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ABSTRACT

Malaria is a widespread and lethal disease caused by the Plasmodium parasites that can infect human beings through
Anopheles mosquitoes. For that reason, the biology of Plasmodium needs to be studied to develop antimalarial
treatments. By determining the three- dimensional structures of macromolecules, structural biology helps to understand
the function of proteins and can reveal how interactions occur between biological partners. Here, we studied the
ZNHIT3 and NUFIP1 proteins from Plasmodium falciparum, two proteins tightly linked to the ribosome biology. Due
to their important functions in post-translational modifications of ribosomal RNAs and in ribophagy, these proteins
participate in the survival of cells. In this study, we solved the three-dimensional structure of a thermally stable and
species-dependent complex between fragments of these proteins. Our results were compared to the AlphaFold
predictions, which motivated the study of the free ZNHIT3 fragment that binds NUFIP1. We showed that the latter
fragment multimerized in vitro but also had the inner ability to change its conformation to escape the solvent exposition
of key hydrophobic residues involved in the interaction with NUFIP1. Our data could open the gate to selective drug
discovery processes involving these two proteins.

INTRODUCTION

Malaria is one of the most widespread diseases, with an estimated 229 million cases worldwide in 2019, according to
the World Health Organization. It is responsible for almost half a million deaths, more than 65% of which occur in
children under 5 years of age. Malaria is primarily caused by two parasites, Plasmodium falciparum and Plasmodium
vivax, that are disseminated to people through the bites of Anopheles mosquitoes. It represents a public health issue
with approximately US$3 billion funded in 2019 for disease control and elimination. Thus, a better understanding of the
biology of Plasmodium agents appears necessary for the development of effective treatments, especially to overpass
emerging resistances to known antimalarial drugs. (1,2)

The Plasmodium parasite is a unicellular eukaryotic organism that uses vertebrates, such as humans, to replicate itself.
Replication means fine regulations of many biological pathways and synthesis of new proteins. In this way, the
ribosomal machinery plays a major role in the life cycle of the parasites. (3) Ribosomes are large ribonucleoproteins
containing several ribosomal RNAs (rRNAs) and dozens of ribosomal proteins. The right functioning of the ribosome
requires post-translational modifications of rRNAs such as 2'-O methylation or pseudo-uridylation. (4) Obviously, these
modifications are not randomly distributed on rRNAs. Small nucleolar ribonucleoproteins (snoRNPs) are guided
modifying systems that involve (i) a small nucleolar RNA (snoRNA) that specifically recognizes a modification spot on
the rRNA and (ii) a set of four core proteins, including an enzyme able to catalyze the 2'- O methylation or pseudo-
uridylation reactions on target nucleotides. (5) 2'-O methylation is performed by fibrillarin, with the help of S-adenosine
methionine and SNU13, NOP56, and NOP58 proteins, whereas pseudo-uridylation is managed by dyskerin, with the
help of NOP10, NH2, and GAR1 proteins. (6,7) In eukaryotes, unlike archaes, snoRNPs do not self-assemble, and their
assembly needs to be assisted by protein factors that interact transiently in an ordered process that results in a functional
particle. (8) Among these protein factors, we and others described the functional and structural features of
Rsal/NUFIP1, Hit1/ZNHIT3, Bcd1/ZNHITS6, or the R2TP complex. (9—20) We showed that some features, especially
in terms of structures, are shared through species, and more precisely, we demonstrated that NUFIP1 (also known as
Rsal in yeast) and ZNHIT3 (also known as Hitl in yeast, or TRIP3 elsewhere) formed an interleaved complex that
behaves as a unique protein chain. (13)

NUFIP1 is a platform protein that can recruit the core protein SNU13 via a conserved motif called PEP. (9) The PEP
motif mainly consists of an a-helix of about 20 residues that bind to a groove located on SNU13. This interface is



placed opposite to the patch in SNU13 that can bind the snoRNA, making possible a complex involving both snoRNA
and NUFIP1. ZNHIT3 contains at least two domains: a ZN-HIT domain that consists of a double zinc-finger, probably
involved in protein—protein interaction, and a PAC-HIT domain that folds into a clamp able to trap an o-helix, here
again of about 20 residues, located in the sequence of NUFIP1 (see Figure 1 for the organization of the protein domains
in NUFIP1 and ZNHIT3). (10,13,14) Remarkably, the PAC-HIT domain in ZNHIT3 proteins contains hydrophobic
residues that are protected from the aqueous solvent by NUFIP1.

In yeast and human cells, it was demonstrated that the ZNHIT3:NUFIP1 interaction was essential to stabilize the two
proteins and maintained normal levels of snoRNAs as well as normal growth rates. (10) This complex was also pointed
to be important in the ribophagy pathway. (21) Ribophagy consists of the lysosomal degradation of ribosomes and
supplies nutrients to the cells under starvation stress. (22) Under this condition, ZNHIT3:NUFIP1 would associate with
ribosomes and chaperons them to autophagosomes via the LC3B protein. Noticeably, a conflicting study, based on
NUFIP1-depleted cells, suggests, however, that NUFIP1 would not influence the starvation-induced ribophagic flux.
(23) Interestingly enough, the N-terminus of NUFIP1 still displays sequence conservation with LC3B-interacting
regions (LIRs), whose consensus motif is [W/F/Y]xx[L/I/V]. (21) Typically, LIRs fold into a B-strand upon binding of
LC3B to promote hydrophobic contacts within an intermolecular (3-sheet. (24,25) This feature is in line with the
platform role of NUFIP1.

The snoRNP assembly, the rRNA post-translational modification, and ribophagy processes are not still fully understood,
especially in parasites, but are essential for cell survival. It was nonetheless demonstrated that an autophagy pathway
can function in P. falciparum, under nutrient stress conditions, through a dozen of autophagy-related proteins (ATG),
with a more specific involvement of ATG8 in ribophagy, the latter protein displaying structural similarities with LC3B.
(26-28) Concerning rRNA modifications in the malaria parasites, to our knowledge, little is known, but we have
noticed that directly involved proteins such as fibrillarin, dyskerin, and NOPs appear conserved in these organisms,
suggesting a regulation mode similar to what is commonly observed in yeast or human cells. Moreover, the snoRNA
landscape in P. falciparum could be analyzed and showed that snoRNAs were mainly present in a single copy, meaning
that no rescue effect could be retrieved in the case of default in these snoRNAs. (29) Furthermore, plasmodial snoRNAs
were found to be excreted from infected red blood cells in extracellular vesicles (EVs). In this form, their role was not
formally identified, but their presence in EVs may be of importance for communication between parasites. In general,
ribophagy and snoRNP formation remain under-studied in Plasmodium parasites, although they may represent
important functions to target to affect the virulence of the pathogen. (27,28)

In this study, we identified ZNHIT3 and NUFIP1 from P. falciparum in protein databases, thanks to structural data and
designed fragments in these proteins that can interact in vitro. We solved the three-dimensional (3D) structure of this
complex, which folds into an interlacing pattern, characteristic of the ZNHIT3:NUFIP1 interaction. Importantly, we
showed that this complex was highly stable to temperature and demonstrated that the formation of inter-species
complexes between fragments of yeast, human, and plasmodial ZNHIT3 and NUFIP1 was not possible. Using
biophysical and molecular dynamics (MD) approaches, we studied the isolated C-terminal domain of the plasmodial
ZNHIT3 protein and demonstrated that this fragment, which can interact with NUFIP1, tended to multimerize but could
potentially modify its fold to minimize the solvent exposition of key hydrophobic residues. Our experimental results are
discussed in regard of the AlphaFold 3D structures, which remarkably predict the bound state of the two isolated
proteins but also the complex they can form. Altogether, our study suggests that the ZNHIT3:NUFIP1 interaction,
which occurs in cell survival and replication pathways, is species specific and could be considered, thanks to structural
data, as a target of choice in druggability studies of plasmodial proteins.

MATERIALS AND METHODS

Protein Identification.

The protein sequences of ZNHIT3 and NUFIP1 from P. falciparum 3D7 (pf-ZNHIT3 and pf-NUFIP1) were retrieved
from the UniProt and NCBI databases according to their putative names. (30) Along the article, ZNHIT3 and NUFIP1
proteins from P. falciparum and Homo sapiens are designated with the prefixes “pf-” and “hs-”, respectively. ZNHIT3
and NUFIP1 proteins from Saccharomyces cerevisiae are designated as Hit1 and Rsal, respectively.

Protein Expression and Purification.

The protocols used in this study were previously described. 10,13,31 Briefly, the protein fragments containing an N-
terminal 6xHIS tag followed by a cleavage site for the 3C PreScission protease were encoded on a pnEA-3CH vector
providing resistance to ampicillin. (31) The additional sequence provided by the plasmid is as follows:
MGSSHHHHHHSSGTGSGLEVLFQ/GPH. The protein fragments that did not contain additional purification tags were
encoded on pnYK or pnCS vectors, providing resistances to kanamycin and spectinomycin, respectively. For individual
expression of protein fragments, Ca 2+ -competent E. coli BL21(DE3) bacteria were transformed with a pnEA-3CH
vector. For protein complexes, this time bacteria were co-transformed with two plasmids, one of the two partners being
encoded on a pnEA-3CH vector, the other one being encoded on a pnYK or pnCS vector. Using these combinations of
vectors permits us to produce similar amounts of each of the two protein partners in bacteria. The same methods were
applied for the free proteins and complexes. Positive clones, selected on LB-agar plates, were grown in liquid media at
37 °C until absorbance at 600 nm reached 0.6. The overexpression of proteins was triggered with 0.2 mM IPTG
(isopropyl B- D -1-thiogalactopyranoside), and cultures were done at 20 °C for 16 h. LB, 15 N-enriched M9, and 13 C/
15 N-enriched M9 media supplemented with selective antibiotics were used. After resuspension of the cell pellet in a



lysis buffer (25 mM HEPES, 300 mM NaCl, 10 mM imidazole, 0.5 mM TCEP, pH 7.5) and sonication, the soluble
fraction was put on TALON beads. Elution was performed, either with a specific cleavage using the 3C PreScission
protease or with a lysis buffer supplemented with 300 mM imidazole. If required, a final size-exclusion chromatography
step in 10 mM NaPi, 150 mM NaCl (pH 6.4) permitted us to isolate the protein fractions of interest. The purification
process was analyzed using sodium dodecyl sulfate (SDS)— polyacrylamide gel electrophoresis (PAGE) and Coomassie
blue staining.

Nuclear Magnetic Resonance and Structure Calculation.

Usual homo- and hetero-nuclear two-dimensional (2D) and 3D nuclear magnetic resonance (NMR) spectra were
recorded at 293 K on a 13 C/ 15 N labeled sample of the pf-ZNHIT3(265-332):pf-NUFIP1(817-841) complex
concentrated at 0.7 mM in 10 mM NaPi, 150 mM NaCl (pH 6.4) using a 600 MHz spectrometer equipped with a TCI
cryoprobe (Bruker). Assignment of the NMR frequencies was performed with CARA. (32) Backbone resonances were
turned into dihedral restraints, thanks to TALOS-N. (33) Inter- proton distances were derived from 2D 1 H- 1 H
NOESY and 3D 1 H- 13 C and 1 H- 15 N NOESYHSQC spectra recorded with a mixing time of 120 ms. CYANA
3.98.13 was used to iteratively assign and quantify NOE cross-peaks. (34) The final CYANA and TALOS-N restraints
were used to calculate 100 structures that were water-refined with AMBER 14. (35) The 20 AMBER structures with the
lowest restraint energies were kept in a final representative bunch. The 3D structures were drawn and analyzed with
PyMOL. (36)

Differential Scanning Calorimetry.

Differential scanning calorimetry (DSC) experiments were performed on a Microcal VP-DSC apparatus equipped with
0.54 mL cells, at a pressure of 2 atm. The thermograms were recorded using a protein complex concentration of around
35 pM into 10 mM NaPi, 150 mM NaCl (pH 6.4). A scanning window from 25 to 125 °C with a constant scan rate of 1
°C/min was applied. Origin 7.0 software was used to determine T m (midpoint of the unfolding transition). Baselines
recorded with both cells filled with buffer were subtracted from the experimental traces to obtain the heat capacity
curves (ACp, excess heat capacity, vs temperature).

Dynamic Light Scattering.

Dynamic light scattering (DLS) experiments were performed at 20 °C in 10 mM NaPi, 150 mM NaCl (pH 6.4) using a
Zetasizer Nano ZS instrument (Malvern Panalytical) in a small-volume quartz cell. Data were processed with the
Zetasizer software (Malvern) with default parameters.

Isothermal Titration Calorimetry.

The isothermal titration calorimetry (ITC) experiment was performed using a VP-ITC (Malvern, UK), the temperature
being set to 20 °C. The protein, concentrated at 70 pM in 10 mM NaPi, 150 mM NaCl (pH 6.4), was repeatedly injected
into the mixing cell that contained buffer. Dissociation data were analyzed using the Origin software. The maximal
critical transition concentration (CTC), corresponding to the dissociation constant of multimers, was calculated with a
first derivative test. (37,38)

MD Simulation.

The best NMR structure of the pf-ZNHIT3(265-332):pf-NUFIP1(817-841) complex and of the structure of pf-
ZNHIT3(265-332) predicted by AlphaFold were used as starting points for MD simulations. Calculations were
performed in an explicit water solvent as previously described. (39) Briefly, the 3D structures were placed in a water
cubic box (edge 60 A), in the presence of 150 mM NaCl. The systems were prepared and analyzed with VMD. (40) The
trajectories, generated with the NAMD-2.15 package, (41) were carried out in the isobaric—isothermal ensemble, at 300
K under 1 atm using, respectively, Langevin dynamics (damping coefficient 1 ps —1 ) and the Langevin piston method.
Water and ions were first thermalized during 5 ns while restraining harmonically the backbone atoms of the proteins to
their initial positions. Next, all positional restraints were removed, and the systems were thermalized under this
condition for 15 ns.

RESULTS

ZNHIT3 and NUFIP1 Proteins from P. falciparum.

Looking for the ZNHIT3 and NUFIP1 proteins from P. falciparum (hereafter designated with the prefix “pf-”), we
screened the Uniprot and NCBI databases. Concerning the 3D7 strain, we found entries that were unreviewed and
described hypothetical proteins (Uniprot-Q8IK99 and NCBI- XP_001348881.1 for pf-NUFIP1; Uniprot-Q812Y4 and
NCBI- PF10825w for pf-ZNHIT3). We benefited from the AlphaFold predictions implemented in Uniprot and checked
whether folded regions exhibiting good confidence scores (i.e., pPLDDT > 90) in these putative proteins could match
with the known 3D structures of their yeast and human homologues. (42)

For pf-ZNHIT3, we found two regions (120-156 and 267- 331) that nicely match, respectively, with the ZN-HIT and
PAC-HIT domains of Hitl and hs-ZNHIT3 (yeast and human proteins, respectively) (Figure 1A,B). For pf-NUFIP1, we
found two regions, consisting of isolated a-helices whose structures and sequences match with the o-helices able to
interact with SNU13, on the one hand, and with ZNHIT3, on the other hand, in yeast and human proteomes (Figure



1C,D). These are segments 683711 and 813—-836, respectively. Moreover, using the iLIR autophagy database, (43) we
also found putative LIR motifs in the pf-NUFIP1 sequence with a PSSM score > 5.

This structural evidence strongly suggests that the proteins under the access codes Uniprot-Q8IK99 and Uniprot-
Q8I2Y4 correspond to pf-NUFIP1 and pf-ZNHIT3, respectively. To confirm this conclusion, we sought to verify
whether these proteins could directly interact to form a complex.

Design of a Soluble Complex between Plasmodial ZNHIT3 and NUFIP1 Proteins.

With 852 and 366 residues, respectively, plasmodial NUFIP1 and ZNHIT3 proteins detected in Uniprot are long
proteins, mostly disordered concerning pf-NUFIP1, which may therefore be difficult to manipulate in their full-length
version. Based on careful analyses of the protein sequences, known 3D structures of yeast and human homologues, and
3D predictions coming from AlphaFold, we designed fragments of pf-ZNHIT3 and pf-NUFIP1 that should have the
intrinsic ability to form a stable and soluble protein complex in vitro.

Thus, we encoded the fragments 265-332 of pf-ZNHIT3 and 817-841 of pf-NUFIP1 on expression plasmids and
performed a co-expression assay in a E. coli BL21(DE3) strain. Remarkably, co-expression permitted to clearly observe
the two fragments on SDS—-PAGE (Figure 2). The gel filtration profile revealed that the two proteins co-eluted in
fractions, with an elution volume compatible on our purification automat with a single heterodimer of ~13 kDa (Figure
2). Thus, this demonstrates that the pf-NUFIP1 and pf-ZNHIT3 proteins behind the Uniprot-Q8IK99 and Uniprot-
Q812Y4 entries are no longer hypothetical and allows us to consider a structural study of their interaction in solutions
using NMR.

NMR Structure of the Complex between Pf-ZNHIT3 and Pf-NUFIP1 Proteins.

The pf-ZNHIT3(265-332):pf- NUFIP1(817-841) complex was *C- and "*N-labeled, thanks to the bacterial recombinant
expression in minimal medium enriched with 15 NH 4 CI and 13 C-d6-glucose. We first assigned the large majority of
the 1 H, 13 C, and 15 N resonances to get the 3D structure of the complex. At last, we obtained a well- defined bunch of
20 water-refined structures using inter-proton distance and dihedral angle restraints (Figure 3A, Table 1). In our
experimental structure, pf-ZNHIT3(265-332) folds into a PAC-HIT domain whose five a-helices form a jaw that bites
pf-NUFIP1(817-841), the latter being mainly folded into a a-helix. The complex is efficiently stabilized by strong
hydrophobic forces resulting from numerous hydrophobic side chains that point to the core of the structure (Figure 3B).
Indeed, nearly one out of four residues in the overall sequence of the complex is a hydrophobic residue located at the
interface between the two protein fragments. Thus, the plasmodial complex is typical of the ZNHIT3:NUFIP1
interaction already observed with yeast and human proteins (Figure 3C). The root mean square deviations (rmsds)
measured with the TM-align server (44) are 2.01 and 2.38 A in regard of the human and yeast complexes. As observed
for hs-ZNHIT3(85-155), pf- ZNHIT3(265-332) displays less loop regions than Hit1(70—164). Concerning pf-
NUFIP1(817-841), it super- imposes well with hs-NUFIP1(462-495) and Rsal(317— 352). Whereas the C-terminal
part of Rsal(317-352) forms a second a-helix that contacts Hit1(70—164), hs-NUFIP1(462— 495) is mainly disordered
in the corresponding region (Figure 3C). The fragment selected for the plasmodial pf-NUFIP1 is significantly shorter
than the ones used to determine the 3D structures of the yeast and human complexes. It contains, in a C-terminal loop,
two phenylalanine residues (F837 and F838) that bind a hydrophobic pocket located on the side of pf-
ZNHIT3(265-332) (Figure 3B). This appeared sufficient to stabilize the C-terminus end of pf-NUFIP1(817-841).

AlphaFold Predictions Agree with the Experimental Structures of Plasmodial ZNHIT3 and NUFIP1.

Remarkably, our experimental structure of pf-ZNHIT3(265-332):pf- NUFIP1(817-841) aligns well with the
predictions made by AlphaFold on the isolated protein domains (Figure 4A,B). Ca rmsds are, respectively, 0.66 and
0.79 A between the predicted and the experimental structures of pf-ZNHIT3(265-332) and pf-NUFIP1(817-841).
Moreover, using heavy atoms, the corresponding rmsd values are 0.75 and 0.96 A, demonstrating that even the
positioning of the side chains is very similar in the experimental and predicted structures. For example, the positions of
the two phenylalanine residues, F837 and F838 in pf-NUFIP1, are in phase between both the AlphaFold and NMR
structures, demonstrating that these residues are ready to interact with their binding pocket in pf-ZNHIT3.

We Dbenefited from the open-access server ColabFold (https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2.ipynb) to test if AlphaFold could also precisely predict the 3D structure of the
plasmodial complex. Remarkably, despite a noticeable deviation in the position of the first three N-terminal residues in
pf- NUFIP1(817-841), the results coming from ab initio prediction align well with the 3D structure that we
experimentally determined by NMR spectroscopy (Figure 4C). As evidence, Ca and heavy atom rmsd values between
AlphaFold are, respectively, 0.63 and 0.82 A. Thus, the position of the side chains, especially in the hydrophobic
interfacing residues, convincingly matches in the two structures.

Proteins from P. falciparum Display a High Thermal Stability.

To go further in the biophysics of the ZNHIT3:NUFIP1 interaction, we tested the thermal stability of this association
using scanning calorimetry (DSC) recorded at a pressure of 2 atm (which prevents boiling of the aqueous buffer) and
obtained denaturation temperatures of 71.8, 78.3, and 90.0 °C for the human, yeast, and plasmodial complexes,
respectively (Figure 5A). Thus, we measured a higher thermal stability for the plasmodial complex. Moreover, human
and yeast complexes tended to precipitate upon the increase in the temperature (as demonstrated by the sharp drop in
the signal). In contrary, the plasmodial proteins remained safe all along the experiment. Interestingly, no steps were



observed within this curve, meaning that the dissociation of the two partners could not be distinguished from the
denaturation process of each protein. To complete DSC data, we gently heated the protein complex samples at 98 °C,
under atmospheric pressure, in a dry water-bath using six temperature steps of 10 min (20, 35, 50, 65, 80, and 98 °C)
and then left the samples to cool at 20 °C. In agreement with the DSC results, the yeast and human complexes started to
precipitate at temperatures between 65 and 80 °C, whereas the plasmodial sample remained clear (Figure 5B).
Remarkably, the 1 H- 15 N HSQC and 1 H- 13 C METHYL-SOFAST HMQC NMR spectra of pf-
ZNHIT3(265-332):pf-NUFIP1(817-841) recorded at 20 °C were not affected in terms of peak position and intensity
after the heating/cooling cycle, although the denaturation temperature of the complex was exceeded by 8 °C (Figure
5C). This demonstrates that the initial interleaved conformation of the complex is recovered after the temperature
returns to a low value.

ZNHIT3:NUFIP1 Interaction Is Species-Specific.

Next, to assess the specificity of the ZNHIT3:NUFIP1 interaction, we tested whether we could reconstitute complexes
between ZNHIT3 and NUFIP1 protein fragments coming from different species. To test this, we performed protein co-
expression assays in E. coli (Figure 6A). Interestingly, no soluble complex between pf-ZNHIT3(265-332) and
Rsal(317-352) or hs-NUFIP1(462-495) could be recon- stituted in bacteria and eluted from TALON beads, meaning
that the pf-NUFIP1(817-841) fragment could not be substituted by its yeast and human homologues. Positive control
experiments showed that the intra-species complexes were well formed in the bacteria, whereas nonspecific binding to
TALON beads was not detected with untagged hs-NUFIP1 and Rsal fragments.

We had previously observed this behavior by failing to form inter-species complexes between yeast Hitl and hs-
NUFIP1. (13) One explanation can be provided by observing the 3D structures of the ZNHIT3:NUFIP1 complexes.
Indeed, we could highlight several steric clashes that would occur if yeast and human NUFIP1 were trapped in the
plasmodial ZNHIT3 (Figure 6B). Based on this observation, we aimed to define a rule in the amino acid sequence of the
ZNHIT3 and NUFIP1 proteins that could drive the intra-species specificity of the interaction. With help of the mTM-
align server, (45) we reported the steric clashes highlighted in Figure 6B on a multiple sequence alignment extracted
from a structural superimposition of the plasmodial, yeast, and human ZNHIT3:NUFIP1 complexes (Figure 6C). We
first noticed that the similarity and the identity are low on this type of alignment when the three ZNHIT3 and NUFIP1
domains are considered, although the complexes display close 3D folds. Even if residues 1L.277, M326, and 1329 in pf-
ZNHIT3 display similarities with corresponding hs-ZNHIT3 and Hitl amino acids, the facing residues in hs-NUFIP1
and Rsal that promote steric clashes did not appear to be conserved, in terms of both spatial position and chemical
properties. The same observation could be done with non- conserved residues K278, K297, and F299 in pf-ZNHIT3 and
facing residues in hs-NUFIP1 and Rsal. Remarkably, using molecular surface representation of the ZNHIT3:Hitl
protein structures extracted from P. falciparum, H. sapiens, and S. cerevisiae complexes, we observed that access to the
core cavity that hosts NUFIP1 was quite different despite the similar hydrophobic propensity of this specific binding
pocket (Figure 6D). In this context, it appeared difficult to highlight the clear protein sequence determinants that drive
the specificity of the interaction. This is in agreement with what we had previously observed by comparing the yeast
and human complexes and reinforces the idea that it is more the structures in their entirety, especially for the ZNHIT3
jaw, that confer the specificity than a few conserved positions. (13) Trivially, it could be represented as a kind of
building block set in which the two partners from the same species assemble specifically but have incompatible
indentations for the bricks of other species. In the end, the final assemblies result nonetheless in a similar architecture,
whatever the species of interest.

Another hypothesis explaining the intra-species specificity is that the free pf-ZNHIT3 adopts an alternative
conformation that is not able to bind NUFIP1 fragments. Interestingly, in our inter-species co-expression assays, we
were able to recover soluble and significant amount of pf-ZNHIT3 after elution from TALON beads. We thus wondered
if isolated recombinant plasmodial fragments could be purified individually.

Free Recombinant Pf-ZNHIT3(265—-332) and Pf-NUFIP1(817-841) Are Difficult to Handle In Vitro.

In agreement with the protecting role described for ZNHIT3, we did not observe recombinant his-tagged pf-
NUFIP1(817-841) that degrades quickly in bacteria (Figure 7A). On the contrary, after affinity and size-exclusion
chromatography steps, we isolated soluble his-tagged pf-ZNHIT3(265-332) (Figure 7B). This appeared surprising due
to the inner hydrophobicity of this protein fragment, especially for the interface with pf- NUFIP1. Further DLS
experiments showed that the free his- tagged pf-ZNHIT3(265-332) displayed a mean size of 5.4 + 0.6 nm, 30% bigger
than the pf-NUFIP1-bound form, for which a mean size of 4.1 + 0.7 nm was measured (Figure 7C). This suggests that
the free protein fragment mainly formed small multimers in the solution, probably dimers. We used NMR to get more
structural details on the sample, but unfortunately, a probably unfavorable exchange regime produced a very low-quality
1 H- 15 N HSQC spectrum, on which only few unfolded regions seem visible (Figure 7D). Increasing or decreasing the
salt concentration and the pH, changing the buffer type, or cutting the 6xHIS-tag did not modify the behavior of pf-
ZNHIT3(265-332). Using ITC, we monitored the behavior of the multimers upon dilution and observed low-value
enthalpic signals that correspond to a dissociation process (Figure 7E). This low signal intensity suggests that the
interactions that are broken upon dissociation are weak, which could correspond to the rupture of van der Waals forces.
From these data, we derived a maximal CTC of 0.5 pM. It means that only a sub-micromolar concentration, not in
agreement with our biophysical approaches, would permit us to study the monomeric form of pf-ZNHIT3(265— 332).



MD Simulation Favors a Close Conformation of the Free Pf-ZNHIT3(265-332).

The experimental data obtained on the free pf-ZNHIT3(265-332) led us to test the stability of the 3D structure
predicted by AlphaFold, in which the hydrophobic residues interfacing with pf-NUFIP1 appear surprisingly well
solvent-exposed. Indeed, we were impressed by the faculty of AlphaFold to predict an accurate 3D structure (Figure 4)
almost independently of the chemical properties of the amino acids in the core of this protein domain. Starting from this
prediction, we computed a short MD simulation and compared it with another simulation calculated with the NMR
structure of pf-ZNHIT3(265—-332) as the initial structure.

Interestingly, although starting from similar 3D structures of pf-ZNHIT3(265-332), the simulated behaviors of this
domain totally differ whether the pf-NUFIP1(817-841) fragment is present or not (Figure 8, Supporting Information,
Movie M1). For the first 5 ns of the simulation time, the position of backbone atoms being restrained, no structural
differences were observed between the bound and free states of pf-ZNHIT3(265-332). At this stage, for the two
simulations, the backbone rmsd values measured against the starting 3D structures remained low and stable over time.
Strikingly, once the restraints were removed, the jaw of pf-ZNHIT3(265— 332), in the absence of pf-NUFIP1,
immediately closed on itself, leading to drastic structural changes (Figure 8A). In comparison, the pf-NUFIP1-bound
form of pf-ZNHIT3 remained stable all along the rest of the simulation time. To better illustrate this phenomenon
(noticeable in the Supporting Information, Movie M1, and in the evolution of backbone rmsd values in Figure 8A), we
followed distances between Ca atoms of residues 1306 and 1329 and of residues K274 and T300 over time and showed,
with huge decrease in the mean distances (more than 6.5 A), that the lower and upper lips of pf-ZNHIT3(265-332)
pinch in the absence of pf-NUFIP1 (Figure 8B). Because of these structural changes, hydrophobic residues in pf-
ZNHIT3(265-332) are less solvent-exposed, which should promote solubility in an aqueous medium. However, a side
effect of this conformational change is a clear loss of accessibility of the pf-NUFIP1 binding site in pf- ZNHIT3. We
would have liked to test this close state in a protein pulldown assay in which our two plasmodial fragments would have
been purified individually and then mixed. However, multimerization of pf-ZNHIT3(265-332) and quick degradation
of the recombinant pf-NUFIP1 fragment did not allow us to perform such an experiment.

Obviously, we have no experimental clue to claim that the pinched conformation of pf-ZNHIT3(265-332) is a realistic
view of the free recombinant fragment or of the free protein in its cellular context. It could be the conformation assumed
at sub- micromolar concentrations, where the multimers should dissociate, multimers being the juxtaposition of protein
fragments in this conformation. Even if we discard the later hypothesis, MD renders here what was intuited by
observing the pf-NUFIP1-bound structure of this fragment, meaning that the hydrophobic residues in the core of the
open state of pf- ZNHIT3(265-332) seek protection from the solvent.

DISCUSSION

Druggability of the ZNHIT3:NUFIP1 Complex.

In this study, we have identified ZNHIT3 and NUFIP1 proteins from P. falciparum and present the structure and thermal
stability of a minimal complex. Interestingly, these two proteins are conserved among eukaryotic organisms and form an
interleaved complex that possesses structural properties that prevent the formation of inter-species complexes. Thus, the
3D complementarity between ZNHIT3 and NUFIP1 appears to be strictly restricted to a specie. This feature could be of
importance in drug design studies because acting on the plasmodial interaction would not interfere with the interaction
occurring in the human proteome.

In agreement with what was observed in yeast and human proteins, pf-ZNHIT3 seems to protect pf-NUFIP1 from
degradation. Obviously, additional experimental efforts should be made to analyze the role of the plasmodial
ZNHIT3:NUFIP1 interaction in vivo and study its involvement in snoRNP assembly and/or ribophagy. However, our
DSC results tend to demonstrate that the ZNHIT3:NUFIP1 complex has been optimized during evolution to form a
highly stable interaction, far more stable than the yeast or human interaction. The question is why. We could assume
that the optimization of the interaction energy through a highly specific structural complementarity is a good means to
prevent dissociation and flexibility of the complex, while the two partners have to execute their biological function
together. We know that snoRNAs are mainly present in a single copy in the genome of P. falciparum and that rescue
systems are absent from the parasite. (29) Thus, it appears likely that proteins involved in the snoRNP maturation and
ribophagy pathways, such as ZNHIT3 and NUFIP1, were first optimized to avoid downstream defaults in these
processes. This might compensate to some extent for the lack of snoRNA rescue systems. Measuring the thermal
stability of other snoRNP assembly or core factors and ATG protein coming from P. falciparum could flesh out this
hypothesis. If this hypothesis is confirmed, it suggests that destabilizing interactions between these proteins involved in
the ribosomal machinery would likely decrease the growth of Plasmodium parasites and, by extension, the virulence of
this and other eukaryotic pathogens.

AlphaFold Predicts the NUFIP1-Bound State of ZNHIT3 Proteins.

The knowledge of the 3D structure of the protein targets is crucial for screening putative ligands using in silico
methods. The multitude of AlphaFold predictions available in databases is a chance for the design of new therapeutic
inhibitors that would lock or prevent specific protein—protein interactions. Here, we obtained impressive
superimposition results between the NMR structure of pf-ZNHIT3 bound to pf-NUFIP1 and the AlphaFold predictions
of the individual partners. For this case, this teaches us that AlphaFold can remarkably predict protein structures in a
ready-to-interact state and that it does not consider the solvent exposition of hydrophobic residues to accurately predict
this state. However, these predictions make sense almost only if we have previous or experimental data validating the



interaction. Indeed, we showed, using MD simulation, that the fold predicted for pf-ZNHIT3(265-332) was susceptible
to change in the absence of its partner. We do not know if the pinched conformation we obtained for this fragment is
realistic or not. However, here, with in silico methods commonly used in computational screening, we showed that the
access to the interaction site for pf-NUFIP1 in the core of pf-ZNHIT3 could be easily blocked. Thus, if no experimental
data indicate that this major interface should be considered in a screening process, it could be discarded as a mistake.
Interestingly, in the AlphaFold database, all the predicted ZNHIT3 proteins display an open state, ready to
accommodate the corresponding NUFIP1 proteins. This and our previous studies teach us that this state should be the
one to consider for drug design studies based on structural data. Finally, we also demonstrated that the plasmodial
complex could be impressively modelized with AlphaFold despite the interleaved mode of interaction between the two
partners. This permits us to state that all the ZNHIT3:NUFIP1 complexes, whatever the species, could be now predicted
with trust with ab initio approaches. In our opinion, this is an important starting point for a better comprehension of the
biological mechanisms involving these two proteins. Moreover, a deep structural and phylogenetic study that would
engage dozens of predicted complexes could reaffirm the hypothesis we have raised about the specificity of the
interaction, which would be driven primarily by the 3D structure of each partner rather by peculiar, conserved points in
the amino acid sequences.
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Figure 1. Structure predictions and sequence analysis of the putative proteins ZNHIT3 and NUFIP1 from P. falciparum.
(A,C) AlphaFold 3D predictions of the Uniprot entries Q812Y4 (A) and Q8IK99 (C) are represented in a cartoon mode.
Putative domains and interaction regions are highlighted with color on the structures and on the protein sequences.
Limits of ZN-HIT and PAC-HIT domains, as well as of the LIR, PEP, and ZNHIT3 interaction regions, are indicated on
the protein sequence and on the 3D structures. (B,D) Structural and sequence comparison of putative domains and
interaction regions in Uniprot entries Q812Y4 (B) and Q8IK99 (D) with known 3D structures of human and yeast
proteins ZNHIT3 (Hit1) and NUFIP1 (Rsal). The 4-letter PDB code is indicated next to each structure, AF referring to
AlphaFold predictions. Concerning the ZN-HIT domains (B), conserved cysteine and histidine residues are highlighted
with color on the protein sequences. Zinc atoms are designated as Zn using a sphere representation. Concerning the
PAC-HIT domains, PEP motifs, and ZNHIT3 interacting regions (B,D), a- helices are numbered and highlighted with
color on the protein sequences. Concerning the PEP motif in hs-NUFIP1, the AlphaFold prediction was represented as
no experimental structures are available
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Figure 2. Purification of the plasmodial ZNHIT3(265-332)/NUFIP1(817-841) complex. (A) SDS—PAGE analysis of
the affinity purification step of the co-expressed 265—-332 and 817-841 fragments of pf-ZNHIT3 and pf-NUFIP1. (B)
SDS-PAGE analysis and elution profile of the gel filtration step. SSo, unbound, beads, MW, 3C, and F18 to F24 refer,
respectively, to the sonicate supernatant, the unbound fraction after mixture with TALON beads, the TALON beads, the
protein size marker, the PreScission cleavage, and the gel filtration fractions. His-tagged and untagged protein
fragments are indicated with arrows. The elution volume of the main peak observed on the gel profile is indicated.
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Figure 3. Structural analysis of the plasmodial ZNHIT3:NUFIP1 interaction. (A) Superimposition of the 20 best water-
refined NMR structures of pf-ZNHIT3(265-332) in complex with pf-NUFIP1(817-841). N- and C-terminal amino
acids are indicated, and o-helices are numbered and displayed in color. (B) Two detailed views of the hydrophobic
residues involved in the protein interface. Amino acid side chains are represented with sticks, hydrogen atoms being
discarded. The hydrophobic residues at the interface between pf-ZNHIT3 and pf-NUFIP1 are also highlighted in color
on the protein sequences. (C) Superimposition of the 3D structures of the plasmodial and human ZNHIT3:NUFIP1
complexes (left) and of the plasmodial and yeast ZNHIT3/Hit1:NUFIP1/Rsal complexes. rmsd values and the structural
alignment of the protein sequences computed with TM-align are reported. Limits of the a-helices are colored on the 3D
structures and on the protein sequences. N- and C-terminal amino acids are indicated on the 3D structures. PDB codes
for the human and yeast entries are 1L.85 and 2MJF, respectively.
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Figure 4. Comparison between the NMR and predicted 3D structures of plasmodial ZNHIT3(265-332) and
NUFIP1(817-841). (A) Superimposition between the best NMR structure of pf-ZNHIT3(265-332) extracted from the
structure of the complex with pf-NUFIP1(817- 841) (in magenta) and the AlphaFold prediction (in pink). (B)
Superimposition between the best NMR structure of pf-NUFIP1(817-841) extracted from the structure of the complex
with pf-ZNHIT3(265-332) (in cyan) and the AlphaFold prediction (in teal blue). (C) Superimposition between the best
NMR structure (in magenta and cyan) and the AlphaFold prediction (in pink and teal blue) of the pf-
ZNHIT3(265-332):pf-NUFIP1(817-841) complex. The hydrophobic residues located at the complex interface reported
in Figure 3 are represented using sticks. The rmsd values calculated on the Ca and heavy atoms are indicated.
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Figure 5. Thermal stability of the human, yeast, and plasmodial ZNHIT3:NUFIP1 complexes. (A) Thermograms
obtained using differential scanning microcalorimetry recorded on homologue complexes hs-ZNHIT3(85-155):hs-
NUFIP1(462-495) (light gray), Hit1(70-164):Rsal- (317-352) (dark gray), and pf-ZNHIT3(265-332):pf-
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C p refers to the heat capacity. (B) Picture of the sample tubes containing human, yeast, and plasmodial
ZNHIT3:NUFIP1 complexes concentrated at 150 pM after heating at 98 °C, cooling at 20 °C, and centrifugation.
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Figure 7. Biophysical analysis of the free plasmodial NUFIP1 and ZNHIT3 interacting domains. (A) SDS-PAGE

analysis of the affinity purification step of the his-tagged 817-841 fragment of pf-NUFIP1. The recombinant fragment

was not detected. (B) SDS-PAGE analysis and gel filtration profile of his-tagged pf-ZNHIT3(265-332). SSo, Beads,
MW, Elution, and F10 to F16 refer, respectively, to the sonicate supernatant, the TALON beads, the protein size marker,

the elution supernatant, and the gel filtration fractions. (C) DLS analysis of his-tagged pf-ZNHIT3(265- 332) bound or

not to pf-NUFIP1(817-841). The mean protein size for the main peak is indicated. (D) 1 H- 15 N HSQC spectrum of

his-tagged pf- ZNHIT3(265-332) recorded under the same conditions as the ones used for the structure determination
of the complex with pf-NUFIP1(817- 841). (E) Titration isotherms of his-tagged pf-ZNHIT3(265-332) obtained upon

dilution in buffer. The upper limit of CTC is indicated on the derivative curve.
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Figure 8. Analysis of the molecular dynamic simulations computed on pf-ZNHIT3(265-332) bound or not to pf-NUFIP1(817-841). (A) Evolution of
the backbone rmsd value of pf-ZNHIT3(265-332) in complex with (magenta) or free of (dark gray) pf-NUFIP1(817-841) along the simulation time
(residues 270-330 were considered). The 5 first ns of the trajectories, framed in light gray, corresponds to the restrained simulation time, when the
positions of backbone atoms are limited. The mean values of backbone rmsd calculated during the unrestrained simulation time (meaning the last 15
ns) in these two conditions are reported. Three snapshots corresponding to the 3D structures after 0, 6, and 20 ns of simulation are displayed,
respectively, on the top and the bottom of the diagram for the free and pf-NUFIP1(817-841)-bound states of pf-ZNHIT3(265-332). In these
structures, the hydrophobic residues reported on the protein sequence in Figure 3 are displayed as spheres and a- helices as numbered cylinders. (B)
Evolution of distances measured between Ca atoms of 1306 and 1329 (in magenta) and between K274 and T300 (in pink) along the simulation time.
In the diagram, solid and dotted lines refer to the pf-NUFIP1(817-841)-bound and free states of pf- ZNHIT3(265-332), respectively. For each amino
acid couple, the mean value of the distances calculated during the unrestrained simulation time (meaning the 15 last ns) is reported. These distances
are reported on the starting 3D structure of pf-ZNHIT3(265-332), Ca atoms being represented as spheres. K274 and 1306 are in the upper lip of pf-
ZNHIT3(265-332) and T300 and 1329 in the lower lip.



pf-ZNHIT3(265-332):pf-NUFIP1(817-841)

NMR distances and dihedral constraints

Total NOEs 1954
Short range (Ji —j| < 1) 1143
Medium-range (|i —j| < 5) 475
Long-range (|i —j| = 5) 186
Intermolecular 150
Total dihedral angle restraints 147
) 74

U] 73

Structure statistics
Violation occurences

Distance constraints (> 0.3 A) 0
Dihedral angle constraints (> 5°) 02+04
RMSD to best structure (A)

All backbone atoms 1.17 £ 0.32
All heavy atoms 1.80 £ 0.29
Backbone atoms in secondary structures 0.35+0.04
Heavy atoms in secondary structures 1.01 £0.10
Ramachandran statistics

Residues in most favoured regions (%) 96.2
Residues in additional allowed regions (%) 3.8
Residues in generously allowed regions (%) 0
Residues in disallowed regions (%) 0

Table 1. NMR-derived restraints and structural statistics for the 20-best water-refined structures of pf-ZNHIT3(265-
332):pf-NUFIP1(817-841).
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