
Characterization of a rabbit polyclonal antibody against 
threonine-AMPylation

Yi-Heng Haoa, Trinette Chuangb, Haydn L. Ballc, Phi Luonga, Yan Lic, Ruben D. Flores-
Saaibb, and Kim Ortha,*

a Department of Molecular Biology, University of Texas Southwestern Medical Center, Dallas, TX 
75390, USA

bEMD – Millipore, Temecula, CA 92590, USA

c Protein Chemistry Technology Center, Department of Internal Medicine, University of Texas 
Southwestern Medical Center, Dallas, TX 75390, USA

Abstract

An antibody against the posttranslational modification AMPylation was produced using a peptide 

corresponding to human Rac1 switch I region with AMPylated threonine-35 residue as an antigen. 

The resulting rabbit antiserum was tested for its abilities to recognize AMPylated proteins by 

western blot and immunoprecipitation. The antiserum is highly specific for threonine-AMPylated 

proteins and weakly recognizes tyrosine-AMPylated proteins. Depletion of serum with modified 

protein abolished its activity against tyrosine-AMPylated proteins. The antiserum also recognized 

native proteins with modification in an immunoprecipitation experiment. Interactions of the 

antiserum could be inhibited by competition with AMP but not with GMP or UMP. This 

antiserum had potential utility for the identification of unknown AMPylated proteins.
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Protein posttranslational modifications (PTMs) are important cellular events that regulate 

processes such as gene expression, signal transduction, and cell cycle regulation. However, 

studies of PTMs, particularly novel PTMs, are hindered by the lack of efficient molecular 

characterization tools. Identification of potential modifications heavily relies on mass 

spectrometry, which requires purified materials and is not an easily accessible method. 

Specific antibodies against PTMs have proven to be invaluable tools for analyzing the 

dynamics of these modifications. For example, tyrosine phosphorylation (Glenney et al., 

1988; Ward et al., 1992) and lysine acetylation (Liu et al., 1999; Zhao et al., 2010) have 
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been identified by specific antibodies, and these tools have been useful in revealing the role 

of these modifications in many biological processes.

The PTM AMPylation, previously known as adenylylation, is the covalent addition of an 

Adenosine MonoPhosphate group to a hydroxyl side chain of threonine, tyrosine, and 

potentially serine residues. Although first discovered in the 1970s (Brown et al., 1971), 

AMPylation has recently attracted great attention with the discoveries that bacterial effectors 

utilize this modification during infections of mammalian cells (reviewed in Broberg and 

Orth, 2010). Initially, Vibrio effector VopS was discovered to modify the threonine residue 

of human small GTPases and inhibit its interaction with downstream effectors (Yarbrough et 

al., 2009). Subsequently, Histophilus IbpA and Leginella DrrA were found to modify a 

tyrosine residue on Rho GTPase resulting in alteration in the signaling molecules activities 

(Muller et al., 2010; Worby et al., 2009). Proteins catalyzing this modification, known as 

AMPylators, have been identified from both prokaryotic and eukaryotic species (Brown et 

al., 1971; Muller et al., 2010; Worby et al., 2009; Yarbrough et al., 2009), which indicates 

that AMPylation is a conserved mechanism in the regulation of cellular functions.

To further study AMPylation and its significance, tools that can efficiently identify 

AMPylated proteins are required. In the present study, we report the generation of a specific 

antibody against threonine-AMPylation. This antibody has many potential applications for 

the identification, confirmation, and characterization of threonine-AMPylated proteins.

Initially, an AMPylated peptide of Rac1 switch I region EYIPT(AMP)VF (Fig. 1A) was 

generated using optimized Fmoc chemistry on an Applied Biosystems 433 automated 

peptide synthesizer (Foster City, CA) (Al-Eryani et al., 2010). Four rabbits were injected 

with 10 mg of this peptide and were boosted three times. Antisera from different time points 

were collected and pooled. To eliminate nonspecific activity, pooled sera were depleted with 

recombinant Rac1 ampylated on a tyrosine residue.

To test the activity of the antibody, AMPylated His6-tagged Rac1 and Cdc42 were 

generated by coexpression of VopS (for threonine AMPylation) or the Fic2 domain of IbpA 

(for tyrosine AMPylation) in Escherichia coli, and purified as previously described (Luong 

et al., 2010). The modifications were confirmed by mass spectrometry. Equivalent amounts 

of each unmodified and modified proteins were subjected to SDS-PAGE, transferred to 

PVDF membranes, and immunoblotted with antiserum or depleted antiserum (1:1000) for 1 

h at room temperature. After the membranes were incubated with horseradish peroxidase-

conjugated anti-rabbit secondary antibody (1:5000), the recognized bands were visualized 

using ECL Plus (Amersham).

As shown in Fig. 1B, the antiserum recognizes threonine-AMPylated Rac1 and Cdc42, but 

not the unmodified proteins. Longer exposure reveals that it also weakly recognizes 

tyrosine-AMPylated Rac1 and Cdc42. After depletion, the antiserum could not recognize 

tyrosine-AMPylated proteins, while its activity to threonine-AMPylated proteins did not 

change. These western blot data confirm that the antiserum is a specific antibody to 

threonine-AMPylation with weak cross-reactivity to tyrosine-AMPylation, which is 

eliminated by depletion. Results from only one rabbit antiserum are presented in this study 
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unless stated otherwise; however, it should be noted that all antisera have shown consistent 

results.

To test the specificity of the antiserum, we repeated the western blot experiment with 

unmodified and threonine-AMPylated proteins, and added 5 mM AMP, UMP, or GMP to 

compete with the AMPylated proteins during the incubation of PVDF membranes with the 

antiserum. As shown in Fig. 1C, in the presence of AMP, the association of the antiserum 

with AMPylated proteins was inhibited, while UMP and GMP had no effect on the activity 

of antiserum to the AMPylated proteins. This competition of binding by AMP, but not by 

UMP or GMP, indicates that the antiserum is specific to AMPylation.

After testing the antiserum against recombinant proteins, we investigated its ability to 

recognize AMPylated endogenous proteins. Using 32P-α-ATP as a substrate and 

autoradiography, we have previously demonstrated that VopS can AMPylate threonine of 

Rho family GTPases in HeLa cell lysate (Yarbrough et al., 2009). We repeated this 

experiment without isotopic ATP, and used the anti threonine-AMPylation serum to 

visualize the AMPylated proteins. HeLa cells were lysed in HNMEK buffer (20 mM HEPES 

8.0, 150 mM NaCl, 2 mM MgCl2, 1 mM EDTA, and 10 mM KCl) with protease inhibitors 

and fractionated by differential centrifugation. The fraction corresponding to subcellular 

organelles (pellet of 10,000 × g centrifugation) was incubated with cold ATP in the presence 

and absence of VopS at 30 °C for 30 min, and the samples were subjected to western blot as 

described above. In the presence of VopS, a band at the expected molecular weight of Rho 

GTPases was detected by the antiserum (Fig. 2A), indicating that the antiserum is 

sufficiently activated to detect endogenous AMPylated proteins by a supplemented 

AMPylator. We also noticed that other proteins were recognized by the antiserum in the 

HeLa lysate, which may represent endogenous threonine-AMPylated proteins and are under 

further investigation.

The western blot experiments indicate that the antiserum has a very specific activity against 

denatured AMPylated proteins. An immunoprecipitation experiment was thus performed to 

test the activity of the antiserum against native proteins. HeLa subcellular organelles fraction 

prepared as described above was incubated with recombinant VopS and 32P-α-ATP at 30 °C 

for 30 min. Five microliters of prebleed serum, antiserum from each rabbit, or a random 

antiserum against an unrelated protein were incubated with the reaction solution for 1 h at 4 

°C, and the antibody complexes were pulled down by Protein-A Sepharose beads. After 

washing away the non-specific binding proteins, bound proteins were dissociated with SDS 

sample buffer, subjected to SDS-PAGE, and the modified proteins were visualized by 

autoradiography. As shown in Fig. 2B, antisera from all four immunized rabbits could pull 

down the VopS-AMPylated Rho GTPases, but not prebleed or unrelated serum, confirming 

that the antiserum can recognize the AMPylated proteins in their native form.

As a re-emerged protein modification, the understanding of the significance for protein 

AMPylation is in its infancy, particularly in eukaryotes. Although AMPylators have been 

identified in most species by bioinformatics, their substrates have been difficult to identify 

due to the lack of necessary tools. The specificity of the antibody presented here should 

make it an efficient tool in AMPylation studies. For example, for its immunoprecipitation 
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activity, the antibody could be used to pull down unknown AMPylated proteins from cell 

lysates for further identification.

Considering the antiserum's weak activity against tyrosine-AMPylation, it is not appropriate 

for use in studies of tyrosine-AMPylation. The generation of a tyrosine-AMPylation 

antibody is in progress.
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Fig. 1. 
Western blot analysis of AMPylated recombinant GTPases. (A) Diagram of the antigenic 

AMPylated peptide. (B) 50 ng of each unmodified or AMPylated His-Rac1 or His-Cdc42 

was subjected to SDS-PAGE, transferred to PVDF membranes, and immunoblotted with 

antiserum or depleted antiserum at 1:1000 dilution. (C) 5 mM AMP, UMP, or GMP were 

added directly during incubation with antiserum.
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Fig. 2. 
Anti-AMPylation serum recognizes and pulls down endogenous GTPases AMPylated by 

VopS. (A) 20 μg HeLa cell lysate was incubated with 10 ng GST-VopS in the presence of 

0.5 mM ATP at 30 °C for 30 min and subjected to western blot analysis. (B) 100 μg HeLa 

cell lysate was incubated with 100 ng GST-VopS in the presence of 32P-α-ATP at 30 °C for 

30 min. The reaction mixture was divided evenly among six tubes and 5 μl of antiserum 

from each rabbit, prebleed serum, or a random serum were added to each tube. Samples 

were incubated for 1 h at 4 °C and pulled down by Protein-A Sepharose beads. After 

washing, bound proteins were dissociated with SDS sample buffer and subjected to SDS-

PAGE for autoradiography.
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