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SUMMARY

N-terminal acetylation is a common and important protein modification catalysed by N-terminal
acetyltransferases (NATS). Six human NATs (NatA-NatF) contain one catalytic subunit each,
Naal0-Naa60, respectively. In contrast to the ribosome associated NatA-NatE, NatF/Naa60
specifically associates with Golgi membranes and acetylates transmembrane proteins. To gain
insight into the molecular basis for function of Naa60, we developed a Naa60 bisubstrate CoA-
peptide conjugate inhibitor, determined its X-ray structure when bound to CoA and inhibitor, and
carried out biochemical experiments. We show that Naa60 adapts an overall fold similar to the
catalytic subunits of ribosome-associated NATS, but with the addition of two novel elongated loops
that play important roles in substrate-specific binding. One of these loops mediates a dimer to
monomer transition upon substrate-specific binding. Naa60 employs a catalytic mechanism most
similar to Naa50. Collectively, this data reveals the molecular basis for Naa60-specific
acetyltransferase activity with implications for its Golgi-specific functions.
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Protein N-terminal acetylation is catalysed by N-terminal acetyltransferases (NATS). Stove et al
report the crystal structure of Naa60, the only NAT specifically associating with cellular
membranes. Two Naa60-specific elongated loops play important roles in substrate-specific binding
and in a dimer to monomer transition for substrate-specific binding and catalysis.

Monomeric Naa60/CoA-Ac-peptide
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INTRODUCTION

Among all N-terminal protein modifications that occur in eukaryotes, N-terminal acetylation
(Nt-acetylation) is by far the most common, occurring on approximately 50-85% of all
soluble proteins (Arnesen et al., 2009; Bienvenut et al., 2012). Nt-acetylation is catalyzed by
a group of enzymes called N-terminal acetyl transferases (NATSs), which predominantly
acetylate protein N-termini co-translationally as they emerge from the ribosomal exit tunnel
(Aksnes et al., 2015a). Nt-acetylation has been shown to be important for protein-protein
interactions (Scott et al., 2011), protein subcellular localization (Behnia et al., 2004; Forte et
al., 2011; Setty et al., 2004), protein folding (Holmes et al., 2014), and to function as the
degradation signal of the Ac/N-end rule pathway (Hwang et al., 2010; Shemorry et al.,
2013). According to the Ac/N-end rule, Nt-acetylated protein N-termini are recognized by
specific E3 ligases, ubiquitylated and degraded through the proteasome pathway. This
degradation pathway was shown to regulate protein quality control and protein complex
stoichiometries (Shemorry et al., 2013). NATSs also have connections to human disease.
Several NAT subunits have previously been shown to be over-expressed in different types of
cancers (Kalvik and Arnesen, 2013), and recently several point mutations in the NAA10
gene (encoding the catalytic subunit of the NatA complex) have been shown to cause
intellectual disabilities, Lenz-Micropthalmia syndrome and Ogden syndrome (Casey et al.,
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2015; Esmailpour et al., 2014; Myklebust et al., 2015; Popp et al., 2015; Rope et al., 2011,
Saunier et al., 2016).

NATS are bisubstrate enzymes that catalyze the transfer of an acetyl group from acetyl CoA
(Ac-CoA) to a protein N-terminal amine group. In humans, six NATs have been identified
and characterized (Arnesen et al., 2005a; Evjenth et al., 2009; Hole et al., 2011; Starheim et
al., 2008; Starheim et al., 2009; Van Damme et al., 2011b). NatA-NatC (catalytic subunits
Naal0-Naa30) are protein complexes consisting of two or more subunits (Arnesen et al.,
2005a; Mullen et al., 1989; Park and Szostak, 1992; Polevoda et al., 2003; Polevoda and
Sherman, 2001; Starheim et al., 2008; Starheim et al., 2009), NatE (Naa50) is a monomeric
enzyme that has been shown to associate with NatA (Gautschi et al., 2003; Williams et al.,
2003), while NatD (Naa40) and NatF (Naa60) are monomeric enzymes believed to act
independent of other subunits (Aksnes et al., 2015b; Hole et al., 2011; Magin et al., 2015;
Song et al., 2003; Van Damme et al., 2011b). Each NAT has distinct substrate specificity,
mainly based on the first two amino acids of the N-terminus of the substrate polypeptide.
For one of the NATs, Naal0, the substrate specificity changes upon binding to the auxiliary
subunit Naal5 (Liszczak et al., 2013). Upon binding to Naal5, Naal0 undergoes a
conformational change altering the active site of the enzyme enabling acetylation of protein
N-termini in which the initiator methionine has been removed by methionine
aminopeptidases (MetAPs) exposing small amino acids as the new N-termini. Uncomplexed
Naal0 on the other hand has been shown to mainly acetylate acidic N-termini (Glu- or Asp-
starting) (Van Damme et al., 2011a). Naa20 acetylates protein N-termini with a methionine
in position 1, followed by an acidic residue in position 2. Naa40 specifically acetylates the
serine-starting N-termini of histones H2A and H4, while Naa30, Naa50 and Naa60 acetylate
unprocessed methionine N-termini with either a positively charged or hydrophobic amino
acid in position 2 (Arnesen et al., 2009; Evjenth et al., 2009; Hole et al., 2011; Magin et al.,
2015; Polevoda et al., 1999; Song et al., 2003; Starheim et al., 2009; Tercero and Wickner,
1992; Van Damme et al., 2011a; Van Damme et al., 2015; VVan Damme et al., 2011b; Van
Damme et al., 2012). For the rest of this text, we will refer to NATs by the name of their
catalytic subunit.

Naa60 is the most recently identified and least studied human NAT. Unlike Naal0—Naa50,
which are conserved from yeast to man, Naa60 appears to be lost in the Fungi kingdom
(Rathore et al., 2016; Van Damme et al., 2011b). Furthermore, Naa60 has a distinct
subcellular localization pattern; while Naal0—Naa50 are located throughout the cytoplasm
and in some cases also in the nucleus, Naa60 displays an organellular localization pattern
associating to the cytosolic side of Golgi membranes (Aksnes et al., 2015b). Depletion of
NAAG60Oresults in Golgi fragmentation in HeLa cells (Aksnes et al., 2015b) and abnormal
chromosome segregation in drosophila Dmel2 cells (Van Damme et al., 2011b), resembling
the observed phenotypes of NAA50 depleted drosophila cells. However, while NAA60-
depleted drosophila cells exhibited normal metaphase and abnormal anaphase, MAAS50-
depleted drosophila cells exhibited abnormal metaphase with mitotic arrest (Hou et al.,
2007; Pimenta-Marques et al., 2008; Van Damme et al., 2011b; Williams et al., 2003).

Initial studies of human Naa60 (hNaa60) suggested that there are extensive redundancy in
the substrate specificity profile of hNaa30, hNaa50 and hNaa60 when only considering the
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N-terminal sequence of the substrate (Van Damme et al., 2011b). However, recent data has
also revealed that there is a large over-representation of transmembrane proteins in the
hNaa60 acetylome, suggesting that hNaa60 has evolved to specifically acetylate the
cytosolic N-termini of membrane proteins from its membrane-associated localization
(Aksnes et al., 2015b).

In this study, we set out to investigate the structure and biochemical properties of human
Naa60. To this end, we cloned, purified and crystallized hNaa60 both in complex with CoA
and in complex with a newly developed bisubstrate analogue closely resembling CoA and an
acetylated substrate polypeptide. We also carried out structure-based mutagenesis and
biochemical and enzymatic studies in order to make structure-function correlations
underlying hNaa60-specific activities.

RESULTS

Structure of hNaa60/CoA-Ac-MKAV7 reveals Naa60-specific regions

Sequence alignment of hNaa60 with other NAT homologues reveals sequence homology
within the N-terminal 180 amino acids (Figure 1A), but sequence divergence of C-terminal
residues 181-242 that has been shown to be responsible for the Golgi subcellular
localization of hNaa60 (Figure S1) (Aksnes et al., 2015b). Within the conserved NAT region,
hNaa60 shows the greatest regions of sequence divergence in the B3—34 (residues 73-94)
and 67 (residues 165-173) loops, which are also longer in hNaa60 than in most other
eukaryotic NATSs. Interestingly, the $3—p34 loop of the NAT homologue from S. solfataricus
(SSNAT) is also extended compared to the f3—4 loops of other NATSs, and was previously
shown to be important for SSNAT function (Liszczak and Marmorstein, 2013).

In order to structurally and biochemically examine hNaa60, we cloned, expressed and
purified different N-terminal hNaa60 variants and were able to prepare constructs containing
residues 1-184 and 5-184, which were amenable to biochemical and structural analysis. /n
vitro enzymatic assays confirmed that hNaa60 1-184 has a similar substrate specificity
profile as full length hNaa60 /n vivo (Figure S2) (Aksnes et al., 2015b; Van Damme et al.,
2011b). We also prepared two bisubstrate analogues, CoA-Ac-MAPLDLD-NH, (CoA-Ac-
MAPL7) and CoA-Ac-MKAVQAD-NH; (CoA-Ac-MKAV7) derived from previously
identified N-terminal hNaa60 /7 vivo substrates (Aksnes et al., 2015b; Van Damme et al.,
2011b) which were tested as inhibitors of Naa60 1-184 using /n vitro acetylation assays. In
these experiments, desulfoCoA (Figure S3A), which previously has been identified as a
competitive inhibitor of the N-terminal acetyltransferase Naa50 (Evjenth et al., 2012), and
also other acetyltransferases (De Angelis et al., 1998; Thompson et al., 2001), was used as a
control.

Both bisubstrate analogues were very potent inhibitors, with a half maximum inhibitor
concentration (ICsg) of 1.0 £ 0.1 uM and 2.44 + 0.6 uM for CoA-Ac-MAPL; and CoA-Ac-
MKAV7 respectively whereas the I1Csq of desulfoCoA was 394.7 + 43.3 uM (Figure 1B).
Further analysis of CoA-Ac-MAPL7 confirmed that it was a tight binding, competitive
inhibitor (Copeland and Dr. William McDowell Mastin Fund., 2000) compared to Ac-CoA
with a Ki of 0.23 + 0.42 pM (Figure S3 B and C).
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We were able to obtain crystals of hNaa60 5-184 in binary complex with CoA-Ac-
MKAVQAD and to determine its structure to a resolution of 1.53 A, using molecular
replacement with SSNAT (PDB ID: 4LX9) as the initial search model. The crystals formed
in spacegroup P4, and contained two hNaa60/CoA-Ac-MKAV; complexes per asymmetric
unit. The resulting electron density allowed for the tracing of residues 5-184 of hNaa60, and
the CoA-Ac portion and residues 1 to 4 of the bisubstrate inhibitor (herein called CoA-Ac-
MKAV>). Both complexes in the asymmetric unit overlay almost perfectly except for a slight
adjustment of the side chain positions of M1, and K2, of the bisubstrate inhibitor. The final
model was refined to a Rwork/Rfree of 0.1905/0.2084 with good geometry (Table 1). We
also obtained crystals and determined the structure of Naa60 in complex with CoA as will be
more thoroughly described below. The structure of hNaa60 adopts the characteristic GNAT
(Gen5-related N-acetyltransferase) fold (\etting et al., 2005) found in all NATS, consisting
of a mixed a/p fold with a conserved Ac-CoA binding site (Figure 1C). However, the p3—-p4
and B6—B7 loops adopt hNaa60-specific structures. The p3—34 loop folds back towards the
peptide and core domain, and the f6—37 loop, contains a -hairpin structure with two shorts
strands that we call 6’ and 37’ that hang over the peptide binding site in a manner that is
highly characteristic for all NATs (Figure 1C).

Structural and functional similarities and differences between hNaa60 and other NATs

A superposition of hNaa60/CoA-Ac-MKAV7 with other NAT structures shows the highest
degree of structural similarity to hNaa50 with an rmsd of 1.59 A for backbone atoms,
although there is still significant structural superposition with S. pormbe Naal0 (SpNaal0)
(rmsd = 1.96 A) and SSNAT (rmsd = 1.70 A) (Figure 2A). Consistent with the sequence
divergence between these proteins, hNaa60 shows the greatest structural divergence with
these proteins in the B3—p4 and p6—p7 loops (Figures 2B and 2C). Interestingly, the p3—p4
loop of SSNAT is most similar to the corresponding loop of hNaa60 and was previously
shown to be important for SSNAT function by hanging over and contacting the p5, 36, 7
strands positioning residues in these strands to make peptide substrate interactions (Liszczak
and Marmorstein, 2013). As will be discussed below, this loop is carrying out a similar role
in hNaa60. Interestingly, two tyrosine residues in the f6-p7 loop of hNaa60 (Y164 and
Y165) are conserved in other NATs (except for hNaa40) and play a role in peptide anchoring
(Figure 2C).

A superposition of the hNaa60/CoA-Ac-MKAV7 structure with other NAT structures also
reveals that the active site of hNaa60 most closely resembles the active site of hNaa50, in
which two residues contribute to general base catalysis. In hNaa50, these residues are Y73
and H112 and the corresponding residues in hNaa60 are Y97 and H138 (Figure 3A). Both
structures also show an ordered water molecule in a similar position to facilitate proton
extraction from the target amine. The water molecule is coordinated by the side chain of
Y97, backbone carbonyl of L98, backbone nitrogen of H138, and the M1, N-terminus
(Figure 3A).

In addition to similarities in the active site, hNaa60 and hNaa50 both contain a conserved
hydrophobic core that recognizes Metl of the cognate N-terminal substrate. Specifically,
F34, P35, 136, L140, Y165 and 1167 of hNaa60, which are conserved in hNaa50, surround
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the side chain of M1, (Figure 3B). The peptide is anchored in the active site of the enzyme
through several hydrogen bonds. Y38 and Y165, both of which are conserved between
hNaa50 and hNaa60, form hydrogen bonds to the carbonyl groups of M1, and K2,
respectively, while the backbone carbonyl of L99 forms a hydrogen bond to the backbone
amide of M1, (Figure 3C).

There are also major differences between these enzymes. While the hNaa50 structure reveals
a second hydrophobic pocket for residue 2, the corresponding region of hNaa60 is more
solvent exposed and thus can accommodate more variability in position 2, (Figure 3D, E, F).
Indeed, K2, of the MKAV7 peptide region of the CoA-Ac-MKAV7 bisubstrate inhibitor, as
well as A3p and V4, side chains are not making significant interactions to the protein. The
larger and more solvent exposed cavity of hNaa60 suggest that this enzyme is able to
accommodate larger and more polar residues at position 2, and 3, compared to hNaa50
which previously have been shown to prefer methionine starting substrates with hydrophobic
amino acids like leucine or valine in position 2y,

Mutational analysis of hNaa60 shows good correlation with the structure

In order to examine the importance of specific residues on the catalytic function and
substrate binding of hNaa60, several hNaa60 point mutants were prepared and tested for
activity using the substrate peptide MKAV 54, representing a substrate that previously were
shown to be acetylated by hNaa60 /n7 vivo (Aksnes et al., 2015b). Mutation of residues
predicted to be directly involved in the catalysis of hNaa60 resulted in severe impairments.
An Y97F point mutant showed complete loss of catalytic activity (Figure 4) confirming that
this residue is important for hNaa60 catalysis. The H138F and H138A mutants were
unstable and could not be purified (data not shown) suggesting that this residue is not only
involved in catalysis, but is also important for maintaining the overall structure of hNaa60.

We also prepared several point mutants of residues that form the hydrophobic pocket
surrounding the M1, side chain. P35A, I36A and 1167A all showed an approximate 2.5-4
fold fold reduction in ke, and a small increase in Ky, when tested towards the substrate
polypeptide MKAV2,4 (Figure 4A). Surprisingly, the hNaa60 L140A mutant had a 4-5 fold
increase in K¢yt but at the same time a 5-10 fold increase in K, (Figure 4A). Thus, despite
the increased kg, the catalytic efficiency (Kcat/Km) of this mutant is approximately 0.5 fold
of hNaa60 WT (Table 2). In comparison, the catalytic efficiency of the P35A, I136A and
1167A point mutants had an approximate 6-fold, 6-fold and 3-fold reduction compared to the
hNaa60 WT, respectively (Table 2). We also created a P35A/I36A/1167A triple mutant, but
we were not able to detect any catalytic activity for this mutant in our assay (Table 2).
Together these data show that the M1, hydrophobic pocket is important for substrate-
specific acetylation.

In order to probe the importance of substrate polypeptide anchoring in the active site, we
mutated tyrosines Y38 and Y165 that showed hydrogen bonds with the peptide substrate
backbone (Figure 3C). Y165 also forms parts of the hydrophobic pocket surrounding the
side chain peptide substrate M1,, however by creating an Y 165F point mutant only the
hydroxyl group involved in peptide anchoring will be removed and the hydrophobic pocket
will remain unaffected. The hNaa60 Y38A variant resulted in a complete loss of catalytic
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activity, while the hNaa60 Y 165F mutant had approximately 4 fold reduction in catalytic
efficiency (Table 2). Together, these studies show that Y38 and Y165 play important roles in
peptide binding.

To probe the substrate selectivity of hNaa60 for comparison with hNaa50, we determined
kinetic constants for both hNaa60 and hNaa50 towards several different peptides
representing N-termini that were previously identified as substrates of either hNaa60 or
hNaa50 /n vivo (Aksnes et al., 2015b; Van Damme et al., 2011a). The catalytic efficiency of
the two enzymes is similar for several of the tested substrates but there are also differences
(Figure 4B). As expected hNaa50 has the highest catalytic efficiency for the substrate
polypeptides MLGP,4 and MVVSM»4. hNaa60 on the other hand has the highest catalytic
efficiency for peptide substrates MAPL 4, MVSMy4, MKAV,4 and MKQY »4. Interestingly,
while hNaa60 had approximately the same catalytic efficiency for MKAV,4 and MKQY 94
with larger more bulky side chains in position 3, and 4;,, hNaa50 had a 3-fold lower catalytic
efficiency for MKQY 4 compared to MKAV 4. This is consistent with the larger and more
solvent exposed cavity seen in hNaa60 relative to hNaa50 around the K2p,, A3p and V4,
residues of the bisubstrate analogue.

The hNaa60 specific B3—4 loop is essential for protein stability

The elongated 22-residue f3—p4 loop (residues 73-94) is a structure not found in most
NATSs. In SpNaal0, hNaa50, and hNaa40, 33 and 34 are linked together with only a short
beta hairpin. In contrast, for both SSNAT and hNaa60, 33 and B4 are linked together by a
large elongated loop, with the loop being significantly larger in hNaa60 (Figure 2B). The
33—p4 loop of hNaa60 folds back towards the enzyme core and peptide portion of the
bisubstrate inhibitor and make multiple h-bonds and van der Waals contacts to residues in -
strands 5, 6 and 7 (Figure 5). D81 and D83 of the 33—-p4 loop make h-bonds to H138 and
H157 of the 5 and 7 strands respectively (Figure 5A) and the backbone amide nitrogen of
177 makes a water mediated hydrogen bond to the phenol oxygen of Y136 (not shown). In
addition, E80, D81 and the backbone carbonyl of 184 form hydrogen bonds with Y164,
T176 and Y180 of the 36 strand, respectively. Several residues of the p3—p4 loop (177, 184,
L85,) also participate in van der Waals interactions with residues of the f5-86—7 core (V95,
Al134, Y136, V178 (Figure 5B). Interestingly, despite the large number of contacts between
the B3—p4 loop and B5, p6 and 7 strands, mutational analysis suggests that the positioning
of this loop is easily disrupted. Mutating some of the residues that form these contacts
(D81A, 184A or Y164A/F) all result in altered catalytic parameters. Surprisingly, these
mutants resulted in a 3—6 fold increase in Kcat, but also a 2—4 fold increase in the Ky, of the
reaction (Figure 4A), resulting in a modest overall effect on catalytic efficiency (Table 2).
This could indicate that mutating residues involved in the contact between $3—34 loop and
(35, 6 and 7 strands is altering the structure of the enzyme in a way that only affects
substrate peptide binding and catalysis in subtle ways.

In order to further investigate the effects of mutating these residues, we analyzed the
stability of these point mutants by differential scanning fluorimetry (DSF) as have been
described previously (Figure S4) (Bustad et al., 2012). Apo hNaa60 WT had a melting point
of 47.9°C and was clearly stabilized both by the addition of Ac-CoA (T, increased
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gradually from 48 °C to 54.7 °C by addition of 0.16x-10x Ac-CoA) and the bisubstrate
analogue CoA-Ac-MAPL; (T, ranging from 47.6 — 53.2 °C with increasing bisubstrate
analogue concentrations) (Figure S4A and B). As expected, the I36A point mutant that had
severe catalytic effects due to disruption of the M1, hydrophobic pocket, did not show any
signs of destabilization while hNaa60 mutants involved in forming contacts between the $3-
B4 loop and 5, B6 and B7 strands, D81A, I84A and Y164F, were all clearly destabilized
compared to hNaa60 WT (Figure S4C-F). Further, a higher initial fluorescence was seen for
both hNaa60 D81A and I84A indicating that more hydrophobic areas are exposed to the
solvent, most likely due to a destabilized f3—34 loop.

hNaa60 dimerizes through the hNaa60-specific B6—p7 loop in the absence of substrate

peptide

In order to determine if hNaa60 undergoes any structural changes upon N-terminal peptide
substrate binding, we determined the crystal structure of the hNaa60/CoA complex. We
obtained crystals that formed in the P2, space group and determined the structure by
molecular replacement using the protein portion of the SSNAT (PDB ID: 4LX9) as a search
model. The crystals contained four hNaa60/CoA complexes per asymmetric unit and refined
to a Rwork/Rfree of 0.2072/0.2547 with good geometry at 1.95 A resolution (Table 1).
Interestingly, in contrast to the monomeric hNaa60/CoA-Ac-MKAV7; complex, the
hNaa60/CoA crystals show two symmetrical protein dimers, where dimer interactions are
nucleated by the f6—7 loops that form a four-stranded sheet that extends into the peptide-
binding sites of both protomer of the dimer (Figure 6A). A superposition of the hNaa60/
CoA-Ac-MKAV; complex with a protomer of the hNaa60/CoA complex shows that the only
significant structural change is a rotation of the f6—37 loop in the hNaa60/CoA-Ac-MKAV7
by about 45° to accommodate the insertion of the f6—37 loop from the opposing protomer of
the hNaa60/CoA dimer (Figure 6B). The superimposition also reveals that the hNaa60
homodimer is incompatible with peptide binding by hNaa60. Specifically, the p6—p7 loop of
the one protomer protrudes into the catalytic site of the second protomer of the dimer,
leaving no room for a substrate peptide to bind (Figure 6C).

Numerous contacts mediate hNaa60/CoA homodimerization, several of which participate in
peptide substrate anchoring in the hNaa60 monomer (Figure 6D). L171 from each subunit
make van der Waals contacts across the dimer. Van der Waals contacts are also mediated
between Y165 and Y38P and P39P of the core (° designates the second protomer of the
dimer), and 1167 and V170 with L140° and 136P of the core, respectively. In addition, 136"
of the core makes van der Waals interactions with the main chain of the beta-hairpin formed
by residues S166-1167-R168-G169. R168 also hydrogen bonds to the main chain carbonyls
of P162° and K172P of the core. Many of the residues in the f6—p7 loop that interact with
the opposing subunit are specific for hNaa60 (Figure 1) and no other NAT structure
determined to date shows this type of homodimerization (Liszczak et al., 2011; Liszczak et
al., 2013; Liszczak and Marmorstein, 2013; Magin et al., 2015).

To investigate whether hNaa60 dimers are formed in solution, we performed size-exclusion
chromatography and analytic ultracentrifugation (AUC). On a size exclusion
chromatography column, hNaa60 1-184 with Ac-CoA elutes at a column volume
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corresponding to twice the theoretical size of the enzyme (Figure 6E). However, upon
addition of 2 equivalents of the bisubstrate analogue CoA-Ac-MAPL7, more than 50% of the
hNaa60 elutes as an apparent monomer from a size exclusion chromatography column. To
further corroborate these findings, we performed AUC on the fractions of hNaa60 bound to
Ac-CoA that eluted off the size exclusion column in an apparent dimer peak (Figure 6F),
and on the fractions of hNaa60 bound to CoA-Ac-MAPL 7, which eluted as an apparent
monomer peak (Figure 6G). We performed the centrifugation at three different speeds and
three different concentrations. The data fit extremely well to a hNaa60/CoA-Ac-MAPL;
monomer with a molecular weight of 22.9 kD, and a hNaa60/CoA dimer with a molecular
weight of 39.9 kD, which are very close to the theoretical molecular weights of 22.6 kD and
43.6 kD, respectively. This data supports the peptide substrate dependent dimer to monomer
transition of hNaa60 suggested by the crystal structures.

DISCUSSION

In this study, we have crystallized and biochemically characterized hNaa60, the only human
NAT identified so far with distinct organellar localization and that primarily acetylates
membrane proteins. As previously shown /in vivo, hNaa60 has an organellar localization that
is dependent on the C-terminal 60 amino acids (residues 182-242) (Aksnes et al., 2015b).
The present study reveals that hNaa60 1-180 forms a GNAT fold that highly resembles the
hNaa50 structure. Our studies also show that the C-terminus of hNaa60 is not necessary for
its biochemical function. Secondary structure predictions suggest that the C-terminus of
hNaa60 form two alpha-helices, which either facilitate the anchoring of hNaa60 to the
membrane peripherally or form transmembrane helices (Aksnes et al., 2015b) (Figure S1).

In order to study the molecular basis for substrate specific acetylation by Naa60 we designed
and synthesized two bisubstrate analogues, one of which was co-crystallized with Naa60 1-
184. This approach was chosen as a result of difficulties in obtaining a crystal structure of a
Naa60/CoA/peptide ternary complex. A similar approach was previously used in the
crystallization of the p300/CBP transcriptional coactivator (Liu et al., 2008). Liu and
colleagues prepared a bisubstrate analogue with CoA attached to the side chain of lysing,
which both facilitated crystallization of this enzyme and enabled investigation of substrate-
enzyme interactions and mechanism. Bisubstrate analogues have also been successfully used
as enzyme-specific and potent NAT inhibitors (Foyn et al., 2013), and was also used in order
to crystallize and study the SpNatA complex (Liszczak et al., 2013). The bisubstrate
analogues presented here represent the first hNaa60 specific bisubstrate analogues and the
second case where such analogues have been used as a tool for the investigation of amino
acid substrate interactions in NAT enzymes.

The overall structure of hNaa60 aligns very well with other available NAT-structures and is
very similar to the overall structure of hNaa50 (rmsd = 1.59 A). Of particular interest to us
was the active site of hNaa60 and whether there were any differences in its substrate peptide
binding and catalytic mechanism as compared to hNaa50 and other NATs. Our data reveal
that hNaa60 utilizes the same catalytic mechanism as hNaa50, and that all residues that are
directly associated with catalysis are conserved between the two enzymes. Substrate peptide
anchoring is also highly conserved, in addition to key residues involved in forming a
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hydrophobic pocket surrounding the M1 side chain of the substrate peptide. However, there
are notable differences. In hNaa50, a second hydrophobic pocket is formed around substrate
peptide residue 2, enabling hNaa50 to efficiently acetylate substrates with a methionine in
position 1, followed by a hydrophobic residue in position 2,,. In comparison, the
corresponding region of hNaa60 is more solvent exposed and has more room for substrates
with larger charged side chains. Indeed, our enzymatic studies support this hypothesis.
hNaa50 has a preference for substrates with a hydrophobic residue in the second position
(MLGP24 and MVSMy,), while hNaa60 has a preference for the substrates MAPL 4,
MVSMay,, MKAV,, and MKQY 4. Interestingly, although the catalytic efficiency towards
the substrate polypeptide MKAV,,4 was very similar for hNaa50 and hNaa60, the catalytic
efficiency towards another substrate peptide with a methionine in position 1, followed by a
lysine in position 2p, MKQY 24, was a 3-fold lower for hNaa50 compared to hNaa60. These
findings suggest that although peptide anchoring in hNaa50 and hNaa60 mainly occurs
through the first two residues of the substrate peptide, the amino acids in position 3, and 4,
also may have a significant impact, and further that hNaa50 and hNaa60 differ in their amino
acid preference in positions 3, and 4. In this case, most likely the aspargine in position 3,
of MKQY 24 is pushing the substrate towards residues M75 and R62 of hNaa50 causing the
peptide to bind improperly, while the more solvent exposed area of hNaa60 harbors enough
room here to accommaodate this peptide.

Despite the large overall structural similarity between hNaa50 and hNaa60, there are several
features that are specific for hNaa60. A prominent difference maps to the $3—34 loop, which
compared to other human NATS is extended by 10-15 residues in hNaa60 (Figure 1). The
elongated loop interacts with residues in p-strands 5, 6 and 37, and point mutation of key
residues in this loop resulted in a slightly increased catalytic efficiency of the enzyme. The
exact function of this loop is still unclear, and interestingly we show that loss of the
interaction between the $3—34 loop and p-strands (35, 6 and 7 not only results in altered
acetyltransferase activity, but also cause a substantial drop in protein stability with a melting
point that is 5-10 °C lower than wild-type hNaa60.

A second difference between Naa50 and Naa60 maps to the slightly elongated $6—37 loop of
Naa60. This loop mediates dimerization of hNaa60 in the absence of substrate peptide, a
feature that, to our knowledge, has not been seen for any other NAT. The B6—37 loop of each
protomer of the dimer extends into the peptide-binding site of the second protomer of the
dimer and is stabilized by hydrogen bond and van der Waals interactions. As the hNaa60
dimerization is mediated by the p6—37 loop of both protomers extending into the active site
of each other, it seems very unlikely that hNaa60 can be catalytically active in its dimeric
form. However, our size exclusion chromatography and AUC data shows that hNaa60 can
dynamically shift between a monomeric and dimeric state. This is also reflected in
enzymatic assays; although hNaa60 is purified as a homodimer, this dimer is catalytically
active. The substrate peptide therefore likely competes with the 6—7 loop of the other
hNaa60 protomer for binding in the active site. This could be a way to regulate substrate-
specificity as the affinity for a potential substrate may have to be higher than the affinity for
the other protomer of the dimer. /n vivo hNaa60 specifically associates with the Golgi
membrane through the C-terminal 60 amino acids (Naa60 182—242). In order for the
dimerization of hNaa60 to occur /n vivo each hNaa60 monomer has to associate to the
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membrane in a way that enables homodimerization. Consistent with this, in the hNaa60
homodimer the C-terminal end of both hNaa60 1-184 monomers are pointing in the same
direction, supporting that dimerization is compatible with hNaa60 attachment to organellar
membranes (Figure S5).

The majority of proteins that are Nt-acetylated are modified co-translationally as they
emerge from the ribosomal exit tunnel and several NATs have previously been shown to
associate with the ribosome (Arnesen et al., 2005a; Gautschi et al., 2003; Polevoda et al.,
2008; Starheim et al., 2008; Starheim et al., 2009). As Naa60 was shown to localize to the
cytosolic side of Golgi membranes, and as the bulk of all detected Naa60 is associated with
membranes (Aksnes et al., 2015b) it is likely that Naa60 does not directly associate with
ribosomes but rather acts post-translationally acetylating transmembrane proteins with N-
termini facing the cytosol. Naa60 has yet to be studied in the presence of membranes /n
vitro, but based on the current data we suspect that membrane interaction will have limited
effect on Naa60 biochemical activity and specificity per se. Rather, it may anchor Naa60 in
close proximity to its transmembrane substrates. The exact mechanism for Naa60 anchoring
to cell membranes also remains unknown and the functional implications of the Naa60-
dimerization in terms of functionality and membrane anchoring will be a topic of future
studies.

Several reports over the last decade have either described NATS as lysine acetyltransferases
or have reported roles for NATSs in lysine acetylation. Most of these reports describe Naal0
and the KAT-activity of this enzyme (Lim et al., 2006; Yoon et al., 2014), but there are also
reports describing Naa40 (Liu et al., 2009), Naa50 (Chu et al., 2011; Evjenth et al., 2009)
and Naa60 (Yang et al., 2011) as lysine acetyltransferases. Recently, depletion of several
NAT subunits were shown to affect H3 and H4 lysine acetylation levels in drosophila cells
either directly or indirectly (Feller et al., 2015) and Naa50 was picked up in a screen for
HAT enzymes with a photoclickable CoA-Lys bisubstrate analogue (Montgomery et al.,
2014). The role of NATs in lysine acetylation is however controversial (Arnesen et al.,
2005b; Friedmann and Marmorstein, 2013) and recently we showed that Naal0 has high /n
vitro NAT activity, but no detectable /in vitro KAT-activity towards several of the earlier
reported Naal0 KAT-substrates (Magin et al., 2016). It has previously also shown that
although Naa50 was able to acetylate lysine side chains to some extent, Naa50 had
approximately a 1000 fold higher NAT activity compared to KAT activity /in vitro (Evjenth
et al., 2009). With the emergence of experimental crystal structures of NATSs, it is becoming
evident that these enzymes predominantly are NATs with N-terminal acetylation as their
main role. Even though NATs share the same overall GNAT fold as several KAT enzymes, a
key difference between NATs and KATS is the 6—6 loop which in NATs hangs over the
peptide binding site creating a tunnel that accommodates substrate N-termini but not lysine
side chains (Liszczak et al., 2011; Liszczak et al., 2013; Magin et al., 2015). This is also the
case for Naa60, which despite having a slightly more solvent exposed peptide binding site
would not be able to accommodate lysine side chains in its closed state. Although Naa60
previously was described as a histone acetyltransferase (Yang et al., 2011), the Naa60 crystal
structure reported here together with recent data described elsewhere (Aksnes et al., 2015b;
Van Damme et al., 2011b) strongly suggest that Naa60 is predominantly a NAT with the
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same globular fold and similar catalytic mechanism as all other NAT enzymes characterized
thus far.

EXPERIMENTAL PROCEDURES

hNaa60 expression and protein purification

A C-terminal truncation construct coding for His-SUMO-hNaa60 1-184 was expressed in
Rosetta (DE3) pLys competent cells over night at 17°C. Cells were lysed in lysis buffer ((25
mM Tris-HCI (pH 8.0), 1 M NaCl, 10 mM p-mercaptoethanol and 10 ug/ml
phenylmethanesulfonylfluoride) by sonication, cell lysate centrifuged at 17000 g for 30
minutes and overexpressed His-tagged proteins were isolated by passing the supernatant
over nickel resin. The resin was washed with wash buffer (25 mM Tris-HCI (pH 8.0), 250
mM NaCl, 20 mM Imidazole, 10 mM B-mercaptoethanol) and bound proteins eluted by
slowly increasing the imidazole concentration to 300 mM. The His-SUMO tag was removed
by adding SUMO protease (Ulp-1) to the eluted protein while the protein was dialyzed into a
buffer without imidazole (25 mM Tris-HCI (pH 8.0), 250 mM NaCl, 10 mM f-
mercaptoethanol). The His-SUMO tag was removed from the sample by reverse nickel
purification, the flow through collected and dialyzed into size exclusion buffer (25 mM
HEPES (pH 7.5), 300 mM NaCl, 1 mM DTT). The dialyzed sample was concentrated to a
final volume of 1 mL and loaded on a HiLoad Superdex 200 size exclusion chromatography
column. Fractions containing hNaa60 1-184 were collected and used for protein
crystallization. For a thorough description of protein expression and protein purification for
all experiments, see supplemental experimental procedures.

Synthesis of bisubstrate analogues

A detailed description of the synthesis of bisubstrate analogues can be found in the
supplemental experimental procedures. The structure, theoretical molecular weight and
experimental molecular weight can be found in Table S3.

Crystallization and data collection

The hNaa60/CoA structure was obtained by mixing 18 mg/ml purified hNaa60 1-184 with
1:3:5 molar ratio of hNaa60:CoA:MAPL peptide (although electron density corresponding
to the MAPL; peptide was not observed in the final structure). Crystals were obtained by
hanging-drop vapor diffusion at 20°C for 1-3 days against a reservoir solution of 3%
Tascimate, 0.1 M Bistris pH 6.5 and 16% PEG 3350. For the hNaa60/CoA-Ac-MKAV7
bisubstrate analogue structure, the N- and C-terminal truncation variant hNaa60 5-184 was
purified, concentrated to 13 mg/ml and mixed with the bisubstrate analogue CoA-Ac-
MKAV7 at a 1:3 molar ratio. Crystals were obtained by hanging-drop vapor diffusion at
20°C over 3 months against a reservoir solution of 4% Tascimate pH 4.0 and 12% PEG
3500. hNaa60:CoA crystals were transferred to a series of cryoprotectant solutions
containing well solution supplemented with 300 mM NaCl and 5%, 10% and 25% glycerol
prior to flash freezing in liquid nitrogen. hNaa60/CoA-Ac-MKAV7 crystals were transferred
into a cryoprotectant containing it’s reservoir solution supplemented with 20% glycerol.
Both data sets were collected at beamline X29A at the National Synchrotron Light source
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(Brookhaven National Laboratory) and were processed using HKL2000 (Otwinowski and
Minor, 1997).

Structure determination and refinement

The binary hNaa60/CoA complex and hNaa60/CoA-Ac-MKAV7 complex was determined
by molecular replacement using a structure of SSNAT prepared with CHAINSAW (Stein,
2008) without solvent molecules or cofactors as a search model. Molecular replacement was
performed with Phaser in the CCP4 suite. Initial rounds of manual model building were
performed with Coot (Emsley and Cowtan, 2004), and all subsequent rounds of refinement
were performed using Phenix refine and Coot interchangeably. For both hNaa60 complexes,
the cofactor/bisubstrate analogue was built into /y — /; electron density maps. Refinement
statistics are shown in Table 1.

In vitro acetylation assays

A colorimetric acetylation assay was used to measure the catalytic activity of hNaa60
variants (Thompson et al., 2004). Purified enzymes were mixed with substrate peptides and
Ac-CoA in acetylation buffer (50 mM HEPES pH 7.5, 100 mM NaCl, and 2 mM EDTA),
and reactions were quenched with quenching buffer (3.2 M guanidinium-HCI, 100 mM
sodium phosphate dibasic pH 6.8). To measure CoA production, DTNB (2 mM final,
dissolved in 100 mM sodium phosphate dibasic pH 6.8 and 10 mM EDTA) was added to the
quenched reaction and the absorbance at 412 nm was measured. Background absorbance
was determined in negative controls, and subtracted from the absorbance determined in each
individual reaction. Thiophenolate production was quantified assuming & = 13.7 x 103 M1
cm™1. Product formation was measured in the linear phase of the reaction, and kinetic
constants were determined by GraphPad Prism. Peptide sequences and a full description of
experiments determining 1C50 values, Kiapp and modality of the two inhibitors can be
found in the supplemental experimental procedures.

Analytical Ultracentrifugation

Sedimentation equilibrium analytical ultracentrifugation experiments were performed at

4 °C with absorbance optics at 280 nm using a Beckman Optima XL-1 analytical
ultracentrifuge. We employed the use of a 4-hole rotor containing six-channel centerpieces
with quartz windows, spinning at 6000, 18000 and 26000 rpm. hNaa60 was mixed with a
five molar excess of either acetyl-CoA or CoA-Ac-MKAV7 and run on a superdex 75 gel
filtration column. Protein samples were analyzed at A,gg = 0.7, 0.5, and 0.3 in gel filtration
buffer (25 mM HEPES pH 7.5, 300 mM NaCl, 1 mM DTT). Data for each speed were
collected in quadruplicate. The viscosity of the samples were estimated using Sedenterp
(http://sednterp.unh.edu/) and the most representative runs were included to calculate a
theoretical molecular weight using the program HeteroAnalysis (http://
www.biotech.uconn.edu/auf/?i=aufftp)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Crystal structure of Naa60, a unique membrane-associated N-terminal
acetyltransferase

Naa60-specific loops are important for enzyme stability and substrate binding

Naa60 p6—37 loop mediates dimer to monomer transition for substrate-specific
binding

A novel CoA-peptide bisubstrate Naa60-inhibitor was developed and co-
crystallized
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Figure 1. Sequence alignment of selected NATs and overall structure of the binary hNaa60/CoA-

Ac-MKAV7 complex

A) Sequence alignment of hNaa60 (1-184) and NAT homologues hNaa50, hNaa40 (50—
237), SSNAT (50-216) and SpNaal0 for which crystal structures already have been
determined, and the human homologues hNaa20 and hNaa30 (200-362). Sequence identity
is shown with white letters in red boxes and sequence similarity with red letters in blue
frames. The secondary structure elements of hNaa60 are shown on top of the alignment. The
[33—-p4 loop is marked in pink and the 36—37 loop in light blue. B) ICgq values of the two
bisubstrate analogues CoA-Ac-MAPL7 and CoA-Ac-MKAV7 in addition to the control
compound desulfoCoA. C) Overall structure of the binary hNaa60/CoA-Ac-MKAV7
complex. The 33—p4 loop is shown in pink (on the back side of the structure), the f6—37 loop
in light blue, and the CoA-Ac-MKAV?7 inhibitor in green sticks. See also Figure S1-S3.
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COhNaa60
(OhNaa50
@ SpNaa10
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Figure 2. Structural alignment highlighting hNaa60 specific features
A) Superimposition of hNaa60 (yellow) with hNaa50 (cyan), SpNaal0 (orange) and sSNAT

(white). CoA-Ac-MKAV7 bound to hNaa60 is shown in green sticks. B) Superimposition of
hNaa60 (yellow), hNaa50 (cyan), SpNaal0 (orange) and SSNAT (white) $3—34 loop. C)
Superimposition of hNaa60 (yellow), hNaa50 (cyan), SpNaal0 (orange) and SSNAT (white)
[36—B7 loop containing a hairpin structure with two shorts strands (36’ and 7).
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Figure 3. Catalytic mechanism and peptide binding site of hNaa60
A) Superimposition of the hNaa60 and hNaa50 active site (shown in yellow and cyan

respectively). Residues associated with catalysis (Y97, H138 of hNaa60 and Y73, H112 of
Naa50) are shown in sticks. An ordered water molecule involved in catalysis is shown in
yellow and cyan for the hNaa60 and hNaa50 structure respectively. The bisubstrate analogue
CoA-Ac-MKAV~ is shown in green sticks in all figures (A-F). B) Residues F34, P35 136,
L140, Y165 and 1167 (yellow sticks) are forming a hydrophobic pocket surrounding the
substrate peptide M1, side chain. C) Structural alignment of hNaa60 and hNaa50 active
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sites. Residues L99, Y38, and Y165 of hNaa60 that plays important roles in peptide
anchoring and which are structurally conserved between hNaa60 and hNaa50 are shown as
yellow sticks. D) Superimposition of the cavity surrounding the hNaa60 and hNaa50 peptide
binding site. E) Active site surface representation of hNaa60. F) Active site surface
representation of hNaa50.
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Figure 4. Catalytic parameters of hNaa60 WT and mutants
A) Keat Values (black bars) and Ky, values (yellow bars) of wild-type hNaa60 and selected

hNaa60 mutants toward the substrate polypeptide MKAV,4. B) Catalytic efficiency of
hNaa60 (black bars) and hNaa50 (blue bars) towards different substrate polypeptides
representing previously identified hNaa60 or hNaa50 substrates /n vivo. See also Tables S1

and S2.
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Figure 5. The hNaa60-specific f3-p4 loop
A) Residues D81 and D83 (pink sticks) of the extended 334 loop of hNaa60 (shown in

pink) that form salt bridges with residues H138 and H159 (yellow sticks) of 5 and 7 are
shown. E80 and D81 (pink sticks) that form hydrogen bonds with Y164 and T176 (yellow
sticks) of 36 and the carbonyl backbone of 184 (pink sticks) that form a hydrogen bond with
Y180 (yellow sticks) are also shown. The CoA-Ac-MKAV is shown in green sticks. B)
Residues 177, 184 and L85 (pink sticks) that form a hydrophobic interior of the loop and
participate in van der Waals interactions with residues V95, A134, Y136 and V178 (yellow
sticks) of 85, 6 and 7 strands is shown. See also Figure S4.
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Figure 6. hNaa60 dimerization
A) Crystal structure of the hNaa60-CoA homodimer complex. CoA is shown in green sticks.

B) Superimposition of the f6—37 loop in a monomeric state (shown in yellow) and in a
dimeric state (shown in red). C) Superimposition of the hNaa60/CoA-Ac-MKAV?7 structure
(only showing CoA-Ac-MKAV7) with the hNaa60/CoA dimer. D) Contacts between the two
hNaa60 protomers. The side-chain of K172P was omitted for clarity. E) Size exclusion
chromatography of hNaa60 1-184 mixed with either 2x or 10x excess of Ac-CoA or 0.5x,
2% or 10x excess of the bisubstrate analogue CoA-Ac-MAPL;. The first peak corresponds to
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a hNaa60 homodimer and the second peak corresponds to a hNaa60 monomer. F)
Sedimentation equilibrium analytical ultracentrifugation experiments of hNaa60 mixed with
the bisubstrate analogue CoA-Ac-MAPL7 which eluted as a dimer. G) Sedimentation
equilibrium analytical ultracentrifugation experiments of hNaa60 mixed with the bisubstrate
analogue CoA-Ac-MAPL; which eluted as a dimer. See also Figure S5.
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Table 1

Data collection and refinement statistics

hNaa60/CoA-Ac-MKAV;  hNaa60/CoA

PDB ID 51CV 51CW

Crystal Parameters

Space group P41 P2,

Unit cell dimension 48.448 (90) 63.840 (90)
48.448 (90) 84.298 (91.097)
148.37 (90) 68.485 (90)

Data collection

Resolution (A) 40.56-1.53 46.249-1.951
Unique reflections 51410 52859
Rmerge 0.122 (0.635) 0.098 (0.527)
llo 18.62 (4.49) 15.17 (1.04)
Completeness 99.8 (99.9) 95 (63.1)
Redundancy 13.0 (11.8) 2.9 (1.9)
Refinement
Rwork/Rfree 0.1905/0.2084 0.2072/0.2547
r.m.s.d.
Bonds (A) 0.007 0.008
Angeles (°) 1.284 1.278

Average B-factors (A2%)

Protein 25.62 32.89
CoA-Ac-MKAV/CoA 28.10 31.02
Solvent 38.51 38.68

Ramachandran statistics (%)

1duosnuey Joyiny

1duosnuen Joyiny

Favored 99.45 99.57
Allowed 0.55 0.43
Outlier 0 0
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Catalytic efficiency for hNaa60 WT and mutants

Table 2

Enzyme Keat!Km (MM min~1)  Wild-type efficiency (%)
WT 2.27 %1072 100
P35A 0.36 x1072 16.5
136A 0.36 x1072 16.6
P35A/136A/1167A  ND <10
Y38A ND <10
D81A 3.11 x1072 136.9
184A 455 x1072 200.4
Y97F ND <10
L140A 1.26 x1072 56.0
Y164A 3.21 %1072 1417
Y164F 3.51 x1072 154.9
Y165F 0.54 x1072 24.4
1167A 0.74 x1072 33.3
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