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Inactivation of antibiotics by enzymatic acetylation is considered as one of the major resistance mechanisms. 
Transfer of acetyl group to aminoglycoside antibiotics involved formation of a ternary complex. The acetyl-
CoA-Hpa2-polyamine/antibiotic ternary complex was studied using in silico and mass spectrometric methods .
Molecular interactions involved in the formation and stabilization of the ternary complex were analysed. To 
identify the amino acids necessary for stabilization of the ternary complex and to study the overall protein 
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thermodynamic stability, FoldX algorithm was used. Results attested that Hpa2 has capacity to form stable 
ternary complex with acetyl-CoA and polyamines (spermine, spermidine, putrescine) or aminoglycoside 
antibiotics (kanamycin, streptomycin). This is the fi rst experimental report showing acetyl-CoA-Hpa2-
kanamycin ternary complex and formation of this ternary complex is important for its function.
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Overuse of antibiotics hastens the development of 
resistance in microbes and the enormously rising 
antibiotic resistance is a serious public health 
concern[1]. To slow down the progress of resistance, it 
is necessary to understand the processes responsible 
for its development and expansion. Resistance is a 
natural unstoppable process and in bacteria it is the 
outcome of innate and/or acquired traits[2]. Controlling 
an innate process is more diffi cult than controlling the 
acquired trait. This concern has led to increased interest 
in studying the cellular processes, pathways, and 
enzymes involved in the development of resistance. 
Proper understanding of how a particular organelle 
or pathway or enzyme is evolving itself to contribute 
to the development of resistance is of immense value. 
Also, this information is useful in developing strategies 
to counter the resistance development and spread. 

This study deals with one of the most important 
mechanisms responsible for the development of 
resistance, which is enzymatic inactivation of an 
antibiotic by adding a functional group[3,4]. Hpa2, an 
acetyltransferase enzyme of Acinetobacter baumannii, 
which acylates substrates including protein, peptides 
and polyamines is chosen for the ternary state 
characterization. Acylation involves formation of 
acetyl-CoA-Hpa2-substrate ternary complex. Here, 
FoldX was used to evaluate the amino acids and 
their interactions necessary for stabilization of the 
ternary complex. MALDI experiment data corroborate 
obtained in silico conclusions.

Hpa2 model was generated using modeller and model 
parameters were optimized by the RepairPDB command 
of FoldX[5]. Then, a dimer model was generated using 
HADDOCK[6] data driven docking, and the model 
was subjected to substrate-structure based data-driven 
docking[7]. Ternary complex (acetyl-CoA-Hpa2-
substrate) was generated by HADDOCK data driven 
docking. Residues involved in the direct interaction 
with acetyl-CoA were used to generate the binary 
complex. Information about the residues involved in 

the formation of ternary complex was obtained by pair 
wise sequence alignment with homologous proteins 
using DALI server[8]. List of these residue are given in 
the Table 1. 

Binary complex was subjected for docking with 
polyamines such as spermine, spermidine, and 
putrescine and aminoglycoside antibiotics that include 
kanamycin and streptomycin. Accurate calculation 
of in silico binding affi nity and selection of near-
native pose from the best-scoring clusters are most 
challenging tasks in computer-aided structure-based 
drug designing[9]. Discrimination of active pose from 
inactive ones requires proper analysis of clusters 
and prior information obtained from low resolution 
experiments[10]. Here, experimental information was 
used for grid mapping and data driven docking. Binding 
pose with strong binding affi nity from the largest 
cluster was considered for the interaction analysis. 
Binding data obtained after docking study is depicted 
in the Table 2. Analysis of binding data with Hpa2 
alone suggested that kanamycin and streptomycin 
exhibited high affi nity for Hpa2. Analysis of docked 
poses of kanamycin and streptomycin exhibited 
consistency in the binding poses clustering. Higher 
value of binding energy and inconsistency in binding 
poses generally happens due to poor performance of 
force fi eld. Clustering of binding poses discriminates 
active binders from inactive ones. Similar to kanamycin 
and streptomycin, homogeneity in the clustering of 
polyamine-docked poses attested that polyamines 
are true substrates of Hpa2. However, lower binding 
affi nity obtained for polyamines is due to poor 
performance by the force fi eld[11,12]. Thermodynamic 
parameters obtained using FoldX are given in Table 3. 
Analysis of these parameters indicated that binding of 
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kanamycin and streptomycin is derived by favourable 
ΔGH−bond, ΔGvdw and ΔGelect terms. However, binding of 
polyamine was supported by ΔGvdw and ΔGelect terms 
only, this in line with the docking data (Table 2). 

It is well established that GNAT superfamily members 
exhibit high structural conservation at acetyl-CoA 
binding site, however, regions responsible for the 
recognition of their diverse substrates might be 
different[13,14]. Three dimensional structural alignment 
and comparison of Hpa2 with its homologous protein 
using DALI server designated that binding interactions 
and residues involved in acetyl-CoA binding were 
almost identical; however, substrate binding site 
differed slightly. PDB of polyamine N-acetyltransferase 
5k9n and 2b4b (rmsd ~2.5Å and Z-score ~11.5) 
showed considerable structural similarity with Hpa2 
(fi g. 1). Structural superposition of 5k9n, 2b4b and 
Hpa2 depicted similar observations as known for the 
other GNAT members, i.e., cofactor binding site was 
identical, however, polyamines binding site was not the 
same (fi g. 2A). Also, binding of polyamines imposed 
large conformational changes as depicted in fi g. 2B, 
polyamine binding led to opening of the C-terminal. 
In the unbound form, the C-terminal beta sheet-β8 
and the loop preceding β8 folded back toward the 

acetyl-CoA binding site; however, in the bound form it 
extended outwardly. Residues involved in recognition 
of substrate polyamines acetylating 2b4b protein (E28, 
Q33, D82, W84, L148, E152 and W154) and Hpa2 
(E27, D34, D38, Y107, V108, Y124, Q125, E126, 
I129 and H131) were similar in nature, i.e., mainly 
consisted of acidic and aromatic residues. Mutational 

TABLE 1: SUBSTRATE BINDING SITE ANALYSIS OF PDBS 5K9N, 2B4B AND 1S3Z, COMPARISON WITH 
MODEL HPA2 USING DALI SERVER
PDB id Z-score R.M.S.D (Å) Residues crafting polyamine/antibiotics binding site

1s3z vs. Hpa2 model 11.5 ~2.5Å E28, Q33, D82, W84, L148, E152 and W154
E27, D34, D38, Y107, V108, Y124, Q125, E126, I129 and H131

2b4b vs.
Hpa2 model 12.5 ~1.3Å D34, W36, D37, D38, F39, R68, W124, Q125 and D126

E27, D34, D38, Y107, V108, Y124, Q125, E126, I129 and H131

Model Hpa2-acetyl-CoA 
binary complex

Binding energy 
(kcal/mol)

Number of conformations in the 
selected cluster (out of 1000)

Residues making H-bond 
with substrate

Non-bonded 
Interactions

Kanamycin −8.274 727 10 56

Streptomycin −7.183 683 6 48

Spermine −5.132 816 0 44

Spermidine −5.014 799 0 37

Putrescine −4.139 959 0 29

TABLE 2: FEATURES OF HPA2-ACETYL-COA BINARY COMPLEX DOCKED WITH THE POLYAMINES AND 
ANTIBIOTICS

Hpa2 model ΔGtotal (kcal/mol) ΔGH−bond (kcal/mol) ΔGvdw (kcal/mol) ΔGelect (kcal/mol)
Kanamycin −7.76 −1.96 −4.26 −0.79
Streptomycin −7.01 −1.68 −3.06 −0.66
Spermine −6.60 0.0 −3.84 −0.56
Spermidine −6.19 0.0 −3.06 −0.46
Putrescine −5.08 0.0 −1.68 −0.39

TABLE 3: DETAILED ENERGY CONTRIBUTIONS FROM THE FAVOURABLE THERMODYNAMIC TERMS 
FOR HPA2 TERNARY COMPLEX USING FOLDX
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Fig. 1: 3D structure comparison and analysis using the DALI 
server
PDBs 5k9n and 2b4b were aligned with Hpa2. Blue colour 
ribbon depicts similarity in structure and green colour exhibits 
difference in the structures. Blue-Hpa2-Ab; yellow-5k9n; 
orange-2b4b
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study on 2b4b protein performed by Bewley and co-
worker[14] concluded that mutation of glutamic acid 
(E28) led to reduced activity by 55 %. Presence of E27 
at the same site and its direct involvement in binding 
with spermine, spermidine and putrescine attested to 
the polyamine acetylation capacity of Hpa2. Binding 
sites of acetyl-CoA and polyamines are located side 
by side, and the distance between the acetyl-CoA 
and polyamines is ~4 Å, which suggests 1:1 ratio of 
binding. Polyamine binding site is crafted by the 
residues located at interface of dimer, due to which 
polyamine binding leads to conformational changes, 

and this reorganization would have an effect on the 
oligomeric state of the Hpa2. 

Binding of kanamycin and streptomycin was also carried 
out with binary complex using data driven docking and 
structural comparison with the homologous proteins 
was performed using the DALI server. Though Hpa2 
exhibited very less sequence similarity (~27 %) with 
1s3z, signifi cant structural similarity was obtained 
(rmsd ~1.3 Å) for 143 of the 153 amino acids of (Z score 
~12.5) AAC(6)-Iy (pdb-1s5k) (fi g. 3A). AAC(6)-Iy 
enzyme possessed an extra helix between β1β2 sheets. 
AAC(6)-Iy catalysed the regioselective acetylation of 

A B

Fig. 2: 3D structure comparison of 2b4b and Hpa2 ternary complex using VMD software 
A) Blue colour represent 2b4b, cartoon structure in green colour corresponds to Hpa2, red colour stick represents spermine, and 
acetyl-CoA is given as blue colour stick. Active site crafting residues are labelled and depicted in the fi gure
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Fig. 3: Homology model of Hpa2 (green) forming ternary complex, PDB 1s3z (blue) used as template for the docking
A) The model is colored blue, bound acetyl-CoA (colored according to atoms sticks) and kanamycin is colored green. Conformational 
change in the β7 is observed upon kanamycin binding, opening of loop leads hanging of the β7-sheet present at c-terminal. B) 
Residues involved in the interaction with kanamycin obtained are depicted
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aminoglycosides. In silico binding and thermodynamic 
data (Tables 2 and 3) of Hpa2 aminoglycoside 
complexation suggested that substrate recognition was 
derived by favourable interactions formed by acidic 
and aromatic residues (D34, W36, D37, D38, F39, 
R68, W124, Q125 and D126) fi g. 3B. Regioselective 
acetylation and required chemistry for acetyl group 
transfer from acetyl-CoA needs ~3Å distance between 
6’-amine and sulphur atom of bound acetyl-CoA. 
However, a distance of 8.0 Å was observed between 
the docked kanamycin and acetyl-CoA, which suggests 
possibility of 2:1 binding. In silico results suggested 
similar binding mode as well as interaction residues 
for all aminoglycoside antibiotics, however, why Hpa2 

selectively binds with kanamycin and streptomycin 
remains unanswered. High resolution experiments 
such as NMR and crystallography characterization are 
needed to validate the exact mechanism. 

In silico results were corroborated by MALDI data. 
For MALDI experiment all three polyamines and 
kanamycin and streptomycin were incubated with the 
Hpa2-acetyl-CoA binary complex. After overnight 
incubation, the samples were subjected to MALDI 
experiments using a Bruker ultrafl eXtreme (Bruker 
Daltonics) mass spectrometer. For MALDI experiment, 
100 μM of Hpa2, 100 μM of acetyl-CoA and 200 μM 
of substrate, were incubated overnight at 4°. Next day, 
1 μl of acetyl-CoA-Hpa2-substrate ternary complex was 
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Fig. 4: MALDI spectrum of Hpa2-Ab protein-acetyl-CoA-kanamycin
About 0.5 μl of ternary complex was mixed with 0.5 μl of matrix and then 0.5 μl of this mixture was spotted on the MALDI target 
plate spectrum was acquired shows the peaks at 15586, 31396 and 60846 Da which represents M+2H+, 2M+H+ and 4M+H+ mass 
species of Hpa2-ternary complex. A) Peak at m/z 559 corresponds to kanamycin. 1388 and 2769 are the M+H+, 2M+H+ peptide 
fragment broken from the c-terminal of Hpa2. Theoretical molecular weight of Hpa2-Ab is 16117.55 Da. B) Peaks at 31396 and 
60846 Da represents 2M+H+ and 4M+H+ mass species of Hpa2-ternary complex



www.ijpsonline.com

Indian Journal of Pharmaceutical Sciences 543May-June 2019

taken and 1 μl of matrix α-cyano-4-hydroxycinnamic 
acid was added, mixed and 0.5 μl of this mixture was 
spotted on a well of the MALDI target plate. After 
complete solvent evaporation, sample was irradiated 
with laser for ionisation and then detected by using 
a time-of-fl ight mass spectrometer. Spectrum was 
recorded in refl ector positive mode and the obtained 
MALDI data is discussed in the following section.

MALDI experiment was performed with all three 
polyamines and antibiotics but a ternary complex could 
be obtained with kanamycin (fi g. 4). MALDI spectra 
analysis showed that Hpa2-Ab-acetyl-CoA formed 
complex with kanamycin as depicted in fi g. 4A and 4B. 
For Hpa2-Ab-acetyl-CoA-kanamycin ternary complex, 
MALDI peaks were obtained at m/z values 559, 1388, 
2769, 15586, 31396 and 60846 Da. Peak at m/z 559 
represented kanamycin peak and 1388, 2769 peaks 
might correspond to the broken peptide fragment from 
the C-terminal. In silico analysis of ternary complexes 
indicate that formation of a ternary complex is assisted 
by a lot of conformational changes, especially near the 
C-terminal. The C-terminal beta-sheet (β7) unfolded to 
facilitate antibiotic binding, and the loop connecting 
this beta-sheet interacted with the bound kanamycin, 
however, β7-sheet hung outward as depicted in the 
fi g. 3B. This C-terminal hanging beta-sheet (β7) 
might get chopped off during experiment. This is 13 
residues (GIPHIDMTLALSL) long and theoretical 
molecular weight of this fragment is 1380.67 Da. 
It is reasonable to conclude that the peak obtained 
at m/z 1388 corresponded to M+H+ species of this 
peptide fragment, and peak at m/z 2769 corresponded 
to (2M+H+) species of this fragment. Peak obtained 
at m/z 15586 corresponded to (M+H+)+acetyl-CoA 
complex excluding the molecular weight of peptide 
fragment. Peaks obtained at m/z 31396 and 60846 
corresponded to (2M+H+)+acetyl-CoA+2kanamycin 
and (4M+H+)+acetyl-CoA+2kanamycin ternary 
complex, respectively (fi g. 4A). MALDI data suggested 
that binding of kanamycin induced conformational 
changes, which resulted in oligomerization of this 
protein. 

Aminoglycoside acetyltransferase enzyme showed 
considerable sequence similarity and high structural 
similarity to (AAC(6)-Iy), which exhibited histone 
acetylation capacity due to which they are considered 
as the evolutionary progenitor of Hpa2[15]. However, no 
experimental reports are available on aminoglycoside 
acetylation capacity of Hpa2. In this investigation, 
from in silico and MALADI data it can be concluded 

that formation of Hpa2-acetly-CoA-kanamycin ternary 
complex might be associated with the kanamycin 
acetylation capacity of Hpa2. 
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