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Microsporidia are parasitic fungi-like organisms that invade the
interior of living cells and cause chronic disorders in a broad range
of animals, including humans. These pathogens have the tiniest
known genomes among eukaryotic species, for which they serve
as a model for exploring the phenomenon of genome reduction in
obligate intracellular parasites. Here we report a case study to show
an apparent effect of overall genome reduction on the primary
structure and activity of aminoacyl-tRNA synthetases, indispensable
cellular proteins required for protein synthesis. We find that most
microsporidian synthetases lack regulatory and eukaryote-specific
appended domains and have a high degree of sequence variability
in tRNA-binding and catalytic domains. In one synthetase, LeuRS, an
apparent sequence degeneration annihilates the editing domain, a
catalytic center responsible for the accurate selection of leucine for
protein synthesis. Unlike accurate LeuRS synthetases from other
eukaryotic species, microsporidian LeuRS is error-prone: apart from
leucine, it occasionally uses its near-cognate substrates, such as
norvaline, isoleucine, valine, and methionine. Mass spectrometry
analysis of the microsporidium Vavraia culicis proteome reveals that
nearly 6% of leucine residues are erroneously replaced by other
amino acids. This remarkably high frequency of mistranslation is
not limited to leucine codons and appears to be a general property
of protein synthesis in microsporidian parasites. Taken together, our
findings reveal that the microsporidian protein synthesis machinery
is editing-deficient, and that the proteome of microsporidian para-
sites is more diverse than would be anticipated based on their
genome sequences.
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Our planet might be inhabited by more than 1 million dis-
tinct species that proliferate exclusively in the interior of
another living cell (1). These organisms are known as obligate
intracellular parasites.

Unlike free-living species, the obligate parasites are fully de-
pendent on their host for survival. Typically, they live in small
populations in the host cytosol, divide asexually, and undergo
frequent population bottlenecks during transmission from one
host cell to another. This lifestyle weakens the stringency of nat-
ural selection and causes an evolutionary tendency that is rarely
observed in free-living species but is common in the overwhelming
majority of intracellular parasites (2). This tendency, known as
Muller’s ratchet, is a process in which genomes of intracellular
parasites accumulate mildly deleterious mutations (3-5). In the
long term, this continuous deterioration of genomes impairs the
activity of individual proteins and nucleic acids, causes gene loss,
and results in genome erosion and an irreversible decline in fitness
(6). Because this erosive evolution is common for most in-
tracellular parasites, it is considered a potential basis for therapies
against a broad range of parasite infections (7).

Some intracellular parasites represent particularly valuable
models for exploring genetic erosion because of the extreme
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levels of genome reduction. In eukaryotes, the extremely small
genomes are found in Microsporidia, a group of unicellular fungi-
related organisms, which might be the most ancient parasites
among eukaryotic species (8-12). Many microsporidian species
have approximately 1,800 genes, nearly threefold fewer genes than
in free-living single-cell fungi (13, 14). However, despite having
such tiny genomes, at least 17 microsporidian species can efficiently
infect humans and cause a wide range of infections, primarily of the
gastrointestinal tract, which are especially frequent in immune-
compromised individuals (13, 14). For instance, microsporidian
infections are found in approximately 15% of HIV-infected hu-
mans, where it causes chronic diarrhea, abdominal pain, sinusitis,
and other intestinal, lung, kidney, brain, sinus, muscle, or eye dis-
eases (15). Also, Microsporidia infect other animals, including in-
dustrially valuable monkfish and honeybees (16, 17). These
pathogenic properties, along with their extremely compact and
rapidly evolving genomes, make Microsporidia a good model for
studying how genome erosion affects the activities of essential
proteins and nucleic acids and alters their sensitivity to drugs (13).

In the present study, we explored the protein synthesis ma-
chinery of microsporidian parasites. We focused on aminoacyl-
tRNA synthetases, ubiquitous proteins that are required for
protein synthesis in every living cell (18, 19). Aminoacyl-tRNA
synthetases participate in protein synthesis by conjugating indi-
vidual amino acids to tRNA molecules. The synthetases act with
remarkable precision by accurately selecting one out of several
dozen types of amino acids in the cell (19-21). Here we show
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Fig. 1. Apparent reductive evolution of microsporidian aminoacyl-tRNA
synthetases. Schematic comparison of primary structures of aminoacyl-
tRNA synthetases from microsporidian parasites (exemplified by V. culicis)
and nonparasitic fungi (exemplified by S. cerevisiae). Protein segments
highlighted in blue indicate conserved regions (sequence similarity >50%),
protein segments present in yeast but deleted in microsporidia are shown in
yellow, and segments with highly variable sequences in microsporidia (se-
quence similarity <35% between V. culicis and T. hominis) but are conserved
in other eukaryotes are highlighted in red. Labels indicate appended do-
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that one microsporidian synthetase, leucyl-tRNA synthetase
(LeuRS), has a defect that impairs accurate selection of leucine
for protein synthesis. Our in vitro assays show that, apart from
using leucine, microsporidian LeuRS also occasionally mis-
charges tRNAs with other amino acids, such as valine, methi-
onine, isoleucine, and norvaline. Using mass spectrometry, we
found that microsporidian protein synthesis is accompanied by
numerous errors in which amino acid residues in micro-
sporidian proteins are replaced by other amino acids, causing
an unanticipated diversity of the microsporidian proteome.

Results

Reductive Evolution of Microsporidian Aminoacyl-tRNA Synthetases.
We first asked whether the massive erosion of microsporidian
genomes affects the structure of aminoacyl-tRNA synthetases.
We anticipated that microsporidian synthetases would be smaller
than their counterparts from free-living eukaryotes because on
average microsporidian proteins (e.g., in Encephalitozoon cuni-
culi) are approximately 7% shorter than homologous proteins in
free-living fungi, such as Saccharomyces cerevisiae (9).

To compare microsporidian synthetases with their homologs from
other eukaryotes, we analyzed available genome sequences from
19 microsporidian species (SI Appendix, Table S1). Each of these
genomes was shown to harbor a full set of 20 different aminoacyl-
tRNA synthetases corresponding to the 20 proteinogenic amino
acids, but to lack the genes coding for mitochondrial aminoacyl-
tRNA synthetases due to degeneration of mitochondria in micro-
sporidian cells (9, 16, 22-36). Moreover, microsporidian genomes
lack duplicated synthetase genes or genes coding for synthetase
fragments that are present in other eukaryotes (9, 16, 23-38).

We found that microsporidian synthetases are markedly smaller
than their homologs in other eukaryotes. On average, the syn-
thetases are roughly 12% shorter in microsporidians than in
nonpathogenic fungi, such as S. cerevisiae (Fig. 1 and SI Appendix,
Table S2). This size reduction is accomplished primarily by ap-
proximately 40- to 300-aa-long deletions of protein segments
known as appended domains. These domains are missing in pro-
karyotes but are abundant in eukaryotes, where they regulate or
enhance protein synthesis or have translation-unrelated biological
activities (37, 39, 40). For example, one of the appended domains,
a GST-like domain in MetRS and GIuRS, triggers aminoacyl-
tRNA synthetase assembly into supramolecular complexes to en-
hance the enzymatic activities of individual aminoacyl-tRNA syn-
thetases (41). Other appended domains, such as lysine-rich segments
in ArgRS, AsnRS, AspRS, GInRS, HisRS, LysRS, or ValRS, en-
hance tRNA binding and the overall rate of aminoacyl-tRNA syn-
thesis (41-44). Some other appended domains, such as UNE and
others, have been less well studied, although they are frequently
found across eukaryotes (45). All of these appended domains are
missing or altered microsporidian synthetases (Fig. 1). Apart from
numerous deletions, microsporidian synthetases have a high degree
of sequence variability, including variations in tRNA-binding in-
terface (SI Appendix, Fig. S1).

Overall, our comparisons reveal that microsporidian synthetases
are reduced to their very enzymatic cores by stripping down reg-
ulatory domains and protein segments that are unrelated to the
essential function of protein synthesis. However, in one case, the
synthetase degeneration propagated to a catalytic center, which is
essential for the quality control of protein synthesis (Fig. 24).

Atypical Variability of the Editing Domain in Microsporidian Leucyl-
tRNA Synthetases. Nearly one-third of aminoacyl-tRNA synthe-
tases carry two catalytic centers: the aminoacylation site, which
selects cognate amino acids and attaches them to tRNA, and the

mains, such as eukaryote-specific (Euk), fungi-specific (Fungi), GST-domain,
UNE-domain, and lysine-rich (K-rich) domains.
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Fig. 2. Microsporidian LeuRS synthetase lacks a proofreading domain and is naturally resistant to a drug from the benzoxaborole family. (A) Schematic
structures of aminoacyl-tRNA synthetase LeuRS from different species, including several species of microsporidian parasites. The structures are color-coded by
conservation: conserved segments are shown in blue (>50% sequence similarity between E. cuniculi and S. cerevisiae), sesgments degenerated in microsporidia
but conserved in other eukaryotes are in green, and hypervariable segments in microsporidian LeuRS are in red (sequence similarity <35% between E. cuniculi
and T. hominis). The scale indicates LeuRS length (in amino acids), and the silhouette symbols indicate a best-studied host (human, monkfish, honey bee, and
silkworm) for each microsporidian parasite. The figure illustrates that, unlike LeuRS from other eukaryotic species, microsporidian LeuRS synthetases have a
massively truncated editing domain, suggesting that microsporidian LeuRS synthetases lacks the editing activity. (B) Aminoacyl-tRNA hydrolysis assay to
measure hydrolysis of the misaminoacylated substrate, lle-tRNA"", by microsporidian (E. cuniculi) or yeast (S. cerevisiae) LeuRS. The figure shows that unlike
yeast LeuRS (used as a positive control), LeuRS from E. cuniculi is not capable of degrading the lle-tRNA', illustrating a lack of the editing activity. (C) Kinetics
of Leu-tRNA"®Y synthesis by microsporidian (E. cuniculi) and yeast (S. cerevisiae) LeuRS in the absence and in the presence of AN2690, a member of the
benzoxaborole family that targets the editing domain of LeuRS synthetase. While both S. cerevisiae and E. cuniculi LeuRS synthetases are capable of pro-
ducing Leu-tRNA™Y in the absence of AN2690, only microsporidian LeuRS synthetase remains active in the presence of the drug, illustrating the natural

resistance of E. cuniculi LeuRS to benzoxaboroles.

editing site used to proofread amino acid selection (46-54). For
instance, the amino acylation site of LeuRS synthetase occasion-
ally mischarges tRNA™" with norvaline, valine, methionine, and
other amino acids that have chemical structures similar to leucine
(55). However, mischarged tRNA™" is rapidly hydrolyzed by the
editing domain, thereby preventing errors during protein synthesis
(56, 57). While a typical LeuRS editing domain is conserved in
virtually all eukaryotes and comprises approximately 240 residues,
we found that it is reduced to approximately 100-140 residues in
microsporidian species (Fig. 24). Furthermore, these 100-
140 residues show only approximately 35% sequence similarity
even between microsporidian species (SI Appendix, Figs. S2 and
S3). This sequence reduction and hypervariability suggest that
microsporidian LeuRS lacks a functional editing domain.

Microsporidian LeuRS Synthetase Is a Proofreading-Deficient Enzyme.
We next asked whether microsporidian LeuRS synthetase is in-
capable of proofreading. To test this, we used LeuRS from E.
cuniculi and measured its ability to hydrolyze an erroneously
charged substrate, Ile-tRNA™", We found that E. cuniculi LeuRS
was incapable of hydrolyzing Ile-tRNA™", while LeuRS from .
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cerevisine (used as a positive control) rapidly hydrolyzed Ile-
tRNA™" (Fig. 2B). These data illustrate that microsporidian
LeuRS is indeed an editing-deficient enzyme.

We next asked whether the editing deficiency alters micro-
sporidian LeuRS affinity to drugs. The LeuRS editing domain is a
target of benzoxaboroles, drugs that inhibit cell growth by forming
covalent bonds with the tRNA™" in the LeuRS editing domain,
thereby preventing LeuRS turnover and consequently arresting
protein synthesis (58-60). We used an antifungal benzoxaborole,
AN2690, and tested its ability to inhibit LeuRS-dependent syn-
thesis of Leu-tRNA™" in vitro. We found that AN2690 (5 pg/mL)
fully inhibited LeuRS synthetase from S. cerevisiae, but had no
effect on Leu-tRNA™" synthesis by microsporidian LeuRS from
E. cuniculi (Fig. 2C). These data show that microsporidian
LeuRS is naturally resistant to a benzoxaborole, suggesting
benzoxaborole tolerance by microsporidian parasites.

Microsporidian LeuRS Synthetase Is Promiscuous Toward Near-Cognate
Substrates. We next asked whether the proofreading deficiency of
microsporidian LeuRS is compensated for by the increased accuracy
of the LeuRS aminoacylation site. To test this, we first compared

PNAS | vol. 115 | no.27 | E6247
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sequence conservation in the LeuRS aminoacylation site. We found
that residues composing the active site are conserved across virtually
all eukaryotic species, including microsporidian species (Fig. 34).
This suggests that the aminoacylation site of microsporidian LeuRS
has a similar structure as in the other eukaryotes.

To experimentally estimate the accuracy of the microsporidian
LeuRS aminoacylation site, we measured rates of amino acid
activation by LeuRS from E. cuniculi and S. cerevisiae. For this, we
used the cognate LeuRS substrate leucine; near-cognate sub-
strates methionine, valine, isoleucine, and norvaline; and the
noncognate substrate aspartate (Fig. 3B). We found that com-
pared with S. cerevisiae LeuRS, E. cuniculi LeuRS acts at an ap-
proximately 10-fold slower maximal rate and with a comparably
low accuracy (Fig. 3B and SI Appendix, Fig. S4 and Table S3).
Both enzymes could activate not only leucine, but also near-
cognate substrates, suggesting that the aminoacylation site of
microsporidian LeuRS is not likely to have a compensatory in-
crease in accuracy compared with other eukaryotes.

Error-Prone Protein Synthesis in Microsporidian Parasites. We next
asked whether the proofreading-deficient LeuRS synthetase
deteriorates the fidelity of protein synthesis in microsporidian
cells. Based on our biochemical data and studies by others (61,
62), we anticipated that the LeuRS editing deficiency would
cause mistranslation of leucine codons. For instance, inactivation
of the editing domains in aminoacyl-tRNA synthetases is thought
to increase translation errors from one error per roughly 3,000
10,000 codons to one error per approximately 200 codons (62).

To test whether microsporidian parasites indeed mistranslate
leucine codons, we analyzed protein extracts from the micro-
sporidium Vavraia culicis by mass spectrometry. V. culicis is a
mosquito pathogen that carries a nearly identical deletion of the
LeuRS editing domain as E. cuniculi (Fig. 24). To estimate the
rate of leucine mistranslation, we used a similar approach to that
designed for Mycoplasma (62). We measured the total number of
peptides in which leucine was erroneously replaced by valine or
methionine, and divided this number by the total number of
leucine residues in the experimentally observed peptides. In to-
tal, 0.71% of leucine residues were replaced by valine and 0.29%
were replaced by methionine, corresponding to an apparent
mistranslation rate of roughly 1:150-1:300 (Fig. 4 and SI Appendix,
Dataset S1).

However, a closer look at the mass spectrometry data reveals
that leucine-to-valine and leucine-to-methionine are not the only
errors in the V. culicis proteome (Fig. 5). In fact, we detected all
possible types of leucine codon mistranslation (Fig. 5). In total,
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Microsporidian LeuRS is promiscuous toward near-cognate substrates. (A) The panel shows a fragment of the LeuRS synthetase crystal structure
(Protein Data Bank ID code 1WKB) to illustrate high conservation of the leucine-binding pocket in the LeuRS aminoacylation site across eukaryotic species.
Residues that directly bind leucine molecules are numbered according to Homo sapiens LeuRS numbering and are colored by conservation. Motif sequences
(in orange) represent consensus sequences of the leucine-binding pocket. (B) Diagrams summarizing steady-state parameters for amino acid activation by
microsporidian (E. cuniculi) and yeast (S. cerevisiae) LeuRS. This panel illustrates that microsporidian LeuRS can promiscuously activate near-cognate substrates
norvaline (Nva), methionine (Met), valine (Val), and isoleucine (lle), but not the noncognate substrate aspartate (Asp; used as a negative control).

~5.9% of leucine residues in microsporidian proteins were
replaced by other amino acids (Fig. 5 and SI Appendix, Dataset
S1). Moreover, even though leucine-to-valine was the most fre-
quent error in protein sequences, comparable error frequencies
were observed for leucine substitution by other amino acids as well
(Fig. 5 and SI Appendix, Datasets S1 and S2). Furthermore, we
found that apparent translational errors are not limited to leucine
codons. We calculated the translation accuracy for valine codons
and found similar levels of mistranslation as for leucine codons,
even though the editing domain of microsporidian valyl-tRNA
synthetases was intact (Fig. 5 and SI Appendix, Fig. S5). This ob-
servation indicated that the actual mechanism of error generation
during protein synthesis is far more complex than error-prone
tRNA amino acylation by LeuRS synthetase. Thus, although
mass spectrometry did not reveal the mechanism(s) of error
generation in protein sequences, it uncovered remarkably high
levels of mistranslated proteins in Microsporidia.

Discussion

In this work, we explore an apparent effect of the extreme
compaction of parasitic genomes on the structure and activity of
indispensable components of a living cell, aminoacyl-tRNA
synthetases. We find that in microsporidian parasites, the syn-
thetases lack the appended domains and have a primary struc-
ture reduced to the very catalytic cores. In one protein, LeuRS
synthetases, an apparent sequence degeneration propagates to
the editing domain and deteriorates the accuracy of leucine se-
lection for protein synthesis by this enzyme. Overall, our findings
show that microsporidian parasites are the only known eukary-
otes that lack the editing domain in the cytosolic and essential
factor of protein synthesis, LeuRS, and that protein synthesis in
microsporidian parasites might be accompanied by a remarkably
high rate of random errors.

Quantitative analysis of mistranslation in the microsporidium
V. culicis suggests that the mechanism of the mistranslation is
complex. This is not surprising, because protein synthesis is
governed by more than 100 RNA and protein factors, including
tRNA molecules, tRNA-modifying enzymes, ribosomal pro-
teins, ribosomal RNA, and elongation factors of translation. It
is possible that some of these factors act with less accuracy in
microsporidian parasites. In fact, microsporidians carry remark-
ably small ribosomes, approximately 1 MDa smaller than ribo-
somes from nonparasitic fungi, with microsporidian 18S rRNA
harboring only roughly 1,200 nucleotides, compared with
1,800 nucleotides in other eukaryotes (8, 63—-65). These massive
deletions are accompanied by high sequence variability in rRNA

Melnikov et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803208115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803208115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803208115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803208115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803208115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803208115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803208115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803208115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1803208115

L T

\

BN AS - PNAS D)

A Fragment of an accurately translated protein

N

SIS PR RELEELR

e

X ] 1
CU 80 — — 150
D L _
Q f O
i 4 2
© ] ) - C
Q ., =
o 1 Lo 'c_:%_
K z f
g |r - IL; i | : [
- > *  observed
m/z
B Fragment of a mistranslated protein
£ &L SO L e eeL e
AT EJAJTIEI%D T SJG LIG I|I]|A T(V P Dﬁ(t\(é} A(Vﬂ
SFPFP S MO f‘ ® g
x | 2 R [ o
o = !
() 50—_ €5 =y — 100C
8. : 3
i )
Y H B —
o L™
X g Z
i M| Il!l | —ul | L L3
observed

m/z
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culicis proteome illustrating mistranslation in microsporidian parasites. Both mass spectra correspond to the same peptide that belongs to a protein component of
the polar tube (a microsporidia-specific invasion organelle that allows microsporidian parasites to penetrate into the host cell). Like several hundred other
peptides in V. culicis proteome, this protein fragment was observed in two distinct forms, the accurately translated form, in which the protein sequence cor-
responds to the sequence of genomic DNA (A), and a mistranslated form, in which one of the leucine residues (red arrow) is replaced with valine/norvaline (B).

and ribosomal proteins (65, 66), suggesting that microsporidian
ribosomes might be less accurate in selecting cognate aminoacyl-
tRNAs.

Another potential source of translational errors might be re-
lated to erroneous binding of aminoacyl-tRNA synthetases to
noncognate tRNAs. In particular, this scenario could explain

Melnikov et al.

how microsporidian parasites mistranslate leucine codons with
aspartate residues even though LeuRS synthetases do not acti-
vate aspartate and thus cannot produce Asp-tRNA®, However,
as shown in (Fig. 1), microsporidian AspRS lacks the N-terminal
lysine-rich segment, which may compromise accurate tRNA se-
lection and result in erroneous tRNA™" recognition.
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of leucine or valine residues in the experimentally detected peptides).

Moreover, our data cannot exclude the possibility that some of
the errors in protein sequence might originate from error-prone
transcription. The future studies combining will elucidate the
nature of this spectacular increase in the error rates.

Of note, the high levels of mistranslation in microsporidia
suggest another important role for the chaperone system in these
and possibly other obligate intracellular parasites. Previously ob-
ligate intracellular parasites and symbionts have been shown to
highly express genes coding for chaperones to buffer the effect of
deleterious mutations on protein folding (67). Our observation of
high mistranslation in microsporidia suggests that the high levels
of chaperones could also buffer potential deterioration of protein
folding by mistranslation.

Although the editing deficiency of LeuRS synthetase does not
appear to be the dominant cause of mistranslation in Microsporidia,
it represents a remarkable structural defect. Microsporidia now join
a very limited group of species that carry editing deficiencies in
otherwise highly conserved aminoacyl-tRNA synthetases. For years,
it was believed that in the wild environment, a living cell is not likely
to carry editing-deficient synthetases, because editing deficiency in a
number of synthetases has been shown to cause amino acid toxicity,
cell death, and neurologic disease in mammals (68-73). In 2005, the
editing-deficient synthetase PheRS was reported in mitochondria
from S. cerevisiae (74). Then the editing-deficient synthetases were
found in mitochondria from other eukaryotic species (75-77). In
2011, the editing-deficient synthetases PheRS, LeuRS, and ThrRS
were found in the cytosol of Mycoplasma species, bacteria that
carry extremely compact genomes (<500 protein-coding genes)
(62). Our finding of the editing-deficient synthetase in Micro-
sporidia—another host-restricted species with a highly reduced
genome—suggests that the editing deficiency might be a common
feature of organisms with exceptionally small genomes.

It is interesting to note that, apart from LeuRS, other micro-
sporidian aminoacyl-tRNA synthetases have seemingly intact
editing domains. This is especially evident if we compare LeuRS,
IleRS, and ValRS synthetases. These synthetases are thought to
have common evolutionary origin, they activate small hydro-
phobic amino acids with similar chemical structures, and their
editing domains share common architecture and belong to the
ValRS/IleRS/LeuRS editing domain family (19). However, while
LeuRS editing domain undergoes severe truncations and ap-
parent degeneration in microsporidian species, [leRS and ValRS
preserve both the length and sequence of their editing domains
(SI Appendix, Fig. S5).

The next question to answer will be why did Microsporidia lose
the editing domain in the essential factor of protein synthesis,
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along with other deletions and sequence alterations in factors of
protein synthesis? Is this loss a friend that improves parasite sur-
vival, or a foe that has no benefit and simply stems from un-
avoidable genome decay triggered by the host-restricted lifestyle?

Previous studies suggest that both scenarios are possible. On
one hand, there are a handful of examples suggesting that Muller’s
ratchet deteriorates the function of individual proteins with no
evident benefits for cell fitness. For instance, globular domains of
proteins from the host-restricted organisms are generally less
stable and more aggregation-prone than those from free-living
species, which makes host-restricted species more dependent on
protein chaperones (2, 67, 78). It is possible that the editing in-
activation, along with other alterations of microsporidian trans-
lation machinery, has no benefits and stems from host-restricted
lifestyle that favors accumulation of deleterious mutations.

One the other hand, some organisms use inaccurate protein
synthesis as a meaningful adaptive strategy (79-82). For instance,
pathogenic yeast Candida albicans translate the very same CUG
codons as serine (95-99.5%) and leucine (0.5-5%) (83, 84). This
ambiguous translation randomizes protein sequences and helps
C. albicans trick the host immune system. We cannot exclude the
possibility that inaccurate protein synthesis might fulfill a similar
adaptive function in microsporidian parasites.

Materials and Methods

Gene Cloning, Protein Expression, and Purification. A codon-optimized gene
coding for E. cuniculi LeuRS (UniProt ID Q8SRS8) was purchased from Sigma-
Aldrich and cloned into the pET15b vector between the sequence 5'-
AGGAGATATACC-3' and the sequence 5-CTAGCATAACCCC-3' using a
TaKaRa cloning kit. E. cuniculi LeuRS was expressed in Escherichia coli BL31
(DE3) strain at 16 °C and purified by using Ni-affinity purification, followed
by ammonium sulfate fractionation and size-exclusion chromatography on a
Superdex Increase 200 10/300 GL column (Pharmacia Biotech) in buffer
containing 150 mM Tris-HCl pH 7.5, 10 mM MgCl,, 10 mM KF, and 1 mM DTT.
The protein was concentrated to 10 mg/mL using Amicon Ultracel centrifu-
gal filters (molecular weight cutoff, 30 kDa) and used in biochemical assays.
Yeast S. cerevisiae LeuRS was purified from the BY4741 yeast strain carrying
C-terminally TAP-tagged CDC60(YPL160W) (S. cerevisiae LeuRS) (Dharmacon).
To purify Cdc60-TAP (S. cerevisiae LeuRS-TAP), yeast cells were grown in YPD
media to ODggo ~ 1. Cells from 500 mL of culture were washed with ice-cold TBS
(pH 8.0), resuspended in 3 mL of Binding buffer (25 mM Hepes pH 8.0; 150 mM
NaCl; 0.1% Tween; 0.5 mM DTT; 10 mg/mL of each leupeptin, chymostatin, and
pepstatin; and 10% glycerol), and lysed by shaking with 2.4 g of glass beads
(0.5 mm diameter; Sigma-Aldrich) in a bead beater (Biospec Products). Glass
beads and cell debris were removed by centrifugation at 18,400 x g for 5 min.
The supernatant was clarified by centrifugation at 30,000 rom in a TLA
100.2 rotor (Beckman) for 10 min at 4 °C. Cdc60-TAP was purified from yeast
extracts by incubation with 0.5 mL bed volume IgG-Sepharose (GE Healthcare).
Bound proteins were eluted from the beads by cleavage with 6His-TEV
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protease. The eluate was incubated with 1 mL of Ni-NTA resin to remove
6His-TEV protease and was subsequently separated by size-exclusion chro-
matography (Superdex Increase 200 10/300 GL column; Pharmacia Biotech)
in buffer containing 150 mM Tris-HCl pH 7.5, 10 mM MgCl,, 10 mM KF, and
1 mM DTT. The protein was concentrated to approximately 1 mg/mL using
Amicon Ultracel centrifugal filters (molecular weight cutoff 50 kDa) for use
in biochemical assays. The enzyme concentrations were calculated based on
the ODygo measurements and predicted extinction coefficients using the
ProtParam prediction tool (https://web.expasy.org/protparam/).

Active Site Titration to Determine E. cuniculi LeuRS Concentration. To estimate
the active concentration of microsporidian LeuRS, we monitored the initial
burst of ATP consumption. The reaction was carried out at 37 °C, in 50 pL of
buffer containing 50 mM Tris-HCl pH 7.5, 10 mM MgCl,, 100 mM KCl, 2.5 mM
DTT, 10 uM ATP, y-[*2P]-ATP (1,000 cpm/uL final), 0.2 U/mL yeast PPiase,
50 mM L-Leu, and 5 uM E. cuniculi LeuRS synthetase (added at the last
moment). At each time point, ranging from 0 to 60 min, 5-pL aliquots were
taken from the reaction mixture and mixed with 50 pL of 7% perchloric acid
to quench the reaction. At the end of the experiment, 1-uL aliquots from
each of the quenched reaction solutions were applied to a TLC plate
(Whatman) that had been presoaked in water and dried before use. The
chromatography was run at room temperature using 0.75 M KH,PO,
(pH 3.5) and 1 M urea solution as a running buffer. The radioactive spots
were detected and quantified by phosphorimaging.

Measuring the Editing Activity of LeuRS Synthetases. To measure the editing
activity, we first produced misacylated lle-tRNA"". For this purpose, we pro-
duced a transcript of E. cuniculi tRNA"1a4 (gene ID tRNA-Leu-TAA-1-1 from
E. cuniculi; gtrnadb.ucsc.edu/GtRNAdb2/) using in vitro transcription with T7
RNA polymerase (HiScribe T7 Kit; New England BioLabs). The tRNAY was
aminoacylated at a concentration of 2 pM using 10 mM L-isoleucine (99%,
W527602; Sigma-Aldrich), 7 uM [H]-labeled isoleucine (300 pCi/mL), and 5 pM
D345A mutant E. coli LeuRS in buffer containing 60 mM Hepes pH 7.5, 10 mM
MgCl,, 1 mM DTT, and 10 mM ATP at 37 °C for 1 h. The Ile-tRNAY was
purified by acid-phenol-chloroform extraction (pH 4.5; Thermo Fisher Scien-
tific), precipitated by adding 1/10 (vol/vol) of 5 M Nadl, dissolved in 10 mM
NH4OAc and desalted using MicroSpin G25 columns (GE Healthcare). The
deacylation reaction of lle-tRNA™" by E. cuniculi or S. cerevisiae LeuRS was
measured by determining hydrolytic rates at 37 °C in 60 mM Hepes pH 7.5,
30 mM KCl, 10 mM MgCl2, 1 mM DTT, and 1 pM [*H]-labeled lle-tRNA™Y
(300 uCi/uM). Reactions were initiated with enzyme diluted to 20 nM.

Measuring Amino Acid Specificity of Microsporidian LeuRS Synthetase. We
estimated the ability of E. cuniculi LeuRS to discriminate between cognate
and near-cognate substrates using a pyrophosphate exchange assay. Each
reaction was carried out at 37 °C in 20 pL of buffer containing 150 mM
Tris-HCl pH 7.5, 10 mM MgCl,, 10 mM KF, 2.5 mM DTT, 0.05% BSA (wt/vol),
1 mM sodium pyrophosphate, 2 mM ATP, y-[*2P]-ATP (1,000 cpm/uL final),
0-200 mM of an L-amino acid (leucine, valine, isoleucine, methionine, nor-
valine, or aspartate), and 1 uM E. cuniculi LeuRS synthetase or LeuRS from S.
cerevisiae (added at the last moment). Each reaction mixture was incubated
at 37 °C for 1-30 min. At the end of the experiment, 1-uL aliquots from each
of the reaction solutions were applied to a TLC plate (Whatman) that had
been presoaked in water and dried before use. Chromatography was done
at room temperature using 0.75 M KH,PO4 (pH 3.5) and 1 M urea solution as
a running buffer. The radioactive spots were detected and quantified by
phosphorimaging. The experiments were performed three times, each time
with a different sample of freshly purified LeuRS.

Assessment of the Structural Conservation of the LeuRS Active Site. To map
sequence conservation on the 3D structure of LeuRS, we used the crystal
structure of LeuRS from the archaeon Pyrococcus horikoshi (85) and the
ConSurf algorithm (consurf.tau.ac.il/2016/) to calculate sequence conservation
scores (86). To calculate sequence conservation scores for microsporidian
LeuRS, we used LeuRS sequences from species listed in S/ Appendix, Table S1,
using one sequence per species for which more than one strain has a known
genome sequence. To calculate LeuRS sequence conservation scores for non-
microsporidian eukaryotic species, we used cytoplasmic LeuRS sequences re-
trieved from the aminoacyl-tRNA synthetase database (https://www.uniprot.
org/docs/aatrnasy) (87). The structures were visualized using the PyMOL Mo-
lecular Graphics System, version 2.0 (Schrédinger).

Preparation of Protein Extracts from Microsporidian Spores. The micro-

sporidium V. culicis floridensis was collected between 1991 and 1994 during
field collections of the mosquito Aedes albopictus in Florida and has been
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continuously propagated between Anopheles quadrimaculatus and the
moth Helicoverpa zea (88). V. culicis spores were produced in H. zea as de-
scribed previously (89) by exposing individually starved second or third instar
larvae to 10 pL of a spore suspension containing 3,000 sp/mL and then
transferring them to a standard lepidopteran pinto bean/wheat germ diet
(90). Adult H. zea were homogenized using a Mini-Beadbeater-24 (BioSpec)
with 2.7-mm-diameter glass beads at maximum speed for 3 min. Spores were
then purified on 30% Ludox HS-40 columns (Sigma-Aldrich) with 5 mM
NH,4Cl, layering homogenate from four moths per column and yielding ap-
proximately 107 purified spores per moth.

To extract protein, parasites were cryogenically lysed with a Retsch
CryoMill using liquid nitrogen. Once parasites were lysed into a fine powder,
300 pL of lysis buffer [5% SDS, 2 mM MgCl, and 50 mM triethylammonium
bicarbonate (TEAB)] was added. Lysates were briefly sonicated and rotated
gently at room temperature for 30 min before tryptic digestion.

Tryptic Digestion of Microsporidian Protein Extracts. Tris(2-carboxyethyl)
phosphine was added to final concentration of 5 mM. Samples were then
heated to 55 °C for 20 min and allowed to cool to room temperature, after
which methyl methanethiosulfonate was added to a final concentration of
10 mM. Samples were incubated at room temperature for 20 min to com-
plete the blocking of free sulfhydryl groups. An S-Trap protocol (91) was
adapted and used to digest proteins. In brief, lysates were acidified with
phosphoric acid to a final concentration of 1.2% and added to an S-Trap
containing 6x lysate volume of S-Trapping buffer (90% methanol and
100 mM TEAB). The S-Trap was spun down at 4,000 x g for 30 s to remove
buffer, washed with 200 pL of S-Trapping buffer, and then spun again to
remove all buffer. Then 2 pg of sequencing grade trypsin (Promega) in
125 pL of 50 mM TEAB was then added to the S-Trap, followed by digestion
overnight at 37 °C. After digestion, the peptides were eluted from the col-
umn with subsequent applications of 50 mM TEAB, 0.2% formic acid in
water, and 0.2% formic acid in 50% acetonitrile. Peptides were dried in
vacuo, and then reconstituted in 50 pL of 0.5 M TEAB/70% ethanol and la-
beled with N-succinimidyl-2-morpholine acetate (SMA) to improve b-ion
abundance (92). Then 5 pL of 5% hydroxylamine was added to quench the
reaction, and the peptides were dried down in vacuum (93, 94).

Two-Dimensional Fractionation. Peptides were fractionated using a Pierce
High pH Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions with slight modifications. In
brief, peptides were reconstituted in 150 pL of 0.1% TFA, loaded onto the
spin column, and centrifuged at 3,000 x g for 2 min. The column was washed
with water, after which peptides were eluted with the following percent-
ages of acetonitrile in 0.1% triethylamine: 7.5%, 12.5%, 20%, and 50%.
Each of the four fractions was then separately injected into the mass spec-
trometer using capillary reverse-phase LC at low pH.

Mass Spectrometry. An Orbitrap Fusion Lumos mass spectrometer (Thermo
Fisher Scientific), equipped with a nano-ion spray source was coupled to an
EASY-nLC 1200 System (Thermo Fisher Scientific). The LC system was con-
figured with a self-pack PicoFrit 75-um analytical column with an 8-uym
emitter (New Objective) packed to 25 cm with ReproSil-Pur C18-AQ,
1.9 pM material (Dr. Maisch GmbH). Mobile phase A consisted of 2% ace-
tonitrile and 0.1% formic acid, and mobile phase B consisted of 90% ace-
tonitrile and 0.1% formic acid. Peptides were then separated using the
following steps: at a flow rate of 200 nL/min, 2% B to 6% B over 1 min, 6% B
to 30% B over 84 min, 30% B to 60% B over 9 min, 60% B to 90% B over
1 min, held at 90% B for 5 min, 90% B to 50% B over 1 min, and then the
flow rate was increased to 500 nL/min as 50% B was held for 9 min.

Eluted peptides were directly electrosprayed into the Orbitrap Fusion Lumos
mass spectrometer with the application of a distal 2.3-kV spray voltage and a
capillary temperature of 325 °C. A full-scan mass spectrum (Res = 60,000; 400—
1,600 m/z) was followed by MS/MS (Res = 15,000) using the “Top Speed” method
for selection with a 2-s cycle time. High-energy collisional dissociation was used
with the normalized collision energy set to 35 for fragmentation, the isolation
width set to 1.2, and a duration of 10 s was set for the dynamic exclusion with an
exclusion mass width of 10 ppm. We used monoisotopic precursor selection for
charge states of 2+ and greater, and all data were acquired in profile mode.
MS/MS spectra were analyzed in the ion trap at rapid scan speed.

Database Searching to Estimate Error Rates in Protein Sequence. The total of
44,547 peptides were used in the analysis. Peak list files were generated by
Mascot Distiller (Matrix Science). Protein identification and quantification
were done using Mascot 2.4 (95) against the Uniprot_ UniProt_V.culisis
20180327 database (2,768 sequences; 952,872 residues). Methylthiolation of
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cysteine and N-terminal and lysine SMA modifications were set as fixed modi-
fications, methionine oxidation and mistranslation of Leu/lle->another amino
acid was set as variable modifications and each modification was searched
separately. The same was repeated for Val->other amino acid substitutions.
Trypsin was used as cleavage enzyme with one missed cleavages allowed. Mass
tolerance was set at 3 ppm for an intact peptide mass and 0.2 Da for fragment
ions. Search results were rescored to give a final 1% false discovery rate using a
randomized version of the same Uniprot_V.culisis database.
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