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Abstract:  

Aminoglycoside antibiotics are a large family of antibiotics that can be divided into two 

distinct classes on the basis of the substitution pattern of the central deoxystreptamine ring. 

Although the aminoglycosides are chemically, structurally and topologically diverse, some 

aminoglycoside modifying enzymes (AGMEs) are able to inactivate as many as fifteen from the 

two main classes of aminoglycosides, the kanamycin- and neomycin-based antibiotics.  Here we 

present the crystal structure of a promiscuous AGME, the aminoglycoside-N3-acetyltransferase-

IIIb (AAC-IIIb), in the apo, the binary drug (sisomicin, neomycin and paromomycin) and 

coenzyme A (CoASH) complexes, and the ternary neomycin/CoASH complex.  These data 

provide a structural framework for the interpretation of thermodynamics of enzyme-ligand 

interactions and the role of solvent in recognition of ligands. In combination with the recent 

structure of an AGME that does not have broad substrate specificity, these structures allow for the 

direct determination of how antibiotic promiscuity is encoded in some AGMEs.   
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Introduction:

The prevalence of enzymatic and substrate promiscuity in antibiotic 

modifying/inactivating enzymes is a strategy which has convergently evolved to evade the 

bactericidal and metabolically disrupting effects of modern antibiotics1.  Catalytic action by 

aminoglycoside modifying enzymes (AGMEs) is the predominant mechanism through which 

bacteria achieve resistance against aminoglycoside antibiotics, which are commonly used drugs 

such as neomycin, gentamicin and tobramycin2. The family of AGMEs is linked by the substrates 

which they modify, as there is significant diversity in the protein fold and mechanism of antibiotic 

inactivation3, 4.  Almost all AGMEs show strict regiospecificity but few can modify more than one 

site on aminoglycosides5, 6. AGMEs can be classified into three different subfamilies based on the 

functional group they transfer, namely, O-phosphotransferases, O-nucleotidyltransferases and N-

acetyltransferases7. Acetyltransferases (AACs) were the first AGMEs to be reported8 and are also 

the most commonly found in clinical isolates3. AACs were also the first identified members of the 

GCN5-related N-acetyltransferases (GNAT). The GNAT superfamily is one of the largest enzyme 

superfamilies, with over 100,000 members, catalyzing the acetylation of various acceptor 

substrates using acyl CoAs as acetyl group donors9. 

Typically, AGMEs display a wide range of substrate promiscuity7. The ones with high 

substrate promiscuity are capable of modifying more than a dozen aminoglycosides, belonging to 

both of the two main classes of aminoglycosides, the kanamycin and neomycin-based 

drugs10(Figure S1). However, there are AGMEs that display a limited substrate specificity profile 

while still sharing significant sequence and structural homology to the more promiscuous 

enzymes11. An understanding of the mechanistic and structural elements that allow encoding of 
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plasticity in AGME specificity profiles is important in the derivation of the next generation of 

aminoglycosides. 

Among a recently structurally characterized subfamily of GNAT enzymes are proteins that 

share the same fold and enzymatic mechanism yet encode for both broad specificity profile as well 

a more limited one.  No extensive structural studies have been undertaken of a promiscuous 

member of this subfamily, whereas of the latter group, one of the least specific AGMEs, the 

aminoglycoside-N3-acetyltransferase-VIa (AAC-VIa) was recently structurally characterized12.  

Here we present X-ray crystal structures of the aminoglycoside-N3-acetyltransferase-IIIb (AAC-

IIIb) with bound substrates, including both classes of aminoglycosides. AAC-IIIb is able to 

acetylate both main classes of aminoglycosides, unlike AAC-VIa, which modifies only a select 

few aminoglycosides from the kanamycin group.  This subset of AGMEs offers an opportunity to 

dissect the features that encode the antibiotic specificity profile in this GNAT subfamily of 

AGMEs.  

Results:

Overall Structure of AAC-IIIb

In order to gain an understanding of the structure/function relationship of AAC-IIIb 

mediated antibiotic inactivation, the crystal structure of the enzyme, with and without bound 

substrates, was solved with molecular replacement (Figure 1). A total of six structures were 

determined: 1) apo AAC-IIIb (1.6 Å resolution and 17.9%/19.2% Rwork/Rfree), binary 

enzyme─ligand complexes with 2) sisomicin  (2.3 Å resolution and 19.5%/23.0% Rwork/Rfree), 3) 

neomycin  (2.2 Å resolution and 24.5%/26.1% Rwork/Rfree), 4) paromomycin  (2.2 Å resolution and 

19.9%/23.8% Rwork/Rfree),  5) coenzyme A (CoASH)  (2.25 Å resolution and 20.6%/24.6% 
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Rwork/Rfree), and 6) the ternary enzyme─neomycin─CoASH complex (2.5 Å resolution and 

19.9%/22.6% Rwork/Rfree).  Crystallographic data are summarized in Table 1. Representative ligand 

omit density is shown in Figure S2.

AAC-IIIb crystallizes as a homodimer, consistent with earlier studies on this enzyme13.  

The fold of AAC-IIIb places it in a distinct, non–canonical GNAT structural superfamily, with the 

overall fold being essentially identical to the other five members whose structures are known to 

date, YokD (PDB code 2NYG), FrbF14 (PDB code 3SMA), HMB0038 (PDB code 5HT0), 

BA293015 (PDB code 3E4F) and AAC-VIa (PDB code 6BC3). The localization of aminoglycoside 

and acetyl donor molecule binding sites overlap well among the structural homologs, where these 

states are known. No large structural changes occur upon binding of aminoglycosides, yet a small 

(<2.0 Å) reorganization of the region comprising the binding site is observed.  A similar magnitude 

of change is observed for binding of coenzyme A. Although distal from the CoASH binding site, 

binding of aminoglycoside stimulates some of the structural re-organization occurring in the 

CoASH binding site, and vice-versa (Figure 1).  Interestingly, the backbone conformation of the 

binding sites in the binary enzyme─CoASH structure is essentially identical to the ternary 

enzyme─neomycin─CoASH structure, which suggests that the binding of CoASH causes 

alterations in the aminoglycoside binding site.  These data provide a structural explanation of 

thermodynamic properties of enzyme–ligand and confirms the earlier predictions based on such 

studies. Earlier thermodynamic data showed that formation of the ternary complexes, formed upon 

binding of CoASH to the enzyme─aminoglycoside complex yields similar heat capacity change 

(Cp) values for complexes with different aminoglycosides. This indicates that presence of 

CoASH organizes the binding site, facilitating interaction with aminoglycosides. However, 

binding of the aminoglycoside first followed by CoASH results in different Cp values for the two 
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ternary complexes, indicating that the binding of the drug first induces aminoglycoside dependent 

structural changes, which are not compensated by CoASH binding later 16. 

Another set of data these structures support is a study that describes differential effects of 

the order of ligand binding to AAC-IIIb. The formation of a ternary complex, by the addition of 

aminoglycoside first, or CoASH first, differentially impacts the hydrodynamic and hydrogen/ 

deuterium (H/D) exchange properties of the complex.  Neither the kinetic parameters nor the 

solution structure of the enzyme was affected, as judged by NMR, further suggesting that binding 

of one ligand affects the binding site of the other13. 

Coenzyme A and aminoglycoside binding sites

 The CoASH binds in a long groove on the surface of AAC-IIIb that spans across the dimer 

interface, with the adenine ring of the CoASH directly interacting with the opposite monomer 

(Figure 2). A cation-pi interaction occurs with the adenine ring from one monomer, and an arginine 

residue (Arg102) in the other.  The short helix containing Arg102 also forms the antibiotic binding 

site, in which the binding of CoASH stimulates some of the structural rearrangements associated 

with drug binding.  Few direct hydrogen bonds are formed between the protein and the CoASH 

molecule, with a total of five formed, three of which are mediated by main-chain atoms (Figure 

2).  The thiol moiety of the CoASH is placed into the cavity where antibiotic binds. The 

conformation of pantetheine tail of the CoASH in an AAC-IIIb homolog structure (AAC-VIa) was 

shown to be in a non-catalytically-relevant conformation as it lacks the acetyl donor group found 

in acetyl CoA12.

The aminoglycoside binding pocket intersects with the localization of the thiol of CoASH. 

The AAC-IIIb structure was solved bound to two different drugs from the neomycin class of 
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aminoglycosides, neomycin and paromomycin. These two drugs are structurally identical to each 

other except for one position, which is different from the site of modification. Neomycin has an 

amine group at the 6' position, whereas paromomycin has a hydroxyl group (Figure S1). This 

minor structural difference causes them to have different kinetic and thermodynamic parameters 

of association with AAC-IIIb. They have different turnover rates, binding constants and 

heteronuclear single quantum coherence (HSQC) spectra. Additionally, they also have been 

observed to exhibit opposite signs of heat capacity changes16.  The neomycin/paromomycin 

binding site is lined with negatively charged residues, which have the potential to form salt bridges 

with the protonated amine groups found in aminoglycosides (Figure 2).  Although the binding site 

is highly polar in nature, few direct hydrogen bonds are formed with the drugs.  Only five direct 

hydrogen bonds are found in the neomycin complex, whereas four are formed with paromomycin 

(Figure 2).  The hydrogen bonding potential of the aminoglycoside is largely fulfilled by a network 

of water molecules that are specifically bound by the protein.  This water network directly plays a 

role in encoding of substrate promiscuity, as significant re-organization of the binding site water 

molecules is observed between the neomycin and paromomycin complexes (Figure 3A).  In the 

AAC-IIIb neomycin complex, the C6' amine is buried into the aminoglycoside binding pocket, 

with the hydrogen bonding potential satisfied through an interaction with three specifically bound 

water molecules.  In the paromomycin complex the hydroxyl group rotates almost 180° from the 

position of the amine in neomycin.  This places it into a solvent exposed location, with two water 

molecules that are not found in the neomycin complex fulfilling the hydrogen bonding potential.  

Concomitant with the positioning of the paromomycin hydroxyl and water network, Glu223 is 

found in a different conformation among the two binary drug complexes.  
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AAC-IIIb is highly promiscuous and acetylates both the kanamycin and neomycin-based 

drugs.  These classes of antibiotics are distinguished on the basis of the substitution pattern of the 

central deoxystreptamine (2-DOS) ring, where the kanamycin drugs are substituted at the 4 and 6 

positions, and the neomycin drugs are substituted at the 4 and 5 positions17.  Structure of examples 

from both groups of aminoglycosides are shown in Figure S1. AAC-VIa, which is an extensively 

characterized structural homolog of AAC-IIIb, is only able to modify a few antibiotics from the 

kanamycin group. To understand the basis of the observed promiscuity in AAC-IIIb, the crystal 

structure bound to sisomicin, a kanamycin-based antibiotic, was solved.  Due to the different 

substitution pattern, the two classes of drugs are placed into distinct locations within the tripartite 

binding pocket of AAC-IIIb.  Based on the nomenclature derived for the promiscuous 

aminoglycoside phosphotransferase(3')-IIIa (APH(3')-IIIa)18, the central 2-DOS ring (unprimed 

ring) and the prime ring (the ring substituting the four position of the central ring) is placed into 

subsite A19.  These two rings are common to both classes of aminoglycosides and therefore these 

rings of neomycin and sisomicin are localized to the same region of the AAC-IIIb binding site 

(Figure 3B). The double primed ring of sisomicin (substituting the sixth position of the central 

ring) is placed into the subsite B, whereas the same ring in case of neomycin (substituting the fifth 

position) is placed into subsite A.  The amino acids comprising subsite B form direct hydrogen 

bonds to the sisomicin, and this subsite is lined by charged residues mediating the polar interaction 

network with the drug.  The side-chain rotameric state of these residues is essentially identical to 

the neomycin complex, even though nothing is placed in this subsite in the neomycin complex. 

Discussion and Conclusions:

Encoding of promiscuity in this unique GNAT fold

Page 8 of 39

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

AGMEs having broad specificity have been shown to utilize similar mechanisms to achieve 

substrate promiscuity as classically promiscuous enzymes, such as large active sites, encoding of 

multiple binding subsites, and conformational diversity. The structural fold of AAC-IIIb places it 

in a GNAT subfamily where the crystal structures of five enzymes have been determined, 

including one of the least promiscuous AGMEs, AAC-VIa. The amino acid sequences of AAC-

IIIb and AAC-VIa share some sequence similarity (37% identity, 53% similarity), yet the overall 

structure is highly conserved (Cα r.m.s.d.=1.0 Å) (Figure 4). The drastically different specificity 

profiles of AAC-IIIb and AAC-VIa offer an opportunity to understand the molecular basis of 

ligand selectivity in this GNAT subfamily.  A single large gap flanked by regions of low amino 

acid similarity in the structure-based sequence alignment is observed among AAC-VIa and AAC-

IIIb (Figure 4).  This four residue insertion in AAC-VIa occurs in the loop which comprises part 

of the C subsite (neomycin binding) of AAC-IIIb (Figure 4).  Indeed, in AAC-IIIb, residues 

comprising this loop hydrogen bond to neomycin and paromomycin (Figure 2).  Yet due to 

differences in amino acid composition and the four-residue insertion, in AAC-VIa this loop is an 

alpha helix followed by a loop.  The insertion is placed directly into the C subsite, where it overlaps 

with the localization of the neomycin rings placed into this site in AAC-IIIb.  Among the other 

members of this GNAT subfamily whose structures are known, this loop shows significant 

diversity in size, with the selective AAC-VIa enzyme having the largest sized loop (below). AAC-

VIa has been reported to exhibit different enzymatic properties as compared to AAC-IIIb, despite 

catalyzing the same chemical reaction and using the same catalytic machinery to do so. In 

accordance with the different substrate specificities of these two acetyltransferases, it is important 

to note that AAC-VIa can kinetically (kcat) distinguish amongst its limited number of substrates, 

all of which are from kanamycin group, whereas AAC-IIIb, with the exception of neomycin, 
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cannot. It is interesting to speculate as to whether the observed specificity profiles are strictly 

structurally encoded or do dynamics play a role in tuning the specificity as well. Similar to AAC-

IIIb, the insertion of a single aspartate residue has been shown to impede the ability of penicillin 

binding protein 2 to inactivate β-lactams, by either interfering with the binding of the drug or the 

acylation chemistry20. The inserted residue sits on a loop near the active site and is shown to cause 

localized flexibility at the insertion site. 

Differential effects of solvent in ligand binding to AAC-IIIb

Thermodynamics of enzyme─aminoglycoside complexes of broad spectrum AGMEs show 

significant variation even between structurally similar aminoglycosides11. Comparative 

examination of structure of the enzyme determined with structurally similar aminoglycosides 

should shed light into how these enzymes achieve substrate promiscuity.  One highly striking 

example of differential thermodynamics of ligand binding to an AGME is observed with AAC-

IIIb, where the binding of paromomycin and neomycin to the enzyme occurred with an opposite 

sign of heat capacity change, despite these drugs being identical except for a -NH2 vs -OH 

substitution at the 6' site (Figure S1). Moreover, differential effects of solvent in binding of these 

aminoglycosides to AAC-IIIb was even more pronounced when binding in either H2O or D2O. 

Differences in binding enthalpy (ΔΔH = ΔHH2O – ΔHD2O) showed a strong temperature dependence 

with neomycin while no such dependence was observed with paromomycin16. The altered 

arrangement of water molecules at the active site of AAC-IIIb between the neomycin and 

paromomycin complexes is consistent with thermodynamic data and provides a structural 

explanation for the observed thermodynamic properties, while supporting the notion that solvent 

plays a significant role in ligand binding to aid in promiscuity. 
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Another aspect of solvent effect on ligand binding supported by the structures of the binary 

and ternary enzyme─ligand complexes is the observed difference in solvent effect based on the 

order of ligand binding to AAC-IIIb. Thermodynamics of ligand-AAC-IIIb interactions showed 

that temperature dependence of ΔΔH becomes almost identical between the ternary complexes 

AAC-IIIb─CoASH─neomycin/paromomycin when the binary enzyme–CoASH complex is 

titrated with neomycin or paromomycin. Binding of CoASH affects the aminoglycoside binding 

site such that ΔΔH for both complexes show similar temperature dependence. However, binding 

of CoASH to enzyme─aminoglycoside complex cannot eliminate the difference in temperature 

dependence of ΔΔH16.

Finally, structural data are consistent with contrasting differences observed in effects of 

neomycin versus paromomycin binding on the radius of hydration and H/D exchange dynamics of 

AAC-IIIb13. Overall, thermodynamic and dynamic properties of enzyme─ligand complexes of 

AAC-IIIb are supported by structural data that show the binding of aminoglycoside rearranges 

CoASH binding site, and vice versa, while providing a link between structure and 

thermodynamics.

Catalytic residues

It was recently shown in AAC-VIa that the catalytic mechanism uses a non-canonical 

catalytic triad to attack the acetyl donor molecule, consisting of a glutamic acid, a histidine and 

the antibiotic substrate itself.  This catalytic network was conserved in the sequences and structures 

of the other members of this GNAT subfamily as well. In AAC-VIa, neutron crystallography 

allowed for direct visualization of the protons in the active site, where a low-barrier hydrogen bond 

(LBHB) was observed between the glutamic acid and the histidine12.The presence of an LBHB 

was postulated to be a mechanism to increase the basicity of the catalytic histidine12. The non-
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12

canonical catalytic triad, identified in AAC-VIa was found conserved in AAC-IIIb (Glu180, 

His177 and the antibiotic), including a threonine residue, proposed to be important in transition 

state stabilization (Thr174 in AAC-IIIb) (Figure S3).  Interestingly, the distance of the hydrogen 

bond between Glu180 and His177 is variable in the solved complexes of AAC-IIIb, with the 

shortest distance between heavy atoms being 2.7 Å in the CoASH complex and as large as 3.1 Å 

in the paromomycin complex.  Although 2.7 Å would be considered to be a rather short canonical 

hydrogen bond, it is on the larger end of what would be considered an LBHB (≤ 2.65 Å).  

Interestingly, hydrogen bonded to Glu180 is a tyrosine residue (Tyr225), not conserved in AAC-

VIa, which forms an unusually short hydrogen bond in all of the six complexes reported here (2.3-

2.7 Å).  Moreover, this tyrosine residue and short hydrogen bond are conserved in one other of the 

structural homologs of AAC-IIIb (PDB code, 5HT0 63% identity 74% similarity to AAC-IIIb), an 

unpublished AGME (Figure 5).  In the other members of this GNAT subfamily, this extended 

catalytic network is absent and the backbone structure surrounding this region and the amino acid 

sequence shows significant divergence, even though these proteins overlay with an r.m.s.d. of ~1.0 

Å (Figure 5). This suggests this region of this GNAT structural fold may be under a different 

selective pressure than other regions of the protein.

The proposed role of an LBHB in catalytic triads has been long debated, but is generally 

understood to increase the efficiency of the formation of the active site nucleophile.  What then is 

the functional role of the very short hydrogen bond to Tyr225 in AAC-IIIb?   In the case of AAC-

VIa, the LBHB increases the basicity of the catalytic histidine through delocalization of 

electropositivity from the catalytic nitrogen of histidine, thereby increasing the ability to abstract 

a proton from the amine of the aminoglycoside. In AAC-IIIb, the short hydrogen bond between 

Tyr225 and Glu180 likely has an opposite effect, with this hydrogen bond leading to more 
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13

electropositive character on the oxygen atom of Glu180 that shares a hydrogen bond with the active 

site His177.  This hydrogen bond is likely weaker than the LBHB in AAC-VIa due to the alternate 

short hydrogen bond, which would lead to increased electropositivity on the catalytic nitrogen, as 

compared to AAC-VIa.  In theory, if the local environment of the active sites were identical (and 

in-turn local pKa values), this would lead to AAC-VIa having a greater catalytic rate than AAC-

IIIb.  However, this is not the case as AAC-IIIb is on average 10-fold faster than AAC-VIa.  

Future molecular simulations, which can accurately take into account electrostatic 

interactions to precisely understand the role of tuning of pKa values and this hydrogen bonding 

network, will shed valuable insights into the underlying chemistry and dynamics of this network.  

However, based upon the crystal structures there does appear to be distinct functional roles 

encoded through this region of the active site.  The region surrounding the catalytic glutamate has 

significant variability in sequence and structure with a variety of electrostatic architectures tuning 

the local chemical environment.  These range from (Figure 5): 1) Largely hydrophobic site with 

hydrogen bonds to the catalytic glutamic acid (AAC-IIIb and 5HT0); 2) A polar site with salt 

bridge to the catalytic glutamic acid (3SMA); 3) A solvent exposed hydrophobic site with 

hydrogen bonds to the catalytic glutamic acid (3E4F); 4) A completely buried hydrophobic site 

with water molecules or main chain atoms hydrogen bonding to the catalytic glutamic acid (AAC-

VIa and 2NYG).  Not only is this region involved in structurally/chemically/electrostatically 

tuning enzyme catalysis, but it also is the same above-mentioned loop that is involved in the 

encoding of substrate promiscuity/specificity in this GNAT subfamily.  This suggests this region 

of this GNAT subfamily functions in tuning both promiscuity and also enzymatic activity, while 

being a potential region to chemically target with future generations of aminoglycosides.

Convergent evolution of promiscuity in AGMEs
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The family of enzymes that encode for aminoglycoside resistance is large and with 

significant structural diversity, yet early work to overcome resistance to aminoglycosides was 

directed to design inhibitors for a given AGME. However, this strategy failed because the target 

enzyme may be inhibited, but other AGMEs can still modify the antibiotic rendering it useless. 

Examples include design of a tight binding multi-substrate analog, a potent inhibitor of gentamicin 

acetyltransferase, which failed to potentiate gentamicin activity against resistant bacteria21. 

Similarly,  7-hydroxytropolone, an inhibitor of an aminoglycoside nucleotidyltransferase (2″), 

failed to inhibit cell growth when it was used in combination with kanamycin and the effect was 

aminoglycoside dependent22. Thus, there is a need to understand the molecular basis of 

aminoglycoside promiscuity in broader terms, as applied to several AGMEs, to aid novel 

approaches in drug design to overcome antibiotic resistance. Even though AGMEs exhibit a wide 

range of substrate profiles, the ones having high substrate promiscuity have been studied and 

characterized more extensively as compared to the lesser promiscuous ones. One such enzyme is 

the aminoglycoside phosphotransferase (3')-IIIa (APH(3')-IIIa), which uses ATP to phosphorylate 

both classes of aminoglycoside antibiotics23.  APH(3')-IIIa is one of the most promiscuous 

AGMEs, capable of phosphorylating as many as 15 or more aminoglycosides18. The astounding 

promiscuity of APH(3')-IIIa is accomplished through using a tripartite binding site, with three 

subsites within its active site, in a manner essentially identical to AAC-IIIb (Figure 6). Each subsite 

is specific for the binding of structurally different components of the aminoglycoside19. Subsite A 

interacts with the central 2-DOS ring (unprimed ring) and the prime ring, forming the most number 

of hydrogen bonding interactions. Subsite B forms interactions with the double prime ring in the 

case of kanamycins, whereas subsite C interacts with the double prime ring of neomycins.  In 

addition to the convergent evolution of this tripartite binding site, APH(3')-IIIa also utilizes loop 
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movement and differential organization of water molecules to achieve a broad, promiscuous 

substrate specificity profile19, which manifested itself as highly differential H/D exchange 

dynamics of APH(3')IIIa─aminoglycoside complexes between kanamycin and neomycin24.  This 

has previously been proposed for AAC-IIIb and demonstrated here, to aid in the binding of 

structurally different substrates in AAC-IIIb25.  APH(3')-IIIa and AAC-IIIb share no sequence or 

structural homology, they differ in catalytic mechanisms and cofactors, and while APH(3')-IIIa is 

a monomer in solution, AAC-IIIb is a homodimer, yet these two enzymes have convergently 

evolved similar structural features to aid in the inactivation of a broad spectrum of antibiotics.

Similar to APH(3')-IIIa and AAC-IIIb, convergent evolution has been proposed to underlie 

substrate promiscuity in the AAC (6')-I subfamily of acetyltransferases. All of these enzymes 

possess the classical GNAT fold and modify the exact same position on the antibiotic, but share 

low sequence similarity and display different features in their active sites, based on which they can 

be classified into three subfamilies26. Subfamily A consists of dimeric enzymes having large active 

site clefts, capable of accommodating substrates larger than aminoglycosides. Subfamily C has 

monomeric enzymes which accommodate and acetylate the aminoglycosides substrates better. 

Subfamily B enzymes display intermediate catalytic efficiency. This suggests that different 

subfamilies of AAC (6')-I enzymes may have convergently evolved from different ancestral 

proteins to encode for aminoglycoside resistance.  The strict coupling of bacterial survival to the 

ability to overcome antibiotics has requisited the need for multiple distinctly evolving pathways to 

achieve the same end results. 

Experimental Section:

Protein expression, purification and kinetic assays
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AAC-IIIb used for crystallography was expressed in Escherichia coli BL21-DE3 cells and 

purified as described previously27. Kinetic assays were carried out as previously described to 

ascertain that the enzyme is more than 95% active prior to flash freezing using liquid nitrogen and 

storing at -80˚C27, 28.

Crystallization and diffraction data collection

Crystals for X-ray diffraction were grown by hanging drop vapor diffusion in drops 

containing 2 μL of the protein solution mixed with 2 μL of the precipitant well solution. Crystals 

of the AAC-IIIb apo-enzyme and CoASH binary complex were grown in 3.0 M sodium formate, 

10-20 % glycerol. Crystals were frozen in the mother liquor. Binary crystals of AAC-IIIb 

complexed with neomycin and paromomycin were grown in 1-3% PEG 4000, 20-25% isopropanol 

and 0.1M HEPES, pH 7.5. Crystals were transferred to 20 % (wt/vol) PEG 4000 for cryoprotection, 

mounted in a nylon loop, and flash frozen in liquid nitrogen. The sisomicin binary complex was 

crystallized in 20-23% PEG 8000, 0.1M di-ammonium phosphate and 0.1M MES, pH 6.0. 33% 

PEG 8000 was used as a cryoprotectant solution prior to mounting and flash freezing crystals.  

Crystals for the ternary complex were obtained by complexing AAC-IIIb with neomycin and 

CoASH and grown in a precipitant solution containing 14-22% PEG 3350 and 0.1-0.4M sodium 

thiocyanate, 33% PEG 8000 was used as the cryoprotectant. 

X-ray diffraction data for the AAC-IIIb apo-enzyme and the binary CoASH complex were 

collected at 100K on a Rigaku 007HFmicromax X–ray generator with a Raxis IV++ detector.  The 

X-ray diffraction data for the neomycin and paromomycin binary and neomycin ternary complexes 

were collected at 100K on the 23ID-D beamline at the Advanced Photon Source (APS) using 

Pilatus3-6M detector and X-ray wavelength of 1.0 Å. Diffraction data for the sisomicin binary 

complex was collected at 100K on the 23ID-B beamline using Eiger-16m detector and X-ray 

Page 16 of 39

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

wavelength of 1.0 Å. The X-ray data for the apo-enzyme AAC-IIIb and binary complexes with 

CoASH and sisomicin were scaled and indexed using HKL3000. iMosflm and Aimless from the 

CCP4 suite were used for processing, scaling and merging the data for the neomycin and 

paromomycin binary complexes and the neomycin ternary complex. The data collection statistics 

are listed in Table 1.

Structure determination, model building and refinement

The initial structure was solved by molecular replacement using the Phaser29 program with 

the apo AAC-VIa (PDB code 6BC6) as a search model. Manual model building was carried out in 

COOT30 and refined using PHENIX31.  The models exhibit good stereochemistry as determined 

by MolProbity32; final refinement statistics are listed in Table 1. Atomic coordinates and structure 

factors for the apo-enzyme, the binary complexes with CoASH, neomycin, paromomycin, 

sisomicin, the ternary AAC-IIIb–CoASH–neomycin complex have been deposited in the Protein 

Data Bank (PDB)33. All molecular graphics figures were prepared by PyMOL (The PyMOL 

Molecular Graphics System, Version 2.0 Schrödinger, LLC).

Ancillary Information:

Supporting Information: The Supporting Information is available free of charge on the ACS 

Publications website.  

Figure S1-S3 are found in the supporting information.

Accession Codes
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Structures and reflection data of AAC-IIIb complexes reported here have been deposited to the 

Protein Data Bank under the accession codes: apo, 6MB8; neomycin, 6MB5; paromomycin, 

6MB7; sisomicin, 6MB4; CoASH, 6MB6; and ternary, 6MB9.
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Table 1: Data collection and refinement statistics.
 Apo Sisomicin Neomycin Paromomycin CoA CoA/Neomycin
Resolution 
range1

40.0-1.60 
(1.66-1.60)

50.0-2.3 
(2.39-2.30)

40.0-2.2 
(2.28-2.20)

40.0-2.2 
(2.279-2.20)

40.0-2.25 
(2.33-2.25)

50.0-2.5 (2.57-
2.50)

Space group C2221 P212121 P3221 P3221 P21 P1
Unit cell

     a, b, c (Å) 137.3, 163.9 
95.1

69.5, 99.6, 
207.6

106.1, 106.1, 
69.0

106.2, 106.2, 
69.0

83.8 80.7, 
103.5 66.0, 69.2, 69.8

        (°) 90, 90, 90 90, 90, 90 90, 90, 120 90, 90, 120 90, 108, 90 88.8, 64.4, 80.5
Unique 
reflections 140624 (13921) 58649 (5526) 22712 (2223) 22404 (2243) 58532 (5546) 37665 (3475)

Multiplicity1 4.1 (3.9) 4.4 (3.7) 3.5 (3.3) 2.6 (2.6) 2.9 (2.6) 1.9 (1.8)
Completeness 
(%) 99.9 (99.9) 90.6 (86.5) 98.7 (97.8) 96.7 (97.6) 93.6 (89.3) 96.9 (89.5)

Mean I/sigma(I) 27.8 (2.4) 11.7 (3.3) 7.5 (2.0) 9.8 (2.0) 10.6 (2.1) 7.2 (1.6)
Wilson B-factor 23.1 23.5 37.1 34.3 30.7 30
R-merge 0.038 (0.660) 0.077 (0.173) 0.083 (0.489) 0.062 (0.454) 0.099 (0.671) 0.064 (0.293)
Reflections used 
in refinement 140624 (13920) 58649 (5526) 22712 (2211) 22404 (2236) 58532 (5544) 37665 (3475)

Reflections used 
for R-free 1999 (198) 1999 (188) 1138 (103) 1187 (91) 2886 (263) 1884 (168)

R-work 0.179 (0.267) 0.195 (0.226) 0.245 (0.363) 0.199 (0.310) 0.206 (0.354) 0.199 (0.249)
R-free 0.192 (0.278) 0.229 (0.276) 0.261 (0.397) 0.238 (0.337) 0.246 (0.378) 0.226 (0.290)
Number of non-
hydrogen atoms
macromolecules 4037 7993 1990 1997 8012 7967
     ligands 2 31 42 42 110 532
     solvent 897 629 132 184 600 249
RMS(bonds) 0.01 0.006 0.004 0.019 0.005 0.005
RMS(angles) 1.3 1.2 1.0 1.0 1.2 1.1
Ramachandran 
favored (%) 98.7 98.0 98.1 98.8 97.6 98.3

Ramachandran 
allowed (%) 1.3 1.9 1.5 0.8 2.1 1.7

Ramachandran 
outliers (%) 0.0 0.1 0.4 0.4 0.3 0.0

Clash score 2 3 4 2 5 6
Average B-
factor         

macromolecules 26 26 45 42 37 31
     ligands 54 35 50 49 50 35
     solvent 41 28 43 46 37 29
PDB Code 6MB8 6MB4 6MB5   6MB7  6MB6 6MB9 
1Number in parentheses represent values in the highest resolution shell
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Figure 1. Overall structure. A. Overall structure of the apo AAC-IIIb homodimer. B.  

Superposition of the overall structures of the binary neomycin (cyan with green neomycin carbon 

atoms) and CoASH complexes (magenta with yellow CoASH carbon atoms).  C. Close-up view 

of the binding site and accompanying structural changes.  Superimposed are the apo (orange), 

binary CoASH (magenta) and the binary neomycin (cyan) structures. 

Figure 2. Protein ligand interactions. A. Binary CoASH (yellow carbon atoms) complex. B. 

Binary neomycin (green carbon atoms) complex. C. Ternary neomycin/CoASH complex.  Water 

molecules are represented as red spheres. Direct protein mediated hydrogen bonds are represented 

as black dashed lines.  Water mediated hydrogen bonds are represented as red dashed lines.  

Hydrogen bonds between water molecules and the protein are represented as orange dashed lines. 

Figure 3. Differential recognition of antibiotics.  A. Superposition of neomycin (cyan carbon 

atoms, hydrogen bonds and water molecules) and paromomycin (green carbon atoms, hydrogen 

bonds and water molecules) bound AAC-IIIb.  Hydrogen bonds are represented as dashed lines. 

B. Crystal structure of sisomicin bound AAC-IIIb (protein is represented with magenta carbon 

atoms and sisomicin with green) superimposed with neomycin (grey carbon atoms). Direct 

hydrogen bonds between sisomicin and the protein are represented as black dashed lines.  

Hydrogen bonds between sisomicin and water molecules are represented as red dashed lines.  

Hydrogen bonds between protein and water molecules are represented as orange dashed lines. The 

three subsites within the binding pocket are indicated.

Figure 4.  Encoding of promiscuity in AAC-IIIb. A.  Structure-based sequence alignment of the 

promiscuous AAC-IIIb (ternary CoASH/neomycin complex) and a highly specific 

acetyltransferase AAC-VIa (ternary CoASH/sisomicin complex).  Secondary structure is indicated 

(H/helix, E/sheet). Residues interacting with CoASH are colored yellow, with residues forming 
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hydrogen bonds also underlined. Residues interacting with antibiotics are colored green, with 

residues forming hydrogen bonds also underlined. B.   Superposition of AAC-IIIb ternary complex 

(magenta protein, cyan neomycin and yellow CoA carbon atoms) with the AAC-VIa ternary 

complex (grey carbon atoms).  The loop insertion which modulates promiscuity in AAC-VIa is 

colored green.

Figure 5. Local chemical environment of catalytic glutamic acid in GNAT structural homologs. 

A. Structure based sequence alignment of all six GNAT subfamily homologs with known crystal 

structures.  The conserved residues mediating catalysis are colored cyan.  The structural elements 

that mediate specificity and tune the local environment of the catalytic glutamic acid are colored 

red.  B. Structural superposition of all GNAT subfamily homologs.  The CoASH and the neomycin 

from AAC-IIIb are shown as black sticks for orientation.  The region of the protein surrounding 

the catalytic glutamic acid (red text in Panel A), is colored red.  C. Close up view of the AAC-IIIb 

(magenta carbon atoms) and 5HT0 (blue carbon atoms) active site and local environment around 

the catalytic glutamic acid.  Hydrogen bonds are represented as black dashed lines. Hydrogen 

bonds shorter than 2.7 Å are colored as red dashed lines. D. Close up view of 3SMA (orange 

carbon atoms). Hydrogen bonds represented as in panel C. E. Close up view of 3E4F (cyan carbon 

atoms). Hydrogen bonds are represented as in panel C. F. Close up view of AAC-VIa (gray carbon 

atoms) and 2NYG (green carbon atoms). Hydrogen bonds are represented as in panel C.

Figure 6. Convergent evolution of promiscuity. A. Overall structure of sisomicin (green carbon 

atoms) and neomycin (cyan carbon atoms) bound AAC-IIIb. B. Close-up view of the AAC-IIIb 

tripartite binding site.  The three subsites are indicated.  C. Overall structure of kanamycin (green 

carbon atoms) and neomycin (cyan carbon atoms) bound APH(3')-IIIa. D. Close-up view of the 

APH(3')-IIIa tripartite binding site.  The three subsites are indicated.
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Figure 1 
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Figure 2 
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 1. Overall structure. A. Overall structure of the apo AAC-IIIb homodimer. B.  Superposition of the 
overall structures of the binary neomycin (cyan with green neomycin carbon atoms) and CoASH complexes 

(magenta with yellow CoASH carbon atoms).  C. Close-up view of the binding site and accompanying 
structural changes.  Superimposed are the apo (orange), binary CoASH (magenta) and the binary neomycin 

(cyan) structures. 
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Figure 2. Protein ligand interactions. A. Binary CoASH (yellow carbon atoms) complex. B. Binary neomycin 
(green carbon atoms) complex. C. Ternary neomycin/CoASH complex.  Water molecules are represented as 

red spheres. Direct protein mediated hydrogen bonds are represented as black dashed lines.  Water 
mediated hydrogen bonds are represented as red dashed lines.  Hydrogen bonds between water molecules 

and the protein are represented as orange dashed lines. 
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Figure 3. Differential recognition of antibiotics.  A. Superposition of neomycin (cyan carbon atoms, hydrogen 
bonds and water molecules) and paromomycin (green carbon atoms, hydrogen bonds and water molecules) 
bound AAC-IIIb.  Hydrogen bonds are represented as dashed lines. B. Crystal structure of sisomicin bound 
AAC-IIIb (protein is represented with magenta carbon atoms and sisomicin with green) superimposed with 
neomycin (grey carbon atoms). Direct hydrogen bonds between sisomicin and the protein are represented 

as black dashed lines.  Hydrogen bonds between sisomicin and water molecules are represented as red 
dashed lines.  Hydrogen bonds between protein and water molecules are represented as orange dashed 

lines. The three subsites within the binding pocket are indicated. 
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Figure 4.  Encoding of promiscuity in AAC-IIIb. A.  Structure-based sequence alignment of the promiscuous 
AAC-IIIb (ternary CoASH/neomycin complex) and a highly specific acetyltransferase AAC-VIa (ternary 

CoASH/sisomicin complex).  Secondary structure is indicated (H/helix, E/sheet). Residues interacting with 
CoASH are colored yellow, with residues forming hydrogen bonds also underlined. Residues interacting with 
antibiotics are colored green, with residues forming hydrogen bonds also underlined. B.   Superposition of 
AAC-IIIb ternary complex (magenta protein, cyan neomycin and yellow CoA carbon atoms) with the AAC-
VIa ternary complex (grey carbon atoms).  The loop insertion which modulates promiscuity in AAC-VIa is 

colored green. 
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Figure 5. Local chemical environment of catalytic glutamic acid in GNAT structural homologs. A. Structure 
based sequence alignment of all six GNAT subfamily homologs with known crystal structures.  The 

conserved residues mediating catalysis are colored cyan.  The structural elements that mediate specificity 
and tune the local environment of the catalytic glutamic acid are colored red.  B. Structural superposition of 
all GNAT subfamily homologs.  The CoASH and the neomycin from AAC-IIIb are shown as black sticks for 

orientation.  The region of the protein surrounding the catalytic glutamic acid (red text in Panel A), is colored 
red.  C. Close up view of the AAC-IIIb (magenta carbon atoms) and 5HT0 (blue carbon atoms) active site 

and local environment around the catalytic glutamic acid.  Hydrogen bonds are represented as black dashed 
lines. Hydrogen bonds shorter than 2.7 Å are colored as red dashed lines. D. Close up view of 3SMA (orange 
carbon atoms). Hydrogen bonds represented as in panel C. E. Close up view of 3E4F (cyan carbon atoms). 
Hydrogen bonds are represented as in panel C. F. Close up view of AAC-VIa (gray carbon atoms) and 2NYG 

(green carbon atoms). Hydrogen bonds are represented as in panel C. 
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Figure 6. Convergent evolution of promiscuity. A. Overall structure of sisomicin (green carbon atoms) and 
neomycin (cyan carbon atoms) bound AAC-IIIb. B. Close-up view of the AAC-IIIb tripartite binding site.  The 
three subsites are indicated.  C. Overall structure of kanamycin (green carbon atoms) and neomycin (cyan 
carbon atoms) bound APH(3')-IIIa. D. Close-up view of the APH(3')-IIIa tripartite binding site.  The three 

subsites are indicated. 
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