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1 | INTRODUCTION

David Fernandez-Justel

| Alberto Jiménez

Abstract

Inosine 5'-monophosphate dehydrogenase (IMPDH) is an evolutionarily con-
served enzyme that mediates the first committed step in de novo guanine
nucleotide biosynthetic pathway. It is an essential enzyme in purine nucleotide
biosynthesis that modulates the metabolic flux at the branch point between
adenine and guanine nucleotides. IMPDH plays key roles in cell homeostasis,
proliferation, and the immune response, and is the cellular target of several
drugs that are widely used for antiviral and immunosuppressive chemother-
apy. IMPDH enzyme is tightly regulated at multiple levels, from transcrip-
tional control to allosteric modulation, enzyme filamentation, and
posttranslational modifications. Herein, we review recent developments in our
understanding of the mechanisms of IMPDH regulation, including all layers of

allosteric control that fine-tune the enzyme activity.
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Inosine 5'-monophosphate dehydrogenase (IMPDH,
EC 1.1.1.205) is the enzyme that catalyzes the oxidative

Adenine and guanine nucleotides are essential molecules
in biology since they constitute the building blocks of
nucleic acids, play central roles in metabolism, and are
involved in multitude of cellular processes, being the
energy source of microtubule polymerization, mRNA
translation, signal transduction, axon guidance, and so
on. Therefore, both de novo and salvage biosynthetic gua-
nine nucleotide pathways must be tightly controlled to
maintain an appropriate balance between adenine and
guanine nucleotide pools, as well as an optimal energy
status for the cell.!

conversion of inosine 5-monophosphate (IMP) into
xanthosine 5-monophosphate (XMP), coupled to the
reduction of NAD" to NADH. XMP is subsequently
transformed into GMP by the enzyme GMP synthase.
The reaction catalyzed by IMPDH constitutes the first
step after the separation of the ATP and GTP de novo
biosynthetic routes and is a rate-limiting step for GTP
biosynthesis (Figure 1). Therefore, IMPDH controls the
gateway to guanine nucleotides, playing critical roles in
cell proliferation and immune response.” The inhibition
of its catalytic activity causes a reduction in the guanine
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nucleotide pools and an imbalance between adenine and
guanine nucleotides." IMPDH inhibitors, including
mycophenolic acid (CellCept®), mizoribine (Bredinin®),
and ribavirin (Virazole® and Rebetol®), are widely used
at present in the clinic as antivirals and immunosuppres-
sants.>* All these inhibitors bind to the catalytic site and
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FIGURE 1 Purine nucleotide biosynthesis simplified pathway.
The reaction catalyzed by IMPDH is indicated in blue color. The
formulas of the substrate IMP and product XMP involved in the
chemical reaction are shown below
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FIGURE 2

compete with the substrates and, therefore, we will not
review here their mechanisms of action. Instead, this
review will focus on the allosteric regulation of IMPDH,
its implications in disease, and its therapeutic potential.

2 | STRUCTURE

An IMPDH monomer contains two well-defined structural
domains: a catalytic domain consisting of a (B/a)s barrel,
which represents the archetypal triose-phosphate isomer-
ase fold known as TIM barrel’® (Figure 2; colored in light
gray), and a regulatory domain inserted within a loop of
the catalytic domain and composed of two cystathionine
B-synthase (CBS) motifs, that constitutes a Bateman
domain® (Figure 2; colored in dark blue). The regulatory
domain is not required for catalytic activity but is essential
for allosteric regulation.”” An additional special feature of
the IMPDH family of proteins is the presence of a twisted
beta sheet (Figure 2; colored in orange) that protrudes
from the C-terminal face of the TIM barrel. This structure,
denoted as “finger domain,”'’ is present in all known
IMPDH and is essential for allosteric modulation.® Within
the finger domain, there exists a functionally essential loop
(Figure 2; colored in green), denoted as “catalytic flap,”
that acquires different conformations,* during the

Structure of IMPDH. (a) Schematic representation of the structural and functional domains of IMPDH. Numbers correspond

to the canonical variant of the human IMPDH1 enzyme. (b) Ribbon representation of a monomer of IMPDH with the two substrates (IMP in

red sticks and NAD™ in green sticks) bound. The catalytic flap is shown with a discontinuous green line to indicate that it is unstructured.

The structural model was generated by homology modeling, using PDBID IMEW as template. (c) Ribbon representation of a tetramer of

IMPDH with the two substrates bound. Color codes are the same for all three panels and they will be maintained throughout the rest of the

figures in the manuscript (except Figure 10)
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catalytic cycle, as described next. In solution, IMPDH
always associates with tetramers, which are formed by the
interaction of the catalytic domains (Figure 2c).

3 | CATALYTIC MECHANISM

The mechanism of reaction of the IMPDH enzyme has
been extensively characterized in different organisms, and
proceeds through a two-step reaction that includes fast
redox transfer and rate-limiting hydrolysis (reviewed in”).
Briefly, a catalytic cysteine residue attacks the C2 of IMP
and the hydride is transferred to NAD™. Then, a thioimi-
date covalent intermediate E-XMP* is formed and reduced
NADH departs from the active site. After NADH depar-
ture, the catalytic flap occupies the vacant dinucleotide site
to properly situate an Arg-Tyr catalytic dyad that activates
a water molecule through proton abstraction and hydro-
lyzes the E-XMP* intermediate. Therefore, a structural
reorganization of the active site of IMPDH allows the
catalysis of two different chemical reactions. This reorgani-
zation implies two mutually exclusive conformations of
the catalytic flap'": an open conformation for ligand bind-
ing, redox reaction, and product release (Figure 3a), and a
closed conformation used for the hydrolysis of the covalent
intermediate E-XMP* (Figure 3b).

4 | THENUCLEOTIDE-
CONTROLLED CONFORMATIONAL
SWITCH

As stated before, the basic unit of IMPDH in solution is a
tetramer but the binding of the adenine nucleotides
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(AMP, ADP, or ATP) to the Bateman domain drives the
head-to-head interaction of two tetramers to form octa-
mers.”'> ATP-induced IMPDH octamers adopt an
extended conformation with a hollow globular shape
with approximate dimensions of 115 x 135 x 135 A. In
these octamers, the active sites, the finger domains, and
the catalytic flaps remain exposed to the bulk of the sol-
vent within the cavity (Figure 4a). All IMPDH enzymes
studied so far bind adenine nucleotides, although this has
sometimes been unnoticed because, in most cases, the
catalytic activity of ATP-induced octamers is similar to
the activity of the tetramers in vitro.”*'*1>

The physiological relevance of AMP and ADP binding
to IMPDH is unclear, given that they must compete with
ATP which is much more abundant in cells.'®'” Thereby,
from now on, we will only refer to ATP binding to
IMPDH. Given that the binding affinity of ATP for
IMPDH lies in the micromolar range and the intracellu-
lar concentrations of ATP are millimolar,'®'” it is reason-
able to expect that ATP-bound IMPDH holo-octamers
will be the predominant species in cells. This argument
challenges the physiological relevance of previous reports
showing ATP-induced activation in vitro,”'®'” although
in most cases, ATP has no significant effects on the cata-
lytic activity in vitro.'*!320722

A variety of guanine nucleotides compete with ATP
for the allosteric sites in the Bateman domain and induce
the compaction of the octamers along the quaternary
symmetry axis by changing the relative orientation of the
catalytic and regulatory domains (Figure 4a). The com-
paction of the octamers is correlated with the inhibition
of the catalytic activity (Figure 4b). Therefore, the compe-
tition between adenine and guanine nucleotides controls
a conformational switch that alternates the extended and
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Conformations of the catalytic site of IMPDH. (a) Ribbon representation of the catalytic site of a monomer of IMPDH with

the substrates bound (represented in green and red sticks) and the catalytic flap disordered (discontinuous green line). The side chain of the
catalytic cysteine, shown in sticks, is positioned for the hydride transfer reaction. (b) A different conformation of the catalytic site, where the
E-XMP* covalent adduct is formed and the catalytic flap is positioned for the hydrolysis reaction. Structural models were generated by
homology modeling using PDBID 1IMEW and 3TSB/4XTD as templates, for (a) and (b) panels, respectively
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FIGURE 4 Nucleotide-controlled conformational switch of
IMPDH. (a) Surface representation of the active and inhibited
octameric conformations of IMPDH. Approximate dimensions
along the quaternary symmetry axis are indicated. A ribbon
representation of two opposite monomers within the octamer is
shown on the right to indicate the relative positions of the
functional domains with these octameric conformations. The
Bateman domains of the monomers in the upper and lower
tetramers are shown in dark and light blue, respectively.

(b) Simulated plot representing the correlation between octamer
compaction and catalytic inhibition with increasing concentrations
of guanine nucleotides inhibitors. This plot represents a general
trend observed for the IMPDH of different organisms

compact IMPDH octamers to modulate their catalytic
activity. Interestingly, this nucleotide-controlled confor-
mational switch is universally conserved from bacteria to
humanS.8’12’20’23_29

The guanine nucleotide-induced compaction of the
octamers forces the finger domains and the catalytic sites
of opposing tetramers to interact (Figure 4a). The interac-
tion of the finger domains forms an interdigitated

pseudo-beta-barrel that blocks the conformational
dynamics of the active site, impeding the structural reor-
ganization required to complete the catalytic cycle
(Figure 2b). As a result, the affinity for the substrate is
significantly reduced and the catalytic activity is
inhibited.®

Whether the switch between the two octameric con-
formations occurs in a concerted or sequential manner is
an interesting and challenging issue that remains
unclear. Recent cryo-EM data suggest that the switch
occurs following the Koshland-Némethy-Filmer sequen-
tial model,*® since mixed states have been observed
within filaments of human IMPDH2 (see below). This
means that, at subsaturating concentrations of guanine
nucleotide inhibitors, mixtures of compressed and
extended protomers can be found within the same
octamer.>

5 | DIVERSITY OF THE BATEMAN
DOMAIN AND ALLOSTERIC
MODULATORS

Bateman domains are widespread protein domains that
have no defined catalytic function, but they regulate
the activity of a wide variety of proteins in all king-
doms of life."®*"** The amino acid sequence of the
Bateman domain is the most different part of IMPDH
and has divergently evolved to generate a variety of
nucleotide-binding sites to adapt allosteric modulation
to the specific requirements of each organism” %2
(Figure 5).

5.1 | Canonical sites

Bateman domains feature two major cavities, related by a
symmetry axis parallel to the central beta-sheets, that
constitute the canonical nucleotide-binding sites.*"**
These sites are present in all studied IMPDHs and are
named according to the evolutionarily conserved Asp res-
idues whose side chains coordinate the hydroxyls of the
ribose of the nucleotides: Aspl62 for the canonical site
1 and Asp226 for the canonical site 2 (these two Asp resi-
dues are framed inside boxes in Figure 5 and numbered
according to the sequence of the human IMPDH1 canon-
ical enzyme). As stated above, in all IMPDH enzymes
studied so far, the two canonical sites bind ATP and
induce an extended-active conformation.

The two canonical sites are the only allosteric sites
described in the Bateman domain of proteobacterial
IMPDH, where site 1 binds preferentially ATP and site
2 can bind either ATP or GTP/GDP?° (Figures 5 and 6).
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FIGURE 5 Diversity of nucleotide-binding allosteric sites in the Bateman domain. Multiple protein sequence alignment of the Bateman

domain of selected organisms. Boxes indicate key residues in the differen

t nucleotide-binding allosteric sites: canonical sites (first and

second), third non-canonical GTP eukaryotic site (third), (p)ppGpp bacterial site, and the GMP site in kinetoplastids. Selected residues are

also marked with asterisks (phosphorylation sites) and an arrow (potential acetylation site). Numbers correspond to the canonical variant of

the human IMPDHI1 enzyme. The schemes below indicate which molecu

When ATP is bound to both canonical sites, IMPDH
adopts an extended conformation that retains full cata-
lytic activity. In contrast, when site 1 is occupied by ATP,
but GTP/GDP are bound to site 2, IMPDH octamers
acquire a compact conformation, and the catalytic activ-
ity is significantly inhibited (Figure 4). Thereby, in pro-
teobacteria, ATP and GTP/GDP compete for the second
canonical site to control the conformational switch that
modulates the catalytic activity of IMPDH.

Similar to the case of adenine nucleotides stated
above, in cells, GTP is about an order of magnitude more
abundant than GDP,'®'7 and it is reasonable to assume
that GTP, rather than GDP, is the main physiological
allosteric inhibitor of IMPDH. Thereby, from now on, we
will only refer to GTP binding to IMPDH.

les bind to each of the allosteric sites in the different taxa

It has been proposed that this is an essential mecha-
nism to control the flux through the GTP de novo biosyn-
thetic pathway and to maintain and appropriate
ATP/GTP intracellular balance in Proteobacteria.*
Accordingly, the deletion of the Bateman domain of
IMPDH in Escherichia coli generates a strong imbalance
in ATP and GTP intracellular pools and, thereby, it plays
an essential role to maintain the physiological concentra-
tions of adenylate and guanylate nucleotides.'>*

Interestingly, both canonical sites can be simulta-
neously occupied by a single molecule of adenine and
guanine dinucleoside polyphosphates.®* These are ubig-
uitous biomolecules where two nucleosides, generally
two adenosines, or an adenosine and a guanosine, are
linked by a chain of two to seven phosphate moieties.



BUEY ET AL.

6of16 PROTEIN
s | WILE Y4 Eroren

(a)
ATP2
\ /ATP1
%4 N
L
~90°
Vﬁ,;ﬂ Y
23 & g
/ ATP1’
ATP2’
(b) GMP
GTP2
GTP3

~90°

GTP3’
GTP2’

Dinucleoside polyphosphates have been described to par-
ticipate in a variety of cellular processes, including DNA
replication and repair, cell division, neurotransmission,
apoptosis, analgesia, vasoconstriction, and platelet aggre-
gation (reviewed in references 34-36). These molecules
occupy the two canonical sites simultaneously with iden-
tical binding modes than the corresponding mononucleo-
tides (Figure 7). Nonetheless, the affinities of the former
are 2 orders of magnitude higher than the latter, due to
the simultaneous reduction of the entropic penalty of
binding, molecularity change, and electrostatic repul-
sion.** Thereby, despite the intracellular concentration of
dinucleoside polyphosphates lies in the range of low/sub-
micromolar range, they can readily compete with mono-
nucleotides and play important roles on the physiological
regulation of IMPDH. Nevertheless, this hypothesis
remains to be experimentally corroborated in vivo.

5.2 | Bacterial (p)ppGpp binding site

In contrast to Proteobacteria, in most other bacterial
phyla, including Firmicutes and Actinobacteria, GTP
does not bind to the second canonical site and, therefore,

FIGURE 6
modulators binding to the Bateman

Diversity of allosteric

domain. (a) Conserved canonical
adenine nucleotide-binding sites in the
active octameric extended conformation
(PDBID 5MCP): two ATP molecules are
shown in sticks, bound to the first
(ATP1, light gray) and the second
(ATP2, red) canonical sites. (b) Guanine
nucleotide-binding sites in the inhibited
octameric compact conformation: ATP is
shown in light gray sticks bound to the
first canonical site (ATP1), GTP in dark
green sticks bound to the second
canonical site (GTP2), GTP in light
green sticks bound to the third non-
canonical eukaryotic site (GTP3), ppGpp
in pink sticks, and GMP in blue sticks
bound to the kinetoplastidial-specific
site. PDBIDs used for creating this figure
are 5TC3 (ATP1, GTP2, and GTP3),
7PMZ (ppGpp), and 6RFU (GMP). The
Bateman domains of the monomers in
the upper and lower tetramers are
shown in dark and light blue,
respectively

FIGURE 7
domain of IMPDH. Structural superimposition of the

Dinucleoside polyphosphates bind to the Bateman

mononucleotides ATP (light gray sticks) and GDP (dark green
sticks) bound to the first and second canonical sites (extracted from
PDBID 5TC3), respectively, and the dinucleoside polyphosphate
Ap5G (orange sticks) simultaneously bound to both sites (extracted
from PDBID 6RPU)

does not affect IMPDH activity.”® Instead, the Bateman
domain of the IMPDH in these bacterial phyla contains
an extra (non-canonical) binding pocket exclusive for the
(p)ppGpp alarmones. These molecules have well-
documented regulatory roles in gene expression and pro-
tein translation, and they also induce rapid changes in
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cellular metabolism by regulating the activity of a variety
of enzymes.*”*®* The (p)ppGpp binding site in IMPDH
partially overlaps the second canonical site (Figures 5
and 6), allowing a direct competition between (p)ppGpp
and ATP to control the conformational switch and modu-
late the catalytic activity. An evolutionary analysis has
proposed that the bacterial IMPDH ancestor contained
the (p)ppGpp binding site, but this site was lost during
the evolution of the proteobacterial lineage that, instead,
modified the second canonical site to allow the competi-
tion between ATP and GTP.*

5.3 | Eukaryotic third guanine
nucleotide non-canonical site

Most eukaryotic IMPDH enzymes possess a unique non-
canonical site exclusive for the guanine nucleotides GTP
and GDP. Nonetheless, as stated above for the second
canonical site, from now on, we will only refer to GTP
binding. This site is located at the interface between the
catalytic and Bateman domains and is physically linked
to the second canonical site® (Figure 6). Therefore, there
exists strong cooperativity between allosteric sites 2 and
3.2* Indeed, the incubation of IMPDH with mixtures of
ATP and GTP results in complexes with ATP bound to
site 1 and GTP bound to sites 2 and 3.'%2>"%’

In eukaryotic IMPDH, the occupancy of the second
canonical and the third non-canonical nucleotide-
binding sites of the Bateman domain determines the con-
formation of eukaryotic IMPDH octamers and, therefore,
their catalytic activity. Remarkably, missense mutations
that map in these two allosteric sites abrogate the alloste-
ric inhibition and are associated with retinopathies and
neuropathies in humans,* as will be described in detail
below.

54 | Protozoan GMP biding site

The high-resolution crystallographic structure of Trypa-
nosoma cruzi IMPDH revealed the presence of ATP and
GMP bound to the Bateman domain. Given that the crys-
tals were obtained by in cellulo crystallization in the cyto-
plasm of Sf9 insect cells, these nucleotides were proposed
to be the genuine allosteric cofactors of T. crugi
IMPDH.* In this structure, ATP occupies the first canon-
ical site, while GMP is bound to a non-canonical pocket
that partially overlaps to the second canonical site
(Figures 5 and 6). This site locates at the interface
between the catalytic and Bateman domains, allowing
GMP to establish direct interactions with both domains

PROTEIN 7of16
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and to stabilize the inhibited IMPDH
conformation.

In contrast to most other eukaryotic IMPDH, T. cruzi
IMPDH adopts the compact conformation without any
nucleotide bound to the GTP third non-canonical site.
Indeed, all the key residues in the eukaryotic GTP non-
canonical site are not conserved in either T. crugzi
(Figure 5) or in any other kinetoplastid IMPDH
enzyme.*' Nonetheless, in vitro enzyme kinetics, as well
as in vivo experiments, are required to validate the GMP

site and its physiological significance.

compact

6 | FINE-TUNE MODULATION OF
ALLOSTERIC CONTROL

On top of allosteric modulation, several mechanisms
that provide additional layers of regulatory control for
fine-tuning the activity of IMPDH have been described.
These mechanisms include posttranslational modifica-
tions, enzyme filamentation, and splice variants. All of
them have no significant effects on the catalytic activity
but they make the enzyme more resistant to feedback
allosteric inhibition, that is, these mechanisms shift the
sensitivity of IMPDH to guanine nucleotide inhibitors
(Figure 8). They occur under physiological conditions
that require the expansion of guanine nucleotide pools,
for instance, in conditions of high-rate cellular growth*?
or in response to light during the visual cycle in retinal
photoreceptors.*>**
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FIGURE 8 Fine-tune of the allosteric regulation of IMPDH.

Plot representing the reported effect of posttranslational
modifications, enzyme filamentation, and splice variants on the
allosteric inhibition of IMPDH by guanine-nucleotides. These three
mechanisms do not significantly affect enzyme activity but, instead,
shift the sensitivity to the allosteric inhibition by guanine
nucleotides
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6.1 | Posttranslational modifications
Protein posttranslational modifications are a fast and ver-
satile mechanism used by cells to regulate the function of
proteins in response to environmentally changing condi-
tions.*> With respect to IMPDH, this takes on special rel-
evance in retinal cells where the regulation of the de
novo guanine nucleotide biosynthetic pathway is essen-
tial for maintaining appropriate levels of cGMP, the key
signaling molecule in phototransduction.*® Moreover, the
expression of the enzymes from the purine salvage bio-
synthetic pathways is low and, thus, most of the guanine-
nucleotide biosynthesis rely on the de novo pathway.*’

Recently, the phosphorylation of three residues in the
mammalian IMPDH1 enzyme was reported in retinal
cells in response to the illumination conditions.*® Two of
the phosphorylation sites are located in the Bateman
domain (Thr159 and Ser160; marked with an asterisk in
Figure 5) and are preferentially phosphorylated upon
light exposure in vivo, while the third phosphorylation
site (Ser477) locates in the catalytic domain and is phos-
phorylated in dark-adapted retinal cells.”® Phosphoryla-
tion of these amino acid residues does not affect enzyme
activity but, instead, tunes the sensitivity of the enzyme
to GTP-mediated allosteric inhibition (Figure 8).

Residues Thr159 and Ser160 in the human IMPDH1
protein are directly involved in the binding of nucleotides
at the canonical site 1 (Figure 5) and, thereby, their light-
dependent phosphorylation in retina abrogates GTP-
mediated allosteric inhibition. Accordingly, the overall
metabolic flux toward the de novo guanine nucleotide
synthesis is increased upon light exposure, facilitating the
elevated GTP levels required for phototransduction.”® In
contrast, phosphorylation of residue Ser477 occurs prefer-
entially in dark-adapted retinas®® and it is proposed to
increase the sensitivity of IMPDH to GTP-feedback inhi-
bition®”** (more details below) to adapt the allosteric reg-
ulation of retinal IMPDH to the low GTP demand of
photoreceptors in the dark.****

It has been recently proposed that posttranslational
modifications might also tune the allosteric regulation of
IMPDH in bacteria.*® According to biological public data-
bases (PLMD** and dbPSP*), lysine acetylation is a
recurrent modification within the Bateman domain of
bacterial IMPDH enzymes. The Lys-to-Gln acetylation-
mimicking mutation of an evolutionarily conserved resi-
due significantly compromised allosteric inhibition of
E. coli and B. subtilis IMPDH enzymes in vitro.”® Remark-
ably, this residue (Lys229 in human IMPDH1; marked
with an arrow in Figure 5) is located in the second
canonical site, where it participates in the binding of
GTP and (p)ppGpp.>*° Thereby, its acetylation might
shift the sensitivity of IMPDH to these allosteric

inhibitors. Moreover, acetylation of this residue has also
been reported for a variety of organisms, including
E. coli,”®>" B. subtilis,”>> S. coelicolor,”* Corynebacterium
glutamicum,”  Spiroplasma  eriocheiris,”®  Bacillus
amyloquefaciens,”” and Mus musculus.”® These data
strongly suggest that allosteric regulation of bacterial
IMPDH might also be tuned by posttranslational modifi-
cations, as it occurs in eukaryotic cells.

6.2 | Enzyme filamentation

Enzyme filaments are defined as reversible, functional,
linear self-assemblies of a single type of enzyme. Fila-
mentation has recently gained relevance as a new mode
of enzymatic regulation. It is now clearly accepted that
enzyme filamentation serves as a general mechanism for
the regulation of metabolism by fine-tuning protein func-
tional and structural properties.’>®® Perhaps the most
representative examples of filament-forming enzymes are
those that catalyze the limiting steps in the de novo bio-
synthetic pathways of pyrimidine and purine nucleotides,
CTP synthase, and IMPDH, respectively.®"**

In vertebrate cells, IMPDH has evolved to acquire the
capacity to form mesoscale filaments (spicules or cytoophi-
dia) in conditions that require a strong increase in IMPDH
activity to keep with high GTP demand, such as high rates
of proliferation, Gln/Ser/folate-metabolite deficiency, T-
cell activation, or retinal exposition to light.**?%%>%3
IMPDH filamentation has also been observed in cultured
cells upon ectopic overexpression® (Figure 9).

In humans, there are two genes of IMPDH, that result
in enzymes sharing more than 80% sequence identity:
IMPDHI1, which plays a housekeeping role in most tis-
sues, and IMPDHZ2, which is typically upregulated in pro-
liferating cells.”* Thorough in vitro characterization of
the filaments of both proteins by electron microscopy has
revealed that nucleotide binding to the Bateman domain
promotes self-assembly of protofilaments made of stacked
octamers>>"**°* (Figure 9). Moreover, macromolecular
crowding conditions induce protofilament bundling
in vitro,? to form structures that resemble those observed
in cells® (Figure 9).

According to recent cryo-EM data, GTP binding to
the second canonical and the third non-canonical sites in
the Bateman domain of both human IMPDH1 and
IMPDH2 enzymes induces two conformational changes:
(a) compression of the octamer along the quaternary
symmetry axis (Figure 4), and (b) protomer tilting about
5° relative to the fourfold symmetry axis, such that the
tetramers become more bowed than the flat tetramers
observed in the ATP-induced octamers (Figure 10).>>%’
Remarkably, a similar flat-bowed conformational change
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FIGURE 9 IMPDH filamentation
in vertebrate cells.

(a) Immunofluorescence micrograph
showing human IMPDH]1 filaments
(green) upon overexpression in HeLa
cells. Nuclei (blue) are stained with
DAPL. (b, c) Negative-stained electron
microscopy micrographs showing
spontaneous filamentation of human
IMPDHI1 in vitro in the presence of ATP
(b) and filament bundling in
macromolecular crowding conditions
(150 mg/ml Ficoll-70, (c)). Scale bars
correspond to 5 pm (panel (a)) and

50 nm (panels (b) and (c))

FIGURE 10 Flat-bowed conformational change. Structural
comparison of tetramers with flat (green ribbons) and bowed (red
ribbons) conformations. PDBID 1WXU (flat conformation; Ashbya
gossypii IMPDH with no substrate in the catalytic site) versus
PDBID 1XTI (bowed conformation; A. gossypii IMPDH bound to
IMP, not shown in the figure). NAD is shown in blue spheres
bound at the interface between two monomers (note that red and
green color tones vary between the monomers)

can also be deduced by comparing the high-resolution
structures of non-polymerizing IMPDH enzymes (4XWU
vs. 4XTL'* shown in Figure 10, 3USB vs. 3TSB," or
S5AHM vs. 5AHL®’). Of note, the NAD" binding pocket
lies at the monomer interface within the tetramers
(Figure 10), and it is plausible that the flat-bowed confor-
mational change might play a role in cofactor binding
and release during the catalytic cycle, although its func-
tional significance is unclear.

ATP binding to the canonical sites of the Bateman
domain of the human IMPDH2 enzyme induces polymers
composed of extended active octamers with flat tetramers
(Figure 11). The binding of GTP to IMPDH2 polymers
induces the compaction of the octamers, but the polymer
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lattice forces the tetramers to remain flat, which allows
polymeric IMPDH2 to remain partially active. Thus,
IMPDH?2 polymerization reduces sensitivity to GTP inhibi-
tion. Nonetheless, at high GTP concentrations, the poly-
mers disassemble into compressed inhibited octamers
with bowed tetramers®>*° (Figure 11).

Additionally, a substrate dependence of IMPDH2 fila-
ment assembly has been reported. When the concentra-
tion of IMP is high, IMPDH2 filaments resist both
disassembly and the fully compressed inhibited confor-
mation. Thus, at high IMP levels, a portion of IMPDH2
octamers within the filament will remain active, even at
elevated GTP concentrations®>*® (Figure 11). These
results, obtained in vitro using purified recombinant pro-
tein, perfectly agree with those reported in murine
embryonic stem cells showing that the intracellular bal-
ance IMP/GTP modulate IMPDH filamentation; this is,
during rapid cell proliferation, IMP accumulation pro-
motes IMPDH assembly, whereas elevated GTP levels
trigger depolymerization.®®

Human IMPDH1 is more sensitive to GTP-feedback
inhibition than IMPDH2.*° In marked contrast to
IMPDH2, filament assembly of IMPDH1 does not impose
conformational constraints, that is, IMPDHI1 filaments
can accommodate catalytically inactive compressed octa-
mers with bowed tetramers®’ (Figure 12). Thereby, there
are no significant differences in GTP-mediated allosteric
inhibition between octameric and polymerized IMPDHI1.
IMPDHI1 filamentation does not appear to play a role
either in the catalytic activity or in tuning the response to
GTP inhibition, which raises the unanswered question
about the physiological function of IMPDH1 filaments.*’
Instead, it has been speculated that IMPDH1 filaments
might serve as signaling or scaffolding of other enzymes,
such as the regulatory protein Ankyrin Repeat Domain
9% or CTP synthase.®?
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Filamentation of human IMPDH?2 tunes allosteric inhibition. (a) Schematic representation of the human IMPDH

conformational changes in non-polymerized IMPDH octamers upon allosteric inhibition induced by moderate GTP concentrations (orange-

colored GTP range): octamer compaction and tetramer bowing. (b) The polymer lattice forces human IMPDH2 tetramers to remain flat

within compressed octamers (orange rectangles), remaining partially active at moderate concentrations of GTP (orange-colored GTP range).
Thus, polymerization shifts the sensitivity of human IMPDH2 to GTP. At very high GTP concentrations (dark red-colored GTP range),
tetramers acquire the bowed conformation (red ellipsoids) and disassemble. The substrate IMP, on the other hand, increases resistance to

GTP-induced compaction and depolymerization

6.3 | Tissue-specific splicing variants

On top of the differences between the two human
IMPDH enzymes described above, tissue-specific splicing
variants add an additional layer of allosteric regulation to
finely tune the enzyme allosteric regulation.

In mammalian retinal cells, the IMPDH1 gene is pre-
dominantly expressed as two major variants,””*® where
alternative splicing adds additional residues to the C-
terminus (variant o, 546 residues) or both the C- and the
N-termini (variant y, 595 residues) of the minoritarian
canonical enzyme (variant p, 514 residues).” The majori-
tarian retinal splice variants a and y have been reported
to be significantly more resistant to GTP feedback inhibi-
tion than the canonical variant o,?””° as they are adapted
to the especially high guanine nucleotide demand in reti-
nal cells, especially photoreceptors.****

How the apparently disordered C-terminal extension
contributes to increase the resistance to GTP inhibition
remains unclear, but the N-terminal extension in the var-
iant y forms a short 10-residue helix that changes fila-
ment architecture. This N-terminal helix sits at the
interface between octamers within the polymer and stabi-
lizes the flat conformation of tetramers, even when the
octamers in the polymer get compressed upon GTP bind-
ing®’ (Figure 12). Therefore, the N-terminal extension of

the retinal variant y makes polymerized IMPDH more
resistant to GTP.

7 | MULTILAYER REGULATION
The mechanisms of regulation described above show the
diversity and complexity of the physiological allosteric
regulation of IMPDH, which is arranged in multiple
interconnected layers. In cells, it is expected an interplay
among these layers to adapt IMPDH regulation to the
metabolic requirements of the different stages of the cell
cycle or in response to external stimuli. For instance, the
phosphorylation of the residue Ser477 in retinal cells*®
may disrupt filament assembly, because this residue is
located at the assembly interface in the filaments of the
IMPDHI retina variant y.>’Phosphorylation of Ser477,
which occurs preferentially in dark-adapted retinas,?®
would then increase the sensitivity to GTP-feedback inhi-
bition to adapt IMPDH allosteric regulation to the low
GTP demand of photoreceptors in the dark.*>**

It is expected that IMPDH allosteric regulation might
coexist with orthosteric inhibition, mediated by XMP and
GMP, although the contribution of these metabolites to
IMPDH inhibition remains to be corroborated
in ViVO.8’13’7L72
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FIGURE 12 Retinal variants are more resistant to GTP allosteric inhibition than the canonical variant of human IMPDHI. (a) Polymers

of the canonical variant § of human IMPDH1 enzyme can accommodate extended active octamers with flat tetramers (green squares), as

well as compact inhibited octamers with bowed tetramers (red ellipsoids), which are induced at moderate concentrations of GTP (orange-
colored GTP range). (b) The N-terminal o-helical extension (black rectangles) of the retinal variant p of human IMPDHI1 forces the tetramers
in the compressed octamers to remain flat, partially retaining catalytic activity, even at very high concentrations of GTP (dark red-colored

GTP range)

Finally, the simultaneous presence of IMPDH2,
IMPDH], and its different splice variants within cells, all
of them with similar tetramerization and filament assem-
bly contacts, suggests that they might co-assemble into
heterogeneous tetramers, octamers, or filaments, adding
complexity and versatility to the physiological regulation
of IMPDH.

8 | ALLOSTERIC
DYSREGULATION IN DISEASE

Missense mutations in the two human IMPDH genes
associated with pathologies have been reported (reviewed
in reference 39). Mutations in IMPDHI1 result in autoso-
mal dominant blindness either through retinitis pigmen-
tosa or the more severe and early onset Leber congenital
amaurosis.”>””® On the other hand, mutations in
IMPDH2 lead to severe neurodevelopmental disorders,
such as dystonia.”**

Despite IMPDH1 is ubiquitously expressed in most
human tissues, mutations in IMPDH1 have only been
associated to retinopathies,”” indicating that retinal cells
are exceptionally sensitive to defects in purine biosynthe-
sis.**** Because photoreceptors have low expression of
IMPDH2 and HPRT,*"® the major enzyme from the
purine salvage biosynthetic pathway, alterations of

IMPDH]1 function will result in imbalanced purine nucle-
otide pools that can lead to cell death.** Twelve missense
mutations in IMPDH1 associated with retinopathies have
been identified, although none of them have significant
effects on the catalytic activity of IMPDHI in vitro.**%"*
Six of these mutations map around the second canonical
and the third non-canonical allosteric sites in the Bate-
man domain, while the rest are scattered in the catalytic
domain, but distal from the IMP binding site, the flap
region, or the finger domain®*° (Figure 13). As expected,
the six mutations that map into the allosteric sites inter-
fere with nucleotide binding and confer resistance to
GTP allosteric inhibition.?”*’

Like IMPDHI1, neuropathy-associated IMPDH2 muta-
tions cluster around the second canonical and the third
non-canonical allosteric sites in the Bateman domain
(Figure 13) and, thereby, it is reasonable to propose that
they will also disrupt allosteric inhibition.** Further experi-
mental work is needed to support this hypothesis, however.

Altogether, a significant number of reported missense
mutations in the two human IMPDH genes appear to
generate constitutively active mutant enzymes, unable to
be allosterically inhibited by GTP, a hypothesis that is
supported by the dominant genetic character of the dis-
ease.”” Why mutations in the ubiquitously IMPDH
expressed genes lead only to neuronal diseases is an
intriguing question that remains open.*’
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FIGURE 13

Pathogenic mutations in human IMPDH genes. Ribbon representation of a monomer of human IMPDH with mutations

associated to either retinopathies (IMPDH1; indicated with (1) and side-chain sticks colored in light pink) or neuropathies (IMPDH2;

indicated with (2) and side-chain stick colored in light green). Substrates IMP and NAD™" are shown as red and green sticks, respectively.

The K* ion necessary for catalysis is represented as a pink sphere. ATP and GTP molecules bound to the allosteric sites are also shown. It

can be clearly seen that most of these mutations cluster around the allosteric sites, altering nucleotide binding and inhibition

9 | TARGETING ALLOSTERIC
REGULATION FOR DRUG DESIGN

Protein allosteric modulation is attracting considerable
attention in drug discovery. Ligands that target allosteric
sites offer significant advantages over the corresponding
orthosteric ligands due to unprecedent selectivity and
improved physicochemical properties, while minimizing
toxicity and other side effects. Therefore, allosteric
ligands offer excellent opportunities for the development
of therapeutic strategies spanning a broad spectrum of
disease and are at present widely used in drug
discovery.®* %

Several IMPDH inhibitors are widely used at present
in the clinic as antivirals and immunosuppressants, all of
them binding at the active site as othosteric ligands.>**
Given the therapeutic relevance of IMPDH," the identifi-
cation and development of allosteric modulators might
expand the chemical space of inhibitors, and has an obvi-
ous pharmacological interest. A clear advantage of target-
ing the Bateman domain is that this is the most divergent
part of IMPDH. Therefore, targeting specifically the allo-
steric  sites exclusive of certain bacteria®® or
kinetoplastids,”® might lead to molecules with antibi-
otic® or antiprotozoal activity,®” respectively. We will
briefly review next the reported allosteric inhibitors of
IMPDH.

In a pioneer study, Alexandre et al. screened large
chemical libraries to identify the first-in-class allosteric
inhibitors of the Pseudomonas aeruginosa IMPDH

(Figure 14), which compete with ATP for the allosteric
sites in the Bateman domain and block the enzyme in
the inhibited compact conformation.®® Further in vivo
experiments are required to decipher the antibiotic
potential of these compounds, however.

The Bateman domain is also the most divergent part
between the two human IMPDH enzymes and, to this
respect, sappanone A (Figure 14), a small-molecule probe
covalently binding to the conserved Cysl40 residue of
human IMPDH2, was recently identified.* On binding to
this residue, the probe exerts an allosteric regulation and
induces IMPDH2 inactivation, leading to an effective
suppression of neuroinflammatory responses. However,
the probe does not bind to IMPDH1, where the corre-
sponding residue is serine, unable to react with sapan-
none A. Thus, this study shows Cys140 as a druggable
site for selective inhibition of IMPDH2.*

Another example of a small molecule that specifically
targets the Bateman domain of the IMPDH2 enzyme is
sanglifehrin A (Figure 14), which displays immunosup-
pressive activity in vitro by blocking T cell proliferation.”
Sanglifehrin A is a mixed polyketide and non-ribosomal
peptide synthase natural product with sub-nano-molar
affinity for its receptor cyclophilin A.°’ Sanglifehrin A
can be split into two chemical moieties with different tar-
get specificities: a macrocyclic core, responsible for bind-
ing to cyclophilin A and a pendant side chain, which
binds specifically to a pocket in the Bateman domain of
IMPDH2%* (inboxed in Figure 14). The formation of the
ternary complex sanglifehrin A-cyclophilin A-IMPDH?2
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FIGURE 14 Allosteric inhibitors of IMPDH. Structures of the reported allosteric inhibitors of Pseudomonas aeruginosa IMPDH (upper
row) and human IMPDH2 enzyme (sanglifehrin A and sapannone A). The pendant side chain of sanglifehrin A, which binds specifically to
a pocket in the Bateman domain of IMPDH2, is shown inside a rectangle. It should be noted the diversity of chemical scaffolds of the
reported allosteric inhibitors that bind to the Bateman domain of IMPDH

modulates cell growth, despite the activity of IMPDH?2 is
unaffected.”

Altogether, these studies demonstrate the versatility
of the Bateman domain to accommodate totally unrelated
chemical scaffolds (Figure 14) and open the door for the
development of IMPDH allosteric inhibitors with poten-
tially have high therapeutic relevance that might provide
guidance for clinical trial design.
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