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Insight into cofactor recognition in arylamine
N-acetyltransferase enzymes: structure of
Mesorhizobium loti arylamine N-acetyltransferase

in complex with coenzyme A

Arylamine N-acetyltransferases (NATSs) are xenobiotic meta-
bolizing enzymes that catalyze the acetyl-CoA-dependent
acetylation of arylamines. To better understand the mode
of binding of the cofactor by this family of enzymes, the
structure of Mesorhizobium loti NAT1 [(RHILO)NATI]
was determined in complex with CoA. The F42W mutant of
(RHILO)NAT1 was used as it is well expressed in Escherichia
coli and displays enzymatic properties similar to those of
the wild type. The apo and holo structures of (RHILO)NAT1
F42W were solved at 1.8 and 2 A resolution, respectively.
As observed in the Mycobacterium marinum NAT1-CoA
complex, in (RHILO)NAT1 CoA binding induces slight
structural rearrangements that are mostly confined to certain
residues of its ‘P-loop’. Importantly, it was found that the mode
of binding of CoA is highly similar to that of M. marinum
NAT1 but different from the modes reported for Bacillus
anthracis NAT1 and Homo sapiens NAT2. Therefore, in
contrast to previous data, this study shows that different
orthologous NATs can bind their cofactors in a similar way,
suggesting that the mode of binding CoA in this family
of enzymes is less diverse than previously thought. Moreover,
it supports the notion that the presence of the ‘mammalian/
eukaryotic insertion loop’ in certain NAT enzymes impacts the
mode of binding CoA by imposing structural constraints.

1. Introduction

Arylamine N-acetyltransferases (NATs; EC 2.3.1.5) are a
family of enzymes that catalyze the acetyl coenzyme A
(AcCoA)-dependent acetylation of arylamines (Riddle &
Jencks, 1971; Sim, Walters et al., 2008). NAT enzymes are
found in a range of eukaryotic and prokaryotic species, where
they have diverse functions (Grant et al, 1991; Rodrigues-
Lima & Dupret, 2002; Sim, Walters et al., 2008; Glenn et al.,
2011). In humans, NATSs play a key role in the detoxification
and/or bioactivation of aromatic amine drugs and xenobiotics
(Hein, 2002). Although the role of NATs in prokaryotes
remains unclear, these enzymes may contribute to adaptive
and/or defence mechanisms towards environmental toxins
present in the habitats of bacteria (Rodrigues-Lima et al.,
2006; Sim, Walters et al, 2008). More importantly, certain
bacterial NATs have been shown to acetylate and inactivate
different antibiotics (Payton et al., 1999; Pluvinage et al., 2007,
Sim, Sandy et al., 2008). Indeed, Mycobacterium tuberculosis
NAT [(MYCTU)NATT1] is known to acetylate isoniazid (INH),
and increased expression of this enzyme results in increased
INH resistance (Payton et al., 1999). Moreover, deletion of the
nat gene in M. smegmatis and M. bovis leads to strains that are
more sensitive to INH (Payton et al., 2001; Bhakta et al., 2004).
In addition, deletion of nat in M. bovis also affects cell-wall
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composition and the biosynthesis of mycolic acids, thus
increasing susceptibility to antibiotics that permeate the cell
wall (Bhakta et al., 2004). In Bacillus anthracis, the B. anthracis
NAT1 [(BACAN)NATI1] isoenzyme efficiently acetylates
sulfamethoxazole and affords higher than normal resistance to
this antimicrobial when expressed in Escherichia coli (Pluvi-
nage et al., 2007). Certain prokaryotic NAT enzymes therefore
appear to be attractive therapeutic targets for the develop-
ment of antibacterial compounds (Sim et al, 2012, 2014).
Recently, chemical drugs aimed at inhibiting mycobacterial
NAT enzymes (including M. tuberculosis and M. marinum
NATSs) have been identified (Sim et al., 2012, 2014). Structural
approaches, in particular X-ray crystallography, have been
important to better understand the structure, the catalytic
mechanisms and the functions of this family of enzymes
(Sim, Walters et al., 2008; Kubiak, Dairou et al., 2013). These
structures may also be useful for drug design (Sim et al., 2012,
2014). To date, the X-ray crystal structures of the two human
NAT isoenzymes and of 11 prokaryotic NATs have been
reported in the literature or in the Protein Data Bank (PDB)
(Sinclair et al., 2000; Sandy et al., 2002; Westwood et al., 2005;
Holton et al., 2005; Wu et al., 2007; Fullam et al., 2008; Martins
et al., 2008; Pluvinage et al., 2011; Kubiak, Li de la Sierra-
Gallay et al, 2013; Abuhammad et al., 2013; Cocaign et al.,
2014). In addition, the NMR structure of Syrian hamster
NAT2 [(MESAU)NAT2] has been reported (Zhang et al.,
2006). All of these structural studies identified a common fold
that comprises three domains and a cysteine protease-like
catalytic triad in the active site (Sim, Walters et al., 2008;
Grant, 2008; Kubiak, Dairou et al., 2013). However, although
eukaryotic and prokaryotic NATs share the same fold,
differences at the amino-acid level are known to have some
structural and functional consequences (Westwood et al., 2005;
Zhang et al., 2006; Wu et al., 2007; Fullam et al., 2008; Sim,
Walters et al., 2008).

To date, only the structures of Homo sapiens NAT2
[(HUMAN)NAT2], M. marinum NAT1 [(MYCMR)NATI]
and (BACAN)NAT1 have been obtained in complex with
the enzyme cofactor CoA (for a review, see Kubiak, Dairou et
al., 2013). Analysis of these three complexes demonstrated
marked differences in the mode of recognition and the loca-
tion of the cofactor between these three NAT orthologues
(Kubiak, Dairou et al., 2013). In particular, the presence of an
insertion of about 15 amino acids (known as the ‘mammalian
insertion loop’ or the ‘eukaryotic insertion loop’) in
(HUMAN)NAT?2 and (BACAN)NAT1 was found to contri-
bute to the mode of recognition of the cofactor by these two
NAT isoforms (Kubiak, Dairou et al., 2013).

To further understand the mode of binding of the cofactor
by this family of enzymes, we determined the structure of
Mesorhizobium loti NAT1 [(RHILO)NATI] in complex
with CoA. Like (MYCMR)NAT1 and in contrast to
(HUMAN)NAT?2 and (BACAN)NAT1, (RHILO)NATT1 lacks
the ‘mammalian/eukaryotic insertion loop’. We obtained the
apo and holo structures of (RHILO)NAT1 at resolutions of
1.8 and 2 A, respectively. We found that CoA binding to
(RHILO)NATT1 induces slight structural rearrangements that

are mostly confined to certain residues of the ‘P-loop’,
which is in agreement with the data obtained for the
(MYCMR)NAT1-CoA complex. More importantly, we found
that the mode of binding CoA was highly similar (with the
same locations/orientations and geometries) to that observed
for (MYCMR)NAT1 but different from the modes reported
for (BACAN)NAT1 and (HUMAN)NAT2. Our findings
suggest that the mode of CoA binding by NAT enzymes is less
diverse than previously supposed. It further emphasizes the
notion that the presence of the ‘mammalian/eukaryotic
insertion loop’ in certain NAT enzymes impacts the mode of
binding CoA by imposing structural constraints. By demon-
strating both similarities and an important divergence in
cofactor binding among different NAT enzymes, we provide
a better understanding of the structures and functions of
members within this important family of xenobiotic metabo-
lizing enzymes.

2. Materials and methods
2.1. Materials

Unless otherwise stated, all reagents were purchased from
Sigma—Aldrich.

2.2. Protein expression, purification and crystallization of the
(RHILO)NAT1 (F42W) enzyme

Recombinant (RHILO)NAT1 (F42W mutant) protein was
expressed in E. coli BL21 (DES3) cells and purified as a 6 x His-
tagged protein as described previously (Rodrigues-Lima et al.,
2006). Briefly, transformed bacterial cells were grown at 16°C
for 15h in the presence of 0.5 mM isopropyl B-p-1-thio-
galactopyranoside (IPTG). The recombinant (RHILO)NAT1
enzyme present in bacterial extracts was purified by Ni-NTA
resin affinity chromatography. The purified enzyme was
reduced with 10 mM dithiothreitol (DTT) prior to overnight
dialysis against 25 mM Tris—-HCI pH 7.5, 1 mM EDTA and
was concentrated to 15mgml™' using ultracentrifugation
concentrators (Amicon).

Protein crystallization screening was carried out by the
sitting-drop vapour-diffusion method using a Mosquito (TTP
Labtech) automated crystallization system. Different crystal-
lization solutions (576) were tested with (RHILO)NAT1
(F42W mutant) protein at 5 mgml~'. Crystals were repro-
duced manually according to hit conditions using the hanging-
drop vapour-diffusion technique (at 18°C). For the apo-
enzyme, crystals were grown in 20%(w/v) PEG 4000, 0.6 M
NaCl, 0.1 M MES buffer pH 6.5. Crystallization of the enzyme
in the presence of AcCoA (10 mM final concentration) was
carried out in 30% (w/v) PEG 5000, 0.2 M ammonium sulfate,
0.1 M MES buffer pH 6.5. All crystals were flash-cooled in
liquid nitrogen (100 K) using Paratone and paraffin oils (in a
1:1 ratio) as a cryoprotectant.

2.3. Data collection, structure determination and refinement

X-ray diffraction data were collected at 1.07169 A (apo-
enzyme) and 0.98011 A (holoenzyme) on the PROXIMAL1
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beamline at Synchrotron SOLEIL, St Aubin, France using
a DECTRIS PILATUS 6M detector. Diffraction data were
processed by xia2 (Winter et al, 2010) using XDS and
XSCALE (Kabsch, 2010). Both the apo (PDB entry 4nv8) and
holo (PDB entry 4nv7) protein structures were solved by the
molecular-replacement method using Phaser from CCP4
(McCoy et al, 2007) with the wild-type (RHILO)NAT1
structure (PDB entry 2bsz; Holton et al., 2005) as a template
model. The CoA conformation was determined by LigandFit
in PHENIX (Adams et al., 2010). Structure building and
refinement were carried out manually with Coot (Emsley et al.,
2010) and REFMACS (Murshudov et al, 2011) using local
NCS restraints on atom positions. The quality of the final
protein models was validated by MolProbity (Chen et al.,
2010). Data-collection, refinement and validation statistics are
summarized in Table 1. Structure representations and models
were generated with UCSF Chimera (Pettersen et al., 2004).

2.4. Circular-dichroism spectroscopy

Prior to circular-dichroism (CD) spectroscopy, wild-type
(RHILO)NAT1 and the F42W mutant were dialyzed against
20 mM potassium phosphate buffer pH 7.5. All CD spectra
were measured with an Aviv 215 spectropolarimeter (Aviv
Biomedical). Far-UV CD spectra were acquired from 260 to
180 nm (final protein concentration of 0.5 mg ml™') using a
cylindrical cell with 0.02 cm path length. Ellipticity was
measured every 0.5 nm (2.0 nm bandwidth) with an average
integration time of 1.0s at 25°C. Each scan was repeated
in quadruplicate, and the baseline of buffer only was then
subtracted from the average value. Spectra were normalized
to the protein concentration, and ellipticity was converted to
mean molar differential coefficient per residue (Aeg). Near-UV
(250-350 nm) spectra were measured at 25°C with a 1 nm step
and 1 s averaging time for every step, using a rectangular cell
with 1.0 cm path length. The protein concentration of each
sample had an absorbance at 280 nm of over 1.50. Each
spectrum was the average value of four consecutive scans after
subtraction of the baseline of the buffer. The final spectral
data were normalized to the molar concentration of the
peptide chain.

2.5. Enzyme assays

Enzymatic reactions were carried out using the DMAB
method (Coroneos et al., 1991). Wild-type (RHILO)NAT1 or
(RHILO)NAT1 F42W (5ugml™') were mixed with para-
aminosalicylate (PAS; ranging from 12.5 to 250 uM final
concentration) and the reaction was started by adding AcCoA
(ranging from 25 to 100 pM final concentration). The reactions
were carried out at 25°C in 25 mM Tris—HCI buffer pH 7.5in a
50 pl volume. The reactions were quenched by the addition
of 40 ul cold 40% trichloroacetic acid. Finally, 100 pl
4-(dimethylamino)benzaldehyde (DMAB; 2% in 9:1 aceto-
nitrile:water) was added to the mixture and the absorbance
at 450 nm was measured. Kinetic assays were carried out in
triplicate.

Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Holoenzyme
(PDB entry 4nv7)

Apoenzyme
(PDB entry 4nv8)

Data collection

Beamline
Wavelength (A)
Space group
Unit-cell parameters
a (A)
b (A)
¢ (A)
a=B=y()
Resolution (A)
Completeness (%)
Multiplicity
(Ilo(I))
RmergeT
No. of reflections

No. of unique reflections

Wilson B factor (A)

PROXIMAL1, SOLEIL
0.98011
P2,2424

53.50
114.86

115.61

90.00

38.54-2.02 (2.07-2.02)
99.9 (99.9)

6.5 (6.4)

12.0 (2.8)

0.095 (0.636)

310329 (22026)

47549 (3461)

28.511

PROXIMAI, SOLEIL
1.07169
P2,212;

52.86
115.08

115.57

90.00

32.01-1.84 (1.89-1.84)
99.7 (99.9)

5.1 (4.4)

14.1 (22)

0.064 (0.601)

317414 (20228)

61856 (4546)

25.942

Refinement

Resolution (A) 38.54-2.02 (2.07-2.02)  32.01-1.84 (1.89-1.84)
Ryork 0.1931 (0.2605) 0.2036 (0.2828)
Riree 0.2208 (0.2717) 0.2281 (0.3173)
No. of non-H atoms

Total 4535 4449

Protein 4223 4232

Ligands 96

Water 216 217
No. of protein residues 540 538
R.m.s.d., bonds (A) 0.008 0.012
R.m.s.d., angles (°) 1.33 1.45
Ramachandran plot

Favoured (%) 97 97

Outliers (%) 0 0
Average B factor (Az)

Overall 36.4 338

Protein 36.2 33.7

Ligands 45.7

Solvent 358 353

T Rumerge = Dt 2 M (RKL) — (I(hKD) /D" 3= 1:(hkl), where I(hkl) is the ith observa-
tion of reflection hkl and (I(hkl)) is the mean intensity of reflection hkl.

3. Results and discussion
3.1. Overall structure of apo and CoA-bound (RHILO)NAT1

NAT enzymes catalyze the acetylation of aromatic amines
using AcCoA as a cofactor. Whereas the structure of neither a
prokaryotic nor a eukaryotic NAT structure has been obtained
with AcCoA, three crystal structures of three different NAT
enzymes in complex with CoA [(HUMAN)NAT?2, PDB entry
2pfr; (MYCMR)NAT, PDB entry 2vfc; (BACAN)NATI1, PDB
entry 3Ilnb] have been reported (Wu et al., 2007; Fullam et al.,
2008; Pluvinage et al., 2011). These three structures provided
the first molecular details on the mode of binding and location
of the cofactor in this family of enzymes. More importantly,
the NAT enzymes co-crystallized with CoA suggested that
both the mode of binding and the geometry of the cofactor
were different in each of the three enzymes. In particular,
the presence of a ‘mammalian/eukaryotic insertion loop’ in
(HUMAN)NAT?2 (a 17-residue insertion between the 10 and
B11 strands) and in (BACAN)NATI1 (a 15-residue insertion
between the 9 and B10 strands) but not in (MYCMR)NAT1
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C-terminus

M N-terminus

L C-terminus

Figure 1

X-ray structure of the (RHILO)NATT1 apo form and of (RHILO)NAT1 complexed with CoA. (a)
Ribbon diagrams of (RHILO)NAT1 (rainbow colouring represents residues from the N-terminus to
the C-terminus). Black dots indicate the position of the unresolved residue 102. (b) Structure of
(RHILO)NAT1 complexed with CoA (in sticks). (¢) 2F, — F. (1.50) electron-density map of CoA.

was suggested to contribute to the different mode of binding
of CoA (Wu et al., 2007; Fullam et al., 2008; Pluvinage et al.,
2011).

In contrast to eukaryotic NAT enzymes, the great majority
of the known bacterial NATs are devoid of the ‘mammalian/
eukaryotic insertion loop’ (Walraven et al., 2007; Sim, Lack et
al., 2008; Pluvinage et al., 2011; Kubiak, Dairou et al., 2013).
Like MYCMR)NAT1, (RHILO)NATT1 is a well characterized
bacterial NAT enzyme which is devoid of the ‘insertion loop’
(the two equivalent B-strands are connected by only two
residues; Holton et al., 2005). To further understand the mode
of binding of CoA to bacterial NAT enzymes that lack the
‘insertion loop’, we have determined the structure of
(RHILO)NAT1 in its apo form and in its holo form with CoA.
In this study, we used the (RHILO)NAT1 F42W mutant in the
crystallization experiments as it was found to be very well
expressed as a soluble protein in E. coli. Moreover, circular-
dichroism analysis supported similar secondary and tertiary
structures for the wild type and the (RHILO)NAT1 F42W
mutant (Supplementary Fig. Sla). As expected, the presence
of an additional Trp residue in the (RHILO)NAT1 F42W
mutant slightly impacts the near-UV spectrum (Supplemen-

tary Fig. S1b). In addition, steady-state
kinetics supported similar catalytic effi-
ciencies for both enzymatic forms [k,
Kin(accon) close to 15 x 10° M~'s™'and
Kot/ Kimpas) close to 9 x 108 M s
Supplementary Fig. S2].

The crystal structure of the (RHILO)
NAT1 F42W mutant in the apo form
was solved by molecular replacement
and refined to 1.8 A resolution using
the wild-type (RHILO)NAT1 structure
2 A resolution) reported previously
(Holton et al., 2005). As expected, the
two structures were highly similar
(rm.s.d. of 0.4 A over 267 residues) and
consisted of the three classical domains
(domain I, a-helical bundle, amino acids
1-86; domain II, B-barrel, amino acids
87-180; domain III, /B lid, amino acids
181-278) reported in all NAT structures
(Kubiak, Dairou et al., 2013; Fig. 1 and
Supplementary Fig. S3). This is in
agreement with the CD data (Supple-
mentary Fig. S1). More importantly,
we obtained a crystal structure at 2 A
resolution of the holo form of (RHILO)
NAT1 (F42W mutant) in complex with
CoA (Fig. 1). Both the apo and the holo
crystals belonged to space group
P2,2,2, (Table 1). Clear electron density
was attributable to residues 5-275
(except for residue 102) and 4-275 in
the apo and holo forms, respectively.
The positive 2F, — F. electron density
observed in the active site of the holo
crystal was consistently modelled as a CoA molecule (Figs. 1
and 2). Although AcCoA was used in the co-crystallization
experiments, only the electron density of a CoA molecule was
clearly seen in the active site of the enzyme (Fig. 1). This is not
surprising as in its reaction with AcCoA the enzyme is tran-
siently acetylated on its catalytic cysteine to form an acetyl-
cysteine which can be hydrolyzed back to cysteine. In addition,
although CoA is a product of the NAT-catalyzed reaction, it is
known to bind to NAT enzymes and to reduce their activity
through competitive inhibition (Sim, Walters et al., 2008).

3.2. Binding interactions and orientation of CoA in
(RHILO)NAT1

CoA was principally found bound between a S-sheet in
domain IT (made up of strands 87, 88 and 9) and a S-sheet in
domain III (made up of strands B11, 12 and B13). A struc-
tural alignment of the apo and holo structures reveals highly
superimposable C* backbones, with an r.m.s.d. of only 0.2 A
over 267 residues. However, CoA binding induces subtle
structural rearrangements that are mostly confined to the
‘P-loop’ (residues 129-134; Fig. 2a). This loop moves by 1.8 A
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towards CoA to allow the formation of hydrogen bonds
between the N atom of Gly132 and the carbonyl O atom of the
pantothenic acid moiety of CoA, and between the carbonyl O
atom of Phel30 and the N atom of the cysteamine group of
CoA (Figs. 2a and 2b). Interestingly, in (MYCMR)NAT1 these
amino acids are conserved and make the same interactions
with CoA (Fullam et al., 2008). Conversely, in (BACAN)NAT1
these ‘P-loop’ residues do not interact with the cysteamine

group of CoA and but interact in a different manner (only one
hydrogen bond and mainly van der Waals interactions) with
the pantothenic acid moiety (Pluvinage et al, 2011). In the
case of (HUMAN)NAT2, no ‘P-loop’ residues are involved
in CoA binding (Wu et al., 2007). As found in the structure
of (MYCMR)NAT1 in complex with CoA, several equivalent
aromatic residues of (RHILO)NAT1 such as Trp42 [Phe42 in
wild-type (RHILO)NAT1], Tyr72, Phe74, Trp100, Phe130 and

‘\g R111
) TYR72

bCst -
HE204

‘ ! TRP42

GLY131

ARG222
TRP10

GLU152

RHILO NAT1 MNDAPPFDLDAYLARIGYTGPRN.ASLDTLKALHFAHPQAIP 72
MYCMR NAT1 ....MALDLTGYLDRINYRGATD.PTLDVLRDLVSAHTGAIA ¥l 69
HUMAN NAT2 ...... MDIEAYFERIGYKNSRNKLDLETLTDILEHQIRAVPFENLNMHCG.QAMELGLEAIFDHIVRRNRGGW 67/
BACAN NATI ..... MMTNLQKEFFKRLKIPAKEITFNDLDEILLNMGMILPFENLDIMAG. TIKNISKNNLVEKLLIQKRGGL 68
ab 82 ~ B3 4,
RHILO NAT1 CFEHNLLFMHALKALGFEVGGLAARVL QSEDAIT.AR| LLRVELDGRT..YIA|
MYCMR NAT1 |C[YEHNGLIGYVLAELGYRVRRLAGRVV PPDAPTPAQ VLAVTFPGCQGPYLV
HUMAN NAT2 [C[LOVNQLLYWALTTIGFQTTMLGG.Y P KYSTGMVHLLLOQVTIDGRN. .YIV
BACAN NAT1 CYELNSGLLYYFLMDCGFQV!KVAG.'1‘ YDLYDNKWKPDD IIILHHNKKD..YVI
g7
RHILO NATI EPGREQKTPHEPFRIVEADDHFRLOA
MYCMR NAT1 ETGTVQOQTALE[PYRLDDRGDGLVLOA
HUMAN NAT2
BACAN NAT1
RHILO NAT1 [HLGGRTEQTEIATAADLADTLQGLLGIIIPD...RTAFEAKVR 269
MYCMR NAT1 HPTSH[F IIGRNL RRGG . ILLEDAAAVVDTLGDRFGINVADVGERGRLEARID 277
HUMAN NAT2 SPITTSFCSLQTPEGV ILTYRKFNYKDNTDLVEFKTLTEEEVEEVLKNIFKISLGRNLVPKPGD 285
BACAN NAT1 nKESNKGT@KLTNYGIIEILEIN NY[TETIFKGTKINKIRPIES . . KDYARILRESFGITQVKYVGKTLERG... 279
o
RHILO NAT1 ETKIVETNA 278
MYCMR NAT1 KVCFGAENR 280
HUMAN NAT2 G[SEITI. 290
BACAN NAT1 ... veoeose 279
Figure 2

Interactions between CoA and NAT enzymes. (@) Upper panel, alignment of the active sites of wild-type apo (RHILO)NAT1 (pink; PDB entry 2bsz) and
the apo and holo (RHILO)NAT1 F42W mutant (brown and blue, respectively). Lower panel, interactions between the ‘P-loop’ residues of the holo
(RHILO)NAT1 F42W mutant and bound CoA. Hydrogen bonds are shown as dashed lines. (b) Details of the interaction between CoA (cyan) and the
holo (RHILO)NAT1 F42W mutant (grey). Hydrogen bonds are shown as dashed lines. (¢) Amino-acid sequence alignment of (RHILO)NATT1 (blue),
(MYCMR)NAT1I (purple), (HUMAN)NAT?2 (green) and (BACAN)NAT1 (grey). Residues interacting with CoA are shown in background colours. The
catalytic triad Cys-His—Asp is indicated by stars. Boxed residues correspond to the ‘mammalian/eukaryotic insertion loop’ between B8 and 89 [with

the secondary structure of (RHILO)NATT1 as a reference].
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Phe204 make an extensive set of van der Waals contacts and
hydrogen bonds to the pyrophosphate, pantothenic acid and
cysteamine moieties of CoA (Figs. 2a and 2b; Fullam et al.,
2008). In addition to the above-mentioned residues, we found
that the binding of CoA to (RHILO)NAT1 also relies on
important interactions with Glul52, Ile169 and His229
(Fig. 2b). Indeed, Glu152 was found to make a hydrogen bond
to the exocyclic N atom of the adenine moiety of CoA, whilst
the side chain of Ile169 packs against the adenine moiety.
His229 makes a salt bridge with an O atom of the pyrophos-
phate group. Interestingly, equivalent residues and inter-
actions were found in the structure of (MYCMR)NATI1 in
complex with CoA (involving Glul52, Val169 and His229) but
not in the structures of (HUMAN)NAT?2 and (BACAN)NAT1
(Fig. 2¢). These data further show that (MYCMR)NAT1 and
(RHILO)NAT1 share a similar mode of recognition of the
cofactor. However, multiple alignment analysis indicates that
most of the residues that interact with CoA are not conserved
across the prokaryotic NAT enzymes (Supplementary Fig. S4).

3.3. Geometry of CoA in (RHILO)NAT1

As stated above, the structures of (HUMAN)NAT?2,
(MYCMR)NAT1 and (BACAN)NAT1 in complex with CoA
have shown that the distal regions of CoA (in particular the
pyrophosphate and adenosine 3’-phosphate moieties) interact
differently with the respective NATs, with marked differences
in the geometry of CoA bound to the different enzymes
(Kubiak, Dairou et al., 2013; Fig. 2d). Nonetheless, as shown in
Fig. 2(d), the structures of CoA in the active sites of the four
NAT isoforms converge at the 2-mercaptoethylamino terminal
portion of CoA, close to the catalytic cysteine (Kubiak, Dairou
et al., 2013; Fig. 2d). This is not surprising as in the first step
of catalysis the acetyl group of AcCoA (which is covalently

Figure 2 (continued)

Table 2
Geometry of CoA in the four NAT-CoA complex structures.

NAT-CoA complex S1P-N6A distance (A) S1P-O3A-N6A angle (°)

(RHILO)NAT1 16.8 93
(MYCMR)NAT1 171 93
(HUMAN)NAT2 12.8 71
(BACAN)NATI1 6.8 23

linked to the S atom of the 2-mercaptoethylamine moiety)
must be close to the catalytic cysteine to permit acetyl transfer
onto this residue (Fullam et al., 2008; Kubiak, Dairou et al.,
2013). In addition, the four structures in complex with CoA
have shown that the distal regions of the cofactor, in particular
the pyrophosphate and adenosine 3’-phosphate moieties,
interact differently with the respective NATS, including
marked differences in the geometry of CoA (Kubiak, Dairou
et al., 2013; Fig. 2d). However, a comparison of the structure of
the CoA molecules in (RHILO)NAT1 and (MYCMR)NAT1
clearly shows that the whole cofactor adopts the same
geometry in the two enzymes (Figs. 2d, 2e and Table 2). In
both the (RHILO)NAT1 and (MYCMR)NAT1 enzymes the
cofactor adopts a similar extended conformation that extends
for ~17 A from the S atom of CoA (S1P) to N6 of the adenine
moiety (N6A) (Fig. 2d and Table 2). In contrast, in
(HUMAN)NAT?2 and (BACAN)NAT1 CoA has a much less
extended structure, with SIP-N6A distances of 12.7 and 6.8 A,
respectively (Fig. 2d and Table 2). In addition, the angle
between the S1P, O3A and N6A atoms (S1P-O3A-N6A)
which are present in three different moieties of the CoA
(2-mercaptoethylamine, pyrophosphate and adenine portions
of CoA, respectively) was found to be identical in both
(RHILO)NAT1 and (MYCMR)NAT1, with a value of 93°. In
contrast, the same SIP-O3A-N6A angle in the CoA structure

) _V{“?”

Asp

(e

(d) CoA conformations from cofactor-bound structures of (RHILO)NAT1 (blue), (MYCMR)NAT1 (purple; PDB entry 2vfc), (HUMAN)NAT?2 (green;
PDB entry 2pfr) and (BACAN)NATT (grey; PDB entry 3Inb). The four structures were aligned and only the catalytic cysteine residue is shown (labelled
Cys). (e) Superposition of holo (RHILO)NAT1 F42W (blue) and (MYCMR)NAT1 (purple) showing the alignment of CoA molecules (r.m.s.d. 1.14 A).

The catalytic triad residues Cys, His and Asp are shown.
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of (HUMAN)NAT?2 and (BACAN)NAT1 is very different,
with values of 71 and 23°, respectively (Fig. 2d and Table 2).
Prior to our study, the analyses of the three orthologous
NAT structures in complex with CoA [(HUMAN)NAT2,
(MYCMR)NAT1 and (BACAN)NAT1] suggested that the
mode of CoA binding among NAT enzymes was likely to be
diverse as these three isoforms were found to bind CoA in
different manners (Wu et al., 2007; Fullam et al., 2008; Pluvi-
nage et al., 2011; Kubiak, Dairou et al., 2013). The (RHILO)
NAT1-CoA structure overturns this view and illustrates that
two different orthologous NAT enzymes can bind their
cofactors in a similar way. In contrast to (RHILO)NAT1 and
(MYCMR)NAT1, the two other CoA-bound NATS crystal-
lized possess an additional loop between domain II and
domain III corresponding to an ‘insertion loop’ known as the
‘mammalian/eukaryotic insertion loop” in (HUMAN)NAT?2 (a
17-residue insertion between the $10 and 811 strands) and in
(BACAN)NAT1 (a 15-residue insertion between the B9 and
B10 strands) (Fig. 3). This insertion is highly mobile and in the
case of (BACAN)NAT1 these amino acids are not seen in the
electron-density map (Pluvinage et al., 2011; Kubiak, Li de la
Sierra-Gallay et al., 2013; Fig. 3). The reasons for the presence
of this insertion loop in the great majority of eukaryotic
(especially mammalian) sequences and in certain prokaryotic
NATs (especially NATs from Bacillus species) is not under-

P

(RHILO)NAT1 (MYCMR)NAT1

Figure 3

(HUMAN)NAT2

stood (Kubiak, Dairou er al., 2013), a study has however
suggested that it could contribute to protein stability
(Walraven et al., 2007). Although it has been shown in
(HUMAN)NAT?2 and (BACAN)NAT1 that the ‘mammalian/
eukaryotic insertion’ does not play a direct role in CoA
binding through molecular contacts, this insertion contributes
to the shape of the cleft in which the cofactor binds. In
(HUMAN)NAT?2 and (BACAN)NATT1 the ‘insertion’ fills the
part of the (MYCMR)NAT1 and (RHILO)NAT1 clefts that
becomes occupied by the cofactor in the (MYCMR)NATI1-
CoA and (RHILO)NATI1-CoA complexes (Fullam et al.,
2008; Fig. 3). Thus, the ‘mammalian/eukaryotic insertion’ in
(HUMAN)NAT?2 and (BACAN)NAT1 narrows the cleft in
which CoA binds and impacts its geometry and location
(Kubiak, Dairou et al, 2013; Fig. 3). Indeed, whereas in
(MYCMR)NAT1 and (RHILO)NAT1 CoA fits into an
extended cleft that extends for ~21 A from the active-site
cysteine to the adenine moiety, in (HUMAN)NAT2 and
(BACAN)NAT1 the cofactor fits into equivalent but narrower
clefts that extend for 16 and 9 A, respectively (Fullam et al.,
2008; Pluvinage et al, 2011; Fig. 3). The structure of the
(RHILO)NAT1-CoA complex further supports the notion
that the presence of the ‘mammalian/eukaryotic insertion’
precludes a shared mechanism of recognition of the nucleo-
side phosphate portion of the cofactor in NAT enzymes

(BACAN)NAT1

Structural comparison of different CoA-binding conformations in NATs. Overall structures (top) and electrostatic potential representations (bottom) of
(RHILO)NAT1 (blue), (MYCMR)NATI (purple; PDB entry 2vfc), (HUMAN)NAT?2 (green; PDB entry 2pfr) and (BACAN)NAT1 (grey; PDB entry
3Inb) complexed with CoA (yellow sticks) shown as ribbon diagrams. The ‘mammalian/eukaryotic insertion loop’ of (HUMAN)NAT?2 is highlighted by a
red dashed line. The 15 amino acids of the insertion loop of (BACAN)NAT1 remain unresolved owing to low electron density and are indicated by a
black dashed line.
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(Fullam et al., 2008; Pluvinage et al., 2011; Fig. 3). These data
suggest that the mode of CoA binding by NAT enzymes is less
diverse than previously proposed (Fullam ez al., 2008; Pluvi-
nage et al., 2011; Kubiak, Dairou et al., 2013). Our results
suggest that NAT isoforms lacking the ‘mammalian/eukaryotic
insertion loop’ (i.e. the great majority of prokaryotic NAT
enzymes) are likely to bind the cofactor in a similar manner.
More structures of NATSs in complex with CoA are needed to
fully ascertain this point. In addition, as the cofactor-binding
site of NATs has been suggested to be a potential site of
interest for drug design, our data may be of importance for
the identification of small-molecule inhibitors that target the
cofactor site in NATs.
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