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Organic biocrystals support essential functions or drive pathologies in numerous living organisms.
Here we focus on the nucleation of hematin crystals, which form in malaria parasites as a part of their
heme detoxification pathway. Suppression of hematin crystal nucleation has proven the most
productive strategy to treat malaria, yet little is known about the relevant molecular mechanisms. We
show that crystal nucleation can be suppressed and fine-tuned via the properties of a population of
precursors that host nonclassical hematin crystal nucleation. The addition of modifiers selectively
invokes one of three outcomes: suppressed nucleation, faster nucleation, or no effect. We
demonstrate that -hematin crystal nuclei form within mesoscopic hematin-rich clusters and that the
impacts of the modifiers on crystal nucleation parallel their activity towards the nucleation precursors.
Molecular simulations reveal that modifiers’ activities derive from their interactions with the hematin
monomers, dimers, and larger agglomerates. Collectively, these observations support a general
method to control crystal nucleation that relies on solute-modifier interactions and their consequences
for the nucleation precursors. The proposed rationale offers a powerful tool to control nucleation in
areas that employ tailored crystalline materials and helps to understand how crystal assemblies with

elaborate superstructures appear in nature.

Hematin (Fig. 1a) is an iron-containing pigment formed after oxidation of
heme, the main prosthetic group of hemoglobin'. Hematin accumulates in
the digestive vacuole of malaria parasites after catabolism of hemoglobin,
where it is sequestered as hemozoin crystals (Fig. 1b) as a part of the
parasites’ heme detoxification mechanism™. Hematin represents an
example of organic biocrystals, which in humans can trigger several
pathologies, e.g., cholesterol in atherosclerosis and gallstones, urate in gout,
or L-cystine in kidney stones™’, but in other organisms carry out essential
functions®. In contrast to inorganic biominerals, such as calcite or apatite,
whose nucleation, growth, and assembly into superstructures have been
explored in depth'*", the molecular mechanisms of organic biocrystalli-
zation has received less attention. Organic biocrystals often form in organic
solvents, both in vivo'>"” and in vitro'®, but the modification of the crys-
tallization mechanisms by the dominance of van der Waals forces, whose
strength, range, and directionality diverge from those of the hydrogen bonds

and polar attraction that regulate water-containing solutions'’~*', have lar-
gely been overlooked.

Here we focus on B-hematin crystals, the synthetic analogue of
hemozoin’, and the first stage of B-hematin crystallization, nucleation of
new crystals™. Numerous industrial and biomedical tasks require regulation
of crystal nucleation™’, whereas in nature microcomponents are known to
mold the elaborate structures of bones, shells, and exoskeletons through
precise control of the time and location of crystal formation™. To date,
how modifiers impact crystal nucleation in natural and engineered systems
remains elusive™ .

Classical nucleation theory (CNT) provides a commonly applied fra-
mework to understand crystal nucleation and how foreign compounds may
affect it”™". The classical approach assumes that solute molecules assemble
directly into a crystal nucleus. A crucial limitation of CNT is that at the
commonly realized supersaturations, at which the concentrations exceed
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Fig. 1 | Modifier effects on f-hematin nucleation. a The structure of hematin: teal,
G; red, O; blue, N; and gold, Fe; H atoms are omitted. b An electron micrograph of
biogenic hematin crystals, called hemozoin, isolated from Plasmodium falciparum
CamWT strain. ¢ A scanning electron micrograph (SEM) image of a laboratory-
grown f-hematin crystal, isostructural with hemozoin®. d Hematin molecules in f-
hematin link by Fe-O-C(O) bonds and H-bonds between two carboxyl groups,
highlighted with solid and dashed lines, respectively; elements are color coded as in
panel (a). e The structures of the modifiers tested for their effects on crystal

nucleation. Groups that may protonate or deprotonate are colored in blue and red,
respectively. f Evolutions of the autocorrelation functions g,(7) of light scattered
from a 0.50 mM hematin solution in the absence of modifier (left) and in the pre-
sence of 10 uM H-ARS (middle) and 4 uM PY (right). See Supplementary Figs. S1, S2
for additional g,(7) evolutions. g The effects of H-ARS, CQ, MQ and PY on the
amplitudes of the autocorrelation functions at two hematin concentrations:

0.28 mM (left) and 0.50 mM (right).

the solubility by about two-fold, the CNT-predicted nucleation barrier
would be high and the resulting nucleation rate may be exceedingly low.
Hematin crystallization presents one of a few systems, for which the classical
nucleation barrier can be estimated, owing to the known value of surface free
energyy = 25 + 2 mJ m’ of the interface between a crystallizing solution and
a hematin crystal’>”. With this y, the classical nucleation barrier AG* =
aQ?p3Ap2 = 10777 (a = 30, shape factor™; Q = 0.708 nm’, molecular
volume in the crystal’; Ay = kT, excess of the solution chemical potential

over that of the crystal, approximately equal to the thermal energy at the
assumed supersaturation level). This barrier exceeds the thermal energy k T
by about 2500-fold. Flat heterogeneous substrates, proposed to accelerate
classical crystal nucleation®*, would lower that barrier by two-fold; crevices
in rough substrates, by about 10-fold, keeping the barrier sufficiently high to
completely shut off nucleation that would follow a classical pathway.

An additional constraint of CNT is that it provides a limited set of
means for crystal nucleation control. CNT highlights three variables that
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govern the rate of crystal nucleation: the solute concentration, the excess
chemical potential Ay, and the surface free energy y*****’. This Ay, which
relates to the concentrations of solute and third components, such as
antisolvents, is a coarse regulator of nucleation. Modest concentration
variations, directly or by additives that bind the solute in complexes, often
completely suppress nucleation or invoke dramatic shifts to unwanted
aggregate structures and morphologies™**". Efforts to modify the free surface
free energy y by adsorbates are constrained by the Gibbs adsorption rule, a
corollary of the second law of thermodynamics, which allows adsorbed
modifiers only to lower y”; accordingly, some surfactants were found to
enhance nucleation rates”. An additional means to control crystal nuclea-
tion rate relies on foreign surfaces™***. Classical theory predicts that
heterogeneous substrates lower the nuclei surface areas and the nucleation
barrier’™* and drive faster nucleation’. Thus, CNT provides several path-
ways to enhance crystal nucleation, but only suggests a single coarse means
to suppress it, by reducing the solute concentration™**.

Here we show that the nucleation of f-hematin selects a nonclassical
pathway, in which crystal nucleation is hosted by mesoscopic solute-rich
clusters, and in this way its inhibition circumvents the constraints implied
by CNT. The surface free energy y of crystal nuclei hosted by solute-rich
clusters may be about 10-fold lower than that of nuclei suspended in the
solution and thus the barriers for nonclassical nucleation are lowered by
about 1000-fold, which makes crystal nucleation possible***’. Metastable
mesoscopic clusters—solute-rich, dense-liquid droplets a few tens of nan-
ometers across—have emerged as ubiquitous precursors in nonclassical,
two-step crystal nucleation. Such clusters were demonstrated to exist well
inside the one-phase region of protein solutions and concentrate the solute
to near-crystalline densities, thereby minimizing the free-energy penalty for
building a critical nucleus*™. Direct imaging later revealed that protein
crystal nucleation events occur inside these droplets**. This concept has
since been generalized: mesoscale clusters have been implicated in crystal-
lization of small organic molecules, pharmaceuticals and even porphyrins
bonded by van der Waals forces, where tuning solution preparation, pH or
additives can modulate cluster populations and thus nucleation kinetics®'~*.
We show that the nonclassical pathway of B-hematin crystal nucleation not
only allows it to proceed but also provides means to suppress or enhance it
by applying compounds that control the volume of the mesoscopic pre-
cursors. Importantly, we unravel the molecular interactions between
hematin and the modifiers that support or suppress cluster formation.

Results and discussion

Suppression and enhancement of crystal nucleation by anti-
malarial compounds

We tested the effects on B-hematin (Fig. 1c, d) nucleation of four com-
pounds known to suppress the growth of existing f-hematin: a heme-
artesunate adduct (H-ARS), chloroquine (CQ), mefloquine (MQ), and
pyronaridine (PY)***** (Fig. 1e). As a solvent we choose octanol saturated
with citric buffer at pH 4.8 (CBSO), which we, in previous papers'**’, have
found to mimic the composition of the lipid nanospheres, suspended in the
parasites’ digestive vacuoles, where hemozoin nucleation was found to
occur”™”. This solvent contains ca. 5wt. % water” and dissolves both
hematin and the tested modifiers'>***". In the presence of water, the carboxyl
groups of H-ARS may deprotonate and charge negatively, whereas the
nitrogen-containing functional groups of CQ, MQ and PY may protonate
and acquire positive charge (Fig. le).

We evaluated the crystal nucleation rate by dynamic light scattering
(DLS), tracking the evolution of the autocorrelation function g,(7) of light
scattered by the solution (where 7 is the lag time). At early crystallization
times, the autocorrelation functions were close to negligeable and revealed a
homogeneous solution and the lack of any supramolecular assemblies
(Fig. 1f, Supplementary Figs. S1, S2). In solutions with concentration C
lower than that of crystal solubility C, (C, = 0.12 mM at the temperature of
the experiments, 22 °C)**”, g,(7) never deviated from the initial near-zero
value. When C> C,, a prominent shoulder in g,(7) appeared and grew
(Fig. 1f, Supplementary Figs. S1, S2) within several minutes of solution

preparation. We concluded that the growing shoulder manifests relatively
slow nucleation of B-hematin. These crystals, driven by Brownian collisions
with the solvent, create regions of high number density N. The density
fluctuations scatter the incident light and when they inevitably dissipate, the
scattered intensity decays and the intensities scattered at times separated by
longer 7 decorrelate™*"**. Thus, the characteristic time of the g,(7) shoulder
characterizes the crystallites diffusion coefficient®, which, in turn, scales
with the crystallite size™. The amplitude A;, roughly the g,(7) drop between
short and long lag times 1, is proportional to the number and size of the
nucleated crystallites and their refractive index difference with the solution.
With this, faster A; gains indicate faster B-hematin nucleation rates. The
evolutions of A; recorded in growth solutions with and without modifiers
H-ARS, CQ, MQ, and PY (Fig. 1f, g, Supplementary Figs. S1, S2) reveal that
consistently, at two hematin concentrations, H-ARS enhances the nuclea-
tion rate (H-ARS-boosted B-hematin nucleation is also seen by atomic force
microscopy, AFM, Supplementary Fig. S3); the nucleation rate is indifferent
to CQ and MQ; and, intriguingly, crystal nucleation is nearly fully sup-
pressed by PY.

The considerable rate of f-hematin crystal nucleation at concentra-
tions that exceed the solubility by about two-fold and four-fold (Fig. 1f, g,
Supplementary Figs. S1, S2) falls outside of the CNT prediction of fully
stalled nucleation and suggests that nucleation of p-hematin may follow a
nonclassical mechanism. A common feature of nonclassical nucleation is a
crucial role for solute assemblies that precede crystals and host and facilitate
crystal nucleation'"***. The role played by nucleation precursors provides
an additional control pathway—by manipulating the properties of the
precursor population.

Nucleation hosted by amorphous precursors

To explore the pathway by which p-hematin crystals nucleate, we imaged
supersaturated hematin solutions by negative-staining transmission elec-
tron microscopy (TEM). In this method, a solution droplet is deposited on
an amorphous carbon film and treated with uranyl acetate solution at room
temperature®”. Existing particles in the solution are decorated by the stain,
highlighting surface features and patterns®. The stain scatters electrons
strongly and creates negative contrast, whereby the particles appear bright
against the stain.

Electron micrographs reveal a population of compact-shaped particles
with sizes ranging from 70 to 300 nm (Fig. 2a, b, d, e). As hematin is the only
component that may aggregate in the examined solutions at room tem-
perature, we identify the particles as hematin aggregates. Electron diffraction
patterns indicate that the particle structures are amorphous (Fig. 2c and
Supplementary Fig. S4). We observe elongated objects with parallel sharp
edges that emerge from a particle (Fig. 2d). The similarity of the sharp-edged
objects’ shape to the shapes of p-hematin crystals (Fig. 1b, c) helps us to
identify them as f-hematin. The nucleation of these crystals appears to have
been assisted by the hosting particle, analogously to crystal nucleation of
organic and inorganic compounds within amorphous precursors*****~”*,

Select particles exhibit sharp edges that appear to belong to elongated
crystals, again likely f-hematin, partially submerged in the particle (Fig. 2e).
Supporting this identification of the crystal held within the particle, the
diffraction pattern of the particles exhibits peaks at 1.24 nm ™" from the image
center (Fig. 2f) superimposed on the amorphous pattern. These peaks cor-
responds to lattice spacing 8 A, close to the c lattice parameter of B-hematin
crystals, 8.040 A ref. 2. The (001) reflections are the only ones present in the
diffraction pattern; this selection may be due to anisotropic disorder, which
weakens the diffraction from the other lattice planes. Some diffraction pat-
terns exhibit hexagonally distributed peaks at 1.98 nm™" (Fig. 2f and Sup-
plementary Fig. 4f), indicating the presence of crystals with hexagonally
symmetric planes spaced 5.05 A apart. This lattice spacing precludes the
possibility that these are the (111) planes of the ubiquitous NaCl crystals,
which are spaced at 3.26 A, and the origin of these peaks remains unclear.

In further support of the role of amorphous particles in crystal
nucleation (Fig. 2g), AFM observations reveal rounded particles supported
on the surface of alarge f-hematin crystal (Fig. 2h, i, Supplementary Fig. S5).
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Fig. 2 | Amorphous precursors host the nucleation of f-hematin.

a,b, d, e Negative staining electron micrographs of amorphous particles and crystals
in hematin solutions. ¢ Electron diffraction pattern of the particle in (b) reveals an
amorphous signature and lack of order. f Electron diffraction pattern of the particle
in (e) exhibit two peaksat 1.24 nm™" from the image center, highlighted in red circles,
which corresponds to crystal lattice spacing of about 8 A, superimposed on an
amorphous pattern. Red arrows in (d and e) indicate crystals, identified from their
elongated shapes with sharp parallel edges and, in (e), from its diffraction pattern in
(f). In (a, b, and d) yellow arrows point at amorphous particles that do not hold
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crystals, identified from irregular shapes and diffraction patterns in (c), for particle in
(b), and Supplementary Fig. S4f, for particle in (a). In (d and e), orange arrows
identify particles that host, in (e), or initiate, in (d), crystals. g Schematic of crystal
nucleation hosted by a disordered precursor. h, i Time-resolved AFM monitoring of
the evolution of an amorphous particle supported on a large p-hematin crystal.

h Evolution of the particle shape at the times indicated on the images. i The height
profiles along dashed lines in panel (h); for images at 30, 60, 120, and 360 min see
Supplementary Fig. S5.

The particle shape, compressed normally to the substrate (Fig. 2i), is con-
sistent with a liquid phase that spills along the crystal surface. The particle
volume, ca 2 x 10° nm’, is similar to the volume of particles seen with TEM
(Fig. 2a-e). Over time, the particle facets and attains sharp edges, indicat-
ing a disorder-to-order transition into a crystal (Fig. 2h, i).

Mesoscopic hematin-rich clusters and their response to
nucleation inhibitors

For guidance on how the amorphous nucleation precursors may be affected
by the four modifiers, we explore their formation mechanism. We

monitored hematin solutions with oblique illumination microscopy (OIM)
(Supplementary Fig. $6)'******7%, OIM revealed aggregates (Fig. 3a, Sup-
plementary Fig. S6b, c) that are not present in pure solvent and at
low hematin concentration Cy and whose number concentration N,
monotonically increases with Cy; (Fig. 3e). This steep N (Cy) correlation
indicates that they do not represent inert heterogeneities and are likely
reversible aggregates comprised of hematin: their concentration N, declines
ca. 15-fold in response to a two-fold reduction of hematin concentration
(Fig. 3e)*. The aggregate’s size distribution is relatively narrow with an
average diameter d of ca. 70 nm (Fig. 3a). These sizes are similar to the sizes
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Fig. 3 | Mesoscopic hematin-rich clusters. a Number density N, distribution of the
diameters of clusters determined by oblique illumination microcopy (Supplemen-
tary Fig. $6) in a solution with Cp; = 0.11 mM. Error bars represent the standard
deviation from the average of five independent measurements. b, ¢ Evolutions of the
average cluster diameter, in (b), and number density, in (c), in a hematin solution
with Cy = 0.22 mM. d, e Correlations between average cluster diameter, in (d), and
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0.12 0.16 0.20 0.24 0.28
Concentration C, [mM]

50 60
Time [min]
cluster number density, in (e), and hematin concentration. Error bars in (b-e)
represent the standard deviations from the averages of five independent measure-
ments; horizontal lines in (b-d) represent the average cluster diameters and number
densities. The curve in panel (e) is a guide to the eye. f Schematic of the formation
mechanism of mesoscopic hematin-rich clusters (blue disk) owing to accumulation
of hematin dimers (oval).

of the particles observed by TEM (Fig. 2a, b, d, e); their average volume is of
order 10° nm’, similar to the value measured by AFM (Fig. 2h, i). With the
molecular volume of hematin ca. 1 nm’, aggregates of such volume may hold
ca. 50,000 loosely packed hematin molecules. Both d and N, are steady for at
least one hour (Fig. 3b, ¢) and the aggregate size is independent of hematin
concentration (Fig. 3d). These behaviors stand in contrast to expectations
for domains of typical liquid condensates””® or crystals, which are generated
by a first-order phase transition and whose nucleation and growth persist
and d and N, increase with time”*.

On the other hand, the behaviors of the hematin aggregates cohere with
previously observed signature behaviors of mesoscopic solute-rich clusters
of other organics™’ and numerous proteins**’. We conclude that the
hematin aggregates are mesoscopic hematin-rich clusters. According to
recent models of the mesoscopic clusters, they exist owing to the accumu-
lation of transient solute dimers (Fig. 31)****'. The cluster size is determined
by the balance between the lifetime of the transient dimers and their rate of
outward diffusion from the cluster core***. The amount of solute captured
in the clusters, and the related number of clusters and cluster population
volume are governed by thermodynamic equilibrium between the clusters
and the bulk solution®***, which enforces a quasi-exponential increase of
N, with the solute concentration, as seen with hematin (Fig. 3e). The
mesoscopic clusters of hematin appear to follow the predictions of the
dimer-accumulation model. Their sizes, close to those of the -hematin
nucleation precursors (Fig. 2), suggest a nonclassical pathway wherein
amorphous precursors originate as mesoscopic hematin-rich clusters. The
role of mesoscopic hematin-rich clusters in f-hematin nucleation suggests
that the observed enhancement and suppression of crystal nucleation by
modifiers (Fig. 1f, g, Supplementary Figs. S1, S2) may be due to modifier-
driven variations of cluster properties.

To test whether the responses of crystal nucleation to modifiers cor-
relate with those of the mesoscopic hematin-rich clusters, we monitored
how the cluster population reacts to increasing concentrations of H-ARS,
CQ, MQ, and PY. In compliance with the transient dimer model of cluster
formation, the addition of the modifiers does not affect the clusters size
(Fig. 4a). These additives, however, invoke disparate responses of the cluster
number density N.: H-ARS boosts N, CQ and MQ do not affect it, whereas
PY suppresses the clusters—nearly completely at 4uM (Fig. 4b).

Remarkably, the responses of the cluster population volumes to the four
modifiers run parallel to the responses of crystal nucleation, up to the
complete suppression of cluster formation and B-hematin nucleation by
4 uM of PY (Figs. 1c and 4b), coherently with the role of clusters as crystal
nucleation sites (Fig. 2). Collectively, the TEM observation of cluster-
assisted nucleation and the parallel trends of additive activity on the cluster
population and crystal nucleation support a mechanism of nucleation
control employing additives that manipulate the amorphous nucleation
precursors.

Notably, the diverse impacts of the modifiers on the nucleation
precursors and the numbers of nucleated crystals do not correlate with
the potent inhibition of the growth of hematin crystals by these same
modifiers™**. We posit that the discrepancy of the activity of the
modifiers is rooted in the distinct interactions of the modifier molecules with
the sites on the surface of a growing crystal and with the mesoscopic
hematin-rich clusters. Thus, H-ARS and MQ associate to the kinks along the
B-hematin growth steps and activate an inhibition mechanism called kink
blocking, whereas CQ and PY adsorb on the terraces between steps and act
as step pinners’***. Clearly, the prenucleation clusters, which are amor-
phous (Fig. 2), do not exhibit kinks, steps, and terraces; the interactions of
these modifiers with the hematin-rich clusters are discussed below. Inter-
estingly, the nucleation enhancement, enforced by H-ARS, was found to be a
part of a powerful mode of irreversible inhibition of B-hematin crystal-
lization, whereby newly nucleated hematin nanocrystals incorporate into
larger crystals, which strains the crystal lattice and suppresses growth®’.

How do the modifiers control mesoscopic hematin clusters?

We used a combination of molecular dynamics (MD) simulations and
experiments to assign the modifiers’ control of the cluster population to
their activity towards hematin monomers, dimers, and large agglomerates.
As a first step in elucidating this activity, we explore the state of the solution
components: water, octanol, hematin, and modifiers. Molecular
simulations*** reveal that the solvent is not homogeneous. Instead, water
droplets of size several nanometers form, stabilized by H-bonds and enri-
ched with octanol hydroxyl groups (Fig. 4c)*. In support of these compu-
tational findings, DLS characterization of CBSO solvent reveals the presence
of a low concentration of inhomogeneities of two sizes: ca. 3 nm and ca.
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Fig. 4 | Modifier effects on the population of mesoscopic hematin-rich clusters.
a, b OIM results for solutions with Cy = 0.18 mM. The responses of cluster dia-
meters, in (a), and cluster number densities, in (b), to the modifiers. Error bars
represent the standard deviation from the average of five independent measure-
ments; horizontal dashed lines represent values in the absence of modifiers.

¢, e Molecular dynamics (MD) simulation snapshots. ¢ Inhomogeneous distribution
of water and octanol in the solvent. Water and octanol O atoms are represented with
blue and red spheres, respectively, water H atoms, with silver spheres. The aliphatic

CQ Concentration [uM]

chains of octanol are omitted for clarity. d Correlation function g»(7) and intensity
distribution function G(7) obtained by dynamic light scattering (DLS) from CBSO.
e Water accumulates around the carboxyl groups of hematin and H-ARS and the
nitrogens of CQ, MQ and PY. Water oxygens represented with blue spheres; water-
rich regions are highlighted with a blue tint. Atom color code: C, teal; O, red; N, blue;
F, pink; and H, silver. Octanol molecules are omitted for clarity.

110 nm (Fig. 4d). No inhomogeneities are observed in separate neat octanol
and citric buffer solutions (Supplementary Fig. S7), indicating that the
inhomogeneities detected in CBSO are droplets of the minority component,
water. The smaller of their two sizes is similar to that predicted in simula-
tions, the larger size is likely the result of coalescence and maturation of
smaller droplets over laboratory timescales. When hematin or modifiers are
present in the solution, water-rich regions envelop the polar groups of
hematin and modifiers that have the capacity to form H-bonds with water
(Fig. 4e): carboxyl in hematin and H-ARS and nitrogen in the secondary and
ternary amine groups of CQ, MQ and PY, in the quinoline groups of CQ and
MQ, and the benzo-naphthyridine group of PY (Fig. 1e). It has been sug-
gested that the water-enriched regions wrapped around the hematin car-
boxyl groups may crucially enable their coordination to the iron and
hydrogen bonding to other carboxyl groups that support the p-hematin
structure (Fig. 1d)"Y.

The accumulation of water facilitates the dissociation of the carboxyl
groups of hematin and H-ARS (Fig. 1a, e) by stabilizing the resulting COO™
and H" ions. The pK, (K,, acidity constant) values of these groups in water
are ca. 5, close to the pH of the citric buffer in the solvent, so that
approximately half of the carboxyl groups in both hematin and H-ARS are
ionized. The resulting electrostatic repulsion would extend to long distances
owing to the low dielectric constant of the solvent outside of the water
nanodroplets. Consistently with the repulsion between H-ARS and hema-
tin, UV-vis spectroscopy tests revealed that H-ARS and hematin do not
bind (Supplementary Fig. S8). We propose that this repulsion excludes the
hematin molecules from a relatively large volume around each H-ARS
molecule. The reduction of the volume accessible to the hematin molecules,
in turn, lowers the hematin entropy and boosts its chemical potential and
the driving force for its cluster formation, an effect similar to crowding and
depletion in biological, colloid, and polymer solutions®*. The resulting
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0 [rad]

Fig. 5 | Dimerization and agglomeration of hematin. a, b, e, h Two-dimensional
potential of mean force F(6, ) between two hematin molecules in CBSO in the
absence of modifier, a, and in the presence of CQ, MQ, and PY in (b, e, and h),
respectively. Parameters 6 and r are the angle between the vectors normal to the
porphyrin planes of the hematin molecules and the distance between their hydroxyl
O atoms, respectively. Values of F were computed from well-tempered metady-
namics simulations. The local minima in F(0, r) correspond to dimers i, i, iii, and iv,
whose structures are shown in the outlays of panel (a), with atom color codes: C, in
cyan; O, in red, N, in blue; Fe, in gold; and H, in silver. The equilibrium constants Kp,
for hematin dimerization are shown in each plot. The F scale bar is shown in panel
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(). ¢, f, i Representative snapshots at 3 s of simulation time of hematin aggregates
in the vicinity of molecules of CQ (blue sticks in (c)), MQ (red sticks in (f)), and PY
(green sticks in (i)). The evolution of the numbers of hematin molecules captured in
aggregates per molecule of d CQ, g MQ, and j PY. k Intensity distribution functions
G(7) obtained by DLS from a 0.28 mM hematin solution in CBSO in the presence of
4 uM PY at 14,135,237, 389, and 501 min after solution preparation. The peaks at ca.
5 ms are due to the population of crystals in Fig. 1b; and peaks at 300 and 1000 ms
reveal the formation of 1-3 um loose agglomerates holding thousands of hematin
molecules. The corresponding autocorrelation functions are shown in Supple-
mentary Fig. S13a.

increase in cluster population (Fig. 4b) empowers substantially faster -
hematin nucleation (Fig. 1f, g).

To understand the cluster indifference to CQ and MQ and the sup-
pression of cluster formation by PY we perform MD simulations of the
collective behaviors of hematin molecules and their response to the presence
of CQ, MQ, or PY. The results reveal three crucial elements of the
mechanism of mesoscopic aggregation of solute molecules: hematin forms
weakly-bound dimers, whose characteristics fit the requirements of the
cluster formation mechanism (Fig. 3f); CQ, MQ and PY increase the sta-
bility of these dimers; and PY uniquely induces the assembly of disordered
hematin agglomerates, which lowers the driving force for cluster formation
(Fig. 5a-j). Independent experimental tests support the latter two compu-
tational results (Fig. 5k).

MD simulations model hematin dissolved in CBSO at pH 4.8, in which
water clusters (Fig. 4e) stabilize dissociation of one of its carboxyl groups. The
potential of mean force F acting between two hematin molecules in modifier-
free solution reveals that hematin may form four weekly-bonded dimers
(Fig. 5a). The deepest minimum in F(8, r) (8, angle between the porphyrin
planes of the hematin molecules; r, distance between the hydroxyl oxygens
capping the porphyrin irons) is occupied by a roughly centrosymmetric
dimer i (Fig. 5a), in which the hydroxylated iron atoms and the carboxyl
groups are oriented in opposite directions. In the second most stable struc-
ture, ii (Fig. 5a), the two hematin molecules face each other with their
respective irons. The hydroxylated irons protrude from the porphyrin planes

and enforce two orientations with distinct tilt angles 6. In dimer iii (Fig. 5a),
the porphyrin planes of the constituent hematin molecules adopt parallel
orientations with the iron of one of them facing the back of the other. Dimers
i, ii, and iii (Fig. 5a) appear to be supported by m—m stacking interactions
between the porphyrin cores of the two hematin molecules. Dimer iv is
similar to i, but the gap between the two hematin molecules is populated by
several octanols resulting in greater r and weaker bonding. Notably, dimers i —
iv are distinct from two strongly bound dimers found in aqueous solutions™:
the p-oxo dimer, supported by a covalent Fe-O-Fe bond, and the head-to-tail
dimer, similar to the crystal structural element (Fig. 1d). The overall dimer-
ization equilibrium constant, computed by integrating the dimer and
monomer areas of F(0,r)*"', K, =54+1 pM™" (Supplementary Table S1,
Supplementary Figs. S9, S10). Importantly, the potential minima corre-
sponding to the dimers i — iii fall within the range of several kzT units
required for the formation of mesoscopic solute-rich clusters®'. The presence
of four distinct hematin dimers, each with its own interaction potential,
complies with the premise of a modified dimer model of cluster formation™.

CQis a weak diprotic base, which at pH 4.8 carries two positive charges
located on the quinoline and diethyl-amine nitrogens™. By analogy to CQ,
we assume that MQ acquires a proton on the piperidine nitrogen and PY
acquires three, one on a naphthyridine nitrogen and two on the pyrrolidine
nitrogens. The presence of CQ, MQ, and PY substantially strengthens
overall dimerization: K, increases four to seven-fold (Fig. 5b, e, h). CQ and
PY enforce a transformation of the octanol-mediated dimer iv (Fig. 5a) into
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a T-shaped dimer, in which the angle 8 between the two porphyrin planes is
ca. 11/2 rad (Fig. 5b, ¢, h), whereas MQ mostly stabilizes the centrosymmetric
dimer i (Fig. 5e, f). The high stability of hematin dimers in the vicinity of CQ
and MQ molecules would trap a modifier molecule with two hematin
molecules, which is consistent with the formation of H,CQ and H,MQ
complexes (H, hematin) observed by UV-vis spectroscopy’. Since the
concentrations of CQ and MQ in the solutions, where clusters form (Fig. 3),
are ca. 100x lower than that of hematin, the complexation with hematin
would completely deactivate these two modifiers, but only lower the
hematin concentration by ca. 2%. Such a small decrease in free solute
concentration is insufficient to detectably affect the cluster population.
Thus, CQ and MQ remain passive bystanders to mesoscopic hematin-rich
cluster formation and p-hematin nucleation.

The average number of hematin molecules in complexes stabilized
by CQ and MQ remain approximately two or three (Fig. 5¢, d, f, g,
Supplementary Figs. S11, S12) over simulation times as long as 3 ps. By
contrast, PY induces larger agglomerates that may contain more than one
PY molecule and bind considerably greater amounts of hematin (Fig. 5i,
j). This is consistent with the distribution functions (and the respective
correlation functions in Supplementary Fig. S13) of light scattered from
hematin solution in the presence of PY reveal the presence of large
agglomerates of sizes several microns (Fig. 5k) in addition to the popu-
lation of ca. 40 nm crystals (Fig. 1f). Despite their large size, the signal
from these large scatterers is weak (Supplementary Fig. S13), indicating a
low refractive index that may be due to loose packing, as suggested by
MD simulations (Fig. 5i). These agglomerates are only seen at longer
times, when they have grown sufficiently large to scatter light detectably.
In the agglomerates, the binding of hematin to PY and to other hematin
molecules appears random, consistent with the unchanged hematin
UV-vis spectrum in the presence of PY”. Agglomerates are not seen in
pure hematin solutions or in the presence of CQ or MQ (Supplementary
Fig. S14). Even if loosely packed, PY-induced agglomerates of such size
would capture thousands of hematin molecules per one PY molecule.
The resulting lower concentration of free hematin would substantially
lower the driving force for cluster formation, the cluster number density
N, and the rate of crystal nucleation. Notably, the sequestration of
hematin into PY-stabilized agglomerates may suppress f-hematin crystal
nucleation that follows a classical mechanism. This pathway, however, is
proscribed for B-hematin by its very high nucleation barriers.

Conclusions

In summary, we demonstrate that crystal nucleation can be suppressed and
fine-tuned through solute-modifier interactions that control the properties
of the nucleation precursors. The molecular forces that support the for-
mation of the nucleation precursors and direct their suppression by
modifiers are typical for most organic systems. Thus, it is likely that the
nucleation control mechanisms that we find will apply to other biological
and synthetic organic crystals. The generality of the mesoscopic solute-rich
clusters as sites for nucleation of crystals of all classes of materials suggest
that similar mechanisms may universally operate to control nucleation in all
areas that rely on crystalline materials, from catalyst synthesis to pharma-
ceuticals production, where nonclassical pathways are pervasive. In a
broader context, our results shed light on how elaborate crystal assemblies
appear in tissues and rocks. The molecular interactions that we highlight
may serve as the basis for a broadly applicable strategy to predict how a
modifier may impact crystal nucleation and design nucleation modifiers de
novo, including by in silico modifier screening, and in this way shortcut the
search for compounds that suppress or enhance nucleation.

Methods
Materials
The following compounds were purchased from Sigma Aldrich: hematin
porcine (=98%), citric acid (anhydrous, 299.5%), sodium hydroxide
(anhydrous, 298%), n-octanol (anhydrous, 299%), artesunate (anhydrous,
298.0%), chloroquine diphosphate (298%), mefloquine hydrochloride

(anhydrous, >98.0%), pyronaridine tetraphosphate (> 95%), hypox-
anthine, saponin, sodium dodecylsulfate (SDS), sorbitol, sodium bicarbo-
nate (NaHCO;), hypoxanthine, and HEPES buffer (N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid). The following chemical
were purchased from Thermo Fisher Scientific: RPMI 1640 media supple-
mented with L-glutamine and gentamycin. All reagents were used as
received without further purification unless otherwise noted. Deionized
(DI) water was produced by a Millipore reverse osmosis ion exchange
system (Rios-8 Proguard 2-MilliQ Q-guard).

Solution preparation

Citric buffer at pH 4.8 was prepared by dissolving 50 mM of citric acid in DI
water and titrating the solution, under continuous stirring, with the addition
of 0.10 M NaOH to reach the desired pH as verified before each experiment
using an Accumet Basic pH meter (Thermo Fisher Scientific). Fresh buffers
were prepared every month and stored at ambient conditions. We placed
5mL of citric buffer (pH 4.8) in direct contact with n-octanol at room
temperature and allowed 30 min for equilibration. The upper portion of the
two-phase system was decanted and denoted as citric buffer-saturated octanol
(CBSO). Hematin solutions were prepared by dissolving hematin powder in
8 mL of freshly made CBSO and heating to 70 °C for 7-9 h. The solution was
filtered through a 0.2 um nylon membrane filter (Thermo Fisher Scientific)
and the concentration was determined using a previously reported” extinc-
tion coefficient of 3.1 £0.1cm™ mM ™ at wavelength \ = 594 nm.

For this study, we used four modifiers: heme-artesunate adduct (H-
ARS), chloroquine (CQ), mefloquine (MQ), and pyronaridine (PY). The
synthesis of H-ARS and preparation of its solutions is discussed below. Solid
MQ were added to CBSO and the solutions reached the desired con-
centration after 2-4 days. CQ and PY were added in excess to CBSO and
stored in the dark for 30-45 days, allowing the concentrations to approach
the respective solubilities”’. All modifier solutions were filtered through
0.2 pm nylon membrane filters and the concentrations were determined by
UV-vis spectrometry using a Beckman DU 800 spectrophotometer and
extinction coefficients and wavelengths listed in Ketchum et al.*’.

Synthesis of hematin adduct of artesunate
Hematin solutions were prepared by a modified method a procedure similar
to the one above, in which n-octanol was substituted with #-butanol.
Sodium dithionite at ca. 1 mM and artesunate (ARS) at ca. 1 mM were
dissolved in DI water and n-butanol, respectively. The heme solution was
filtered with a 0.2 um nylon membrane filter and placed in contact with the
dithionite solution in a glass vial to yield a net molar ratio of 1:2:5 hematin:
ARS: sodium dithionite. The vial was sealed under flow of nitrogen gas to
create an inert atmosphere. The reaction involved the reduction of iron(III)
to iron(Il) in hematin by dithionite. The system was maintained at 50 °C
using a hotplate (Thermo Scientific Super-Nuova Multi-Position Digital
Stirring Hotplates). The aqueous and organic phases were rigorously mixed
by shaking for ca. 30 s until the color of the solution changed from dark
green to pink, indicating the reduction of hematin (containing Fe(III)) to
heme (containing Fe(II)). The mixture was kept under static conditions for
atleast 30 min to allow for the separation of the organic and aqueous phases,
after which the artemisinin solution was injected into the organic (top)
fraction. The reaction between heme and artemisinin happened immedi-
ately after the injection, as judged by the instantaneous change in color from
pink to orange. After allowing ca. 30 min for the reaction to reach com-
pletion, the organic layer was collected for later purification of the product,
heme - artesunate adduct (or H-ARS).

Further details about the procedures to purify and identify H-ART and
H-ARS by mass spectroscopy are provided in Ma et al.™.

Light scattering characterization of -hematin nucleation in
hematin solutions

Dynamic light scattering data was collected by an ALV instrument (ALV-
GmbH, Germany), which includes ALV goniometer, a He-Ne laser with
wavelength 632.8 nm, and an ALV-5000/EPP Multiple tau Digital Correlator.
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A focused laser beam shines on a cylindrical cuvette with diameter 10 mm so
that the illuminated volume is ca. 300 nL. Normalized intensity correlation
functions g, (g, T) were collected at a fixed scattering angle of 90° for 60 s. The
characteristic diffusion time 7, for hematin crystallites and the respective
amplitude A, (which is proportional to the intensity scattered by the crys-
tallites) were calculated by fitting g,(g, 7) with an exponential relation”*
8 (q.7) —1=[Ajexp(—7/7)) + £(T)]2, where &(7) is background noise
in the correlation function. The intensity distribution function G(), corre-
sponding to each correlation function g,(7), was computed employing the
CONTIN inverse Laplace transform algorithm™.

Atomic Force Microscopy (AFM)

Experiments were performed with a Multimode Nanoscope VIII atomic
force microscopes from Digital Instruments. AFM images were collected in
tapping mode (i.e. light engage) using Olympus TR800PSA probes (silicon
nitride, Cr/Au coated 5/30,0.15 N m™" spring constant) with a frequency of
32 kHz. Images were obtained using scan sizes of 0.3-20 um, scan rates of
0.5-2.5s"", 256 scan lines, and various scan angles depending on the
orientation of the crystal substrate. The temperature in the liquid cell
reached a steady value of 27.8 +0.1 °C within 15 min of imaging”. This
value was higher than room temperature owing to heating by operation of
the AFM scanner. The density of hematin crystal substrates grown on glass
disks was monitored with an optical microscope to ensure an equivalent
number of crystals for all samples (i.e. minimize potential depletion of free
hematin and growth inhibitor due to high total surface area of crystals). The
glass slides were mounted on AFM sample disks (Ted Pella) and the samples
were placed on the AFM scanner. Supersaturated hematin solutions in
CBSO were prepared less than 2 h in advance. The growth solution was
loaded into the AFM liquid cell using a 1 mL disposable polypropylene
syringe (Henck Sass Wolf), which is tolerant of organic solvents. After
loading, the system was left standing for 10-20 min to thermally equilibrate.
The crystal edges in optical micrographs were identified to determine the
orientation and the crystallographic directions on the upward-facing (100)
crystal surface. The crystals were kept in contact with the solution for
0.5-1.5h to allow their surface features to adapt to the growth conditions.

The scan direction was set parallel to the [001] crystallographic direction
and AFM images were collected for 3-5 h. The solution in the AFM liquid cell
was exchanged every 30 min to maintain an approximately constant hematin
(and inhibitor) concentration. For studies of antimalarials, growth solutions
were replaced with ones containing a selected inhibitor concentration. For
each assay, the crystal substrates were first allowed to equilibrate (ca. 30 min)
in growth solution without added inhibitor prior to addition of solutions
containing the inhibitor. For studies assessing irreversible inhibition, a series
of solutions with varying hematin and/or inhibitor concentrations were
supplied to the AFM liquid cell at periodic imaging times.

AFM observations reveal that in the presence of H-ARS, numerous
nanocrystals of size 100-300 nm, indicated with a red arrow, appear in the
view field (Fig. 1d). The nanocrystals orient randomly, indicating that they
did not form on the surface, where the periodic force field of the underlying
lattice may have directed them into alignment, but rather in the solution
bulk. They reach the surface likely by Brownian diffusion. The slow
migration through the solution allows them to grow to the observed sizes.

Imaging of B-hematin crystals by scanning electron
microscopy (SEM)

The crystallization container was capped and placed in an incubator at 23 °C
with minimal exposure to light. Crystallization proceeded for 16 days. The
microscope slides were rinsed with DI water and dried with pure ethanol.
For SEM imaging, the slides and the crystal attached to them were coated
with 15 nm gold.

Transmission electron microscopy (TEM) imaging with negative
staining

To prepare hematin solution samples we used 2% aqueous uranyl acetate
(UA) solution. Briefly, 3 pl of the hematin solution were applied to the grids

pre-cleaned in a Solarus 950 plasma cleaner (Gatan), incubated for 20 s, and
blotted with filter paper. The grids were immediately stained with UA, the
excess of the liquid was blotted with filter paper and the process was repe-
ated. The air-dried grids were transferred into a JEM 2100 electron
microscope (JEOL Ltd.) operating at 200 keV equipped with a LaBg electron
gun and US4000 Ultrascan digital camera (Gatan). Total electron dose/
image was ~80 electrons/A’. Image pixel size was 2.87A on the
specimen scale.

TEM imaging of intracellular hemozoin

Purified digestive vacuoles were isolated. Samples were fixed in the presence
of 0.1% malachite green and 0.1% malachite green was again added during
osmium post-fixation”. Field emission in lens EM (LEO 1550) was per-
formed on sucrose-purified hemozoin, washed in 50 mM Tris/HCI (pH
8.0), then fixed in the presence of Malachite Green before electron micro-
graph processing”™. The selectively fluorescent, hydrophobic phenoxazone
dye, Nile Red (N 3013; Sigma), was used as a neutral lipid probe on SPHz
and vacuole preparations before fixation on glass slides”. Images were
obtained using a Nikon Eclipse E800 at x1000 magnification".

Oblique illumination microscopy

Hematin solutions were monitored with oblique illumination microscopy
(OIM), also known as Brownian microscopy or particle tracking'®”*”. In
this method, a green laser illuminates a thin solution layer at an oblique
angle such that the incident beam avoids the lens of a microscope positioned
above the sample (Supplementary Fig. S6a)”, This method enables the
detection of nano- and microscale objects through light scattered at wave-
vectors of order um ™. The scattered intensity is proportional to the sixth
power of the scatterers’ sizes; thus, in a solution containing objects of varying
size the scattering signal is dominated by larger particles. This feature makes
this technique particularly well suited to characterize the size and number
distribution of the aggregates that appear as bright spots in OIM micro-
graphs (Supplementary Fig. S6b). The spots are counted by a custom-made
image package from Nanosight. The concentration of the observed aggre-
gates is determined from the number of spots in a frame and the observed
volume V = 120 x 80 x 5 pum” refs. 74,97. OIM records the Brownian tra-
jectory of each particles in the image plane (Supplementary Fig. S6¢) and
calculates diffusion coefficient from correlation between the mean squared
displacement d> and the lag time Af”.

d> = 4DAt 1)

where D is the diffusion coefficient of the observed aggregate.

For all OIM measurements we used the Nanosight LM10-HS micro-
scope (Malvern Panalytical Inc). Hematin solution was loaded into a cuvette
with volume about 0.3 mL and depth about 0.5 mm. The wavelength of
illumination was 532 nm. Temperature was set at 22 °C. Movies were
acquired over 30 s. We found that objects recorded for times shorter than 1 s
were interference spots from two or more clusters tracked for significantly
longer times. This observation was supported by the estimate that a cluster
with diffusivity D, = 107> m’s™" would be detectable in a focal plane with
depth 5um for about 25s. Therefore, we excluded these short-duration
objects from the determination of the cluster parameters. Five movies from
distinct solution volumes were collected in each tested sample. The numbers
of clusters in each range of sizes were averaged.

Tests of complexation of hematin with H-ARS
Hematin solutions with initial volume V; =8 mL and Cg = 0.3 mM were
titrated with H-ARS by adding 0.100 mL aliquots of a solution of the H-ARS
in CBSO. This addition was repeated up to 7 times. At each titration step, a
0.3 mL sample of the H-ARS - hematin mixture was decanted and a UV-vis
spectrum was collected.

The spectra of hematin in the presence of H-ARS were similar to those
in pure hematin solutions (Supplementary Fig. S7). They exhibit two peaks
at 400 and 594 nm. The height of both peaks decreased upon addition of all
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H-ARS-containing solutions. Observed changes in the absorbance upon
titration may be associated with three phenomena: dilution of the hematin
concentration by the newly added solution volume V,, decrease of the
concentration of free hematin due to complexation with the added H-ARS,
and the formation of H-ARS - hematin complexes that absorb in the same
wavelength range. To account for the solution dilution, we correct the
recorded absorbance A, to account for the increased solution volume from
Voto Vo + V,

Vo+V,

Ay = A0 2= A
0

@

corr X CH,T
where Cgy is the hematin concentration prior to H-ARS addition and
Cyr is the analytical concentration of hematin, including the
amounts present as H-ARS - hematin complexes, after H-ARS
addition, Cyy 7 = Cyyo Vo (Vo + V)

After accounting for dilution, the height of the peaks at 400 and 594 nm
were independent of the concentrations of added H-ARS, which exhibits
weak absorbance at 400 nm. Hence, we chose to monitor changes in the
absorbance at 594 nm as a function of the total H-ARS concentration to
characterize the H-ARS - hematin complexation equilibrium. The choice of
this wavelength offers an additional advantage. The weaker absorbance at
594 nm allowed us to use titration data with Cpo=0.3 mM, close to the
hematin concentrations tested in all experiments reported in the
manuscript.

As an indicator of H-ARS-hematin binding, we use the dependence on
the total H-ARS concentration cp, of the ratio of A, at 594 nm to the
absorbance of the pure hematin solution A, at the same wavelength

Ay = Cyoenl 3)
where [ =1 cm is the optical path length. Combining Egs. (1) and (2) yields

ACOYT — Ax (4)
A, CH_’TsHl

Equation (4) announces that if Ag:" is independent of the added H-ARS (as
seen in Fig. S8b), then the absorbance decrease to A, is fully attributable to
dilution from Cpyg to Cyr and no hematin has been sequestered in a
complex.

Molecular dynamics simulations

We performed all-atom molecular dynamics (MD) simulations using
GROMACS 2021.4% to investigate the clustering of water around hematin
and the antimalarial drugs. To mimic the experimental conditions, simu-
lations of hematin and the drug compounds were performed in a 5% wt.
water in n-octanol solution using protonation states for each species con-
sistent with a pH of 4.8. Under these conditions, hematin and its derivative
drug H-ARS are partially deprotonated, whereas the other three drug
compounds are partially protonated, resulting in the following net charges
for each of the species: hematin(—1), H-ARS (—2), CQ(+2), MQ(+1), and
PY(+3). Water was simulated using the TIP3P” model, and n-octanol,
hematin, and the drug compounds were modeled via the Generalized
AMBER force field (GAFF)''"" with restrained electrostatic potential
(RESP) charges derived at B3LYP/6-31G(d) theory level using the PyRED
program'”. GROMACS compatible topology files for the hematin mono-
mer and H-ARS were prepared by modifying the hematin dimer model that
we used in our previous work® and substituting missing atom types with
parameters from the GAFF, whereas the topology files for CQ, MQ, and PY
were prepared using the ACPYPE package'” with the calculated RESP
charges. The MD trajectories were propagated using the leap-frog algorithm
with a 2 fs integration time step. All bonds were constrained using the
LINCS" algorithm to remove the degrees of freedom associated with fast
bond vibrations and facilitate the use of this large time step, and water was
modeled as rigid body using the SETTLE'” algorithm. Van der Waals

interactions were truncated using a 1 nm cutoff, and periodic boundary
conditions were applied in all three dimensions. Coulomb interactions were
handled with the particle mesh Ewald method'”, using a cutoff of 1 nm for
the real-space contributions and an error tolerance of 107,

To investigate water cluster formation, MD simulations were per-
formed of systems containing one hematin monomer or a single molecule of
a selected drug compound. The hematin or drug molecules were placed in a
6.5% 6.5 % 6.5nm’ cubic simulation box and solvated with 380 water and
1000 n-octanol to produce a 5% wt. water in n-octanol solution. An
appropriate number of sodium (Na) or chloride (Cl) ions were added to
neutralize the total charge of the system. The energy of each system was
minimized using the steepest decent algorithm with a stopping criterion of
1000 kJ/mol/nm for the maximum force on an atom. The systems were then
equilibrated in the canonical (NVT) ensemble for 10 ns at 300 K using a
Bussi-Donadio-Parrinello thermostat'” with a time constant of 0.1 ps.
Following equilibration, 120 ns production simulations in the isothermal-
isobaric (NPT) ensemble were performed at 300 K and 1 bar by applying a
Parrinello-Rahman barostat'® with a time constant of 2 ps. Trajectory data
was saved every 10 ps over the last 100 ns of each NPT simulation for
subsequent analysis.

To study hematin dimerization, well-tempered metadynamics
(WTmetaD)'” simulations were performed of two hematin monomers and
asingle molecule of a selected drug compound in a 5% wt. water in n-octanol
solution using the PLUMED 2. 8.0"“""° free energy plug-in for GROMACS
2021.4”. The initial configurations were prepared and energy minimized, as
described above, and then equilibrated by performing sequential 10 and
20 ns simulations in the NVT (300 K) and NPT (300 K and 1 bar) ensem-
bles, respectively. Equilibrated configurations were used to initialize a set of
three independent WTmetaD" simulations at 300k and 1bar for each
system. Hematin dimerization in the presence of the drug compounds was
characterized using several collective variables (CVs): r measures the
separation between the two hematin monomers and is defined as the dis-
tance between the oxygens (O) in the hydroxyl groups that are connected to
the iron (Fe) cores on different monomers (Supplementary Fig. S15); 6
characterizes the relative orientation of the two hematin monomers and is
defined as the angle formed by the vectors passing through Fe-O bonds on
each monomer (Supplementary Fig. S15); S (=d; sin ¢) is the radial distance
of a selected central atom on the drug compound from the vector 7 joining
the two hematin monomers (Supplementary Fig. S15); and N (=d; cos ¢) is
the axial distance of the selected central atom on the drug compound along
the vector ¥ from one of the hematin monomers. Sampling was performed
using CVs {r, 0} and {r, S, N} to study hematin dimerization in the absence
and presence of drug compounds, respectively. To limit the exploration of
CV regions, upper quadratic walls were placed at r = 3.1 nm,d; = 3.1 nm,
and d, = 3.1 nm using a spring constant of k = 5000 kJ mol™' nm? for
each wall. A bias factor of 10 was used in the WTmetaD simulations and
Gaussian potentials of height 1 kJ/mol with widths of 0.1 nm and 0.1 rad
were deposited every 1 ps.

Data from the WTmetaD simulations was analyzed using the
reweighting method proposed by Tiwary et al."'' to obtain estimates of the
potential of mean force. The equilibrium dimerization constant for hematin,
K, was calculated from two-dimensional potential of mean force F(r, 6)

Via85,9l

B 47IR3Pb B 47R3 (r)b r? exp[—pF(r, 0)]dr
b= 3yop, 3v®ffbr2 exp[—pE(r, 0)]dr

(©)

where P, and P, are the probabilities of the bound (dimerized) and
unbound (disassociated) states, respectively, v = (¢ N,,)"'=1.66 nm*
is the standard volume of a single molecule, ¢ = 1 mol/L is the standard
concentration, N 4, is the Avogadro’s number, kj; is the Boltzmann constant,
T is the temperature, 8 = (k,T) ~! R=3.0nm is the maximum value of r
considered in the integration, and r;, is the position of the dividing surface
along the order parameter r that delineates the bound and unbound states.
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A value of r,=1.5 nm was chosen in the calculations to consider contribu-
tions from all the distinct types of hematin dimers observed in the simu-
lations (Supplementary Table S2). In each case, the equilibrium
dimerization constants were computed by averaging values from three
independent WTmetaD simulations (Supplementary Table S3), using the
standard deviation to estimate the associated statistical uncertainty.

Lastly, we also performed MD simulations to study the effect of CQ,
MQ, and PR on hematin clustering. These simulations were performed
using larger systems containing 50 hematin, 4 drug, 1520 water, and 4000
n-octanol molecules, resulting in ca 5% wt. water in n-octanol solution with
~66.83 and ~5.35mM concentrations of hematin and drug compounds,
respectively. Following addition of neutralizing salt ions and energy mini-
mization, the systems were equilibrated by performing sequential 20 ns
simulations in the NVT (300 K) and NPT (300 K and 1 bar) ensembles. A
3 ps NPT simulation was then performed for each system, saving trajectory
data every 1 ps for subsequent analysis.

Statistics and reproducibility

Statistics and reproducibility of experimental measurements. DLS
correlation functions from modifier-free and modifier-enriched hematin
solutions, in which pB-hematin nucleates, were collected over 60s. As
crystal nucleation occurs over time scales of ca. 60 min (Fig. 1) we used
single g»s as a measure of nucleation progress. Averaging over
10 sequential g5s, as done to characterize steady aggregates, would
obscure nucleation evolution. To judge the reliability and reproducibly of
the data, we carried out data collection several times. As nucleation is
intrinsically stochastic, and data are collected from a small volume, each
correlation function is unique and slightly deviates from those collected
under identical conditions. The overall trends are fully reproducible as
seen by comparing the signal from nucleating crystals (Fig. 1, Supple-
mentary Figs. S1, 2, S13, S14), or from water nanodroplets (Fig. 4d in this
study and Fig. 1A in Olafson et al.""*.) We present individual unaveraged
correlation and distribution functions.

Atomic force microcopy presents unique images of structures and their
evolutions, which cannot be averaged. All crystal nucleation behaviors
observed by AFM and discussed in the paper, however, were reproduced
multiple times. We collected three image sequences that reveal the trans-
formation of amorphous particles into f-hematin. We collected more than
10 image sequences that show enhance nucleation of f-hematin in the
presence of H-ARS.

In OIM measurements, the scatterers’ trajectories were measured from
30 s movies recorded at 25 frames per second. Each movie contained ca. 100
diffusing scatterers. We collected five movies at each set of conditions and
averaged the five cluster size distributions N (d), the average cluster dia-
meter d, and the average cluster number density N, evaluated from the
individual movies. The error bars in Figs. 3 and 4 of the main manuscript
represent the standard deviation from these averages.

Statistics and reproducibility of the MD simulations. Quantities from
the simulations were computed by averaging values from saved MD
trajectory data. The analysis of water clustering was performed by
averaging over frames saved every 10 ps from 100 ns trajectories, whereas
the analysis of hematin clustering was performed by averaging over
frames saved every 1 ps from 3 us trajectories. Statistical uncertainties
were estimated by computing the standard error using the effective
number of independent samples determined from the autocorrelation
time obtained from time-series analysis'"’. The potentials of mean force
and dimerization constants were computed by averaging over three
independent replicas and using the standard deviations to estimate the
associated statistical uncertainties.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The datasets generated during the current study are available as Supporting
Information.
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