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Abstract

Human N-acetyltransferase 1 (NAT1) alleles are characterized by one or more single nucleotide
polymorphisms (SNPs) associated with rapid and slow acetylation phenotypes. NAT1 both activates
and deactivates arylamine drugs and carcinogens, and NAT1 polymorphisms are associated with
increased frequencies of many cancers and birth defects. The recently resolved human NAT1 crystal
structure was used to evaluate SNPs resulting in the protein substitutions R64W, V1491, R187Q,
M205V, S214A, D251V, E261K, and 1263V. The analysis enhances knowledge of NAT1 structure-
function relationships, important for understanding associations of NAT1 SNPs with genetic
predisposition to cancer, birth defects, and other diseases.
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INTRODUCTION

The human genome contains two functional arylamine N-acetyltransferase genes, which code
for active N-acetyltransferase 1 (NAT1) and 2 (NAT2) enzymes (EC 2.3.1.5). Although
NAT1 was originally thought to be monomorphic, the human population contains over 25
NAT1 alleles or haplotypes possessing single nucleotide polymorphisms (SNPs) (Hein, 2002;
Boukouvala and Fakis, 2005).

Like all mammalian arylamine N-acetyltransferase proteins, NAT1 contains a functional Cys-
His-Asp catalytic triad, which resembles that of cysteine proteases (Sinclair et al., 2000). In a
ping-pong bi-bi reaction mechanism, the catalytic Cys68 is acetylated by acetyl-coenzyme A
(AcCoA) (Dupret and Grant, 1992), followed by acetyl group transfer to the substrate. NAT1
substrate selectivity is strongly influenced by the three key active site loop residues F125,
Y127, and R129 (Goodfellow et al., 2000; Liu et al., 2007; Minchin et al., 2007; Wu et al.,
2007).

Molecular epidemiological studies have reported associations between NAT1 genetic
polymorphisms and individual risk to urinary bladder (Taylor et al., 1998; Katoh et al., 1999;
Gago-Dominguez et al., 2003; Sanderson et al., 2007), colorectal (Bell et al., 1995; Chen et
al., 1998; Ishibe et al., 2002; Lilla et al., 2006), breast (Millikan et al., 1998; Zheng et al.,
1999; Lee et al., 2003; Ambrosone et al., 2007), lung (Wikman et al., 2001; Gemignan et al.,
2007), prostate (Hein, 2002; Rovito, Jr. et al., 2005), and pancreatic cancers (Li et al., 2006;
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Jiao et al., 2007), and non-Hodgkin lymphoma (Morton et al., 2006; 2007). NAT1 is highly
expressed in breast cancer (Sorlie et al., 2001), conveys enhanced growth and resistance to
etoposide (Adam et al., 2003), and improved clinical outcome in estrogen receptor alpha
positive breast cancer (Bieche et al., 2004). In addition, a reported association of NAT1
polymorphisms with birth defects (Lammer et al., 2004a;b; Jensen et al., 2005; Carmichael et
al., 2006) may be related to an important role for NAT1 in folate metabolism (Wakefield et
al., 2007).

Previous studies have generated molecular homology models to better understand structural
characteristics, substrate specificity, and the effect of polymorphisms in NAT1 (Rodrigues-
Limaand Dupret, 2001; Kawamuraetal., 2005; Lau etal., 2006; Liu et al., 2006). These models
were generated based on homology to N-acetyltransferase enzyme crystal structures from
Salmonella typhimurium (Sinclair et al., 2000) or Mycobacterium smegmatis (Sandy et al.,
2002). However, the alignment scores between bacterial and mammalian N-acetyltransferase
protein sequences are low (~30%), and important differences exist between the bacterial and
mammalian N-acetyltransferase protein structures (Walraven et al., 2007).

High resolution crystal structures of human NAT1 and NAT2 were recently reported (Wu et
al., 2007). We obtained NAT1 crystal structure coordinates from the Protein Data Bank (PDB)
under code 2PQT. Prior to analysis, the residue name HIS was changed to HIE in the PDB file
to define histidine residues as neutral species that are protonated in the epsilon position.
Hydrogen atoms were added to the structure using the UCSF Chimera package from the
Resource for Biocomputing, Visualization, and Informatics at the University of California, San
Francisco (Pettersen et al., 2004). Figures were generated using a ribbon color scheme that
distinguishes the previously defined N-acetyltransferase enzyme domains (Payton et al.,
2001). Solvent accessible surface areas (SASA) were measured for residue side-chains using
Naccess V2.1.1 and reported as percent of total side-chain surface area (Hubbard and Thornton,
1993). Hydrogen bonding interactions and donor-acceptor hydrogen bonding distances were
calculated using HBPLUS and are reported in angstroms (A) (McDonald and Thornton,
1994). The location and molecular interactions of NAT1 residues R64, V149, R187, M205,
S214, D251, E261, and 1263 were evaluated. Molecular images depicting the nature and
location of these interactions were generated using Chimera.

Two major structural features distinguish mammalian N-acetyltransferase structure from the
bacterial N-acetyltransferases. First, the domain Il loop (165-185) in mammalian N-
acetyltransferases is associated with the domain 111 beta sheet, apparently providing structural
stability and limiting active site access (Fig. 1). Second, the mammalian N-acetyltransferase
C-terminal tail is not alpha helical, as is the case for the bacterial N-acetyltransferases, but
instead is a coil that reaches around and associates with the active site pocket, thereby playing
a key role in defining the size and shape of the active site pocket (Fig. 1). Due to the lack of
appropriate structural template information for these regions, and the limitations of current
homology modeling techniques, these structural features were impossible to model correctly
using the bacterial N-acetyltransferase structures as templates. Homology modeling generates
protein structure for sequence that is aligned with a structure template, but cannot predict
secondary or tertiary structure in the absence of atemplate. The structural and functional effects
of mammalian NAT1 SNP-induced residue changes are summarized in Table 1 and described
below.

R64W (190C>T)

The side-chain of residue R64 is 13.4% surface exposed in domain I, and hydrogen bonds to
E38 (R64:NE-E38:0E1 3.02A, R64:NH2-E38:0E2 2.89 A) and N41 (R64:NH2-N41:0D1
2.86 A, R64:NH1-N41:0D1 3.00 A), both of which are in domain 111 (Fig. 2). The hydrogen
bonding interactions between positively charged R64 and negatively charged E38 are salt

Drug Metab Rev. Author manuscript; available in PMC 2008 March 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Walraven et al.

Page 3

bridges, and are stronger than normal hydrogen bonds. Replacing arginine with either
glutamine or tryptophan at residue 64 will result in loss of these interactions, which contribute
to the conformation and dynamics of the first domain tertiary structure. Since residues R64
and E38 are completely conserved in all known mammalian N-acetyltransferases these
interactions could be important for the function and/or stability of the enzyme. Residue N41
is also highly conserved among N-acetyltransferases. Structural changes in this region could
affect the positioning of the catalytic triad C68, and thereby alter its interactions with catalytic
H107, and/or affect its acetylation status leading to increased proteasomal degradation (Butcher
et al., 2004). However, many other interactions are involved in holding the C68 in place,
making it improbable that the R64W substitution results in significant displacement of the
catalytic C68. Some hydrogen bonding interactions may be preserved with the W64, but
tryptophan is largely hydrophobic and does not have the hydrogen bonding capacity of arginine.
The native interactions formed by R64 are likely important to the integrity of the tertiary
structure in that region. Functional studies of the R64W variant in yeast demonstrated reduced
activity, reduced protein levels, and reduced thermostability (Fretland et al., 2001;2002). A
loss of critical hydrogen bonding interactions in the R64W variant, as observed in the NAT1
crystal structure, is consistent with reduced protein thermostability. Another study suggested
that variant NAT1 proteins are more susceptible to proteasomal degradation due to altered
acetyl-CoA binding capability, and also reported the reduced thermostability of the R64W
variant (Butcher et al., 2004). Based on NAT2 crystal structure 2PFR which has AcCoA bound
to the active site, ACCOA appears to be dependent on interactions with Q73, T103, T208, T214,
S216, and S287, none of which are influenced by the R64W substitution. It is unclear how the
R64W substitution would alter AcCoA binding. Additionally, the reduced AcCoA binding
capacity reported for the R64W variant (Butcher et al., 2004) could be explained by a loss of
enzyme integrity due to low thermostability. A study of purported NAT1 ortholog Syrian
hamster NAT2 reported that the R64W substitution does not alter protein stability, but instead
leads to increased protein aggregation and ubiquitylation (Liu et al., 2006). This study also
determined that the R64W variant did not have acetylation deficiencies. Using a homology
model of NAT1, the authors explained their functional observations in terms of steric clashes
and de-shielding of the variant W64 residue. However, the clash with R277 suggested by their
model does not exist in the crystal structure since the R277 side chain is directed away from
R64. The seemingly contradictory results for protein stability found by the Syrian hamster
NAT?2 study could be attributed to differences between the NAT1 and hamster NAT2 enzymes,
or the differences in how the enzyme preparations were treated and measured since this study
used a different method to determine structural stability. A loss of critical hydrogen bonding
interactions in the R64W variant, as observed in the NAT1 crystal structure, is consistent with
reduced protein thermostability. Under certain conditions this loss of structural integrity could
be manifest as protein aggregation or could become the target of protein degradation
machinery.

V149! (445G>A) and S214A (640G>T)

The side-chain of V149 is 39.0% solvent exposed on the surface of the domain Il beta-barrel
(Fig. 3). Hydrophobic interactions are possible with P144 and 1164, but because these residues
are on adjacent beta strands, they do not interact closely with V149, and do not contribute to
secondary structure stability. Since conservative substitution of isoleucine for valine at 149
would not alter those interactions, structural changes are not expected for this variant.

The side-chain of residue S214 is 72.2% solvent exposed in the inter-domain region near the
active site pocket opening (Fig. 4). The S214 side-chain makes no apparent molecular
interactions with the surrounding residues. Replacing serine with a smaller alanine residue
would have no apparent consequences for active site access, and would not affect the structure
since the side-chain is near the surface and does not interact with other residues. Analysis of
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the NAT2 structure complexed with CoA (PDB ID# 2PFR) demonstrates that residue threonine
214 is involved in hydrogen bonding to CoA. Since the NAT1 S214 may also interact with
CoA, substituting alanine for serine could affect this interaction.

Residue changes V1491 and S214A exist together as a result of SNPs in the NAT1*11 allele.
The V149l variation is not known to exist alone, while the S214A substitution is found alone
in NAT1 enzyme encoded by the NAT1*11C allele. Based on this analysis of NAT1 structure,
neither the V1491 nor the S214A residue changes are expected to alter dynamics or structural
stability of NAT1.

Functional analyses of these two SNPs found in the NAT1*11 allele are highly inconsistent.
Recombinant studies in yeast demonstrated no change in catalytic activity, protein levels, or
protein stability for a NAT1 haplotype possessing both V1491 and S214A (Fretland et al.,
2001; 2002). When recombinantly expressed in bacterial cells, the V1491 variant alone resulted
in acetylation rates of up to 2-fold higher, but with no changes in protein level or thermostability
(Doll etal., 1997). When evaluated in COS-1 cells, the NAT1 haplotype possessing both V149
and S214A resulted in elevated protein levels and catalytic activity in one study (Zhu and Hein,
2007), whereas another found no difference in NAT1 protein levels or catalytic activity (de
Leon et al., 2000). Studies of red blood cells and leukocytes from individuals possessing the
NAT1*11 allele resulted in equivalent and lower catalytic activities, respectively, relative to
individuals without the allele (Bruhn et al., 1999; Zhangwei et al., 2006).

Interpreting these functional results with observations from the NAT1 crystal structure is
problematic since most of the studies evaluated the V1491 and S214A substitutions together.
Since V1491 is a highly conserved residue change at the surface of the protein where no
important molecular interactions are apparent, increased catalytic activity for mutants
containing only the V1491 SNP without increase in protein levels cannot be rationalized
through observations of the NAT1 crystal structure. Since S214 is located adjacent to the active
site and may be involved in AcCoA binding, S214A alone could play a role in the increased
activity of the NAT1 protein via a mechanism that increases the steady state level of acetylated
NAT1 enzyme. However, current studies do not report increased activity for S214A alone, and
additional functional studies to investigate this hypothesis are needed.

R187Q (560G>A)

Analysis of residue R187 was not possible using the NAT1 crystal structure with PDB code
2PQT due to missing structural information for this residue. Therefore, we utilized the NAT1
F125S mutant crystal structure (PDB I1D# 21JA) to evaluate the R187Q variant. The backbone
root mean square deviation (RMSD) between NAT1 structures 21JA (chain A) and 2PQT is
0.54, indicating that these structures are very similar. The side-chain of residue R187 is 7.2%
surface exposed in the domain 11 beta barrel, and is partially surface exposed both to the protein
surface and the active site pocket (Fig. 5). The arginine side-chain hydrogen bonds to the side
chain of E182 (R187:NH1-E182:0E1 2.71 A) and backbone of K188 (R187:NE-K188:0 3.01
A) in domain 11, and to the side-chain of C-terminal residue T289 (R187:NH1-T289:0G1 3.00
A) in domain I11. These interactions help shape the active site pocket, and stabilize the
conformations of both the C-terminal tail and the domain Il loop. Changing this residue to
glutamine will result in loss of these interactions, although the smaller glutamine residue may
be capable of maintaining some of these hydrogen bonding interactions. Loss of the R187
interactions could lead to a change in the dynamics or conformations of the C-terminal tail and/
or the domain Il loop (165-185), resulting in destabilization of NAT1 structure. Changes in
C-terminal tail conformation could also influence AcCoA binding and active site C68
acetylation. Since the active site is largely shaped by its interactions with both the C-terminal
tail and the domain Il loop, changes in the conformation and/or dynamics of either of these
structures could influence substrate selectivity and catalytic activity.
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Functional studies of the R187Q variant in yeast demonstrated reduced catalytic activity,
protein levels, and thermostability (Fretland et al., 2001; 2002). Similar results were found in
mammalian cells (Zhu and Hein, 2007), with reduced Vmax and increased substrate Km.
Functional studies in bacterial cells also demonstrated reduced Vmax and increased substrate
Km (Hughes et al., 1998). These studies are consistent with observations of the NAT1 crystal
structure, which suggest that the R187Q variant could destabilize the NAT1 structure and
influence substrate binding by altering the size and shape of the active site. The study in COS-1
cells (Zhu and Hein, 2007) demonstrated that the R187Q variant did not change AcCoA Km,
indicating that altered interactions with the C-terminal tail do not significantly influence
AcCoA binding.

M205V (613A>G)

The side-chain of residue M205 is 19.2% solvent exposed in the interdomain region, which is
adjacent to the active site entrance and the domain 11 beta barrel (Fig. 6). The side chain has
no apparent interactions with surrounding residues, but is in close proximity to the backbone
and side-chain of residue 1106 (M205:HE1-1106:HG22 2.44 A, M205:HG2-1106:HA 1.92 A).
Replacing the methionine with a valine residue would maintain the hydrophobicity of residue
205, and would not introduce any steric clashes with surrounding residues. Therefore, it is not
expected to influence the position of catalytic triad residue H107. Since no interactions are lost
and no clashes induced by replacing hydrophobic methionine with a smaller hydrophobic
valine at 205, no changes in protein stability or function are expected.

Functional studies of the M205V variant in yeast (Fretland et al., 2001; 2002) and mammalian
cells (Zhu and Hein, 2007) demonstrated no change in enzyme expression, catalytic activity,
or thermostability. These findings are consistent with the observation that no important
molecular interactions are introduced or lost in the M205V variant.

D251V (752A>T)

The side-chain of residue D251 is 2.1% surface exposed on the domain 11 beta sheet and its
side-chain is oriented into the protein core (Fig. 7). The D251 side-chain hydrogen bonds to
residue R166 (D251:0D1-R166:NH1 2.96 A) on the domain I loop, to the domain 111 beta
sheet residue R242 (D251:0D2-R242:NH1 3.16 A), and to the backbone of N245 (D251:0D1-
N245:N 2.85 A) also in domain I11. Although the interactions with R242 and N245 are not
necessary for maintaining the stability of the beta sheet, hydrogen bonding with R242 may
provide additional stability to the loop-stabilizing hydrogen bonding interactions between
R242 and the domain 11 loop residue Q168. The hydrogen bond between D251 and R166
directly influences the conformation of the domain Il loop, and provides support for the
interaction of the domain 11 loop with the backbone of domain Il residue VV146. These and other
interactions between the domain Il loop and the domain 11 beta sheet contribute to protein
stability (Walraven et al., 2007). Replacing aspartate with a hydrophobic valine residue would
resultin loss of all of the D251 interactions, which could affect the dynamics and conformation
of the domain 11 loop, thereby altering protein stability.

Functional characterization of the D251V variant in yeast (Fretland et al., 2001; 2002), COS-1
(Zhu and Hein, 2007), and HT-29 human colon adenocarcinoma cells (Butcher et al., 2004)
demonstrated reduced protein levels and protein activity relative to NAT1*4 reference.
Reduced thermostability was also demonstrated in yeast (Fretland et al., 2001; 2002). The
HT-29 cell study reported reduced acetylation capacity for the D251V variant suggesting that
acetylation status is directly correlated to enzyme degradation. However, there is no indication
from the NAT1 crystal structure that the D251V residue change would directly or indirectly
interfere with protein acetylation apart from its role in reducing protein stability.
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E261K (781G>A)

The side-chain of residue E261 is 87.5% solvent exposed on the protein surface in the domain
I11 helix (Fig. 8). The E261 side-chain hydrogen bonds to the side chain of residue S259
(E261:0E1-5259:0G 2.69 A) in the coil between a domain 111 beta sheet and helix. It is unlikely
that this interaction is required for stability of the helix or the domain Il tertiary structure.
Although hydrogen bonding with S259 may be lost, replacing glutamate with lysine at residue
261 is not expected to cause major changes in dynamics or conformation, because the helix
secondary structure is not dependent on this interaction and the domain Il helix is stabilized
by hydrophobic forces as described in the next section.

Functional studies of the E261K variant in yeast (Fretland et al., 2001; 2002), COS-1 (Zhu and
Hein, 2007), and HT-29 cells (Butcher et al., 2004) demonstrated no reduction in protein levels
and catalytic activity, with the yeast and HT-29 studies also demonstrating no reduction in
thermostability. These data are consistent with observations from the NAT1 crystal structure
that residue 261 is located on the protein surface, with a single interaction that makes no
apparent contribution to the dynamics or structural conformations in that region.

1263V (787A>G)

Residue 1263 is 6.2% solvent exposed on the domain 111 helix (Fig. 9). The 1263 side-chain is
part of a hydrophobic core comprised of L234, F237, L239, L258, 1263, V266, L267, 1270,
F271, 1273, L279, and P281. This core is located at the interface between the domain 111 helix
and beta sheet, and the C-terminal tail coil. A conservative substitution of isoleucine to the
smaller valine at position 263 preserves the hydrophobic interactions without introducing steric
clashes. Because the hydrophobic forces are not disturbed, this substitution is not expected to
affect NAT1 structural dynamics or conformation.

Functional studies of the 1263V variant in yeast (Fretland et al., 2001; 2002) and COS-1 cells
(Zhu and Hein, 2007) demonstrated no change in protein level or catalytic activity. The yeast
cell studies also demonstrated no reduction in protein thermostability. These findings are
consistent with observations from the NAT1 crystal structure that the domain 111 hydrophobic
core is not disrupted by the conservative 1263V residue change.

SUMMARY

The recent resolution of the NAT1 crystal structure enhances knowledge of structure-function
relationships important for understanding associations of NAT1 SNPs with genetic
predisposition to cancer, birth defects, and other diseases.
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Figure 1.
NAT1 Crystal Structure (2PQT) Ribbon Diagram. The ribbon is colored to indicate N-

acetyltransferase protein domain | (blue), the interdomain region (red), domain 11 (orange),
and domain I11 (green). The location of residues R64 (1), V149 (2), R187 (3), M205 (4), S214
(5), D251 (6), E261 (7), and 1263 (8) are shown. The 2PQT PDB file is missing coordinates
for the arginine side-chain guanidine group at residue R187 (*).
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Figure 2.

NAT1 SNP Residue Arginine 64. Residue R64 is partially surface exposed in domain 1. The
arginine side-chain makes multiple hydrogen bonds to E38 and N41, both of which are also in
domain I. These interactions are lost when R64 is mutated to tryptophan.
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Figure 3.

NAT1 SNP Residue Valine 149. Residue V149 is partially surface exposed on the domain Il
beta barrel. The valine side-chain has no apparent interactions with other residues. Mutating
this residue to isoleucine is not expected to influence enzyme stability or function.
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Figure 4.

NAT2 SNP Residue Serine 214. Residue S214 is located adjacent to the active site pocket
opening in the interdomain region. The serine side-chain has no apparent interactions with
other residues. Mutating this residue to an alanine could influence AcCoA binding efficiency.
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K188
(backbone)

Figure 5.

NAT1 SNP Residue Arginine 187. Residue R187 is located on the domain I1 beta barrel, and
is partially surface exposed both on the protein surface and the active site pocket. The arginine
side-chain hydrogen bonds to E182 and K188, both in domain 11, and to the domain 111 C-
terminal residue T289. Mutating this residue to a glutamine results in loss of these interactions
and could change the size/shape of the active site pocket.
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Figure 6.

NAT1 SNP Residue Methionine 205. Residue M205 is partially surface exposed on the
interdomain region helix. The methionine side-chain has no apparent interactions with other
residues. Mutating M205 to a valine residue is not expected to influence enzyme stability or
function.
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Figure 7.

NAT21 SNP Residue Aspartate 251. Residue D251 is primarily in the protein core on the domain
111 beta sheet. The aspartate side-chain hydrogen bonds to R242 and the backbone of N245 in
domain I11. The D251 side-chain also hydrogen bonds to the domain Il loop residue R166, an
interaction which may stabilize R166 hydrogen bonding interaction with domain Il beta barrel
residue VV146. These interactions are lost when D251 is mutated to a valine residue.
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Figure 8.

NAT1 SNP Residue Glutamate 261. Residue E261 is surface exposed on the domain I11 helix.
The glutamate side-chain hydrogen bonds to S259. Mutating E261 to a lysine residue is not
expected to influence enzyme stability or function.
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Figure 9.

NAT21 SNP Residue Isoleucine 263. Residue 1263 is located on the domain I11 helix. The
isoleucine side-chain is part of a hydrophobic core that is partially responsible for the domain
111 tertiary structure. Mutating 1263 to a valine residue is not expected to influence enzyme
stability of function.
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