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Bovine lactoferrin inhibits
Plasmodium berghei growth
by binding to heme
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Bovine lactoferrin (bLF) is a 77 kDa glycoprotein that is abundant in bovine breast milk and exerts
various bioactive functions, including antibacterial and antiviral functions. Few studies have

explored bLF activity against parasites. We found that bLF affects hemozoin synthesis by binding

to heme, inhibiting heme iron polymerization necessary for Plasmodium berghei ANKA survival in
infected erythrocytes, and also binds to hemozoin, causing it to disassemble. In a challenge test, bLF
administration inhibited the growth of murine malaria parasites compared to untreated group growth.
To determine whether the iron content of bLF affects the inhibition of malaria growth, we tested bLFs
containing different amounts of iron (apo-bLF, native-bLF, and holo-bLF), but found no significant
difference in their effects. This indicated that the active sites were located within the bLFs themselves.
Further studies showed that the C-lobe domain of bLF can inhibit hemozoin formation and the growth
of P. berghei ANKA. Evaluation of pepsin degradation products of the C-lobe identified a 47-amino-
acid section, C-1, as the smallest effective region that could inhibit hemozoin formation. This study
highlights bLF’s potential as a novel therapeutic agent against malaria, underscoring the importance
of its non-iron-dependent bioactive sites in combating parasite growth.

Malaria, one of the world’s major infectious diseases, causes tremendous human suffering in subtropical and
tropical regions, with 247 million infections and 619,000 deaths annually’. In particular, the spread of areas of
infection south of the Sahara has become a major problem?. Malaria is transmitted by Plasmodium parasites,
which enter the human body via bites from the Anopheles mosquito®. Preventive measures include the use of
insecticide-treated bed nets and the administration of antimalarial drugs**. The choice of effective drugs is
limited by the different morphologies of Plasmodium parasites in the infected host. No candidate with broad-
spectrum efficacy in either form has been identified. In addition, studies have revealed the emergence of strains
resistant to chloroquine (CHQ)® and artemisinin (ART)’, representative and widely used antimalarial drugs.
Meanwhile, many antimalarial drugs are poorly soluble in water, which can lead to higher doses required for
drug efficacy and more severe side effects™®. Therefore, the choice of drug to administer for treatment and the
method of administration must be carefully considered®.

Against this background, for first-line treatment the World Health Organization (WHO) recommends
combining artemisinin with other drugs (artemisinin combination therapy: ACT) rather than using it alone'.
Although ACT is an effective strategy, the emergence of strains resistant to existing drugs used in ACT is increas-
ing the geographical area where ACT is ineffective'®. As a result, there is a constant need for new antimalarial
drug candidates. Ideally, these candidates should have properties that make it difficult for drug resistance to
emerge and have few side effects.

In the life cycle of Plasmodium species, in the human host, sporozoites from the salivary glands are first
introduced subcutaneously via the bites of Plasmodium-infected mosquitoes. Subcutaneously injected sporo-
zoites reach the liver and, after development and multiple hepatocyte divisions, differentiate into merozoites''.
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Fig. 1. bLF Effects on Hemozoin Formation, Heme Binding, and Hemozoin Degradation. (a) Inhibition

of Hemozoin Formation by bLE Differential Absorption of Heme (405 nm) and Hemozoin (620 nm)

was calculated using the equation depicted in the figure and is denoted as the hemozoin formation unit.
Measurements were conducted throughout 0-4 h. MQ acts as a negative control for hemozoin formation. CHQ
represents 1 mM chloroquine, a positive control known for inhibiting hemozoin formation. bLF was tested at
0.5, 5, and 50 pM concentrations. All experiments were performed in triplicate. (b) Hem binding assay. The
interaction between heme and bLF was examined through co-precipitation. Tubes display the samples pre and
post-mixing, followed by centrifugation. The co-precipitate (complex) of heme and bLF is highlighted within
the white dotted circle. (c) SDS-PAGE analysis of heme-bound lactoferrin. Sup represents the sample before
mixing bLF and heme, while Ppt represents the precipitate formed after mixing bLF and heme and washing
twice with PBS. The samples were treated with SDS buffer to release the bound proteins and subjected to SDS-
PAGE analysis. The gel shows bands corresponding to bLF in the Ppt lanes, indicating that a significant amount
of bLF is bound to heme. Duplicate lanes for both Sup and Ppt demonstrate the reproducibility of the results. (d)
Hemozoin degradation by bLE. The degradation efficacy of hemozoin was evaluated by artificially synthesizing
hemozoin in tubes, followed by bLF addition. After a 4-h degradation reaction, the tubes were inspected and
documented. The contents were separated into supernatant (Sup.) and precipitate (Ppt.), with each examined
microscopically. Magnifications were 200x for the supernatant and 400x for the precipitate. Undegraded
hemozoin remain as a precipitate, similar to MQ. However, successful degradation results in a heme-derived
brown color within the tube. The microscope field of view presents a representative image.

Merozoites are released into the bloodstream in large numbers and rapidly bind to and invade erythrocytes.
The invading merozoites grow and divide, releasing many more merozoites. This cycle of merozoite invasion
and release is repeated. During this cycle, the parasites digest hemoglobin, which is present in large quantities,
as a source of nutrients for growth'. The heme iron released by the digestion of hemoglobin is toxic to the
parasite’>', so the parasite polymerizes heme into an insoluble crystalline form called hemozoin'>'%. Many drugs,
including CHQ, exert their medical effects by inhibiting this heme-to-hemozoin reaction'”'®. Focusing on this
metabolism, we screened our natural product extraction library for compounds that inhibit this reaction. We
found that bovine lactoferrin (bLF), a protein found in milk, acts on heme iron and affects hemozoin formation.

bLF is a glycoprotein with a molecular weight of approximately 77 kDa found in bovine milk that belongs
to the transferrin family. Many useful functions of bLF have been reported, including immunomodulatory
ones'>?. 1t is particularly effective at killing pathogens and acts against a wide range of bacteria and viruses.
bLF has two structurally unique symmetrical lobes (N-lobe, C-lobe), each of which can bind an iron atom?!.
It has strong iron-binding capacity, which contributes to eliminating bacterial pathogens. The surface of the
N-lobe is positively charged and interacts directly with the surface structure of viruses and bacteria, inactivating
pathogens in an iron-independent manner?!. In addition, an antimicrobial peptide present in the N-lobe? is
produced during pepsin digestion of bLF in the gastrointestinal tract and has been shown to have anti-pathogenic
potential superior to that of bLE. Although bLF is known to exhibit efficacy against numerous pathogens via
multiple mechanisms, few reports on its effectiveness against parasites have been published. Nonetheless, the
mechanism of action is known to be complex and to depend on the type of parasite?’**-2°. The involvement of
immunocompetent cells in this is also debated, for which clear evidence is still lacking.

In this study, bLF was found to have potential as an antimalarial drug by interacting with heme iron. We also
found that bLF interacts with hemozoin. Existing antimalarial drugs do not exhibit this latter interaction, so we
believe bLF has potential as a new type of drug. We also confirmed the inhibitory effect of bLF on the growth of
malaria parasites through malaria infection experiments in a mouse model.

Result and discussion

Hemozoin inhibition and degradation of bovine lactoferrin

A hemozoin formation inhibition assay was used to assess bLF’s antimalarial activity. This assay exploits the
difference in absorption wavelengths between heme (405 nm) and hemozoin (620 nm) and is easily performed
in vitro. Heme spontaneously promotes hemozoin formation during incubation at 37 °C for 4 h with Tween-20.
We investigated whether bLF inhibited this polymerization reaction. The degree of hemozoin polymerization (in
hemozoin-forming units) was calculated using the formula provided in Fig. 1a. Milli-Q (MQ) water was a nega-
tive control. Hemozoin formation was observed from reaction initiation and increased consistently thereafter.
In contrast, chloroquine (CHQ), an established antimalarial drug, inhibited hemozoin formation throughout
the reaction. Meanwhile, bLF demonstrated a concentration-dependent ability to inhibit hemozoin formation.
Notably, at concentrations lower than that of CHQ, bLF exhibited comparable or greater hemozoin-inhibiting
ability (Fig. 1a).

Lactoferrin is known to bind to various metal ions, notably iron?, including via potentially traditional and
novel iron-binding sites*. Lactoferrin’s potential to bind heme has also been elucidated by assessing its interac-
tion with various milk proteins*”?. In hemozoin inhibition assays, the pH tends to be acidic. To rule out that
bLF binds heme exclusively under acidic conditions, we conducted a heme-binding assay under neutral condi-
tions and confirmed bLF/heme iron binding. In this assay, we established conditions where neither bLF nor
heme precipitates. However, when both are present, a precipitate forms (Fig. 1b), indicating a direct interaction
between heme and bLF.

Furthermore, we have validated this interaction by thoroughly washing the precipitate and treating it with
SDS buffer to release the bound proteins. Sup is the sample before mixing bLF and heme, and Ppt is the sample
of the precipitate formed after mixing bLF and heme, which was washed twice with PBS. Subsequent SDS-PAGE
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analysis showed a band corresponding to bLF in the Ppt sample, indicating that a significant amount of bLF is
indeed bound to heme. The amount of bLF released from the Ppt sample was almost equivalent to before binding
(Fig. 1c). These results provide strong evidence for the direct binding of heme to lactoferrin. CHQ binds heme
iron, inhibiting further polymerization by capping hemozoin polymer?®, explaining its therapeutic efficacy. These
observations led us to hypothesize that bLF binds to heme iron, preventing its polymerization into hemozoin.
Here, we also examined whether bLF acts on pre-formed hemozoin, rather than simply inhibiting its forma-
tion. Because hemozoin degradation releases heme, adversely affecting the malaria parasite, this could be an
approach to combating malaria. We constructed a system for assaying hemozoin degradation via visual and
microscopic observations. After hemozoin formation in tubes using Tween-20, test substance was added and
incubated for 4 h at 37 °C. Both supernatant and precipitate were then visually and microscopically examined
(Fig. 1d). For both MQ water and CHQ, no hemozoin degradation occurred; most hemozoin remained pre-
cipitated and the supernatant remained clear without heme-specific coloration. Microscopy revealed abundant
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hemozoin in the sediment. CHQ reportedly does not interact with hemozoin, in line with our findings*’. Mean-
while, bLF exhibited degradative effects. The supernatant turned heme-like brown, and microscopic examina-
tion revealed degradation of supernatant-contained hemozoin into smaller, more delicate particles, which then
dispersed into heme. Unlike in MQ water and CHQ, the sediment contained a little hemozoin, but these particles
were noticeably smaller in size.

These results suggest that bLF interacts with both heme and hemozoin, displaying potential for antimalarial
activity, while its medicinal properties may differ from those of CHQ. To further evaluate bLF’s antimalarial
efficacy physiologically, we employed a rodent malaria infection model (Fig. 2).

Rodent malaria challenge

Here, we employed the lethal Plasmodium berghei as a challenge parasite to assess bLF’s antimalarial activity.
Mice were first infected on Day 0, followed by intraperitoneal administration of bLF at 20 mg per injection on
Days 1 and 4 (Fig. 2a). Blood parasitemia levels were monitored under conditions where, without treatment,
death would typically occur within a week. In the PBS-treated controls, parasitemia levels exceeded 8% within a
week, leading to all mice dying. Meanwhile, in the bLF-treated group, trends towards inhibiting P. berghei growth
were observed on Days 5 and 6, although these were not significant (Fig. 2b).

As bLF is an iron-binding protein involved in iron transport and considering iron’s physiological impor-
tance, we investigated whether bLF’s iron status influenced P. berghei growth. Following previous methods, we
produced both apo- and holo-forms of bLF (Supplementary Fig. S1, Table S1). Malaria infection experiments
were conducted using three bLF forms (native, apo, and holo) possessing distinct iron statuses (Fig. 2c). Here,
parasitemia is represented by a box-and-whisker plot specifically highlighting Day 5 when inhibition of parasite
proliferation was observed. Inhibitory efficacy was quantified as % inhibition, benchmarked against the infection
rate for PBS: 25.2% for native bLF, 44.8% for apo-bLF, and 57.8% for holo-bLF. Differences compared with PBS-
group findings achieved statistical significance for holo-bLF (P=0.0158), a tendency for significance for apo-bLF
(P=0.0859), and no significance for native bLF (P=0.3422). This suggests that the inhibitory efficiency increased
with changes in iron status. Nevertheless, the difference between apo- and holo-forms was not significant, and
no direct correlation between iron content and parasitemia was identified.

Inhibition of hemozoin formation or hemozoin degradation was also evaluated in the context of iron-related
functionalities. The results demonstrated maintenance of both hemozoin formation inhibition and hemozoin
degradation, irrespective of iron status (Supplementary Fig. S2). While no marked differences were evident, there
were trends that these two capacities were enhanced for the apo-form over the holo-form. Notably, regarding
hemozoin degradation, the precipitate exhibited a larger particle size in the holo-form, suggesting that iron sta-
tus influences hemozoin-bLF interaction. To ascertain whether bLF’s capacity to inhibit hemozoin formation is
linked to its iron-chelating ability, we assessed the inhibitory potential of the iron-chelating agents deferiprone
(DFP) and deferoxamine (DFO) on hemozoin formation. We found that DFP and DFO cannot inhibit hemozoin
formation. Furthermore, we evaluated the combined effects of in vitro mixing of bLF with DFP or bLF with DFO.
DFP and DFO still did not inhibit hemozoin formation (data not shown), suggesting that mere chelating ability
is insufficient to inhibit hemozoin formation.

The findings imply that, while bLF’s interaction with heme in vitro is modulated by its iron content, this has
minimal influence on inhibiting malaria parasite growth in vivo. We deduce that bLF protein’s intrinsic proper-
ties are chiefly responsible for this growth-inhibitory effect.

Given that the protein’s functionality is intricately tied to its structural attributes, its tertiary conformation
or primary structure is crucial. To further elucidate this, we examined transferrin family members (Fig. 3)
and lactoferrin from another species, human (hLF) (Supplementary Fig. S3), to assess their roles in inhibiting
hemozoin formation and promoting hemozoin degradation. In the broader transferrin family, beyond lacto-
ferrin, we investigated hen egg transferrin (Otf), apo/holo-forms of bovine serum transferrin (bTF), and apo/
holo-forms of human serum transferrin (hTF). Each examined transferrin type inhibited hemozoin formation.
While both bLF and TF bind to heme, this potentially involves different mechanisms®”?, which may influence
their respective capabilities.

They were also able to degrade hemozoin (Fig. 3b). The differences between the apo- and holo-types varied
in a transferrin species-dependent manner. Regarding hemozoin degradation, serum transferrin appeared less
effective. The larger particle size of the precipitate suggested that serum transferrin might have reduced efficacy
to degrade hemozoin. Besides bLF, hLF was also evaluated. While bLF strongly inhibited hemozoin formation,
hLF exhibited weaker activity, which also decreased more rapidly (Supplementary Fig. S3). Similarly, hLF’s ability
to degrade hemozoin was weaker than that of bLF, as evidenced by the aggregate size in the precipitate. These
differences were despite high structural homology between hLF and bLF—69% identity and 92% similarity at
the amino acid level. The isoelectric points (pI) of bLF and hLF are approximately 8.0 and 6.0, respectively. For
hemozoin inhibition, the solution’s pH was 5.2, but was adjusted to 7.0 in the degradation analysis. Under these
conditions, both bLF and hLF exhibited a positive charge in the inhibition environment, with that of bLF being
significantly higher. Conversely, in the degrading environment, bLF retained a positive charge while hLF assumed
a negative one. Such differences could significantly impact their functions. Considering the pI of other transfer-
rins, those of OTf, bTF, and hTF are approximately 6.0, 6.8, and 5.2°*2, respectively, which all differ from that
of bLF. Thus, while pI differences may influence function, functional differences should not be solely due to pI,
as hLF and OTf share the same pI but differ functionally.

bLF a transferrin family member, stands out because of its superior functionality, despite high sequence and
structural homology with other family members. Its distinctiveness is underscored by its multifunctionality, as
evidenced by various studies. This multifunctionality may stem from lactoferrin’s structural composition, which
includes both conserved domains and intrinsically disordered regions®.
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Fig. 2. Parasitemia of Plasmodium berghei infected mice. C57BL/6 mice were infected with P. berghei ANKA
strain by intraperitoneal injection of 1 x 10* parasitized RBCs (pRBCs). At various time intervals post-infection,
parasitemia were monitored by microscopy using Giemsa-stained thin blood smears. Percentage parasitemia
was defined as the number of pRBCs out of the total number of RBCs multiplied by 100. (a) Protocol detailing
parasite infection, bLF administration, and blood sampling. (b) Parasitemia in bLF-treated mice. Black squares
on dotted line represent the PBS-treated group, black circles on the solid line represent the bLF-treated group.
(c) Influence of various iron states in bLF (native, apo, holo) on parasitemia. The graph displays data from day
5 post-infection. %inhibition denotes the relative reduction in parasite growth compared to the PBS control.
*P<0.05 vs. PBS control, assessed using the Mann-Whitney U test.
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Fig. 3. Evaluation of the functional roles of various transferrin families (OTf, ovotransferrin, bTF (apo),
bovine serum transferrin apo-form, bTF (holo), bovine serum transferrin holo-form, hTF (apo), human serum
transferrin apo-form, hTF (holo), human serum transferrin holo-form: (a) inhibition of hemozoin formation,
and (b) degradation of hemozoin. For (a), various transferrin was tested at 50 M concentrations. All tests were
conducted in triplicate. In (b), samples were standardized to a 50 uM concentration. The microscope field of
view presents a representative image.
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Comparative analysis revealed that transferrin family members can both inhibit hemozoin formation and
facilitate hemozoin degradation, to varying extents (Fig. 3). Despite structural similarity of up to 90% and
50%-70% amino acid sequence resemblance, the interaction with heme or hemozoin—a common function of
transferrins—is influenced by primary sequence variations. Furthermore, the apo- and holo-forms of transferrins
exhibit non-uniform conformational changes upon iron binding and release, which are significant and vary by
transferrin type***. Thus, the specific structural regions interacting with heme or hemozoin, particularly the
alterations induced by iron binding, may play critical roles in determining the functional efficiency of transfer-
rin members.

Separation of N-lobe and C-lobe of bLF

Next, we dissected the structure of bLF to determine which regions are critical for heme binding. As previously
mentioned, bLF is a member of the transferrin family and exhibits a lobe structure composed of two lobes: the
N-lobe and the C-lobe, connected by a hinge region'. Each lobe is further subdivided into two domains: N1/
N2 domains and C1/C2 domains (Fig. 4a)". Lactoferrin’s multiple roles are attributed to the N-lobe?. Drawing
upon existing literature®®*” describing the use of protease treatments to separate the lobes, we endeavored to
isolate bLF’s N-lobe from the full-length protein.

However, the purification process proved ineflicient, with the desired level of separation not being achieved.
Consequently, we shifted our focus to lactoferricin, a functional peptide found in the N-lobe of bLF reported
to possess several beneficial properties®*-*°. Lactoferricin is situated within the N1 domain and is prominently
located on the N-lobe’s surface.

We hypothesized that lactoferricin, given its location, might interact with heme and hemozoin, and proceeded
to validate its functionality. Unexpectedly, lactoferricin inhibited neither hemozoin formation nor its degrada-
tion (Supplementary Fig. S4). Given the limited literature on the C-lobe’s functional properties compared with
the extensive literature on the N-lobe, we shifted our focus to the C-lobe. In fact, recent findings have ascribed
anti-inflammatory properties to this lobe***!. Following the work of Nilisha et al.¥”’, which demonstrated effi-
cient C-lobe isolation through partial bLF digestion with trypsin, we employed a similar approach (Fig. 4b-d).

Upon partial digestion with trypsin, we observed four distinct degradation products on SDS-PAGE (Fig. 4b).
We identified a band at approximately 37 kDa, which we hypothesized to be the C-lobe. The C-lobe’s pl is 7.15,
rendering it slightly negatively charged at pH 8.0. Leveraging this property, we conducted cation exchange chro-
matography using CM Sepharose at pH 8.0 As expected, the C-lobe did not bind to the resin and eluted in the
flow-through (Fig. 4c). We subsequently subjected this flow-through fraction to gel filtration chromatography,
resulting in target protein purification at approximating 37 kDa, which we confirmed as the C-lobe (Fig. 4d).

Antimalarial function of C-lobe

The isolated C-lobe was assessed for hemozoin formation inhibition and hemozoin degradation induction. The
results indicated that, while the C-lobe was not as effective as bLF, it could inhibit hemozoin formation compara-
bly to CHQ (Fig. 5a). Similarly, heme-binding assays showed that the C-lobe binds heme as well as bLF (Fig. 5b),
we established conditions where neither bLF nor heme precipitates alone. However, when both are present, a
precipitate forms, indicating a direct interaction between heme and bLF (Fig. 1b). Further validation showed that
the C-lobe also forms a precipitate with heme under the same conditions, similar to bLE. These results provide
strong evidence for the direct binding of heme to both bLF and the C-lobe. However, the C-lobe demonstrated
diminished efficacy in hemozoin degradation compared with full-length bLF (Fig. 5¢). hLE, known for its modest
inhibition of hemozoin formation, similarly exhibited limited degradation potential (Supplementary Fig. S3).
While the C-lobe retained its inhibitory potential against hemozoin formation, its capacity for hemozoin deg-
radation was attenuated, implying partial overlap, but not complete congruence, of the binding sites of bLF for
hemozoin and heme. Thus, we postulate that the C-lobe’s interaction with hemozoin is insufficient in isolation,
emphasizing the significance of the entire bLF molecule in this interaction. This phenomenon is likely to be
more related to the overall protein structure than primary sequence differences. We hypothesize that multiple
molecules collaborate to achieve hemozoin degradation by encapsulating it.

After discovering the C-lobé’s ability to inhibit hemozoin formation, we performed a murine malaria infection
test to assess its inhibition of malaria parasite growth. PBS treatment was used for a negative control, while bLF
treatment served as a reference control. Given that the C-lobe has approximately half the molecular weight of
bLF, the molarity of the C-lobe is doubled. Therefore, a double molar group (2 x mol) relative to the bLF-treated
group was also evaluated to ensure a fair comparison (Fig. 6a).

As observed in the initial infection experiment, significant malaria parasite growth began from Day 4, with
parasitemia increasing on Days 5 and 6 in the PBS group. Conversely, bLF consistently inhibited growth up to
Days 4 and 5, but this effect diminished by Day 6. The C-lobe and the bLF (2 x mol)—matched for molarity with
the C-lobe—demonstrated significant suppression of malaria parasite growth (Fig. 6b). Specifically, on Day 5,
the %inhibition was 66.2%, 81.8%, and 78.5% for bLF, 2 x mol, and C-lobe groups, respectively (Fig. 6¢). This
emphasizes the pivotal role of the C-lobe in inhibiting parasite growth. These findings indicate that inhibiting
hemozoin formation is crucial for suppressing malaria parasite growth. Furthermore, heme binding ability
contributes more significantly than hemozoin degradation capacity.

Uncovering heme-binding regions within bLF’s C-lobe

Given the C-lobe’s demonstrated capacity to inhibit hemozoin formation, we conducted a detailed investigation
into its heme-binding sites through a proteolytic degradation approach (Supplementary Fig. S5). Subjecting
the C-lobe to pepsin yielded degradation products that, as verified by SDS-PAGE, exhibited a molecular weight
under 10 kDa. Remarkably, subsequent evaluation of this degradation product’s capacity to inhibit hemozoin
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Fig. 4. Structural Overview and Purification of bLF C-Lobe. (a) Structural Overview of Lactoferrin: Lobe
Configuration (N-lobe, C-lobe) and Constituent Domains (N-lobe including N1 domain (Green) and N2
domain (Red), C-lobe including C1 domain (Blue) and C2 domain (Light yellow)), hinge region (yellow).

(b) 12.5% SDS-PAGE/CBB of tryptic degradation products of lactoferrin. M, molecular weight, lane 1: intact
bLE lane 2: trypsin-treated bLE. (c¢) CM cation-exchange chromatography was used to analyze the tryptic
degradation products of lactoferrin. The unbound fraction, which did not adhere to the cation exchange resin
and passed through as the unretained fraction, was subsequently subjected to size exclusion gel chromatography
(d). The first peak in size exclusion gel chromatography was analyzed by 12.5% SDS-PAGE/CBB analysis, and a
37 kDa band was confirmed.
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Fig. 5. Functional Roles of bLF C-Lobe: Inhibition of Hemozoin Formation, Heme Binding, and Hemozoin

Degradation.

Evaluation of the functional roles of bLF C-lobe: (a) inhibition of hemozoin formation, (b)

heme binding, and (c) degradation of hemozoin of bLF C-lobe. For (a), samples were tested at 0.5, 5, and

50 uM concentrations. All tests were conducted in triplicate. In (b, ¢), samples were standardized to a 50 uM
concentration. The co-precipitate (complex) of heme and bLF or C-lobe is highlighted within the black dotted
circle. The microscope field of view presents a representative image.
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Fig. 6. Anti-malarial function of C-lobe with malaria challenge test. The malaria challenge was conducted as
described in Fig. 2 legend. (a) Protocol detailing parasite infection, bLF administration, and blood sampling.
(b) Parasitemia in samples-treated mice. Black squares on dotted line represent the PBS-treated group, black
circles on the solid line represent the bLF-treated group, cross mark on dotted line represent the bLF (2 x mol),
white circles on the solid line represent the C-lobe treated group. (c) The graph displays data from day 5 post-
infection. %inhibition denotes the relative reduction in parasite growth compared to the PBS control. *P<0.05
vs. PBS control, assessed using the Mann-Whitney U test.
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formation revealed that the proteolytically processed product at 50 uM maintained its inhibitory effect against
hemozoin formation, mirroring the effects of 5 uM bLF and CHQ. However, diminished efficacy was noted at
reduced concentrations. This suggests that, although a significant heme-binding domain may exist within the
pepsin-digested C-lobe fragment, its efficacy is markedly less than that of both bLF and the intact C-lobe. As such,
we hypothesized that the heme-binding domain alone may be insufficient for substantial hemozoin inhibition.
We thus focused on regions within the pepsin degradation products that maintain secondary structure, par-
ticularly those on the C-lobe’s surface and in the hinge region. These regions were chosen for peptide synthesis,
extending to encompass several amino acids flanking them. These sequences and their spatial orientation in the
3D structure and delineated in Fig. 7a, Supplementary Table S2.

Various regions’ ability to inhibit hemozoin formation was evaluated, revealing that the C-1a region was as
or more effective than CHQ; the C-1b region was initially as effective as CHQ, but this eventually attenuated
(Fig. 7b). The C-1a region is located on the C-lobe’s N-terminal side and features a sheet-helix-sheet-helix
arrangement. This area is prominently nestled within a substantial groove between N- and C-lobes (Fig. 7a, side
view). We hypothesized that the C-1a region is crucial for heme binding and aimed to meticulously analyze this
structure to identify the specific areas essential for heme interaction.

In the C-1a region, as illustrated by the ribbon model in Supplementary Fig. S6, structural elements were
identified starting with the initial sheet designated as S1, followed by a helix labeled H1, another sheet termed S2,
and concluding with a helix known as H2. From this secondary structure, we designed divided peptides, evalu-
ated their ability to inhibit hemozoin formation (Supplementary Fig. S7), and calculated the inhibition ratio of
hemozoin formation (Supplementary Table S3). Interestingly, the truncated version of C-1a, SIH1S2, devoid of
the final H2, exhibited virtually no functionality. In contrast, S1H1, excluding H2 and S2, demonstrated some
functionality. While both S1 and H1 individually displayed potential, both SITH1S2 and H1S2H2 had limited
function. This suggests that S1 or H1 does not guarantee functionality, establishing that the full-length C-1a
structure is the critical minimum for heme interaction.
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Fig. 7. Exploration of binding sites for C-lobes interacting with heme. (a) Regions on the bLF surface that
retain their secondary structure, including fragments resulting from trypsin treatment, are designated as C-1a
(red), C-1b (green), C-2 (blue), and hinge (yellow)., On the right, the molecular surface model (front and side)
is described; (b) Assessment of the ability to inhibit hemozoin formation of various region derived C-lobe.
various samples were tested at 50 pM concentrations. All tests were conducted in triplicate.
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native OTf
(PDB:10VT)

Previously identified functional regions of the C-lobe include an antimicrobial peptide in the C2 domain
and an antiviral peptide in the loop region of the C1 domain®**2, However, the region discovered here does not
match any of these regions and could be novel. The C-1a region, the smallest region required for heme binding
as determined here, is thought to bind heme and thereby inhibit 7t-n binding, which is vital for heme polymeriza-
tion. In addition to its role in inhibiting hemozoin formation, we also explored bLF’s involvement in hemozoin
degradation. Our findings suggest that hemozoin binding is not solely attributable to the C-1a region. Instead,
multiple bLF molecules may be involved in degradation via C-1a and other potential binding sites. This is sup-
ported by the observed attenuation of the C-lobe in hemozoin degradation (Fig. 5¢).

Furthermore, our investigation into hemozoin degradation in the transferrin family (Fig. 3) indicated that
conformational changes in the protein influence its degradation capacity. Rather than a precise interaction
between the heme and the protein binding site, this suggests dynamic activity throughout the entire molecule.
While bLF typically binds two iron molecules per molecule, under specific conditions it can associate with over
70 iron molecules per molecule (FeLf)?. FeLf forms a micelle-like structure, where Lf is interconnected across
multiple layers by iron and bicarbonate ions*. Concerning hemozoin interaction, we postulate that several lacto-
ferrins might employ the heme iron binding site to construct giant micelles encircling hemozoin, thus breaking
down the insoluble hemozoin and converting it into heme.

Docking and molecular dynamics simulations to explore heme binding in specific proteins

To confirm how heme binds to the C-1a region, we performed docking simulations using the structures of heme,
bLE and two transferrin proteins (OTf, hLF) for which crystal structures have already been determined. The
top five of 300 heme and various transferrin (bLF, OTf, and hLF) binding poses obtained by the calculations are
shown in Fig. 8. bLF had two top five poses interacting with the C-1a region as a heme-binding region (Fig. 8a).
The remaining two were located in a groove near the hinge region opposite the C-1a region, with the last one
predicted to bind to the N-2 domain in the N-lobe. The calculations suggest that the bLF C-1a region is not the
only binding site, and multiple potential binding sites exist. Expanding on the interaction of heme with C-1a, it
was found to interact with the last helix (H2) of the C-1a region, which did not function in inhibiting hemozoin
formation (Supplementary Fig. S6, Table S3). This suggests that the C-1a region’s three-dimensional structure
is essential and constitutes a space pocket suitable for heme binding. In two binding poses (Fig. 8b, ¢), it is
observed that heme interacts with charged amino acids (Glu388, Asp315, Asp379, or Lys386) in the C-1a region,
suggesting its binding to C-1a. However, interactions with surrounding regions outside C-1a result in heme
being positioned within the spatial pocket between the C-lobe and N-lobe. This positioning of heme correlates
with a higher capacity to inhibit hemozoin formation associated with bLF or the C-lobe compared with C-1a.

bLF C-la
hLF C-1a like
OTF C-1a like
bTF C-1a like

apo hLF
(PDB:LFG) (PDB:1CB6)

apo OTF
(PDB:1AIV)

Fig. 8. Docking simulation of heme and various transferrin family (bLE, OTf, and hLF). (a) Top 5 predicted
binding poses of bLF (PDB: 1BLF) to heme, showing the C-1a region in red. (b, ¢) Magnified view of the two
poses that bind to the C-1a region, with the amino acids interacting with the ligand on the right and the region’s
surface where the ligand interacts with the receptor on the bottom. Top 5 poses predicted to bind heme and

(d) OTf (PDB:10VT, 1AIV), or (e) hLF (PDB:1LFG, 1CB6), and C-1a homology regions are shown in red.

(f) Multiple sequence alignment of the C-1a region among bLE, hLE, OTf, and bTE The analysis reveals high
sequence similarity, indicating a structurally conserved region, suggesting that transferrins possessing the C-1a
region have the potential to bind heme.
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Therefore, while the C-1a region is crucial for heme binding, the surrounding environment is also important in
exerting the final inhibitory effect.

Next, calculations were also performed for OTf (native: 10V, apo: 1AIV), a transferrin family member
whose conformation has been determined and retains the function of inhibiting hemozoin formation. The
results showed that, in native OTf, one of the top five poses could bind to the C-1a homology region; in the Apo
OTHf, four of the top five poses interacted with the C-1a homology region, one of which also interacted with
the hinge region. Here, we exclusively assessed the inhibitory potential of native OTf on hemozoin formation.
Although slightly weaker than that of bLE, native OTf demonstrated comparable efficacy (Fig. 3). We attribute
this functionality to heme binding within a structural domain similar to the C-1a homologous region in OTf,
as seen with bLE. Furthermore, in the Apo form, as opposed to the native state, enhanced binding to the C-1la
homologous region may occur. Thus, evaluating the Apo form’s capacity to inhibit hemozoin formation may
yield functionality superior to that of bLE.

Calculations were then conducted for hLE, which exhibits lower capacity to inhibit hemozoin formation
than bLF (Supplementary Fig. S3). hLF exists in both apo- and holo-type conformations, and calculations using
these structures (holo: 1LFG, apo: 1CB6) revealed that heme did not bind to the region homologous to C-1a.

In the calculated poses involving heme binding, interaction with Glu388, located at the C-1a region’s end,
was consistently observed. However, despite hLF also possessing Glu388, calculations for hLF revealed no heme
binding near the C-1a region. These findings suggest that, while the presence of charged amino acids in the C-1a
region contributes to heme binding, the overall structural characteristics, including the surrounding environ-
mental context, play crucial roles in determining the final heme-binding capacity.

The findings from Fig. 3 imply that, while bLF’s interaction with heme in vitro is modulated by its iron
content, this has minimal influence on inhibiting malaria parasite growth in vivo. We deduce that bLF protein’s
intrinsic properties are chiefly responsible for this growth-inhibitory effect. Given that the protein’s functionality
is intricately tied to its structural attributes, its tertiary conformation or primary structure is crucial. Comparative
analysis revealed that transferrin family members can both inhibit hemozoin formation and facilitate hemozoin
degradation, to varying extents (Fig. 3). Despite structural similarity of up to 90% and 50%-70% amino acid
sequence resemblance, the interaction with heme or hemozoin—a common function of transferrins—is influ-
enced by primary sequence variations.

We also performed multiple sequence alignments to determine the sequence similarity and differences in
conserved regions between these transferrins. The analysis revealed that the C-1a region has high sequence
similarity among bLF, hLF, OTf, and bTF, indicating a structurally conserved region (Fig. 8g). This suggests
that transferrins possessing the C-1a region have the potential to bind heme. However, the differences in the
interaction with heme are likely due to the overall conformational differences of the molecules, significantly
influenced by the iron content of the transferrins. Our study suggests that bLF has an optimal conformation for
heme binding and retention, which may explain its superior heme-binding capacity.

Furthermore, we conducted molecular dynamics (MD) simulations for bLF to support our docking studies.
The MD simulation results showed that heme remains stably bound to the C-1a region of bLF throughout the
simulation, supporting the docking results (see Supplemental Video Files 1 and 2). These findings suggest that
the heme-lactoferrin interaction is stable and corroborates the docking simulation results.

Conclusion

Our study demonstrates that bLF can engage with heme and hemozoin, suppressing malaria parasite growth
upon in vivo administration. For this therapeutic effect to manifest, human erythrocytes must internalize bLF
via lactoferrin receptors (LR)*.

Infection experiments suggest that mice possess analogous receptors, facilitating bLF uptake by infected
erythrocytes. Furthermore, studies indicate that oxidants and metal ions can modulate the binding affinity of
erythrocyte LR*. This shift in affinity is also influenced by the status of metal ions bound to lactoferrin®, poten-
tially accounting for the observed reduction in parasitemia by bLF(apo) and bLF(holo) (Fig. 2¢).

Another potential mechanism entails a direct interaction between lactoferrin and blood-borne parasites.
Prior in vitro studies demonstrated that LF damages erythrocyte membranes, impeding growth through injury
to both erythrocyte and parasite membranes*. This is believed to stem from the ROS generation by iron attached
to lactoferrin*®. Under such circumstances, primarily the holo-lactoferrin would function, aligning with observa-
tions that holo-bLF was more effective in curtailing parasitemia. Nonetheless, in this study, the difference from
apo-bLF was not statistically significant.

Furthermore, current antimalarial medications are low-molecular-weight entities, whereas bLF is a biomacro-
molecule that is broken down in the body, anticipated to exhibit a brief half-life in blood. This would necessitate
frequent dosing to curtail malaria parasite growth, but complete parasite eradication remains elusive. Upon
discerning the precise uptake and metabolism of bLF by erythrocytes, more refined strategies for bLF admin-
istration and its drug formulation at the point of delivery can be devised. LF encapsulation in acid-resistant,
enteric-soluble capsules has been explored to augment its transport efficiency and strategies for macromolecular
protectant binding®. The fusion of hLF with the Fc region of Ig to extend its half-life in blood has also been
documented?. This research identified the C-lobe, notably the C-1a region, as a pivotal segment for inhibiting
malaria parasite growth in bLE Given that they are smaller than bLF as a whole, these regions could also dimin-
ish immune system clearance. Coupled with the abovementioned strategies, this knowledge paves the way for
innovative drug designs centered on the C-lobe and C-1a regions.
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Methods

Reagents

bLF was obtained from Morinaga (Tokyo, Japan) or purchased from Wako (Osaka, Japan). Chloroquine diphos-
phate (CHQ), ovotransferrin, and lactoferricin B were purchased from Wako. Hemin chloride, human lactoferrin,
bovine transferrin (apo and holo), human transferrin (apo and holo), and other basic reagents were purchased
from Sigma-Aldrich Japan. All of the various peptides used in the experiments were chemically synthesized by
Scrum Inc. (Osaka, Japan).

Apo- and holo-bLF

Apo-bLF and holo-bLF were produced in accordance with previously reported methods*”. To calculate the iron
binding ratio, the amount of protein in apo- and holo-bLF prepared as described above was quantified using
the BCA Protein Assay kit (Thermo Scientific, MA, USA). The iron content was determined using Test-Waco
(Wako), and the binding molar ratio was calculated by dividing the iron concentration by the protein concen-
tration. The results of iron saturation of the prepared apo- and holo-bLF are shown in Supplementary Table SI.
In this study, native bLE, which contains its natural iron content, and apo-bLFE, which was prepared by reducing
the iron content through dialysis, were used. Additionally, holo-bLFE, which was prepared by increasing the iron
content through dialysis, was also used. These samples’ iron content and preparation methods are detailed in the
Methods section, Supplementary Table S1, and Figure S1 (powder and liquid forms).

Purification of C-lobe

bLF was partially digested with trypsin in accordance with the method of Nilisha et al.””, which was confirmed
by SDS-PAGE. After stopping the degradation reaction, the products partially degraded by trypsin were applied
to a CM cation exchange column (HiTrapCM, FF; GE Healthcare, IL, USA) equilibrated with 50 mM Tris-HCI
(pH 8.0). The column-unbound and -bound fractions were collected, the former of which was then subjected to
Superdex 200 pg gel filtration chromatography using AKTA Prime Plus (GE Healthcare) equilibrated in 50 mM
Tris-HCI (pH 8.0) (flow rate: 0.8 ml/min, fraction size: 1 mL). The first eluting peak obtained by gel filtration
chromatography (identified by SDS-PAGE analysis as Fig. 4d, 37 kDa band corresponding to the C-lobe) was
fractionated. Next, the fraction was dialyzed to replace the solvent with ultrapure water and lyophilized to a
powder, designated the bLF C-lobe.

1'37

Hemozoin inhibition assay

To assess the inhibition of hemozoin formation, a slightly modified version of a procedure previously reported
by Nguyen et al.*® was used. In this method, Tween-20 is used as an inducer for the polymerization of hemin to
hemozoin. To each well of a 96-well plate (Non-treated 96 well/Flat Bottom; Iwaki, Osaka, Japan), 20 uL/well
of 200 mM H,SO, and 50 uL/well of 200 uM heme solution were added. Each test sample was then added in an
appropriate volume (20 to 80 pL) and diluted with ultrapure water to a total volume of 150 uL/well. Then, 50 uL
of Tween-20 (0.048 g/L, immediately before use) was added (total 200 pL) and incubated at 37 °C for 4 h. The
absorbance peak at 405 nm, the most prominent peak for heme, and the peak at 620 nm, whose intensity was
increased by hemozoin formation, were measured over time during the 4-h incubation. The proportions of heme
and hemozoin in the solution were calculated by subtracting the absorbance at each reaction time point (1, 2, 3,
4 h) from the absorbance at the start of the reaction (0 h) and are expressed as the rate of hemozoin formation,
as shown by the formula in Fig. 1. In this assay, effective inhibition of hemozoin formation results in absorbance
values that are lower, potentially even negative, similar to those observed with the positive control (CHQ, 1 mM).
Such values are indicative of significant inhibitory activity.

Evaluation of the inhibition of hemozoin formation requires multiple plates, given that the assay does not
support concurrent testing of numerous samples on a single plate. To account for inter-plate discrepancies,
results across experiments were adjusted using the efficacy of CHQ, expressed as the percentage inhibition of
hemozoin formation.

Heme binding assay

To assess the binding affinity of various samples to heme iron, 50 uL of heme (final 50 uM) and 20 pL of the sam-
ple (final 50 pM) were introduced into a tube. The volume was then brought up to 200 pL using MQ water. After
thorough mixing, the solution was centrifuged at 15,000 rpm for 5 min. Visual inspection was then performed
to identify the presence of any precipitate in the microtubes after centrifugation. A visible precipitate suggested
successful binding, whereas its absence and a persistent brown coloration, characteristic of heme iron, indicated
no binding activity. Additionally, to further validate the binding interaction, the precipitate was thoroughly
washed twice with PBS to remove any unbound heme or protein. The washed precipitate was then treated with
SDS bufer to release the bound proteins. The samples were subsequently subjected to SDS-PAGE analysis.

Hemozoin degradation assay

In the microtubes, 60 pL/tube of 200 mM H,SO,, 150 pL/tube of 1.5 mM heme solution, 150 uL of Tween-20
(0.08 g/L, immediately before use), and 240 pL of ultrapure water (total 600 uL/tube, for one sample) were added
to the hemozoin preparation. After preparation, hemozoin was generated by incubation at 37 °C overnight. The
supernatant was then centrifuged at 10,000 rpm for 5 min and removed. The resulting precipitate (hemozoin)
was suspended in 540 pL of Tris-buffered saline (TBS, pH 7.4). A further 60 pL of each sample was added, giving
600 pL of reaction solution. After incubation of the reaction solutions at 37 °C for 4 h, the degree of hemozoin
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degradation was assessed by visual observation of the microtubes and observation of the supernatant and pre-
cipitate of the reaction solutions with a light microscope (20x or 40x magnifications).

Mice, pathogen administration, and parasitemia

All animal care and experiments were approved by Kitasato University Institutional Animal Care and Use Com-
mittee (Approval Number: 20-116), and all experiments including animal subjects were performed in accordance
with the ARRIVE-guidelines 2.0 and the Guidelines of Animal Experiments of Kitasato University. Mice were
anesthetized using a combination of three anesthetic agents (e.g., medetomidine, midazolam, and butorphanol)
before being humanely sacrificed by cervical dislocation.

Plasmodium berghei (ANKA strain) was raised from frozen stock and maintained by serial passage in Insti-
tute of Cancer Research (ICR) mice (Charles River Laboratories Japan Inc., Yokohama, Japan). Ten thousand
P. berghei were administered intraperitoneally to 6-week-old C57BL/6 male mice (Charles River Laboratories
Japan Inc.). Three mice were used in each group, and these experiments were repeated two to three times. The
presented data are representative of these multiple experiments. A total of 200 uL of native bLF, apo-bLF, holo-
bLF, C-lobe domain of bLE, or PBS (negative control) was administered intraperitoneally at Days 1 and 4 after
infection. Parasitemia was measured daily using blood smears with Giemsa staining. Mann-Whitney U test was
used for statistical analysis (p <0.05).

Pepsin degradation of C-lobe

A 5% aqueous solution was prepared using 5 mg of purified C-lobe and adjusted to pH 2.5 with 1N HCL. Subse-
quently, 10 pL of pepsin (0.52 mg/mL) was added and incubated at 37 °C for 24 h, with reference to the report
by Tomita et al.*. The enzymatic reaction was then terminated by heating at 80 °C for 2 min, followed by ice-
cooling. The reaction products were subjected to 12.5% Tris-Tricin SDS-PAGE to determine the degradation
efficiency, and these were used as C-lobe pepsin degradation products for analysis (Supplementary Figure S1).

Sequence and structural homology analysis

Sequences for different lactoferrins (LF) and transferrins (TF) were obtained from the NCBI GenBank database
using the following accession IDs: bovine lactoferrin (bLF: NP_851341), human lactoferrin (hLF: 1LFG_A),
ovotransferrin (OTf: CAA26040), bovine transferrin (bTF: NP_803450), and human transferrin (hTF:
NP_001054.2). These sequences were analyzed using Genetyx software (Genetyx-MAC ver. 22.0.4, GENETYX
Corporation) to calculate sequence similarity. Additionally, structural homology was assessed using the Phyre2.0
web service (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index).

Docking simulation

The crystal structure of bLF (PDB: 1BLF), OTf (PDB: 10VT, 1AIV), and hLF (PDB: 1LFG, 1CB6) were used in
this study. The obtained structure was optimized using Molecular Operating Environment (MOE version 2022,
Chemical Computing Group) for docking simulations. The structure of the ligand (heme) was generated with
chemdraw and optimized using MOE. Compound docking analysis was performed using the MOE-Dock pro-
gram. The force field was applied using MMFF94, targeting the entire molecule, including known pockets. The
binding methodology was adapted to fix the receptor, and the ligand could move upon binding. As for docking
assessments, 300 candidate docking poses were generated and evaluated using the London dG score (E-score,
kcal/mol), which estimates the binding free energy of the ligand from a given pose, to filter them down to the
top five poses.

Molecular dynamics (MD) simulation

We conducted MD simulations for bLF/heme to further validate the docking results using the Molecular Oper-
ating Environment (MOE version 2022, Chemical Computing Group). The initial structure of the bLF/heme
complex was taken from the top docking pose. The system was solvated in water, and the AMBER force field
was used for the protein and heme. Energy minimization was performed to remove any bad contacts, followed
by a 100 ps-10 ns equilibration run at 300 K. Finally, a production MD simulation was run for 100 ps under
the same conditions. The time step was set to 2 fs, and all bonds involving hydrogen atoms were constrained.
Long-range electrostatic interactions were treated with the Particle Mesh Ewald (PME) method, and a cutoff of
12 A was applied for van der Waals interactions. Trajectory analysis was performed using the MD Player tool
included in MOE. All other settings and parameters were as per the default configurations provided by MOE.

Data availability
The data that support the findings of this study are available from the corresponding author, [M.T.], upon rea-
sonable request.
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