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N�-Acetyltransferase 60 (Naa60 or NatF) was recently iden-
tified as an unconventional N-terminal acetyltransferase (NAT)
because it localizes to organelles, in particular the Golgi appara-
tus, and has a preference for acetylating N termini of the trans-
membrane proteins. This knowledge challenged the prevailing
view of N-terminal acetylation as a co-translational ribosome-
associated process and suggested a new mechanistic functioning
for the enzymes responsible for this increasingly recognized
protein modification. Crystallography studies on Naa60 were
unable to resolve the C-terminal tail of Naa60, which is respon-
sible for the organellar localization. Here, we combined model-
ing, in vitro assays, and cellular localization studies to inves-
tigate the secondary structure and membrane interacting
capacity of Naa60. The results show that Naa60 is a peripheral
membrane protein. Two amphipathic helices within the Naa60
C terminus bind the membrane directly in a parallel position
relative to the lipid bilayer via hydrophobic and electrostatic
interactions. A peptide corresponding to the C terminus was
unstructured in solution and only folded into an �-helical con-
formation in the presence of liposomes. Computational model-
ing and cellular mutational analysis revealed the hydrophobic
face of two �-helices to be critical for membranous localization.
Furthermore, we found a strong and specific binding preference
of Naa60 toward membranes containing the phosphatidylinosi-
tol PI(4)P, thus possibly explaining the primary residency of
Naa60 at the PI(4)P-rich Golgi. In conclusion, we have defined
the mode of cytosolic Naa60 anchoring to the Golgi apparatus,
most likely occurring post-translationally and specifically facil-
itating post-translational N-terminal acetylation of many trans-
membrane proteins.

N�-Acetyltransferase 60 (Naa60)3 belongs to a family of
enzymes known as N-terminal acetyltransferases (NATs) (1).

These modify protein N termini by catalyzing the transfer of an
acetyl group onto the �-amino group of the protein backbone.
Six human NATs are known to date and these are alphabetically
named NatA to NatF according to acetyltransferase activity
type (reviewed in Refs. 2 and 3). NAT activity is mediated by the
catalytic N�-acetyltransferase (Naa) subunits Naa10 to Naa60.
Most of these join one or two auxiliary, often ribosome binding
(4, 5), subunits to make up a NAT complex. In the case of
Naa60, however, no auxiliary subunits seem necessary for NatF
activity (1). Naa60 and the other catalytic N�-acetyltransferases
(Naas) share an evolutionarily conserved structural feature,
a GNAT (GCN5 (general control nonderepressed 5-related
N-acetyltransferase)-domain and belong to the GNAT super-
family (6, 7). Most Naas are strongly conserved in eukaryotes,
however, fungi, including Saccharomyces cerevisiae, lack
Naa60, which was secondarily lost during evolution (8).

N-terminal acetylation is mainly considered as a co-transla-
tional protein modification. It is highly abundant among
eukaryotes, occurring on a majority of all protein species
(9 –12), and the acetylated N terminus has diverse effects for the
substrate proteins (reviewed in Ref. 2). The N-terminal acetyl
group may control protein interactions (13–15), localization/
targeting (16 –18), folding (19), or act as a degradation signal in
a branch of the N-end rule pathway (20 –22). The latter was
recently linked to hypertension in humans (23, 24). Additional
evidence for the essentiality of N-terminal acetylation in
humans is its involvement in pathologies such as cancer, neu-
rodegenerative disease, and genetic diseases like the lethal
Ogden syndrome (3, 25–27). A physiological role of Naa60 has
thus far not been established, however, depletion studies dem-
onstrate its importance in maintaining the structural integrity
of the Golgi apparatus in human cells (12), as well as for proper
chromatid segregation during anaphase of Drosophila melano-
gaster cells (1).

Naa60 is the most recently identified enzyme among the
human N�-acetyltransferases (1), and interestingly it was char-
acterized as the first organellar NAT as it primarily localizes to
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the Golgi (12). Another organellar NAT, Naa70/NatG, was very
recently identified in plants as the first chloroplast NAT (28).
These NATs challenge the prevailing view of N-terminal acety-
lation as a co-translational ribosome-associated process.

Although established as a membrane-localizing enzyme (12),
the means by which Naa60 attaches to membranes is yet unre-
solved. Previous work placed Naa60 on the cytosolic side and
also demonstrated it to N terminally acetylate transmembrane
proteins with their N terminus facing the cytosol (12). Impor-
tantly, the C-terminal tail of Naa60 (amino acids 182–242),
which constitutes an extra segment, not present in the other
catalytic Naas, was defined as the part providing organellar
localization. A recent crystal structure of Naa60 exposed the
molecular determinants for substrate-specific acetylation and
revealed that Naa60 employs a catalytic mechanism close to
that of Naa50 (29). However, this structure does not contain the
localization-determining C-terminal tail because it was neces-
sary to omit this part to obtain purified Naa60 amenable to
structural analysis (29). Another crystallization study of Naa60
met similar challenges and the resulting structure only shows
amino acids 1–211, although the full-length protein (242 amino
acids) was used (30). This structure shows an amphipathic
�-helix (aa 190 –202) that could conceivably be involved in
membrane binding.

Here, we studied the localization-determining C-terminal
region of Naa60 and defined the molecular determinants for the
interaction of Naa60 with the membrane by means of compu-
tational modeling, in vitro liposome assays including intrinsic
tryptophan fluorescence, circular dichroism, and isothermal
titration calorimetry (ITC), and mutational analysis combined
with localization determination in cellulo.

Results

Secondary structure predictions and implicit membrane model
simulations suggest two putative membrane-binding regions
in the C terminus of Naa60

We previously reported Naa60 to be a Golgi residing enzyme,
and showed by truncation mutants that the last 61 amino acids
(aa 182–242) of Naa60 were both necessary and sufficient to
provide its organellar localization (12). We here expanded this
work by further investigating how this C-terminal segment
might interact with membranes and initially identified two
�-helices that were predicted by PSIPRED (31), herein referred
to as Pred-�1 and Pred-�2 (Fig. 1A), of which the former is in
agreement with the Naa60-(1–211) crystal structure (30). Plot-
ting helical wheels for both these predicted helices revealed
their amphipathic character (Fig. 1B). The hydrophobic face
of Pred-�1 consists of residues Ile190, Leu191, Tyr193, Ile194,
Leu197, and Leu201 (Fig. 1B, left). The hydrophobic face of
Pred-�2 consists of Val213, Tyr214, Leu220, Leu221, and Phe224

(Fig. 1B, I). Pred-�2 contains fewer aliphatic side chains (Ile,
Leu) than Pred-�1.

Furthermore, we built a three-dimensional structure of the
Naa60-(185–242) using I-TASSER and performed molecular
dynamics (MD) simulations of two distinct systems: the whole
C terminus (Naa60-(185–242)) and of only its predicted helical
region (Naa60-(185–227)) in the presence of an implicit mem-

brane model (IMM1). IMM1 provides an estimate of the solva-
tion/desolvation energetic costs of inserting the peptide at the
membrane interface (see ”Experimental procedures“). Result-
ing orientations of Naa60-(185–227) and Naa60-(185–242) are
shown on Fig. 1, C and D, respectively. Simulations of Naa60-
(185–242) result in both helices interacting with the membrane
and inserting their aliphatic side chains into the hydrophobic
region. This is in agreement with the amphipathic character of
the predicted helices. Because of its higher number of aliphatic
side chains Pred-�1 is more deeply anchored than Pred-�2,
especially on its N-terminal end (Leu190, Ile191, and Ile194). The
binding energies obtained for Naa60-(185–242) are clearly
favorable (�19.08 to �12.74 kcal/mol depending on the start-
ing orientation) showing that hydrophobic effect contributes
significantly to membrane binding. Interestingly, our simula-
tions indicate that the last 17 residues influence the binding of
the helices as the truncated structure yields a shallower mem-
brane binding of Pred-�2 (Fig. 1C) compared with the results of
the full C terminus. This is also evident from the less favorable
binding energies of the truncated structure (�13.59 to �5.59
kcal/mol). The contributions of amino acids 185 to 227 to the
binding energy of the whole C terminus are plotted on Fig. 1E.
All amino acids predicted to be on the hydrophobic faces of the
helices yield favorable contribution to the binding energy,
except Tyr193 and Tyr214. In addition, Trp227 has a small but
favorable contribution in binding energy.

To provide a hint regarding the conservation of the mem-
brane targeting mechanism of Naa60, we expressed the eGFP-
tagged protein in S. cerevisiae. Human Naa60-eGFP displayed
an organellar localization in yeast and this localization pattern
was lost and replaced by a cytosolic signal upon truncation of
the last 61 amino acids (Fig. 1F). This observation is in accord-
ance with previous work in mammalian cells (12) and demon-
strates that Naa60 uses a membrane targeting mechanism that
is also functional in fungi, although Naa60 is not found in this
kingdom (8).

Naa60-(189 –242) peptide adopts helical secondary structure
upon membrane interactions and interacts with Golgi-like
liposomes through both hydrophobic and electrostatic
interactions

The predicted amphipathic helices above, combined with the
ability of human Naa60 to adopt membrane localization in
yeast, suggested that the Naa60 C terminus might interact
directly with intracellular membranes. To study the potential
capability of Naa60 to interact with lipid bilayers, we used a
Naa60 C-terminal peptide comprising amino acids 189 –242
(Naa60-(189 –242)) for in vitro liposome assays measuring
intrinsic tryptophan fluorescence. The peptide contains only
one tryptophan residue (Trp227) (Fig. 1A). After incubation of
the Naa60-(189 –242) peptide with Golgi-like liposomes com-
posed of 52% phosphatidylcholine (PC), 20% phosphatidyletha-
nolamine (PE), 15% cholesterol (CHOL), 8% phosphatidylinosi-
tol 4-phosphate (PI(4)P), and 5% phosphatidylserine (PS) (32), a
clear blue shift from 355 to 348 nm was observed (Fig. 2A),
hence indicating an interaction between Naa60-(189 –242) and
these liposomes, in agreement with simulations in Fig. 1D in
which Trp227 dips into the membrane. Furthermore, this sug-
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gests that Naa60-(189 –242) has intrinsic properties mediating
interaction with liposomes, hence membrane binding appears
to be independent of other factor(s), like protein interaction or
lipid modification and thus these data support the presence of
helical structure(s) shown in Fig. 1. To investigate the second-
ary structure of the Naa60 C terminus, we performed a far-UV
circular dichroism (CD) study of Naa60-(189 –242) in the pres-
ence or absence of Golgi-like liposomes. As seen in Fig. 2B,
Naa60-(189 –242) was unstructured in solution, but adopted

a helical secondary structure in the presence of Golgi-like
liposomes.

One characteristic of the Golgi-like liposomes used above is
their charge caused by PI(4)P and PS and we wondered whether
this could be a contributing factor. We therefore performed the
same experiments using neutral liposomes. When incubated
with 100% PC liposomes, Naa60-(189 –242) did not display a
blue shift in Trp fluorescence (Fig. 2C) and also preserved its
native unfolded state (Fig. 2D), thus indicating the necessity of a

Figure 1. Secondary structure predictions, simulations, and initial experiments suggest two C-terminal �-helices to mediate Naa60 membrane
interactions. A, sequence overview of Naa60 full-length (upper) with a detailed view of the C-terminal region of amino acids 182–242 (lower). The PSIPRED
predicted �-helices, herein named “Pred-�1” (aa 190 –202) and “Pred-�2” (aa 211–224) are indicated in blue. B, helical wheels for each of Pred-�1 and Pred-�2.
The arrow and number inside each wheel correspond to the direction and magnitude of the helices hydrophobic moment, respectively. C and D, structures
resulting from the implicit membrane simulations of the Naa60-(185–227) and Naa60-(185–242), respectively, seen from inside the membrane. The plane
delimiting the lipid tails from the polar head region of the membrane is light gray, transparent and parallel to the page. The amino acids appearing clearly are
those anchored in the hydrophobic region of the membrane model, whereas the other ones appearing with fading colors are either in the head group region
or further away from the membrane. The color code for amino acids matches the one in B, but with fewer shades. E, contribution of each amino acid of the
Naa60 C terminus (185–242) to the binding energy calculated with the IMM1 membrane model (�WAliph, �Warom and �Wpolar, see ”Experimental procedures“).
Yellow asterisks indicate those residues that constitute the hydrophobic face of Pred-�1 and Pred-�2 shown in B. F, localization of hNaa60-eGFP and hNaa60-
(1–182)-eGFP ectopically expressed in S. cerevisiae. Scale bar, 2 �m.
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charged environment to initiate folding of the peptide and
interaction with the membrane.

As shown in Fig. 1, Pred-�1 has a clear amphipathic nature
with residues Ile190, Leu191, Ile194, Leu197, and Leu201 on the
hydrophobic side. In a peptide in which selected hydrophobic
residues were substituted with alanine (L197A, L201A, and

L204A) the addition of Golgi-like liposomes still induced a blue
shift from 355 to 348 nm (Fig. 2E), but for this peptide the
�-helical content formed in the presence of Golgi-like lipo-
somes was compromised (Fig. 2F). Overall, the Trp fluores-
cence demonstrates an intrinsic membrane-binding capacity of
the Naa60 C-terminal tail and CD data supports the presence of

Figure 2. Naa60-(189 –242) incorporates in the bilayer through both electrostatic and hydrophobic interactions and adopts helical secondary struc-
ture upon membrane interaction. Tryptophan fluorescence spectra (A, C, and E) and circular dichroism (CD) spectra (B, D, and F) of Naa60-(189 –242) peptide
in the presence (filled line) or absence (dotted line) of various liposomes. A, combining 10 �M Naa60-(189 –242) and 180 �M Golgi-like liposomes (52% PC, 20%
PE, 15% cholesterol, 8% PI(4)P, and 5% PS) resulted in a blue shift in Trp fluorescence from 355 to 348 nm indicating interaction between Naa60-(189 –242) and
the Golgi-like liposomes. B, combining 20 �M Naa60-(189 –242) and 360 �M Golgi-like liposomes resulted in a characteristic helical spectrum for the peptide.
C, combining 10 �M Naa60-(189 –242) with 180 �M 100% PC liposomes did not cause a Trp blue shift. D, combining 20 �M Naa60-(189 –242) with 360 �M PC
liposomes did not affect the CD spectrum of the Naa60 peptide. E, Naa60-(L197A/L201A/L204A) displayed a shift in the �max from 355 to 348 nm in the presence
of Golgi-like liposomes. F, CD spectra of 20 �M Naa60-(L197A/L201A/L204A) with and without 360 �M Golgi-like liposomes. RFI, relative fluorescence intensity.
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helical secondary structure, which interestingly was dependent
on the presence of liposomes.

Two different segments in the C terminus of Naa60 contribute
to membrane binding in cellulo

The predictions and modeling indicated the presence of two
�-helices (Fig. 1), of which the first one matched with previous
crystallization data (30). Our CD also confirmed the presence of
helical structure, although incapable of providing information
on the number of helices. To investigate the importance of the
two different C-terminal segments in membrane binding, we
next studied the subcellular localizations of an extended panel
of deletion and truncations mutants (Fig. 3A) in HeLa cells by
microscopy. Based on previous data and experience, we found
C-terminal eGFP tagging of Naa60 to be the best option for
these studies (12). We first tested C-terminal truncations of
Naa60-eGFP (Fig. 3B) as well as the targeting of eGFP by adding
segments of the Naa60 C terminus (see Fig. 3C). As shown
previously (12), truncating the last 61 amino acids (aa 182–242)
caused a cytosolic localization, as opposed to the organellar
localization of the full-length Naa60-eGFP (Fig. 3B). Hence
the last 61 residues are essential for membrane localization.
Attaching this 61-residue long segment onto the C terminus of
eGFP (eGFP-Naa60-(182–242)) targeted eGFP to the same
localization as Naa60 full-length (Fig. 3C), hence these 61
amino acids are not only necessary, but also sufficient for mem-
brane targeting.

Furthermore, we continued this eGFP targeting assay by add-
ing shorter segments of Naa60 to eGFP, which caused the fol-
lowing: the last 51 aa provided organellar localization similar to
the last 61 aa; the last 41 caused mixed organellar and cytosolic
localization; and the last 26 aa caused cytosolic localization (Fig.
3C). Hence, aa 182–191 (N-terminal to Pred-�1) are dispens-
able in terms of membrane interaction contribution, whereas
there is an essential (but not solo-contributing) element
between aa 192 and 201 (the area of Pred-�1). Interestingly,
truncation of the last 26 aa caused a mixed cytosolic and organ-
ellar localization (Fig. 3B), thus indicating an important contri-
bution within these last 26 aa (part of Pred-�2). However,
although the last 26 amino acids are clearly necessary, the
eGFP-targeting assay (Fig. 3C) showed that this segment is not
sufficient for membrane attachment, i.e. an important mem-
brane-interacting region exist also N-terminal to Ala217. Trun-
cating the last 17 aa also caused some (but less) cytosolic signal
(Fig. 3B), although nothing was detected in the supernatant of
fractionated cells (Fig. 3C). Nevertheless, the microscopy data
suggest that residues also beyond Leu225 affect membrane
binding capacity and thus support the IMM1 simulations that
showed impaired binding for Pred-�2 for this truncated vari-
ant. Furthermore, truncating the last 12 aa gave similar results
as truncating the last 17 aa, whereas truncating only the last 6 aa
were similar to the full-length as observed by microscopy
(Fig. 3B).

In addition to the truncation experiments, we also performed
deletions of internal regions (Fig. 3D). Here, deletion of either
Pred-�1 (�191–200) or Pred-�2 (�213–222) caused mixed
cytosolic and organellar localizations, although the former had
a higher degree of cytosolic over organellar signal. Combining

the two deletions gave a complete cytosolic localization (�191–
200 � �213–222). These data demonstrate important contri-
butions from both regions, strong enough to partially obtain
organellar association by itself. Interestingly, however, deletion
of a prolonged Pred-�1-(191–209) caused a complete cytosolic
localization, thus the presence of Pred-�2 is not sufficient for
partial membrane association in this case. Similar enlarged
deletions near Pred-�2 (�213–230 and �213–236) did succes-
sively worsen the mistargeting, however, not with the same
severity as for the extended segment of Pred-�1. Deletion of
the segment between the two helices (�203–210) peculiarly
seemed to cause a shift in the organellar localization from Golgi
to ER.

The microscopy data were supplemented with an extraction
assay in which a sodium carbonate buffer of high pH is used
to eliminate electrostatic interactions, whereas retaining the
membrane and its hydrophobic protein interactions (refer to
“Experimental procedures”). We applied the carbonate buffer
to pellets resulting from subcellular fractionation to test the
degree of extractability of various Naa60 mutants (Fig. 3E). In
this way we were able to test the membrane binding capacity of
partially mislocalizing mutants by measuring the extractability
of the portion of molecules residing on the membranous frac-
tion. Note that the protocol was slightly changed from that used
in our previous study (12). With the improved protocol used in
the current study, full-length Naa60 was completely pelleted in
the organellar fraction (as described previously in Ref. 12) but
now revealed partial extractability by high pH wash. The organ-
elle pellet-associated molecules of the two Naa60 constructs
containing deletions of either Pred-�1 (�191–200) or Pred-�2
(�213–222) were both well extracted (more than the WT/full-
length). Furthermore, truncation of the last 17 aa gave a rather
modest effect on the subcellular localization, but the mem-
brane-bound portion washed out quite easily. All microscopy
and sodium carbonate wash assay data obtained on the Naa60
mutants are summarized in supplemental Table S1.

Site-directed mutagenesis in Pred-�1 and Pred-�2 revealed
residues important for Naa60 membrane binding in cellulo

Because the deletions above suggested membrane interac-
tion by two regions matching the predicted helices, we further
investigated the possible membrane interaction capacity of
selected residues within and next to these helices by an exten-
sive screen of point mutations (supplemental Table S1). We
started by mutating hydrophobic amino acids in Pred-�1 (Fig.
4, A–C). The I190A/L191A/Y193A/I194A mutation, which
involves two of the buried amino acids from Pred-�1, caused a
mixed organellar and cytosolic localization (Fig. 4B). Hence,
this mutation affected some amino acids that make a crucial
contribution to Naa60 membrane association. Furthermore, a
carbonate wash assay demonstrated that the partial membrane
localization of this mutant was of a looser character, as it was
extractable from the organellar fraction to a higher degree than
the Naa60WT (Fig. 4C). Hence, this mutation either caused only
partially impaired membrane integration of Pred-�1 or addi-
tional segments could be able to maintain some membrane
association without Pred-�1. Support for the latter was indi-
cated by a more drastic mutation strategy, in which the same
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Figure 3. Truncation and deletion constructs of eGFP-tagged Naa60 demonstrated regions in the C-terminal tail important for membrane association
in cellulo. HeLa cells were transfected with the indicated eGFP-tagged Naa60 constructs (A) and imaged live (B–D) or subjected to subcellular fractionation
followed by high pH/sodium carbonate-mediated protein extraction from membranes (E). A, the sequence of the Naa60 C-terminal tail as shown in Fig. 1, but
with the truncated and deleted segments indicated. Red, green, yellow, and orange lines indicate positions of truncations and deletions shown in B–D. B,
Naa60-eGFP C-terminal truncated constructs lacking the last 60 (1–182), 26 (1–216), or 17 (1–225) amino acids, compared with the full-length construct (1–242).
The truncated segments are indicated with red lines in panel A. Scale bar is 10 �m and is representative for all microscopic images. C, eGFP targeting assay using
segments of the Naa60 C-terminal tail attached to the C terminus of eGFP. Segments tested were the last 61 (182–242), 51 (192–242), 41 (202–242), and 26
(217–242) amino acids, each indicated with green lines in A. D, expressed Naa60-eGFP constructs with the indicated segments deleted. Deletions in Pred-�1 are
indicated in yellow, whereas deletions in Pred-�2 are indicated in orange, with the corresponding colors used in A to indicate the positions of these segments.
E, cells were transfected with the indicated constructs and subjected to high pH/sodium carbonate-mediated protein extraction from membranes following
subcellular fractionation and immunoblotting. The peripheral membrane protein GM130 and transmembrane RCAS1 were used as controls for extractable and
un-extractable modes of membrane binding, respectively.
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amino acids were mutated to Glu rather than Ala, hence mak-
ing Pred-�2 membrane interactions very unlikely. This corre-
sponding Glu-mutant also had a mixed organellar and cytosolic
signal, with a similar washing profile (supplemental Fig. S1). We
further alanine mutated a slightly more C-terminal skewed seg-
ment, Leu197/Leu201/Leu204/Ile209, which involves two amino
acids from Pred-�1, both buried in the membrane according to

the IMM1 model. This mutation also gave a mixed localization
(Fig. 4B), with a partial and almost completely extractable
organellar fraction (Fig. 4C), but with a more severe degree of
mislocalization compared with I190A/L191A/Y193A/I194A.
The corresponding Glu-mutant, also had a more severe mislo-
calization with no observable organellar signal (supplemental
Fig. S1).

Figure 4. Mutated constructs of Naa60-eGFP revealed amino acids within Pred-�1 and Pred-�2 important for membrane association in cellulo. HeLa
cells were transfected with the indicated Naa60-eGFP constructs (A) and imaged live (B and D) or subjected to subcellular fractionation followed by high
pH/sodium carbonate-mediated protein extraction from membranes (C and E). A, the sequence of the Naa60 C-terminal tail as described in the legend to Fig.
1. Arrows indicate the positions of mutations shown in B–E, and are color coded accordingly. B, subcellular localization of Naa60-eGFP mutated constructs in the
area of Pred-�1 and as indicated with corresponding colors in A. Scale bar is 10 �m and is representative for all microscopic images. C, cells were transfected
with the indicated constructs and subjected to high pH/sodium carbonate-mediated protein extraction from membranes following subcellular fractionation
and immunoblotting. The peripheral membrane protein GM130 and transmembrane RCAS1 were used as controls for extractable and un-extractable modes
of membrane binding. D, as B, but for the area of Pred-�2. E, as C, but for the area of Pred-�2.
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We next scaled down the mutations to three at a time and
tested L197A/L201A/L204A (including two amino acids from
Pred-�1 and matching the peptide tested in Fig. 2, E and F) and
L201A/L204A/I209A (including one amino acid at the end of
Pred-�1). Again, the more C-terminal skewed segment was
slightly more severe in the degree of mislocalization (Fig. 4B).
The corresponding Glu-mutants again made this difference
clearer because L201E/L204E/I209E was completely cytosolic
compared with L197E/L201E/L204E, which had some organel-
lar localization (supplemental Fig. S1). This indicated that res-
idues between the two �-helices are also of importance for
Naa60 membrane binding. In an effort to identify single crucial
residues, we further scaled down to mutating two residues at a
time, however, here we could not observe any changes for
I190A/L191A, Y193A/I194A, I194A/L197A, L197A/L201A,
L201A/L204A, or L204A/I209A (supplemental Fig. S1).

The partially lost membrane eGFP localization of the L197A/
L201A/L204A mutant cohered with the in vitro data above on
the corresponding peptide (Fig. 2E) that indicated a capacity for
interaction with liposomes. We supplemented these data with a
sodium carbonate wash assay and found that eGFP-hNaa60-
(L197A/L201A/L204A) was detected in both the pellet and
supernatant fraction before sodium carbonate treatment (P1
and S1) (Fig. 4C), thus reflecting the same partial mislocaliza-
tion as the microscopy data. Interestingly, this mutant was far
more extractable by sodium carbonate as compared with
Naa60WT (Fig. 3C), indicating a suboptimal interaction of
Naa60-(L197A/L201A/L204A) with the intracellular mem-
branes perhaps due to the reduced ability to adopt helical struc-
ture as suggested by the data in Fig. 2.

Additionally, we tested for the possible contribution of elec-
trostatic interactions in the Naa60-membrane association. By
mutating charged amino acids in Pred-�1, we found D192A/
H196A to be unchanged in the localization pattern observed
by microscopy and subcellular fractionation and was also
extracted to the same extent as the wild type (supplemental Fig.
S1). Furthermore, H185A/H196A was unchanged as observed
by microscopy (supplemental Fig. S1).

Next, we applied the same site-directed mutagenesis strategy
to the area of Pred-�2 (Fig. 4, A, D, and E). An I209A/V213A/
Y214A mutant slightly mislocalized to the cytosol (Fig. 4D),
whereas V213A/Y214A was undistinguishable from the wild
type by microscopy (supplemental Fig. S2B). The correspond-
ing Glu-mutants were partially mislocalized to the cytosol to a
higher degree compared with Ala-mutants (supplemental Fig.
S2B). L220A/L221A/F224A/L225A (covering all of the mem-
brane-buried residues according to the IMM model) partially
mislocalized, as did L220E/L221E (Fig. 4D and supplemental
Fig. S2B). The L220A/L221A/F224A/L225A mutation also
increased extractability in the carbonate buffer assay (Fig. 4E).
A more C-terminal skewed mutant, F224A/L225A/W227A/
I230A, as well as its corresponding Glu-mutant, also had a
mixed cytosolic and organellar localization (Fig. 4D and supple-
mental Fig. S3) and the Glu-mutant also seemed slightly more
susceptible to high pH extraction than the wild type (supple-
mental Fig. S2C). Mutating Phe224/Phe225 alone had undetect-
able effect in the case of the Ala-mutant and marginal effect
for the Glu-mutant (supplemental Fig. S2B). Interestingly, a

mutant combining F224A/L225A/W227A/I230A with L197A/
L201A/L204A (hydrophobic residues of Pred-�1 area) com-
pletely abolished membraneous localization, rendering only
cytosolic signal (Fig. 4D). These data again indicate that the two
segments corresponding to Pred-�1 and -2 cooperate to pro-
vide Naa60 membrane binding.

Investigating if charge could contribute to binding for the
second helix we made a H211A/R212A/R215A/H218A mutant,
but could not observe altered localization compared by micros-
copy (Fig. 4D). Subcellular fractionation, however, indicated
some degree of cytosolic localization, thus suggesting that these
basic residues make contacts with the negatively charged lipid
head groups contributing to the overall binding of Naa60 to the
membrane (Fig. 4E).

Overall, our in cellulo experiments (listed in supplemental
Table S1 and summarized in Figs. 3 and 4) revealed Naa60
membrane interaction to be rather rigorous and quite resistant
to mutations. Several of the tested mutations partially abolished
Naa60 membraneous localization, but only the more severe
mutations and those involving several segments of the C-termi-
nal tail could completely remove Naa60 from its organellar
localization. Combined, these data support Naa60 membrane
interaction to be mediated by hydrophobic residues within
Pred-�1 and Pred-�2, but also by residues next to these helices.

Atomistic simulations show a membrane composition-depen-
dent amphipathic helix interaction

The interaction of Naa60-(185–242) with membrane lipids
was further investigated using atomistic simulations of the pro-
tein bound to POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine) lipid bilayers. Three membrane bilayer composi-
tions were used: POPC:PI(4)P, 92:8; POPC:POPS, 75:25; and
POPC:PSM:CHOL, 70:20:10 (abbreviated PC:PI(4)P, PC:PS,
and PC:SM, respectively). The last membrane bilayer has an
overall neutral charge, whereas the two others are negatively
charged (see “Experimental procedures” for more details). We
performed MD simulations of Naa60-(185–242) docked on
each of the three membrane bilayers using as starting orien-
tation the one resulting from the implicit membrane simula-
tions (see “Experimental procedures”). The helical structures
remained stable on all membrane bilayers with root mean
square deviations of the coordinates below 1 Å (except for
Pred-�2 in PC:SM at 1.4 Å). The electron density profiles of the
PC lipids and C-terminal helices (Naa60-(185–227)) are shown
in Fig. 5A using plain and dashed lines, respectively. They illus-
trate how the membrane composition affects the position of the
helices relative to the center of the lipid bilayers (Z � 0). With
the anionic lipids (PC:PS and PC:PI(4)P), the density profiles
of the helices (dashed lines) are centered around lower Z values
than with the neutral bilayer (PC:SM). This reflects the fact that
the two helices are anchored deeper in the membrane bilayer
when it contains negatively charged lipids, PS or PI(4)P, hence
validating the different liposome-interacting capacities ob-
served for the C-terminal peptide with PI(4)P versus PC lipids
(Fig. 2). The average number of contacts per frame between the
helices (Naa60-(185–227)) and the lipid tails (Fig. 5B) are also
higher for the bilayers containing anionic lipids. The same
trend is observed for the average number of hydrogen bonds
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per frame between lipid head groups and amino acids of the
helices (Naa60-(185–227)). These are reported in Table 1. Fig.
5, C and D, shows a snapshot of the simulation with the
PC:PI(4)P bilayer illustrating that the helices are deeply an-
chored, remain parallel to the membrane plane, and engage in
hydrogen bonds with PI(4)P lipids mainly through Arg212 and
Arg215 of Pred-�2, and through Lys233 and Arg240 of the C-ter-
minal tail.

Naa60-(189 –242) peptide peripherally binds Golgi-like
liposomes possibly with a horizontal orientation of helices
relative to the membrane bilayer

Several experiments above indicated the membrane-inter-
action mode of Naa60 to involve the amphipathic helices
modeled in Figs. 1 and 5. In the IMM1 and atomistic model
these are predicted to bind the membrane with most of the

Figure 5. Effect of the membrane composition on the position of the Naa60 C terminus (185–242) and its interaction with lipids. Three lipid bilayers
were considered POPC:PI(4)P, 92:8; POPC:POPS, 75:25; POPC:PSM:CHOL, 70:20:10, in atomistic simulations with the Naa60 C terminus (185–227). A, electron
density along the normal to the membrane for the PC lipids (solid lines) and the Naa60 C terminus helices (185–227, dashed line) show that the presence of PI
or PS lipids results in a deeper position of the protein. Zero corresponds to the plane between the two lipid layers. B, average number of hydrophobic contacts
per trajectory frame between the lipid tails and the two helices (185–227). C and D, snapshot from the atomistic simulation of Naa60-(185–242) on a POPC:PI(4)P
bilayer. Helices are shown in the same color scheme as in Fig. 1. C, side view showing that the helices are inserted beyond the phosphate atoms (yellow/tan
spheres) of the lipids (PC in gray and PI(4)P in cyan). D, top view showing only the PI(4)P lipids of the upper leaflet. Four of the eight PI(4)P lipids are interacting
with the side chains of charged amino acids (blue, stick).

Table 1
Hydrogen bonds between phospholipids and amino acids of Naa60-
(185–227) calculated from atomistic simulations
Average number of hydrogen bond per frame is reported for each bilayer. Only
hydrogen bonds with average numbers above 0.5 are reported.

Membrane composition
Amino

acids - phospholipid
Hydrogen

bonds

POPC:PI(4)P (PC:PI(4)P); Arg212-PI(4)P106 1.66
92:8 Tyr214-PI(4)P76 0.52

Arg215-PI(4)P76 1.79
Lys233-PI(4)P116 0.71
Arg240-PI(4)P76 1.81
Arg240-PI(4)P72 1.86

POPC:POPS (PC:PS); His185-PC23 0.52
75:25 Arg212-PS94 0.99

Lys233-PS87 0.52
POPC:PSM:CHOL (PC:SM); Arg212-PC66 1.10
70:20:10 Arg212-PC118 0.85

Arg212-PC57 0.97
His185-PC31 0.61
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residues of the hydrophobic face embedded completely
inside the membrane plane. To further pursue this hypoth-
esis experimentally, we performed a brominated PC (Br-PC)
quenching assay (Fig. 6). Bromine is a tryptophan fluores-
cence quencher, and using lipids brominated at specific posi-
tions of the acyl chain, makes it possible to calculate the
distance from the quenched tryptophan residue to the bi-
layer center (33, 34).

We made Golgi-like liposomes as above, but using PC mole-
cules carrying a quenching Bromo group at either positions
(11,12), (9,10), (6,7), or (4,5) in the acyl chain, in addition to
control liposomes with non-brominated PC molecules. These
were used in Br-PC quenching assays combined with Naa60-
(189 –242) peptides that were tryptophan modified to test for
the bilayer position of three different residues located at various
positions of Naa60-(189 –242). These were Tyr193 (Naa60-
(Y193W/W227F)) at the hydrophobic side of Pred-�1; Ile209

(Naa60-(I209W/W227F)) between Pred-�1 and -�2; and
Tyr214 (Naa60-(Y214W/W227F)) at the hydrophobic side of
Pred-�2. In addition, the wild type peptide Naa60-(189 –242),
was used to study the depth of liposome interaction for Trp227,
which is positioned C-terminal to Pred-�2.

Our data indicated that tryptophans at positions 193, 209,
214, and 227 were all quenched in a similar manner, hence
showing that they all lie in the same plane of the bilayer (Fig.
6A). All tested tryptophan positions were differentially
quenched in the order Br-(4,5) � Br-(6,7) � Br-(9,10) �
Br-(11,12), indicating that the residues are positioned closer to
the (4,5)- than to (11,12)-positions of the acyl chain, meaning
they are all in closer proximity of the head groups than the
bilayer center. In more detail, all the tested residues were cal-
culated to be positioned at �11 Å from the bilayer center (Fig.
6B). These data therefore support the data in Fig. 5 in that the
two helical segments in the Naa60 C terminus interact with the
membrane bilayer in a horizontal peripheral rather than trans-
membrane fashion. Furthermore, these data suggest that resi-
dues next to the two modeled helices also take part in interfacial
membrane interaction.

Naa60 has a preference for PI(4)P which may recruit it to the
Golgi membrane

Naa60 specifically localizes to the Golgi apparatus within
cells (12) and the Naa60-(189 –242) peptide was shown here to
interact with Golgi-like liposomes without the need of a protein
partner in vitro. Thus, Naa60 is probably not inserted by the
translocon machinery as it most likely is not transmembrane
(Figs. 2 and 7). Moreover, our atomistic simulations above indi-
cated a deeper anchoring of the amphipathic helices of Naa60
in membrane bilayers containing negatively charged lipids, PS
or PI(4)P, of which the latter is a hallmark lipid of the Golgi
membrane (35). We therefore wanted to investigate if Naa60
may be specifically recruited to the Golgi membrane through
lipid preference.

The Golgi-like liposomes used above contained 8% PI(4)P, in
addition to 5% PS, another anionic lipid. To test for PI prefer-
ence we made liposomes composed of 92% PC and 8% of the
various PIs found in the mammalian cell, in addition to two
control vesicles composed of either 8% PS and 92% PC or 100%
PC. Through pulldown experiments we found a strong prefer-
ence for PI(4)P in comparison to all the other PIs (Fig. 7, A and
B). The percentage of bound Naa60-(189 –242) peptide was
twice as high for PI(4)P as for the second most preferred PI,
PI(3)P. Based on the control vesicles, these experiments also
confirmed our previous results that the interaction between
the Naa60-(189 –242) peptide and vesicles requires a charged
membrane as we were not able to pull down the Naa60 peptide
after incubation with PC liposomes. Furthermore, we found
that a mere charge itself was not the cause of interaction
because PS vesicles were only weakly able to pull down Naa60-
(189 –242), hence demonstrating PI(4)P as the key anionic lipid
in our Golgi-like vesicle (Fig. 7, A and B).

To further verify and quantify the interaction between
Naa60-(189 –242) peptide and PIs we conducted ITC experi-
ments using liposomes composed of PC and either PI(3)P or
PI(4)P (Fig. 7C). The dissociation constant for PI(4)P liposomes
was 64 nM, thus demonstrating interaction between the Naa60-
(189 –242) peptide and PI(4)P. Comparatively the dissociation

Figure 6. Br-PC quenching assay with Naa60 peptides indicate peripheral binding to Golgi-like liposomes. A, WT Naa60-(189 –242) peptide (W227) and
mutated Naa60-(189 –242) peptides (Y214W/W227F, I209W/W227F, or Y193W/W227F) were incubated with Br-Golgi-like liposomes (52% Br-PC, 20% PE, 15%
cholesterol, 8% PI(4)P, and 5% PS). Vesicles contained PC molecules carrying a quenching Br-group at either position (11,12), (9,10), (6,7), or (4,5) in the acyl
chain. The fluorescence measured for vesicles binding to the brominated vesicles (F) was divided by the fluorescence for vesicles binding to the non-
brominated vesicles (F0). n � 2 per peptide. B, based on data in A, the position of Trp residues relative to the center of the bilayer was calculated using the
parallax method (34).
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Figure 7. Pulldown ITC and CD experiments demonstrate the Naa60-(189 –242) peptide to have a binding preference for PI(4)P. A, pulldown of
Naa60-(189 –242) using liposomes with 92 mol % PC and 8 mol % of either PI. Peptide and liposomes were incubated at room temperature before pelleting at
200,000 � g into supernatant (S) and pellet (P) fractions. Naa60-(189 –242) was detected by means of a dot blot. n � 3– 8 per vesicle type. Antibody was
validated for detection of the peptide (supplemental Fig. S3). B, dot blot intensities of the pellet fractions in A were quantified (3 replications averaged) using
ImageJ and expressed as percentage of bound Naa60 peptide based on P and S intensities. C, ITC experiments measuring dissociation constant for Naa60-
(189 –242) peptide with either PC-PI(3)P or PC-PI(4)P liposomes. Naa60-(189 –242) peptide (50 �M) was injected in 20 successive injections of 2 �l with 180-s
intervals into a total lipid concentration of 100 �M and heat rate was measured (upper). Dissociation constants were calculated based on peak area/molar ratio
plots (lower). D, far-UV CD spectra of Naa60-(189 –242) (20 �M) in the presence of 360 �M liposomes containing 92 mol % PC and 8 mol % of either PI(3)P or PI(4)P.
Naa60-(189 –242) with no liposomes (yellow), PI(3)P (pink), and PI(4)P (green). Spectra recorded between 180 and 260 nm.
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constant for PI(3)P liposome was 15-fold higher (957 nM),
hence revealing a clear preference for PI(4)P over PI(3)P, and
suggesting Naa60 to specifically bind to PI(4)P-containing
membranes.

Because the above CD data indicated the presence of charged
vesicles as a necessity for the Naa60-(189 –242) peptide to dis-
play a spectrum characteristic of helical structure (Fig. 2B), we
further tested the folding properties of Naa60-(189 –242) in the
presence of the different PIs. Since we identified a preference
for PI(4)P in terms of binding capacity (Fig. 7, A–C), we hypoth-
esized that folding characteristics might be affected by different
PIs, which all bear their charge at a very specific position of their
inositol ring. Indeed, as seen in Fig. 7D, this CD experiment
showed that the PI(4)P containing liposomes induced a more
typical helical spectrum of Naa60-(189 –242), with distinctive
negative bands at 208 and 222 nm and a positive band at 193
nm. Conversely, the CD spectra of Naa60-(189 –242) incubated
with other phosphoinositides (PIs) (supplemental Fig. S4)
showed decreased ellipticity between 200 and 210 nm, reflect-
ing suboptimal partial helical folding. Hence, stabilization of
helical secondary structure is a likely feature through which
PI(4)P facilitates interaction of the Naa60-(189 –242) peptide
with the vesicles.

Discussion

We here identified the membrane-binding ability of Naa60
to be mediated by two �-helices in the C terminus that attach
horizontally and partly embed into the outer membrane layer.
These �-helices partially overlap with two previously predicted
transmembrane helices that were suggested to possibly form a
transmembrane helical hairpin (12). However, we here found
several pieces of evidence supporting the horizontal, peripheral
binding mode. An improved protocol for the carbonate extrac-
tion assay employed previously (12) revealed Naa60 to be partly
extractable from cellular membrane fractions, in contrast to
transmembrane controls. Additionally, our Br-PC quenching
data showed four residues that were spread throughout the
C-terminal region to be positioned at approximately the same
depth in the membrane, hence strongly disfavoring a two-heli-
cal hairpin transmembrane mode of interaction for Naa60,
which was suggested by previous data.

Although peripheral rather than transmembrane, we found
the membrane interaction of Naa60 to be strong, because car-
bonate wash only partially extracted the protein and further a
completely abolished organellar localization was only observed
for rather severe deletions and mutations. Combining the cel-
lular localization assays with carbonate washes revealed further
interesting characteristics, especially in those cases where the
mutation partially abolished organellar localization. For exam-
ple, a particular hydrophobic mutation in the first of the two
helices (L197A/L201A/L204A) partially mislocalized Naa60 to
the cytosol and interestingly, the pool of membrane-residing
Naa60 molecules was almost completely extracted in the
sodium carbonate assay, as opposed to the only partially
extractable wild type Naa60. Moreover, the Naa60-(L197A/
L201A/L204A) hydrophobic mutant peptide interacted with
the Golgi-like liposomes, although under the same conditions
underwent incomplete helical folding. This indicates a subop-

timal insertion of Naa60-(L197A/L201A/L204A) in the cellular
membrane, causing a looser attachment more susceptible to
the high pH extraction. Sodium carbonate affects only electro-
static interactions and leaves the membranes and hydrophobic
lipid-protein interactions intact. Hence, the resistance to
extraction illustrate that Naa60 is anchored to the Golgi mem-
brane predominately by hydrophobic interactions, whereas the
small amount that is extracted indicates that electrostatic inter-
actions also contribute. The atomistic model further supported
importance of both charged and hydrophobic residues. Thus
based on the various methods used here, it appears that the
amphipathic helices are nicely stabilized at the interface
between head groups and lipid chains where each side of the
helices make either hydrophobic or ionic contacts.

Our previous study established that the main depot of Naa60
in the cell is at the Golgi membrane (12). In the atomistic model
of the present study, we found deeper embedding of the two
C-terminal helices in membranes containing PI(4)P or PS. Fur-
thermore, in vitro experiments showed a Naa60 preference for
PI(4)P. As PI(4)P is a characteristic feature of the Golgi mem-
brane, we here propose that Naa60 could be targeted to the
Golgi apparatus via specific interactions with PI(4)P. However,
Naa60 does not harbor any of the known structured phospho-
lipid-binding domains (36, 37), such as the PH domain. Nor was
a polybasic motif identifiable from the sequence, however, the
sequence contains basic amino acids that could in three-dimen-
sion arrange to form a site specific for PI(4)P lipids. And indeed,
the simulations show hydrogen bond interactions of PI(4)P lip-
ids with Arg212, Arg215 (of the second helix), and Arg240 (of the
disordered segment C-terminal to the second helix and close to
the C terminus end) (Table 1). Because atomistic modeling
started from a computational model of the C-terminal struc-
ture that is partly disordered, and even though long simulations
were performed, it is not sure that we have sampled the confor-
mational space of the disordered region enough to make any
firm conclusion on its actual three-dimensional structure.
Based on the mutational cell data, the charge to alanine mutant
Naa60-(H211A/R212A/R215A/H218A), was in part found in
the supernatant fraction prior to sodium carbonate treatment,
suggesting that at least some of these residues could form
essential electrostatic interactions with the membrane head
groups. Furthermore, the cell data support that the disordered
regions next to the helices are involved in membrane binding.

Figure 8. Model of Naa60 membrane association and N-terminal acetyla-
tion at the membrane. Shown is the structure of Naa60 (PDB code 5ICV)
attached to the C-terminal �-helix predictied by PSIPRED. Only the first of the two
amphipathic �-helices is shown. The helical anchor dipping horizontally into the
membrane positions the enzymatic site of Naa60 available to acetylate N termini
of transmembrane proteins. Whether Naa60 makes additional contact points
with the membrane besides its two C-terminal helices remains to be revealed.
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The present study filled a knowledge gap that was caused by
the difficulty to prepare full-length Naa60 for crystallographic
studies, hence necessitating C-terminal truncation. Combining
the C-terminal data obtained here with the published Naa60
crystal structures on C-terminal truncated variants (29, 30)
makes it possible to view the whole protein and determine
the position of the enzyme site relative to the membrane. Fig.
8 shows such a model and reveals the Ac-CoA binding site
and catalytic domain to be on the side (i.e. not facing directly
toward or away from the membrane) and hence available in
the cytosol for N�-acetylation of transmembrane proteins.
This model also shows that the extended �3-�4 loop (around
aa 78 – 87, green) is positioned near the membrane. Given
that this is the segment that, in addition to the C terminus, is
specific for Naa60 among the Naas, it is tempting to specu-
late that this loop has some function there, either in mem-
brane binding or protein interaction.

Naa60 was established as distinct from the rest of the cata-
lytic NATs in that it prefers transmembrane substrates (12).
The model in Fig. 8 suggests that Naa60 acts post-translation-
ally at the Golgi membrane. If true, this would represent a com-
pletely new mode of NAT operation and new features of the
NAT machinery could be considered, such as regulation of the
NAT enzyme and reversibility of the reaction through a coun-
teracting Golgi-residing N-terminal deacetylase.

In conclusion, we have defined Naa60 anchoring to the cyto-
solic side of the Golgi apparatus to involve two C-terminal
amphipathic helices that, via hydrophobic and electrostatic
interactions, bind the membrane directly in a parallel position
relative to the lipid bilayer. These findings have implications for
our understanding of Naa60 functioning, as they are strongly
suggestive of Naa60 acting post-translationally to N terminally
acetylate its many transmembrane substrates.

Experimental procedures

Helical wheel analysis

The helical wheel analysis was performed using the online
Helical Wheel Projections tool (created by Don Armstrong and
Raphael Zidovetzki (version ID: wheel.pl, v.1.4 2009 –10-20).

IMM1 simulations

Molecular dynamics (MD) simulations were performed
using an IMM1 (38), where the lipid bilayer is mimicked by a
hydrophobic slab. The IMM1 model provides an estimation of
the solvation/desolvation contribution of inserting the peptide
at the membrane interface. The so-called effective energy
(WIMM1) of a solute calculated with the IMM1 model is the sum
of the intramolecular energy (Eintra) of the solute and of its
solvation-free energy (�Gsolv) (38). Simulations were con-
ducted for 6 different starting orientations of the peptide with

respect to the membrane plane. The six different orientations
were obtained by rotating the peptide along the x and y axes as
reported earlier (39). Three simulations were conducted for
each of the six starting orientations and for up to 2 ns, with a
time step of 0.002 ps. The hydrophobic region of the implicit
membrane was 25 Å thick corresponding roughly to a 1,2-
dideoyl-sn-glycero-3-phosphocholine bilayer. Binding energies
for the peptide were calculated for each frame in the trajectory as
the difference between effective energies of the membrane-bound
and -solvated states (�WIMM1 � �Eintra � ��Gsolv), and averaged
over the last ns of the trajectory. The trajectory yielding the lowest
�WIMM1 is reported. The solvation-free energy was further
decomposed into contributions from each amino acid (38).

Preparation of lipid bilayers for atomistic simulations

We performed atomistic MD simulations of the Naa60 C
terminus with three different bilayer compositions: one is neu-
tral and the other two contain negatively charged lipids: POPC:
PSM:CHOL, 70:20:10; POPC:POPS, 75:25; and POPC:PI(4)P,
92:8. Sphingomyelin is an important constituent of the Golgi
membrane (35, 40, 41) and we chose a composition that has
been investigated both by experimental and simulation studies
(42, 43). The composition of the bilayers containing negatively
charged lipids were chosen to be comparable with the accom-
panying experiments.

Each bilayer contained 256 lipids. For PI(4)P we used the
SAPI14 lipid type in the CHARMM force field 18:0/20:4 (5, 7, 9,
11). The CHARMM force field (c36) (44, 45), including the
CMAP corrections and update for lipids (46) was used for all
simulations. The PC:SM:CHOL bilayer was prepared using the
CHARMM-GUI (47), shortly equilibrated (500 ps) in the NVT
ensemble and simulated further during 500 ns in the NPT
ensemble. The PC:PS bilayer was taken from Chon et al. (48).
The PC:PI(4)P bilayer was also built using the CHARMM-GUI
and was simulated for 200 ns in the NPT ensemble after a short
NVT equilibration of 500 ps. All simulations were performed
using NAMD (v2.10) (49) with an integration time step of 2 fs.
We used the Langevin piston method (50) (target pressure: 1
atm, oscillation period: 200 fs, damping time scale: 50 fs) and
Langevin dynamics to control the temperature (temperature
damping coefficient: 1.0). All simulations were performed at
310 K temperature. A multiple time step algorithm (51) was
used to integrate the equations of motions; bonded interactions
and short-range nonbonded forces were evaluated every step,
long-range electrostatics every second step. Force-based
switching was used for both electrostatic and van der Waals
interactions, with a switch distance of 11 Å and a cutoff
distance of 12 Å. Particle mesh Ewald (52) was used for long-
range electrostatic interactions. SHAKE (53) was applied to
constrain all bonds to hydrogen atoms. We calculated the
area per lipid of the simulated bilayers along simulation time.
The average value for POPC:PSM:CHOL, 70:20:10, was
56.8 	 0.8 Å2, which is in agreement with a simulation study
(43) of a close composition (POPC:PSM:CHOL, 69:23:8). For
POPC:PI(4)P, 92:8, the average area per lipid was 65.7 	 0.9
Å2 close to what we obtained earlier for a pure POPC bilayer,
i.e. 65.5 	 0.8 Å2 (53).

Table 2
Atomistic simulations of Naa60 docked on lipid bilayers

Composition Dimensions Atoms
Number
of ions

Simulation
time

Å ns
PC:PI(4)P 120.9 � 118.7 � 97.6 81,866 2 Cl� 1000
PC:PS 110.1 � 122.1 � 97.9 79,026 4 Cl� 700
PC:SM:CHOL 111.6 � 108.5 � 105.6 85,701 2 Cl� 900
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Atomistic simulations of the Naa60 C terminus (185–242) with
lipid bilayers

The orientation was taken from the results of the IMM1 sim-
ulations. The domain was then placed so that the COM of its
two helices (aa 185–227) was placed at 20 Å from the bilayer
center. Overlapping water and lipid molecules were removed. 9,
12, and 8 lipid molecules were deleted from the upper leaflets of
the PC:PI(4)P, PC:PS, and PC:SM:CHOL bilayers, respectively.
Membrane and protein were then submitted to energy minimi-
zation using positional harmonic restraints (150 kcal/mol/Å2

for protein backbone and water molecules; 100 kcal/mol/Å2 for
membrane atoms located further than 5 Å from the protein and
protein side chain atoms located further than 5 Å from any
lipid, 50 kcal/mol/Å2 for membrane atoms located within 5 Å
of the protein, 15 kcal/mol/Å2 for protein side chain atoms
located at 5 Å or less from any lipid). The minimization was
performed using the CHARMM simulation package (v38)
(54) and consisted of 20 consecutive cycles of 600 minimization
steps (500 steepest descent, 100 conjugated gradients) with
restraints being scaled by 0.65 after each cycle. Using VMD (55)
the optimized structures were then solvated in a pre-equilibrated
box of TIP3 water molecules and neutralized with Cl� atoms. The
systems were then equilibrated for 500 ps in the NPT ensemble
with constrained protein backbone and the constraints were
removed for the production run. The characteristics for each sim-
ulated system are given in Table 2.

Analyses of the atomistic simulations

The simulations were performed for the last 300 ns of the
simulations, where the depths of anchorage of the helices were
found to be stable. Electron densities along the normal bilayer
were calculated using the VMD MEMBPLUGIN (56). The den-
sities were calculated for the PC lipids and the two helices (185–
227) of the C-terminal domain. We also calculated the average
number of hydrophobic contacts per trajectory frame. Hydro-
phobic contacts are considered to exist if two unbound candi-
date atoms are within 3 Å for at least 10 ps. Candidate atoms
are atoms in aliphatic groups of amino acids side chains
(CHARMM force field nomenclature: ca; cb; cg1; cg2; ha*; hb*;
hg; hg2*; type cg except the one of hsd, hse, Asn, Asp; type hg1
except for Cys, Thr, Ser; type cd except for Arg, Gln, Glu; type
cd1; type cd2 except for hsd, hse; type ce1, ce2, cz and associ-
ated hydrogens of Phe, Tyr; type cd1, cd2, ce2, ce3, cz2, cz3, and
associated hydrogens of Trp; type cay and type hy*). The crite-
ria for counting the hydrogen bonds are as follows: acceptor (A)
to donor (D) distance �3.0 Å and angle A-D-H �36°. These two
criteria must be met for at least 10 ps. The donor and acceptor
definitions are from the CHARMM force field. Hydrogen
bonds are reported in terms of number of the fraction of trajec-
tory frames where the interaction is present. Due to lipid diffu-
sion, a given residue can interact with different DMPC mole-
cules along the simulation, but we consider the membrane as a
whole and lipids as interchangeable. We also reported the aver-
age Z coordinate of the center of mass of each residue as an
indication of the depth of anchorage of that amino acid. All
coordinates statistics were done using VMD (55).

Plasmids and cloning

Plasmids for pNAA60-EGFP, pNAA60-(1–182)-EGFP, and
pNAA60-(1–225)-EGFP were created by inserting the respec-
tive NAA60 ORF fragment between sites NheI and KpnI of
pEGFP-N1 (Clontech). All mutations were performed by a
QuikChange Lightning Multi Site-directed Mutagenesis Kit
(Agilent) on either NAA60-EGFP full-length or derivatives of
this plasmid. pEGFP-NAA60-(217–242) and pEGFP-NAA60-
(182–242) were made by insertion of NAA60 fragments between
SacI and KpnI sites in pEGFP-C1. Plasmids for expression in yeast
were generated from the mammalian EGFP versions by insertion
of NAA60 ORF or truncated NAA60 ORF with the EGFP tag into
pBEVY-U vector between XbaI and SalI sites. Yeast procedures
were performed as described previously (58).

Cell culture transfections

HeLa cells (ATCC, CCL-2) were cultured in 5% CO2 in Dul-
becco’s modified Eagle’s medium (DMEM) (Lonza, 12-604)
supplemented with 10% fetal bovine serum (FBS), 3% L-gluta-
mine, and 1% penicillin/streptomycin. Sodium carbonate wash
assay was performed as previously (12), except for some adap-
tations mentioned under “Results.”

Microscopy

HeLa cells were seeded in Lab-Tek Chambered Coverglass
#1 (Nunc), transfected after 2– 4 h using FuGENE 6 (Pro-
mega) according to protocols and imaged live after 18 –24 h.
Fluorescent images were obtained on a Leica DMI6000 B
wide field microscope equipped with a Leica DC500 camera
and a HCX PL APO 100 � 1.4 NA oil objective in addition to
a �1.5 or 2 magnification lens. The acquired images were
processed using the Photoshop CS5 image software (Adobe
Systems).

Sodium carbonate extraction

HeLa cells were transfected with various plasmids encoding
C-terminal eGFP-tagged Naa60 constructs as described above.
48 h post-transfection, cells were collected in ice-cold PBS and
centrifuged at 1,000 � g for 5 min at 4 °C. The supernatant was
discarded and the cell pellet resuspended in homogenization
buffer (0.25 M sucrose, 1 mM EDTA, 20 mM HEPES-NaOH, pH
7.4). Cells were homogenized using a ball-bearing cell cracker
(EMBL, Heidelberg), with ball size of 8.002 mm giving 9 �m
clearance, 20 strokes. The cell lysate was spun at 3,000 � g for 5
min at 4 °C to remove nuclei and cell debris before loading
equal volumes in ultracentrifugation tubes. Organelles were
pelleted by centrifugation at 45,000 rpm (ravg 95,100 � g) using
a MLA-130 rotor (Beckman Coulter), for 1 h at 4 °C. The super-
natant (S1) was collected and pellets were resuspended with
550 �l of homogenization buffer (P1, put a side), sucrose buffer
(320 mM sucrose, 4 mM HEPES-KOH, pH 7.4), or 0.1 M sodium
carbonate, pH 11.5. Pellets resuspended in sucrose or sodium
carbonate buffer were incubated on ice for 30 min as previously
described (57) before pelleting by ultracentrifugation as above.
Supernatants (S2) were collected and mixed with sample buffer.
Pellets (P2) were resuspended in 550 �l of homogenization
buffer and added to 10� SDS sample buffer. All buffers
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included in the experiment were supplemented with fresh Pro-
tease Inhibitor Mixture EDTA free (Roche Applied Science).
Note that the protocol was performed as described previously
(12), except for one improvement: all pellets were dissolved in
exactly the same volume from which they were pelleted. Super-
natant and pellet samples were analyzed by immunoblotting.
Primary antibodies used were mouse mAb to GFP (Roche
Applied Science, 11814460001), rabbit mAb to GM130
(EP892Y, Abcam, ab52649), and rabbit mAb to RCAS1
(D2B6N, Cell Signaling, 12290). Secondary antibodies used
were ECL anti-rabbit IgG, HRP-linked from donkey (GE
Healthcare, NA934), and ECL anti-mouse IgG, HRP-linked
from sheep (GE Healthcare, NA931).

Peptides

All peptides were purchased from Biogenes (Berlin, Germa-
ny; �90% purity), solubilized in ddH2O, aliquoted, and stored
at �20 °C. The peptides used were: Naa60-(189 –242), (TILD-
YIQHLGSALASLSPCSIPHRVYRQAHSLLCSFLPWSGISSK-
SGIEYSRTM), Naa60-(L197/L201/L204A), (TILDYIQHA
GSAAASASPCSIPHRVYRQAHSLLCSFLPWSGISSKSGIEYS-
RTM), Naa60-(Y193W/W227F), (TILDWIQHLGSALASLSP-
CSIPHRVYRQAHSLLCSFLPFSGISSKSGIEYSRTM), Naa60-
(I209W/W227F), (TILDYIQHLGSALASLSPCSWPHRVYRQ-
AHSLLCSFLPFSGISSKSGIEYSRTM), and Naa60-(Y214W/
W227F), (TILDYIQHLGSALASLSPCSIPHRVWRQAHSLL-
CSFLPFSGISSKSGIEYSRTM).

Lipids

The following lipids were purchased from Avanti Polar Lip-
ids, Inc. (Alabaster, AL): egg PC (840051P), brain PS (840032P),
egg PE (840021P), egg PA (840101P), brain PI(4)P (840045P),
cholesterol (700000P), 1-palmitoyl-2-(4,5-dibromo)ste-
aroyl-sn-glycero-3-phosphocholine (850479P), 1-palmitoyl-
2-(6,7-dibromo)stearoyl-sn-glycero-3-phosphocholine (850480P),
1-palmitoyl-2-(9,10-dibromo)stearoyl-sn-glycero-3-phospho-
choline (850481P), and 1-palmitoyl-2-(11,12-dibromo)ste-
aroyl-sn-glycero-3-phosphocholine (850482P). The following
lipids were purchased from Echelon Biosciences, Inc. (Salt Lake
City, UT): phosphatidylinositol 3-phosphate diC16 (P-3016);
phosphatidylinositol 4-phosphate diC16 (P-4016), phosphati-
dylinositol 5-phosphate diC16 (P-5016), phosphatidylinositol
3,4-bisphosphate diC16 (P-3416), phosphatidylinositol 3,5-bis-
phosphate (P-3516), phosphatidylinositol 4,5-bisphosphate
diC16 (P-4516), and phosphatidylinositol 3,4,5-trisphosphate
diC16 (P-3916). All lipids were reconstituted in chloroform, or a
mixture of chloroform, methanol, and water (1:2:0.8) and kept
at �20 °C.

Large unilamellar vesicle preparation

To prepare liposomes, lipids were mixed and dried under a
flow of nitrogen gas to make a lipid film. The lipid film was
hydrated with H2O to yield a final lipid concentration of 1 mM

before incubation overnight at 37 °C, 250 rpm. The mixture was
freeze-thawed five times using liquid nitrogen before passing
through a 100-nm pore size polycarbonate filter, 21 times using
a mini extruder (Avanti Polar Lipids, Inc.) to create large unila-
mellar liposomes. Liposomes were stored at room temperature

and used within 3 days. The Golgi mixture liposomes contained
(mol %): 52% egg PC or brominated PC, 20% egg PE, 5% brain
PS, 15% cholesterol, and 8% brain PI(4)P (32). Other liposomes
were made of (mol %) 92% PC and 8% of particular lipid of
interest.

Circular dichroism

All CD experiments were executed using 20 �M peptide and
100 –360 �M liposomes. Far-UV CD spectra were recorded
using a Jasco-810 circular dichroism spectropolarimeter, scan
range 180 –260 nm, data pitch 0.2 nm, scan speed 20 nm min�1,
response 2 s, and 3 accumulations. All experiments were per-
formed at 20 °C using a circulating water bath, and with a N2
flow at 10 liters min�1.

Tryptophan fluorescence

Tryptophan fluorescence emission spectra were recorded
from 310 to 400 nm after excitation at 295 nm at 20 °C using
a LS 50 B (PerkinElmer Life Sciences) instrument with a
temperature-controlled water bath. 5–10 �M peptide was
incubated with 180 –360 �M vesicles. The peptides were cen-
trifuged at 17,000 � g for 10 min at 4 °C after thawing and their
concentrations determined prior to use.

Brominated phosphatidylcholine quenching

5 �M peptide (Naa60-(189 –242), Naa60-(Y193W/W227F),
Naa60-(I209W/W227F), or Naa60-(Y214W/W227F)) was
mixed with 300 �M Golgi mixture liposomes where egg PC was
substituted by various brominated PC variants. Fluorescence
emission spectra were recorded as described for tryptophan
fluorescence.

Liposome pulldown

5 �M peptide (Naa60-(189 –242)) was incubated with 300 �M

liposomes in a total volume of 100 �l for 20 min at room tem-
perature before sedimentation of liposomes at 65,000 rpm
(200,000 � g) using a MLA130 rotor (Beckman Coulter) for 30
min at 20 °C. The supernatant was collected, and the pellet frac-
tion was washed with water and resuspended in 100 �l before
being subjected to a dot blot. The level of peptide in the pellet
and supernatant fractions, respectively, was visualized using a
1:2000 diluted antibody rabbit anti-Naa60-(192–241) (Abcam,
ab103800).

Isothermal titration calorimetry

ITC experiments were carried out on a Nano ITC low volume
calorimeter (TA Instruments) and all experiments were per-
formed at 25 °C. PI(3)P or PI(4)P liposomes with a total lipid
concentration of 100 �M were placed in the instrument, and the
Naa60-(189 –242) peptide with a concentration of 50 �M was
injected in 20 successive injections of 2 �l with 180-s intervals.
Titrations in the absence of liposomes were performed under
identical conditions to account for the heat signal that arise
from titration of the peptide into water. The data were analyzed
with NanoAnalyze (TA Instruments) using the Independent
model, and the first data point was always omitted from the
modeling.
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