (COM) and the
outermost heavy atom on the crystal face. Thus, cos(6) = {1,—
1} corresponds to orientations in which n-octanol is
perpendicular to the surface with its hydroxyl group facing
toward and away from the surface, respectively, and cos(¢) = 0
indicates an orientation parallel to the crystal face (Figure Sa).
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Figure 4. Fraction of all oxygen atoms in H-bonded clusters with
aggregation number N, (a) Distribution in a bulk water-octanol
mixture. (b, ¢, d, e) Cluster distributions computed within 1 nm of the
(100), (011), (001), and (010) faces of f-hematin, respectively.
Standard geometric criteria based on the donor—acceptor distance
and angle were used to identify H-bonds’” between water, n-octanol,
and carboxyl groups on the crystal surface, and pairs of H-bonded
species were defined as parts of the same cluster.

Heatmaps of P(cos(6),zcon) for the (100) and (011) faces
show local maxima near zcqy = 0 nm and cos(@) = 0, which
reveal that n-octanol preferentially orients parallel to the
surface in the contact layer (Figure Sb,c). More diffuse peaks
are observed for 0 < cos(6) < 1 at this distance, suggesting that
a smaller fraction of the molecules adopt perpendicular
orientations with their hydroxyls pointed toward the surface.
Preferential parallel ordering also occurs in the second layers
near these two surfaces, but the minority population assumes
orientations opposite to those in the first layer (ie., —1 <
cos(@) < 0). Although parallel orientations are dominant near
the surface, this behavior suggests that a small fraction of the
molecules in the first two layers may form lamellar-like
structures.

https://doi.org/10.1021/acs.jpcb.1c06589
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Figure 5. Orientational distributions of n-octanol. (a) Schematic
illustration of the orientations of n-octanol relative to the surface and
the corresponding values of cos(6). The oxygen atoms in hematin are
shown as gold spheres, whereas all other atoms in the crystal are
shown using gray sticks. Atom coloring for n-octanol is carbon (cyan),
hydrogen (white), and oxygen (red). (b, ¢, d, e) Heatmaps of the
P(cos(8), zcoy) distributions for the (100), (011), (001), and (010)
faces of f-hematin, respectively, where zcoy is the distance from the
surface of the center of mass of n-octanol. The P(cos(6), zcom)
distributions are normalized so that they approach unity as bulk-like
behavior is recovered far away from the surfaces (ie, P(cos-
(0),zcom— ) = 1).

As suggested by the density profiles (Figure 2), corrugations
on the (001) face lead to more complex structuring near this
surface. The strongest maxima in the P(cos(6),zcopm) heatmap
for this surface is located at zcoy & — 0.8 nm and cos(d) = 0
and arise from n-octanol molecules that adsorb into the
grooves on this face (Figures 5d and 3c). The two regions of
intensity at zcoy & —0.3 nm correspond to molecules
adsorbed on the ledges inside the grooves. Whereas some
molecules adopt parallel conformations (cos(8) = 0), others
orient with their hydroxyl groups pointed toward the surface to
interact with the exposed polar groups on the ledges (cos(6) ~
0.9). The third, less distinct feature at zcoy ~ 0.4 nm and —1
< cos(f) < 0 is associated with interaction of n-octanol with
the protrusions that comprise nonpolar groups. Lastly, in
contrast with the other three surfaces, orientational ordering
near the (010) face is relatively weak and decays much more
rapidly as a function of z¢oy (Figure Se), consistent with the
absence of strong translational ordering near this surface

(Figure 2a). At the interface, however, n-octanol molecules
preferentially adopt tilted orientations in which their alkyl tails
are closer than their hydroxyl groups to the surface (Figure
Se).

The strong influence of surface chemistry and topology on
solvent structure can also be seen in heatmaps of Pgy(x,z), the
distribution of n-octanol hydroxyl groups in the xz plane
perpendicular to the surface (Figure 6). The Pgy(x,z)
distributions demonstrate that n-octanol hydroxyl groups are
spatially localized around surface carboxyls. Spatial hetero-
geneities are also observed in the in-plane hydroxyl
distribution, Pgy(x,y),+, computed in the vicinity of each
surface (Figure 7). The degree of localization is greatest for the
(011) surface because it exposes adjacent pairs of carboxyl
groups that slightly protrude from the surface and form 0.9 +
0.1 H-bonds per carboxyl on average with the solvent.
Similarly, the (001) surface presents adjacent pairs of carboxyl
groups, but they reside on ledges inside surface grooves. Steric
interactions inside the grooves slightly hinder H-bond
formation, reducing the number of H-bonds per carboxyl to
0.7 = 0.1 and hence the degree of hydroxyl localization
compared to the (011) face. Lastly, the carboxyl groups on the
(100) face form 0.8 + 0.1 H-bonds per carboxyl with the
solvent, but their isolated nature results in reduced hydroxyl
localization compared to the (011) face.

Owing to the absence of exposed polar groups on the (010)
surface, the Poy(x,z) distribution for this face is more uniform
than for the other surfaces (Figure 6d). Interestingly, however,
the heatmap of Pyy(x,y),« reveals the hydroxyl groups of n-
octanol molecules are also spatially localized on this surface
(Figure 7d). The density and orientational distributions
suggest that n-octanol forms a diffusive contact layer in
which the molecules are oriented with their alkyl tail groups
tilted toward the surface (Figures 2 and S). This tilt allows n-
octanol molecules to sit with their alkyl tails in shallow grooves
on this surface and their hydroxyl groups exposed. Moreover,
regular spaced regions of intensity in the Poy(x,y).«
distribution indicate that the molecules also preferentially
orient in the xy plane parallel to the surface to bring the
hydroxyl head groups of neighboring molecules into close
proximity to facilitate H-bonding.

The spatial distributions of the n-octanol and water in the
vicinity of the f-hematin crystal faces suggest that surface
chemistry and topology strongly affect the ordering of the
solvent at the interface. To understand their influence on
solvent dynamics, we computed the normalized survival-time
correlation function®” for n-octanol molecules in the different
solvent layers near each surface,

(b, (O)py (0

Cr(t) = — Z 2
Noisi #y(©) ®
where Ny is the number of the n-octanol molecules and pr ;(t)
is an indicator function, which is 1 when the center-of-mass of
molecule j remains in the layer for observation time ¢ and 0
otherwise. We computed Cg(t) in three slabs parallel to each
surface, using a slab width of 0.5 nm in the z-direction. For the
(100), (011), and (001) faces, the slabs were centered on the
positions of the first three peaks in the density profiles (Figure
2a). For the (010) face, we considered three adjacent slabs due
to the absence of well-defined solvent layers near this surface.
As expected, the Cgy(t) functions decay monotonically,
indicating that the probability that n-octanol molecules remain

https://doi.org/10.1021/acs.jpcb.1c06589
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Figure 6. Spatial distributions of the hydroxyl groups of n-octanol in
the xz planes perpendicular to each surface. (a, b, ¢, d) Heatmaps of
the Poy(x,z) for the (100), (011), (001), and (010) faces of j-
hematin, respectively. The distributions are normalized such that
Pon(xz—00) = 1. The panel above each heat map shows a side view
of the corresponding surface in the xz plane, with oxygen shown in
red, nitrogen in blue, carbon in cyan, and hydrogen in white.

in a given solvent layer decreases as the observation time
increases (Figure 8). In each case, the decay of Cy(t) is well-
described by a linear combination of two stretched exponential

functions, Ci(t) = Ae™" A (1 - A)e " This functional
form has been employed in previous studies,*”®' and it is
physically motivated by a two-step relaxation process. The first
term captures fast modes associated with local vibrations of
molecules on short time scales when their motions are

a® ./
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Figure 7. Spatial distributions of the hydroxyl groups of n-octanol in
the xy planes parallel to each surface. (a, b, ¢, d) Heatmaps of the
Pon(x,y),« for the (100), (011), (001), and (010) faces of f-hematin,
respectively. The distributions are averaged over a 0.5 nm slab along
the z-axis centered on the position z* and normalized such that
Pou(%y),+0 — 1. For the (100), (011), and (001) faces, the
positions of the surface polar groups were used to define z*, whereas
the position of the contact layer was used for the (010) face due to
the absence of polar groups on this surface. The panel above each heat
map shows a top view of the corresponding surface in the xy plane,
with oxygen shown in red, nitrogen in blue, carbon in cyan, and
hydrogen in white.

confined by surrounding neighbors and/or the crystal surface.
On these short time scales, molecules near slab boundaries will
vibrate in and out of the slabs, resulting in rapid initial decay of
Cr(t). The second term, by contrast, captures slower processes
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Figure 8. Survival-time correlation functions for n-octanol molecules
in different solvation layers. (a, b, ¢, d) Correlation functions Cy(t) for
n-octanol molecules in different solvation layers near the (100),
(011), (001), and (010) faces of f-hematin, respectively. Simulation
data (dotted lines) for different layers are shown in different colors:
first layer (blue), second (purple), and third (orange); the ranges of z
values used to define the layers are listed in the panel legends. Black

lines are fits of the simulation data to Ci(f) = Ae~* o (1-
A)e™W v
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Figure 9. Normalized survival times for different solvation layers.
Survival times 7, for different layers extracted from the stretched
exponential fits to the correlation functions in Figure 8, normalized by
the bulk value 7 ;5 &~ 8.1 ps computed using a 0.5 nm slab far away
(~4 nm) from the interface.

associated with escape from the solvent layers. As noted
previously, this behavior is reminiscent of two-step cage
rattling and breaking relaxation mechanisms in bulk super-
cooled liquids.*”** Details of the fitting procedures are
described in Supporting Information.

The time constant associated with the slower modes, 7,
characterizes the relaxation of each solvent layer and hence is
the primary quantity of interest. The values of 7, extracted from
the Ci(t) fits are conveniently normalized by the relaxation
time 7,y ~ 8.1 ps computed in a slab in a bulk water in n-
octanol mixture. The normalized time constant 7./7 . is
largest for the first solvent layers, indicating that the relaxations
are slower near each surface due to confinement effects and
interactions with polar surface groups (Figure 9). Consistent
with this interpretation, the longest relaxation times are
observed for the first solvent layers near the (100) and
(011) faces, in which n-octanol molecules exhibit strong
translational and orientational ordering and localization near
exposed carboxyl groups. For these two faces, which are
relatively flat, 7,/7,, monotonically decreases with increasing
layer number due to decay of structural order in the solvent
further away from the surfaces, recovering bulk-like dynamics
in the third layer. For the (001) and (010) faces, by contrast,
To/ Ty puli is smallest in the second layer and below the value of 1
expected in the bulk. Although the precise mechanism for the
faster-than-bulk dynamics in these layers remains unknown, we
hypothesize that solvent relaxation may be facilitated by the
presence of surface corrugations. Indeed, 7; is also below the
bulk value in the third layer near the (001) face, which has
large surface corrugations that protrude into this region.
Hence, the relaxation dynamics appear to be strongly affected
by surface chemistry and topology and the influence that these
features have on the local ordering in the solvent.

B CONCLUSIONS AND IMPLICATIONS

We performed molecular dynamics simulations to study the
structure and dynamics of solvent near the (100), (011),
(001), and (010) faces of S-hematin. The model solvent
contained S wt % water added to n-octanol and mimicked the
dominant constituents of the solvent used in recent experi-
ments aimed to elucidate the mechanisms of f-hematin
crystallization. The octanol mixture, in turn, was formulated
to mimic the lipid structures in the digestive vacuole of malaria
parasites that host hematin crystallization in vivo.

The simulations revealed that the properties of the solvent in
the layer adjacent to the crystal are strongly affected by the
distinct chemical and topological features presented by each
crystal face. Polar stripes on the (100), (011), and (001)
surfaces consisting of exposed carboxyl groups promote
organization of the solvent into at least three distinct layers
that disrupt the H-bond network within the ~1 nm interfacial
region extending from each surface. Near the flat (100) and
(011) surfaces, the degree of ordering is most pronounced in
the contact layers in which n-octanol molecules preferentially
lie flat against the surfaces and orient within the plane to form
H-bonds with the exposed carboxyl groups and bring their
alkyl tails into close proximity with apolar surface moieties.
Corrugations on the (001) face result in more complex
structuring in the contact layer in which n-octanol molecules
adopt both parallel and tilted orientations with respect to the
surface to facilitate H-bonding with exposed carboxyl groups
that reside atop ledges inside the surface grooves. Near the
apolar (010) face the structural ordering is comparatively
short-ranged and diffusive. Still, n-octanol molecules were still
found to preferentially orient in the planes perpendicular and
parallel to the interface to allow their alkyl tails to interact with
shallow apolar surface grooves and promote H-bonding
between solvent species.

Lastly, our simulations demonstrated that structuring of the
solvent near the different faces of f-hematin leads to distinct
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interfacial dynamics. The relaxation time of n-octanol
molecules is longest in the contact layers and appears to
correlate with the degree of structural ordering. Near the (100)
and (011) faces, the relaxation time decreases monotonically
with the distance from the surface, recovering bulk-like
dynamics in the third solvation layer. Near the (001) and
(010) faces, by contrast, the decrease is nonmonotonic, and
anomalous faster-than-bulk relaxation dynamics are observed
in the second solvation layer. We posit that this unusual
behavior may arise from the presence of corrugations on these
faces, but the influence of surface roughness on solvent
dynamics remains incompletely understood and an interesting
avenue for future investigation.

These findings illuminate fundamental features of the
mechanisms of hematin crystallization and its inhibition by
antimalarials. The hydrogen-bonded water clusters extant in
the solution bulk and overexpressed in the vicinity of the
crystal surfaces stabilize ionic groups that reside in them owing
to the high dielectric constant of water. Stable deprotonated
carboxyls, COO7, are essential for the formation of the
coordination Fe—OOC bond that upholds B-hematin and
hemozoin crystals. Furthermore, quinoline antimalarial drugs
incorporate tertiary amines that may protonate to positive ions,
whereas artemisinins carry carboxyl groups that may dissociate
and acquire negative charge. Stabilizing both positive and
negative ions activates Coulomb forces with similar molecules
or with hematin and the crystal surface moieties.

p-Hematin and hemozoin crystals are elongated along their z
axes due to fast growth in the [001] direction (Figure 1c). This
face exhibits weaker solvent structuring and faster solvent
dynamics (Figures 5—9), both due to the weaker interactions
of the solvent with the exposed hematin residues. Solute—
solvent bond strength has been implicated to dictate the
activation barrier for solute incorporation into crystals, which
involves partial stripping of the solvent molecules that
enshroud the growth sites on the crystal surface.**™*° In
addition, solvent dynamics prescribes the rate of ingress of
solute into the growth sites. Thus, the distinct solvent
structuring and dynamics on the anisotropic crystal faces
may be a part of the mechanism that regulates the crystal habit.

The solvent structuring provides a direct example of the
impact of the crystal surface on the structure and dynamics of
the solvent in nonaqueous environments. Importantly, our
findings demonstrate that solvent structuring may be upheld by
bonds distinct from the hydrogen bonds, as on the apolar
(010) face, and may be a general feature of all solvents in
contact with periodic crystal surfaces. The slow solvent
dynamics in the vicinity of the crystal faces retards the
diffusion of hematin molecules along the surface en route to
their incorporation sites®**%” and suggests a pathway to
control hematin crystallization using additives that disrupt or
reinforce solvent structures.
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