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Plasmodium falciparum is the main causative agent of malaria, a deadly disease
that mainly affects children under five years old. Artemisinin-based combina-
tion therapies have been pivotal in controlling the disease, but resistance has
arisen in various regions, increasing the risk of treatment failure. The non-
mevalonate pathway is essential for the isoprenoid synthesis in Plasmodium
and provides several under-explored targets to be used in the discovery of new
antimalarials. 1-deoxy-D-xylulose-5-phosphate synthase (DXPS) is the first and
rate-limiting enzyme of the pathway. Despite its importance, there are no
structures available for any Plasmodium spp., due to the complex sequence
which contains large regions of high disorder, making crystallisation a difficult
task. In this manuscript, we use cryo-electron microscopy to solve the P. fal-
ciparum DXPS structure at a final resolution of 2.42 A. Overall, the structure
resembles other DXPS enzymes but includes a distinct N-terminal domain
exclusive to the Plasmodium genus. Mutational studies show that destabili-
zation of the cap domain interface negatively impacts protein stability and
activity. Additionally, a density for the co-factor thiamine diphosphate is found
in the active site. Our work highlights the potential of cryo-EM to obtain
structures of P. falciparum proteins that are unfeasible by means of
crystallography.

M Check for updates

Plasmodium falciparum is one of the causative agents of malaria, a
life-threatening disease that consistently affects more than 200
million people worldwide each year'. In 2021, 619,000 people died
of malaria, with the majority of cases in the African region (96%)
among children under five years old'. The 21st century has been
marked by great efforts to control and eliminate malaria, with the
mortality rate and deaths decreasing by approximately 50% and

36%, respectively, between the years 2000 and 2015%. However, new
challenges and concerns have started to arise since the emergence
of artemisinin resistance P. falciparum in Pailin, Western Cambodia,
in 2009°. Concerns are also growing about the impact of climate
change on the global incidence of malaria, as a result of both
changes in transmission vectors and vector population growth due
to increased flooding®.
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Artemisinin-based combination therapies (ACTs) are the first-line
treatment for uncomplicated P. falciparum malaria worldwide. Due to
their high efficacy against most stages of the parasite, ACTs have been
one of the main weapons in controlling the disease, making artemisinin
resistance a serious challenge®”’. Since its discovery in 2009, artemi-
sinin resistance has emerged in the Greater Mekong Subregion (GMS)
of Southeast Asia®’, Papua New Guinea'®, South America" and recently
in Eastern Africa””. In addition, resistance to all known antimalarials
has been documented”, increasing the likelihood of ACT treatment
failures due to resistance to both artemisinin and the partner drug, as
has already been seen in GMS"", Malaria vaccines such as RTS,S"® or
the newly recommended R21/Matrix-M'** are important new tools
that are safe and effective in preventing malaria in children. However,
the need for the discovery and development of new antimalarials is still
of great importance, both to tackle parasite resistance and to treat
individuals for whom vaccination does not provide protection.

The Plasmodium genus is part of the Apicomplexan phylum,
characterized by the presence of a non-photosynthetic plastid known
as the apicoplast?. This organelle holds several functions important for
P. falciparum viability, including isoprenoid precursor biosynthesis**?>,
Isoprenoids, such as ubiquinone and sterols, are essential molecules
for cell homeostasis, making their synthesis crucial for parasite
survival*. In contrast to humans, which use the mevalonate pathway
for the synthesis of isoprenoid precursors, Plasmodium spp. relies
solely on the 2-C-methyl-D-erythritol 4-phosphate pathway (MEP
pathway) for their synthesis®. The absence of this pathway in humans
and its essential nature for P. falciparum make it an important source
of targets for the development of new antimalarials®.

1-deoxy-D-xylulose-5-phosphate synthase (DXPS) is the first and
rate-limiting step of the MEP pathway”. The enzyme catalyses the
conversion of glyceraldehyde-3-phosphate and pyruvate to 1-deoxy-D-
xylulose-5-phosphate (DXP) using thiamine diphosphate (ThDP) as a
co-factor®. Despite being an attractive target, most research on MEP
pathway antimalarials is focused on the second enzyme DXR, with
fosmidomycin being a clear example of the potential in targeting this
pathway”. One of the reasons for the lack of studies targeting Plas-
modium spp. DXPS is the challenge in its recombinant expression®*?,
together with the lack of structural information, making small mole-
cule screening and structure-based drug discovery less attractive when
compared to other MEP pathway targets.

The recent discovery of a truncation construct proved to be useful
for the crystallisation of several bacterial DXPS enzymes®* >, However,
this approach is less helpful for the P. falciparum DXPS (PDXPS), due
to the presence of low-complexity regions with predicted regions of
high disorder, which reduces the success rate of protein
crystallisation®..

In this work, we use single-particle cryo-EM to elucidate the
structure of PfDXPS to a final resolution of 2.42 A, circumventing the
disadvantages of crystallisation for this target. The structure is similar
to other DXPS, with the addition of an N-terminal cap domain exclu-
sively present in the Plasmodium genus. We further explore the
N-terminal cap domain with mutational studies targeting the
N-terminal cap:Domain I interface, showing that destabilization of this
interaction decreases protein stability and activity. While the origins of
this domain are still unknown, our study shows that the cap domain is
an important feature of Plasmodium spp. DXPS. Finally, our results
demonstrate the potential of cryo-EM for structure-based drug design
projects targeting plasmodial proteins that are unsuitable for protein
crystallisation.

Results

Cryo-EM structure of P/DXPS

Despite its potential as an antimalarial target, there are no structures
available for P/DXPS. To avoid the disadvantages of protein crystal-
lisation for this target, we used single-particle cryo-EM to solve the

structure of PfDXPS at 2.42 A. The dataset analysis and final statistics
are shown in Supplementary Fig. 1 and Supplementary Table 1.

The PDXPS construct used in this work consisted of a truncation
in which the signal and transit peptides were removed, increasing
protein expression with no impact on protein activity’®. The final
model showed a map-model correlation coefficient (CC) of 0.73 and no
CP or Ramachandran outliers, with all rotamer outliers being justified
by the map. The map is clear for most of the residues, with some areas
of lower quality, such as the first 20 residues and segments of the
C-terminal domain that are close to the surface and proximal to a low-
complexity region. Due to the position of these regions within the
overall structure, the lower quality of their maps may be explained by
their higher flexibility. Five regions, corresponding to low-complexity
regions, are not visible on the map (residues 554-617, 684-704,
754-819, 999-1029, 1049-1066).

Like other DXPS homologues, the protein forms a homodimer,
with each monomer consisting of three distinct domains®~°, Domain I
(419-753) and Domain Il (820-998) together compose the ThDP
binding domain and active site; whereas Domain Il (1030-1205)
mainly makes dimerization contacts. Distinct from all other DXPS
structures, P/DXPS has an additional a-helix domain of 106 residues at
the N-terminus (311-418). The N-terminal cap domain is surface-
exposed and makes contacts exclusively with Domain I (Fig. 1). This
domain is further discussed in the following sections.

The cryo-EM structure of PDXPS is of a protist enzyme. Although
the sequence identity between other homologues is low, the structure
has an average root mean square deviation (RMSD) of 1.44 + 0.14 A
against the available structures of different DXPS (Supplementary
Fig. 2). The structural alignment algorithm superposes structures
based on their Ca-atom positions, optimizing the overall RMSD value
by excluding atoms if their individual value is higher than 2. After
alignments with all homologues, residues excluded from the calcula-
tion comprised of the N-terminal cap domain and some insertions
found in PDXPS.

The insertions found either extend secondary structures or con-
nections between them. Most of them are in surface-exposed areas of
the third domain where the addition or deletion of residues is also
common in other homologues (Supplementary Fig. 2A).

Low-complexity regions

One of the remarkable characteristics of the P. falciparum genome is its
high AT-content, recombination rate, and the large presence of low-
complexity regions (LCR), with almost 90% of P. falciparum proteins
having at least one region’. LCR can vary in size, with lengths ranging
from 20 to 250 amino acids or more, and can be divided into hetero-
geneous, PolyN, or HighGC regions”. Their composition is mainly
hydrophilic and consists of amino acids such as asparagine and lysine.
This is one of the main reasons why most P. falciparum proteins are
larger than their respective orthologues. For example, P/DXPS has a
molecular mass of 103 kDa compared to other DXPS, which have an
average mass of 60 kDa.

The P/DXPS structure has five regions with no density visible in the
cryo-EM map obtained. We performed a multiple-sequence alignment
(MSA) of DXPS from different Plasmodium spp. and found that all
regions have some degree of low-complexity and low identity within
them (Supplementary Table 2). Their lengths were not shared among
the species, with some of them having fewer or more residues for the
same region (Supplementary Table 3).

The first and longest one is 68 amino acids long and located within
residues 554-617 (Fig. 2a). The region is surface-exposed and connects
an o-helix to a B-strand in Domain I. The second is located directly after
the metal-binding site (684-704) and is known to be poorly conserved
and highly disordered in other DXPS*.

The third one lies within the region that is also known as ‘spoon-
fork’ motif (754-819), which is not visible in most of the available DXPS
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N-terminal Domain |
cap domain (419-753)
(311-418)

Fig. 1| Cryo-EM structure of PfDXPS. The protein arrangement is a homodimer
with each monomer composed of four domains. The N-terminal cap domain is
shown in red (311-418), Domain I (419-753) in blue, Domain II (820-998) in yellow,

Domain Il
(1030-1205)

and Domain Ill (1030-1205) in green. The cryo-EM map coloured by the domain and
contoured at 3.40 is shown on the right. A P/DXPS sequence schematic showing the
domain positions is displayed at the bottom.

structures, due to its high flexibility during the open and closed state
transitions of the enzyme®*°. However, in PDXPS, this region has
additional residues with low-complexity that might increase the flex-
ibility and disorder of this motif. Interestingly, P/DXPS and its homolog
from Plasmodium vivax (PvDXPS) have a k-cat/K, for pyruvate
approximately ten times lower than that of other DXPS, suggesting
that this LCR might affect the stabilization of the pyruvate inter-
mediate through the opening and closing state transition of the spoon-
fork motif®°. The last two regions are located in close proximity and are
only separated by a small conserved segment of 19 residues. The first
(999-1029) connects domains Il and IIl, while the second one
(1049-1066) is a connection between two B-strands in Domain
11l (Fig. 2a).

When compared with other apicomplexan organisms, the only
LCR that is not shared is LCR-I, which is unique in the Plasmodium
genus. We performed a truncation of 43 residues in this region
(spanning residues 568-611) to evaluate the effect of its presence on
PfDXPS. The remaining 25 residues were kept to guarantee enough
space for linking the two secondary-structure segments in Domain |
without hampering the protein fold with a shorter linker.

PfDXPS-ALCR-I could still be expressed and purified (Supplemen-
tary Fig. 3a) and showed no difference in activity when compared with
the wild-type enzyme (Supplementary Fig. 3b), suggesting that LCR-I
does not impact protein activity. Interestingly, the truncation in LCR-I
resulted in an increase of almost 6 degrees in the protein’s melting
temperature when compared with the wild-type enzyme (Fig. 2b).

The similar activity with or without one of the LCRs may explain
why insertions in these specific regions were propagated, as they show
a neutral effect on protein activity. While the specific function of these
LCRs in PfDXPS or other Plasmodium spp. proteins are out of the scope
of this study, different theories about their retention and activity exist
—such as playing a role in modulating host immune response**,
serving as cryptic introns for enhanced RNA folding®?, tRNA ‘sponges’
to compensate for low levels of tRNAs*, or simply an artefact of
neutral evolution®. However, the lack of structures for these LCRs may
have implications on overall protein stability, as shown here for the
LCR-l, requiring the development of additional structural elements to
ensure correct physiological function, particularly in enzyme systems
known to possess high structural flexibility.

The N-terminal cap domain is exclusive to the

Plasmodium genus

Unlike other DXPS structures, P/DXPS has an additional a-helix domain
at its N-terminus. The domain consists of nine a-helices that form a
cap-like arrangement enclosing the N-terminal region of Domain |
(Fig. 3a, Supplementary Fig. 4a).

The first group of helices encloses the N-terminal a-helix of
Domain I, decreasing its solvent-exposed area. Three tyrosine residues
(Y329, Y333, Y345) form hydrogen bond interactions with the helix,
while the remaining interactions are hydrophobic contacts between
buried residues lying in the domain’s interface (Fig. 3b). The group of
helices is connected to the second one through a linker of 27 residues
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LCR-I
(554-617)
68 residues

LCR-Il
(684-704)
10 residues

Fig. 2 | Low-complexity regions (LCR) found in P/DXPS. a PDXPS is represented
as a white cartoon and the location of each region is highlighted as red dashed lines
in the structures. b Differential scanning fluorimetry curves for the LCR-I truncated,
shown in red, and wild-type enzyme, shown in black. Raw normalized data are

Normalized Intensity

T
30 40 50 60 70 80
Temperature (°C)

PIDXPS T, :54.5+04°C

LCR-I truncation T,,: 60.3 + 0.3 °C

LCR-lII
(754-819)
37 residues

LCR-IV LCR-V
(999-1029) (1049-1066)
24 residues 20 residues

presented as mean + SD and shown as scatter points. Boltzmann-fitted curves are
shown as lines. Graphs were plotted from technical quintuplicates (n=>5).

¢ Sequence schematic with length and position of each LCR region in the PDXPS.
Source data are provided as a Source Data file.

with two short helices on both ends. The only interaction with Domain
I is a salt bridge between E361 and K431.

The last group of two helices is connected through a linker of 14
residues and folded to hold the loop region below the N-terminal a-
helix of Domain I (Fig. 3¢). The linker between them forms an extensive
network of hydrogen bonds between the main chain and side chains of
N396, Y401, and S522. After the hydrogen bond network, the last helix
encloses the rest of the N-terminal a-helix of Domain I, completely
burying it from the solvent. Similar to most surface-exposed «-helices,
the outer part of the cap domain is mainly composed of charged
residues, whereas the inner parts that form the interface between the
two domains are mostly hydrophobic, contributing to most of the
domain’s interactions (Supplementary Fig. 4b).

An MSA of the DXPS from all Plasmodium spp. available in UniProt
shows that the domain is present and conserved across all members of
the Plasmodium genus, highlighting its importance in these species
(Fig. 3d). To evaluate the origins and evolution of this domain, a sec-
ond MSA was performed, including all DXPS sequences from organ-
isms in the Apicomplexa phylum available in UniProt (Supplementary
Table 2).

Interestingly, the domain was not found in any other organism,
suggesting that it is unique to the Plasmodium genus, or that its evo-
lutionary origin is still uncharacterized. A protein structure search was
also performed using only with the N-terminal cap domain with the
web servers Foldseek*, CO-FACTOR® and Dali*. The only proteins
that provided matches, however, were the DXPS of other Plasmodium
spp. available in the AlphaFoldDB, suggesting that the domain fold is
also unique to these species.

N-terminal cap domain stability is required for optimal enzy-
matic activity

To evaluate the function of the cap domain, we performed a series of
mutational analyses in this region. First, a truncated version of the
PDXPS without the cap domain was generated. Without the domain,
however, the expression yield of soluble protein was drastically
reduced, with the protein present in the insoluble fraction

(Supplementary Fig. 5a). This contrasts with the construct used in the
structure determination, which was expressed predominantly in the
soluble fraction under identical conditions (Supplementary Fig. 5b).

The surface of Domain I is largely hydrophobic in nature and
buried at the interface with the cap domain. Removing the cap domain
would expose the hydrophobic surface to the solvent, which could
explain the decrease in protein solubility during expression (Supple-
mentary Fig. 4). Enzymatic assays were performed with the eluted
fractions from the affinity chromatography but showed no measurable
activity (Supplementary Fig. 5d).

Therefore, we conducted a mutational study to further assess the
role of the domain. Three mutants were generated to evaluate the
effect of disrupting the interface between the cap domain and Domain
I. The mutants were selected by identifying hydrophobic residues with
alarge buried surface area at the interface and replacing these residues
with charged ones such as glutamate or aspartate.

The webserver PISA was used to evaluate the residues with the
highest buried surface area at the interface*’. The most buried residues
were then evaluated for predicted destabilization after mutation using
the webserver DDmut*®. DDmut predicts changes in Gibbs Free Energy
(AAG) of the protein after mutation to determine whether the muta-
tion would stabilize or destabilize the protein. The most destabilizing
mutations were then checked for sequence conservation across dif-
ferent Plasmodium spp. After assessing these criteria, three mutations
were chosen (I320D, 1341D and F387E), their locations are shown
in Fig. 4a.

The mutants were then expressed and purified using a protocol
similar to the wild-type enzyme. For both 1320D and 1341D, the
expected band of 103 kDa was not observed. Instead, [320D showed
two bands of around 55kDa in the elution from the immobilized
metal affinity chromatography (IMAC), while 1341D showed a similar
but single band (Supplementary Fig. 6a). Since an identical protocol
was followed for all mutants, the presence of different molecular
weight bands could indicate protein degradation of PfDXPS due to
the destabilization of the N-terminal cap domain interaction with
Domain I. Activity assays were performed with the IMAC-purified
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Fig. 4 | Mutation studies of the N-terminal cap domain. a Position of the four
mutants for destabilization of the interface between cap domain (depicted as a red
cartoon) and Domain I (depicted as blue a cartoon). b Graph of intensity versus
time for the enzymatic reaction at a fixed protein concentration of 500 nM. Wild-
type enzyme is shown in black, the F387E mutant is shown in red, the N396A/
Y401A/S522A triple mutant is shown in blue, and blank is shown in dark yellow. Data
are presented as scatter points with mean values + SD. Graphs were plotted from

Normalized Intensity

70

Temperature (°C)

PfDXPS F387E
T, 54.5£0.4°C T, :45.8%0.1°C

N396A/Y401A/S522A
T, 45.5£0.4 °C

technical triplicates (n =3). c Differential scanning fluorimetry curves for the
mutants and wild-type enzyme. Wild-type enzyme is shown in black, the F387E
mutant is shown in red, and the N396A/Y401A/S522A triple mutant is shown in blue.
Raw normalized data are presented as scatter points with mean values + SD.
Boltzmann-fitted curves are shown as lines. Graphs were plotted from technical
quintuplicates (n =5). Source data are provided as a Source Data file.

fractions of the mutants, but no activity was observed (Supple-
mentary Fig. 6b).

Considering that the LCRs are potential hotspots for proteolytic
degradation due to their highly disordered nature, a degradation
product of PDXPS containing a histidine tag of around 53 to 60 kDa
could be obtained if, for instance, LCR-IIl was cleaved. Since both
mutations are closer to the N-terminal portion of the enzyme, the
strong destabilization caused by the mutations could negatively

impact the protein fold, potentially leading to protein degradation in
our expression system.

On the other hand, F387E resulted in an elution profile for IMAC
similar to that of the wild-type enzyme (Supplementary Fig. 6a).
Activity assays were performed to evaluate its effect on protein
activity. Interestingly, the mutation had a drastic effect, with its activity
being reduced to ~10% of the wild-type enzyme (Fig. 4b). Protein sta-
bility was also assessed through differential scanning fluorimetry,
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which showed that the mutation reduced the melting temperature by 9
degrees when compared with the wild-type enzyme (Fig. 4c). There-
fore, destabilization in the cap domain and Domain I interface has
severe effects on enzyme activity and overall stability.

In a parallel approach, we sought to investigate the effects of
destabilizing the domain interface by mutating residues that form a
network of side-chain hydrogen bond interactions between the two
domains. The network is an interaction of the cap domain with a loop
in Domain I that becomes completely unstructured in the X-ray apo
structures of Escherichia coli DXPS and Klebsiella pneumoniae DXPS
(Fig. 4a)***. We performed a triple mutation (Y401A, N397A, S522A) to
evaluate the effect of losing this hydrogen bond network in PDXPS.
Similarly to F387E, the triple mutant led to a significant decrease of 9
degrees in the measured melting temperature (Fig. 4c). However, the
protein activity was now approximately 1% of the wild-type enzyme
(Fig. 4b). While the enzyme is still active in this unstable state, it
requires a concentration at least 64 times higher than the wild-type to
exhibit a similar profile (Supplementary Fig. 7).

Although the cap domain seems to be unique to the Plasmodium
genus, its presence is necessary to guarantee proper solubility and
stability. Destabilization of the interface between Domain I can affect
the enzyme in various ways, hindering the purification of a full-length
and soluble protein, or resulting in a soluble but unstable and less

active enzyme. Unfortunately, we were unable to obtain the truncated
PDXPS in large amounts to assess its enzymatic activity at higher
concentrations. Nevertheless, our destabilization studies suggest that
while the cap domain may not be required for protein activity, its
presence significantly enhances it. Our results are consistent with
truncation studies conducted by Handa et al. in 2013 on P. vivax DXPS
(PuDXPS), where the deletion of this domain significantly reduced the
expression yield and resulted in a notable loss of activity in the soluble
fractions of the protein®.

ThDP complex and active site

A clear density assigned to ThDP was found in the active site of the
protein. The pyrimidine ring makes a 1i-1t stacking interaction with the
conserved F905 and hydrogen bonds with S532. E879 is close to the
nitrogen atom in the 1’-position of the pyrimidine ring, allowing the 4-
amino group to act as a proton acceptor for the C2 carbon, making the
atom a nucleophile for the DXPS reaction. Finally, the diphosphate
moiety coordinates the magnesium cation together with N657, Q659,
and D628. The co-factor also makes several hydrophobic interactions
with highly conserved residues (1877, M855, A854, L662) (Fig. 5, Sup-
plementary Fig. 8).

The active site of DXPS is highly conserved. All residues shown in
mutational studies to be important for catalysis (D937, H489) or to the
GAP binding (R930, Y902, R988, H458) have clear density in the map
and occupy similar positions to that seen in other DXPS, opening space
for the development of broad-spectrum anti-infectives (Fig. 5b)*>*",
PDXPS and all other DXPS have regions of high flexibility that are
usually not seen in X-ray or cryo-EM maps. One of these regions was
previously described as the ‘spoon-fork’ motif, which can adopt an
open or closed conformation depending on the step within the enzy-
matic reaction®**, Although some density can be seen in areas close to
this region, the amino acids of this chain could not be modelled with
confidence, suggesting that this model of PfDXPS is in an open con-
formation. Consequently, no density could be modelled for H766,
mutation of which has shown to be detrimental for protein activity*’.
The presence of bound ThDP in the cryo-EM maps demonstrates that
the currently presented cryo-EM structure provides a resolution sui-
table for inhibitor binding studies.

Discussion

PfDXPS is an essential enzyme for the isoprenoid biosynthesis in P.
falciparum and an attractive target for the development of anti-
malarials with different modes of action®. Development of small
molecules targeting PDXPS has been hampered by the lack of struc-
tural information on this unusual DXPS, which contains an essential
structural element specific to the Plasmodium genus. The overall
structure of PfDXPS is similar to other DXPS, with a conserved active
site sharing the same residues and position as many other homo-
logues, emphasizing the potential of a broad-spectrum DXPS inhibitor.

The discovery of the N-terminal cap domain separates the DXPS
from the Plasmodium genus into a distinct group within these
enzymes. Although the cap domain may play no direct role in the
catalytic mechanism, destabilization of the interface with Domain |
causes a significant decrease in protein activity, opening space for the
development of inhibitors targeting this interface.

Important questions still remain, such as where this domain came
from and what pressures led to its existence. The decrease in protein
stability when compared with the truncated LCR-l, the largest LCR
which is unique in the Plasmodium genus, could be indicative of one of
these changes, but unfortunately, lack of sequence information for
intermediate species does not allow us to study the N-terminal cap
domain evolution.

Inherent DXPS flexibility together with the presence of several
long and disordered LCRs, makes PfDXPS harder to express and
purify*>*!, Nevertheless, our results reveal the potential of cryo-EM for
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solving P/DXPS structures at resolutions compatible with structure-
based drug design approaches, showing the advantage of this techni-
que for plasmodial targets that were previously not feasible by
crystallography®.

In summary, the results herein obtained shed light on structural
differences of DXPS family members, but most importantly, open new
roads through cryo-EM for the development of antimalarials using
PfDXPS, an important but under-explored target.

Methods

Protein expression and purification

The pET-28a vector containing the PDXPS coding sequence with
deletion of the first 310 residues (PfDXPS-pET-28a) was kindly pro-
vided by Dr. David Merkler (University of South Florida). Details of
cloning and construct design can be found elsewhere®.

Escherichia coli BL21 Star™ (DE3) (cat number: C601003, Thermo
Fisher Scientific) cells transformed with the P/DXPS-pET-28a plasmid
were grown in Terrific Broth media at 37 °C at 180 RPM and induced
with 1 mM of IPTG after reaching an ODggg of 1.0. The cells were further
grown for 24 h at 10 °C, 180 RPM and harvested by centrifugation. The
cell pellet was resuspended in lysis buffer: 50 mM Tris pH 7.5, 500 mM
NaCL, 20 mM imidazole, 5% glycerol, 5 mM (-mercaptoethanol, 1 mM
MgCl,, 50 pg/mL lysozyme (cat number: HR7-110, Hampton Research)
and 10 pg/mL DNasel (cat number: 10104159001, Roche) 1 tablet of
cOmplete™, Mini, EDTA-free protease inhibitor cocktail (cat number:
11836170001, Roche), lysed by sonication and centrifuged at 41000 x g
to obtain the clarified lysate.

The supernatant was loaded onto a HisTrap High-Performance
S5mL column (Cytiva) equilibrated with buffer A (50 mM Tris 7.5,
500 mM Nadl, 5% glycerol). The column was washed with 10 column
volumes (CV) of washing buffer (50 mM Tris 7.5, 500 mM NaCl, 50 mM
imidazole, 5% glycerol), and the his-tagged protein eluted with 3 CV of
buffer B (50 mM Tris 7.5, 500 mM NaCl, 250 mM imidazole, 5% gly-
cerol). The eluted protein was diluted 5 times with buffer A and sup-
plemented with 5 mM MgCl, and 1 mM thiamine diphosphate (ThDP).
The protein was further purified with a size-exclusion Superdex 200
16/60 HiLoad column (Cytiva) pre-equilibrated with 20 mM HEPES pH
7.5, 150mM NaCl, 5mM MgCl,, 5mM B-mercaptoethanol). The
protein-containing fractions were pooled, concentrated to 9 mg/mL,
flash-frozen in liquid nitrogen and stored at —80 °C for further use.
Sample purity was assessed by 8% SDS-PAGE.

For activity and stability assays, the proteins were expressed and
purified following a similar protocol, excluding the size-exclusion step.
After nickel affinity chromatography, the eluted protein was dialyzed
overnight in 50 mM Tris pH 7.5, 500 mM NacCl, 5% glycerol, 5mM (-
mercaptoethanol, 2mM MgCl, 30 uM ThDP. Subsequently, the pro-
tein was concentrated flash-frozen in liquid nitrogen and stored at
-80 °C for further use. Sample purity was assessed by 10% SDS-PAGE.

Site-directed mutagenesis and cloning

A construct of PDXPS with the N-terminal cap domain removed was
produced from the original plasmid PfDXPS-pET-28a using the Q5®
Site-Directed Mutagenesis Kit (cat number: E0554S, New England
BioLabs). The primers used for domain deletion were
TTCCCGCTGCTGAAAC, CATATGGCTGCCGC with an annealing tem-
perature (T,) of 61°C. The final plasmid AP/DXPS-pET-28a had the
sequence confirmed by Sanger sequencing, with the PDXPS sequence
from residues 417-1205. For point and triple mutations, the same
protocol was used, however, with different primers and annealing
temperatures. F387E (CAAAGAAGAAGAAATCAACAACGGCG, ATGG
CTTTTTCAAATTCAAC, T, 57°C), 1320D (CTTCAAACAGGATAA-
CACCTTCATCAAC TATTTGCCGATATCGTAC, T,: 57°C), 1341D (CTA-
CAAAGAAGATTACGAACTGTACGTGG, ATTTCATCACCGTAGATC, T
57°C). Y401A (CGATAACACCGCGTACAAGAAAGAAAACATCC, ATGTT
GTTGATATAAACGC, T, 56°C), N396A (CGTTTATATCGCGAA

CATCGATAACACC, CCGTTGTTGATAAATTCTTC, T,: 56°C), S522A
(CATCTTCGAAGCGATCTACGATAAATTCGG, TTCAGGAAACCCGAA
ATG, T,: 56 °C).

A synthetic codon-optimized gene of PfDXPS (UniProtID:
096694) with a truncation of the first 310 residues and the 43 residues
in the low-complexity region I (spanning residues 568-611) was pur-
chased from Eurofins Genomics. The synthetic gene was cloned into
the pET-MI11 vector using the Ncol and Hindlll restriction sites. The
final plasmid P/DXPSALCR-I-pET-M11 had the sequence confirmed by
Sanger sequencing.

Grid preparation

The protein was diluted with size-exclusion buffer to a final con-
centration of 0.9 mg/mL and applied onto copper Quantifoil 1.2/1.3
grids with a mesh size of 300 at 100% humidity and temperature of
4°C. Afterwards the grid was plunge frozen using Vitrobot (Thermo
Fisher Scientific) with the following parameters: blot force of 0, blot-
ting time of 6 sec, a wait time of 10 sec.

Cryo-EM data collection

Data were collected at the Astbury Biostructure Laboratory EM facility
at the University of Leeds using a Titan Krios operated at 300 kV with
slit width of 10 eV. Images were collected with a Falcon4i detector
operating in counting mode, at a magnification of 165,000 corre-
sponding to a pixel size of 0.74 A. The dose rate was set to 6.6 e per
pixel per second, and movies were recorded over 3.69 sec fractionated
into 44 frames, resulting in a total dose of 44.47 ™ per A%, Data were
collected using EPU software (Thermo Fisher Scientific) with a defocus
range —0.8 um to —2.4 um. A total of 2070 micrographs were collected
in one session.

Cryo-EM data processing

For high-resolution structure determination, the 2070 movies col-
lected were aligned using MotionCor2. Then, micrographs were
imported into cryoSPARC v4.1.2%, where CTF was corrected using
Patch CTF Estimation. An initial set of particles was obtained using
Blob picker, extracted with 256 pixels boxes binned 4 times and went
to multiple rounds of 2D classification. Then, 73,756 filtered particles
were chosen to train a model in DeepPicker, which was used for
picking 352,935 particles. These particles were extracted with a 256
pixels box two times binned and were submitted to two rounds of 2D
classification with N =100, resulting in a selection of 197,265 particles.
These were submitted to one round of heterogeneous classification,
and two classes containing a total of 97,205 particles were selected for
final refinement. These particles were re-extracted with 400-pixel
boxes and submitted to the Homogeneous Refinement algorithm with
1 extra final pass, and C2 applied symmetry, resulting in a refined map
with gold-standard Fourier shell correlation (gsFSC) of 2.68 A. The
resulting map was used for the non-uniform refinement with 1 extra
final pass, 7 A initial lowpass resolution, C2 applied symmetry, per-
particle defocus optimization, and per-group CTF optimization,
resulting in a refined map with gsFSC of 2.52 A. The resulting map was
then refined using Local Refinement algorithm with C2 imposed
symmetry, resulting in a map with gsFSC of 2.42 A. Map resolution was
calculated using cryoSPARC Local Resolution. Finally, deepEMhancer
v0.14% was used to sharpen the map in the post-processing. Statistics
of data collection, processing and model refinement are available in
Supplementary Table 1. Schematic of the data processing steps is
available in Supplementary Fig. 1.

Modelling, refinement, and analysis

An AlphaFold model of the PDXPS monomer (UniProt: 096694) was
used as the starting point for the modelling and refinement. Initially
the model was manually treated by deleting the first 310 amino acids as
well as the long low-complexity regions with no ordered structure. The

Nature Communications | (2024)15:6642



Article

https://doi.org/10.1038/s41467-024-50671-9

model was then docked into the map using the Dock in map program
in the Phenix 1.20.1-4487 suite, searching for 2 subunits with symmetry
set to C2. The docked model was further refined with Coot v0.9.6* and
Phenix real space refine”’.

Enzymatic assays

PDXPS activity was measured through a DXPS-DXR coupled assay
previously described, using E. coli DXR (EcDXR) as the coupling
enzyme®®, ECDXR expression and purification methods are described in
the Supplementary Methods. The reaction was prepared with a final
concentration of 300uM DL-glyceraldehyde-3-phosphate, 500 uM
pyruvate, 300 uM thiamine diphosphate, 2uM EcDXR and 100 uM
NADPH, in an assay buffer composed of 50 mM HEPES pH 7.5,100 mM
NaCl, .5mM MnCl,. A reaction with all substrates and coupled
enzymes but lacking PfDXPS was used as a blank. Enzyme concentra-
tions for each experiment are shown in the associated Supplementary
information and figure legends.

Activity was monitored through the decrease in fluorescence of
NADPH oxidation using a plate reader SYNERGY H1 (BioTEK) at
wavelengths 340/450 nm (excitation/emission) for 1hour at 25°C.
Initial velocity was calculated through the slope of the linear region
using Microsoft Office Excel 2016 Professional Plus. Activity of the
mutants were compared with the wild-type enzyme by calculating the
relative activity through Eq. (1).

. .. Mutant Initial velocit
Relative actwttyleO*( utant “nitiac veloctty >

1
Wild type initial velocity @
All experiments were performed in triplicate, final results are
shown as the average with the related sample standard deviation cal-
culated through Microsoft Office Excel 2016 Professional Plus.

Thermal shift assays

Thermal shift analysis was performed to measure changes in the
thermal denaturation temperature of PDXPS and mutants. The final
concentrations in the reaction were 5 UM PfDXPS, 5x SYPRO Orange in
a buffer composed of 50 mM HEPES pH 7.5, 100 mM NaCl, 1.5 mM
MnCl,, 300uM ThDP. A 96-well PCR plate was used, and protein
denaturation was achieved by using a continuous heating rate of 1°C/
min from 20 °C to 95 °C using an CFX96 Real-time system (BIO-RAD).
Changes in fluorescence of the SYPRO Orange dye were measured
every 30 seconds with the HEX filter. All experiments were done in
quintuplicate.

The intensity data for each reaction was normalized and averaged,
and the deviation was calculated through sample standard deviation
using Microsoft Office Excel 2016 Professional Plus. The normalized
data were fitted onto a Boltzmann model using OriginPro 9, with the
standard deviation as instrumental errors. The melting temperature
was obtained through the inflexion point coefficient of the fitted curve.

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

Data availability

The collected micrographs generated in this study are available at the
Electron Microscopy Public Image Archive (EMPIAR) under accession
code 11763. The cryo-EM maps and structural models generated in this
study are available at the Protein Data Bank (PDB) under accession
code 8R2H and at the Electron microscopy Data Bank (EMDB) under
accession code EMD-18842. Source data are provided in this paper.
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