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Abstract

Posttranslational modifications are covalent changes made to proteins that typically alter the 

function or location of the protein. AMPylation is an emerging posttranslational modification that 

involves the addition of adenosine monophosphate (AMP) to a protein. Like other, more well-

studied posttranslational modifications, AMPylation is predicted to regulate the activity of the 

modified target proteins. However, the scope of this modification both in bacteria and in 

eukaryotes remains to be fully determined. In this review, we provide an up to date overview of the 

known AMPylating enzymes, the regulation of these enzymes, and the effect of this modification 

on target proteins.
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1. INTRODUCTION

Within a cell and its surrounding environment, most changes are exerted by the activity of 

proteins. A major effort by researchers in the life sciences is spent understanding these 

changes and how individual proteins regulate cellular machinery. Not only is it important to 

understand the structure and individual functions of proteins, it is critical to understand the 

ways in which these proteins are regulated. While the regulation of protein expression is a 

key factor in determining where and when a protein is needed, understanding how these 

proteins are altered through posttranslational modifications (PTMs) is critical for 

determining how these proteins are temporally and locally regulated. Furthermore, 

pathogens are known to hijack the cellular machinery of infected cells using PTMs to aid in 

infection.

One such PTM that has recently been gaining attention is AMPylation (also known as 

protein adenylylation). AMPylation is the covalent attachment of adenosine monophosphate 

(AMP) to a peptide. The most common and stable form of AMPylation occurs on the 

hydroxyl group of threonine, serine, or tyrosine through a phosphodiester bond.1 Less stable 

AMPylation modifications on lysine, histidine, and the carboxyl group of peptides have been 

reported; however, many of these reported less stable modifications are transient 

intermediates in which the AMP is transferred to other molecules.2–4

Like phosphorylation, AMPylation uses ATP as a substrate. However, instead of a 

nucleophilic attack occurring on the γ-phosphate as observed in phosphorylation, the α-

phosphate of ATP is targeted, resulting in the release of pyrophosphate and modification 

with AMP5,6 (Figure 1).

Protein AMPylation was originally described by the Stadtman lab in 1967 when it was 

observed that an unknown protein transferred an AMP to glutamine synthetase in response 

to changes in nitrogen conditions, resulting in a change in the modified enzyme’s catalytic 

activity.7 Further biochemical studies identified and characterized the enzyme responsible 

for this AMP modification as glutamine synthetase adenyltransferase (GS-ATase).7–9 

However, it was not until over 40 years later that another example of AMPylation was 

identified. This time the modification was mediated by the Fic (Filamentation induced by 

cAMP) domain of the bacterial effector VopS from the human pathogen Vibrio 
parahaemolyticus.10 Since the rediscovery of this PTM, this field of research has 

dramatically expanded and includes a growing number of enzymes from a variety of species 

that modify and hydrolyze novel protein PTMs, including AMPylation, UMPylation, 

phosphocholination, and others. Herein, we discuss the discoveries made on this new and 

evolving field of posttranslational regulation.

2. METHODS USED TO DETECT AMPYLATED PROTEINS

Before discussing the families of enzymes and substrates involved in AMPylation, we will 

review the approaches and tools that are used to identify modified substrates. As this 

modification is mechanistically similar to phosphorylation (Figure 1) and many useful tools 
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have been developed to study phosphorylation, it was only logical for the study of 

AMPylation to follow in its footsteps.

Both kinases and AMPylators use ATP as a substrate. Therefore, the use of radiolabeled 

ATP to modify a substrate is reasonable; however, the position of the radiolabel must change 

to detect these two modifications. For phosphorylation the γ-phosphate is radiolabeled, 

whereas for AMPylation the α-phosphate is radiolabeled.7,10–12 For example, in an 

AMPylation assay the 32P-AMP from 32P-α-labeled ATP is transferred to the hydroxyl of a 

threonine, serine, or tyrosine, resulting in a phosphodiester bond between the 32P-AMP and 

the protein substrate. The radiolabeled phosphate can be detected in many ways, including 

phosphorimaging of radiolabeled gels and quantitation using dot blots or scintillation 

counters. Alternatively, 14C can be utilized to label the adenosine in the AMP transferred 

during AMPylation in vitro; however, these modified proteins are not as easily measured by 

visual means due to the limited sensitivity of 14C radioactivity detection.7

Another tool that is valuable for detecting phosphorylated proteins is phosphospecific 

antibodies. Soon after the discovery of AMPylation, antibodies directed at AMPylated-

tyrosine and AMPylated-threonine residues were generated. Although these antibodies have 

limited sensitivity, they have been very useful for detecting specific AMPylated proteins in 

vitro and in lysates13,14 (Figure 2). The antibodies against AMPylated proteins are 

somewhat biased in specificity because the peptide backbone that was used to produce them 

came from a Rho GTPase and therefore can lead to both false positive and false negative 

results.

AMPylated proteins have been observed to migrate differently in native and isoelectric 

focusing protein gels, similar to the changes in migration observed for phosphorylated 

proteins.15 However, these techniques cannot be relied upon solely to determine if a protein 

is AMPylated as many other modifications can cause shifts in protein mobility. Validation of 

these assays using another technique is needed to confirm potential AMPylation sites.

Because ATP is required in a large number of cellular processes including RNA chemistry, 

large amounts of radiolabeled ATP are required in cellular lysates to obtain enrichment in 

AMPylated proteins. Furthermore, identifying [α-32P]ATP radiolabeled peptides from 

complex protein samples is challenging. Overall, [α-32P]ATP labeling of AMPylated 

proteins is most useful in vitro with known AMPylators and protein targets where this 

method is sensitive enough to be used for kinetic measurements of AMPylation activity.12

Another way to observe AMPylation is by analysis of modified peptides using LC-MS/MS.
16 The covalent attachment of AMP to a peptide has an observed mass increase of 329 Da5 

(Figure 3). The position of this modification can be assigned by analyzing fragmentation 

spectra of the modified peptide generated by collision-induced dissociation (CID).16 While 

the CID fragmentation patterns of AMPylated peptides have been characterized previously, 

mass spectrometry analysis still has several drawbacks. Fragmentation spectra often require 

careful manual verification in addition to a sequence database search in order to accurately 

identify AMPylated peptides and localize modification sites (Figure 4).16 Other methods 

have been developed that allow AMPylated peptides to be identified in mixed protein 
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samples using stable isotope-labeled ATP.17 By using a mixture of unlabeled ATP, [15N]ATP, 

and [15N,13C]ATP in AMPylation reactions, AMPylated peptides can be identified by 

detecting a defined triple mass shift cluster by MS analysis (Figure 5).17

When combined with other biochemical techniques, mass spectrometry analysis can be used 

to identify potential AMPylated proteins for further study in a relatively unbiased way. By 

using a chemical ATP analog, such as N6-propargyl adenosine-5′-triphosphate (N6pATP), 

with click chemistry, AMPylated proteins can be tagged and enriched from complex 

populations such as cell lysates18–20 (Figure 6). Furthermore, utilization of click chemistry 

techniques can be applied to more systematic approaches such as protein arrays to identify 

the targets of known AMPylators18,21,22 (Figure 7). While these methods are useful in the 

identification of candidate AMPylation substrates, it is critical that each candidate is 

validated rigorously for authenticity and biological relevance.

3. CATALYTIC DOMAINS FOR AMPYLATORS

Currently, two different catalytic domains have been identified to have AMPylation activity: 

the adenylyl transferase (ATase) domain and the Fic domain. ATase domains are a subset of 

a larger protein family of nucleotidyl transferases and contain a 23,24 The conserved G-X11-

D-X-D motif in their active site. aspartate residues are critical in the coordination of two 

Mg2+ ions in the active site of the ATase6,25 (Figure 8). Though this domain is found in 

many bacterial species, only two ATase domain-containing enzymes have been characterized 

to have AMPylation activity: glutamine synthetase ATase and the Legionella effector DrrA/

SidM.7,9,23

The second protein domain with AMPylation activity is the Fic (Filamentation induced by 

cAMP) domain. The Fic domain was originally identified in 1982 in E. coli when a mutation 

was identified that lead to E. coli filamentation phenotype in the presence of cAMP.26 

However, the function of this domain in E. coli remained elusive until 2009 when VopS, an 

effector from V. parahaemolyticus, was identified to have AMPylation activity via the Fic 

domain.10 Since this discovery, several Fic domain proteins have been identified and 

constitute the vast majority of newly discovered bona fide AMPylators.27

The Fic domain is a part of a larger Fido (Fic/Doc) superfamily.28 Fido domains share a 

common fold, a highly conserved active site motif, and an inhibitory α-helix motif that 

provides autoregulation the enzymatic activity. The Fic domain is conserved from bacteria to 

higher eukaryotes and is found in a diverse set of proteins. Several thousand genes 

containing predicted Fic domains have been identified, with the large majority of these 

domains found in bacterial species.29 Crystal structures of Fic domains reveal a primarily α-

helical fold consisting of a core structure with six α-helices and an active site loop28,30–32 

(Figure 9). The active site contains a highly conserved HPFx[D/E]GN[G/K]R motif.12,33 

Kinetic analyses of Fic domain-mediated AMPylation support a ternary complex mechanism 

where the enzyme coordinates a direct transfer of AMP to the protein substrate.12 Structural 

and biochemical studies have since confirmed the conserved motif coordinates Mg2+ and 

ATP in the binding pocket12,28,34 (Figure 10). It is proposed that upon binding to ATP, Fic 

domains induce a conformational change in the switch II binding site involved in 
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recognizing substrate proteins.34 The conserved histidine residue within this catalytic loop is 

responsible for the deprotonation of serine, tyrosine, or threonine during AMPylation.12,34 

Many Fic domains also contain a β-hairpin near the active site that is predicted to play a role 

in substrate recognition via physical interactions.27,35

4. CLASSES OF FIC DOMAINS

Most Fic domains can be separated into three distinct classes based on species and distinct 

topology of the inhibitory α-helix present in most Fic domain proteins31 (Figure 11). For 

class I Fic domains, the inhibitory α-helix is provided by a separate protein, forming a 

toxin–antitoxin module. This class of Fic domains is only found in bacteria, and because of 

this topology, these proteins are sometimes called FicT toxins.36,37 When expressed without 

the corresponding antitoxin, the expression of a FicT protein is toxic to bacterial cells.37

The vast majority of identified Fic domain proteins are class II in which an inhibitory α-

helix is found N-terminal to the Fic domain.38 The class II of Fic domain proteins is also the 

most diverse, with many subclasses of proteins identified with distinct topologies containing 

a variety of different additional domains. Little is known about many of these enzymes and 

their substrates due in part to the sheer number and diversity of this class of Fic domains.38 

Class III of Fic domain proteins is highly conserved and found widely throughout all classes 

of Proteobacteria. These single-domain proteins contain a C-terminal inhibitory α-helix after 

the Fic domain.31

Approximately 10% of conserved Fic domains do not contain an inhibitory α-helix and thus 

do not belong to any of these described classes.31 Primarily, these unclassified Fic domains 

are bacterial effectors, such as VopS and IbpA.31 Because these secreted effectors recognize 

and AMPylate eukaryotic proteins during infection, this level of recognition is not needed.

5. REGULATION OF FIC DOMAINS

As more Fic domain AMPylators are identified, scientists have discovered several different 

mechanisms that add layers of regulation to these enzymes. First, almost all Fic domains 

contain an inhibitory helix with a conserved [S/T]xxxE[G/N] motif required for the proper 

catalytic regulation of these enzymes.31,39 The conserved glutamate in this inhibitory α-

helix is critical for this regulation.14,31,39 The glutamate in the inhibitory α-helix forms a 

salt bridge with a conserved arginine in the active site of the Fic domain. When the salt 

bridge is formed, ATP is unable to bind in the catalytic pocket40 because the arginine from 

the salt bridge has moved into a space required for binding the γ-phosphate of ATP31,40 

(Figure 12). Additionally, comparative crystal structures of inhibited wild-type Fic domains 

and glutamate mutated to a glycine Fic domains show changes in γ-phosphate coordination, 

allowing for recognition of the ATP substrate.40 It is not well understood how the binding of 

the inhibitory helix is altered during enzyme activation in vivo. Mutations in the helix that 

prevent salt bridge formation typically result in a constitutively active AMPylator with 

increased catalytic activity, increased auto-AMPylation, and reduced substrate specificity.
11,14,15,19 The mechanisms by which the inhibitory α-helix is regulated remain unknown 

and could likely vary between different Fic domain proteins.
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There are exceptions to the inhibitory helix form of regulation. Structural analysis of several 

Fic AMPylators has revealed that a subset of Fic domains has lost the conserved glutamate 

in the inhibitory loop and retained a positively charged lysine or arginine residue at this 

location34 (Figure 13). Intriguingly, this mutation frequently correlates with changes in the 

conserved Fic motif for which the second conserved arginine is replaced with a threonine.34 

In these cases, the positively charged lysine or arginine in the inhibitory helix is thought to 

facilitate rather than inhibit ATP binding.34

Other Fic domains have evolved alternative strategies to bypass regulation of the inhibitory 

helix. One example is CdFic, an AMPylator found in virulent strains of Clostridium difficile.
41,42 While there is currently no identified target known for CdFic, its autoAMPylation is 

not inhibited by the autoinhibitory helix motif as observed with other Fic AMPylators.42 

Structural analysis also revealed that the ineffectiveness of the autoinhibitory helix of CdFic 

is due to structural changes in the active site of the Fic domain. This results in changes to the 

positioning of ATP in the ATP binding pocket42 (Figure 14). The α and β-phosphates of 

ATP are repositioned by formation of a new salt bridge formation between Arg-200 of CdFic 

and the α-phosphate of ATP.42 In other known Fic domains, this position is usually a 

hydrophobic residue. This repositioning allows for the accommodation of the γ-phosphate 

in the anion hole despite the presence of the conserved autoinhibitory helix, supporting the 

idea that AMPylation of other targets may not be inhibited.42

Other levels of regulation for AMPylation activity involve the self-association of Fic 

domains. One possible mode of regulation is oligomeric state. Many Fic domains have been 

observed to form dimers both by crystallization and by size exclusion/chromatography 

techniques.19,39,42 One such Fic AMPylator is CdFic, which forms a dimer via interactions 

in a loop between α′1 helix and α1 helix of the Fic domain core.42 Mutations in this 

dimerization interface lead to significantly increased in vitro AMPylation activity compared 

to wild-type CdFic.42

Dimerization is also observed to have an activating role in the metazoan Fic protein.19 In 

Caenorhabditis elegans, dimerization of Fic-1 is mediated by two interaction domains, 

including conserved residues in a loop between α′1 helix and α 1 helix of the Fic domain 

core, similar to CdFic in its location.19 However, mutations resulting in loss of Fic-1 

dimerization lead to decreased AMPylation activity, even when the conserved inhibitory 

glutamate is also mutated.19 Likewise, mutations in the observed dimerization interface of 

human FicD result in reduced in vitro AMPylation activity and a monomeric protein.39 

These mutations may simply cause an indirect destabilization of the active site, resulting in 

reduced enzymatic efficiency.

In Neisseria meningitidis NmFic, the homologue of a highly conserved class III Fic protein 

found in many bacteria is regulated by self-association.43 NmFic forms a stable tetramer via 

interactions on two highly conserved surfaces, leading to inactivation of NmFic.43 

Formation of the NmFic dimer and tetramer is tightly controlled by protein concentration. 

At concentrations of 250 nM and below, NmFic behaves primarily as a monomer and 

exhibits much higher AMPylation activity.43 In contrast to the aforementioned Fic domain 
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proteins, mutations in the conserved interaction surfaces result in oligomerization-deficient 

NmFic with increased AMPylation activity.43

Most Fic domains have some level of autoAMPylation that correlates with the AMPylation 

activity. For example, autoAMPylation of NmFic on a cluster of tyrosines (Y183, Y184, 

Y185, and Y188) results in the partial unfolding of the NmFic inhibitory helix.43 As a 

consequence, auto-AMPylation of NmFic leads to a change in positioning of the α-

inhibitory loop and release of autoinhibition of catalytic activity.43 AutoAMPylation occurs 

primarily in the monomeric form of this protein, indicating that both concentration-

dependent self-association and auto-AMPylation play a cooperative role in the regulation of 

NmFic.43 Because NmFic is highly conserved in many bacteria, it is predicted that this form 

of regulation is also conserved in this subset of Fic domains. Similarly, mutations of the 

autoAMPylation sites in class I FicT enzymes have been shown to reduce AMPylation of 

target proteins.37

Though AMPylation sites for many Fic AMPylators have been identified, the molecular 

effects of most of these sites have yet to be elucidated. Because no target substrate has been 

identified for CdFic other than autoAMPylation on the inhibitory α-helix, it is inconclusive 

if mutations to the CdFic AMPylation site change its enzymatic activity.42 Although 

autoAMPylation sites for the human FicD have been identified at residues T183, S79, and 

T80, mutagenesis and biochemical analysis of these sites indicate that autoAMPylation is 

not required for efficient AMPylation activity.44

6. AMPYLATION AND BACTERIAL HOMEOSTASIS

Many well-studied bacterial AMPylators are involved in cellular homeostasis. One of the 

first identified AMPylating enzymes was GS-ATase (Gln E), which plays a key role in 

complex regulation of nitrogen metabolism through its AMPylation of glutamine synthetase.
7–9,45,46 Glutamine synthetase catalyzes the synthesis of L-glutamine from glutamate and 

ammonia, a critical step to the production of several other amino acids and nucleotides. GS-

ATase contains both an AMPylation domain and a separate deAMPylation domain.47 The 

activity of GS-ATase is modulated by a signal-transducing protein trimer called PII that 

exists in two distinct forms8,24 (Figure 15). When nitrogen levels are high, the PII protein 

interacts with GS-ATase, stimulating its AMPylation activity. GS-ATase AMPylates 

glutamine synthetase at tyrosine 397, resulting in inactivation of glutamine synthesis.7,9,48 

When nitrogen levels are low, the PII trimer is modified by the covalent attachment of 

uridine monophosphate (UMP) (referred to as UMPylation) by the enzyme uridylyl 

transferase (UTase).8,49,50 UMPylated PII interacts with GS-ATase, stimulating the 

deAMPylation activity of this enzyme. This results in the deAMPylation and activation of 

glutamine synthetase. Because glutamine synthetase and PII are made up of several identical 

subunits, the regulatory modifications made on these enzymes during changes in nitrogen 

availability are predicted to act as a molecular rheostat that allows for the activity of GS to 

be finely tuned to the cells’ needs.51

Another characterized group of bacterial AMPylators involved in bacterial homeostasis is 

the class I Fic AMPylators for which the Fic domain was originally named.26 Since the 
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original identification of Fic-1 in E. coli,26,52,53 several Fic-1 homologues have recently 

been identified and characterized in other bacterial species.31,36,37,43,54,55 The FicT toxins 

are typically coexpressed with their antitoxin-containing inhibitory α-helix as part of a 

toxin–antitoxin system in the cells.31,36 When expressed without the corresponding antitoxin 

anti-Fic-1 (AntF), cellular growth is arrested31,37 (Figure 16). FicT AMPylators modify the 

GyrB subunit of DNA gyrase and its paralog, the ParE subunit of Topoisomerase IV, at a 

conserved tyrosine residue needed for ATP binding.36,37 This inactivation of DNA Gryase 

by AMPylation leads to the activation of a global cellular response to DNA damage, called 

the SOS response.36,37 In cells with a defective or blocked SOS response, FicT-mediated 

AMPylation of GyrB leads to elongated (filamented) cells for which the Fic phenotype was 

originally named.37 Interestingly, the effects of FicT AMPylation are reversible and do not 

lead to cell death but arrested cell growth. In Wolbachia bacteria, levels of FicT were shown 

to be upregulated in response to doxycycline, indicating that FicT AMPylation may be a 

regulator of bacterial cell stress;55 however, the conditions that result in FicT activation 

remain to be elucidated. Current models of FicT activation predict that either competitive 

binding for AntF or AntF degradation will result in the activation of FicT AMPylation 

(Figure 16).36,37

Interestingly, a Class III Fic AMPylator NmFic from N. meningitidis has also been found to 

AMPylate GyrB at the same conserved tyrosine required for ATP binding.43 Furthermore, 

the highly conserved nature of all Class III Fic domains strongly indicates that the 

AMPylation and inactivation of DNA Gyrase must be a critical cellular strategy for bacteria 

to regulate stress. As described above, the regulation of NmFic is very different from the 

Class I FicT enzymes, as it involves concentration-dependent monomerization and 

autoAMPylation for activation of NmFic activity.43 However, the cellular mechanism by 

which the regulation is modulated has yet to be determined.

7. AMPYLATION AND BACTERIAL PATHOGENICITY

The study of viral and bacterial virulence factors has led to many discoveries including 

previously unknown mechanisms used in eukaryotic signaling pathways.56 Typically, these 

factors manipulate normal cellular processes in the infected host for the advantage of the 

pathogen. Of note, AMPylation is used by pathogens to manipulate small GTPases that are 

involved in regulating actin cytoskeleton dynamics, phagocytosis, innate immunity, and 

vesicle trafficking.10,57

The first identified AMPylator was VopS, a type III secretion system effector from the 

pathogenic V. parahaemolyticus10 (Figure 17). Once translocated into the host cell, VopS 

AMPylates Rho family GTPases at a conserved threonine residue on the switch 1 region of 

the protein.10 AMPylation at this site prevents these Rho family GTPases from associating 

with downstream effectors, leading to a deregulation of the host actin cytoskeleton and cell 

rounding10 (Figure 17).

Another bacterial AMPylator IbpA is from Histophilus somni, a Gram-negative bacterium 

that infects the respiratory tracts of cattle and can lead to bovine respiratory disease 

complex, uses a similar strategy. IbpA is a very large secreted protein (4095 amino acids) 
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that contains an N-terminus with adhesion domains used to help its internalization into the 

host cell as well as two Fic domains at its C-terminus.58 These Fic domains have been 

shown in vitro to AMPylate the Rho GTPases RhoA, Rac, and Cdc42 but on a conserved 

tyrosine reside in the GTPase switch 1 region.11,58–60 The result of this AMPylation is 

similar to that of VopS as AMPylation of tyrosine also blocks association of downstream 

effectors, leading to cell rounding and cytotoxicity.58

Another set of effectors worthy of increased study are found in several species of Bartonella, 

mammalian pathogens frequently transmitted from blood-sucking arthropods.61 These 

bacteria rely on a VirB/D4 T4SS to secret a large variety of Bartonella effector proteins 

(Beps) into the host. Interestingly, most Beps have an N-terminal canonical FIC motif 

indicative of an AMPylator and a C-terminal BID (Bartonella intracellular delivery) domain; 

furthermore, all Beps are predicted to evolve from the same VbhT ancestor.31,38,61 

Confirmation of AMPylation activity for many of these Beps has yet to be performed.61 

However, some intriguing bacterial studies have successfully validated the AMPylation 

activity of a few individual Beps. BepA from B. henselae has confirmed AMPylation 

activity and been shown to AMPylate at least two unidentified host proteins (40 and 50 kDa) 

in HeLa cell lysates.35 Another Bep, Bep2 from B. rochalimae, was also shown to AMPylate 

the host protein vimentin, an intermediate filament protein. However, the biological 

consequence of vimentin AMPylation remains to be elucidated.17 The role of AMPylation in 

Bartonella pathogenicity remains to be determined, but the diversity and scale of Fic 

domains within this family of effectors strongly suggest more mechanisms in pathogenicity 

exists.

C. difficile, a causal agent of nosocomial antibiotic-associated diarrhea and colitis, contains 

a Fic domain AMPylator.41 Though no substrate for CdFic has been identified, the virulence 

factor is predicted to be similar to VopS and constitutively active.42 As pathogens use 

AMPylators to target critical components of host-signaling pathways, identifying their 

substrates is important for our understanding of pathogenesis and host signaling.

The intracellular pathogen and causal agent of pneumonia in humans, Legionella 
pneumophila, uses both ATase domains and Fic domains to modulate host signaling during 

infection. The virulence factor DrrA, encoding an ATase domain, AMPylates another type of 

small GTPase, Rab1b associated with host vacuoles (Figure 17). L. pneumophila is an 

intracellular pathogen and resides in Legionella-containing vacuoles (LCVs), an 

environment similar to the host ER.23,62 In addition to its ATase domain, DrrA contains a 

guanine nucleotide exchange factor (GEF) domain for activation of GTPases.23,63 DrrA 

targets Rab1b by converting it into its active state first with its GEF domain. The ATase 

domain of DrrA then AMPylates the tyrosine residue 77 on its switch 1 region to block 

interactions between Rab1b and host GTPase-activating proteins (GAPs) that might 

inactivate Rab1b.23,64 AMPylation at Y77 prolongs the active GTP-bound state of Rab1b 

and blocks GAP-stimulated inactivation via GTP hydrolysis.23 L. pneumophila efficiently 

hijacks the activity of Rab1b to target ER vesicles resulting in their association with the 

LCV.65,66 This recruitment of vesicles facilitates the formation of the LCV and is required 

for Legionella to form a proliferative intracellular niche.62
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AMPylation by DrrA is just one layer of the complex regulation used in the formation and 

maintenance of the LCV because the Legionella control of Rab1b is further regulated 

spatially and temporally by deAMPylation and phosphocholination, the covalent attachment 

of phosphocholine.67–70 Interestingly, the phosphocholination of Rab1b is catalyzed by a Fic 

protein, AnkX.67 This is just one example of several Fic domains that catalyze different 

modifications other than AMPylation. Though most Fic domains are not bacterial effectors, 

it is through the study of these Fic effectors that these diverse activities performed by Fic 

domains were identified and the molecular plasticity of Fic domains was revealed.

The Fic effector CBU2078 of Coxiella burnetti also has observed phosphocholination 

activity. When overexpressed in human cells, CBU2078 caused the phosphocholination of 

proteins; however, these targets have yet to be identified.67 Another example is AvrAC, a Fic 

effector of the plant pathogen Xanthomonas campestris. AvrAC catalyzes the UMPylation, 

the covalent attachment of uridine monophosphate (UMP), of BIK1 and RIPK.71

Additionally, AvrB, a Fic effector of the plant pathogen Pseudomonas syringae, is predicted 

to have kinase activity and phosphorylate RIN4, a regulator of the innate immune response 

in plants.72 Another large family of Fic domain-related effectors is the toxin Doc toxin 

family. Doc is a kinase and has been shown to phosphorylate the bacterial translation factor 

EF-Tu. This change from AMPylator to kinase is possible because of a single residue change 

in the active site that inverts the binding of ATP. Of note, Doc can also catalyze the 

dephosphoryation of EF-Tu, indicating a dual function for this enzyme.73 Interestingly, the 

Doc-mediated dephosphorylation of EF-Tu occurs through the reversibility of Doc’s kinase 

activity and is dependent on increased levels of ADP.

In Bartonella, several Beps contain noncanonical Fic domains with unknown activities.61 

Further study of these bep effectors along with many other uncharacterized Fic effectors 

may reveal an even wider variety of modifications catalyzed by Fic domains.

8. AMPYLATION IN EUKARYOTES

Though several bacterial effectors have been shown to AMPylate eukaryotic host targets, 

only one eukaryotic AMPylator has been identified.11 In humans, this AMPylator is known 

as FicD (also known as HYPE or hFic) and is conserved in most metazoan species. FicD 

was identified in a yeast two-hybrid screen for physical interactions with Huntingtin protein 

and therefore is also referred to as HYPE (Huntingtin yeast interacting protein E).74 FicD 

and its orthologs contain a conserved topology consisting of a type II N-terminal 

transmembrane domain, tetratricopeptide repeat (TPR) domain, and a C-terminal class II Fic 

domain (Figure 18). FicD localizes to the ER, with the TPR domain and Fic domain facing 

the ER lumen.14,44,75 Of note, FicD and its orthologs are the only Fic domain containing 

proteins identified in eukaryotes.28 Expression of FicD and its orthologs is ubiquitous but at 

very low levels.19,44 Endogenous protein detection in most eukaryotes has been a challenge;
15,19,44,76 however, the expression of FicD is increased during ER stress.14,15,44

FicD and its orthologs are predicted to function as a dimer both by crystal structures and by 

size exclusion chromatography19,39 (Figure 19). The AMPylation activity of FicD and its 
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orthologs is highly regulated both in vivo and in vitro by the conserved autoinhibitory α-

helix, as discussed above for class II Fic domains. Because of this regulation, overexpression 

of wild-type FicD does not lead to detectible increases in AMPylation.15 Mutations in the 

conserved inhibitory α-helix result in increased AMPylation activity. Mutations that perturb 

stable dimerization of FicD result in reduced AMPylation activity, even in mutants where the 

conserved α-inhibitory glutamate is also mutated.19,39 Currently, it is unclear how the 

autoinhibition is released in vivo.15,19,77,78

Because of these limitations, researchers have typically taken advantage of overactive FicD 

mutants in which the required glutamate in the inhibitory α-helix is mutated.14,15,19,44,77 

However, these overactive mutants may lead to changes in substrate specificity and off target 

effects. Overexpression of wild-type FicD and its orthologs appears to cause no adverse 

effects on the health of a cell, likely due to strong catalytic regulation by the inhibitory α-

helix.14,15,44 Consequently, overexpression of a mutant FicD with the conserved glutamine 

in the autoinhibitory helix changed to a glycine (FicDE234G) causes cytotoxicity and 

induction of apoptosis.15,44

Initial studies in Drosophila found that the Drosophila homologue of FicD, dFic, was 

required for proper vision neurotransmission in flies (Figure 20). dFic null flies are viable 

and healthy, but in the eye, they display defects in synaptic transmission to laminal neurons.
75 Immunohistochemistry staining of fly eye sections showed that fic null flies also exhibit 

defects in histamine neurotransmitter recycling, a process mediated by glial cells.75 

Furthermore, expression of dFic specifically in glial cells was sufficient to rescue the vision 

defects observed in the flies.75 This indicates that, while not essential, dFic AMPylation is 

important for glial cell function.

Subsequent studies of dFic in Drosophila identified BiP as a major target of AMPylation by 

dFic during ER homeostasis14 (Figure 21). Since this initial discovery, several studies across 

multiple species have revealed the major target of FicD to be BiP (also known as Grp78 and 

HSPA5 humans),14,15,19,44 a HSP70 family chaperone in the ER with a critical role in the 

unfolded protein response (UPR).79 BiP is an ATPase-dependent chaperone that aids in the 

folding of protein within the ER lumen, modulation of the UPR pathway, and activation of 

the ERAD (ER-associated protein decay) pathway.79,80 Several layers of regulation, 

including transcriptional induction, cofactor binding, oligomerization of BiP, and PTMs, 

modulate the activity of BiP.78,79,81 FicD is responsible for the reversible AMPylation of 

BiP, a posttranslational modification that is regulated by induction of ER stress.14,44

Despite the conserved nature of both FicD and BiP, studies in different metazoan species 

have led to some conflicting results that have yet to be addressed in the field. One of the 

major conflicts is the site(s) of BiP AMPylation. The first reports of BiP AMPylation from 

in vitro studies with Drosophila and human proteins indicated that AMPylation occurred on 

T366, a conserved threonine in the ATPase domain of BiP.14,44 However, recent in vivo and 

in vitro studies identified T518, a conserved threonine in the substrate-binding domain as the 

primary AMPylation site in mammalian BiP.15,77 Furthermore, in vitro AMPylation studies 

in C. elegans reports AMPylation of T176, a different threonine in the ATPase domain.19 

These observed differences in modification sites of BiP in different species may indicate 

Casey and Orth Page 11

Chem Rev. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evolutionary changes to FicD substrate recognition and role in BiP regulation or potential 

variability in overactive FicD enzyme specificity in different species homologues.

It is also uncertain how AMPylation of BiP regulates its function in the UPR. When levels of 

ER stress are low, FicD AMPylates a subset of BiP.14,15,44 Consistent with observations of 

Drosophila dFic and BiP, studies from the laboratory of David Ron indicate that AMPylated 

BiP has reduced ATPase activity and decreased substrate-binding affinity, suggesting that the 

pool of AMPylated BiP is inactive.14,15 When levels of ER stress are high, BiP is 

deAMPylated and predicted to return to the active pool of BiP.14 Study of the UPR response 

in mammalian FicD CRISPR nulls also indicates that loss of BiP AMPylation results in a 

less responsive UPR.15 These data support a model in which AMPylation of BiP during ER 

homeostasis allows for the ER to provide a sensitive UPR response but still maintains an 

excess pool of inactive yet readily available BiP (Figure 22). This could be especially critical 

in cell types that require sensitive UPR responses such as neurons and supporting cells.82

While this model is compelling, other studies provide conflicting results. Studies in C. 
elegans fic-1 CRISPR null animals indicate no discernible defect in UPR induction using 

hsp-4::GFP reporter induction as a readout.19 Furthermore, survival and development of 

animals was not affected in fic-1 CRISPR nulls or overactive Fic-1E274G mutants under UPR 

stress.19 However, fic-1 null animals were more susceptible to death by P. aeruginosa 
infection.19 These conflicting studies also differ in the identified AMPylation sites of BiP, 

which could suggest distinct modes of regulation. More careful analysis of the differences in 

AMPylation and the effect on BiP function in these models is needed to determine if one or 

multiple mechanisms of FicD-mediated regulation of BiP are present.

Of note, there is no known Fic domain-containing protein in yeast. Because the UPR is 

much simpler in yeast, such regulation of BiP may not be required. Recent studies from the 

Ploegh laboratory have shown that overexpression of overactive C. elegans Fic-1E274G is 

lethal in yeast.83 Furthermore, in mammalian cells, overexpression of overactive FicDE234G 

is also lethal in cells where endogenous FicD is also knocked out.84 This is most likely due 

to the unrestrained AMPylation activity of these mutant enzymes and a lack of 

deAMPylation in the ER (see Regulation of deAMPylation below).84

Interestingly, overexpression of overactive Fic-1E274G and FicDE234G was found to induce 

the heat shock response (HSR) and the cytosolic stress response (CSR) in yeast.83 

Furthermore, overexpression of the cytosolic HSP70 family chaperone SSA2 partially 

rescued lethality of overactive Fic-1E274G expression.83 This indicates that lethality of 

Fic-1E274G may be due to activation of the heat shock response.83 Previous work has shown 

that the toxic effects of upregulation of the UPR in IRE1 mutants can be counterbalanced by 

upregulation of the HSP in yeast.85 Furthermore, other studies have revealed that activation 

of the UPR in yeast leads to the upregulation of the transcription factor Sir2, which both 

repressed UPR-induced genes while activating the HSR through activation of Hsf1.86 While 

a direct effect of Fic-1 and FicD overexpression on cytosolic chaperones is highly unlikely 

due to the compartmentalization of the enzymes and substrates, additional studies are needed 

to fully evaluate the effects of endogenous Fic-1 and FicD activity.
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Analysis of overactive FicDE234G mutant and the C. elegans overactive Fic-1E274G mutant 

with lysates identified several “artificial” substrates, including histones, translation 

elongation factors (eEF-1A, eEF-1G, and eEF-2), HSP40, HSP90, and HSP70 family 

members including HSP-1 and HSP-3 (BiP).19,83 Similarly, FicD was shown to AMPylate 

RhoA, Rac, and Cdc42 in vitro.11 However, the physiological relevance of these findings is 

lacking as these substrates do not appear to be relevant targets in vivo since they are 

cytoplasmic proteins.44 While the premise of an AMPylator in the cytoplasm is intriguing, 

there is currently very little data that suggests endogenous FicD plays that role outside the 

ER.75,77

9. REGULATION OF DEAMPYLATION

Little is known about the scope of AMPylation in protein regulation, and less is known 

about deAMPylation of proteins. Only a few proteins with deAMPylating activity have been 

identified. The first identified deAMPylator is also the first identified AMPylator: GS-ATase 

(Figure 15). As described previously, this protein contains a separate deAMPylation domain 

and its activity is modulated by the binding of PII and associated PTMs of PII.8,47,49,50 To 

remove the AMP from glutamine synthetase, the adenyl–tyrosine bond is phosphorolyzed 

using orthophosphate to produce ADP.24,48,87

Only one bacterial effector has been identified with deAMPylating activity. As described 

above, in L. pneumophila the recruitment of ER vesicles to form the LCV requires 

AMPylation of Rab1b at Y77, locking Rab1b into an ATP bound state.23,64,65 Whereas this 

is critical for early LCV formation, inactivation of Rab1b is preferred after establishment of 

the LCV. Expression of the Legionella deAMPylator SidD is temporally regulated so that 

deAMPylation of Rab1b occurs after the LCV is established.70 The catalytic domain of 

SidD resembles a metal-dependent phosphatase domain and catalyzes deAMPylation of Y77 

of Rab1b without the need for phosphate, resulting in the release of AMP.70 Furthermore, 

SidD deAMPylation is highly specific to AMPylated Rab1, as other AMPylated Rho 

GTPases cannot be deAMPylated by this enzyme.69 Once deAMPylated, Rab1b is then 

deactivated by a different Legionella effector, LepB, at a later stage in infection.65,70

The most recently identified deAMPylator is the conserved eukaryotic AMPylator FicD.84 

Previously, it was known that FicD AMPylated BiP when levels of ER stress are low; 

however, the mechanism by which BiP was deAMPylated during UPR induction was 

unknown.14,15,44 Recent studies in mammalian and Drosophila show that FicD can also 

deAMPylate BiP both in vitro and in vivo.84,88 Furthermore, this reaction is catalyzed by the 

same conserved Fic domain that catalyzes AMPylation.84,88 However, this reaction is not the 

exact reverse of AMPylation, as deAMPylation of BiP results in the release of AMP not the 

production of ATP.84 Thus, the active site of FicD is capable of catalyzing two distinct 

reactions: AMP transferase and phosphodiesterase.

It is still unknown how the activity of FicD switches between AMPylator and deAMPylator. 

However, the conservation of this activity in mammals and Drosophila suggests the 

deAMPylation activity of FicD is critical for regulation of BiP activity. Of note, mutation of 

the residues in the regulatory salt bridge of FicD, such as FicDE234G, results in a mutant 
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enzyme that can no longer deAMPylate substrates but contains very high AMPylation 

activity.84,88 This could indicate that a structural change in the inhibitory α-helix is involved 

in producing the different enzymatic activities of FicD. One possibility is that FicD would 

preferentially bind to AMPylated proteins when the inhibitory α-helix is engaged but would 

preferentially bind ATP when the inhibitory α-helix is disengaged84 (Figure 23). Whereas it 

is known that FicD can both AMPylate and deAMPylate targets, it is still unknown how 

these opposing activities of endogenous wild-type FicD are regulated in the cell in the 

presence or absence of UPR. Understanding the regulation of the FicD enzyme within the 

ER is a critical question that must be addressed.

Of note, the currently known deAMPylators have little in common structurally, indicating a 

much broader evolutionary history when compared to known AMPylators. Other Fic 

AMPylators in bacteria could exhibit deAMPylation activity similar to the eukaryotic FicD. 

Previously, snake venom phosphodiesterases were also shown to deAMPylate proteins.7,11 

Though the deAMPylation by snake venom phosphodiesterases is not predicted to be 

biologically relevant, it does suggest that other phosphodiesterases could deAMPy-late 

proteins in cells as well.

10. CONCLUDING REMARKS

Herein we have described recent findings on a novel posttranslational modification called 

AMPylation. This modification, the covalent attachment of AMP to a protein, has gone from 

relative obscurity to a well-established modification in less than a decade. Currently, only a 

handful of predicted AMPylating enzymes have been characterized, many playing a role in 

cellular homeostasis and pathogenesis.

While both ATase and Fic domains have been found to catalyze AMPylation, these domains 

can also catalyze other modifications with similar chemistry, such as UMPylation, 

phosphocholination, and phosphorylation. The prevalence and variety of these other 

modifications have yet to be determined. Additional studies are needed to fully determine 

the scope of chemical modifications these domains can mediate.

In bacteria, several protein AMPylators have recently been identified with a variety of 

protein targets, both in prokaryotic homeostaisis and in bacterial pathogenesis. However, to 

date only a single eukaryotic AMPylator has been identified. Common chemical 

modifications are frequently repeated throughout the tree of life in diverse ways to produce 

different effects. As this field expands, it is likely that more AMPylating enzymes will be 

identified with a variety of target pathways, both in bacteria and in eukaryotes. It is also 

possible that additional domains with AMPylation activity have yet to be discovered that 

may further expand this field. As the fields of AMPylation and related PTMs continue to 

develop, we will continue to learn more about the prevalence of these modifications, how 

they impact protein function and structure, and their roles in diverse biological processes.
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Figure 1. 
AMPylation and phosphorylation both require ATP as a substrate. Phosphorylation, addition 

of the γ-phosphate of ATP, is mediated by kinases and reversed by phosphatases. ATase and 

Fic domains mediate AMPylation: covalent attachment of AMP to the hydroxyl group of 

threonine, tyrosine, and serine. DeAMPylation is catalyzed by several enzyme domains 

(phosphodiesterase domains, phosphatase domains, ATase domains, and Fic domains).
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Figure 2. 
AMPylated-threonine antibody is specific for AMPylated threonine residues. (A) Schematic 

of the antigen used to generate AMPylated-threonine antibody antigen: AMPylated peptide 

from the switch I region of Rac1. (B) AMPylated-threonine antibody recognizes both 

threonine-AMPylated Rac1 and Cdc42. Whereas low levels of AMPylated-tyrosine cross-

reactivity are observed, this can be removed using immune-depletion techniques. (C) 

AMPylated-threonine antibody is specific for AMP modifications as competitive binding 

with AMP but not UMP and GMP inhibits AMPylated protein detection. Reproduced from 

ref 13. Copyright 2011, with permission from Elsevier.
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Figure 3. 
LC-MS/MS spectra of digested Rac1 peptides from the switch one region indicate a change 

in 329 Da increase when AMPylated. (A) Wild-type Rac peptide exhibits a m/z ratio of 

1488.7 when z = 2. (B) Wild-type Rac peptide AMPylated by VopS exhibits a m/z ratio of 

1653.3 when z = 2, a 329.2 Da increase compared to the unmodified peptide. Reproduced 

from ref 10. Copyright 2009, with permission from AAAS.
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Figure 4. 
Detection of ions of AMPylated peptide ions by ESI-MS/MS. (A) MS/MS spectrum of 

unmodified peptide–AAAHAAATVHV spectra analyzed by ESI-MS/MS. (B) MS/MS 

spectrum of AMPylated peptide–AAAHAAAT(amp)VHV spectra analyzed by ESI-MS/MS. 

Major unique ions detected are indicated with an asterisk (*). (C) Formation of unique ions 

detected of AMPylated peptides. “X” indicates the mass of the modified peptide fragment. 

Reproduced from ref 16. Copyright 2011, with permission from Springer.
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Figure 5. 
Experimental strategy for the identification of in vitro AMPylated peptides using a mixture 

of unlabeled ATP, [15N]ATP, and [15N,13C]ATP. (A) Workflow for experimental analysis of 

AMPylated peptides. Briefly, AMPylation assays are performed with [32P]-labeled ATP and 

analyzed by PAGE to determine the molecular weight of the target proteins. Additionally, 

AMPylation assays are performed with a mixture of unlabeled ATP, [15N]ATP, and [15N,
13C]ATP and also separated by PAGE for analysis by LC-MS/MS. [32P] radiolabeled gel is 

used to identify appropriate bands for excision and analysis on the [15N]ATP/[15N,13C]ATP-

labeled samples. (B) Example of [32P]-labeled AMPylated protein bands identified by 

autoradiography. (C) Example of a MS/MS spectrum of a peptide that has been in vitro 

AMPylated with a mixture of unlabeled ATP, [15N]ATP, and [15N,13C]ATP. Peaks 

Casey and Orth Page 25

Chem Rev. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



corresponding to all three forms to ATP labeling were identified. Reproduced from ref 17. 

Copyright 2014, with permission from John Wiley and Sons.
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Figure 6. 
Experimental strategy for the detection and identification of AMPylated proteins using N6-

propargyl adenosine-5′-triphosphate (N6pATP). Briefly, AMPylation assays are performed 

with N6pATP, which contains an alkynyl group. Cu(I)-catalyzed azide alkyne cycloaddition 

(CuAAC), “click” chemistry, is used to label AMPylated proteins with azide fluorescent 

dyes or affinity enrichment tags, such as azide-biotin. These tags can be used to identify 

AMPylated bands by PAGE or via affinity enrichment techniques. Reproduced from ref 18. 

Copyright 2011 American Chemical Society.
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Figure 7. 
Experimental strategy for utilizing the Nucleic Acid Programmable Protein Array (NAPPA) 

to identify AMPylation targets. Slides printed with expression plasmids are used to produce 

an in vitro translated protein library. In vitro AMPylation experiments are then performed on 

the protein with N6pATP. AMPylated proteins are detected using CuAAC “click chemistry” 

with azide-fluorescent dyes. Reproduced from ref 21. Copyright 2014, with permission from 

American Society for Biochemistry and Molecular Biology.

Casey and Orth Page 28

Chem Rev. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Proposed mechanism of adenylyl transferase (ATase) mediated AMPylation. Three aspartate 

residues coordinate two Mg2+ ions in the active site. ATP is shown in green; ATase residues 

are shown in black. Adapted and reproduced from ref 6. Copyright 2015 American 

Chemical Society.
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Figure 9. 
Structure of VopS at 1.8 Å resolution. (A) Ribbon diagram of VopS. Helices in green and 

white represent the conserved Fic domain of VopS. Conserved catalytic histidine 348 is 

represented in blue. Helices in red are specific to VopS. (B) Detailed view of VopS fic 

domain. Residues in the conserved HPFx[D/E]GN[G/K]R domain are labeled and displayed. 

Reproduced from ref 12. Copyright 2010, with permission from the American Society for 

Biochemistry and Molecular Biology.
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Figure 10. 
Proposed mechanism of VopS Fic domain-mediated AMPylation. Histidine 348 acts as a 

general base to deprotonate the hydroxyl residue of the target protein, shown in blue. 

Aspartic acid residue coordinates the Mg2+ ion, while asparagine and arginine residues 

coordinate phosphates of ATP, shown in red. Adapted and reproduced from ref 12. 

Copyright 2010, with permission from the American Society for Biochemistry and 

Molecular Biology.
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Figure 11. 
Classifications of Fic domains. (A–C) Ribbon diagrams of Fic domain structures. Fic 

domain core shown in red, active site loop shown in yellow, inhibitory α-helix shown in 

green. (A) Class I Fic domain VbhT shown in complex with antitoxin VbhA. (B) Class II 

Fic domain SoFic (from S. oneidensis). (C) Class III Fic domain from NmFic. (D) Protein 

domain maps of VbhT/VbhA, SoFic, and NmFic. Adapted and reproduced from ref 31. 

Copyright 2012, with permission from Nature Publishing Group.
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Figure 12. 
Model of inhibitory α-helix regulation of Fic domain-mediated AMPylation. Salt bridge 

formation between the conserved glutamate in the inhibitory α-helix prevents proper 

coordination of the γ-phosphate of ATP. When the salt bridge is removed and the inhibitory 

α-helix is disengaged, the γ-phosphate of ATP is properly coordinated and the α-phosphate 

is positioned appropriately for AMPylation to occur.
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Figure 13. 
Model of inhibitory α-helix coordination of ATP binding in a subset of Fic domains which 

retain a positively charged lysine or arginine in the inhibitory α-helix and also contain 

mutations in the second conserved arginine in the Fic motif. γ-Phosphate of ATP is 

coordinated by the inhibitory α-helix lysine or arginine.
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Figure 14. 
Model of inhibitory α-helix-independent ATP binding in a subset of Fic domains. Some Fic 

domains, such as CdFic, contain additional residues in the Fic domain binding pocket that 

aid in the coordination of ATP. These additional residues bypass the requirement for the 

second conserved arginine coordination of the γ-phosphate of ATP.
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Figure 15. 
Schematic of the signaling that regulates the activity of glutamine synthetase (GS). Briefly, 

GS activity is regulated by a bifunctional ATase. When nitrogen levels are high, this ATase, 

in complex with the PII regulatory protein, AMPylates and inactivates GS. When nitrogen 

levels are low, PII is UMPylated. Subsequently, ATase, in complex with UMPylated PII 

regulator protein, deAMPylates and thus activates GS.
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Figure 16. 
Model of Fic-1 mediation of Gyrase B (GyrB) activity. Briefly, FicT and FicA form a 

complex that inhibits FicT AMPylator activity. When the FicA toxin is sequestered, or 

degraded, FicT AMPylates and inactivates Gyrase B. This leads to DNA knotting, stalls in 

DNA replication, and induction of the SOS response.
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Figure 17. 
(A) VopS AMPylates a conserved threonine of Rho family GTPases. (B) DrrA AMPylates a 

tyrosine on Rab1b, which prevents association of Rab1b with its GAP. (C) HeLa cells mock 

transfected. (D) HeLa cells transfected with active VopS. Reproduced from ref 1. Copyright 

2010, with permission from Frontiers.
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Figure 18. 
Crystal structure of FicD (HYPE/hFic). (A) Protein domain maps of FicD, full length, and 

truncation used for crystallization. (B) Ribbon diagram (left) and surface structure (right) of 

FicD. TPR domains shown in orange, linker domain shown in yellow, and Fic domain shown 

in gray. Red asterisk indicates ATP binding pocket. Reproduced from ref 39. Copyright 

2014, with permission from Elsevier Inc.
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Figure 19. 
Crystal structure of FicD (HYPE/hFic) dimerization. (A) Ribbon diagram (left) and surface 

structure (right) of FicD dimers. Monomer A of FicD: TPR domains are shown in orange, 

linker domain is shown in yellow, Fic domain is shown in gray. Monomer B of FicD is 

shown in green. (B) Ribbon diagram of FicD dimer interface. Key residues for dimer 

interface shown are modeled as sticks and labeled. Reproduced from ref 39. Copyright 2014, 

with permission from Elsevier Inc.
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Figure 20. 
dFic is required for histamine recycling in the Drosophila eye. (A) Quantification of ON 

transients from electroretinograms (ERGs) indicates dFic mutant (Fic55) flies have defects in 

synaptic transmission to laminal neurons. These defects can be partially rescued by 

supplementing flies with additional histamine (HA) or carcinine (CA) to their diet. (B) dFic 

mutant flies also display defects in fast phototaxis response. (C–F) Histamine staining of 

head sections indicates that compared to wild-type (C), dFic mutant (D) flies have reduced 

histamine enrichment in glial cells (red arrows) proximal to the photoreceptor cells and 

synapses of the lamina and medulla (yellow arrows). Overexpression of dFic in glial cells 

(E) partially rescues histamine staining in dfic mutant flies. (F) HdcP218 control for complete 

loss of histamine staining. Reproduced from ref 75. Copyright 2012, with permission from 

Nature Publishing Group.
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Figure 21. 
FicD-mediated AMPylation of BiP is regulated by ER stress. (A) Drosophila BiP is 

AMPylated in vitro by wild-type dFic (dFic Wt) but not the catalytically dead dFicH375A 

(dFic H/A). (B) Human BiP (hBiP) is AMPylated in vitro by overactive hFicE234G. (C and 

D) AMPylation of BiP is altered by ER stress. S2 cells were treated with 5 mM DTT and 

100 μg/mL cycloheximide (CHX). (C) Whole cell lysates were analyzed with anti-

AMPylated threonine, anti-BiP, and anti-tubulin antibodies. (D) Cells were transfected with 

BiP-FLAG. BiP was immunoprecipitated with anti-FLAG resin and analyzed by western 

with anti-AMPylated threonine and anti-BiP antibodies. Adapted and reproduced from ref 

14. Copyright 2014, with permission from The American Society for Biochemistry and 

Molecular Biology.
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Figure 22. 
Model of AMPylation-mediated inactivation of BiP during ER homeostasis.
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Figure 23. 
Model of AMPylated peptide recognition by FicD.
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