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Abstract

Nucleotidyl transfer is an archetypal enzyme reaction central to DNA replication and repair. 

Here we describe a variation of the nucleotidylation reaction termed “catch and release” that is 

used by an antibiotic modifying enzyme. The aminoglycoside nucleotidyl transferase 4’ (ANT4’) 

inactivates antibiotics such as kanamycin and neomycin through nucleotidylation within an active 

site that shares significant structural, and inferred underlying catalytic similarity, with human DNA 

polymerase beta. Here we follow the entire nucleotidyl transfer reaction coordinate of ANT4’ 

covalently inactivating neomycin using X-ray crystallography. These studies show that although 

the underlying reaction mechanism is conserved with polymerases, a short 2.35 A hydrogen bond 

is initially formed to facilitate tight binding of the aminoglycoside substrate and is subsequently 

disrupted by the assembly of the catalytically active ternary complex. This enables the release of 

products post catalysis due to a lower free energy of the product state compared to the starting 

substrate complex. We propose that this “catch and release” mechanism of antibiotic turnover 

observed in ANT4’ is a variation of nucleotidyl transfer that has been adapted for the inactivation 

of antibiotics.
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Nucleotide triphosphates (NTP) are ubiquitous enzyme substrates and cofactors in a 

multitude of biological processes, including DNA synthesis. NTPs are central to polymerase 

mediated DNA synthesis as substrates in the highly conserved nucleotidyl transfer 

reaction1–2. Studies of polymerase-mediated nucleotidyl transfer demonstrate how divalent 

metal ions and active site carboxylate groups deprotonate and activate a hydroxyl oxygen 

on the DNA primer terminus. Through attack of the alpha phosphate of the NTP, the 

activated nucleophile catalyzes the formation of a phosphodiester bond while generating a 

pyrophosphate leaving group3–7. A catalytic metal is involved in lowering the pKa of the 

DNA 3’ OH primer terminus (metal A), whereas a second nucleotide binding metal (metal 

B) coordinates the pyrophosphate moiety of the nucleotide (Figure 1A). The two metals are 

coordinated by three conserved active site carboxylate groups.

Antibiotic resistance enzymes, such as aminoglycoside modifying enzymes (AGMEs) use 

the nucleotidyl transfer reaction to inactivate antibiotics8. The covalently modified antibiotic 

is no longer able to form the requisite interactions with its molecular target, the bacterial 

ribosome, thus rendering the antibiotic ineffective9. One such AGME is the aminoglycoside 

nucleotidyl transferase 4’ (ANT4’) from Staphylococcus aureus. ANT4’ is among the 

more promiscuous AGMEs10–11 which inactivates aminoglycosides from both of the two 

main structural classes of aminoglycoside antibiotics (Figure S1) through transfer of a 

nucleoside monophosphate group from ATP to the 4’-hydroxyl group of the antibiotic12–14. 

A two metal ion nucleotidyl transfer reaction mechanism similar to polymerases has been 

proposed for ANT4’, as the structural homology between the ANT4’ catalytic site and 

the human base-excision repair DNA polymerase, polymerase beta (Pol b), was identified 

when the X-ray crystal structure was first solved15–16 (Figure 1B). More recently, this 

mechanism has been suggested to be used by several related aminoglycoside nucleotidyl 

transfer enzymes17–20, despite lacking a complete structural understanding of the reaction 

coordinate. Demonstrating the similarity underlying nucleotidyl transfer reaction among 

ANT4’ and Pol b, the active site carboxylate groups and substrates are also arranged 

in a similar manner within these enzymes (Figure 1). In ANT4’ Glu76 coincides with 
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the Pol b catalytic base (Asp256), and kinetic studies have demonstrated the importance 

of this residue in ANT4’21. However, unlike polymerases, ANT4’ forms a homodimeric 

quaternary structure. Although there are ANT enzymes that are monomeric17–18, the ANT4’ 

homodimer leads to the placement of an additional carboxylate group into the active site 

(Glu145) from an adjacent monomer. Glu145 also functions as an alternate catalytic base in 

the proposed ANT4’ reaction mechanism14· 21 (Figure IB).

A detailed understanding of the various catalytic mechanisms utilized by modifying 

enzymes is required to decipher the basis of antibiotic inactivation, which can aid in the 

design of new aminoglycosides. Here, we determined the crystal structure of ANT4’ in 

the binary (neomycin), ternary substrate (neomycin and AMPCPP), and product complex 

(AMP-neomycin and pyrophosphate), thus permitting a complete picture of the reaction 

coordinate of this enzyme. Based on these structures and structures of an active site mutant, 

as well as isothermal calorimetry (ITC) binding studies, we demonstrate how ANT4’ uses a 

variation of the classical nucleotidyl transfer mechanism, which we call “catch and release”. 

Through modulation of a strong, short hydrogen bond (SHB), which is either a short-ionic 

hydrogen bond (SIHB) or a low-barrier hydrogen bond (LBHB)22, ANT4’ tightly binds the 

aminoglycoside antibiotic in the absence of a fully-assembled active site. Formation of the 

complete active complex results in disruption of the SHB and a lower free energy of the 

product state.

The processivity of polymerases is evolutionarily encoded in the need to bind to a DNA 

template and perform multiple rounds of nucleotidyl transfer without release, yet we propose 

this variation in the reaction is a mechanism to aid in product release and antibiotic turnover. 

These new insights into this reaction archetype not only lead to a better understanding of 

nucleotidyl transfer, but also shed light on the strategies that can be used to evade the action 

of antibiotics by the pathologically relevant AGME family23.

Results and Discussion

Crystallographic snapshots of wild-type ANT4’ catalysis

A total of 6 structures of a thermally stable T130K mutant of ANT4’ were determined with 

resolutions ranging between 1.65 A and 2.50 A (Tables S1 and S2). A binary neomycin 

complex was also determined in the wild-type ANT4’ enzyme to confirm aminoglycoside 

binding is not perturbed by this mutation (Figure 2A and Table S1). Polder omit maps 

(Figure S2) as well as LigPlot+24 interaction analysis (Figures S3 and S4) for all ligands are 

shown in the Supplement.

The T130K mutation is on the surface of ANT4’ and more than 21 A away from the 

enzyme active site. Earlier studies have shown that the thermodynamics of ligand binding 

and solvent effects25–26 as well as protein dynamics27 of wild-type ANT4’ and the T130K 

variant are very similar. Another thermostable mutant of ANT4’ (D80Y), was used in 

the previously determined structure of ANT4’ in the presence of kanamycin16. Neomycin 

was used in our studies with the T130K mutant because D80Y has significantly different 

thermodynamics of enzyme-ligand, protein-solvent interactions and protein dynamics 

relative to wild-type and T130K variants of ANT4’25–26.
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The ANT4’ neomycin binding site in the wild-type crystal structure is identical to the 

T130K mutant complex and occurs within a pocket lined with negatively charged hydrogen 

bonding groups that form salt-bridges with the positively charged aminoglycoside (Figure 

2A). The prime ring of neomycin is placed directly into the active site composed of three 

carboxylate groups in a manner identical to the canonical DNA polymerase active site, 

yet it differs from the orientation of the kanamycin 4’ hydroxyl in the active site of 

the D80Y mutant of ANT4’16 (Figure 2B). In the T130K mutant the position of the 4’ 

hydroxyl of neomycin, the site of adenylation, overlaps with the position of the 3’ OH of the 

DNA primer terminus of Pol p. This places the neomycin 4’ nucleophile in a catalytically 

competent position (3.1 Â between atoms) to attack the alpha phosphate of the nucleotide. 

This is in contrast to the orientation of kanamycin in the D80Y ANT4’ mutant (Figure 2B), 

where the 4’ hydroxyl is positioned 5.3 A away from the alpha phosphate site of attack28. 

The neomycin ANT4’ complex was crystallized in the presence of high concentrations of 

Mg2+ (100–200 mM). A Mg ion (termed Mg -A) is present and coordinated by three water 

molecules, Glu52, Glu145 and the 4’ OH of neomycin (Figure 3A). One of the active site 

carboxylate groups (Glu52) forms a short 2.35 A hydrogen bond with the 3’ hydroxyl of 

neomycin (shown as red dotted lines in Figure 3A). The distance between heavy atoms 

suggests this rather short hydrogen bond is either a SIHB or a LBHB, where matched pKa 

values of heavy atoms lead to resonance stabilization and an additional ~5–10 kcal more 

energy versus a canonical hydrogen bond22.

Upon formation of a non-hydrolyzable ternary complex (neomycin/AMPCPP) the catalytic 

Mg2+ (Mg A) and nucleotide binding Mg2+ (Mg B) coordinate to the 4’ OH and the b and g 
phosphates respectively (Figure 3B). Mg A is coordinated by Glu145, Asp50, Glu52 and the 

4’ OH of the neomycin, which is likely in a deprotonated form as the distance from Mg A is 

2.1 A. Glu52 also coordinates Mg B, thus this residue forms a bidentate hydrogen bond with 

both metal ions when the active site is fully assembled for catalysis. The engagement of the 

two metal ions by Glu52 causes the SHB to the 3’ OH to be lost, with the electronegativity 

of the carboxylate group drawn to the two positively charged metal ions, rather than forming 

interactions with the aminoglycoside. The adenine ring of the nucleotide stacks directly 

above the prime ring of neomycin where it forms van der Waals interactions that likely 

partially compensate for the loss of the SHB upon engagement of the two Mg ions by Glu52.

In a manner similar to the time-resolved study of nucleotidyl transfer in polymerases3, 5, 

the adenylated neomycin ANT4’ product as well as the pyrophosphate leaving group were 

crystallo-graphically captured by soaking ANT4’ ternary crystals (ATP and neomycin) in 

magnesium, which were initially inhibited from turning over substrate due to presence of 

Ca2+ (Figure 3C). In addition to the two products (AMP-neomycin and pyrophosphate) the 

catalytic metal and the nucleotide binding metal were still present in the active site. Rather 

than forming a SHB with neomycin, Glu52 completely engages the catalytic Mg ion. Only a 

single hydrogen bond (Glu76) remains formed with the adenylated prime ring of neomycin. 

The product-mediated reorganization of the hydrogen bonding network, including loss of the 

SHB, likely leads to a significantly weaker interaction energy with the product state. Indeed, 

multiple rounds of catalysis occurred within the confines of the crystal, which is evident by 

an additional adenylated neomycin located adjacent to the active site (Figure S5).
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Crystallographic snapshots of ANT4’ catalysis lacking the short hydrogen bond

To test the proposed role of the SHB in ANT4’ catalysis the crystal structures of a T130K/

E52D double mutant were determined in a binary neomycin form, a ternary (neomycin 

and AMPCPP) form and a product state (AMP-neomycin and pyrophosphate). Polder omit 

maps as well as LigPlot+ interaction analysis for all T130K/E52D structures are shown in 

Figures S2 and S4, respectively24. The lack of the delta carbon in aspartic acid results in 

lengthening of the SHB in the T130K/E52D binary complex (Figure 4A), where instead 

a longer and weaker 3.2 A canonical hydrogen bond is found. Upon formation of the 

non-hydrolyzable ternary complex, the geometry of the active site is identical to the T130K 

variant (Figure 4B). We note that both the T130K and the T130K/E52D mutants are able 

to perform catalysis in the crystal, and the organization of the active site and products are 

similar (Figure 4C) with the exception of Asp52 forming a bifurcated hydrogen bond to the 

both metal ions.

Thermodynamic role of the short hydrogen bond in ANT4’

To support our structural interpretation of ANT4’ catalysis, substrate dissociation constants 

(Kd) were determined using isothermal calorimetry (ITC) for the T130K and T130K/E52D 

ANT4’ mutants (Table 1, Figure S6). Consistent with replacement of the SHB with a 

canonical longer hydrogen bond, the T130K/E52D mutant binds to neomycin 2.5-fold 

weaker than the T130K enzyme (Table 1, Kd values in the presence of 4.0 mM Mg2+ for 

T130K and T130K/E52D). However, ANT4’ crystallized in the presence of high amounts 

of divalent metal ions (100–200mM), which is far higher than the typical free cellular Mg2+ 

concentration of <1.0 mM. ITC titrations of the apo protein with Mg2+ failed to produce 

measurable heats of injection, which suggests the Mg2+ in the neomycin complex is due 

to crystallization conditions. The neomycin Kd values were therefore also measured in 

the absence of magnesium (Table 1). The strength of neomycin binding is modulated in 

response to the magnesium in the binding site as the Kd for neomycin binding to T130K 

ANT4’ in the absence of Mg2+ is five times smaller, indicating tighter binding than when 

titrated in the presence of 4 mM magnesium (Table 1). Moreover, in the absence of Mg2+ 

the T130K/E52D mutant binds to neomycin 4.3 times weaker than the T130K enzyme, 

equivalent to a loss 0.9 kcal/mol for substitution of the SHB for a canonical hydrogen bond 

(Table 1, Kd values in the absence of magnesium for T130K and T130K/E52D). In direct 

support of the loss of the hydrogen bond between residue 52 and neomycin upon formation 

of the ternary state, the Kd values for neomycin binding in the presence of AMPCPP are 

identical in the T130K and T130K/E52D mutants (Table 1). Interestingly, the T130K Kd for 

binding to this state in the absence of Mg2+ is only two-fold weaker than the formation of 

the binary aminoglycoside complex. It is likely that the loss of the SHB from the binary 

neomycin complex is partially compensated by the stacking interaction between the adenine 

ring and the prime ring of neomycin in the ternary non-catalytic complex.

Conclusions

The variation of the nucleotidyl transfer reaction found in ANT4’ demonstrates how this 

ubiquitous reaction archetype can be tuned to function in biological processes beyond 

nucleic acid synthesis29. The SHB found in ANT4’ may be the result of adapting an ancient 
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DNA polymerase to perform chemistry on what in comparison would be a unique class 

of substrates. Indeed, DNA polymerases perform multiple rounds of nucleotidyl transfer 

on DNA substrates that are at high concentrations in the nucleus, which also consist of 

thousands of atoms that form numerous interactions with the protein, yet for example, the 

Kd for the Pol b binary oligo-nucleotide complex is around 0.5–2.0 pM30. This represents 

a ~10-fold weaker interaction when compared to the ANT4’ neomycin Kd, although there 

are well over 10-fold fewer atoms found in neomycin versus a double stranded DNA 

oligo-nucleotide.

The SHB of ANT4’ plays a unique role in this variant of nucleotidyl transfer where trace 

amount of antibiotics needs to bind tightly pre-catalysis and only a single round of catalysis 

needs to occur per binding event. The ANT4’ SHB modulates the free energy of the enzyme 

substrate complexes during the reaction coordinate, a phenomenom which has also recently 

been demonstrated to be a factor in determining substrate specificity and catalytic efficiency 

in an acetyl transferase AGME31–32. In ANT4’ the SHB is present in the pre-catalytic binary 

drug complex, where tight, specific recognition of the bactericidal antibiotics would be 

most important. Indeed, the neomycin minimum inhibitory concentration against susceptible 

Staphylococcus aureus is approximately 10-fold weaker than the ANT4’ neomycin Kd33. 

Upon formation of the catalytically relevant ternary complex which includes the nucleotide 

triphosphate and cations, the SHB to the aminoglycoside is lost, due to the engagement of 

the carboxylate group with both of the canonical nucleotidyl transfer Mg ions (Figure 2). 

The Mg ions in ANT4’ play a unique role in the reaction, where the catalytic magnesium 

(Mg A), not only functions in activating the nucleotidyl transfer nucleophile, but also in 

modulating the free energy of the reaction coordinate through disruption of the SHB formed 

with the neomycin (Figure 4). Concomitant with the loss of this interaction is the formation 

of the ternary state where the Kd is two-fold weaker although no chemistry has taken place. 

Once nucleotidyl transfer occurs only one of the three hydrogen bonds remains between 

ANT4’ and the modified prime ring of the aminoglycoside, which serves to further reduce 

the energy of the modified drug product complex from that of the starting state that contains 

the SHB. Thus, the modulation of this SHB serves as a thermodynamic signal that also 

mediates the “catch and release” of the antibiotic substrates.

ANT4’ is a promiscuous AGME that inactivates a broad spectrum of aminoglycosides11, 

including tobramycin, which lacks the 3’ hydroxyl moiety involved in forming the observed 

SHB. Interestingly, tobramycin was shown to be one of the best turned over substrates 

of ANT4’. So how ubiquitous is the proposed “catch and release” mechanism of ANT4’? 

Our present studies, in combination with earlier work on ANT4’, suggest that the active 

site does not restrict substrates to bind in an identical location16 (Figure 2), even though 

these aminoglycosides (kanamycin and neomycin) share a common core (Figure S1). It 

is therefore possible that the drugs that lack the SHB-forming 3’ hydroxyl could be 

repositioned within the active site to facilitate the SHB-mediated “catch and release”. 

Future structural studies will aim to address these outstanding questions in ANT4’ antibiotic 

inactivation, which will ultimately contribute important knowledge to the design of new 

aminoglycoside medications.
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Methods

Protein expression and purification

All the ANT4’ variants used in this study (WT, T130K and T130K/E52D) were cloned 

in a pGEX-4T-3 vector with a TEV (Tobacco Etch Virus) protease cleavage site at the C- 

terminus of the GST affinity tag. The proteins were expressed in BL21 RIL E. coli cells 

and grown in Terrific Broth media at 37 °C and transferred to 21 °C after induction with 

1mM IPTG. The cells were grown for 16 h, harvested, resuspended in lysis buffer (1* PBS 

buffer, 1 mM DTT and 1% Triton) and lysed by sonication. The cell lysate was clarified with 

centrifugation and the supernatant was then incubated with Glutathione Sepharose 4B resin 

for 2–3 hours before being loaded into a column. The column was washed with wash buffer 

(1* PBS buffer, 1 mM DTT) before TEV protease was added. The protein-loaded GST 

resin was incubated with TEV protease for 16 h at 4 °C. The cleaved protein was collected 

in the flow through and treated with the HiTrap Ni2+ chelating HP column to remove the 

TEV protease. The flow through was collected and dialyzed in 50 mM Tris pH 8.0, 100 

mM NaCl and 5mM EDTA to remove imidazole and any nucleotide contaminants. The 

dialyzed protein was further purified with a Superdex 75 10/300 column (GE healthcare Life 

Sciences) equilibrated in 50 mM Tris pH 8.0 and 100 mM NaCl. The purity of the enzymes 

was evaluated by SDS PAGE prior to being flash-frozen in liquid nitrogen and stored at −80 

°C.

Crystallization and X-ray data collection

All the ANT4’ crystals were grown by the hanging drop vapor diffusion method at 12 °C, 

using droplets containing 1:1 ratio of protein solution and mother liquor. WT, T130K and 

T130K/E52D enzymes were used at a concentration of 15 mg/ml in 50 mM Tris pH 8.0 and 

100 mM NaCl buffer for crystallization. The crystals were cryo-protected using respective 

mother liquor with 30% glycerol prior to mounting and flash freezing in liquid nitrogen. 

Binary complex crystals were obtained by incubating the enzyme with 2–3 mM neomycin 

for 2 h at room temperature and mixed with an equal amount of precipitant (16–17% PEG 

8K, 0.1 M Tris pH 7–8, 0.1–0.2 M MgCk). For the preparation of the non-hydrolyzable 

ternary complex crystals of ANT4’-Neo- AMPCPP, the enzyme (15 mg/ml in 50 mM Tris 

pH 8.0 and 100 mM NaCl buffer) was incubated with 2 mM neomycin and 4 mM AMPCPP 

for 2 h at room temperature and mixed with the precipitant solution (12% PEG 8K, 0.1 M 

Tris pH 8.0, 0.1–0.2 M MgCl2). For the ternary complex crystals of ANT4’-adenylated Neo-

PP, the enzyme was dialyzed in 50 mM Tris pH 8.0 and 100 mM NaCl buffer containing 

10 mM CaCl2 before setting up crystallization trays. The Cardialyzed enzyme was then 

crystallized in 9–10% PEG 5K MME, 0.1 M Tris pH 7.5–8.0, 0.1–0.2 M CaCl2. The 

crystals were transferred to a cryo-solution containing 9–10% PEG 5K MME, 0.1 M Tris 

pH 7.5–8.0, 10 mM MgCl2 and 30% glycerol for 45min. This resulted in the formation 

of a ternary product complex with pyrophosphate. The reaction was stopped by freezing 

the crystals in liquid nitrogen prior to data collection. All the binary and ternary complex 

crystals were collected at 100K at different beamlines (23ID-D, 23ID-B, 21ID-F) at the 

Advanced Photon source (APS) using a Pilatus 3–6 M detector, Eiger 16M and Rayonix 

MX300 detectors respectively. Diffraction data were processed with XDS34 or HKL-300035 
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or MOSFLM36 and scaled with SCALA or AIMLESS from the CCP4 suite37. Space groups, 

cell parameters, and data collection statistics are given in Tables S1 and S2.

Structure determination and refinement

The structures were solved by molecular replacement with PHASER38 using PDB:1KNY as 

the template. Model building and refinement were carried out with COOT39 and Phe- nix40. 

Model analysis was done with MolProbity41 and figures were prepared with Pymol. Atomic 

coordinates and the structure factors for all complexes have been deposited in the Protein 

Data Bank (PDB) (Tables S1 and S2). Crystallographic refinement statistics are listed in 

Tables S1 and S2.

Binding studies

All ITC experiments were performed at 25°C using the Microcal VP-ITC (Microcal Inc, 

USA) with a cell volume of 2 ml. All solutions were degassed prior to the experiments. 

13–40 ^M of ANT4’ enzymes (T130K and T130K/E52D) were dialyzed in 50 mM MOPS 

pH 8.0, 100 mM NaCl and with or without 4 mM MgCl2 buffer and titrated against 0.3 

mM of neomycin. For the set of experiments with AMPCPP, both the enzyme and neomycin 

were premixed with 0.5 mM AMPCPP and degassed prior to the titration. The titration data 

were fitted to a single set of identical sites model using MicroCal ORIGIN software supplied 

with the instrument. Base-line correction, peak integration and binding parameters (number 

of binding sites (N), binding constant (Ka), change in binding enthalpy (AH) and change in 

binding entropy (AS)) were obtained using the ORIGIN software.

Accession Codes

Structures and reflection data of ANT4’ complexes reported here have been deposited to the 

Protein Data Bank under the accession codes: 6UN8, 6NMK, 6NML, 6NMM, 6PO4, 6PO6, 

and 6PO8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AGMEs aminoglycoside modifying enzymes

ANT4’ aminoglycoside nucleotidyl transferase 4’

LBHB low-barrier hydrogen bond

SHB short hydrogen bond

SIHN short-ionic hydrogen bond
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Figure 1. 
Conservation of nucleotidyl transfer active sites. A. Close-up view of the Pol b ternary 

complex active site (PDB code 2FMS). Protein is colored in cyan, the NTP is shown with 

magenta carbon atoms, and the DNA primer terminus is shown with yellow carbon atoms. 

In Pol b, the nucleotide binding metal (Mg B) is ligated with the b and g phosphates 

of the nucleotide triphosphate, as well as Asp190 and Asp192. The catalytic metal (Mg 

A) is coordinated by all three aspartate residues, including the catalytic base (Asp256) 

and the activated nucleophile hydroxyl from the carbohydrate moiety. Hydrogen bonds 

are represented as black dashed lines. B. Close-up view of the D80Y ANT4’ ternary 

complex active site (PDB code 1KNY). Protein is colored in cyan, nucleotide substrate 

is shown with magenta carbon atoms, and kanamycin is shown with carbon atoms colored 
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green. Conserved active site carboxylate groups of D80Y ANT4’ and Pol b are shown 

and labelled in the same color. The nucleophilic oxygen on neomycin is circled in red. 

In ANT4’ Asp50 and Glu52 are homologous to Asp190 and Asp192 in Pol b. C. The 

proposed nucleotidyl transfer reaction of ANT4’. The Mg2+ ions involved in the reaction 

coordinate are represented as green spheres. In these studies, the far left diagram was 

captured crystallo-graphically (ATP was replaced with non-hydrolyzable AMCPCPP) as 

well as the far right diagram.
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Figure 2. 
Comparison of ANT4’ mutant structures. A. Superposition of wild-type ANT4’ (magenta 

carbon atoms) bound to neomycin (green carbon atoms) with T130K ANT4’ (cyan carbon 

atoms) bound to neomycin (yellow carbon atoms). Hydrogen bonds to the T130K-neomycin 

complex are shown as black dashed lines. B. Superposition of D80Y ANT4’ and the 

T130K ANT4’ ternary complexes. The D80Y ANT4’ mutant is shown with kanamycin 

(green carbon atoms) and AMPNPP (magenta carbon atoms). The T130K ANT4’ mutant is 

shown with neomycin (yellow carbon atoms) and AMPCPP (magenta carbon atoms). The 4’ 

hydroxyl, the site of adenylation, is circled in black, and the alpha phosphate is circled in 

red.
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Figure 3. 
Crystallographic snapshots of the T130K ANT4’ reaction coordinate. A. The T130K ANT4’ 

neomycin complex active site. The SHB formed between the Glu52 and the neomycin 3’ 

OH is represented as a red dashed line. B. The ternary (neomycin-AMPCPP) ANT4’ active 

site. C. The product state (adenylated neomycin) ANT4’ active site. T130K ANT4’ is shown 

with cyan ribbon representation with yellow carbon atoms for neomycin and magenta carbon 

atoms for AMPCPP or AMP. Select hydrogen bonds in the active site are represented as 

black dashed lines. The complete hydrogen bonding interactions are diagramed in Figure S3.
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Figure 4. 
Crystallographic snapshots of the T130K/E52D ANT4’ reaction coordinate. A. 

Superposition of the T130K/E52D ANT4’ neomycin bound active site with the T130K 

ANT4’ neomycin complex. The 3.2 Â hydrogen bond to the neomycin 3’ OH is 

represented as a red dashed line. B. Superposition of the T130K/E52D ANT4’ ternary 

complex (neomycin and AMPCPP) active site with the T130K ANT4’ ternary complex. C. 

Superposition of the T130K/E52D ANT4’ product state (adenylated neomycin) active site 

with T130K ANT4’ product complex. The T130K/E52D ANT4’ is shown with magenta 

ribbon representation with yellow carbon atoms for neomycin and magenta carbon atoms for 

AMPCPP or AMP. T130K ANT4’ is shown with all gray carbon atoms. Select hydrogen 

bonds in the active site are represented as black dashed lines. The complete hydrogen 

bonding interactions are diagramed in Figure S4.
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Table 1.

ITC binding parameters of ANT4’

Enzyme Ligand N Kd (μM)

T130K neomycin 0.9 ± 0.01 0.34 ± 0.03

T130K (No Mg2+) neomycin 1.0 ± 0.01 0.07 ± 0.01

T130K/E52D neomycin 0.8 ± 0.01 0.87 ± 0.08

T130K/E52D (No Mg2+) neomycin 1.0 ± 0.02 0.30 ± 0.10

T130K/AMPCPP neomycin 0.7 ± 0.004 0.13 ± 0.02

T130K/E52D/AMPCPP neomycin 0.7 ± 0.001 0.12 ± 0.03
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