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The fungal pathogen Cryptococcus neoformans is a leading
cause of meningoencephalitis in the immunocompromised. As
current antifungal treatments are toxic to the host, costly,
limited in their efﬁcacy, and associated with drug resistance,
there is an urgent need to identify vulnerabilities in fungal
physiology to accelerate antifungal discovery efforts. Rational
drug design was pioneered in de novo purine biosynthesis as
the end products of the pathway, ATP and GTP, are essential
for replication, transcription, and energy metabolism, and the
same rationale applies when considering the pathway as an
antifungal target. Here, we describe the identiﬁcation and
characterization of C. neoformans 5-aminoimidazole-4carboxamide ribonucleotide (AICAR) transformylase/50 -inosine monophosphate cyclohydrolase (ATIC), a bifunctional
enzyme that catalyzes the ﬁnal two enzymatic steps in the
formation of the ﬁrst purine base inosine monophosphate. We
demonstrate that mutants lacking the ATIC-encoding ADE16
gene are adenine and histidine auxotrophs that are unable to
establish an infection in a murine model of virulence. In
addition, our assays employing recombinantly expressed and
puriﬁed C. neoformans ATIC enzyme revealed Km values for its
substrates AICAR and 5-formyl-AICAR are 8-fold and 20-fold
higher, respectively, than in the human ortholog. Subsequently,
we performed crystallographic studies that enabled the determination of the ﬁrst fungal ATIC protein structure, revealing a
key serine-to-tyrosine substitution in the active site, which has
the potential to assist the design of fungus-speciﬁc inhibitors.
Overall, our results validate ATIC as a promising antifungal
drug target.

Fungal infections in humans are notoriously difﬁcult to
treat, as the animal and fungal kingdoms share many of the
same key biological pathways (1). Pharmaceutical agents used
to combat a fungal infection often exhibit signiﬁcant toxicity to
the human host, making treatment difﬁcult (2). Overuse,
coupled with incorrect dosing, of the few available antifungals
can also lead to drug resistance and recurrent infections (3, 4).

Combined with the fact that the past 2 decades have seen
limited progress in antifungal drug development, the identiﬁcation of novel fungal drug targets is a high priority.
Cryptococcus neoformans is among the human fungal
pathogens whose infections are challenging to address with
available antifungal regimens (5). This basidiomycete yeast can
be found in a range of environmental niches, particularly in
pigeon excreta and soils (6–8). Infection occurs through the
inhalation of fungal cells from the environment, establishing a
pulmonary infection in the lungs before dissemination which,
because of its remarkable tropism for the central nervous
system, often causes meningoencephalitis (9, 10). Globally,
approximately a quarter of a million cases each year of cryptococcal meningoencephalitis are recorded, resulting in over
180,000 deaths (72% mortality), with most occurring in regions
with a high rate of HIV/AIDS such as sub-Saharan Africa (11).
The pigeon guano in which C. neoformans is often found is
purine rich, a stark contrast with the purine-poor human host.
In the environment, C. neoformans can therefore often obtain
purines via a salvage pathway, but in the infected host, it must
rely on de novo biosynthesis (12). The purines acquired or
created are necessary for processes ranging from DNA and
RNA synthesis to energy metabolism and other cellular functions, including translation and signal transduction (13–15).
The canonical de novo purine biosynthetic pathway consists of 11 enzymatic steps that convert 5-phosphoribosyl-1pyrophosphate to the ﬁrst purine, 5’-inosine monophosphate (IMP), which is then used in the synthesis of AMP
and GMP (16). Across the different kingdoms of life, the intermediates in the pathway remain the same, but this is not
true for the proteins responsible. A good example of this are
the ﬁnal two steps to produce IMP: 5-aminoimidazole-4carboxamide ribonucleotide (AICAR) transformylase
(Enzyme Commission no.: 2.1.2.3), which converts AICAR to
phosphoribosylformamidocarboxamide (FAICAR), and IMP
cyclohydrolase (Enzyme Commission no.: 3.5.4.10), which
converts FAICAR to IMP (Fig. 1A) (17, 18).
In most archaea, the formate-dependent AICAR transformylase PurP generates formyl phosphate that supplies the
formyl group for ligation to AICAR to form FAICAR. In some
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Figure 1. Cryptococcus neoformans ade16Δ mutants are adenine auxotrophs. A, de novo purine biosynthesis pathway. The bifunctional AICAR transformylase/IMP cyclohydrolase encoded by ADE16 in Cryptococcus neoformans catalyzes the last two steps in the creation of IMP. Purine biosynthesis
enzymes are represented as colored hexagons. Enzyme fusions are represented by hexagons joined together. B, Loss of ADE16 results in adenine and
histidine auxotrophy. Growth of 10-fold serial dilutions of WT, ade16Δ, and ADE16 + ade16Δ strains of C. neoformans on a variety of media. Pictures were
taken after 48 h of growth. The ade16Δ strain shows no growth on YNB agar without supplementation with adenine and histidine. AICAR, 5aminoimidazole-4-carboxamide ribonucleotide; IMP, 5’-inosine monophosphate; YNB, yeast nitrogen base.

archaeal species, however, an unrelated protein performs the
same activity, and it is this phylogenetically unrelated protein
that is most common in bacteria and is the only form found in
the eukaryotes. In contrast to the archaeal form, this more
common AICAR transformylase employs N10-formyl-tetrahydrofolate (N10-fTHF) as the formyl group donor. In most
archaea, the next step of the pathway, closure of the pyrimidine ring (completing formation of the purine base), occurs via
elimination of water from FAICAR by the IMP cyclohydrolase
PurO and cyclization to produce IMP. Once again, there is a
more common and phylogenetically unrelated IMP cyclohydrolase, which is rare in the archaea, the most common
form in bacteria, and is the only form found in eukaryotes to
date; in this case, the biochemical reaction catalysis is identical
between the two types of this enzyme. Beyond this phylogenetic distinction, there is an important structural distinction as
well: species that have these more common forms of AICAR
transformylase and IMP cyclohydrolase usually have them
fused into a single protein dubbed ATIC (AICAR transformylase/IMP cyclohydrolase). This is the case in fungi and
humans (19).
Each ATIC monomer comprises two distinct domains. The
C-terminal domain is responsible for the AICAR transformylase activity. The N-terminal domain is responsible for
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the IMP cyclohydrolase activity (20). The fusion enzyme has
been characterized with the aid of multiple crystal structures
derived from avian, bacterial, and human sources (13, 15, 21),
revealing an extensively intertwined homodimeric structure in
which the transformylase and cyclohydrolase active sites are
50 Å apart, linked by a β-ribbon essential for dimerization
(22, 23).
The only fungal species in which ATIC has been genetically
characterized is Saccharomyces cerevisiae, where it is encoded
by the ohnologs ADE16 and ADE17. S. cerevisiae ade16Δ
ade17Δ double mutants were found to be adenine and histidine auxotrophs (24). The adenine auxotrophy arises because
of the defect in purine biosynthesis. Histidine auxotrophy
arises because histidine and purine biosynthesis are interlinked; the histidine biosynthesis pathway enzyme imidazole
glycerol phosphate synthase converts phosphoribulosylformimino-AICAR into imidazole glycerol phosphate (used
to create histidine) and AICAR (which feeds into purine
biosynthesis). Loss of ATIC results in an accumulation of
AICAR and a negative feedback loop that inhibits ATP
phosphoribosyltransferase, the ﬁrst enzyme of histidine
biosynthesis, resulting in histidine auxotrophy (24–27).
Importantly, AICAR production by the histidine pathway
alone is insufﬁcient for robust de novo purine biosynthesis, as
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indicated by the adenine auxotrophy of mutants lacking purine
biosynthesis enzymes for the steps prior to AICAR synthesis
(28).
While the purine biosynthesis pathway has been identiﬁed
as a source of antiproliferation therapies for the treatment of
cancer, anthrax, and tuberculosis (29–31), the investigation of
purine metabolism in antifungal development has been
limited. In C. neoformans, a number of mutants have been
generated that affect the ﬁnal steps of the biosynthesis of either
AMP or GMP. They lead to an abolishment of virulence,
suggesting the pathway could be a good target for therapeutic
intervention (28, 32–34). In the search of a good antifungal
target, it may be beneﬁcial to investigate earlier steps in the
pathway, prior to the formation of IMP.
Here, we describe an investigation of ATIC encoded by
ADE16 in C. neoformans. Molecular genetic analyses revealed
that as with other purine biosynthesis mutants, the ade16Δ
mutant is unable to successfully infect mice in an inhalation
model of virulence. Characterization of the AICAR transformylase and IMP cyclohydrolase activities of this bifunctional protein and determination of its crystal structure have
provided insight into key differences between the human and
C. neoformans enzymes. Taken together, these ﬁndings create
a platform for exploring C. neoformans ATIC as the target for
antifungal drug development.

Results
Identiﬁcation of the gene encoding AICAR transformylase and
IMP cyclohydrolase in C. neoformans
S. cerevisiae has two ATIC-encoding genes, ADE16 and
ADE17, with products that share 85% amino acid sequence
identity. To identify the equivalent gene(s) in C. neoformans,
we employed the S. cerevisiae Ade16 and Ade17 proteins in
reciprocal best-hit BLAST analyses. CNAG_00700 was the
only locus identiﬁed, consistent with C. neoformans having the
bifunctional form of the enzyme found in all other eukaryotes
to date, and it being encoded by a single gene. A protein
alignment of S. cerevisiae Ade16 and Ade17 with
C. neoformans Ade16 revealed 61.8 and 65.1% identity,
respectively. As with other C. neoformans genes, we named
CNAG_00700 ADE16 based on the S. cerevisiae nomenclature.
Comparison of the C. neoformans bifunctional Ade16 protein
alignment with the equivalent Homo sapiens AICAR transformylase and IMP cyclohydrolase enzyme domains revealed
an identity of 61.2%.
ADE16 is essential for adenine and histidine prototrophy in
C. neoformans
To determine whether ATIC was required for virulence of
C. neoformans, we performed a targeted deletion of the
C. neoformans ADE16 gene via biolistic transformation of the
type strain H99O. The ade16Δ mutant obtained was subsequently complemented by introducing a WT copy of the gene
into Safe Haven 1 (35) to create the ade16Δ + ADE16 strain.
Like the equivalent mutants in other species, the
C. neoformans ade16Δ mutant could not grow on yeast

nitrogen base (YNB) minimal media but could grow, albeit
with a slight impairment, on YNB media supplemented with
both histidine and adenine (Fig. 1B). The mutant was not able
to grow on YNB supplemented with either adenine or histidine
alone, as has been shown in S. cerevisiae (24). The complemented strain showed a restoration of the WT phenotype.
Unusually, the ade16Δ mutant was not able to utilize the
adenine and histidine present in rich yeast extract–peptone–
dextrose (YPD) media; the reason for this phenotype is unknown (Fig. 1B).
Loss of Ade16 affects C. neoformans virulence traits
After conﬁrming Ade16 is component for de novo biosynthesis, we next investigated whether deletion of the gene inﬂuences key virulence-associated traits. C. neoformans
produces melanin to protect itself from oxidants produced by
host cells (36), employs proteases to disseminate into the lungs
and the central nervous system (37), and has a polysaccharide
capsule that protects it against the immune system during
infection (38).
To investigate any possible effects of the loss of ATIC on
these virulence traits, the ade16Δ and ade16Δ + ADE16 strains
were tested in a range of in vitro phenotypic assays; to obviate
the dual auxotrophies of the mutant, all media were supplemented with both adenine and histidine. There was no
noticeable difference in the production of melanin with
ade16Δ mutant compared with the WT or complemented
strains (Fig. S1A). However, production of proteases was
reduced in the ade16Δ mutant at both 30 and 37  C (Fig. S1B),
and the ade16Δ strain also displayed reduced capsule size at
both temperatures (Fig. S1C). Combined with the dual auxotrophies, this provided evidence that the ade16Δ mutant was
highly likely to exhibit impaired virulence.
ADE16 is crucial for virulence in a murine inhalation model
To conﬁrm ATIC as a potential antifungal target, we
investigated the effect of the ade16Δ mutation on virulence
using a murine inhalation model of cryptococcosis. Ten mice
per strain were infected with the WT, ade16Δ, and ade16Δ +
ADE16 strains. Infected mice were monitored daily and sacriﬁced when they lost 20% of body weight or showed symptoms
of disease; the mice infected with the WT and complemented
strains were euthanized after approximately 3 weeks. In
contrast, all ade16Δ mutant–infected mice showed no outward
signs of infection and were eventually culled 50 days postinoculation (Fig. 2A). Organ burden assays of the mice infected
with the ade16Δ mutant showed no C. neoformans colonies,
indicating that in the absence of ADE16, C. neoformans is
incapable of causing an invasive infection or even surviving in a
latent form within this model host (Fig. 2B).
Expression, puriﬁcation, and characterization of the
oligomeric state of ATIC
To purify C. neoformans ATIC for enzymatic and structural
characterization, ADE16 was expressed in Escherichia coli and
puriﬁed via immobilized metal afﬁnity chromatography and
J. Biol. Chem. (2022) 298(10) 102453
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Figure 2. ADE16 is essential for Cryptococcus neoformans virulence in a murine inhalation infection model. A, virulence of ade16Δ in a murine model
of infection. BALB/c female mice were infected with 5 × 105 cells of the WT, ade16Δ, or ADE16 + ade16Δ strains via nasal inhalation. Survival of mice was
checked twice daily for 50 days. Kaplan–Meier survival curves were plotted, and signiﬁcance was determined by log-rank tests. Mice infected with the
ade16Δ mutant survived, whereas there was no signiﬁcant difference between the survival of mice infected with the WT and ade16Δ + ADE16 complemented strains (p > 0.0001). B, fungal organ burden of mice infected with WT, ade16Δ mutant, and ade16Δ + ADE16 complemented strains. Organs
collected from the mice after euthanasia were homogenized and spotted on YNB plates supplemented with adenine and histidine. The fungal burden for
mice infected with the WT and ade16 + ADE16 was signiﬁcantly higher (****p < 0.0001) than the mice infected with the ade16Δ mutant, which did not have
any fungus present. Posthumous organ burden was calculated in colony-forming units (CFUs) per gram of brain, lungs, kidney, spleen, and liver. YNB, yeast
nitrogen base.

size-exclusion chromatography (SEC), yielding a single band of
molecular mass 65 kDa on SDS-PAGE (Fig. S2A). In order to
characterize the oligomeric state of ATIC, we used multiangle
laser light scattering (MALS) coupled to SEC. SEC–MALS
indicated that the molecular weight of ATIC was approximately 140 kDa in solution. This indicates that the C. neoformans AICAR transformylase/IMP cyclohydrolase forms a
homodimer in vitro, which is in agreement with the oligomeric
states reported for the human, avian, and E. coli enzymes (13,
15, 21) (Fig. S2B). Mass photometry analyses supported this
observation, with Ade16 showing a molecular weight of
approximately 140 kDa with this technique as well (Fig. S2C).
Determination of the enzyme kinetic properties of
C. neoformans ATIC
Given that ATIC is vital to C. neoformans for successful
infection in a murine inhalation model, we extended our
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investigation to study the biochemical function of this enzyme
and identify possible functional differences between the human and fungal enzymes that could be exploited in drug
development. Pure recombinant ATIC was used to study the
steady-state parameters of the enzyme; activity assays were
optimized as part of the study and then performed at the
optimal conditions at pH 7.5 and 37  C.
AICAR transformylase activity
ATIC catalyzes the ﬁnal two steps of the formation of the
ﬁrst purine, IMP. In the penultimate step, the AICAR transformylase domain catalyzes the transfer of a formyl group from
N10-fTHF to the 5-amino group of AICAR to yield FAICAR
and THF (Fig. 3A). This activity was assayed in vitro by varying
the concentration of AICAR and measuring the formation of
THF through the corresponding increase in absorbance at
298 nm. The AICAR transformylase activity followed
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Figure 3. Enzyme kinetics of Cryptococcus neoformans ATIC. A, the two chemical reactions carried out by ATIC; ﬁrst, the formyl group is added to AICAR
to create formyl AICAR (FAICAR). Second, the purine ring is completed to form IMP. B, activity of C. neoformans ATIC with different concentrations of AICAR
(AICAR transformylase activity) or FAICAR (IMP cyclohydrolase activity). Data were collected as described in the Experimental procedures section, and each
data point represents the average of three independent determinations. Curve and data points (mean with standard error) were ﬁt to the Michaelis−Menten
equation using direct nonlinear ﬁtting. AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; ATIC, AICAR transformylase/50 -inosine monophosphate
cyclohydrolase; IMP, 5’-inosine monophosphate.

Michaelis–Menten kinetics with Km_app of 130 ± 10 μM, Vmax
of 6.7 ± 0.1 U/mg, and kcat of 7.5 ± 0.1 s−1 for AICAR as the
substrate (Fig. 3B).
Enzymatic parameters for AICAR transformylase have been
reported for one bacterial species (Staphylococcus lugdunensis), one fungal species (S. cerevisiae), and two metazoan
species (Gallus gallus and H. sapiens) (23, 24, 39–41)
(Table 1). Compared with previously characterized AICAR
transformylases, the kinetic parameters of the C. neoformans
enzyme were different from the S. cerevisiae and metazoan
enzymes. The C. neoformans ATIC Km_app AICAR (130 ±
10 μM) was eight times higher than S. cerevisiae Ade16
(26 μM) and Ade17 (22 μM). Comparisons with the metazoan
species indicated that the C. neoformans ATIC Km_app AICAR
(130 ± 10 μM) is also approximately eight times higher than
the reported Km_app AICAR for the human enzyme (16.8 ±
1.5 μM) and G. gallus enzyme (15.2 ± 3.6 μM) and four times
higher than the values reported for the bacterial enzyme (32 ±
2.5 μM). AICAR turnover (kcat) (7.5 ± 0.1 s−1) of the C. neoformans enzyme was nearly 2.5 times greater than human
enzyme (2.9 ± 0.1 s−1).

concentration of FAICAR and measuring the production of
IMP through the corresponding increase in absorbance at
248 nm. The IMP cyclohydrolase activity followed Michaelis–
Menten kinetics, with a Km_app FAICAR value of 30 ± 1 μM, Vmax
of 8.6 ± 0.1 U/mg, and kcat of 7.7 ± 0.1 s−1 for FAICAR as the
substrate (Fig. 3B).
Again, the C. neoformans IMP cyclohydrolase Km_app FAICAR
(30 ± 1 μM) was higher (20 and 14 times) than those reported
for the human (1.4 ± 0.1 μM) and bacterial enzymes (2.1 ±
0.3 μM), whereas the turnover number (kcat) of IMP cyclohydrolase was similar to the human protein. In addition, when
compared with the available data for other species, the
C. neoformans protein had the highest speciﬁc activity for both
reactions.
Overall, these results not only prove that the identiﬁed
C. neoformans gene encodes a bifunctional enzyme catalyzing
both the AICAR transformylase and IMP cyclohydrolase activities but also show that there are functional differences
between the fungal and metazoan enzymes, with variations in
the observed values for speciﬁc activity, kcat and Km_app. These
functional differences could potentially be exploited in the
rational design of fungus-speciﬁc inhibitors.

IMP cyclohydrolase activity
The IMP cyclohydrolase domain of ATIC performs the ﬁnal
ring closure reaction, converting FAICAR to IMP, with the
elimination of a water molecule (Fig. 3A). The IMP cyclohydrolase assay was performed in vitro by varying the

Crystal structure of C. neoformans ATIC
The long-term goal of our work is the design of potential
antifungal drugs that bind selectively to fungal ATIC. It is
therefore beneﬁcial to understand the structure of the
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(22)
(39)
(37)

(23)

Reference

6.0 ± 0.8
ND
ND

26
22
16.8 ± 1.5
15.2 ± 3.6
32.4 ± 2.5
2.9 ± 0.4
ND
ND

ND

0.1
0.1
0.6
0.2
0.0
±
±
±
±
±
1.0
0.9
1.7
2.7
0.5

Abbreviation: ND, no data.
Kinetic parameters for AICAR transformylase and IMP cyclohydrolase activities of C. neoformans ATIC, compared with published values from other species. Values are shown ± standard error.

1.4 ± 0.1
ND
2.1 ± 0.3

(FAICAR)

ND
ND

1.7 ± 0.4
2.0 ± 0.5
2.8 ± 0.01
ND
2.6 ± 0.5

7.7 ± 0.1
8.6 ± 0.1
130 ± 10
6.7 ± 0.1

Cryptococcus neoformans
Saccharomyces cerevisiae
Ade16
Ade17
Homo sapiens
Gallus gallus
Staphylococcus lugdunensis

7.5 ± 0.1

(s−1)
(AICAR)

kcat_app
Vmax (AICAR) (U/mg)
Species

Table 1
Comparison of reported kinetic parameters of ATIC from multiple species

Km_app

(AICAR)

(μM)

Vmax

(FAICAR)

(U/mg)

kcat_app

(FAICAR)

(s−1)

Km_app

30 ± 1

(μM)

This work
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C. neoformans protein to enable exploitation of the differences
to the human enzyme for the design of fungus-speciﬁc inhibitors. To enable comparisons between the C. neoformans
enzyme and those from other species, and to identify targetable species-speciﬁc features, we used X-ray crystallography to
determine the crystal structure of the C. neoformans ATIC at
2.67 Å resolution (Protein Data Bank [PDB] code: 7MGQ).
The structure was determined by molecular replacement using
the human ATIC structure (PDB code: 1PKX) as the search
model (42). The asymmetric unit has four molecules (A, B, C,
and D), corresponding to two ATIC homodimers. The overall
structure is similar to the well-characterized G. gallus (PDB
code: 1M9N) and H. sapiens enzymes (42, 43). The superposition of C. neoformans ATIC onto the ligand-bound
AICAR avian and human ATIC yields an overall RMSD of
1.2 and 1.0 Å over 1210 Cα atoms (chain A and chain B), with
sequence identity of 60% and 61%, respectively. The loop
connecting the IMP cyclohydrolase and AICAR transformylase
domains is 15 residues longer in C. neoformans ATIC than in
avian and human ATIC (Fig. S3). This loop is located away
from the AICAR transformylase and IMP cyclohydrolase
active sites and is unlikely to play a role in catalysis but may
contribute to the stability of the enzyme dimer. We hypothesize that this region could be targeted with compounds that
can selectively bind in C. neoformans ATIC and that would
inhibit the function of the enzyme.
Each monomer has an N-terminal IMP cyclohydrolase
domain (residues 1–197) and a C-terminal AICAR transformylase domain (212–605), and the active sites of each were
inferred based on sequence alignments and comparison with
the ligand-bound structure of the avian and human ATIC
enzymes (Fig. 4). AICAR and XMP were cocrystallized with

Figure 4. Cryptococcus neoformans ATIC crystal structure. Crystal structure of C. neoformans ATIC dimer. Monomer A is colored brown, and
monomer B is colored green. The two magenta spheres represent bound
magnesium ions. Asterisks in black and orange represent the approximate
position of IMP cyclohydrolase and AICAR transformylase active sites,
respectively. ATIC, AICAR transformylase/50 -inosine monophosphate cyclohydrolase; IMP, 5’-inosine monophosphate.
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the avian ATIC and were found to bind to the AICAR transformylase and IMP cyclohydrolase active sites, respectively.
XMP was cocrystallized with the human ATIC and found
bound to only one of the two IMP cyclohydrolase active sites
in the homodimer.
AICAR transformylase domain
Studies of the structure of the AICAR transformylase
domain have been performed in H. sapiens, G. gallus, Thermotoga maritima, and Mycobacterium tuberculosis (13, 15,
43, 44). Like the avian and human proteins, the AICAR
transformylase domain of C. neoformans ATIC is divided into
three subdomains, with the two major subdomains, subdomain 1 and subdomain 3, each composed of a central sixstranded β-sheet surrounded by four α-helices, and these are
separated by the smaller subdomain 2 (Fig. 5A). Electron
density for residues 489 to 495 and 514 to 519 of chain B, and
513 to 516 of chain C in C. neoformans, ATIC was poorly
deﬁned, which is likely because of the structure ﬂexibility in
this region. The two AICAR transformylase active sites are at
the interface between the two monomers, with residues from
both lining the binding sites. When compared with the avian
and human ATIC, the residues of the AICAR transformylase
active site in C. neoformans ATIC are completely conserved,
including the two key catalytic residues Lys267 and His268
(42). In this regard, the AICAR transformylase active site may
not be very suitable for the design of species-speciﬁc inhibitors (Fig. 5B).
Even though C. neoformans ATIC has no ligand bound, a
magnesium ion is found in subdomain 3 in each monomer, in
the place of a potassium ion reported in the previous ATIC
structures. In structures reported previously, a potassium ion
was modeled in domain 3 and suggested to play a key role in
stabilization of the tertiary structure (15, 42, 43). Here in the
C. neoformans structure, the ion is most likely a magnesium
ion, based on its hexacoordinate state and the crystallization
solution. It makes interactions with the backbone carbonyl
group of residues Leu436, Thr439, and Leu602, the side-chain
hydroxyl group of residues Ser441 and Ser443, and the sidechain carboxyl oxygen of Asp552. The peptide bond between
Ser441 and the adjacent residue Asn442 is in a cis conformation, which is consistent with all ATIC structures and

responsible for the orientation of ligand-binding residues in
the active site (Fig. S4) (15).
IMP cyclohydrolase domain
Like the AICAR transformylase domain, the structure of the
IMP cyclohydrolase domain of ATIC has previously been
determined for the enzymes from H. sapiens, G. gallus,
T. maritima, and M. tuberculosis (13, 15, 43, 44). These four
structures exhibit a Rossman fold topology, consisting of a
parallel ﬁve-stranded β-sheet with strand order 3-2-1-4-5,
surrounded by three α-helices on one side of the sheet and
seven on the other side (in the C. neoformans structure, one of
the β-strands does not fulﬁll the criteria used by PyMOL
(Schrödinger, LLC) to assign it as this element of secondary
structure; Fig. S5A).
Each of the two IMP cyclohydrolase active sites in the
homodimer are formed with residues from a single monomer.
This site undergoes major conformational changes after XMP
binding in H. sapiens and G. gallus (Fig. 6, A and B) In human
ATIC, XMP binding causes a side-chain ﬂip of the conserved
residues Tyr104 and Lys66 and inward movement of the loops
103 to 106 and 56 to 71 (numbers based on C. neoformans
ATIC), which are located at the rim on the opposite sides of
the active site. The movement of these loops converts the IMP
cyclohydrolase active site to a closed conformation. The
C. neoformans IMP cyclohydrolase active site has no ligand
present and adopts an open conformation (Fig. 6, A and B).
We focused on the comparison of active-site residues in
C. neoformans and human ATIC to identify nonconserved
residues and structural differences in the enzymes that could
be exploited for the design of species-speciﬁc ATIC inhibitors.
The C. neoformans IMP cyclohydrolase active-site region
contains residues Arg65, Lys67, Thr68, Tyr105, Asp126,
Ile127, and Gly128, each of which are present in the human
and avian IMP cyclohydrolase active sites (Fig. 5B). By
contrast, Ser12 in human ATIC, a key residue that makes a
hydrogen bond with the ribose ring of XMP and is conserved
in animals and plants, is substituted with a tyrosine (Tyr13) in
C. neoformans, M. tuberculosis, and other fungi (Fig. S3).
Although both serine and tyrosine carry a hydroxyl group,
which can form hydrogen bonds, tyrosine also contains an
aromatic ring, which is bulkier than the short serine side chain.

Figure 5. Crystal structure of Cryptococcus neoformans AICAR transformylase domain. A, structure of Cryptococcus neoformans AICAR transformylase
domain of monomer A (residues 212–605), colored by subdomains 1 to 3. The magnesium ion is presented as a magenta sphere. B, close-up view of the
active site of AICAR transformylase. The residues of the AICAR transformylase active site in C. neoformans ATIC are shown in stick representation. AICAR, 5aminoimidazole-4-carboxamide ribonucleotide.
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Figure 6. Comparison of the active sites of IMP cyclohydrolases from Cryptococcus neoformans, Homo sapiens, and Gallus gallus. Structural comparison of IMP cyclohydrolase active sites by superposition of A, Homo sapiens ATIC (red) closed form and C. neoformans ATIC (blue) open form. B, G. gallus
ATIC (brown) open form and C. neoformans ATIC (blue) open form. The XMP bound in human ATIC has been superimposed. In the IMP cyclohydrolase,
active-site tyrosine and lysine residues, located at the opposite sides, maintain the open and closed states upon XMP binding, which can be clearly observed
in the comparison of H. sapiens ATIC and C. neoformans ATIC. Ser12 in H. sapiens ATIC is substituted with a tyrosine (Tyr13) in C. neoformans ATIC. ATIC,
AICAR transformylase/50 -inosine monophosphate cyclohydrolase; IMP, 5’-inosine monophosphate.

This is a key difference that could potentially be exploited to
design compounds for fungus-speciﬁc ATIC inhibition.

Discussion
C. neoformans poses a signiﬁcant health threat to the
immunocompromised population worldwide. The current
range of antifungals is inadequate in the treatment of this
fungal disease because of high toxicity, increasing prevalence
of resistant strains, and drug crossreactivity. Therefore, it is of
rising importance to identify new drug targets to meet this
need; new therapy for C. neoformans could have a signiﬁcant
effect on the morbidity and mortality in immunocompromised patients. Our characterization of the bifunctional
enzyme AICAR transformylase/IMP cyclohydrolase that
performs the last two steps in the purine biosynthetic
pathway has shown its potential as a target for the treatment
of fungal infections.
Our investigation of the ATIC-encoding ADE16 gene and
its dual enzymatic functions in C. neoformans make this the
ﬁrst species in which ATIC loss-of-function mutants, enzymatic activity, and structure have all been characterized. We
have demonstrated that the ade16Δ mutant, like its
S. cerevisiae double mutant counterpart, is an adenine and
histidine auxotroph. However, even with supplementation,
in vitro assays clearly demonstrate that the growth of ade16Δ
mutants is still impaired compared with WT C. neoformans.
In addition, ade16Δ mutants are also unable to scavenge
adenine or histidine from nutrient-rich YPD media, similar to
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other mutants in the de novo purine pathway in
C. neoformans (32).
To determine whether this defect inﬂuences the ability to
cause infection, the ade16Δ mutant was employed in a murine
inhalation model of infection. The mutant was unable to cause
symptoms of meningoencephalitis, consistent with organ
burden data revealing that the ade16Δ mutant strain was
cleared. This result reconﬁrms that C. neoformans is highly
dependent on de novo purine biosynthesis during infection of
the purine-poor central nervous system (45). Together, the
in vitro phenotypic assays and the in vivo virulence model
show that ATIC could be a very useful drug target.
To determine the suitability of this enzyme as a drug target,
we investigated its biochemical activity and structure and
compared them with the ortholog from the human host. Differences in the kinetic parameters identiﬁed between orthologous enzymes may indicate that the substrates interact
differently with the active site, highlighting that it may be
possible to design inhibitors that speciﬁcally exploit the unique
properties of the ATIC C. neoformans enzyme. However, the
ﬁndings showing that C. neoformans ATIC protein had lower
afﬁnity for substrates compared with the human protein could
present difﬁculties in identifying an inhibitor that speciﬁcally
targets the fungal enzyme. An inhibitor such as a substrate
analog is unlikely to be suitable, as the analog might inhibit the
human enzyme more strongly than to the fungal enzyme.
Thus, the structure determined for C. neoformans ATIC is
crucial for the design of a potential fungal enzyme inhibitor
speciﬁcally targeting features found in the fungal enzyme.
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While determination of the crystal structure of
C. neoformans ATIC revealed that the human and fungal
structures have a high level of conservation, unique elements
were identiﬁed in the fungal enzyme. In the active-site pocket
of the IMP cyclohydrolase domain, the serine residue in the
human enzyme is replaced with a tyrosine residue in
C. neoformans and other fungi, leading to surface changes in
the active-site pocket that may be exploited for the design of
fungal enzyme–speciﬁc ligands. Comparison of the
C. neoformans, human, and avian ATIC structures also shows
that the loop that connect the IMP cyclohydrolase domain and
the AICAR transformylase domain is longer (15 residues) in
C. neoformans. These structural differences could be utilized
during the process of inhibitor design, aiming to speciﬁcally
target these differentiating features, the amino acid differences,
and the longer loop between domains, found in the fungal
enzyme.
As enzyme interfaces are usually less conserved compared
with the highly conserved active sites, it may be even more
effective to design drugs that target protein interfaces (46). A
recent study revealed that a small compound inhibitor Cpd14
inhibited AICAR transformylase via disruption of ATIC
homodimerization (47). The longer loop found between the
domains could be a potential site to target for inhibitor design
for prevention of homodimer formation essential for ATIC
function.
Development of a novel antifungal compound beneﬁts
signiﬁcantly from having a crystal structure available, to
identify exploitable differences between the target species, in
this case C. neoformans, and the human host. The structure of
C. neoformans ATIC revealed differences in active-site accessibility and potential binding orientation, compared with the
human enzyme, which could be exploited during antifungal
drug design to create an inhibitor speciﬁc to C. neoformans or
fungi in general. Beyond addressing this important infectious
disease–related need, our comprehensive molecular genetics,
virulence, and kinetic and structural analyses make the
C. neoformans enzyme a strong model with which to further
investigate the function of ATIC across the domains of life.

Experimental procedures
Bioinformatics analyses
ADE16 gene sequences of the C. neoformans type strain
H99O used in this study were obtained from the published
genome sequence (48). The gene encoding ATIC was identiﬁed via reciprocal hit BLAST analysis queried with the
S. cerevisiae Ade16 and Ade17 sequences. Sequence alignments of ATIC from C. neoformans, S. cerevisiae, H. sapiens,
Gallus gallus, and M. tuberculosis were performed by ESPript
(49).
Media and strains
All strains are listed in Table S1. H99O and ade16Δ +
ADE16 complementation strains were grown on nutrient-rich
YPD (2% bactopeptone, 1% yeast extract, 2% glucose) media
solidiﬁed using 2% agar. All strains were cultured at 30  C. The

ade16Δ strains were grown on 0.45% YNB, 1% ammonium
sulfate, and 2% glucose supplemented with 5 mM histidine and
5 mM adenine. E. coli was grown on lysogeny broth (1% tryptone, 0.5% yeast extract, and 1% sodium chloride) media
supplemented with 100 μg/ml ampicillin for the selection of
colonies and cultured at 37  C. E. coli was grown in autoinduction media (0.5% yeast extract, 1% tryptone, 2% and 0.5%
glycerol, 0.05% glucose, 0.2% lactose, 0.5 M (NH4)2SO4, 0.5 M
KH2PO4, 1 M Na2HPO4, and 1 mM MgSO4) for large-scale
protein expression.
Creating ADE16 gene deletion and complementation strains
All primers (IDT) used in this study are listed in Table S2
and plasmids in Table S3. Phusion High Fidelity polymerase
(New England Biolabs) was used for generation of all PCR
amplicons.
PCR fragment of 1 kb upstream of ADE16 (UQ4336,
UQ3294), the G418 resistance marker (UQ3295, UQ3296),
and 1 kb downstream of ADE16 (UQ3297, UQ4337) were
combined via overlap PCR (UQ4336, UQ4337) to create a
deletion construct that was cloned into EcoRI and BamHI cutpBlueScriptII SK(−) using NEBuilder HiFi DNA Assembly
(New England Biolabs) to give pMSIW8. H99O and pJAF1
were used as a template to amplify ADE16 and amplify G418
resistance marker, respectively (50).
Following digestion with NdeI and SpeI, biolistic transformation of the deletion construct was performed using a
Bio-Rad He-1000 Biolistic device into the type strain H99O
strain on YNB media supplemented with 1 mM adenine, 1 mM
histidine, 1 M sorbitol, and 5 μg/ml W7 hydrochloride (51, 52).
C. neoformans cells recovered overnight were then scraped
onto YNB media supplemented with 1 mM adenine, 1 mM
histidine, and G418 to select for G418-resistant colonies.
Colonies that subsequently formed on selective plates were
tested for adenine auxotrophy on YNB media without adenine
supplementation. To conﬁrm that the ADE16 gene was
deleted, Southern blotting was performed using the ADE16
region (UQ4336 and UQ4337) as a probe.
Complementation of the ade16Δ mutant was performed by
the reintroduction of ADE16 at the Safe Haven Locus in
chromosome 1 (35). The ADE16 region, including 1 kb upstream, the ORF, and 1 kb downstream, was ampliﬁed from
the C. neoformans type strain H99O genomic DNA (primers
UQ4336 and UQ4337). The product was digested sequentially with XbaI and SacI and then cloned into ClaI and
HindIII-cut Safe Haven targeting vector pSDMA25 using
NEBuilder HiFi DNA Assembly to create pMSIW8. Sanger
sequencing was used to verify the sequence was error free.
The plasmid pMSIW7 was linearized with PacI and biolistically transformed into the ade16Δ mutant on YNB media
supplemented with 1 M sorbitol, 1 mM adenine, 1 mM histidine, and 5 μg/ml W7 hydrochloride. The overnight
recovered transformants were selected on YPD media supplemented with 100 μg/ml nourseothricin. Transformant
colonies were screened by diagnostic PCR (UQ1768, UQ2962,
UQ2963, and UQ3348) and for adenine prototrophy (35).
J. Biol. Chem. (2022) 298(10) 102453
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Precise integration of ADE16 at the Safe Haven location was
veriﬁed by Southern blot by probing with the ADE16 fragment (UQ4336 and UQ4337).

comparisons test were used to determine the signiﬁcance of
survival and the organ burden, respectively.
Ethics statement

Phenotype and virulence assays
Mutant and complementation strain in vitro phenotypes
were tested using serial dilution spotting assays; cells were
suspended in 1 ml of distilled water to reach an absorbance
of 1.0 at 600 nm, spotted on YPD, YNB, and YNB supplemented with 5 mM adenine, and 5 mM histidine, for the
adenine and histidine auxotrophy, respectively, and incubated at 30 and 37  C. For melanin and protease production,
cells were spotted on L-3,4-dihydroxyphenylalanine agar
supplemented with 1 mM asparagine and YNB agar supplemented with 1% bovine serum albumin (Sigma–Aldrich),
respectively. All media were supplemented with 5 mM
adenine and 5 mM histidine, and plates were incubated at
both 30 and 37  C.
For capsule production, strains were grown in RPMI1640
(Life Technologies) supplemented with 2% glucose, 10% fetal
bovine serum (Life Technologies), 5 mM adenine, and 5 mM
histidine in a shaking incubator at 30 and 37  C for 24 h. Cells
were stained with India ink (BD Diagnostics), viewed, and
imaged using a Leica DM2500 microscope and DFC425C
camera (Leica). Five images were photographed for each strain.
The whole cell and cell body diameter of ﬁve cells from each
image were measured using the ruler tool in Adobe Photoshop
CC (Adobe Systems), and capsule measurement was presented
as a relative percentage of cell size. The capsule assays were
performed in triplicate. A one-way ANOVA test with Sidak’s
post test was used to determine signiﬁcance of differences in
capsule sizes between strains.
Mouse virulence experiments
Ten 6-week-old mice were intranasally infected with
5 × 105 cells of C. neoformans H99O WT strain, the ade16Δ
mutant, and ade16Δ + ADE16 complemented strain. Five mice
were housed in an individually ventilated cage, which was lined
with Bed-o’Cobs 1/8” bedding (The Andersons), Crink-L’Nest
nesting material (The Andersons), and cardboard. Mice were
provided with constant supply of Rat and Mouse Cubes
(Specialty Feeds) and drinking water. After infection, the mice
were monitored for signs of C. neoformans infection, scored,
and weighed daily. When the mice lost 20% of their starting
body weight or showed severe symptoms, they were euthanized by carbon dioxide inhalation. The spleen, liver, kidney,
lungs, and brains were collected and homogenized using a
TissueLyser II (QIAGEN). The organ suspensions were serially
diluted and spotted on YPD agar supplemented with 100 μg/
ml ampicillin, 50 μg/ml kanamycin, and 25 μg/ml chloramphenicol to prevent bacterial contamination. After 48 h, the
colonies were counted to calculate the organ burden. The
survival curves and organ burden plots were plotted using
GraphPad Prism 7.0 (GraphPad Software, Inc). The log rank
test and a one-way ANOVA with Tukey’s multiple
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This study was carried out in strict accordance with the
recommendations in the Australian Code of Practice for the
Care and Use of Animals for Scientiﬁc Purposes by the National Health and Medical Research Council. The protocol was
approved by the Molecular Biosciences Animal Ethics Committee of The University of Queensland (AEC approval
number: SCMB/010/17). Infection was performed under
methoxyﬂurane anesthesia, and all efforts were made to
minimize suffering through adherence to the Guidelines to
Promote the Wellbeing of Animals Used for Scientiﬁc Purposes as put forward by the National Health and Medical
Research Council.
Expression and puriﬁcation of ATIC
Total RNA was isolated from YNB-grown strain H99O using TRIzol Reagent (Invitrogen), with intron-free complementary DNA and then synthesized using a Bioline
complementary DNA synthesis kit (Bioline). The ATIC ORF
was subsequently PCR ampliﬁed (primers UQ3615 and
UQ3616), the product inserted via ligation-independent
cloning into the SspI site of His-tag vector pMCSG7 (53),
and transformed into competent E. coli BL21(DE3) pLysS cells
for protein expression.
Cells were grown with shaking at 200 rpm at 37  C until an
absorbance reached 0.8 at 600 nm and then the temperature
was dropped to 20  C and incubated for an additional 20 h
with shaking. Cells were harvested and resuspended in lysis
buffer (3 ml/1 g; 50 mM Hepes [pH 8.0], 300 mM NaCl,
30 mM imidazole, 1 mM DTT, and 1 mM PMSF), before
disruption with a Soniﬁer W450 Digital Ultrasonic Cell Disruptor sonicator (Branson). Following centrifugation to
remove unbroken cells and cell debris, the supernatant was
loaded onto a 5 ml HisTrap Fast Flow column (GE Healthcare), equilibrated with wash buffer, to purify the His-tagged
protein by immobilized nickel-afﬁnity chromatography. The
protein was eluted in a linear gradient of 30 to 500 mM
imidazole, showing a single elution peak. Peak fractions were
pooled, concentrated, and further puriﬁed using a Superdex
200 SEC column (GE Healthcare) equilibrated in 10 mM
Hepes (pH 7.5), 150 mM NaCl, and 1 mM DTT. All protein
chromatography steps used an ÄKTApuriﬁer FPLC system.
Peak fractions were checked on SDS-PAGE and then combined and concentrated to 27 mg/ml and ﬂash frozen in
liquid nitrogen for storage at −80  C.
Enzyme assays and kinetic analysis
All enzyme assays were performed using a Cary60 UV
spectrophotometer (Agilent). Assays were performed in triplicate at 37  C with puriﬁed enzyme. The AICAR transformylase activity assay used the method of Mueller and
Benkovic (40). Reaction mixtures (1 ml) contained 33 mM
Tris–Cl (pH 7.5), 25 mM KCl, 5 mM β-mercaptoethanol,
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0.1 mM N10-fTHF, and 0.05 mM AICAR. The reaction was
started by addition of 10 μl C neoformans ATIC (2 mg/ml).
AICAR transformylase activity was monitored by the absorbance increase at absorbance at 298 nm following the
formation of FH4 (54). To synthesize N10-fTHF for the assay,
5,10-methenyltetrahydrofolate was initially synthesized
following the procedure of Rabinowitz et al. (55). The precipitate was washed with cold ethanol, dried in vacuo, and
stored at −20  C. This intermediate was then used to create
N10-fTHF, as described Rayl et al. (23).
For the IMP cyclohydrolase assays, the method of Mueller
and Benkovic was used (40). The reaction contained 100 mM
Tris–Cl (pH 7.5) and 0.1 mM FAICAR in a total reaction
volume of 1 ml. Puriﬁed C. neoformans ATIC (20 μg/ml) was
added to start the reaction, and IMP cyclohydrolase activity
monitored by the absorbance increase at an absorbance at 248
nm, corresponding to the production of IMP (40). FAICAR
was synthesized following the protocol by Lukens et al. (56),
and the product was analyzed by HPLC–MS.
The standard AICAR transformylase and IMP cyclohydrolase assays were used for determining the steady-state
kinetic parameters for the C. neoformans enzyme. In the
AICAR transformylase assay, the experiments were performed by varying the concentrations of AICAR (from 0.03
to 3.8 mM). In the IMP cyclohydrolase assay, the experiments were performed by varying the concentrations of
FAICAR (from 0.005 to 0.3 mM). The reaction rate was
plotted against the concentration of substrate. Data were
ﬁtted to the Michaelis–Menten equation using nonlinear
regression to determine of substrate using GraphPad Prism,
version 8.0.
MALS with SEC
SEC MALS was performed using a Dawn Heleos II 18-angle
light-scattering detector coupled with an Optilab rEX refractive index detector (Wyatt Technology) and an inline Superdex
200 10/300 size-exclusion column (GE Healthcare). Experiments were done at an ATIC concentration of 5 mg/ml in SEC
buffer (10 mM Hepes, pH 7.5, 150 mM NaCl, and 1 mM DTT)
at room temperature, with a ﬂow rate of 0.5 ml/min.
MP
A Refeyn OneMP instrument (Refeyn Ltd) was used to
measure the oligomeric states of the proteins in solution.
About 10 μl of gel ﬁltration buffer followed by 1 μl of the
protein solution was applied to the drop to a ﬁnal concentration of 100 nM, and 6000 frames were recorded. The calibration curve was obtained by using three protein standards
(66, 146, and 480 kDa) (Thermo Fisher Scientiﬁc).
Protein crystallization and crystal structure determination
Initial crystallization screens were performed using several
commercial screens. All crystallization conditions were set up
as hanging drop vapor diffusion at 20  C using protein concentration of 12 mg/ml. Based on the initial crystal hits in the
PACT screen, optimization yielded diffraction quality crystals

in a solution containing 0.2 M MgCl2, 20% w/v PEG 6000, and
0.2 M Tris base at pH 8. Before data collection, the crystals
were soaked in 25% (v/v) glycerol for cryoprotection and then
ﬂash cooled in liquid nitrogen. Diffraction data (2.67 Å resolution) were collected at cryogenic temperatures from a single
crystal at the Australian Synchrotron MX 1 beamline (57) at an
X-ray wavelength of 0.954 Å. The data were then processed
using XDS (58) and Aimless in the CCP4 Suite (59). The
C. neoformans ATIC structure was solved by molecular
replacement using Phaser in the PHENIX suite (https://
phenix-online.org/) (60), with the human ATIC structure
(PDB code: 1PKX) as the search model (42). The structure
model was subsequently built using PHENIX AutoBuild (61)
and reﬁned using PHENIX. In between rounds of reﬁnement,
model building was conducted manually using Coot, version
0.8.9.2 (https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/
coot/) (62). Metal ions were modeled based on their peaks in
the mFO–DFC difference density map, together by consideration of the B-factors with their coordination ligands, and
chemical plausibility. The crystallization condition contained
0.2 M MgCl2, which may be the reason for the presence of
magnesium ion bound in the place of potassium ion that was
found in the previous reported ATIC structures. Structure
analyses were performed in PyMOL. The ﬁnal Rfree and Rwork
values were 0.23 and 0.20, respectively. The X-ray crystallography statistics for data collection and reﬁnement are shown in
Table 2.
Table 2
Crystallographic statistics for ATIC (PDB code: 7MGQ)
Diffraction data statistics

ATIC

Space group
Unit cell parameters a, b, c (Å); α, β, γ ( )

P 1 21 1
91.841, 115.867, 111.823;
90, 96.183, 90
1
48.92–2.67 (2.77–2.67)
65,095 (6258)
98.75 (95.05)
2.0 (2.0)
12.05 (2.06)
0.02776 (0.2134)
0.03926 (0.3018)
0.999

Molecules per asymmetric unit
Resolution range (Å)
Unique reﬂections
Completeness (%)
Multiplicity
Average I/σ(I)
Rmergea
Rmeasb
CC1/2c
Reﬁnement statistics
Resolution (Å)
Reﬂections used in reﬁnement
Reﬂections used for R-free
Rworkd (%)
Rfree (%)
No. of amino acids
No. of water molecules
Overall B-factor (Å2)
RMSDs from ideal valuese
Bonds (Å)
Angles (º)
Ramachandran plot
Favoured (%)
Disallowed (%)

2.67
65,083 (6258)
1999 (192)
20.78
23.54
605
74
69.40
0.006
1.11
97.35
2.61

NB: Values within parentheses indicate the highest resolution bin.
a
Rmerge = Σhkl(Σi(|Ihkl,I − <Ihkl>|))/Σhkl,i <Ihkl>, where Ihkl,i is the intensity of an individual measurement of the reﬂection with Miller indices h, k, and l, and <Ihkl> is
the mean intensity of that reﬂection. Calculated for I > −3σ(I).
b
Rmeas = Σhkl{N(hkl)/[N(hkl)-1]} 1/2 Σi|Ii(hkl) - <I(hkl)>|/ΣhklΣiIi(hkl), where Ii(hkl)
is the intensity of the ith measurement of an equivalent reﬂection with indices hkl.
c
Calculated with the program Aimless.
d
Rwork= Σhkl(||Fobshkl| − |Fcalchkl||)/|Fobshkl|, where |Fobshkl| and |Fcalchkl| represent
the observed and calculated structure factor amplitudes.
e
As calculated by MolProbity.
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Data availability
The atomic coordinates and structure factors (PDB code:
7MGQ) have been deposited in the PDB (https://www.rcsb.
org/).
Supporting information—This article contains supporting information (Figs. S1–S5 and Tables S1–S3).
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