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Abstract
Human N-acetyltransferase 2 (NAT2) is an important polymorphic catalytic enzyme which metabolizes drugs and
chemicals. The polymorphism in NAT2 is often associated with cancer susceptibility and drug toxicity. The functional
effect of R64W, E167K and K268R polymorphisms were known, however the structure basis behind these
polymorphisms are not clear. Multiple molecular dynamics simulations were performed on these mutations and wildtype
to observe the structural and dynamical changes on protein structure, specifically the functionally important regions. The
simulation results showed that inter-domain, domain 3 and 17-residue insert regions flexibility reduced relatively to the
wild-type. Similarly, the catalytic triad, substrate binding pocket and electrostatic surface of these three mutations
completely affected and different from the wild-type. These structural changes on the mutations structure could be
responsible for the disruption of their functions. Overall, this study may provide the structural basis for reduced catalytic
activity and protein level, as was experimentally observed for these three NAT2 polymorphisms
Keywords: Molecular dynamics simulations, Polymorphism, Drug toxicity, Catalytic triad, Substrate binding pocket.
Introduction
N-acetyltransferases 2 (NAT2, EC 2.3.1.5) is an enzyme play a vital role in phase II xenobiotic metabolism [1-2]. This is
a conjugation enzyme mainly catalyzes the transfer of an acetyl group to aromatic amines and hydrazines and this
reaction is considered as detoxification process of potentially toxic exogenous compounds[3]. NAT2 is highly
polymorphic in nature and characterized in both eukaryotes and prokaryotes [4-5]. The single nucleotide polymorphisms
(SNP) which are identified in NAT2 often associated with breast, colon, prostate and urinary bladder cancer [6-12].
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Based on allelic variation NAT2 SNPs are classified as rapid, intermediate and slow acetylator phenotypes [13-14].
Understanding the effects of mutations on protein structures often provided vital information about protein dynamics and
detailed structural changes which directly reflects to its function [15].
Various computational approaches such as molecular dynamics simulation [16], molecular docking [17-26], protein
structure prediction [27-28] and protein modeling are often successful in elucidating the mutational effects on protein
structure and dynamics. More specifically molecular dynamics simulation is providing insights about the changes on the
structure at picoseconds to milliseconds. Previous study on common seven NAT2 mutations revealed detailed structural
changes, specifically the Interdomain (ID) and Domain 3 (D3) flexibility of all seven mutations were reduced compared
to the wild-type (WT), changes in the substrate binding pocket and co-factor binding site was observed, and the
electropotential surface of all the mutants (MTs) changed drastically compared to WT [15]. Overall these changes in the
MTs lead to reduced enzyme activity and reduced protein level.
In this study, we extended the simulation to other three mutations R64W, E167K and K268R. The R64W SNP was
reported by Shishikura et al 2000 [29], and Zhu et al investigated the functional study of this mutation [30] that revealed
R64W showed reduced protein level, stability and activity. The functional study of E167K in mammalian cells showed
reduced protein levels and catalytic activity [13]. The functional study of K286R mutation revealed that the catalytic
activity, expression level and protein stability are around 70% compared to other mutations with relative to WT activity
[31]. To understand the structural effects of these MTs, Walraven et al [32] explored the mutational sites based on crystal
structure, however that study did not provide the detailed account on dynamic motion change, substrate binding pocket
(SBP) change and orientation change of catalytic site. Therefore, in this study we have used molecular dynamics
simulation to elucidate the detailed structural effects caused by these three mutations, we generated MTs structure based
on the NAT2 crystal structure and then performed multiple molecular dynamics simulations on MTs and WT. The
results showed that the MTs induced structural changes that propagate through space and affect the functionally
important regions in the protein structure.
Materials and Methods
Starting structure: The crystal structure of NAT2 (PDB code: 2PFR) was used as starting structure for the WT
simulation. The bound coenzyme A and sulphate ion were removed from the crystal structure and then performed 5000
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steps (2000 steps of steepest descent and 3000 steps of conjugated gradient) of energy minimization before starting the
final simulation. For the MTs structures, respective amino acids were changed on WT structure using Discovery studio
2.5 software and then performed 5000 steps of energy minimization.
Molecular dynamics simulation
Molecular dynamics simulations were performed using the GROMACS software [33] for both WT and MTs. For the
simulation and energy minimization GROMOS96 force-field parameters [34] was used. All the structures were solvated
in a periodic cubic box with walls extending at least 10 Å from all atoms. In order to neutralize the solvated structures,
the GENION program from GROMCAS was used to replace the water molecules with Na+ and Cl− ions. The solvated
structures were energy minimized with the steepest descent method for 200 ps without using positional restraints and
followed by 600 ps of simulation with position restraints. This process was performed mainly to relax the system, then
simulation of the full system without any positional restraints for 40,000 ps. Three independent simulations of each
protein were performed. All the simulations were performed in the NPT ensemble at a constant temperature (310 K), and
the pressure was maintained by coupling to a reference pressure of 1 bar. The non-bonded pair list was updated every 10
steps. The PME algorithm was applied to treat electrostatic interactions. All the bonds were constrained with use of the
LINCS algorithm, and the SETTLE algorithm was used to constrain the geometry of the water molecules. A time step of
2 fs was used in all calculations, and coordinates were saved at regular time intervals of every 1 ps.
Analysis of molecular dynamics trajectories
The analysis was performed using last 10 ns structures of each simulation. Structural properties, such as root meansquare deviation (RMSD) and root-mean square fluctuation (RMSF), were calculated with the built-in functions of
GROMACS. The analysis of solvent accessible surface area (SASA) was calculated with the NACCESS algorithm [35]
and HBPLUS [36] was used for calculating the hydrogen bond interactions. The electrostatic potential was calculated
with the Discovery studio 2.5.
Results and Discussions
Mutational effects on NAT2 global structure
MD simulations of R64W, E167K, and K268R MTs were performed at 37ºC and neutral pH in triplicate. The average
Cα-RMSD values of each MT from the starting structures were ranging from 1.9 Å to 2.1 Å which was very similar to
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the WT simulation indicating that all the MTs are stable throughout the simulation (Table 1). Further, the analysis of
total SASA in the MTs showed no increase relative to WT suggesting that the MTs do not expand appreciably during the
simulation. It is interesting to observe that the total number of hydrogen bonds in K268R was very close to WT, whereas
the other two MTs slightly reduced which may be affect the structural integrity. The last ns structure of each MT
indicated that the amino acid substitution does not affect folding or secondary structural elements.
Table 1: General properties of wild-type (WT) and mutant (MT) simulationsa

a

Cα-RMSDb (Å)

Total SASAc (Å2)

Total number of hydrogen bonds

WTd

2.0 ± 0.8

13210.17 ± 147.89

264 ± 7

R64W

2.0 ± 0.5

12174.13 ± 136.22

246 ± 6

E167K

1.9 ± 0.3

12716.11 ± 112.91

253 ± 5

K268R

2.1 ± 0.5

12824.19 ± 128.42

258 ± 6

Properties represent averages for 3 simulations over the last 10ns of each simulation.

b
c

Molecule

Cα-RMSD - Root mean square deviation from the starting structure.

SASA - Solvent accessible surface area

d

Data for WT simulation obtained from our previous study (ref)

Mutational effects on NAT2 structural flexibility
To understand the effects of the mutations on NAT2 structural flexibility, we calculated the RMSF of Cα atoms (CαRMSF), which reflects the degree of main-chain fluctuations from the mean structure over the simulation (Figure 3). In
the WT simulations, Cα-RMSF values are almost on the same scale and pattern as those of NAT2 crystallographic Bfactors. The average Cα-RMSF of WT and MTs simulations was not similar in general (Figure 2). In MTs, specific
regions showed either increased or decreased fluctuations relative to the WT. In order to understand the exact percentage
of residues having higher flexibility, we calculated the percentage of residues having > 1Å Cα-RMSF value in each
domain and this analysis showed D2, ID and D3 from all the MTs showed lesser fluctuation than WT (Table 2).
Table 2: Percentage of residues in each domain with > 1Å Cα-RMSF value calculated in WT and MT simulations.
Molecule

D1a

D2b

WTe

12.8

18.4 28.5 35.0

R64W

21.1

8.6

E167K

11.6

14.5 20.2 25.3

K268R

10.4

16.8 26.1 30.6
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D1 - Domain 1 (residues 1-83).
b
D2 - Domain 2 (residues 84-192).
c
ID - Inter-domain (residues 193-229).
d
D3 - Domain 3 (residues 230-290).
e
Data for WT simulation obtained from our previous study (ref)
R64W simulation
a

Residue R64 is located in the α4-α5 loop in D1, and forms hydrogen bonds with N41, H58 and I59 as well as a salt
bridge with E38. Substitution of Trp for Arg breaks the interactions with N41 and E38 (Table 3). These two residues and
R64 are highly conserved in NAT proteins, so loss of these interactions may affect the structure and function of this MT
severely. The Cα-RMSF analysis showed higher fluctuation around the mutation site, this is mainly due to the loss of
hydrogen bond with N41 and salt bridge with E38. Apart from that region, N-terminus, β4-β5 loop in D2 and residues
L279-P283 in D3 showed increased fluctuation whereas the remaining region exhibited in lower fluctuation or similar
with WT. These fluctuations also have effect on the orientation of the secondary structures such as α3, α4, α5, β2, β5, α9
and α10. Most significant change was observed in α9 and α10 (Figure 3). Formation of a new hydrogen bond by
S125/S102 pulled the α9 towards to β2 and β4 and this effect propagated to the α10 where the orientation altered
significantly. The orientation change in secondary structures and fluctuations in the different region had large impact on
the catalytic triad, SBP and hydrophobic core around SBP. In the catalytic triad, conformation of the residues C68, H106
and D122 was altered which resulted in loss of an important ionic interaction between H106 and D122 (Figure 4). Apart
from that, distance between C68 and H106 also increased which may affect the formation of thiolate-imidazolium ion
pair. In the SBP, the orientation and the relative position of SBP residues were altered significantly and this leads to
complete distortion of the pocket (Figure 5). Further, the analysis of the SBP and hydrophobic core SASA revealed the
residues in that region were more buried inside that leads to loss of pocket.
Table 3: Occupancy percentage of the hydrogen bond interactions at the mutation positions in the WT and MTs.
WTa
R64

Hbb

Occuc

9ARG(NH2):::64ARG(O)

18

9ARG(NH1):::64ARG(O)

MTs

Occuc

64TRP(N):::58HIS(O)

35

16

64TRP(N):::62ARG(O)

71

64ARG(NH2):::38GLU(OE2)

87

64TRP(N):::59ILE(O)

15

64ARG(NH2):::38GLU(OE1)

77

9ARG(NH1):::64TRP(O)

76

64ARG(NH2):::41ASN(OD1)

88

64ARG(N):::58HIS(O)

34

64ARG(NH2):::59ILE(O)

51
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E167

K268

a

21

251ASN(N):::167GLU(O)

E167K

251ASP(N):::167LYS(O)

92

100

167LYS(NZ):::249ASN(OD1)

57

242ARG(NH2):::167GLU(O)

35

167LYS(NZ):::251ASN(OD2)

42

167GLU(N):::249ASN(OD1)

64

167GLU(N):::249ASN(O)

85

185LYS(NZ):::167GLU(OE1)

21

268LYS(N):::264GLU(O)

100

268ARG(N):::264GLU(O)

100

268LYS(N):::265GLU(O)

100

268ARG(N):::264GLU(O)

92

272LYS(N)::: 268LYS(O)

28

K268R

Data for WT simulation obtained from our previous study (ref)

b

c

249ASN(ND2):::167GLU(OE1)

Hydrogen bonds.

Hydrogen bond occupancy percentage, only occupancies with ≥ 10 in each simulation are shown.

The R64W is a less frequent SNP in Japanese [29] and Korean populations [37]. The functional study of this
polymorphism results in reduced enzymatic activity, stability and protein level in the yeast [30]. Loss of important
hydrogen bonds and salt bridge are probably affect the stability of the protein [32]. Interestingly, in our study the total
number of hydrogen bonds is reduced for this MT, further W64 breaks the interactions with the conserved residues may
affect the protein stability. In the previous study, R64Q MT loss of several critical interactions in the mutation site and
showed increased flexibility in that region. The R64W mutation also exhibited similar property and also alters the
flexibility of the protein in all the domains especially the D2, ID and D3 showed reduced flexibility and also induced
local structural change in ID[42]. These changes also affect the packing of catalytic triad residues and SBP residues
which results in disruption of the active site. This provides an insight into the structural basis for the decreased activity
and stability of this MT.
E167K simulation
Residue E167 is located in β10. In the WT simulation, E167 forms hydrogen bonds with R242, N249, N251 and K185.
Substitution of Lys for Glu breaks the interactions with R242 and K185 and loss of these interactions do not increase
flexibility around the mutation region. However, this mutation affects the overall flexibility of the protein, except α3-α4
loop, β4-β5 loop and β12-β13 loop the remaining regions showed reduced flexibility than WT (Figure 2). The flexibility
changes altered the orientation of the secondary structures such as α3, α4, β4, β4, β12 and the most notable change
observed in α9. Formation of the new hydrogen bonds by L209 with F217 and I218 altered the orientation of the helix
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(Figure 3). Further, this mutation slightly altered the conformation of the catalytic triad residues (Figure 4). The distance
between the H107 and D122 is increased that results in loss of important ionic interaction between them. This mutation
also has effect on the SBP. Residues in SBP lost its relative position and orientation that leads to severe distortion of
pocket (Figure 5). The SASA analysis in SBP and hydrophobic core around that region further showed that the residues
in that region buried more and destroyed the SBP. Although E167 is located in the protein surface it exerts an effect on
the protein structure and dynamics. Interestingly, E167 is a starting residue of the 17-residues insert region which is
unique for only human NAT2. This insert is away from the catalytic site, so far there is no clear functional role for this
insert identified. However, one study suggests that it may contribute to the stability of the protein [38]. In E167K
simulation also this insert region showed reduced flexibility compared to the WT indicating that this region might have
structural and/or functional importance. The mutation also induces conformational change at the catalytic triad residues
and SBP that may affect the activity of the protein. Functional studies of this MT demonstrated a reduced catalytic
activity and protein level [13]. Our simulations data explain the possible structural basis for this functional observation.
Table 4: Solvent accessible surface area (SASA) of the substrate binding pocket (SBP) and hydrophobic core around the
SBP in WT and MT simulationsa.
Molecule
WTd
R64W
E167K
K268R
a

SASA SBPb (Å)2
160.31 ± 22.35
120.11 ± 22.67
126.65 ± 24.22
156.55 ± 22.14

SASA Hydrophobic Corec (Å)2
310.76 ± 19.22
225.41 ± 18.33
231.62 ± 19.52
301.17 ± 18.22

SASA were calculated using structures from last 10ns of each simulation.

b

The following residues were used to calculate the SASA of the SBP site: C68, F93, V106, H107, D122, S125, F217 and

S287.
c

The following residues were used to calculate the SASA of the hydrophobic core around the SBP site: F37, W67, L69,

I95, V98, V106, F202, L209, F217 and L288.
d

Data for WT simulation obtained from our previous study (ref)

K268R simulation
Residue K268 is located in α11 of D3. In the WT simulation, K268 forms hydrogen bonds with E264, E265 and K272,
whereas in K268R simulation only with E264 was observed. Substitution of Arg for Lys has little effect on the flexibility
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compared to the WT (Figure 2). The Cα-RMSF values of K268R are very close to the WT in many regions. However,
the percentage of residues having >1 Å Cα-RMSF values indicated that the ID and D3 has slightly reduced flexibility
(Table 2). These slight flexibility changes do not significantly affect the local tertiary structure (Figure 3). The average
K268R showed no significant deviation in secondary structures except loops. This mutation has very little effect on the
orientation of the catalytic triad residues (Figure 4), however the important ionic interaction between H107 and D122 is
observed. Similarly, the SBP do not have any distortion (Figure 5). Further SASA analysis showed that the SBP residues
and the hydrophobic core around the SBP are very close to the WT.
This polymorphism is classified as a fast acetylator because of the conservative amino acid substitution [1]. Residue
K268 is also located on the surface of the protein and the mutation did not affect the α11 structure. This mutation mostly
follows similar pattern as WT in the flexibility and there is no disruption in the packing of tertiary structure, catalytic
triad and SBP. Interestingly, the flexibility of the 17-residue inserts regions very close WT. Except this MT remaining all
MTs showed reduced flexibility in that region. This again confirms the importance of this insert. Functional study of this
MT in different cells [39-40,31,41] showed no reduction in protein expression, stability and catalytic activity. Our
simulation data clearly explains why this MT is functionally active.
Figure 1:

Figure 1- Overall Cα-RMSD of the wild-type (WT) and mutant (MT) structures with respect to the starting structures
over 40-ns simulations. Three independent simulations (black, red and green) of each protein were shown.
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Figure 2:

Figure2 - Flexibility of WT and MT structures. Cα-RMSF values (in Å) per residue for the WT (blue) compared with
MTs (A) R64W, (B) E167K, and (C) K268R (all in red). Crystallographic B-factors from the WT structure (PDB code:
2PFR) are colored in green. The Cα-RMSF values were calculated from the last 10-ns structures of each simulation.
Different domains are indicated in alternate black and gray lines at the bottom of the figure.
Figure 3:

Figure 3 : Tertiary structural changes. The local tertiary structure of the MTs (blue) is superimposed with the WT
structure (green). The average structures from last 10-ns of one simulation are shown here. (A) In R64W, new hydrogen
bond (S215-S102) is formed, which pull the α9 towards the β2 and β4. (B) In E167K, L209 is formed new hydrogen
bonds with F217 and I218 which resulted in alteration of α9 helix orientation. (C) In K286R, there is no significant
change in the structure observed.
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Figure 4:

Figure 4- Catalytic triad conformation. (A) R64W, (B) E167K and (C) K286R. The averaged structure from last 10-ns of
the simulation of WT (green) is superimposed with each MT (blue) averaged structure.
Figure 5:

Figure 5- Structural changes on the substrate binding pocket. Molecular surface in the vicinity of the substrate binding
pocket of the WT and MTs. The surface portions corresponding to residues involved in forming the substrate binding
pocket (C68, F93, V106, H107, D122, S125, F217 and S287) are in red. A cavity is observed only in WT and K268R but
not in R64W and E167K. Structures were taken from the snapshot at 40th ns from one simulation
Figure 6:

Figure 6 : Electrostatic potential on the surface of WT and MTs. Electronegative and electropositive charges are colored
in red and blue, respectively.
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Conclusion
We performed MD simulations of the R64W, E167K and K268R NAT2 polymorphisms to study the effects of these
mutations on NAT2 structure. Even though R64W and E167K located in different place, they can exert an effect on the
protein structure and dynamics especially ID, D3, Catalytic triad and SBP. Interestingly, K268R mutation follows a
similar pattern of WT in the flexibility and other structural properties. This gives insight into structural basis for this
mutation. In the case of R64W and E167K, follow similar behavior as other MTs which we reported earlier [15]. These
mutations alter flexibility of the protein, disrupt the catalytic triad residues conformation and destroy the SBP. Altogether
these effects may be responsible for the reduced catalytic activity. These mutations also alter the surface electrostatic
properties which may be responsible for the protein degradation.
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