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Abstract

Protein AMPylation — the covalent attachment of an adenosine 5’-monophosphate (AMP) residue
to amino acid side chains using ATP as the donor — is a post-translational modification
increasingly appreciated as relevant for both normal and pathological cell signaling. In metazoans,
single copies of fic-domain-containing AMPYylases, the enzymes responsible for AMPylation,
preferentially modify a set of dedicated targets and contribute to the perception of cellular stress
and its regulation. Pathogenic bacteria can exploit AMPylation of eukaryotic target proteins to
rewire host cell signaling machinery in support of their propagation and survival. We review
endogenous as well as parasitic protein AMPylation in metazoans and summarize current views of
how Fic-domain containing AMPylases contribute to cellular proteostasis.
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The regulation of protein function by AMPylation

Post-translational modifications (PTMs) of proteins have been likened to how the umlaut or
the tilde modify the basic alphabet used to compose the written word: they can change use
and meaning of the underlying structure. In like manner, every single polypeptide, no matter
its genetic specification, can receive further modifications that are not template-encoded, yet
with far reaching functional consequences. When key signaling proteins toggle between the
phosphorylated and the unmodified state, they change the compendium of proteins they
interact with, or adjust their enzymatic activity. Protein methylation, lipidation and
glycosylation are yet other examples of modifications that reflect functional diversification
of the underlying polypeptide backbone. While modifications such as phosphorylation are
often transient and highly dynamic, N-linked glycosylation or protein methylation — as seen
for histones — are far more stable PTMs. The cellular PTM universe is rich: while the
importance of protein glycosylation, lipidation and phosphorylation has long been
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recognized, other PTMs remain to be more fully appreciated. Protein AMPylation (see
glossary) — also referred to as adenylylation or adenylation — has emerged as a PTM that
can regulate or sabotage eukaryotic cell signaling (Fig. 1A) (Itzen et al., 2011, Woolery et
al., 2010). All three kingdoms of life (archaea, bacteria, eukaryota) have enzymes capable of
protein AMPylation, as do certain viruses. The AMPylases belong to three distinct protein
families, which include Glutamine Synthetase Adenylyl transferase (GS-ATase), DrrA and
Fic (Filamenation induced by cAMP) (Khater and Mohanty, 2015) (Fig. 1B-C). Protein
AMPylation as catalyzed by these enzymes represents a stable PTM that is based on the
covalent linkage of AMP to amino acid side chains. In contrast, transient AMPylation is a
frequent, energetically favorable modification in several biosynthetic pathways (Text Box I).
In the early 1970s, protein AMPylation was described in Escherichia colias a mechanism to
control activity of glutamine synthetase (GS) through AMPylation by GS-ATase of up to 12
tyrosine residues (Anderson et al., 1970). Following years of rather limited interest in
protein AMPylation, GS-ATase finally lost its orphan status with the discovery of a secreted
bacterial AMPylase, VopS, from Vibrio parahaemolyticus. opS modifies members of the
Rho GTPase family upon its translocation by a type-111 secretion system into human host
cells (Yarbrough et al., 2009). VopS-mediated AMPylation relies on the catalytic activity of
the so-called filamentation induced by cAMP (fic) domain, a domain present in more than
24,000 proteins (InterPro domain IPR00381), most of which are found in bacteria
(approximately 21°500) and some 1700 representatives encoded by eukaryotes. The human
genome has a single copy of a fic domain-containing gene (FICD/HYPE) (Finn et al., 2017).
All fic domains contain a signature motif near their C-terminus (HXFX[D/E]JGN[G/K]RxXR)
that is directly involved in catalysis, not strictly restricted to AMP transfer (Text Box 1)
(Engel et al., 2012). DrrA proteins were the last family of AMPylases to be discovered. So
far, only a few members in Legionella pneumophila spp. have been described (Muller et al.,
2010). DrrA proteins do not contain a fic domain but share certain structural features with
GS-ATases from bacteria (Mller et al., 2010). These enzymes — together with yet-to-be-
identified de-AMPylases — specify the stable AMPylome in eukaryotic cells, believed to be
involved in the regulation of cellular proteostasis.

Text Box |
Transient AMPylation

The covalent attachment of AMP to proteins by GS-ATase, DrrA or Fic proteins results in
a stable phosphodiester-linked modification that requires dedicated enzymes for its
removal. However, transient AMPylation is widespread as carboxylate-activating
modification on reaction intermediates in biosynthetic pathways. It contributes to fatty
acid oxidation and ribosomal as well as non-ribosomal peptide synthesis (Babbitt et al.,
1992, Stachelhaus et al., 1999, Trivedi et al., 2004, Turgay et al., 1992). AMPylated
carboxylates sites (carboxylate adenylate) represent a high-energy acid anhydride prone
to hydrolysis. To avoid its decomposition, dedicated enzymes — often the AMPylases
themselves — catalyse the covalent linkage of the reaction intermediate to a nucleophile
(alcohol, thiol, amine), liberating AMP from the carboxylate. Transient carboxylate
adenylate-forming enzymes include the closely related non-ribosomal peptide synthetases
(NRPS) (reviewed in: (Challis, 2005)), acyl- or aryl ChA synthetases as well as luciferase
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oxidoreductases (reviewed in (Gulick, 2009)) and aminoacyl-tRNA synthetases (reviewed
in (Francklyn, 2008)), polynucleotide ligases (reviewed in (Shuman, 2009)) and enzymes
contributing to siderophore synthesis (reviewed in (Balhara et al., 2016)).

The ligation of ubiquitin and ubiquitin-like proteins (UBLS) to target proteins also
involves a transient AMPylation step (Hochstrasser, 2009). There, the AMPylase E1, also
referred to as E1-like enzyme, attaches AMP to the carboxyl group of the C-terminal
glycine of Ubl. The high-energy Ubl-AMP intermediate is subsequently attacked by the
catalytic cysteine of E1, followed by transfer of Ubl onto the Ubl-conjugating enzyme E2
(Scheffner et al., 1995).

Text Box Il
Alternative catalytic functions of FIC proteins

Most characterized FIC proteins support the covalent attachment of an AMP moiety to a
proteinaceous target. A number of FIC proteins have evolved alternative catalytic
functions. The bacteriophage-encoded FIC protein Doc acts as a kinase and
phosphorylates translation elongation factor EF-Tu in on Tyr378 (Castro-Roa et al., 2013,
Cruz et al., 2014). This modification impedes translational activity and inhibits £.coli cell
division and propagation. Another pair of FIC proteins that catalyze alternative reactions
are the two bacterial proteins AnkX (from Legionella pneumophila) and CBU2078 (from
Coxiella burnetti). Both proteins are translocated into human host cells by a dedicated
type IV secretion apparatus, where they phosphorylcholinate host proteins using CDP-
choline as donor (Campanacci et al., 2013, Mukherjee et al., 2011). AnkX targets the
small GTPases Rabl and Rab35 and adds a phosphorylcholine moiety to a Tyr residue in
the switch Il region, thereby trapping the GTPase in the GDP-bound state. While not
lethal, this modification impairs intracellular vesicle trafficking and causes Golgi
fragmentation (Mukherjee et al., 2011). CBU2078 phosphorylcholinates yet to be
identified human target proteins but does not obviously affect vesicular trafficking or
Golgi integrity.

The FIC protein AvrAC, a translocated effector protein of the plant pathogen
Xanthomonas campestris covalently attaches uridine 5’-monophosphate (UMP) to
Ser/Thr residues of kinases BIK1, PBL2 and RIPK, thereby occluding phosphorylation
sites in the activation loop, thus limiting kinase activity (Feng et al., 2012). UMPylation-
dependent inhibition of BIK1, PBL2 and RIPK attenuates the plant cell’s ability to
launch an innate immune response against the bacterial intruder.

In addition to Fic enzymes dedicated to the transfer non-AMP moieties, several bona fide
bacterial AMPylases accept different nucleotide triphosphates /n vitro. 1bpA from
Histophilus somnii modifies Cdc42, its prime target, with CMP and also has a limited
ability to transfer UMP and TMP (Mattoo et al., 2011). Similarly, VopS of Vibrio
parahaemolyticus was shown to attach GMP, CMP as well as UMP to Cdc42 (Mattoo et
al., 2011). Among metazoan AMPylases, the constitutively active version of the C.
elegans AMPylase Fic-1 (E274G) can undergo auto-CMPylation and auto-UMPylation
cycles /n vitro (Truttmann et al., 2016). The positioning of adenosine in the catalytic cleft
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of HYPE suggests a rather loose fit, supporting the possible binding of other nucleotide

substrates or cofactors in this site. Indeed, HYPE efficiently binds not only ATP but also
GTP and to a lesser extent CTP and UTP (Bunney et al., 2014). Whether these enzymes
in fact use these alternative nucleotide substrates /7 vivo remains to be demonstrated.

Here we discuss AMPylases that modify eukaryotic proteins and the consequences of such
modification. We shall not cover eukaryotic adenylyl transferases that modify small, non-
peptide molecules i.e. nicotinamide mononucleotide adenylyltransferase (reviewed in
(Petrelli et al., 2011)), bacterial AMPylases that modify endogenous bacterial targets
(reviewed in (Garcia-Pino et al., 2014, Harms et al., 2016, Itzen et al., 2011, Woolery et al.,
2010)) or methods to study protein AMPylation (reviewed in (Hedberg and Itzen, 2015,
Mdiller et al., 2014, Westcott and Hang, 2014).

Bacterial AMPylases that modify eukaryotic proteins

Eukaryotic proteins are AMPylated either by endogenous AMPylases or by bacterial toxins
translocated into eukaryotic host cells in the course of infection (see also table 1).
AMPylation of cytosolic host proteins appears to be an efficient strategy of hijacking
cellular signaling machinery as a means of maximizing pathogen fitness and survival. Most
of these AMPylases are evolutionarily related and rely on the presence of a fic domain
endowed with AMP transferase activity. The basic catalytic machinery is shared among the
distinct representatives, yet the modification-receiving host proteins vary for the different
AMPylases.

In bacteria, Fic proteins are often the toxic unit of toxin-antitoxin systems, attaching AMP to
bacterial type Il topoisomerases to reversibly stall their enzymatic activities and thus halt
bacterial growth (Engel et al., 2012, Harms et al., 2015, Lu et al., 2016). The presence of a
potent antitoxin, usually a small peptide or protein that directly binds to the toxin, inhibits
the AMPylase and allows bacterial propagation (Harms et al., 2015). A subset of pathogenic
bacteria has evolved Fic proteins that enter eukaryotic cells in an attempt to rewire cellular
signaling cascades in the host.

Among the best-studied examples is VopS of V/ parahaemolyticus, a secreted bacterial
AMPylase that modifies Thr35 in the switch | loop of small Rho GTPases (Yarbrough et al.,
2009). VopS-mediated AMPylation of Rho, Racl and Cdc42 impairs cellular signaling in
several ways: the AMP moiety not only interferes with the binding of direct interaction
partners, but also prevents E3 ubiquitin ligases from targeting these now non-functional
AMPylated GTPases for proteolytic degradation (Luong et al., 2010, Woolery et al., 2014,
Yarbrough et al., 2009). VopS also alters cellular immunity through inhibition of the pro-
inflammatory NFxB signaling cascade, limits the generation of superoxide and attenuates
Erk and JNK signaling (Woolery et al., 2014). AMPylation of Rho GTPases further activates
the pyrin-dependent inflammasome while inhibiting NLRC4-dependent inflammasome
activation (Higa et al., 2013, Woolery et al., 2014, Xu et al., 2014). As a direct consequence,
the actin cytoskeleton collapses and cells rapidly die (Yarbrough et al., 2009).

Trends Cell Biol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Truttmann and Ploegh

Page 5

The bacterial surface antigen IbpA of Histophilus somnii contains a pair of fic domains,
together with a YopT domain at its C-terminus (Worby et al., 2009). Following attachment to
the host cell, a C-terminal portion of IbpA is internalized (presumably by pinocytosis) and
transfers AMP to up to seven distinct Rho family GTPases on a conserved Tyr residue in the
switch | region (Mattoo et al., 2011, Worby et al., 2009, Xiao et al., 2010). The
consequences of these modifications largely mirror the toxicity associated with VopS
activity, as manifest from the collapse of cytoskeletal architecture and cell death. Co-
crystallization of IbpAFic2 with AMPylated Cdc42 showed that IbpA simultaneously grips
the switchl and switch2 regions of Cdc42, an interaction that involves both the Fic as well
as the arm domain of IbpA (Xiao et al., 2010) (Fig. 1C). The IbpAFic2-Cdc42 complex
structurally mimics the guanosine nucleotide dissociation inhibitor (GDI)-bound state of the
Rho GTPase. The less well characterized protein PfhB2 of Pasteurella multocida, a close
homolog of 1bpA, likewise possesses /n vitro AMPylation activity and transfers AMP to
Rho, Racl and Cdc42 (Mattoo et al., 2011).

Bartonellae spp. comprise a number of human pathogens that transfer Bartonella effector
proteins (Beps) into host cells (Rhomberg et al., 2009, Truttmann et al., 2011). A sizable
subset of these translocated effectors comes equipped with an N-terminal fic domain and
engages in host target modifications (Engel et al., 2011, Schmid et al., 2004, Schulein et al.,
2005). BepA of Bartonella haenselae not only binds to G and raises cellular cAMP levels
but also efficiently attaches AMP to two yet to be identified proteins of ~ 40-50 kDa
(Palanivelu et al., 2011, Pulliainen et al., 2012, Schmid et al., 2006). Furthermore, Bep2 of
Bartonella rochalimae AMPylates Tyr53 in mouse vimentin, an integral component of
intermediate filaments (Pieles et al., 2014). Additional fic domain-containing Beps remain to
be investigated.

The secreted Legionella pneumophila effector DrrA (also referred to as SidM) is a unique
example of a bacterial non-Fic enzyme that AMPylates proteins upon translocation into host
cells. DrrA was first described as a membrane-anchored guanosine nucleotide exchange
factor (GEF), with an additional N-terminal domain that — when expressed individually in
cells — exhibits cytotoxicity (Brombacher et al., 2009, Murata et al., 2006). This domain was
recently assigned AMPylase activity, modifying Tyr77 in the switch Il region of the small
Rab GTPase Rablb (Miiller et al., 2010). AMPylation of Rab1b restricts binding of GTPase
activating proteins (GAPs) and subsequent activation of Rab1b, thus locking Rab1b in the
GTP-bound state. Simultaneously, AMPylation of Rablb blocks downstream interactions
with binding partners such as MICAL-3 and enhances retention of Rablb at Legionella-
containing vacuoles (LCVs) during infection (Hardiman and Roy, 2014). Unlike Fic domain-
containing effectors, the catalytic cleft of DrrA’s AMPylase domain shares structural
similarities with the bacterial AMPylase GS-ATase, including the catalytically important
GxDxD motif, highlighting a different evolutionary origin of this effector as compared to
FIC proteins (Khater and Mohanty, 2015).

Eukaryotic AMPylases

The assignment of an enzymatic function to fic domains in bacterial toxins and to eukaryotic
Fic proteins fueled the notion of endogenous protein AMPylation in eukaryotes. Work on
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metazoan AMPylases has focused on the human (HYPE), Drosophila melanogaster
(CG9523) and Caenorhabditis elegans (Fic-1) enzymes. As the number of sequenced
eukaryotic genomes grows, we now know that numerous metazoans contain only a single
functional fic gene in their genome (Finn et al., 2017, Finn et al., 2016). Phylogenetic
analysis suggests that these fic genes were acquired repeatedly and independently in the
course of evolution, probably in horizontal gene transfer events. This has led to a
classification of metazoan fic genes into four distinct groups, with small differences in their
conserved Fic motifs (Khater and Mohanty, 2015). Their overall architecture is remarkably
similar: its hallmarks are the presence of an N-terminal transmembrane anchor, followed by
— usually two — tetratricopeptide repeats (TPRs) linked to the C-terminal fic domain by a
series of a helices (Bunney et al., 2014, Truttmann et al., 2016). Target AMPylation is
catalyzed by the fic domain, whose core consists of four a helices, a shared feature among
all metazoan AMPylases. The TPR domains presumably orchestrate target recognition and
selectivity.

The activity of eukaryotic AMPylases is tightly regulated, with little or no activity under
standard growth conditions (Engel et al., 2012). Accordingly, over-expression of endogenous
wild-type AMPylases has a limited effect on cellular signaling. Recombinantly produced
wild-type AMPylases are comparatively poor at modifying target proteins /n vitro (Engel et
al., 2012, Ham et al., 2014, Sanyal et al., 2015, Truttmann et al., 2016, Worby et al., 2009).
Such intra- or intermolecular inhibition — purified recombinant AMPylases behave as non-
covalent dimers upon size exclusion chromatography (Bunney et al., 2014, Truttmann et al.,
2016) - results from the positioning of an inhibitory a helix (ayn) that limits access to the
ATP binding site (Engel et al., 2012). In its “off” state, interactions between an Arg residue
embedded within the catalytic fic motif (HXFX[D/E]JGN[G/K]RxXR) and a Glu residue of
the ajnn helix prevent ATP from entering the catalytic cleft (Engel et al., 2012). Significant
conformational changes are required to weaken the interaction between ajn, and the
catalytic core and to allow a transition of the enzyme to its “on” state (Bunney et al., 2014,
Truttmann et al., 2016). However, the nature and cause for such changes remain elusive. The
ainn helix is absent from secreted bacterial AMPylases, yet shares remarkable similarities to
bacterial AMPylase-specific antitoxins, including a canonical fic inhibition motif [S/
TIxxxE[G/N], suggesting a common evolutionary origin of the two elements (Engel et al.,
2012, Khater and Mohanty, 2015). Substitution of the aj,n-embedded glutamine residue
with a glycine residue relieves structural constraints (vide supra) and renders the enzyme
constitutively active (Engel et al., 2012, Goepfert et al., 2013). Mutating the conserved
histidine to alanine within the fic motif (HXFx[D/E]JGN[G/K]RxxR) prevents AMP transfer
activity, even when the enzyme is in its “on” state (aj,n glutamine to glycine / fic motif
histidine to alanine double mutant) (Worby et al., 2009, Yarbrough et al., 2009). This
particular histidine residue acts as a proton sink and accepts the hydrogen atom from the
hydroxyl group of the targeted amino acid side chain (Engel et al., 2012, Xiao et al., 2010).
The constitutively-active (HYPE E234G, Fic-1 E274G, CG9523 E247G) as well as the
catalytically dead (HYPE H363A, Fic-1 H404A, CG9523 H375A) enzyme versions have
been the workhorses with which to investigate the fundamentals of AMPylation in
metazoans. Recent advances in the understanding of these enzymes allow us to study this
PTM in its proper cellular context.
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Auto-AMPylation is a feature shared among fic-domain containing AMPylases (Bunney et
al., 2014, Engel et al., 2012, Goepfert et al., 2013, Kinch et al., 2009, Lu et al., 2016, Luong
et al., 2010, Palanivelu et al., 2011, Pieles et al., 2014, Sanyal et al., 2015, Truttmann et al.,
2016, Xiao et al., 2010). Auto-AMPylation in c¢is of the Neisseria meningitidis AMPylase
NmFic relieves auto-inhibition. This is a prerequisite for target modification, while
preventing the formation of an inhibitory tetrameric NmFic complex (Stanger et al., 2016).
Self- modification of Tyr 183 and Tyr188, two residues within the aj, helix, leads to partial
unfolding of ajn, and enhances access to the active site. In metazoans, auto-AMPylation
events have been mapped for HYPE (Thr183, Ser79 and Thr80) as well as for Fic-1
(Thr352, Thr476) (Sanyal et al., 2015, Truttmann et al., 2016). However, none of these auto-
AMPylation sites lie within the ajo' nor does substitution of these sites materially change
the enzymes’ auto-modification and target modification properties.

In what follows, we review current literature on eukaryotic AMPylases. We highlight
similarities as well as differences that arose between species.

CG9523 (dfic) (Drosophila melanogaster)

The D. melanogaster HYPE ortholog CG9523 is an endoplasmic reticulum (ER)-resident
type Il transmembrane protein that is N-glycosylated on Asn288, proteolytically processed
and eventually released via the secretory pathway. Upon secretion, the enzyme localizes to
the cell surface of capitate projections, the putative sites of neurotransmitter recycling
(Rahman et al., 2012). CG9523 was the first metazoan AMPylase to be investigated in the
context of an /n vivo model. Knock-out flies were insensitive to light stimuli due to a failure
to activate postsynaptic neurons. Expression of wild-type CG9523, but not catalytically dead
CG9523 (H275A) in capitate projections of glia cells rescued this defect, suggesting a role
for AMPylation in neurotransmitter recycling, at least in the fly (Rahman et al., 2012).

In vitro, CG9523 AMPylates the ER-resident HSP70 chaperone Grp78/BiP in a Ca%*-
dependent manner (Ham et al., 2014). The modified site is Thr366, a residue embedded
within Grp78/BiP’s ATPase domain. Grp78/BiP is a major regulator of the unfolded protein
response (UPR) in the ER (UPRER) and its modification provided the first evidence for a
link between intracellular AMPylation levels, stress signaling and proteostasis. Indeed,
Grp78/BiP AMPylation levels are high at rest, but are reduced under stress conditions that
lead to protein unfolding (Ham et al., 2014). AMPylation of Grp78/BiP is restricted to its
inactive, ATPase “off” state. Thus, AMPylation is thought to lock BiP in its inactive state,
either by affecting its intrinsic ATPase activity, by preventing structural rearrangements
required for chaperoning function, or by interfering with the recruitment of co-chaperones of
the DnaJ family (Ham et al., 2014). However, Grp78/BiP AMPylation is reversible and upon
demand, Grp78/BiP is de-AMPylated to support protein refolding in the ER.

How CG9523 reaches the extracellular space, modifies neurotransmitter transporter activity
in glia cells and whether Grp78/BiP AMPylation plays a role in this process remain to be
investigated.
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Huntingtin yeast interacting protein E (HYPE, FICD) (Homo sapiens)

HYPE was described in 1998 as one of 13 proteins found in a yeast two-hybrid screen to
interact with the N-terminal portion of Huntingtin (Faber et al., 1998). However, this work
did not attribute a function or enzymatic activity to HYPE. It was not until 2009 that HYPE
was identified as a bona fide AMPylase (Worby et al., 2009). HYPE is composed almost
entirely of a helices that build the TPR and FIC domains, with a linker consisting of a single
a helix between them. Intramolecular interactions between the TPR motifs, linker and FIC
domain impose a compact fold on HYPE-type proteins, with only limited flexibility
(Bunney et al., 2014). HYPE forms a stable, asymmetric dimer in solution and crystallizes
as a dimer. Antiparallel dimerization is achieved exclusively through interactions between
the two FIC domains in the dimer. The TPR domains do not contribute to dimerization and
protrude on opposite ends from HYPE dimers to engage independently in protein-protein
interactions. HYPE dimerization is thought to affect its catalytic properties as well as its
localization.

Localization—HYPE has the basic topology of a type Il membrane protein and is N-
glycosylated at Asn275 (Sanyal et al., 2015). When fused to GFP, HYPE’s N-terminal
hydrophobic stretch (aa;_45) delivers GFP partially into the ER while excluding it from the
nucleus, suggesting an embedded ER localization signal. Indeed, HYPE is at least in part an
ER-resident AMPylase and is found predominantly in the ER-nuclear envelope continuum
(Bunney et al., 2014, Sanyal et al., 2015, Truttmann et al., 2015). Recent studies identified
cytosolic HYPE targets (see below). Moreover, HYPE activity is maximal in the presence of
MnZ* or Mg2*, whereas elevated Ca2* concentrations — as found in the ER — did not enhance
HYPE’s ability to AMPylate Grp78/BiP in vitro (Sanyal et al., 2015). The active site-
embedded residue Asp367 (HPFIDGNGR) coordinates a Mg2* ion that bridges the a- and
[B-phosphates of ATP during catalysis and is essential for catalysis (Bunney et al., 2014).
ATP levels in the ER increase upon release of lumenal ER-resident Ca2* pools, presumably
generating favorable conditions for HYPE to AMPylate targets (Vishnu et al., 2014).

UPRER_The activity of metazoan AMPylases is tightly controlled and this is for a reason:
knock-down of HYPE reduces cell survival under UPRER-inducing stress, while over-
expression of constitutively active HYPE (E234G) is cytotoxic and triggers capase-
dependent apoptosis (Preissler et al., 2015, Sanyal et al., 2015, Truttmann et al., 2015).
Moreover, there is evidence for HYPE being a bi-functional enzyme, with both AMPylase
and de-AMPylase activity, underscoring the need for its rigorous regulation (Text Box I11)
(Preissler et al., 2017). A growing body of evidence suggests that HYPE regulates the
UPRER through modification of the ER-resident HSP70 family protein Grp78/BiP, a
negative regulator of UPRER induction. Earlier studies suggested that Grp78/BiP is regulated
by ADP-ribosylation, phosphorylation or both (Gaut, 1997, Ledford and Leno, 1994, Nakai
et al., 1995). These conclusions were inferred from experiments that tracked the transfer of
radiolabelled phosphate (32P) or adenosine (3H) to Grp78/BiP. Attempts to directly detect
these PTMs failed (Chambers et al., 2012). It is now clear that BiP is AMPylated, rather than
ADP-ribosylated or phosphorylated. However, the actual sites of modification and the
immediate functional consequences of Bip AMPylation remain somewhat controversial.
Two different models have been proposed as to how Grp78/BiP AMPylation may affect
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activation of the UPRER or deal with its consequences: one model proposes that HYPE-
mediated AMPylation enhances its ATPase activity without affecting binding of denatured
proteins (Sanyal et al., 2015). ER stress elevates intracellular HYPE levels and HYPE
knock-down prevents the induction of the ATF-6 and PERK-dependent UPRER branches.
This supports a mechanism in which HYPE-mediated BiP AMPylation is an activating
modification, induced by ER stress. The alternative model postulates that AMPylation of
ATP-bound, substrate-free Grp78/BiP is an inactivation modification that helps maintain a
readily accessible yet inactive Grp78/BiP pool under low stress conditions (Ham et al., 2014,
Preissler et al., 2015). AMPylation of Grp78/BiP is proposed to lock Grp78/BiP in an ATP-
bound state characterized by reduced ATPase activity, non-responsiveness to J co-
chaperone-dependent enhanced ATP hydrolysis and elevated substrate kqg rates. Indeed,
upon induction of ER stress, Grp78/BiP AMPylation decreases and reemerges once
proteostasis is reestablished. Consequently, HYPE deficiency results in elevated levels of
active Grp78/BiP in the ER. This not only boosts its intrinstic buffer capacity to deal with an
increased load of unfolded proteins, but also attenuates induction of the UPR (Preissler et
al., 2015) (Fig. 2).

Text Box Il
HYPE as a bi-functional enzyme

A recent study proposes that HYPE is primarily a de-AMPylase, tasked with removing
AMP from modified BiP (Preissler et al., 2017). The presence of Glu234 in HYPE is
critical for this process: interactions between the side chains of Glu234 and Arg371
sterically prevent proper alignment of ATP in the active site, thus preventing wild-type
HYPE from target modifications. The flexibility of the Glu234 side chain could allow
HYPE to accommodate alternative substrates such as ADP in its catalytic cleft,
supporting target de-AMPylation. The model suggests that an increase in unfolded
proteins in the ER stimulates de-AMPylation of BiP to increase the available pool of
active BiP. Low levels of unfolded proteins would trigger a conformational change in
HYPE to disengage Glu234 from its interactions with Arg371 and enable HYPE-
mediated target AMPylation. Apart from HYPE’s suggested de-AMPylase activity, this
model is in accordance with previous work on BiP AMPylation.

The concept of a single enzyme performing both target AMPylation/deAMPylation is not
unique to Fic proteins: The very first described bacterial AMPylase, GS-ATase, not only
attaches AMP to GS but can also remove it (Chock et al., 1980, Rhee et al., 1989).
Although the AMPylation/de-AMPylation functionalities of GS-AT are linked to two
different portions of the enzyme, the two domains are structurally similar and differ only
in the positioning of flexible loop elements (Jaggi et al., 1997, Khater and Mohanty,
2015). The proposed de-AMPylase activity of wild-type HYPE needs to be reconciled
with HYPE’s AMPylation activity /n vitroand in vivo (Engel et al., 2012, Mattoo et al.,
2011, Sanyal et al., 2015, Truttmann et al., 2015, Worby et al., 2009) and suggests an
additional layer of regulatory complexity.
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Initial work has mapped the AMPylation site on Grp78/BiP to Thr366, a conserved residue
in the ATPase domain of Grp78/BiP (Sanyal et al., 2015). Substitution of Thr366 eliminated
Grp78/BiP as a substrate for HYPE (E234G) /n vitro. More recent work suggests that
Grp78/BiP is uniquely AMPylated on Thr518 /n vitroand in vivo, a conserved residue on a
connecting loop between B strands 7 and 8 of Grp78/BiP (Preissler et al., 2015). This loop is
stabilized by six polar interactions in the ADP-bound conformation of Grp78/BiP. An
exchange of ADP for ATP renders Thr518 on Grp78/BiP accessible to the catalytic cleft of
HYPE. Indeed, ATP-locked BiP mutants such as BiP (E201G) and BiP (T229A) are
preferentially AMPylated, whereas mutants unable to adopt the ATP-bound conformation
such as BiP (G226D) do not serve as substrates 7 vitro.

AMPylation of non-ER targets—HYPE modifies a series of targets /n vitro, including
Rho family GTPases, core histones, heat shock proteins, nuclear envelope proteins, tubulins,
components of the ATP synthase machinery as well as factors that regulate transcription and
translation (Broncel et al., 2015, Engel et al., 2012, Ham et al., 2014, Mattoo et al., 2011,
Preissler et al., 2015, Sanyal et al., 2015, Truttmann et al., 2016, Truttmann et al., 2015,
Truttmann et al., 2017, Worby et al., 2009). The ability of recombinant HYPE and HYPE
(E234G) to AMPylate purified proteins or putative targets offered in the context of cell
lysates must be viewed critically, not unlike other enzyme-substrate combinations, such as
protein kinases, when examined under artificial /n vitro conditions. Early work on HYPE’s
target preference highlighted its ability to modify Rho family GTPases Cdc42, Racl and
RhoA /n vitro, in a manner similar to VopS (Engel et al., 2012, Mattoo et al., 2011, Worby et
al., 2009). These results were later shown to depend largely on the version of recombinant
HYPE or HYPE (E234G) used in the assays. Full-length GST-HYPE fusions as well as
6xHIS-tagged HYPEg1-458 (E234G) reliably modify Cdc42, Racl and RhoA /n vitro (Engel
etal., 2012, Mattoo et al., 2011, Worby et al., 2009). In contrast, 6xHIS-tagged HYPE5.455
(E234G) or HYPE103.445 (E234G) do not AMPylate Rho GTPase family members at
detectable levels (Bunney et al., 2014, Sanyal et al., 2015). Removal of the TPR domains
reduced AMPylase activity of recombinant HYPE proteins, suggesting that HYPE
truncations may reveal promiscuous activities absent from the full-length enzyme (Bunney
et al., 2014). Despite the concern that /n vitro AMPylation assays might be prone to produce
false positives, there is supporting evidence for HYPE-mediated modification of non-ER
proteins: In addition to Grp78/BiP, ATP synthase subunits a and 3, tubulin and translation
elongation factor 1 directly interact with wild-type HYPE /n vivo (Broncel et al., 2015).
Expression of HYPE (E234G) in S. cerevisiae — an organism that lacks an endogenous Fic-
type AMPylase — triggers a cytosolic heat shock response and evokes cytotoxic effects that
limit growth (Truttmann et al., 2017). The primary target for HYPE (E234G) in S.cerevisiae
is Ssa2, a major cytoplasmic HSP70 family-type chaperone critical for maintenance of
proteostasis. Given that active AMPylation in yeast compromises integrity of its proteome,
AMPylation of Ssa2/HSP70 appears to inhibit Ssa2/HSP70’s ability to deal with unfolded
proteins in the cytoplasm. This leads to the formation of protein aggregates. If expressed in
human cells, HYPE (E234G)-mediated target AMPylation likewise triggers a heat-shock
response, attenuates translational activities and interferes with HSP70’s ability to cycle
between the cytoplasm and the nucleus, recapitulating the findings made in S. cerevisiae
(Truttmann et al., 2017). HYPE-mediated target AMPylation outside of the ER has obvious
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implications for regulation of cellular signaling cascades (Fig. 2). Nonetheless, how HYPE
avoids or escapes the ER to modify cytoplasmic targets remains to be clarified.

Fic-1 (Caenorhabditis elegans)

Fic-1 is the sole FIC protein encoded by the nematode C. elegans. Despite being only 38%
identical in amino acid sequence to HYPE, the overall structure of the two proteins is well-
conserved. Like HYPE, Fic-1 forms asymmetric dimers through the interactions of two
discrete interfaces that are embedded within the Fic domain (Truttmann et al., 2016).
Mutations that render Fic-1 strictly monomeric interfere with both auto- and target
AMPylation.

Fic-1 is expressed at low levels throughout the worm body, but is most pronounced in the
adult germline and in embryonic cells(Truttmann et al., 2016). Within cells, Fic-1
predominantly localizes to the ER-nuclear envelope continuum, yet a fraction of the Fic-1
pool is also found in the cytoplasm.

The role of Fic-1 in animal fitness and cellular signaling has been studied using fic-1 knock-
out mutants as well as in animals that express constitutively active Fic-1 (E274G)
(Truttmann et al., 2016). Alterations in AMPylation levels did not obviously affect C.
elegans physiology, survival, reproduction, or behavior. If exposed to acute or chronic ER
stress, neither enhancement nor abrogation of target AMPylation affected the animals’
capacity to cope with it. This suggests a limited role for Fic-1 mediated AMPylation in the
regulation of ER homeostasis. However, Fic-1 knock-out worms are more susceptible to
infection by Pseudomonas aeruginosa, while animals that express the constitutively active
Fic (E274G) mutant show enhanced tolerance to the pathogen. These findings may indicate
a link between AMPylation of cellular targets and innate immunity in the nematode.

Fic-1 (E274G) AMPylates core histones, eEF1A-type translation elongation factors as well
as heat shock (HSP) 40 and 70 family proteins in vitro (Truttmann et al., 2016, Truttmann et
al., 2017). Among the endogenous HSP70 proteins modified are the two C. elegans BiP
orthologs (HSP-3, HSP-4) as well as the major cytosolic HSP70 representative, HSP-1.
Fic-1’s enzymatic activity is not restricted to nematode targets, and can also AMPylate
human (HSPA1A) and yeast (SSA2) cytosolic HSP70 proteins. When expressed in
Saccharomyces cerevisiae, Fic-1 (E274G) reliably modifies Ssa2 and interferes with its
function (Truttmann et al., 2017).

Metazoan AMPylases preferentially target highly conserved proteins. BiP and HSP-3 as well
as eEF1A and eEF1A.2 share >80% amino acid sequence identity, respectively. Core
histones are even more conserved and may differ in no more than a single amino acid
(Baxevanis and Landsman, 1996). Therefore it is remarkable that HYPE (E234G) and Fic-1
(E274G) modify different residues on these evolutionarily conserved targets: Hsp-3 is
AMPylated on Thrl76 by Fic-1 (E274G). An exchange of the orthologous residues to BiP
S365/T366 or T518 in HSP-3 did not alter HSP-3 AMPylation (Truttmann et al., 2016).
Furthermore, eEF1A.2 modification by Fic-1 (E274G) was mapped to T269 as well as T432,
while mutating T261, a conserved residue modified in human eEF1A by HYPE (E234G),
was of no consequence (Broncel et al., 2015, Truttmann et al., 2016). Thus, it appears that
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target site preference depends on the enzyme examined and might reflect a distinct substrate
fingerprint for each metazoan AMPylase.

Similar to HYPE (E234G), expression of Fic-1 (E274G) in S. cerevisiae induces protein
aggregation, triggers a heat shock response and is highly toxic (Truttmann et al., 2017).
Intracellular expression of a camelid antibody fragment that binds to Fic-1 (E274G)
suppresses its toxicity. AMPylation of human HSP40 and HSP70 as well as HSP-1 (in vitro)
and Ssa2 (both /n vitroand in vivo) was conclusively attributed to Fic-1 (E274G) activity.
Fic-1 co-localized with markers of the ER (Ire-1) as well as with cytoplasmic proteins (Ssa2)
when expressed in S. cerevisiae, mirroring its localization pattern observed in its
endogenous environment.

Concluding remarks

Our current understanding of protein AMPylation in eukaryotes underscores the importance
of this modification as a regulator of its target proteins and co-dependent signaling cascades.
Pathogen-secreted AMPYylases preferentially modify small GTPases and rewire signaling
networks to maximize pathogen survival and proliferation. It appears that metazoan
AMPylases primarily contribute to the control of cellular stress responses, both in the
cytoplasm and in the ER. However, our understanding of protein AMPylation is incomplete
and many questions remain (see outstanding questions). A better understanding of the
impact of protein AMPylation on cellular physiology, particularly under stress conditions,
may well uncover targets that can be exploited to modulate cellular stress tolerance. From
that perspective, the human AMPylase HYPE deserves validation as a therapeutic target.

Outstanding Questions

. What is/are the physiological trigger(s) that transform(s) HYPE from an auto-
inhibited into a fully active AMPylase?

. How is HYPE activity regulated and is/are there (a) proteinaceous
modulator(s)?

. How do plants and the majority of fungi compensate for the absence of Fic
protein AMPylases in stress signaling?

. Is there a dedicated eukaryotic de-AMPylase?

. Can metazoan Fic proteins accept other nucleotide substrates /7 vivo and
transfer UMP, GMP or CMP to target proteins instead?

. What is the purpose served by auto-AMPylation and AMPylase dimerization?
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AMPylation, Adenylation, Adenylylation
refers to the covalent attachment of an AMP residue to a free hydroxyl of an amino acid side
chain.

AMPylase, Adenylyl transferase
(also referred to as AMPylators) enzymes that covalently attach AMP residues to target
proteins

AMPylome
the complete universe of AMPylated proteins

Target
refers to a protein receiving an AMP residue catalyzed by an AMPylase
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Trends Box

Protein AMPylation is a novel post-translational protein modification
prevalent in all three kingdoms of life (archaea, bacteria, eukaryota)

The active sites of fic-domain containing AMPylases are structurally highly
conserved

Following their translocation into eukaryotic host cells, bacterial AMPylases
preferentially modify members of the small Rho or Rab GTPase families to
abrogate or alter their function and facilitate bacterial invasion and
intracellular trafficking.

Emerging data suggest that metazoan AMPylases contribute to cellular stress
signaling and perception, as well as the maintenance of proteostasis.

Metzoan AMPylases preferentially modify heat shock protein 70 (HSP70)
family proteins in the ER as well as the cytoplasm and influence their
chaperoning activity.
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Figure 1. Organization and structure of prokaryotic and eukaryotic AMPylases
(A) Schematic representation of AMP transfer to Serine (Ser), Threonine (Thr) and Tyrosine

(Tyr) catalyzed by a Fic-domain containing AMPylase. (B) Proportional representation of
domain organization of fic-domain containing AMPylases VopS (V. parahaemolyticus),
Fic-1 (C. elegans) and HYPE (H. sapiens) as well as non-fic AMPylases DrrA (L.
pneumophild) and GS-ATase (£. coli). Key amino acids of the active site motif (His) and
inhibitory motif (Glu) are highlighted in red and green, respectively. (C) Structures of five
representative AMPylases. GS-ATase (AR domain PDB ID: 1V4A; AT domain PDB ID:
3K7D) (Xu et al., 2010, Xu et al., 2004), DrrA (PDB ID: 3NKU) (Mdller et al., 2010) (both
non-fic) as well as IbpA (PDB: 3N3U) (Xiao et al., 2010) are presented as monomers. Fic-1
(PDB ID: 5JJ7) (Truttmann et al., 2016) and HYPE (PDB ID: 4UQ7) (Bunney et al., 2014)
are shown as inverted homo-dimers (as found in solution). Dimerization is mediated
exclusively through interactions between the two fic domains while TPR domains do not
participate and extend from the individual monomers.
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Figure 2. Consequences of HYPE-mediated protein AMPylation in eukaryotic cells
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The three zoom-in circles show cellular events affected by AMPylation in the indicated
cellular compartments (cytoplasm, ER). Reaction arrows / AMPylated proteins marked with

a question mark represent probable, yet non-described links.
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Table 1

Metazoan target proteins of AMPylases
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Species Protein Target(s) Site(s) of modification Consequence on cell
signaling
Histophilus somnii IbpA Rho GTPases (Racl, Cdc42, Tyr32 of switch I region cytotoxic; interferes with
RhoA, RhoB, RhoC, RhoG, regulation of cytoskeleton
TC10)
Pasteurella multocida PfhB2 Rho GTPases (Cdc42, Racl, Tyr32 of switch I region cytotoxic; interferes with
RhoA, RhoG, TC10) regulation of cytoskeleton
Vibrio parahaemolyticus | VopS Rho GTPases (Racl, Cdc42, Thr35 of switch | region cytotoxic; interferes with
RhoA) regulation of cytoskeleton
Legionella pneumophila | DrrA Rab-1b Tyr77 of switch |1 region inhibits proper Rab- 1b
downstream signaling
Bartonella henselae BepA 40kDa protein / 50kDa n.d. increase in cellular cAMP
protein levels
Bartonella rochalimae Bep2 vimentin Tyr53 n.d.
Homo sapiens HYPE/FICD | BiP, Hsp70, EeflA, Hsp40 BiP: Ser365/Thr3 66 or BiP AMPylation negatively
Thr518; Hsp70: n.d.; regulates UPR activation in
EeflA:Thr26 1; HSP40: n.d. the ER; HSP40 and HSP70
AMPylation interferes with
chaperoning activities
Drosophila melanogaster | dfic BiP Thr366 Absence of dfic renders flies
blind; BiP AMPylation
negatively regulates UPR
activation in ER
Caenerobhaditiselegans | Fic-1 Hsp-1, Hsp-3, Eef-1A.2 HSP-1: n.d.; Hsp-3: Thrl76; AMPylation levels directly
eEF1A: Thr269, Thr432 correlate to pathogen
tolerance; HSP-1 and HSP-3
AMPylation interferes with
cellular chaperoning
machineries (cytosol, ER)
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