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Abstract

Characterizing the Structural and Physiological Effects of IMPDH2 Mutations

Associated with Neurodevelopmental Disorders

Audrey O’Neill

Chair of the Supervisory Committee:
Justin M. Kollman

Department of Biochemistry

Inosine-5’-monophosphate dehydrogenase (IMPDH) catalyzes the first committed step
of de novo guanine nucleotide biosynthesis, converting IMP to XMP. To control this
important metabolic branch point between adenine and guanine nucleotide synthesis,
IMPDH is highly regulated, including through assembly into filaments. There are two
isoforms of IMPDH in humans, but IMPDH2 is specifically essential for development
and is upregulated during proliferation. Mutations in IMPDH2 have been identified in
patients with neurodevelopmental disorders exhibiting a range of neurological
symptoms, including dystonia. Here, we show with in vitro enzyme assays, negative
stain electron microscopy, and high-resolution structures determined by cryo-EM, how
each mutation affects the structure, activity, and allosteric regulation of IMPDH2

filaments and octamers. We also develop Xenopus tropicalis as a model to study the



effects of one variant, the in-frame deletion of serine 160, on metabolism,
neuromuscular development, and IMPDH filament formation in a vertebrate system.

This work establishes a model for studying the mechanisms of disease that arise from

IMPDH2 dysregulation.
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Chapter 1. Introduction
Adapted from:

O’Neill, A. G., Burrell, A. L., Zech, M., Elpeleg, O., Harel, T., Edvardson, S., ... &
Kollman, J. M. (2023). Neurodevelopmental disorder mutations in the purine
biosynthetic enzyme IMPDH2 disrupt its allosteric regulation. Journal of Biological
Chemistry, 299(8).

O'Neill, A. G., McCartney, M. E., Wheeler, G. M., Patel, J. H., Sanchez-Ramirez, G.,
Kollman, J. M., & Wills, A. E. (2025). An IMPDH2 variant associated with
neurodevelopmental disorder disrupts purine biosynthesis and somitogenesis. bioRXxiv,
2025-05.

1.1 Overview of purine nucleotide biosynthesis.

Purine nucleotides are essential components of cells, where they serve as signaling
molecules, energy sources, and precursors of RNA and DNA. Their synthesis begins
with the ribose 5-phosphate produced from the pentose phosphate pathway, which is
converted to phosphoribosyl pyrophosphate (PRPP) by the conserved enzyme
phosphoribosyl pyrophosphate synthetase (PRPS). PRPP can then feed into two
possible pathways to make purine nucleotides—the de novo pathway, or the salvage
pathway. The de novo pathway converts PRPP to inosine 5’-monophosphate (IMP) in
ten enzyme-catalyzed steps. This IMP can then be committed to the synthesis of
guanine nucleotides by the enzyme IMP dehydrogenase (IMPDH), or it can be used by
the enzyme adenylosuccinate synthetase (ADSS) to generate adenylosuccinate (S-
AMP) in the first committed step to make adenine nucleotides. Alternatively, PRPP can
feed into the salvage pathway to make purine nucleotides from the existing precursors
guanine, adenine, or hypoxanthine. The enzyme hypoxanthine-guanine
phosphoribosyltransferase (HPRT) transfers the phosphoribosyl group from PRPP to
either hypoxanthine or guanine to make IMP or GMP, respectively. The enzyme
adenine phosphoribosyltransferase (APRT) catalyzes the same type of reaction,
transferring the phosphoribosyl group of PRPP to adenine to make AMP. The salvage
pathway is utilized alongside the de novo synthesis pathway to maintain purine pools
during steady state, but during cell proliferation, de novo biosynthesis is specifically
upregulated to meet the increased demand for purine nucleotides (1, 2).

1.2 IMP dehydrogenase in growth and development.

IMPDH catalyzes the rate-limiting step of de novo guanine nucleotide biosynthesis—the
conversion of inosine 5’-monophosphate (IMP) to xanthosine 5’-monophosphate (XMP)
(3, 4). IMP is also a precursor in the de novo synthesis of adenine nucleotides, IMPDH
sits at a key metabolic branchpoint that controls flux between adenine and guanine
nucleotide production (5-7).

There are two human isoforms of IMPDH with 84% sequence identity (8). IMPDH1 is
constitutively expressed in most tissues at low levels, while expression levels of
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IMPDH2 are generally higher and specifically elevated in proliferative states and
developing tissues (9-12). While IMPDH1 expression is higher than IMPDHZ2 in the
developed retina, IMPDH2 is predominantly expressed in early retinal development (11,
13). IMPDH2 expression is also selectively enhanced in cancer, such as in human brain
tumors, sarcoma cells, and leukemic cells, making it an appealing cancer target (10,
14-16).

There are few studies on IMPDH2 in the development of vertebrates, though its
expression is critical for embryonic development. The deletion of IMPDH2, but not
IMPDH1, is embryonic lethal in mice (17). IMPDH2 expression in the neural crest is
required for proper development of the enteric nervous system and other derivatives of
the neural crest such as the craniofacial skeleton (18). In the central nervous system,
reliance on the de novo purine biosynthetic pathway is higher in embryonic stages than
postnatal adult mice, with early embryonic neocortical development being especially
reliant on the de novo pathway and impaired by the inhibition of IMPDH (19). In
zebrafish embryos, inhibition of IMPDH impairs angiogenesis and the sprouting of
intersegmental blood vessels between somites, where IMPDH2 is the predominant
isoform (20). Tight control of purine pools is therefore essential for development and
cellular homeostasis, requiring precise regulation of IMPDH2 activity.

1.3 Structure and mechanism of IMPDH allosteric regulation.

To control the branch point of adenine and guanine nucleotide biosynthesis, IMPDH is
precisely regulated at multiple levels including through allosteric regulation by purine
nucleotide binding and reversible assembly into filaments (21-27). One IMPDH
protomer is composed of a catalytic domain and a regulatory Bateman domain (Fig.
1.1A). Both domains are involved in the oligomerization that is key to the enzyme’s
catalytic activity and regulation. IMPDH constitutively assembles tetramers through
catalytic domain interactions (Fig. 1.1A), and tetramers reversibly dimerize into
octamers through interactions of the Bateman domains in response to binding of
adenine or guanine nucleotides to three allosteric sites (Fig. 1.1B). Binding of ATP in
sites 1 and 2 promotes Bateman domain interactions in an extended, active
conformation. Binding of GTP in sites 2 and 3 promotes similar Bateman domain
interactions but stabilizes different interdomain contacts within each monomer that
result in a compressed, inactive conformation. According to the current model of IMPDH
inhibition, GTP-induced compression of canonical octamers forces the interaction of
opposing finger domains. This finger domain interaction inhibits enzyme function by
impeding the dynamics of the active site during the catalytic cycle (12, 21, 24, 28). In
Mycobacterium smegmatis IMPDH, compression of the octamer induced by GTP
binding causes the finger domain and catalytic flap to adopt a conformation which
prevents IMP binding (29). While GTP acts as an allosteric inhibitor by controlling
transition from extended to compressed conformations (21, 30), IMPDHZ2 specifically is
further regulated by assembly of octamers into filaments of stacked octamers (Fig.
1.1C), which have the effect of reducing affinity for GTP by disfavoring the compressed
conformation (25, 26, 30).
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1.4 IMPDH filaments.

Assembly of enzymes into filaments is a commonly observed mechanism that cells
leverage to regulate metabolic processes (26, 27, 31-35). Both isoforms of human
IMPDH assemble into filaments, but for IMPDH2 specifically, incorporation into
filaments reduces sensitivity of the enzyme to GTP inhibition by preventing complete
compression of the octamer (26, 27). These filaments are physiologically relevant, as
supramolecular assemblies (referred to as “rods and rings” or “cytoophidia”) of IMPDH
have been observed in vivo and assemble under conditions of high demand for guanine
nucleotides (13, 36—40). These assemblies are not observed in cells when the filament
assembly interface is disrupted, supporting the hypothesis that they are composed of
filaments (25). Of note, IMPDH rods have been observed in the nuclei of human
gliomas, suggesting IMPDH filaments play a functional role in the nervous system (41).
IMPDH2 punctae have also been observed at the branching sites and distal ends of
astrocyte stem processes in mouse hippocampus tissue and primary cultures of
astrocytes from the cerebral cortex, suggesting that subcellular localization of IMPDH2
could be involved in astrocyte branching (42). Immunogold labeling of fixed tissue
sections suggests that IMPDH supramolecular assemblies are made up of shorter
filaments that laterally interact to form bundles (41, 43). Bundles of IMPDH filaments
have been reconstituted in vitro and are catalytically active (30).

1.5 IMPDH2 mutation in disease.

Mutations in IMPDH?Z2 have been identified in several unrelated patients with
developmental disorders. Five de novo missense mutations (G113E, G113R, G207R
[x2], Q243H) and one de novo in-frame deletion (S160del) in IMPDHZ2 were previously
identified in heterozygous patients with early-onset neurodevelopmental disorders and
variably expressed dystonia, a neurological movement disorder characterized by
involuntary muscle contractions which often presents comorbid with other neurological
disorders (44). Since then, two more de novo missense mutations (L245P, K238R) were
later discovered and published (45), and an additional five were most recently identified
by clinicians—N198S (Dr. Jorge Granadillo, Washington University School of Medicine,
personal communication), K229del and K205E (Dr. Rami Abou Jamra, University
Hospital Leipzig, personal communication), R341Q (Dr. Evgenia Sklirou, UPMC
Children's Hospital of Pittsburgh, personal communication), F114V (Dr. Angela Peron,
Meyer Children’s Hospital Florence, personal communication)-and are described
further in our study. The symptoms of these patients vary widely, but commonly include
hypotonia, developmental delay, intellectual disability, abnormal posturing, hyperkinetic
movements, seizure activity, and speech disorders (Table 1.1). Interestingly, all but one
of these mutations are located either in the regulatory domain or near the hinge region
that connects the regulatory and catalytic domains (Fig. 1.2). A series of similar
mutations in IMPDH1 have been associated with retinal degeneration (46-50), and a
subset of these were shown to disrupt GTP feedback inhibition, classifying them as
gain-of-function mutants (27, 30). We hypothesized that mutations in or around the
regulatory domain of IMPDH2 would affect GTP inhibition in a similar manner. Prior to
our work described here, it was unknown whether these mutations to IMPDH2 would
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affect its allosteric regulation, as hypothesized, or to what extent they might alter
structural elements of the protein and its oligomeric assembly.

Though not investigated in our study, other rare variants of IMPDHZ2 continue to be
discovered, including two co-segregating variants recently linked to adult-onset isolated
dystonia in a cohort of Chinese patients (51). Additionally, a heterozygous early
termination in exon 1 of IMPDH2, classified as loss-of-function, was identified in an
adult with later-onset dystonia and determined to be co-segregating with dystonia-
tremor disease in a Finnish family (52), suggesting that both gain-of-function and loss-
of-function mutations in IMPDH?2 may result in dystonic symptoms with varying disease
onset and severity.

Before our present study, it was also unknown how expression of IMPDH2 variants in a
model organism would affect vertebrate development. Dysregulation of IMPDH2 activity
in the nervous system would likely disrupt the purine pools that are essential for nervous
system function. While purines are utilized in all cells for essential biochemical
processes, the maintenance of purine pools is particularly important in the nervous
system, where purine-based nucleotides and nucleosides have additional functions as
second messengers, neurotransmitters, neuromodulators, and trophic agents (53). To
maintain the purine nucleotide and nucleoside pools required for these functions, either
the salvage pathway or the de novo pathway can be used. In the salvage pathway of
purine nucleotide synthesis, hypoxanthine-guanine phosphoribosyltransferase (HPRT)
uses PRPP as a substrate to convert hypoxanthine to IMP or guanine to GMP. In the
body, HPRT activity is highest in developed brain tissue, suggesting that the brain relies
heavily on HPRT-dependent salvage pathways over de novo biosynthetic pathways
(54). Deficiency of HPRT activity due to mutation results in accumulation of PRPP and
increased activity in the de novo pathway, causing a neurodevelopmental disorder
called Lesch-Nyhan syndrome (55-58). The phenotype of this syndrome, including
variably expressed generalized dystonia, motor disability, and cognitive disability,
partially overlaps with phenotypes in cases of IMPDH2 variants (44), suggesting that
increased activity in the de novo purine biosynthetic pathway and subsequent
perturbation of purine pools may lead to neurodevelopmental phenotypes.
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Figure 1.1: IMPDH oligomeric assembly.
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A. A cartoon representation of an IMPDH protomer, with notable regions labeled.
Protomers assemble into tetramers through catalytic domain interactions (green).

B. ATP (or ADP) can bind allosteric sites 1 and 2 to stabilize extended octamers. GTP
(or GDP) can bind allosteric sites 2 and 3 to stabilize compressed octamers, bringing
finger domains of opposing tetramers together.

C. Extended and compressed octamers can both form filaments.
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Figure 1.2: Mutation sites mapped to IMPDH2 structure.
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A. The model of one protomer from the previously published extended WT hIMPDH2
filament structure (PDB: 6U8N). The alpha-carbon at each patient mutation site is
displayed as an orange sphere. The catalytic domain is colored in green, and the
Bateman domain is colored in pink.

B. The structure of one protomer from the previously published compressed WT
hIMPDHZ2 filament structure (PDB: 6U90).
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Table 1.1: Genotypes and patient phenotypes of the IMPDH2 variants investigated

here.

Source

cDNA Variant

Protein
Mutation

Zygosity

Variant
inheritance

Dystonia/
Abnormal
posturing

DD/
Hypotonia

Speech

Seizure
Activity

Other

Zech et al.
(44)

C.338G>A

p.Gly113Glu
(G113E)

Heterozygous

de novo

YES
(generalized)

YES

YES

IMPAIRED

Gait instability

Zech et al.
(44)

c.337G>A

p.Gly113Arg
(G113R)

Heterozygous

de novo

NO

YES

YES

IMPAIRED

NO

Gait instability,
Sleep
disturbances,
Autism

Zech et al.
(44)

c.619G>C

p.Gly207Arg
(G207R)

Heterozygous

de novo

YES

YES

IMPAIRED

YES

Gait instability,
Dysmorphic
facial features,
Rectal prolapse

Zech et al.
(44)

c.619G>A

p.Gly207Arg
(G207R)

Heterozygous

de novo

YES

YES

IMPAIRED

YES

Cortical
heterotopia

Zech et al.
(44)

c.729G>C

p.GIn243His
(Q243H)

Heterozygous

de novo

YES

YES

IMPAIRED

YES

Infant apnea,
Gait instability,
Ptosis, Rectal

prolapse,
Hypothyroidism,
Polymicrogyria

Zech et al.
(44)

c.478_480del

p-Ser160del
(S160del)

Heterozygous

de novo

YES
(focal limb)

YES

YES

IMPAIRED

Gait instability,
Auditory
hypersensitivity,
Autism,
Astigmatism,
Cryptorchidism,
Dysmorphic
facial features,
Cleft of the mitral
valve, Isolated
cerebral varix

(45)

O'Neill et al.

C.734T>C

p.Leu245Pro
(L245P)

Heterozygous

de novo

YES
(cervical)

YES

YES

IMPAIRED

Motor delay,
Pulmonic
stenosis,

Congenital
dysplasia of the
hip, Atrial septal

defect, Mild

dilation of left
ventricle,

Bilateral type B
tympanograms,

Dysmorphic

facial features,
Sparse/thin hair,
Systolic murmur

(45)

O'Neill et al.

C.713A>G

p.Lys238Arg
(K238R)

Heterozygous

de novo

YES
(cervical
dystonia and
abnormal
limb/trunk
posturing)

YES

DELAYED

Motor delay,
Autism,
Plagiocephaly,
Improvement of
some symptoms
with L-DOPA
treatment

This work

c.593A>G

p.Asn198Ser
(N198S)

Heterozygous

de novo

YES

Cortical visual
impairment,
Diffuse atrophy
of the brain
parenchyma

A dashed line (-) indicates that the phenotype was not mentioned in the clinical

summary of the patient.
DD: Developmental disorder
ID: Intellectual disorder
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(Table 1.1 continued)

Source

cDNA Variant

Protein
Mutation

Zygosity

Variant
inheritance

Dystonia/
Abnormal
posturing

DD/
Hypotonia

Speech

Seizures

Other

This work

¢.687_689del

p.Lys229del
(K229del)

Heterozygous

de novo

Microcephaly,
Webbed neck,
Cutis laxa,
Dandy-Walker
malformation,
Joint laxity,
Intrauterine
growth
retardation,
Premature birth,
Ventricular
septal defect,
Dextrocardia,
Hypoplasia of
the corpus
callosum,
Scoliosis,
Reduced
subcutaneous
adipose tissue,
Persistent
patent ductus
venosus,
Abnormality of
the scalp hair,
Palpebral
edema, Long
fingers

This work

c.613A>G

p.Lys205Glu
(K205E)

Heterozygous

de novo

YES

IMPAIRED

Small hands,
Small feet

This work

c.1022G>A

p.Arg341Gin
(R341Q)

Heterozygous

UNKNOWN

YES

YES

Autism,
Macrocephaly

This work

¢.340T>G

p.Phe114Val
(F114V)

Heterozygous

de novo

YES

Pulmonic
stenosis,
Dysmorphic
facial features

A dashed line (-) indicates that the phenotype was not mentioned in the clinical

summary of the patient.
DD: Developmental disorder
ID: Intellectual disorder
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Chapter 2. In vitro characterization of IMPDH2 mutants
Adapted from:

O’Neill, A. G., Burrell, A. L., Zech, M., Elpeleg, O., Harel, T., Edvardson, S., ... &
Kollman, J. M. (2023). Neurodevelopmental disorder mutations in the purine
biosynthetic enzyme IMPDH2 disrupt its allosteric regulation. Journal of Biological
Chemistry, 299(8).

O'Neill, A. G., McCartney, M. E., Wheeler, G. M., Patel, J. H., Sanchez-Ramirez, G.,
Kollman, J. M., & Wills, A. E. (2025). An IMPDH2 variant associated with
neurodevelopmental disorder disrupts purine biosynthesis and somitogenesis. bioRXxiv,
2025-05.

2.1 IMPDH2 mutations disrupt GTP inhibition.

To determine whether disease-associated IMPDH2 mutations have a direct effect on
enzyme activity or regulation, we assayed purified recombinant enzymes in vitro. For all
but one variant, we observed modest variation in the apparent Vmax of the enzymes and
Ko.s values for IMP and NAD+ relative to WT enzyme, suggesting that basal activity is
not severely affected by these mutations (Table 2.1). Interestingly, for the R341Q
variant, the Ko s for IMP was almost one order of magnitude higher, and the Ko s for
NAD+ was doubled, with both Hill coefficients at 1, indicating that cooperativity is
abolished by this mutation (Table 2.1).

We next tested whether the disease mutations affect GTP inhibition. WT IMPDH2
filaments are inhibited by GTP with an IC50 of 577 uM under our assay conditions (Fig.
2.1); as previously reported, we found that IMPDH2 retains a basal level of activity even
in the presence of saturating GTP (25, 26). All but one mutant we tested retained
significant activity up to 5 mM GTP (Fig. 2.1). The R341Q mutant was highly sensitive to
GTP, with an IC50 of 80 uM (Fig. 2.1). Additionally, the L245P mutant could be inhibited
at much higher GTP concentrations, with an estimated IC50 of 7 mM (Fig. 2.2).
However this value is far above the usual physiological concentration range of GTP in
human cells (59). Thus, each neurodevelopmental mutation dramatically compromises
feedback inhibition by GTP, either increasing or decreasing the sensitivity of IMPDH2 to
GTP.

2.2 Structural phenotypes of mutants vary.

Most of the IMPDH2 neurodevelopmental mutations characterized here are in or near
the regulatory domain, which controls the extended-compressed structural transition.
This led us to hypothesize that the loss of GTP regulation we observed arises from an
inability to transition into the compressed, inhibited conformation. To assess changes to
the structure and conformation in IMPDH2 mutants, we used negative stain electron
microscopy. Under activating and inhibiting conditions for the WT enzyme, we have
previously assessed whether the enzyme is extended or compressed by directly
observing the helical rise of filaments (25-27). Because these mutants have normal
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basal activity, we anticipated that in the absence of GTP, the mutants should resemble
the WT in the extended, active conformation. In the presence of GTP, which causes
compression of WT filaments, we predicted we would not observe compression in the
mutants that were insensitive to GTP inhibition. However, negative stain EM analysis of
IMPDH2 revealed surprising large-scale structural differences among the mutants.

First, we examined IMPDH2 mutant structures in the absence of GTP, where all
mutants retain WT activity (Fig. 2.3A). Under this condition, G207R, Q243H, L245P,
K238R, N198S, K229del, and F114V closely resembled WT in the canonical extended
and active conformation. However, S160del, R341Q, and K205E did not assemble
filaments at all. S160del formed mostly tetramers in the presence of ATP, R341Q
formed a mix of tetramers and octamers, and K205E formed only octamers.
Surprisingly, both G113E and G113R were uniformly compressed, which has not
previously been observed for IMPDH2 in the absence of GTP (21, 23-26). More
surprising still, in the presence of GTP, all of the filament-competent disease mutants
were able to assemble filaments in the compressed conformation, again excluding
S160del and R341Q which formed only octamers, although it is not feasible to
accurately measure whether these octamers are in the extended or compressed
conformation from this data (Fig. 2.3B).

R341Q stands alone from the other disease mutations investigated here in both its
heightened sensitivity to GTP (Fig. 2.1) and its mutation site being located on the
opposite side of the catalytic domain, far from the regulatory domain (Fig. 1.2). Though
R341 is not located within the filament assembly interface, it forms a salt bridge with
D16 of a neighboring chain in the tetramer, positioning the N-terminus (Fig. 2.4). This
interaction likely stabilizes both the formation of the tetramer and the filament assembly
interface, allowing for polymerization. We hypothesize that mutating this arginine to a
glutamine would break this key interaction, thus destabilizing filament formation as well
as tetramer assembly. Because GTP binding induces bowing to the flat filament
assembly interface of IMPDH2 (26), we conclude that the weakened tetramer contacts
in R341Q would render this mutant to be highly sensitive to GTP-induced strain.

2.3 Filament assembly reduces sensitivity of IMPDH2 mutants to GTP.

We next investigated the effect of perturbing the filament assembly interface on the
variants’ sensitivity to GTP. The engineered mutation Y12A at the filament assembly
interface of IMPDH2 disrupts polymerization, and increases sensitivity of IMPDH2 to
GTP inhibition compared to the WT (25, 26). We introduced the Y12A mutation into
each of the IMPDH2 mutants except for the R341Q mutant, which already has a
disrupted filament assembly interface. We confirmed with negative stain that these
double mutants do not form filaments (Fig. 2.5). Next, we performed GTP inhibition
assays on the double mutants (Fig. 2.6). Because the S160del mutant does not form
filaments at all, we anticipated that the Y12A mutation would not affect enzyme activity
(Fig. 2.3). The S160del+Y12A mutant displayed no significant decrease in activity in the
presence of GTP, as expected (Fig. 2.6). The other double mutants could be inhibited at
higher GTP concentrations, with L245P+Y 12A being the most sensitive (IC50 = 1.3
mM), followed by K238R+Y12A (IC50 = 1.9 mM). None of the double mutants were as
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sensitive to GTP inhibition as the non-assembly Y12A mutant alone (IC50 = 200 yM).
This suggests that the mutations affect the octameric form of the enzyme as well, and
assembly of the variants into filaments would further exacerbate downstream regulatory
defects in the cell.

2.4 L245P filaments resist symmetric compression.

To investigate the structural basis for IMPDH2 dysregulation in mutants that appear
structurally similar to the WT enzyme at low resolution, we determined high resolution
structures of L245P in the presence of ATP and GTP. We chose L245P as
representative of the most common structural phenotype we observed—filaments that
undergo the extended to compressed transition in the presence of GTP despite
retaining full activity (G207R, Q243H, L245P, K238R, N198S, K229del, F114V).

First, we determined the structure of L245P in the catalytically active, extended
conformation, in the absence of GTP. Flexibility in WT IMPDH2 filaments under these
conditions arises from heterogeneity in the extended and compressed conformations of
protomers within each octamer, which can limit the resolution of cryo-EM structures. We
previously developed an image processing strategy for the very flexible WT IMPDH2
filaments, which allows us to computationally separate uniformly extended from partially
compressed (bent) filament segments (26). The approach also allows us to generate
focused reconstructions of the repeating octameric subunit and the filament assembly
interface. Following symmetry expansion and focused classification, we found that the
majority of L245P segments were sorted into fully extended classes (73%), compared to
only 17% fully extended WT IMPDH2 segments under these conditions (Fig. 2.7) (26).
Thus, it appears that L245P reduces octamer flexibility in the active state, leading to a
more uniformly extended structure than the very heterogeneous WT filaments.

The extended L245P structures refined to global resolutions that were significantly
higher than our earlier WT structures: 2.0 A for the filament assembly interface and
catalytic core, and 2.6 A resolution for the octamer-centered reconstruction (Fig. 2.7,
Fig. 2.8). The mutation of L245 to proline is clear in the cryo-EM map and does not
appear to perturb the conformation of the backbone around the mutation site relative to
WT (Fig. 2.8E). IMP and NAD+ were clearly resolved in the active site, and ATP was
well resolved in sites 1 and 2 in the regulatory domain (Fig. 2.9). Overall, the structures
are nearly identical to the WT structure under this condition at the level of individual
protomers, octamers, and the filament assembly interface (Fig. 2.8D). Some minor
differences in loops of the regulatory domain likely reflect improved accuracy in model
building at the improved resolution of the current reconstructions.

Next, we determined the structure of L245P in the presence of 20 mM GTP. At this high
GTP concentration, we had previously observed that the WT IMPDH2 forms uniformly
compressed filaments, with no significant population of extended or bent octamers (26).
However, from initial two-dimensional classification of L245P helical segments, it was
clear that the mutant filaments were very heterogeneous (Fig. 2.10, Fig. 2.11). The data
processing approach described above allowed us to separate out asymmetric bent
segments, which closely resemble bent segments of WT IMPDHZ2 observed only in the
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absence of GTP (26). The remaining symmetrically compressed filament segments
comprise only about 13% of the data set (Fig. 2.10). Compared to the uniformly
compressed WT, then, one consequence of the L245P mutation is to increase the
heterogeneity of IMPDH2 filaments in the presence of GTP.

We used the symmetrically compressed filament segments to determine structures with
global resolutions of 2.1 A for the filament assembly interface and 3.0 A for the octamer-
centered reconstruction (Fig. 2.10). We also determined a structure of the asymmetric,
bent filament segment at a global resolution of 2.7 A (Fig. 2.10, 2.11C). Again, all
ligands including GTP were well resolved (Fig. 2.9), and the filament interface was
nearly identical to WT. The L245P protomer is also nearly identical to the WT protomer
under this ligand condition (Fig. 2.11D). Thus, IMPDH2-L245P can adopt a canonical
compressed structure in the presence of GTP. However, under conditions that support
uniform compression and inhibition of the WT enzyme, the mutant remains in an
ensemble of partially compressed states (Fig. 2.12).

2.5 G113E filament is compressed in the absence of GTP.

With negative stain EM, we found that both G113E and G113R assembled into
compressed filaments in the presence of ATP (Fig. 2.3), a result not previously
observed for the WT enzyme. G113 is located in the hinge region, near allosteric site 3.
We hypothesized that a missense mutation to this site may allow for adenine
nucleotides to bind in this guanine nucleotide-specific site and stabilize octamer
compression. We collected a cryo-EM dataset of G113E in the presence of ATP and
found that the filaments were conformationally homogenous and clearly compressed
(Fig. 2.14). This dataset resulted in a 2.8 A cryo-EM structure, revealing that, while ATP
was clearly resolved in both allosteric sites 1 and 2 (Fig. 2.15D), there was no ATP
occupying allosteric site 3 (Fig. 2.15C). Occupancy of this site was previously thought to
be necessary for stabilizing the compressed state. Additionally, the side chain of G113E
was found to be 4 A from K242 across the hinge region, potentially within weak
hydrogen bonding distance (Fig. 2.15C). A charged residue at this position may serve to
stabilize the compressed conformation of the filament, explaining our negative stain
results. Comparing this structure with the previously published structure of the
compressed WT filament, we found that the finger domain was significantly shifted
towards the Bateman domain (Fig. 2.15A). The only previously published WT structure
with similar finger domain positioning is that of the compressed free octamer (Fig.
2.15B). However, the significance of this finger domain position remained unclear.

2.6 S160del disrupts dimerization of Bateman domains.

S160 is located between allosteric sites 1 and 2, and is capable of hydrogen bonding
with the phosphates of ATP in site 1 (Fig. 2.17A). We wondered if the deletion of S160
would weaken nucleotide binding in allosteric site 1, or if its deletion would result in
misfolding of the Bateman domain.

To test this, we collected a cryo-EM dataset of S160del in the presence of saturating
GTP, ATP, IMP, and NAD+. As was observed with negative stain EM, no filaments were
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present (Fig. 2.16). The dataset was compositionally heterogeneous, with 28% of the
selected particles classified as tetramers and 68% of the selected particles classified as
an interfacial octameric assembly, in which the filament assembly interface was formed
but the Bateman domains were not dimerized (Fig. 2.16, Fig. 2.17B). The tetramer
refined to a global resolution of 2.3 A with C4 symmetry imposed, and the interfacial
octamer refined to 2.1 A with D4 symmetry imposed (Fig. 2.16). In both the tetramer
and interfacial octamer reconstructions, the Bateman domains were not resolved,
suggesting that they were highly flexible as expected (26) (Fig. 2.17C, E). Substrates
were clearly resolved in the active site in both reconstructions (Fig. 2.17D, F). The
catalytic domain of the interfacial octamer reconstruction was nearly identical to that of
WT hIMPDH2, with a Ca RMSD of 0.6 A (Fig. 2.19A). The tetramer adopted a more
bowed confirmation as compared to the interfacial octamer (Fig. 2.19B). Overall, the
catalytic domains of the tetramer and interfacial octamer reconstructions were
unremarkable as compared to the WT enzyme under the same conditions.

Surprisingly, 4% of the selected particles (31,924 particles) were classified as canonical
octamers, with Bateman dimers clearly resolved in the 2D class averages (Fig. 2.16,
2.17B). These particles adopted a preferred orientation in ice as has been previously
observed for canonical octamers of IMPDH (26), impeding high-resolution structural
characterization. However, the presence of the canonical octamer in this dataset, and
the secondary structure observed in the 2D class averages, suggest that while S160del
clearly disrupts the stability of the Bateman dimer interface, possibly by weakening the
binding of nucleotides in allosteric site 1, it does not cause misfolding of the Bateman
domain.

2.7 Discussion.

Mutations in IMPDH1 were previously shown to cause the retinal diseases Leber
congenital amaurosis and retinitis pigmentosa (46-50). Like the IMPDH2 mutations
characterized here, a subset of IMPDH1 mutations cluster near the allosteric domain or
inter-domain hinge, and disrupt GTP inhibition (21, 27). Importantly, four of the five
IMPDH1 mutations that disrupt GTP regulation prevent IMPDH1 from adopting the
compressed conformation, which we proposed as the mechanism of GTP dysregulation.
We anticipated that the IMPDH2 mutations studied here would have the same effect,
but were surprised to see that in each case we could measure, GTP appeared to cause
compression of IMPDH2 in low-resolution negative stain micrographs (Fig. 2.3).
Because all but one of these enzymes retain high activity levels in the presence of GTP
(Fig. 2.1), this result suggested that contrary to prior models, compression of IMPDH2
alone is not sufficient for allosteric inhibition.

IMPDH2-L245P structures provide insight into the seeming contradiction of the enzyme
retaining WT activity in a compressed conformation. We found that the canonical
extended and compressed states are virtually identical to the WT structures under the
same conditions, including the binding of GTP to inhibitory allosteric sites. However, the
conformational variability of filaments in different ligand states varies significantly. Active
WT IMPDH2 is in an ensemble of structural states with different numbers of
compressed and extended protomers within octamers giving rise to multiple bent
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conformations, and only a minority (17%) of octameric filament segments were
classified as symmetrically extended (26). By comparison, the vast majority (73%) of
L245P octamers are symmetrically extended, suggesting that one effect of the mutation
is to rigidify the enzyme in the extended state. Conversely, under high concentrations of
GTP, WT IMPDH2 octamers are uniformly compressed, while only a minority of L245P
octamers (13%) are fully compressed, the majority being in an ensemble of bent
conformational states that resemble the active WT ensemble. That is, what appeared in
low resolution negative stain micrographs to be the compressed conformation was
revealed to be an ensemble of partially compressed conformations using higher
resolution cryo-EM approaches. Thus, L245P appears to disrupt GTP regulation by
shifting the conformational equilibrium away from the inhibited, compressed
conformation (Fig. 2.12). We hypothesize that introducing a proline to the hinge region
at position 245 may restrict the conformational change from extended to compressed.

Additionally, our results suggest that some of the point mutations may dysregulate
IMPDH2 through different mechanisms. Two mutations at residue 113 appear to cause
IMPDH2 to be constitutively in a compressed conformation in the absence of GTP (Fig.
2.3A). These mutations raise the question of how compressed IMPDH2 filaments can
retain full WT levels of activity and suggest that compression alone is not sufficient to
inactivate the enzyme. Our 2.8 A filament structure of the G113E mutant in the
presence of ATP showed that it was compressed without occupancy of a nucleotide in
allosteric site 3 (Fig. 15C). This compressed conformation may be stabilized by a
glutamate at 113 weakly hydrogen bonding with a lysine residue in the catalytic domain
(Fig. 2.15C). The G113E and G113R variants, therefore, may serve as a useful tool for
dissecting previously unappreciated mechanisms of regulation of IMPDH2.

Three of the mutants—R341Q, K205E, and S160del-were all found to disrupt filament
assembly in different ways. With cryo-EM structures of the recombinantly purified
S160del mutant, we showed that while the catalytic domain of S160del was identical to
the WT as expected, the Bateman domains were highly flexible and unable to dimerize
efficiently. S160del primarily assembles into interfacial octamers and tetramers, though
it is surprisingly still capable of assembling into the canonical octamer, suggesting that
deletion of S160 may weaken the Bateman dimer interface, preventing the formation of
the canonical octamer which is necessary for inhibition. R341Q appears to disrupt
filament assembly in a different way. By breaking a key tetramer-stabilizing contact near
the N-terminus, it likely disrupts both the tetramer interface and the filament assembly
interface (Fig. 2.4). With a weakened tetramer interface, it may be more susceptible to
GTP-induced bowing of the filament assembly interface. Finally, K205E only disrupts
filament assembly in the presence of ATP, not GTP (Fig. 2.3). This result is surprising,
given that K205 forms the same Bateman interface contact in both the extended and
compressed conformations (26).

Because these mutations do not all lead to the same structural phenotypes at the level

of polymerization or conformational state, it will be important to characterize each one to
elucidate mechanisms of disease for each. Understanding individual mechanisms of
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dysregulation may also provide insight into variation in the onset and severity of disease
phenotypes (Table 1.1).

Assembly of IMPDHZ into filaments exacerbates the reduction in GTP sensitivity of the
disease mutations. We have previously established the role for polymerization in
reducing IMPDH2 sensitivity to GTP inhibition, which increases the working range of the
enzyme under conditions of elevated purine nucleotide demand (26, 27). When filament
assembly was blocked, all of the point mutants except for S160del partially restored
sensitivity to GTP inhibition, although not to WT levels (Fig. 2.6). The sensitivity to GTP
inhibition of S160del, which itself prevents filament assembly, was not restored by
introduction of our engineered non-assembly mutation Y12A.

Our results suggest potential therapeutic approaches that might be considered for
treating patients with IMPDHZ2-associated developmental disorders. All but one of these
mutations are gain-of-function, allowing high levels of IMPDH activity at otherwise
inhibitory concentrations of GTP. One approach might be the use of known IMPDH
inhibitors, to reduce the activity of the enzyme (60-62). Alternative approaches that
target IMPDHZ2 assembly into filaments might also prove effective in some cases; for
example disrupting IMPDH2-L245P filament assembly reduces the IC50 for GTP into a
more physiologically relevant range and might reduce activity sufficiently to be
therapeutically useful. For R341Q, the only loss-of-function mutant characterized here,
efforts to stabilize the tetramer interface and N-terminus may restore the 1C50 for GTP.
Future work investigating the treatment of IMPDH2-associated disorders using small
molecules in cell-based systems and model organisms may prove fruitful.

In both IMPDH1 and IMPDHZ2, disease-linked mutations in and around the Bateman
domain result in the same type of biochemical defect affecting the nervous system. In
the case of IMPDHA1, this defect results in the degeneration of photoreceptors, possibly
due to their unique dependence on IMPDH1 for ATP and cGMP (63—67). Imbalance of
nucleotide pools in photoreceptors leads to photoreceptor death (68-70). In the case of
IMPDH2, the defect results in neurodevelopmental disorders. In both cases, the
dysregulation of IMPDH disrupts the delicate balance of purine pools in the nervous
system.

For gain-of-function mutations, selective inhibitors of IMPDH2 could be explored as
therapeutics for ameliorating the symptoms of diseases associated with IMPDH2
hyperactivity. Mycophenolic acid (MPA) is a pan-IMPDH inhibitor that is currently used
as an immunosuppressive drug by uncompetitive inhibition in the NAD+ site (60, 61).
However, MPA is not isoform-specific and has several documented side effects (71,
72). As IMPDH1 generally provides low, basal-level activity in most cells, use of an
IMPDH2-specific inhibitor to treat diseases associated with IMPDH2 mutation would be
desirable to reduce off-target effects. One reported IMPDH2-specific inhibitor,
Sappanone A, is predicted to associate covalently near allosteric site 2 and inhibit
through a mechanism like GTP (62). Several natural products were also previously
identified as selective inhibitors of IMPDHZ2, such as shikonin, diosmetin, and
Cryptotanshinone (73). Identifying small molecule inhibitors of IMPDHZ2 and
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investigating their mechanisms of action could be useful in future drug discovery efforts
for the treatment of dystonia or other diseases caused by IMPDH2 mutation.
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Figure 2.1: IMPDH2 disease mutations disrupt GTP inhibition.
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GTP inhibition of WT IMPDH2 and IMPDH2 neurodevelopmental variants. Each data
point represents the average initial rate of three reactions. Error bars represent standard
deviation for n = 3 technical replicates. Velocities were calculated from the change in
absorbance at 340 nm. Reactions were initiated with 300 yM NAD+ and contained 1 yM
enzyme, 1 mM ATP, 1 mM IMP, 1 mM MgClI2, and varying concentrations of GTP. IMP,
inosine 5" monophosphate; IMPDH, inosine 5" monophosphate dehydrogenase.
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Figure 2.2: L245P is inhibited by high concentrations of GTP.
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GTP inhibition curve of the L245P variant up to 16 mM GTP. Each data point represents
the average initial rate of three reactions. Error bars represent standard deviation for
n=3 technical replicates. Velocities were calculated from the change in absorbance at
340 nm. Reactions were initiated with 300 yM NAD+ and contained 1 yM enzyme, 1
mM ATP, 1 mM IMP, 1 mM MgCI2 and varying concentrations of GTP.
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Figure 2.3: Negative stain EM reveals low-resolution differences between some
mutants.
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Figure 2.4: R341 makes a tetramer-stabilizing contact with D16.

; =0
5. AN ik ©
. 2 ‘\:&&

‘ , D16
“q\f,’»'
e 2.5A]
&

)
R341

Model of the extended IMPDH2 filament (PDB: 6U8N) highlighting the position of R341

relative to the N-terminus and its contact with D16 in a neighboring chain.
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Figure 2.5: Negative stain EM of non-assembling disease mutants.
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Representative negative stain images of 0.5 yM enzyme with either 1 mM ATP and 1
mM MgCI2 (A) or 5 mM GTP (B). Filaments were not observed in either condition.
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2.6 IMPDH2 disease mutations disrupt GTP inhibition of free octamers.
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2.7 L245P extended filaments cryo-EM data processing workflow in RELION.
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Figure 2.8: L245P mutant adopts similar extended conformation as WT.
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Representative 2D class averages of L245P filaments in the presence of 1 mM ATP, 3
mM IMP, 5§ mM NAD+, and 1 mM MgCI2 (A). White brackets illustrate the regions on the
filament where refinement was focused to produce reconstructions shown in panels B
and C. Final cryo-EM reconstructions of octamer-centered (B) and interface-centered
(C) filament segments. Regulatory domains are colored in shades of pink, and catalytic
domains are colored in shades of green. Alignment of the L245P octamer-centered
ribbon model (color; PDB 8G8F) to the WT ribbon model (gray; PDB 6U8N) at the
catalytic domain (green). Calculation of Ca RMSD at the regulatory domain (pink)
shows minor differences in the structure of the monomer (D). The density around the
mutation site shows that the backbone structure is not affected (E).
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Figure 2.9: Volume around ligands in extended and compressed L245P
structures.
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All ligands are resolved in the L245P extended and compressed structures. The
catalytic domain is colored in green, and the regulatory domain is colored in pink.
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2.10 L245P compressed filaments cryo-EM data processing workflow in RELION.

Sample:
5 UM hIMPDH2-1.245P
1 mM ATP
1mM MgCl,
3 mM IMP
5 mM NAD*
20 mM GTP

[}

2,967 micrographs
MotionCor2,
CTFFIND 4,
Manual picking
of 100
micrographs

3,604 particles
lZD classification

o Y% 000 o _@P\

2,319 particles (template)

Autopicking
with template

1,421,990 particles
Bin 4

)

l 2D classification

200,333 particles

[ Final selection:

3D autorefine

interface-centered
compressed filament)

g

lUn-bin particles

3D autorefine

Remove
duplicates,
3D autorefine

156,067 particles )

CTF refinement,
Particle polishing,
3D classification,
3D autorefine

D4

2.1A

144,216 particles )

D4 “Bent” particles

3D autorefine
D4
(Starting model: hIMPDH?2| Y )

“Straight”
particles

Centered 891,947
particles

on octamer,

2D classification,
Removed duplicates,
3D autorefine

Cc1

Focused

3D classification ;v f: %9 Sft:ﬁ
Cc1 4 &

258 (B
7 |
ik

Symmetry
expansion
D4 > c1
( 1,602,664 particles )
W,),, :
3 ( 364,177 particles )
PR )

¥ep
- b 4
3D autorefine
Cc1
v
iy
bies
SAZE a3
( 188,152 particles )
CTF refinement,
Particle
Centered 697,234 polishing,
particles on octamer, 3D classification,
2D classification, 3D autorefine
Removed duplicate y 1
particles,
3D autorefine
4
%4,
14
34A
( 172,020 particles ]

72,809 particles )

3D
Classification

Signal subtraction,

3D classification
Focused 3D autorefine
D4

89,981 particles )

Density
modification

A\ 4

EMD-29482
Denmod
resolution:
21A

Signal subtraction,
3D classification
Focused 3D

autorefine

( 91,716 particles )

Density modification
y

EMD-29870
Denmod
resolution:
27A

Signal subtraction,

5‘5 classification

( 28,261 particles )

Focused 3D il sl
CTF refinement, autorefine 26,540 particles
Particle polishing, D4 Density
3D classification, modification
3D autorefine v
D4
EMD-29863
Denmod
resolution:
3.0A

827 37A

( 28,177

articles ]

37



Figure 2.11: L245P filaments are flexible in the presence of GTP.

Compressed
octamer

Representative 2D class averages of L245P filaments in the presence of 20 mM GTP, 1
mM ATP, 3 mM IMP, 5 mM NAD+, and 1 mM MgCI2 (A). White brackets illustrate the
regions on the filament where refinement was focused to produce reconstructions
shown in panels B and C. Final cryo-EM reconstructions of straight octamer-centered
(B) and bent octamer-centered (C) filament segments. Regulatory domains are colored
in shades of pink, and catalytic domains are colored in shades of green. The filament
assembly interface reconstruction is shown in Fig. S8. A model was built into the
symmetrically compressed octamer reconstruction. Alignment of the L245P straight
octamer-centered ribbon model (color; PDB 8G9B) to the WT ribbon model (gray; PDB
6U90) at the catalytic domain (green). Calculation of Ca RMSD at the regulatory
domain (pink) again shows minor differences in the structure of the monomer (D). The
density around the mutation site shows that the backbone structure is not affected (E).
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2.12 Model for the effect of L245P on IMPDH2 conformational equilibrium.

WT

110 A

L245P

110 A

WT IMPDH2 samples conformational space between fully extended and fully
compressed octamers. L245P shifts that equilibrium to favor extended and bent
conformations, resisting complete compression and maintaining activity.
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Figure 2.13: FSC curves for L245P structures.
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Figure 2.14: G113E cryo-EM data processing workflow and FSC curve.
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Figure 2.15: G113E compressed filament segment structure.
A B
WT + GTP/ATP/IMP/NAD* WT + GTP/ATP

A

-
—7

1 (ATP)

o Site 2 (ATP)

A. G113E+ATP filament structure aligned at the catalytic domain (green) with the
structure of a compressed WT IMPDH2 filament (PDB: 6U90). The finger domain is
significantly shifted towards the Bateman domain in the G113E structure.

B. G113E+ATP filament structure aligned at the catalytic domain with the compressed
free octamer structure of WT IMPDH2 (PDB: 6UC2). The finger domain is in a similar

placement as G113E, but the Bateman domain of G113E is shifted relative to the
catalytic domain.

C. The volume around residue 113 and allosteric site 3. No nucleotide is observed in
allosteric site 3.

D. Volume around ATP molecules in site 1 and site 2.
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Figure 2.16: S160del cryo-EM data processing workflow in cryoSPARC.
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Figure 2.17: S160del cryo-EM structures.

A. Structure of the hIMPDH2 monomer under physiologically rélevant ligand conditions
(with bound ATP, GTP, IMP, NAD+). Serine 160 is located within the regulatory
Bateman domain and is proximal to both ATP in site 1 and GTP in site 2 when bound.

Potential hydrogen bonds to the phosphates of ATP in site 1 are displayed as dashed
lines.
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B. Distribution of S160del assembly states as determined by cryo-EM. Selected 2D
class averages are shown. The majority of selected particles (68%) are classified as
interfacial octamers with a smaller subset (28%) of tetramers. Only 4% of selected
particles existed in the canonical octamer state, but secondary structure is apparent in
the Bateman domains.

C-D. Cryo-EM map of the S160del interfacial octamer (C). Only the catalytic domain is
resolved (green). The disordered Bateman domain is represented as a purple dashed
line. Both NAD+ and IMP are bound (D).

E-F. Cryo-EM map of the S160del tetramer (E). Only the catalytic domain is resolved
(green). The disordered Bateman domain is represented as a purple dashed line. Both
NAD+ and IMP are bound (F).
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Figure 2.18: FSC curves and viewing direction distributions of S160del cryo-EM
structures.
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Figure 2.19: Model comparisons of S160del interfacial octamer and tetramer
structures.

Aligned

L
7 S160del interfacial octamer (9MUC) Chain A Chain C

ll’\/ CaRMSD =0.6 A S$160del interfacial octamer (9MUC)

A. The S160del interfacial octamer structure (green) aligned to the previously published
WT hIMPDH2 interfacial octamer structure (gray). Bateman domains are highly mobile
and unresolved in both structures. The alpha-carbon RMSD of 0.6 A suggests no major
differences in the catalytic domain.

B. The S160del interfacial octamer aligned to the S160del tetramer at Chain A. The
filament assembly interface of the interfacial octamer is flat compared to the tetramer,
which is bowed by 2 degrees.
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Table 2.1: Kinetic parameters of IMPDH2 variants compared to WT IMPDH2.

IMP NAD* Vmax app
Variant
Ko.5 (M) Hill Ko.5 (M) Hill (MM NADH min-')

WT 45.6 7.4 449 5.3 22+0.1
G113E 17.6 2.3 449 2.8 24+0.8
G113R 20.1 2.8 315 3.3 2005
G207R 355 2.8 371 5.8 21+0.1
S160del 15.1 2.8 25.8 5.7 1.7+0.2
Q243H 52.1 4.9 60.2 3.0 3.6+0.5
L245P 16.9 1.7 24.6 3.5 28+04
K238R 17.2 2.5 334 9.0 1.4+0.1
N198S 25.7 3.2 53.0 5.5 2.2+0.03
K205E 31.7 3.9 53.0 4.1 25+0.1
K229del 17.9 3.1 446 3.3 20+0.3
F114V 22.2 2.6 36.2 2.6 1.8 £0.02
R341Q 120.9 1.0 89.0 0.9 1.5+0.2
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Table 2.2: Data collection and refinement statistics for L245P structures.

hIMPDHZ-.L245P hIMPDH2-L245P hIMPDH2-L245P hIMPDH2-L245P hIMPDH2-L245P
exter_\ded filament extended filament segment compr_essed filament compressed filament bent filament
interface interface segment segment
Ligands ATP, IMP, NAD+ ATP, IMP, NAD+ GTP, ATP, IMP, NAD+ GTP, ATP, IMP, NAD+ GTP, ATP, IMP, NAD+
PDB ID 8FOZ 8G8F 8FUZ 8G9B N/A
EMDB ID EMD-29357 EMD-29848 EMD-29482 EMD-29863 EMD-29870
Data collection and refinement
Magnification 105,000 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300 300
Electron exposure (e7A?) 60 60 60 60 60
Defocus range (um) -1.71—-0.27 -1.71—-0.27 -1.74 —-0.28 -1.74 —-0.28 -1.74 —-0.28
Pixel size (data collection) (A) 0.4215 0.4215 0.4215 0.4215 0.4215
Pixel size (reconstruction) (A) 0.843 0.843 0.843 0.843 0.843
Micrographs (no.) 2,648 2,648 2,967 2,967 2,967
Initial particles (no.) 1,893,802 1,893,802 1,421,990 1,421,990 1,421,990
Final particles (no.) 152,170 54,304 89,981 26,540 91,716
Symmetry imposed D4 D4 D4 D4 C1
g:l'i’o':i‘:::;‘::c':::?i\) 2.06-3.37 263-459 243-4.10 3.05-5.21 276591
z’ef:;u;;)g), (R:)Ilon postprocess 2.1 28 20 32 30
Resotution, densky modiied 20 26 21 30 27
Model refinement and validation

Initial model (PDB ID) 6USE 6USN 6U8S 6U90 N/A
R.m.s. deviations

Bond lengths (A) 0.0083 0.0136 0.0109 0.0164 N/A

Bond angles (°) 0.80 1.25 1.01 1.27 N/A
MolProbity score 1.17 2.05 1.31 1.84 N/A
Clashscore 294 7.63 4.61 10.84 N/A
C-beta deviations 0 0 0 1 N/A
Rotamer outliers (%) 1.31% 1.87% 1.17% 0.60 N/A
Ramachandran plot

Favored (%) 99.47% 93.61% 97.92% 95.85% N/A

Allowed (%) 0.53% 5.98% 2.08% 3.99% N/A

Disallowed (%) 0.00% 0.41% 0.00% 0.15% N/A
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Table 2.3: Data collection and refinement statistics for G113E structure.

hIMPDH2-G113E
compressed filament

segment
Ligands ATP
PDB ID N/A
EMDB ID N/A

Data collection and refinement

Magnification 130,000
Voltage (kV) 300
Electron exposure (e/A?) 90
Nominal defocus range (um) -2.50 — -0.59
Pixel size (data collection) (A) 0.525
Pixel size (reconstruction) (A) 1.05
Micrographs (no.) 1,472
Initial particles (no.) 261,014
Final particles (no.) 43,299
Symmetry imposed D4
Resolution, Relion 28
postprocess (0.143 FSC) (A)
Model refinement and validation

Initial model (PDB ID) 6U90
R.m.s. deviations

Bond lengths (A) 0.0197

Bond angles (°) 1.01
MolProbity score 243
Clashscore 8.35
C-beta deviations 0.00%
Rotamer outliers (%) 8.80%
Ramachandran plot

Favored (%) 96.19%

Allowed (%) 3.81%

Disallowed (%) 0.00%
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Table 2.4: Data collection and refinement statistics for S160del structures.

hIMPDH2-S160del
Interfacial octamer

hIMPDH2-S160del
Tetramer

Ligands GTP, ATP, IMP, NAD+ GTP, ATP, IMP, NAD+
PDB ID 9MuUC 9MUB
EMDB ID EMD-48628 EMD-48627
Data collection and refinement
Magnification 45,000 45,000
Voltage (kV) 200 200
Electron exposure (e/A?) 50 50
Nominal defocus range (um) -1.8—-1.2 -1.8—-1.2
Pixel size (data collection) (A) 0.4425 0.4425
Pixel size (reconstruction) (A) 0.885 0.885
Micrographs (no.) 2,630 2,630
Initial particles (no.) 1,393,912 1,393,912
Final particles (no.) 615,147 259,441
Symmetry imposed D4 C4
Resolution, CryoSPARC 21 25
postprocess (0.143 FSC) (A)
Resolution, Phenix density 21 23
modification (0.5 FSC,,) (A)
Model refinement and validation

Initial model (PDB ID) 6UA5 6UAS5
R.m.s. deviations

Bond lengths (A) 0.0162 0.0162

Bond angles (°) 1.90 1.99
MolProbity score 1.17 1.02
Clashscore 1.33 1.35
C-beta deviations 0.00% 0.62%
Rotamer outliers (%) 2.57% 1.49%
Ramachandran plot

Favored (%) 98.20% 97.88%

Allowed (%) 1.80% 2.12%

Disallowed (%) 0.00% 0.00%
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Chapter 3. Using dinucleoside polyphosphates to further
interrogate the effects of $S160 deletion from IMPDH2

Adapted from:

O'Neill, A. G., McCartney, M. E., Wheeler, G. M., Patel, J. H., Sanchez-Ramirez, G.,
Kollman, J. M., & Wills, A. E. (2025). An IMPDH2 variant associated with
neurodevelopmental disorder disrupts purine biosynthesis and somitogenesis. bioRXxiv,
2025-05.

3.1 S160del mutant assembles into filaments with dinucleoside polyphosphates.

We previously showed that the deletion of S160 significantly disfavors filament
assembly. This is likely a result of shifting important contacts at the Bateman dimer
interface that are downstream of residue 160 and/or reducing affinity for nucleotide
binding to allosteric site 1 or 2 (Fig. 3.1). The interaction of opposing finger domains
within a compressed IMPDH octamer is thought to be responsible for inhibition of
IMPDH2 (Fig. 1B). Finger domains would not be positioned to interact at all in the free
tetramers or interfacial octamers observed in our previous cryo-EM dataset of S160del
(Fig. 2.17B). However, the small population of canonical octamers that we observed
suggested that S160del can form the Bateman dimer interface in the presence of
adenine and guanine nucleotides. Dinucleoside polyphosphates have been reported to
bind across allosteric sites 1 and 2 of human IMPDH2 with 100x higher affinity than ATP
or GTP alone (74). We hypothesized that we could stabilize the Bateman dimer
interface of S160del by incubating with either ApSA or Ap5G. We used negative stain
EM to screen for the effects of these ligands on filament assembly.

Incubation of WT hIMPDH2 with Ap5A resulted in extended and flexible filaments, while
incubation with Ap5G resulted in symmetrically compressed filaments, matching our
previous results with ATP and GTP (26) (Fig. 3.2B). In contrast, S160del formed
compressed filaments with either ApSA or Ap5G, suggesting that the selectivity of
nucleotide binding might be impaired in the S160del mutant (Fig. 3.2A). Additionally,
S160del filaments, but not WT filaments, disassembled upon addition of IMP and NAD+
(Fig. 3.2A), suggesting that the motions that occur during the catalytic cycle may
introduce strain to the Bateman dimer interface, which we hypothesized to be weakened
by the deletion of S160.

Interestingly, the addition of GTP to S160del filaments that were formed with Ap5A, but
not Ap5G, also caused disassembly (Fig. 3.2A). WT filaments formed with either Ap5A
or Ap5G did not disassemble with the addition of GTP (Fig. 3.2B). The observed
differences between S160del and WT filaments prompted further in vitro
characterization of these structures.
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3.2 S160del filaments remain insensitive to GTP inhibition.

After establishing that S160del can form filaments with dinucleoside polyphosphates,
we next sought to test whether these filaments were sensitive to GTP inhibition. We
assayed S160del and WT IMPDH2 in the presence or absence of Ap5G and GTP (Fig.
3.3A). The filaments that formed with the addition of Ap5G, GTP, IMP, and NAD+ were
compressed for both S160del and WT (Fig. 3.3B). Interestingly, these S160del filaments
retained full activity, suggesting that the effect of S160del on filament formation is
independent from its effect on allosteric regulation (Fig. 3.3C).

We further probed the activity of S160del and WT in different dinucleoside
polyphosphate states and found that S160del maintained activity in all conditions (Fig.
3.4). WT IMPDH2 was fully inhibited by 1mM ApS5G alone, suggesting that this
concentration was saturating all allosteric sites. Interestingly, WT and S160del
displayed similar levels of activity in the presence of both Ap5A and GTP, and this level
of activity was higher than the basal level of activity. WT IMPDH2 activity was also
nearly doubled in the presence of Ap5A alone. The significance of these results remains
to be determined, but the differences in behavior between WT and S160del prompted
higher-resolution structural characterization with cryo-EM.

3.3 S160del filaments adopt different conformations than WT filaments.

We first collected a cryo-EM dataset of S160del with 1mM ApSA. The consensus
reconstruction from this dataset confirmed that these filaments were compressed (Fig
3.5). The core of the filament was D4 symmetric and well resolved, with a global
resolution of 2.8 A. However, the Bateman domains were unresolved, suggesting a high
degree of conformational heterogeneity. To visualize this heterogeneity, C4 symmetry
expansion and 3D variability analysis focused around one quarter of the octamer
revealed that the Bateman dimers were sampling a range of states along the side of the
filament, while the core of the filament remained stably compressed (Fig. 3.5, 3.6).
While one protomer was extended, the other protomer across the Bateman dimer
interface could compress, allowing the octamer to remain compressed despite
conformational changes at the protomer level. Focused 3D classification of these states
revealed additional heterogeneity within the Bateman dimer, preventing high resolution
characterization of the Bateman domain.

For a direct comparison to the WT enzyme, we collected a dataset of WT hIMPDH2
incubated with 1mM Ap5A (Fig. 3.7). Filaments in this dataset were extended, as
expected, with a rise of 110 A (Fig. 3.5). The finger domains and active site were
disordered, as previously observed in IMPDH samples lacking IMP (PDB: 5MCP). The
structure of the WT enzyme bound to Ap5A was nearly identical to previous structures
of WT enzyme bound to ATP (26), suggesting that dinucleoside polyphosphate binding
to sites 1 and 2 does not introduce artifacts to filament assembly.

To attempt to resolve differences at the Bateman dimer interface and around residue

160, we next solved cryo-EM structures of WT and S160del in the presence of Ap5G
and GTP. By negative stain, these filaments appeared identical (Fig. 3.2). In both cryo-
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EM datasets, the particles were conformationally homogenous and rigidly compressed
(Fig. 3.9, 3.10). Both structures refined to sub 3 A resolution, enabling model building
(Fig. 3.8A, E). The Ap5G ligand was clearly resolved spanning sites 1 and 2 in both
structures (Fig. 3.8C, G). At the Bateman dimer interface, there were clear differences
in the rotamers involved in Bateman dimer contacts (Fig. 3.8D, H). In the WT IMPDH2
filament, D164 forms a salt bridge with R224 across the Bateman dimer interface (Fig.
3.1). This was recapitulated in the presence of Ap5G and GTP (Fig. 3.8D). In the
S160del structure under the same condition, the neighboring phenylalanine residue flips
rotamers, displacing both the aspartate and the arginine. Therefore, a key Bateman
dimer contact is broken as a result of S160 deletion, weakening the interface.

Because S160del + ApSG/GTP filaments remained intact in the presence of substrates,
we wanted to observe these filaments under active turnover conditions. We collected a
dataset of S160del in the presence of Ap5G, GTP, IMP, and NAD+ (Fig. 3.11, 3.12). In
contrast to all previous S160del structures, the filaments in this dataset were
conformationally heterogenous in a similar fashion as the previously described L245P
dataset, primarily adopting “bent” conformations. After selecting specifically for filament
segments and employing reference-based motion correction to boost resolution, the
final structure did not improve beyond 3.2 A in resolution with relaxed D4 symmetry
imposed (Fig. 3.12). Filament bending was clearly observed following C4 symmetry
expansion and focused 3D variability analysis around one quarter of the octamer (Fig.
3.12). Focusing in on the finger domains in each of these frames, we observed finger
domain motions that were coordinated with filament bending (Fig. 3.11B). In the frame
with the best resolved Bateman dimer, the finger domains adopted a position strikingly
similar to the previously described G113E filament structure and both the WT and
S160del ApS5G/GTP structures (Fig. 3.13). This finger domain position also fits well into
the S160del + ApSA map. In the final frame of the series, the finger domains switch to a
position similar to what has previously been observed in WT IMPDH2 filament
structures (PDB: 6U8N and 6U90). This motion of finger domains in actively cycling
S160del filaments may be related to motions during the catalytic cycle, as no
heterogeneity was observed in the S160del + Ap5G/GTP dataset lacking substrates
(Fig. 3.9).

3.4 Discussion.

In order to isolate the effects of S160del on filament formation and GTP inhibition, we
showed that we can stabilize the formation of S160del filaments by incubating with
dinucleoside polyphosphates, Ap5A and Ap5G, which bind to hIMPDH with high affinity
(74). Interestingly, while Ap5G promoted S160del polymerization in a compressed
conformation, these filaments remained insensitive to GTP inhibition, suggesting that
the deletion of S160 has an effect on allosteric regulation beyond destabilizing filament
formation, linking S160del to the other constitutively compressed mutants G113E and
G113R (Fig. 3.3).

We further characterized the differences in behavior between WT and S160del

filaments in the presence of dinucleoside polyphosphates with negative stain and cryo-
EM. Interestingly, S160del filaments formed with either ApSA or Ap5G disassembled
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when substrates were added (Fig. 3.2). During the catalytic cycle of IMPDH, the large-
scale rearrangement of the catalytic domain (12) may strain the Bateman interface
enough to break apart these weakened S160del filaments.

In the presence of Ap5A, WT filaments were extended. S160del + ApSA filaments were
compressed, with finger domains serving to stabilize the central octamer while Bateman
domains flexibly sampled a range of states along the side of the filament (Fig. 3.5). In
the presence of Ap5G and GTP, we observed a lost contact at the Bateman dimer in
S160del, which likely serves to weaken the interface (Fig. 3.8). In all of these conditions,
S160del was found to be catalytically active (Fig. 3.4).

In actively turning over S160del filaments, we observed finger domain motions
coordinated to filament bending motions (Fig. 3.11B). Previous work has implicated the
finger domains to be important for both IMPDH activity and inhibition. Interestingly,
mutations which disrupt the secondary structure of the finger domain in Ashbya gossypii
IMPDH were found to significantly reduce IMPDH activity (21). Future work will shed
light on the specific role of the finger domain in the catalytic cycle of hIMPDH2, but the
similarities observed between our G113E and S160del structures described here
suggest that there may be a unifying explanation for how allosteric regulation is
disrupted for these compressed mutants.
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Figure 3.1: Bateman dimer interface contacts in WT hIMPDH2.
Extended Bateman dimer interface contacts (6U8N)

Contacts at the Bateman dimer interface in previously published structures of extended
and compressed WT human IMPDH2 filaments.
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Figure 3.2: Negative stain of WT and S160del with dinucleoside polyphosphates.
A 160de| }

Ap5A; IMP;:
; 8 % i

& P e

Representative negative stain images of 2 uM S160del (A) or WT (B) IMPDH2 with
1mM MgCI2 and indicated ligands. Final concentrations of ligands are: 1 mM Ap5A, 1
mM Ap5G, 3 mM IMP, 5 mM NAD*, and 20 mM GTP.
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Figure 3.3: Ligand Binding restores polymerization, but not GTP regulation, to
S160del.
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A. Experimental diagram. S160del IMPDH2 tetramers are active, and the regulatory
Bateman domain (purple) is highly flexible. Ap5G and GTP bind to the Bateman
domains of tetramers and stabilize the formation of canonical octamers and filaments.

B. Negative stain electron micrographs of WT and S160del hIMPDHZ2 in the assay
conditions from panel C.

C. In vitro enzyme assay of WT and S160del hIMPDH2 in the absence (left) or
presence (right) of Ap5G and GTP. Plotting the mean of three technical replicates. Error

bars represent SD.
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Figure 3.4: Activity assays with dinucleoside polyphosphates.
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Each bar represents the average initial rate of three reactions. Error bars represent
standard deviation for n = 3 technical replicates. Velocities were calculated from the
change in absorbance at 340 nm. Reactions were initiated with 300 uM NAD+ and
contained 1 uM enzyme, 1 mM IMP, 1 mM MgCI2, and additional nucleotides as

indicated.



Figure 3.5: S160del and WT IMPDH2 filament segment structures with Ap5A.

110 A

82,286 particles 191,470 particles

WT and S160del filament segment structures with Ap5A bound. The WT filament is
extended, while S160del is compressed with a flexible Bateman domain, as visualized
with 3D variability analysis in CryoSPARC.
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Figure 3.6: S160del + Ap5A cryo-EM data processing workflow and FSC curve.
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Figure 3.7: WT + Ap5A cryo-EM data processing workflow and FSC curve.
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5uM hIMPDH2-WT
1mM Ap5A
1mM MgCl2
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Figure 3.8: S160del and WT IMPDH2 filament segment structures with Ap5G and
GTP.

WT + Ap5G, GTP S160del + Ap5G, GTP

A. Final volume of WT filament segment with Ap5G and GTP bound.
B. Allosteric site 3 of WT structure, showing GTP bound.
C. Allosteric sites 1 and 2 of WT structure, showing Ap5G bound.

D. Bateman dimer interface of WT structure.
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E. Final volume of S160del flament segment with Ap5G and GTP bound.

F. Allosteric site 3 of S160del structure, showing GTP bound.

G. Allosteric sites 1 and 2 of S160del structure, showing Ap5G bound.

H. Bateman dimer interface of S160del structure. The rotamer of F164 (F165 in the WT
structure) is flipped, displacing R223 (R224 in the WT structure). D163 (D164 in the WT

structure) is flipped away from R223 (R224 in the WT structure), preventing it from
forming a salt bridge.
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Figure 3.9: S160del + Ap5G, GTP cryo-EM data processing workflow and FSC

curve.
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Figure 3.10: WT + Ap5G, GTP cryo-EM data processing workflow and FSC curve.
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5uM hIMPDH2-WT
1mM Ap5G
5mM GTP
1mM MgCI2
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Figure 3.11: S160del + Ap5G, GTP, IMP, NAD" filament segment structure.
A Ap5G, C-.‘;TP, IMIj, NAD*

NAD*
\ R ]

- ¢ Y gy 1\\
> \ s 4 , h/

filament segment structure of S160del with Ap5G, GTP, IMP, and
NAD* bound. The previously published compressed filament structure of WT IMPDH2
(6U90) was rigid body fit into the best resolved volume, and density supporting IMP and
NAD* binding is shown.

B. Frames output from 3D variability analysis run on the S160del + Ap5G, GTP, IMP,
NAD* filament structure. For each frame, the entire reconstruction is shown above a
focused view of the finger domains. The finger domain position in frame 0 agrees with
the position of the S160del + Ap5G, GTP filament structure rigid-body fit into the volume
(black ribbon). The finger domain position in frame 9 agrees with the position of the
previously published, compressed WT filament (PDB: 6U90), with individual chains
rigid-body fit into the volume.
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Figure 3.12: S160del + Ap5G, GTP, IMP, NAD" cryo-EM data processing workflow

and FSC curve.
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Figure 3.13: Comparison of G113E, WT, and S160del structures.

G113E + ATP

A. WT (gray) and S160del (green/pink) structures with Ap5G and GTP bound. Models

are aligned at the catalytic domain (green). No significant differences in backbone are
observed.

B. G113E + ATP (black) and S160del + Ap5G, GTP (green/pink) structures. Models are
aligned at the catalytic domain (green). The position of the finger domains is

comparable, but the Bateman domain of G113E is shifted closer towards the catalytic
domain.
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Table 3.1: Data collection and refinement statistics of S160del and WT cryo-EM
structures with dinucleoside polyphosphates.

hIMPDH2-5160del + hIMPDH2-WT + hIMPDH2-S160del + hIMPDH2-WT + h""lz?“":‘;;sslzzd"
lf\"I)SA cotmpresse:i f-II\p5A (:xtendedt Ap"ﬁ, GTPtcomprestsed Ap.';fli, GTP‘ comprestsed filament segment
ilament segmen ilament segmen ilament segmen ilament segmen with substrates
Ligands Ap5A ApSA Ap5G, GTP Ap5G, GTP ’T&i%%f’
Data collection and refinement
Magnification 45,000 45,000 45,000 45,000 105,000
Voltage (kV) 200 200 200 200 300
Electron exposure (e-/A2) 50 50 50 50 49
Nominal defocus range (um) -1.8—-1.2 -1.8—-1.2 -1.8—-1.2 -1.8—-1.2 -1.0—-0.7
Pixel size (data collection) (A) 0.885 0.4425 0.885 0.885 0.4215
Pixel size (reconstruction) (A) 0.885 0.885 0.885 0.885 0.843
Micrographs (no.) 3,699 2,529 2,903 2,512 4,541
Initial particles (no.) 680,501 2,333,565 816,600 1,848,983 2,596,236
Final particles (no.) 191,470 82,286 576,365 884,191 139,342
Symmetry imposed D4 D4 D4 D4 D4 (relaxed)
postprocese (3143 FSC) (4) 28 30 29 26 32
Model refinement and validation

Initial model (PDB ID) N/A N/A 6uUCc2 (S160del + Ap5G, GTP) N/A
R.m.s. deviations

Bond lengths (A) N/A N/A 0.0194 0.0202 N/A

Bond angles (°) N/A N/A 2.10 226 N/A
MolProbity score N/A N/A 1.78 1.23 N/A
Clashscore N/A N/A 4.23 1.10 N/A
C-beta deviations N/A N/A 23 25 N/A
Rotamer outliers (%) N/A N/A 3.69% 3.50% N/A
Ramachandran plot

Favored (%) N/A N/A 97.20% 98.28% N/A

Allowed (%) N/A N/A 2.27% 1.72% N/A

Disallowed (%) N/A N/A 0.53% 0.00% N/A
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Chapter 4. S160del expression in Xenopus tropicalis results
in metabolic, neuromuscular, and filament-assembly defects

Adapted from:

O'Neill, A. G., McCartney, M. E., Wheeler, G. M., Patel, J. H., Sanchez-Ramirez, G.,
Kollman, J. M., & Wills, A. E. (2025). An IMPDH2 variant associated with
neurodevelopmental disorder disrupts purine biosynthesis and somitogenesis. bioRXxiv,
2025-05.

4.1 Overexpression of S160del in Xenopus tropicalis.

Previous studies on enzymes in the purine biosynthetic pathways have used Xenopus
laevis to gain insight into neuromuscular phenotypes caused by imbalanced purine
pools during embryonic development, motivating our present study (75). Xenopus is
also a convenient vertebrate system for in situ imaging of large macrostructures using
immunostaining, making it amenable to our study of IMPDH filaments. With human
IMPDH2 sharing 93% amino acid sequence identity with Xenopus tropicalis IMPDH2
(Fig. 4.1), Xenopus tropicalis is therefore a useful animal model to study the effects of
IMPDH2 mutants on both neurodevelopment and the formation of filament
macrostructures in vivo, bridging the gap between in vitro work and disease
phenotypes.

Because all patients were heterozygous for these IMPDH2 variants (Table 1.1), we
hypothesized that the mutants would exert a dominant effect on early development (44).
We therefore sought to interrogate the effects of adding S160del to the endogenous
functions of IMPDH2 in vivo. To test this, we overexpressed WT and S160del human
IMPDH2 (hIMPDH2) in Xenopus tropicalis embryos. We synthesized mRNA transcripts
encoding WT or S160del hIMPDH2 (Fig. 4.2) and injected this mMRNA into both cells at
the 2-cell stage (Fig. 4.3C). Western blots of whole embryo lysates at stage 21,
approximately 1 day post fertilization (dpf), confirmed dose-dependent overexpression
of the injected mMRNA compared to uninjected controls (Fig. 4.3D, 4.4). We detected the
persistence of overexpressed IMPDH2 via western blot up to stage 47, approximately 5
dpf, for the 1000 pg dose of mMRNA (Fig. 4.5).

4.2 S160del disrupts purine metabolism in vivo.

We then investigated the mutant’s effect on metabolism in the developing tadpole
through liquid chromatography-mass spectrometry (LC-MS) of whole tadpole lysates,
collected at stage 41, approximately 3 dpf. Our previous in vitro characterization of
S160del led us to propose that its insensitivity to feedback inhibition would result in a
gain-of-function effect in vivo. We hypothesized that expression of this mutant would
result in increased pools of guanine nucleotides over adenine nucleotides in purine
biosynthesis (Fig. 4.3B). Strikingly, we found that while WT-expressing tadpoles had no
significant difference in metabolite levels compared to uninjected tadpoles, the
metabolic profile of S160del-expressing tadpoles had significantly shifted (Fig. 4.6, 4.7).
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The downstream metabolites XMP, GMP, guanine, guanosine, and xanthosine were
significantly elevated (Fig. 4.3F-G, 4.8). Conversely, IMP and AMP levels were
decreased in the S160del group (Fig. 4.3E, H). The S160del group also had elevated
levels of urate, a product of purine nucleotide degradation (Fig. 4.8). These findings
demonstrate that S160del specifically disrupts the physiological abundance of purine
nucleotides, supporting the hypothesis that the gain-of-function effect of S160del
impacts relevant metabolite levels.

4.3 S160del expression affects early Xenopus tropicalis development.

After establishing that S160del expression affects metabolism in an animal model, we
sought to understand its impact on early development. We began with behavioral and
morphological characterization of tadpoles expressing S160del. At stage 41, tadpoles
expressing WT or S160del hIMPDHZ2, as well as uninjected controls, were tested for
their ability to swim away from physical stimulus with a blinded escape reflex assay
(76). Tadpoles expressing S160del were significantly less responsive than the dose-
matched WT groups and the uninjected controls (Fig. 4.3J). They also twitched
spontaneously, without any external stimulus (Fig. 4.3K). Following behavioral scoring,
tadpoles were fixed and imaged on a stereomicroscope for morphological phenotyping
and measurements of tail curvature (77). Both groups expressing S160del were
significantly shorter (Fig. 4.9) and had significantly more ventrally curved tails,
compared to the dose-matched WT groups and the uninjected controls (Fig. 4.31, 4.3L).
Notably, tadpoles injected with 1000 pg of hIMPDH2-WT mRNA were also shorter than
the uninjected controls (Fig. 4.9). However, the ventral tail curvature and the twitching
behavior cannot be attributed to overexpression of hIMPDH2, as the controls
overexpressing WT hIMPDH2 at similar levels were indistinguishable from uninjected
controls with endogenous IMPDH2 levels. These phenotypes resemble patient
symptoms of hyperkinetic movements and abnormal posturing and suggest that
expression of S160del in a vertebrate system specifically results in morphological and
neurobehavioral defects during development.

4.4 Somite boundaries are disorganized in tadpoles expressing S160del.

The motor defects and tail morphology in S160del-expressing tadpoles led us to
hypothesize that there were underlying defects in either muscle or neuronal
development. To assess tissue-specific defects in the developing tadpoles, we
performed immunostaining of neurofilament and skeletal muscle on fixed tadpoles at
stage 41. From the neurofilament staining, tadpoles expressing S160del had a
significantly lower density of intersomitic axon bundles along the length of the tail, and
organization of the remaining axons was disrupted (Fig. 4.10B, D). Notably, the WT-
injected group had a slightly higher number of axon bundles per millimeter as compared
to the uninjected controls (Fig. 4.10D). From the skeletal muscle staining, there was
also a clear defect in the number and clarity of somite boundaries, with poorly defined or
indistinguishable somite boundaries in tadpoles expressing S160del (Fig. 4.10C, E).
Taken together, these results suggest a defect in both myogenesis and intersomitic
neuron distribution resulting from S160del expression, resembling the hypotonia of
patients.
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4.5 S160del has a dominant negative effect on IMPDH assembly in vivo.

To understand how S160del might exert a dominant effect, we sought to determine
whether it might disrupt one of the key properties of IMPDH2: its ability to form rod and
ring filament structures. We previously described the formation of rods and rings in the
developing tadpole under metabolic challenges, including tail regeneration and
treatment with the IMPDH inhibitor mycophenolic acid (MPA) (78). In wildtype,
uninjected tadpoles, IMPDH2 expression was primarily diffuse in the axial skeletal
muscle when observed via immunostaining (Fig. 4.11E). However, upon MPA
treatment, we observed robust rod and ring formation from endogenous IMPDH2,
particularly along the boundaries of the somitic muscles (Fig. 4.11B). Similarly, tadpoles
expressing WT hIMPDH2 formed rods and rings in response to MPA treatment.
Notably, even without MPA treatment, some rods and rings were present in WT
hIMPDH2-expressing tadpoles, presumably due to the effects of overexpression (Fig.
4.11C, 4.11F). Overexpression of IMPDH has been reported to induce in rods and rings
in previous cell culture studies (13, 79, 80).

In contrast to uninjected and WT-injected tadpoles, tadpoles expressing S160del
hIMPDHZ2 exhibited a dominant-negative loss of rod and ring formation under MPA
treatment, with fewer structures observed (Fig. 4.11D, 4.11G). This data indicates that
the structural phenotype we have observed in vitro for S160del translates to a defect in
rod and ring formation in the cells of a vertebrate system. S160del is likely able to co-
assemble with endogenous IMPDH into heterooligomers, preventing endogenous
IMPDH filament assembly.

4.6 Discussion.

Errors in purine and pyrimidine metabolism result in a variety of disorders affecting
neuromuscular development, including dystonia (81, 82). Both gain-of-function and loss-
of-function mutations have been documented in purine-related developmental disorders,
sometimes affecting the same enzyme. Such is the case for
phosphoribosylpyrophosphate synthetase (PRPS), a regulatory enzyme upstream of
IMPDH in purine biosynthesis, where mutations that decrease activity lead to hearing
and vision loss, muscle weakness, and intellectual disability; mutations that increase
PRPS activity lead to gout and progressive renal failure. The more severe, early-onset
phenotype of PRPS superactivity also includes symptoms similar to those resulting from
PRPS deficiency, such as hypotonia and developmental delay (82). This suggests that
a delicate balance between metabolites in these pathways is essential for proper
functioning of nerves and muscle, and disrupting that balance in either direction can
have deleterious consequences on neuromuscular development, sometimes even
leading to overlapping clinical presentations.

The gout caused by PRPS superactivity is a result of overproduction of uric acid, the
final degradation product of purine nucleotides (83). Build-up of guanine and
hypoxanthine, and subsequent overproduction of uric acid, is characteristic of
congenital HPRT deficiency, which results in increased flux through de novo purine
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biosynthesis rather than the salvage pathway (56, 84, 85). Metabolites like urate and
guanine can therefore be useful biomarkers for diagnosing these disorders.

Recently, Xenopus laevis was used as a model to study the role of purine biosynthesis
in embryonic development (75). Their study focused on the role of adenylosuccinate
lyase (ADSL), an enzyme which functions both up- and down-stream of IMPDH in the
de novo purine biosynthesis pathway. ADSL deficiency in humans also causes
developmental delay, autism, epilepsy, and hyperkinetic movements. Knockdown of
ADSL in Xenopus laevis leads to defects in somitogenesis and hypaxial muscle
formation, likely through disrupting the balance of purine nucleotide pools. Knockdown
of other purine biosynthetic enzymes, hypoxanthine phosphoribosyltransferase (HPRT)
and phosphoribosyl pyrophosphate amido transferase (PPAT) likewise led to the same
myogenic defects in tadpoles, and mirrored the hypotonia seen in patients (75).

Here, we show that expressing the gain-of-function IMPDH2 variant S160del in
Xenopus tropicalis resulted in significantly elevated levels of GMP, guanine, and urate,
supporting our hypothesis that the IMPDH2 hyperactivity we characterized in vitro would
affect metabolite levels in vivo. In addition, we demonstrated that the S160del mutant,
which we previously showed is incapable of forming filaments in vitro, has a dominant
negative effect on the ability of IMPDH to assemble into rod and ring shaped
superstructures in vivo. The expression of this hyperactive variant also resulted in
behavioral and morphological defects in the developing tadpole, including ventral tail
curvature and twitching. Immunostaining of the tail revealed a disorganization of muscle
patterning in the trunk, with poorly defined or indistinguishable somite boundaries and
disorganized innervation of axon bundles in between somites. These data suggest that
disrupted purine pools resulting from S160del hyperactivity may be affecting
somitogenesis, and that the hypotonia and hyperkinetic movements similar to those
observed in patients can be recapitulated in a Xenopus model. Future studies may
investigate if these metabolomic signatures and tissue-level phenotypes hold in
patients.

This work establishes a model for studying the consequences of IMPDHZ2 dysregulation
in a vertebrate system, interrogating the embryonic origin of the disease in parallel with
metabolism and enzyme behavior. The gain-of-function S160del variant impairs
neuromuscular development and IMPDH filament formation in a dominant fashion and
significantly affects purine metabolite levels. Strikingly, overexpression of WT hIMPDH2
did not result in these defects in the developing tadpole, supporting the hypothesis that
normal guanine nucleotide levels are sufficient to inhibit the WT enzyme despite
overexpression. We conclude that dysregulation of IMPDHZ is likely the main driver of
disease in S160del patients, rather than changes in overall IMPDH protein levels.
Future work may focus on using this system to test IMPDH inhibitors as potential
therapeutics for disorders related to IMPDHZ2 hyperactivity.
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Figure 4.1: Amino acid sequence alignment of human and Xenopus tropicalis

IMPDH2.
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Figure 4.2: In vitro synthesis of hIMPDH2 mRNA.
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A. Plasmid map encoding hIMPDH2 in the pCS2+8 backbone vector.

B. hIMPDH2 coding region is under control of the SP6 promoter and followed by a
poly(A) signal. The expected mRNA transcript size is 1784 bp.

C. Agarose gel of linearized plasmid DNA.

D. Agarose gel of the final mMRNA product for WT and S160del hIMPDH2.
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Figure 4.3: Overexpression of human IMPDH2 in Xenopus tropicalis.
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A. Representative plot of IMPDH2 activity under increasing concentrations of GTP for

WT and S160del hIMPDHZ2.
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B. Schematic diagram of de novo purine synthesis. The S160del mutation disrupts
normal allosteric feedback inhibition by GTP, represented as a black (X) in the diagram.

C. Experimental diagram. Xenopus tropicalis embryos are injected with mRNA into each
cell at the 2-cell stage and then raised to NF stage 41 for phenotype and metabolic
assay. Drawings from Nieuwkoop and Faber (1994) Normal Table of Xenopus laevis
(Daudin). Garland Publishing Inc, New York ISBN 0-8153-1896-0. Copyright © 1994
Pieter D. Nieuwkoop and J. Faber. Digital images created by and accessed from
XenBase.

D. Representative western blot analysis of overexpression of hIMPDH2 in Xenopus
tropicalis embryos at NF stage 21, following mRNA injection.

E-H. Quantification of selected purine synthesis metabolites from LC-MS assay. Each
data point represents normalized metabolite abundance of an aggregate tissue sample
composed of 10 whole tadpoles. One-way ANOVA and Tukey’s multiple comparisons
test performed on metabolite levels normalized to total protein from BCA. Plotting mean
+/- SEM.

|. Photographs of NF stage 41 tadpoles following injection with the indicated mRNA.

J and K. Quantification of behavior effects of IMPDH2 overexpression. Plotting
percentage +/- the 95% confidence interval of the proportion, calculated using the
Wilson/Brown method. Chi-square analysis indicated significance. The Marasculio
procedure was used to determine if WT and S160del groups were significantly different,
at P=0.05.

L. Quantification of ventral tail curvature. One-way ANOVA and Tukey’s multiple
comparisons test. Plotting mean +/- SEM.
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Figure 4.4: Dose-dependent overexpression of hIMPDH2 mRNA.
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Representative western blot analysis of the mRNA dose response on hIMPDH2 protein
expression in Xenopus embryos at NF stage 21, approximately 1 dpf. Trend was seen

across two independent experiments.
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Figure 4.5: Time-course western blot of tadpoles injected with S160del mRNA.
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Figure 4.6: Volcano plots of metabolomics data.
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Figure 4.7: Principal component analysis of metabolomics dataset.
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Figure 4.8: Other metabolites of interest.
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Figure 4.9: Length of tadpoles at stage 41.
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Figure 4.10: Tadpoles expressing hIMPDH2-S160del have somitic defects.
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A. Diagrams of experimental design and simplified Xenopus tropicalis tail anatomy.
Xenopus tropicalis embryos are injected with 500 pg of mMRNA into each cell at the 2-
cell stage and then raised to NF stage 41, approximately 3 dpf.



B. Representative anti-neurofilament immunofluorescence images of tadpoles injected
with the indicated mRNA.

C. Representative anti-skeletal muscle immunofluorescence images of tadpoles injected
with the indicated mRNA.

D. Quantification of the number of intersomitic axon bundles per mm in the tail. One-
way ANOVA and Tukey’s multiple comparisons test.

E. Quantification of somite boundary quality. Fisher’'s exact test for categorical
variables.
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Figure 4.11: S160del destabilizes IMPDH superstructures in vivo.

Endogenous hIMPDH2-WT hIMPDH2-S160del
IMPDH Overexpressed Overexpressed

A. Experimental diagram. Xenopus tropicalis embryos are injected with 500 pg of mRNA
into each cell at the 2-cell stage, raised to NF stage 35 (approximately 2 dpf), and then
treated with either 1 uM MPA or vehicle control. Tadpoles are raised for an additional 24
hours to NF stage 41 and then stained for IMPDH2.

+DMSO

B-G. Representative anti-IMPDH2 immunofluorescence images of uninjected
(endogenous) or mRNA injected tadpoles treated with either 1 uM MPA (B-D) or DMSO
vehicle control (E-G). Insets in the top right corners of each image are close-ups of the
regions indicated by white boxes.
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Chapter 5. Concluding Remarks

In this thesis, | investigated molecular mechanisms of disease resulting from IMPDH2
mutation through the perspectives of allosteric regulation of enzyme activity,
macromolecular structure, conformational equilibrium, metabolism, and vertebrate
development.

This work has demonstrated the following:

1. Pathogenic mutations in IMPDHZ2 disrupt allosteric regulation by either increasing
or decreasing the enzyme’s sensitivity to GTP.

2. The allosteric regulation of both IMPDH2 filaments and free octamers is impaired
by these mutations.

3. The mutations have differing effects on IMPDHZ2 filament structure.

4. The effect of S160 deletion on filament assembly is a separable feature from its
effect on allosteric regulation.

5. S160del expression blocks IMPDH filament assembly in Xenopus tropicalis.

6. S160del expression in Xenopus tropicalis disrupts purine nucleotide metabolism
and neuromuscular development.

Pathogenic mutations in IMPDH2 disrupt allosteric regulation.
Conclusions 1 and 2

IMPDH2, a filament-forming enzyme which catalyzes the first committed and rate-
limiting step in guanine nucleotide biosynthesis, is allosterically regulated by
downstream nucleotides GDP and GTP (Fig. 1.1). Here, we show that eleven IMPDH2
mutants desensitize the enzyme to GTP inhibition, and one mutant, R341Q,
hypersensitizes the enzyme to GTP inhibition (Fig. 2.1). Making use of an engineered
filament-interface disrupting mutation, Y12A, we also show that the disease mutations
disrupt the GTP inhibition of IMPDH2 when not assembled into filaments (Fig. 2.5, 2.6).
Because IMPDH2 filaments serve to reduce the enzyme’s sensitivity to allosteric
inhibition by GTP, assembly into filaments would further exacerbate the metabolic
consequences of the eleven GTP-desensitized mutants, suggesting that ligands
designed to disrupt the filament interface of IMPDH2 may help throttle the activity of
these mutants and bring their GTP sensitivity closer to physiological nucleotide levels.

Structural biology techniques reveal different mechanisms of disruption to
allosteric regulation.
Conclusions 3 and 4

Interestingly, the twelve mutants investigated here alter IMPDHZ2 structure in different
ways—disrupting filament assembly through destabilizing either the Bateman dimer
interface or filament assembly interface, constitutively forming compressed filaments, or
disrupting the conformational equilibrium to disfavor compression (Fig. 2.3).

The R341Q mutant was found to abolish enzyme cooperativity (Table 2.1), increase
sensitivity to GTP (Fig. 2.1), and prevent filament formation (Fig. 2.3). This mutation is
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predicted to break a contact at the tetramer interface, which would likely destabilize the
placement of the N-terminus and disrupt filament assembly (Fig. 2.4). A high-resolution
structure of this mutant is needed to support this hypothesis and will aid in drug design
efforts to restore this interface.

WT IMPDH2 filaments and octamers are conformationally heterogeneous, sampling a
range of states between the symmetrically extended conformation, which is catalytically
active, and the symmetrically compressed conformation, which is catalytically inhibited
and induced by GTP binding to the regulatory domain (Fig. 1.1). Cryo-EM analysis of
one mutant, L245P, revealed that this mutation, which introduces a proline to the hinge
mediating this conformational change, disrupts the equilibrium between extended and
compressed states, disfavoring symmetric compression of the octamer (Fig. 2.11, 2.12).
Other mutants which resemble L245P by their appearance in negative stain EM (Fig.
2.3) and sensitivity to GTP as free octamers (Fig. 2.6), such as G207R, Q245H, and
K238R, may operate through similar mechanism, though higher resolution
characterization of these mutants is required to support this hypothesis.

Two mutants with differing side chain charges, G113E and G113R, appeared to both
form compressed filaments in the presence of ATP, observed with negative stain EM
(Fig. 2.3). Since residue 113 is proximal to allosteric site 3, where GTP binds to stabilize
compression, we hypothesized that these mutations may alter the environment in site 3
to allow for ATP binding to induce compression. With a high-resolution structure of the
G113E mutant in the presence of ATP, we showed that this mutant was compressed
without the binding of a nucleotide in this site (Fig. 2.15). A possible contact between a
charged residue at position 113 and lysine 242 in the catalytic domain across the hinge
may explain the stabilization of this compressed state (Fig. 2.15C). These mutants
raised the question of how IMPDHZ filaments can maintain activity in a constitutively
compressed state.

For the S160del mutant, we initially showed with negative stain EM that it does not form
filaments in the presence of ATP or GTP (Fig. 2.3). We hypothesized that the deletion of
S160 would destabilize downstream contacts across the Bateman dimer interface or
affect nucleotide binding in allosteric sites 1 or 2, thus disrupting the assembly of
canonical octamers and filaments (Fig. 3.1). With cryo-EM, we showed that the mutant
predominantly assembles into interfacial octamers and tetramers with highly flexible
Bateman domains (Fig. 2.17). However, one small class of canonical octamers was
observed in this dataset, suggesting that the mutation does not completely prevent
dimerization of Bateman domains (Fig. 2.17). Using dinucleoside polyphosphates Ap5G
and Ap5A, which bind IMPDH with higher affinity than ATP or GTP, we demonstrated
that S160del forms constitutively compressed filaments that are catalytically active and
closely resemble the G113E + ATP filament structure (Fig. 3.5, 3.8, 3.13). These
compressed filaments retain full activity in the presence of GTP (Fig. 3.3, 3.4). Cryo-EM
analysis of actively cycling S160del filaments revealed slight filament bending that was
correlated with movement of the finger domains (Fig. 3.11, 3.12). Because this
heterogeneity was not observed in our dataset lacking substrates (Fig. 3.8, 3.9), we
hypothesized that the observed motion is related to the catalytic cycle of the enzyme.
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Further studies interrogating the role of the finger domain in the catalytic cycle of WT
filaments will reveal whether this is a specific feature of the S160del mutant or
generalizable to the mechanism of human IMPDHZ2.

Xenopus tropicalis is a useful model to study IMPDH2 mutation.
Conclusions 5 and 6

To begin investigating the effects of these mutations on vertebrate development, we
overexpressed one gain-of-function mutant, S160del, in the model organism Xenopus
tropicalis, which expresses a version of IMPDH2 that is 93% identical in amino acid
sequence to human IMPDH2 (Fig. 4.1). While overexpression of WT hIMPDH2 in
Xenopus tropicalis did not result in major defects in tadpole development,
overexpression of S160del hIMPDH2 resulted in clear neuromotor defects in 3-day-old
tadpoles (Fig. 4.3). Immunostaining of these tadpoles revealed defects in somite
structure and intersomitic axon organization at somite boundaries, suggesting defects in
myogenesis and/or pathfinding of axons through the trunk tissue (Fig. 4.10).
Metabolomic analysis of these tadpoles demonstrated that purine nucleotide levels were
perturbed in the S160del-expressing group, leading to an overproduction of guanine
nucleotides and a build-up of uric acid, a product of purine nucleotide degradation (Fig.
4.3, 4.7, 4.8). Additionally, when these tadpoles were treated with MPA and
immunostained for IMPDH, S160del expression appeared to have a dominant negative
effect on IMPDH filament formation, suggesting that the in vitro phenotypes we have
described for the S160del mutant translate to this animal model (Fig. 4.11). Taken
together, this work supports the use of Xenopus tropicalis to model neuromuscular
disorders that arise from IMPDH2 mutation, and future work will shed light on the
molecular mechanisms that connect IMPDH2 dysregulation to the described
neuromotor defects and errors in somitogenesis.

Future directions.

While the mutations discussed here are rare, careful characterization of each emerging
IMPDH2 variant will lay the foundation for developing personalized medical
interventions for patients. Because not all mutations disrupt IMPDH2 filament structure
or GTP inhibition in the same way, drug design efforts must take these differences into
consideration. For example, while IMPDHZ2 inhibitors may be a useful strategy for the
eleven GTP-insensitive mutants which likely retain high levels of activity in the cell, this
would not be a suitable approach for the hypersensitive R341Q mutant which we predict
to have low activity in the cell. For R341Q, ligands targeting the tetramer interface to
stabilize the N-terminus and filament assembly may remedy its hypersensitivity to GTP
and restore the enzyme’s cooperativity. Conversely, filament-disrupting approaches
may be suitable for mutants like L245P, to bring GTP-sensitivity closer to physiological
levels. Using the Xenopus tropicalis model to explore these approaches may be a
useful first step towards designing therapeutics.

Our cryo-EM work investigating the effects of IMPDH2 mutations on filament structure

revealed interesting changes in conformational dynamics and protein flexibility. These
results generated new hypotheses that are testable in silico with molecular dynamics
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simulations or in vitro with methods like hydrogen deuterium exchange mass
spectrometry. For example, it would be interesting to use one of these orthogonal
methods to recapitulate the shift in conformational equilibrium we observed with the
L245P mutant or further characterize the motion of the finger domain in the catalytic
cycle of the S160del mutant.

Here, we demonstrated that S160del expression in Xenopus tropicalis impairs both
somite structure and intersomitic axon organization. However, whether these defects
are intrinsic to myogenesis or neurodevelopment remain to be determined, and the
cellular mechanisms bridging purine nucleotide imbalance to these phenotypes are
largely undefined. One possibility could be related to Rho family GTPase activity which
is involved in a wide range of developmental processes including somitogenesis (86),
angiogenesis (87), and axon guidance and branching (88). During somitogenesis,
myogenic precursor cells must undergo a mesenchymal-epithelial transition which is
regulated by Rac1 activity. Previous work expressing either constitutively active or
dominant negative Rac1 in chick embryos showed that both increased and decreased
Rac1 activity resulted in failed somitic epithelialization, suggesting that a narrow window
of Rac1 activity is required for proper development of somites (89). An epithelial-
mesenchymal transition and Rho GTPase activity is also involved in the development of
the neural crest, a structure which depends on IMPDH2 for proper development of the
craniofacial skeleton and enteric nervous system (18). In zebrafish, either treating
embryos with MPA or knocking down IMPDH2 expression inhibits intersegmental blood
vessel formation, suggesting that decreased IMPDH2 activity can also result in defects
in angiogenesis at the somite boundaries (20). And in a study in drosophila, knocking
down either IMPDH or GMP synthetase was shown to impair axon guidance (90).
Interestingly, angiogenesis and axon guidance have implications on the health of
muscle, as improper innervation of muscle or blood supply through the muscle leads to
muscle wasting (91). Therefore, all of these processes and the interplay between them
are likely affected by IMPDH2 dysregulation, possibly through aberrant Rho GTPase
activity. A recent paper has indeed proposed a direct interaction between Rac1 and
IMPDHZ2, that would serve to activate Rac1 by increasing the local concentration of GTP
in the cell (92). However, a structure of the proposed complex has not yet been
reported. Future work investigating Rac1 activity in our model may further clarify the link
between IMPDH2 and Rho GTPases in developmental processes.
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Chapter 6. Methods
Adapted from:

O’Neill, A. G., Burrell, A. L., Zech, M., Elpeleg, O., Harel, T., Edvardson, S., ... &
Kollman, J. M. (2023). Neurodevelopmental disorder mutations in the purine
biosynthetic enzyme IMPDH2 disrupt its allosteric regulation. Journal of Biological
Chemistry, 299(8).

O'Neill, A. G., McCartney, M. E., Wheeler, G. M., Patel, J. H., Sanchez-Ramirez, G.,
Kollman, J. M., & Wills, A. E. (2025). An IMPDH2 variant associated with
neurodevelopmental disorder disrupts purine biosynthesis and somitogenesis. bioRXxiv,
2025-05.

Subcloning of IMPDH2 mutants

IMPDH2 variants were cloned into a pSMT3-Kan vector with an N-terminal 6xHis-
SMT3/SUMO tag. Briefly, primers overlapping the mutation site and overlapping the
Kanamycin resistance region were used for PCR amplification of vector fragments. PCR
products were run on an agarose DNA gel and gel-extracted. Fragments were annealed
in a Gibson assembly reaction for 1 hour at 50°C. Gibson assembly product was
transformed into TOP10 cells and plated. Individual colonies were picked and cultured
in LB media supplemented with Kanamycin. Plasmids were purified with the GeneJET
plasmid miniprep kit, nanodropped, and sequenced with either traditional Sanger
sequencing of the insert (Genewiz) or Nanopore sequencing of the whole plasmid
(Plasmidsaurus).

Recombinant IMPDH expression and purification

Purified IMPDH protein was prepared as described previously (25-27). Briefly, bacterial
expression plasmids were transformed into BL21 (DE3) E. coli and cultured in LB at
37°C to an OD600 of 0.9. Overexpression was induced with 1mM IPTG for 4 hr at 30°C.
Cells were collected by centrifugation. Cell pellets were resuspended at 4°C in lysis
buffer (50 mM KPOQO4, 300 mM KCI, 10 mM imidazole, 800 mM urea, pH 8) with a
dounce homogenizer, and the cells were lysed with an Emulsiflex-05 homogenizer.
Lysate was cleared by centrifugation, and 6xHis-SMT3/SUMO tagged IMPDH2 was
initially purified by Ni affinity chromatography using either a HisTrap FF column (GE
Healthcare Life Sciences) on an Akta Start chromatography system or a handpacked
HisPur™ Ni-NTA resin (Thermo Scientific), eluting with 50 mM KPO4, 300 mM KCI, 500
mM imidazole, pH 8. Fractions containing IMPDH2 were treated with 1 mg ULP1

protease (93) per 100 mg IMPDH for 1 hour at 4°C to cleave the 6xHis-SMT3/SUMO
tag. Following cleavage, 1 mM dithiothreitol (DTT) and 800 mM urea were added to
inhibit polymerization. Protein was concentrated using a 30,000 MWCO Amicon filter
and applied to a Superose 6 column pre-equilibrated in gel filtration buffer (20 mM
HEPES, 100 mM KCI, 800 mM urea, 1 mM DTT, pH 8) using an Akta Pure FPLC
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system. Peak fractions were concentrated using a 10,000 MWCO Amicon filter, flash-

frozen in liquid nitrogen, and stored in single use aliquots at —80°C.

IMPDH activity assays

Protein aliquots were diluted in assay buffer (20 mM HEPES, 100 mM KCI, 1 mM DTT,
pH 7.0) and pre-treated with varying concentrations of ATP, GTP, and IMP for 15
minutes at 25°C in 96 well UV half-area transparent plates (Corning model 3679).
Reactions (100 uL total) were initiated by addition of varying concentrations of NAD+.
NADH production was measured over time in increments of 1 minute for 15 minutes by
absorbance at 340 nm using a Varioskan Lux microplate reader (Thermo Scientific) at
25°C. Absorbance was correlated with NADH concentration using a standard curve.
Specific activity was calculated by linear interpretation of the reaction slope for a 4
minute window. All data points reported are an average of 3 measurements from the
same protein preparation. Error bars are standard deviation. Fits for activity assays
were calculated using the Hill-Langmuir equation V. = V},,,, * [S]"/((K0.5)™ + [S]™) and
ICs0 was calculated using a modified Hill equation V = Vyin * (Vnax — Vimin) /(1 +
(I/1Csp)" ™ (94).

Negatively stained electron microscopy

Samples were applied to glow-discharged continuous carbon EM grids and negatively
stained with 2% uranyl formate. Grids were imaged by transmission electron
microscopy using either an FEI Morgagni at 100kV acceleration voltage and a Gatan
Orius CCD or a 120 kV FEI Tecnai Spirit microscope with a 4k x 4k Gatan Ultrascan
CCD camera. Micrographs were collected at a nominal 22,000x magnification on the
Morgagni or 42,000x magnification on the Tecnai Spirit.

Electron cryo-microscopy sample preparation and data collection

Samples were applied to glow-discharged C-flat holey carbon EM grids (Protochips),
blotted, and plunge-frozen in liquid ethane using a Vitrobot plunging apparatus (FEI) at
4°C, 100% relative humidity. High-throughput data collection was performed using
either an FEI Titan Krios transmission electron microscope operating at 300 kV
(equipped with a Gatan image filter (GIF) and post-GIF Gatan K3 Summit direct electron
detector) or a Thermo Fisher Scientific Glacios TEM operating at 200 kV and equipped
with a Gatan K3 Summit direct electron detector. Data was collected using either the
Leginon software package (95) or SerialEM (96).

Cryo-EM image processing

Data collection parameters are summarized in Tables 2.2, 2.3, 2.4, and 3.1. Individual
workflows for processing each dataset are described in detail in Figures 2.7, 2.10, 2.14,
2.16, 3.6, 3.7, 3.9, 3.10, and 3.12.

Model building and refinement

For L245P and G113E structures, models of human IMPDH?2 filaments in the extended
conformation (PDB 6U8N for the octamer-centered reconstruction and PDB 6US8E for
the interface-centered reconstruction) and the compressed conformation (PDB 6U90
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for the octamer-centered reconstruction and PDB 6U8S for the interface-centered
reconstruction) were used as templates for model building. Templates were rigid-body
fit into the cryo-EM maps using UCSF Chimera, and phenix.real_space_refine was used
for automated fitting employing rigid-body refinement, NCS constraints, gradient-driven
minimization and simulated annealing (97). Outputs from real-space refinement in
PHENIX were inspected and manually adjusted with semi-automated fitting in ISOLDE
and manual fitting in Coot (98-100). This process was repeated iteratively, improving
Molprobity statistics and fit to density. Refinement statistics are summarized in
Supplemental Table 3. Structure figures were prepared using UCSF Chimera (101).

For all other structures: The structure of the WT hIMPDH2 free interfacial octamer was
used as an initial model for the S160del interfacial octamer (PDB: 6UAS5). The structure
of the compressed WT hIMPDH2 free canonical octamer was used as an initial model
for the S160del + Ap5G, GTP filament. Initial models were rigid-body fit into the final
volume in UCSF ChimeraX v1.6.1 (102), and automated fitting was done with real
space refinement in PHENIX v1.20.1-4487, with rigid-body refinement,
noncrystallographic symmetry constraints, gradient-driven minimization, and simulated
annealing (97, 103). The output was manually adjusted residue-by-residue in Coot
v0.9.8.8 (100) and with semi-automated fitting in Isolde v1.6.0 (98). These steps were
repeated iteratively to improve fit and Molprobity statistics. The final model of the
interfacial octamer was used as an initial model for the tetramer, and the same model
refinement process was used. Refinement statistics for the interfacial octamer and
tetramer structures are reported in Table 1. Figures were prepared using UCSF
Chimera (101).

X. tropicalis husbandry and use

Use of Xenopus tropicalis was carried out under the approval and oversight of the
IACUC committee at UW, an AAALAC-accredited institution. (IACUC protocol number
4374-01) Ovulation of adult X. tropicalis and generation of embryos by natural matings
were performed according to published methods (104, 105). Fertilized eggs were de-
jellied in 3% w/v cysteine in 1/9x modified frog ringer’s solution (MR) for 10—15 minutes.
Embryos were reared as previously described (104). Briefly, animals were reared in
petri dishes at a density of no more than 2 tadpoles/mL of 1/9x MR at a temperature of
22 °C. Clutchmates were randomly assigned to treatment groups. Staging was
assessed by the Nieuwkoop and Faber (1994) staging series. Tadpoles do not begin to
feed independently until approximately stage 45 and so were not fed during the course
of these experiments.

Subcloning vectors for mRNA preparation

Plasmids encoding WT and S160del hIMPDH2 were subcloned from pSMT3 bacterial
expression plasmids (pJK053_pSMT3_hIMPDH2 and pJK314_pSMT3_hIMPDH2-
S160del) (25, 45) into the pCS2+8 vector (106) using Gibson assembly. The pCS2+8
vector was a gift from Amro Hamdoun (Addgene plasmid # 34931 ;
http://n2t.net/addgene:34931 ; RRID:Addgene_34931). The IMPDH2 coding region was
amplified with the following primers: hIMPDH2 template (forward -
TTGTTCTTTTTGCAGGATCCATGGCCGACTACCTGATTAGTG; reverse -
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ATTAATGGCGCGCCACTAGTTCAGAAAAGCCGCTTCTCATACGAATGGAG) pCS2+8
vector (forward- TGAGAAGCGGCTTTTCTGAACTAGTGGCGCGCCATTAATTAAAG;
reverse-
CACTAATCAGGTAGTCGGCCATGGATCCTGCAAAAAGAACAAGTAGCTTG). PCR
products were gel extracted. Insert and backbone were ligated at 50°C for 1 hour in a
Gibson assembly reaction. Gibson products were transformed into chemically
competent TOP10 E. coli cells and grown on LB agar plates containing 100 pg/ml
carbenicillin. Individual colonies were picked and grown for 6 hours at 37°C in LB
medium + 100 ug/ml carbenicillin. Plasmid DNA was purified using the GeneJET
Plasmid Miniprep Kit (Thermo Fisher Scientific). Final construct sequence was verified
with both traditional Sanger sequencing of the insert (Genewiz) and Nanopore
sequencing of the whole plasmid (Plasmidsaurus) before using for in vitro transcription.

Preparation of mMRNA

Plasmid DNA was linearized by overnight digestion with Not/ enzyme at 37 °C (New
England Biolabs). Linear DNA was purified by phenol:chloroform:isoamyl alcohol
(25:24:1 viv) extraction followed by precipitation in isopropanol with 0.05 M sodium
acetate. Transcription of mMRNA was performed using mMMESSAGE mMACHINE SP6
Transcription Kit (Invitrogen). Template DNA was degraded by treating with DNase for
10 minutes at 37°C. The resulting mRNA product was purified by two rounds of
precipitation: first in 2.5 M lithium chloride and second in ethanol with 0.14 M
ammonium acetate to remove residual lithium ions. Presence of unfragmented mRNA
was verified by agarose gel electrophoresis before resuspending in nuclease-free water
to a stock concentration of 500 ng/uL.

Microinjections

Injection mixtures were prepared using mRNA, nuclease-free water, and fluorescent
dextran fluoro-Ruby (Invitrogen) to an mRNA concentration of 250 pg/nL. Needles for
injections were created from thin wall glass capillaries containing filament (World
Precision Instrument) using a needle puller. Embryos were collected in batches of
approximately 50 onto a petri dish coated with a thin layer of 0.1% agarose prepared in
1/9x MR to prevent dehydration. A Picospritzer Il (Parker Hannifin Corporation)
connected to a micromanipulator (Narishige) was used to deliver 2 nL of injection
mixture into each blastomere of the 2-cell stage embryo, for a total of 1000 pg of mMRNA
per embryo. Injected embryos were moved into a recovery solution of 3% w/v Ficoll
PM400 (Cytiva) in 1/9x MR for no more than 2 hours before transferring into 1/9x MR
rearing media.

Western Blotting

Four whole embryos or tadpoles per group were homogenized on ice in 100 pL of lysis
buffer (50 mM Tris pH 7.6, 150 mM NaCl, 10 mM EDTA, 0.1% Triton X-100, Roche
cOmpleteTM Protease Inhibitor Cocktail). Homogenized samples were centrifuged at
18,400xg for 20 minutes at 4°C. The soluble fraction was collected, and samples were
denatured by adding 1/4 volume of 4X Protein Sample Loading Buffer (Licor 928-
40004). Samples were heated at 100 °C for 5 minutes. Equal inputs of the samples
were run on a 4-20% Mini-PROTEAN TGX precast gel (BIO-RAD 4561094) at 180 V for
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40 minutes in manufacturer recommended running buffer (25 mM Tris, 192 mM glycine,
0.1% SDS, pH 8.3). Transfer to a nitrocellulose membrane was done using an
Invitrogen Power Blotter Select Transfer Stack (Thermo Fisher PB3310) on an
Invitrogen Power Blotter System (Thermo Fisher PB0012) using the Mixed Range MW
Pre-Programmed method (constant 2.5 A with 25 V limit for 7 minutes). Membrane was
incubated in Intercept PBS Blocking Buffer (Licor 927-70001) for 1 hour at 25°C with
rocking. Membrane was added into 5 mL of 1X PBS-Tween (137 mM NaCl, 2.7 mM
KCI, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.1% w/v Tween-20 detergent) and 5 mL of
Intercept PBS Blocking Buffer. Membrane was incubated in primary antibodies: 1:1000
rabbit anti-IMPDH2 (Proteintech 12948-1-AP) and 1:3000 mouse anti-B-actin (Santa
Cruz Biotech sc-47778) overnight, shaking at 4 °C. Membrane was washed with 1X
PBS-Tween for 4 x 5 minutes, then added into 5mL of 1X PBS-Tween mixed with 5mL
of Intercept PBS Blocking Buffer. Membrane was incubated in the dark for 1 hour,
shaking at 25 °C with secondary antibodies: 1:10000 goat anti-rabbit IgG (H+L) (DyLight
800 Fisher PISA510036) and 1:10000 goat anti-mouse IgG (H+L) (DyLight 680 Fisher
P135518). After 4 x 5 minute washes in 1X PBS-Tween, the membrane was imaged on
a LI-COR Imaging System (LI-COR Biosciences).

Behavioral assays

At stage 41, tadpoles were tested for their ability to swim away from physical stimulus
using a blinded escape reflex assay (76). Each tadpole was prodded once with a pipette
tip at the tip of their tail, and their ability to swim away was tallied. Tadpoles that
appeared to twitch without external stimulus were also tallied. Swimming and twitching
were not treated as mutually exclusive behaviors.

Morphological phenotyping

At stage 41, whole tadpoles were fixed in 1x MEM with 3.7% formaldehyde at 4°C
overnight. Tadpoles were imaged in 1x PBS + 0.1% Tween-20 on a bed of 1% agarose
using a Leica M205 FA stereomicroscope with a color camera. Image analysis and
measurements were done in Fiji.

Immunostaining

Fixed tadpoles were permeabilized by washing 3 x 20 minutes in 1x PBS + 0.01%
Triton X-100 (PBS-Triton). Tadpoles were blocked for 1 hour at room temperature in
10% CAS-block (Invitrogen #00-8120) in PBS-Triton. Tadpoles were then incubated in
primary antibody [1:100 rabbit anti-IMPDHZ2, proteintech 12948-1-AP; 1:50 mouse anti-
skeletal muscle marker, DSHB 12/101; 1:50 mouse anti-neurofilament, DSHB 3A10]
diluted in 100% CAS-block overnight at 4°C. Tadpoles were washed 3 x 10 minutes at
room temperature in PBS-Triton then blocked for 30 minutes in 10% CAS-block in PBS-
Triton. Secondary antibody [goat anti-rabbit 488, Invitrogen A11008; goat anti-mouse
594, Abcam ab150116] was diluted 1:500 in 100% CAS-block and incubated for 2 hours
at room temperature. Tadpoles were then washed 3 x 10 minutes in PBS-Triton
followed by a 10 minute incubation in 1:2000 DAPI (Sigma D9542) in PBS-Triton before
3 x 20 minute washes in PBS-Triton. Isolated tails were mounted on slides in ProLong
Diamond (ThermoFisher P36970).
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Light Microscopy

Images for Figure 1 were acquired on a Leica M205 stereo microscope with Leica
DFC550 color camera using a Plan APO 1.0x objective. Images for Figures 2 and 3
were acquired on a Leica DM5500B upright microscope with motorized stage using
10x/0.30 HC PL Fluotar and 20x/0.50 HCX PL Fluotar objectives. Leica filter sets for
GFP (Ex: 470/40 | Dc: 495 | Em: 525/50) and Texas Red (Ex: 560/50 | Dc: 585 | Em:
630/76) were used for immunofluorescent images. Images were collected using a 4
megapixel CCD sensor (Hamamatsu ORCA-Flash4.0 LT+) at 16-bit depth. Leica LAS X
software was used for image acquisition and processing. All images were Extended
Depth of Field processed from Z-stacks and fluorescent images of whole-mounted
tadpole tails were created by stitching tiles from 3-4 acquisition regions.

Quantification of Immunostaining results

For neurofilament bundle quantification, the number of neurofilament bundles present
posterior of the vent were counted for stage 41 tadpoles injected with 1000pg WT or
S160del hIMPDH2 mRNA, as well as uninjected controls.

For somitic boundary scoring, tadpoles injected with 1000pg WT or S160del hIMPDH2
mMRNA, as well as uninjected controls, were assigned a somite boundary quality score
by binning tails stained for skeletal muscle into 3 categories: well defined (normal
appearance of somites), poorly defined (presence of abnormally-shaped somites or
some lack of boundaries), and indistinguishable (no apparent somite boundaries).

LC-MS sample preparation

For each aggregate tissue sample, 10 whole tadpoles were euthanized with a lethal
dose of MS-222 at stage 41 and transferred into tubes. Media was removed, and
samples were immediately flash frozen in liquid nitrogen. Five aggregate tissue samples
were collected per group. Aqueous metabolites for targeted LC-MS profiling of 15
aggregate tissue samples were extracted using a protein precipitation method similar to
the one previously described (107, 108) by the Northwest Metabolomics Research
Center. Samples were first homogenized in 200 pL purified deionized water at 4 °C, and
then 800 pL of cold methanol containing 124 yM 6C13-glucose and 25.9 uM 2C13-
glutamate was added (reference internal standards were added to the samples in order
to monitor sample prep). Afterwards samples were vortexed, stored for 30 minutes at -
20 °C, sonicated in an ice bath for 10 minutes, centrifuged for 15 min at 14,000 rpm and
4 °C, and then 600 uL of supernatant was collected from each sample (left-over protein
pallet was used for BCA assay). Lastly, recovered supernatants were dried on a
SpeedVac and reconstituted in 0.5 mL of LC-matching solvent containing 17.8 uM
2C13-tyrosine and 39.2 3C13-lactate (reference internal standards were added to the
reconstituting solvent in order to monitor LC-MS performance). Samples were
transferred into LC vials and placed into a temperature controlled autosampler kept at 4
°C for LC-MS analysis.

Targeted LC-MS Assay

Targeted LC-MS metabolite analysis was performed with a similar protocol as
previously described by the Northwest Metabolomics Research Center on a duplex-LC-
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MS system composed of two Shimadzu UPLC pumps, CTC Analytics PAL HTC-xt
temperature-controlled auto-sampler and AB Sciex 6500+ Triple Quadrupole MS
equipped with ESI ionization source (107). UPLC pumps were connected to the auto-
sampler in parallel and were able to perform two chromatography separations
independently from each other. Each sample was injected twice on two identical
analytical columns (Waters XBridge Premier BEH Amide column, Part # 186009930)
performing separations in hydrophilic interaction liquid chromatography (HILIC) mode.
While one column was performing separation and MS data acquisition in ESI+ ionization
mode, the other column was getting equilibrated for sample injection, chromatography
separation and MS data acquisition in ESI- mode. Each chromatography separation
was 16 minutes (total analysis time per sample was 32 minutes). MS data acquisition
was performed in multiple-reaction-monitoring (MRM) mode. LC-MS system was
controlled using AB Sciex Analyst 1.6.3 software. Measured MS peaks were integrated
using AB Sciex MultiQuant 3.0.3 software. The LC-MS assay was targeting 373
metabolites (plus 4 spiked reference internal standards). Up to 175 metabolites (plus 4
spiked standards) were measured across the study set, and over 95% of measured
metabolites were measured across all the samples. In addition to the study samples,
two sets of quality control (QC) samples were used to monitor the assay performance
as well as data reproducibility. One QC [QC(I)] was a pooled human serum sample
used to monitor system performance. The other QC [QC(S)] was pooled study samples,
and this QC was used to monitor data reproducibility. Each QC sample was injected per
every 10 study samples. The data were highly reproducible with a median CV of 3.9 %.
The data were normalized using the total protein count in each sample established with
a BCA assay. Analysis of normalized data was done in MetaboAnalyst 6.0 and
GraphPad Prism 10.

MPA treatment of tadpoles

At two days post fertilization, tadpoles were transferred into 1/9x MR embryo rearing
media supplemented with either 1 uM MPA or DMSO vehicle control and treated for 24
hours before fixation for immunostaining. Tadpoles were fixed in 1x MEM with 3.7%
formaldehyde for 50 minutes at room temperature.

Statistical analysis

For behavioral assays, percentages of tadpoles that swam and percentages of tadpoles
that twitched were calculated, and a 95% confidence interval of each percentage was
calculated using the Wilson/Brown method. Chi-square analysis indicated significant
variation among groups, and the Marasculio procedure was used to compare WT and
S160del, at P=0.05. Tail curve measurements were compared using one-way ANOVA
and post hoc Tukey test for multiple comparisons. For metabolomics data, one-way
ANOVA and post hoc Tukey test for multiple comparisons were used to compare
metabolite abundances between groups. For neurofilament bundle quantification, one-
way ANOVA and post hoc Tukey test for multiple comparisons were used to compare
groups. For somitic boundary scoring, Fisher’s exact test was used to determine
statistical significance. Analysis and graphing were done in GraphPad Prism 10.
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Data availability

Coordinates for cryo-EM structures and maps are deposited in the Protein Data Bank
and Electron Microscopy Data Bank, respectively, with the following accession IDs:
9MUC and EMD-48628 (hIMPDH2-S160del interfacial octamer); 9MUB and EMD-
48627 (hIMPDH2-S160del tetramer); 8FOZ and EMD-29357 (interface-centered
extended hIMPDH2-L245P), 8G8F and EMD-29848 (octamer-centered extended
hIMPDH2-L245P), 8FUZ and EMD-29482 (interface-centered compressed hIMPDH2-
L245P); 8G9B and EMD-29863 (octamer-centered compressed hIMPDH2-L245P);
EMD-29870 (octamer-centered bent hIMPDH2-L245P).

The metabolomics dataset was deposited at metabolomicsworkbench.org under the
Study ID ST003858.
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