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ABSTRACT

Calmodulin is a conserved calcium signalling protein that regulates a wide range of
cellular functions. Amino-terminal acetylation is a ubiquitous posttranslational
modification that affects ~ 90% of all human proteins, to stabilise structure, as well as
regulate function and proteolytic degradation. Here we present data on the impact of
amino-terminal acetylation upon structure and calcium signalling function of fission
yeast calmodulin. We show NatA dependent acetylation stabilises the helical structure
of the S. pombe calmodulin, impacting its ability to associate with myosin at endocytic
foci. We go on to show this conserved modification impacts both the calcium binding
capacity of yeast and human calmodulins. These findings have significant implications
for research undertaken into this highly conserved essential protein.

INTRODUCTION

Most molecular processes within living cells are controlled by signalling pathways, with
signals typically conveyed via post-translational modifications or cation binding.
Calmodulin (CaM) is a conserved calcium binding protein found in all eukaryote cells
to date [1], which is capable of binding 4 Ca?* ions, via highly conserved EF-hand
motifs. Association of these divalent cations, result in a large conformational change
of the CaM (or CaM like protein) [2] to modulate binding to ligand proteins and regulate
their function. Thus, CaMs can act as signal transducers for many different cellular
processes including gene expression, protein synthesis, cell growth, division, and
muscle contraction [1,3,4]. One key class of CaM target protein are myosins, actin
associated motors proteins, the function of which is regulated by association of CaM
light chains to affect motor activity and stability of the lever arm [5,6].

The fission yeast, Schizosaccharomyces pombe, contains two CaM homologues,
Cam1 and Cam2. Cam1 is an essential protein, which localises to the spindle pole
body and sites of endocytosis (or actin patches). The conformation of Cam1 is
regulated by calcium binding to modulate its association to 1Q motifs within ligand
proteins, such as myosin motors [7-10]. This association between Cam1 and actin
associated myosin motors plays a critical role in regulating diverse cellular processes
within the yeast, including cell division and endocytosis. In contrast, Cam2 is not only



CaM Nt-acetylation

a non- Ca?* binding CaM homologue, but is also non-essential to the viability of the
cell, playing subtle roles in modulating polarized growth in response to changes in the
cellular environment [11,12]. Each CaM associates with the neck region of the class |
myosin, Myo1 [10,11,13], stiffening the lever arm to regulate Myo1 dynamics during
endocytosis [11].

Amino-terminal (Nt) acetylation is a ubiquitous post-translational modification,
affecting up to 90% of eukaryote proteins [14] to inhibit Nt-proteolysis, as well as
enhancing the structure and function of a range of proteins. This in turn impacts many
cellular processes including cell cycle progression, protein degradation and
cytoskeletal organization. Nt-acetylation is undertaken by a group of amino-a-acetyl-
transferase (NAT) complexes, each of which catalyse the addition of an acetyl group
to the processed amino-terminal residue of a polypeptide. Each NAT complex (NatA,
NatB, etc) specifically recognises, interacts with and modifies specific Nt di-peptide
sequences [15] . As is the case for the majority of NAT complexes, NatA consist of a
catalytic and regulatory subunit, Naa10 and Naa15, which, upon cleavage of the initial
methionine, acetylate subsequent amino terminal -Ala-, -Thr-, -Ser-, -Val-, or -Gly-
residues of proteins. These terminal residues correlate with the amino termini of CaMs
from diverse organisms, indicating them to be Nat A substrates.

We have investigated the impact Nt-acetylation has upon the structure and function of
the essential fission yeast CaM, Cam1. Using live cell imaging we show that NatA
dependent acetylation of Cam1 specifically impacts its endocytic function. Using
biochemical analysis of recombinant bacterially expressed amino-terminally
acetylated Cam1 we show this post-translational modification impacts the helical
structure and thermal stability of the Cam1 protein, and thereby enhance its sensitivity
to Ca?* and affinity for its major cellular binding partner, Myo1. Finally we provide
evidence that the effect upon calcium sensitivity extends to human CaM, which has
implications to disease and interpretation of biochemical studies using recombinant
CaM.
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MATERIALS & METHODS

Molecular Biology: The naa15" gene corresponds to the designated coding
sequence SPCC338.07c within the S. pombe genome. The naa15::kanMX®6 strain was
created as described previously [16] using appropriate templates and primers. cDNA
of human CALM1 (HGNC: 1442) (kind gift of Kati Torok) was amplified by PCR as an
Nde1 - BamH1 fragment, sequenced and subsequently cloned into the rhamnose
inducible pET3a (Novagen) based vector pRham [17] to generate pRham-CALM1. S.
pombe cam1* (SPAC3A12.14) and cam1-T6C bacterial expression constructs have

been described previously [11].

Cell culture: The yeast strains used in the study were h- cam1.gfp:kanMX6 naa15*
myob52-tdTomato:hphMX6 and h- cam1.gfp:kanMX6 naa15::kanMX6 myo52*. Cell
culture and maintenance of these prototroph strains were carried out according to [18]
using Edinburgh minimal medium with Glutamic acid nitrogen source (EMMG). All cells
were maintained as early to mid-log phase cultures for 48 hours before being used for

analyses.

Protein expression & purification: Unacetylated forms of recombinant proteins were
expressed and purified from BL21 DE3 E. coli cells, while Nt-acetylated forms of CaM
proteins were expressed and isolated from BL21 DE3 pNatA cells [17]. All proteins
were isolated as described previously [11], and both identity and acetylation efficiency
were confirmed by electrospray mass-spectroscopy. Cam1.T6C proteins were
conjugated to the cysteine-reactive synthetic fluorophore 2-(4'-(iodoacetamido) anilino
naphthalene-6-sulfonic acid (IAANS)) as described previously [11]. Each protein was
subjected to mass spectroscopic, SDS-PAGE, and spectrophotometric analyses to

determine mass, purity and protein concentration respectively.

Fluorescence spectra: Emission spectra were obtained using a Varian Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies, Santa Clara, CA) using a
100 yl Quartz cuvette. For FRET measurements samples were excited at 435 nm
(CyPet excitation) and emission was monitored from 450 — 600 nm with both slits set
to 1 nm. Affinity experiments were carried out using 1 yM FRET fusion protein, in which
the CyPet and YPet FRET pair were separated by both Myo1 1Q motifs, with varying

concentrations of Cam1 in a final volume of 100 ul in analysis buffer of 140 mM KCl,
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2 mM MgCl, 20 mM MOPS, pH 7.0 with 2 mM of EGTA, CaCl, or Ca?*-EGTA as
required.

pCa determination: 1 yM Cam1-IAANS and A°ECam1-IAANS were prepared in 140
mM KCI, 20 mM MOPS, pH 7.0 buffer, containing 2 mM EGTA/ Ca-EGTA added as
appropriate for each pCa condition. IAANS fluorescence values were plotted at each
pCa condition and fitted to a Hill Equation to determine the pCaso value.

Fast Reaction kinetics: Data were collected on a HiTech stopped flow system.
Fluorescence was excited at 333 nm using a Hg lamp and monochromator and the
fluorescence signal collected at 90° through a 455nm filter. CaM at 4 pM (all
concentrations were final after mixing) was preincubated in 140 mM KCI, 20 mM
MOPS, pH 7.0 buffer with 25 yM Ca?* then rapidly mixed with 75 yM Quin-2 (Sigma-
Aldrich). Data were analysed by fitting with a one, two or three exponential function
as required using the HiTech Kinetassist software

Circular dichroism: Measurements were made in 1 mm quartz cuvettes using a
Jasco 715 spectropolarimeter. CaM proteins were diluted in CD buffer (10 mM
Potassium phosphate, 500 mM NaCl, 5 mM MgCl. pH 7.0) to a concentration of 0.4
mg/ml. Thermal unfolding data were obtained by monitoring the CD signal at 222 nm
with a heating rate of 1 °C min-'. At completion of the melting-curve the sample was
cooled at a rate of 20 °C min-'. CD data are presented as differential absorption (AA).

Live cell imaging: Samples were visualised using an Olympus IX71 microscope with
PlanApo 100x OTIRFM-SP 1.45 NA lens mounted on a PIFOC Zz-axis focus drive
(Physik Instrumente, Karlsruhe, Germany), and illuminated using LED light sources
(Cairn Research Ltd, Faversham, UK) with appropriate filters (Chroma, Bellows Falls,
VT). Samples were visualised using a QuantEM (Photometrics) EMCCD camera, and
the system was controlled with Metamorph software (Molecular Devices). During live-
cell imaging, cells were cultured in Edinburgh minimal media using 20 mM L-Glutamic
acid as a nitrogen source (EMMG). Cells were grown exponentially at 25°C for 48hr
before being mounted (without centrifugation) onto lectin (Sigma L2380; 1 mg/ml)
coated coverslips with an a Bioptechs FCS2 (Bioptechs, Butler, PA), fitted onto an ASI
motorised stage (ASI, Eugene, OR) on the above system, with the sample holder,
objective lens and environmental chamber held at the required temperature. Each 3D-

maximum projection of volume data was calculated from 21 z-plane images, each 0.2



CaM Nt-acetylation

pum apart, and analysed using Metamorph and Autoquant X software. Average size
and number and cellular distribution of foci were calculated from all foci present within
2 30 cells for each sample examined. Timing of foci events were calculated from
kymographs (e.g. Figure 1C). The length of the discrete lines in this image correlate
precisely to the duration of the Cam1 residence at the foci (1 pixel = 0.8 sec).
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RESULTS

Cam1 amino-terminal acetylation affects calmodulin organisation and dynamics

in vivo.

Deletion of the NatA regulatory subunit Naa15 in cells, abolishes function of the NatA
complex, and therefore NatA substrates remain unacetylated in naa715A yeast [14].
The N-terminal amino acid sequence of CaMs possess a predicted NatA Nt-
acetylation consensus sequence, which is consistent with proteomics analyses that
have shown a proportion (40%) of yeast CAM1 is acetylated in vivo, in a NatA complex
dependent manner [14]. To explore the impact Nt-acetylation had upon the
organisation and dynamics of this essential regulatory protein Cam1-GFP
fluorescence intensity and distribution was examined simultaneously in both naa75A
cam1-gfp and naa15* cam1-gfp myo52-tdTomato S. pombe cells which had been
mounted together onto the same coverslip, to allow simultaneous observation of the

two strains (Fig. 1A).

While there was no significant difference in cell size and morphology (Table 1),
comparison of A°ECam1-GFP (Nt-acetylated protein in naa15+ cells) and Cam1-GFP
(non-acetylated protein in naa15A cells) foci within the yeast cell revealed a significant
impact upon the in vivo distribution of Cam1. A ~2-fold increase in the number of
Cam1-GFP foci was detected in naa75A cells compared to naa15* (Fig. 1B). In
addition, Cam1-GFP foci are on average 2-fold smaller than A°€Cam1-GFP (Fig. 1B).
Together these results are consistent with the total levels of Cam1 observed in naa15*
and naa15A strains (Table 1). Kymographs generated from timelapse images (Fig.
1C) revealed Cam1-GFP remains associated with endocytic patches for significantly
longer in naa15A cells (13.2 +/- 0.5 seconds) when compared to equivalent naa15*
cells (9.9 +/- 0.4 seconds) (Fig. 1D).

Comparing the distribution of Cam1 within naa75+ and naa715A cells reveal the
strongly polarized distribution of Cam1 is lost in the absence of acetylation (Fig. 1A).
The majority of cellular Cam1 recruits to endocytic patches, which concentrate at sites
of polarized cell growth appearing as a cap at the cell tips in wild type cells (Fig. 1A).
However, analysis of the cellular distribution of > 300 foci across > 30 cells reveals a
significant reduction in Cam1 accumulation at cell tips in naa15A cells (77.4% of
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Cam1-GFP fluorescence is at the cell tips of naa15A cells compared to 91.2% in

naa15” cells).

An amino-terminal GFP-Cam1 fusion would negate the impact of the naa75A upon
Cam1 dynamics. To confirm whether the differences observed in calmodulin dynamics
is specifically due to Nt-acetylation of Cam1 alone, or a consequence of Nt-acetylation
of other proteins, equivalent comparative analyses were undertaken between naa15*
and naa15A cells expressing GFP-Cam1 [8]. In contrast to the carboxyl fusion,
analysis of GFP-Cam1 distribution in naa715* and naa15A cells revealed no significant
differences in localisation or dynamics between the two strains. Overall fluorescence,
(Table1) the number and size of foci (Fig. 1E), and the length of time GFP-Cam1
associated with endocytic patches (Fig. 1D) were unaffected by the absence of Nt-
acetylation. Thus, the disruption on CaM dynamics and endocytic function observed
in naa15A cells is specifically due to lack of Nt-acetylation of Cam1.

Expression of N-terminal acetylated S. pombe Calmodulin, Cam1.

To further understand the mechanism by which acetylation regulates calmodulin
function, we carried out in vitro biochemical analysis. Although Nt-acetylation does
occur in bacteria, it does so to a significantly lesser extent when compared to
eukaryotes [20]. Standard recombinant protein production methods are unable to
incorporate eukaryotic NAT complex dependent acetyl groups. However efficient
E.coli expression systems can produce Nt-acetylated target proteins by co-expressing
NAT complexes [17,21-23] . Recombinant calmodulins were produced using a
bacterial NatA Nt-acetylation system [17], which uses the sequential induction of the
fission yeast NatA components, Naa10 and Naa15 followed by CaM (Fig. S1A). The
accumulation of NatA complex prior to CaM induction ensures efficient post-
translational acetylation of the CaM substrate. Acetylation efficiency was determined
by mass spectroscopy, (Fig. S1B). Absence of a peak corresponding to un-acetylated
Calmodulin in these samples indicate 100% acetylation efficiency.

N-terminal acetylation affects the stability of Cam1 in vitro.
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The consequence of Nt-acetylation upon structure and binding characteristics of Cam1
were compared in vitro. Circular dichroism (CD) spectra of equivalent quantities of
(unacetylated) Cam1 and A°ECam1 were collected in the absence of calcium (Fig. 2A)
to examine secondary structure of the proteins. Both forms of Cam1 had negative
peaks at 208 nm and 222 nm, characteristic of proteins consisting primarily of a-
helices, which is consistent with published structures of calmodulin proteins [24].
However, A°ECam1 had a lower 222/208 nm ratio (Cam1: 0.91, A°ECam1: 0.84)
suggesting Nt-acetylation alters the overall secondary structure of Cam1 [25] by
stabilising the N-terminal a-helix region of the protein, as has been observed in other
examples of Nt-acetylation [26].

CD melting curves revealed Nt-acetylation affects the thermal stability of Cam1. The
a-helical associated negative peak at 222 nm was followed for Cam1 and A°€Cam1
as temperature was increased from 20 °C to 70 °C, and subsequent re-cooling and
re-melting (Fig. 2B). Neither form of Cam1 was fully unfolded at 70 °C owing to the
high thermodynamic stability of Cam1 [27] . The mid-point melting temperature for
unacetylated Cam1 was 49.0 °C, compared to a lower temperature of 43.5 °C for
acetylated A°ECam1. This indicates that Nt-acetylation increases the thermal
sensitivity of Cam1. Despite a reduced unfolding temperature, the refolding curve of
ACECam1 indicates that all of the protein refolds (Fig. 2B). In contrast a proportion of
unacetylated Cam1 undergoes irreversible unfolding at higher temperatures,
consistent with Nt-acetylation being important for maintaining the structure and long-
term stability of Cam1.

N-terminal acetylation affects the calcium sensitivity of calmodulin.

A primary function of calmodulin is to facilitate calcium signalling in the cell by
regulating the conformation and subsequent function of diverse ligand proteins.
Calcium ions bind CaM at 4 EF-hand domains to induce a major conformational
change, thereby modulating affinity to cellular binding partners to have a functional
consequence to the cell [28]. Consistent with this A°ECam1 had differential migration
through a size exclusion column in the presence and absence of calcium (Fig. 2C). In
contrast, unacetylated Cam1 eluted from the column at similar volume fractions in both

conditions (Fig. 2C), indicating that while the unmodified protein was able to bind
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calcium, it failed to undergo the same conformational change, which is consistent with
the CD data (Fig. 2A & B).

To determine whether this difference in conformation was brought about by a failure
of the unacetylated Cam1 to bind calcium, we monitored changes in the fluorescence
of the Ca?* indicator, Quin-2 [29] as it displaced Ca?* from CaM. Both Cam1 and
ACECam1 bound calcium (Fig. 2D). Displacement of Ca?* from both forms of Cam1
occurred in two distinct phases of similar amplitude, indicating two classes of binding
site, with two kobs values that differed approximately 10-fold (kobs values 287 and 267
s fast phase and 17.6 and 18.8 s™! slow phase, for A°6Cam1 and Cam1 respectively).
However, the two amplitudes for A°cCam1 were significantly larger (Table 2).

Equivalent biochemical analyses were performed upon human calmodulin
(Calmodulin-1) protein. While we found no detectable differences in the structure,
stability or conformation between the acetylated (*°(chCaM) and unacetylated (hCaM)
proteins (not shown), as for Cam1, there were significant differences in the amount
and rate of disassociation of Ca?* between the two proteins (Fig. 2E, Table 2). Ca®*
displacement for A°cEhCaM appeared as a single exponential (kobs — 9.3 s7') similar to
the slow phase for Cam1. The Ca?* displacement from unacetylated hCaM could be
best described by two phases of similar amplitude (kobs of 11.7 and 4.6 s*') but the two
kobs Values differ by less than a factor of three and so are not well defined by the fit.
Thus, the two classes of binding sites do not appear to differ significantly for the human
protein.

To further examine differences in the calcium sensitivity of Cam1 and A°®Cam1 a
modified Cam1-T6C protein was isolated in both acetylated and unacetylated forms,
and labelled with the IAANS fluorescent probe. This fluorescent label reports on the
surrounding local environment, and can be used to detect calcium binding at the N-
terminus of Cam1 [11]. From the pCa curve plotted from IAANS fluorescence changes
in both Cam1 and A°€Cam1, a pCaso value of calcium binding can be determined (Fig.
2F). For A°ECam1-IAANS, the fitted pCaso value of 6.54 is 0.5 pCa unit higher than for
the unacetylated form — 6.03. Together these data show that Nt-acetylation impacts
the Ca?* binding capacity for both human and fission yeast calmodulins.
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N-terminal acetylation affects the affinity of Cam1 binding to Myo1 in vitro.

Calmodulin light chains bind to 1Q motifs in the neck region of myosins, regulating their
function [30]. The fission yeast Class | myosin, Myo1 contains an 1Q motif neck region
which binds Cam1 [10,11]. We previously described a recombinant Myo1IQ'2-FRET
protein consisting of a donor CyPet fluorophore and an acceptor YPet fluorophore
separated by a linker region of the two Myo1 1Q motifs [11]. Unbound IQ motifs have
a flexible, collapsed conformation which allows FRET between the two fluorophores.
Once light chains are bound to the IQ motifs, the neck region is stabilized in an
extended conformation [24,31] , reducing observed FRET. Using this reported protein
we have previously shown that two molecules of acetylated Cam1 associate with the
Myo1'?"2-FRET protein in a calcium dependent manner. [11].

To determine the effect of Nt-acetylation on the affinity of Cam1 for Myo1 1Q domains,
Cam1 and A°ECam1 proteins were titrated into a 0.5 uM solution of Myo1'?'2 FRET
protein in the absence of calcium. The % change in donor CyPet fluorescence was
monitored to calculate changes in FRET caused by binding of Cam1 to the Myo1'@12,
Binding curves revealed that both Cam1 and A°6Cam1 associate with the Myo1 1Q
motifs, resulting in similar changes in CyPet signal; (+46% and +49%, Fig. 3A).
Analysis reveals both forms of Cam1 associate with the Myo1 1Q motifs in two distinct
binding events. The first binding event, which accounts for ~50% of the total change
in signal, corresponds to an affinity of <0.1 uM for both Cam1 and A°ECam1, too tight
to estimate with precision. However, the second weaker binding event differed
significantly between Cam1 and A®Cam1. For A°ECam1 the affinity of this binding
event was 0.68 uyM, compared to 2-fold weaker affinity of unacetylated Cam1 — 1.47
MM. This indicates that Nt-acetylation of Cam1 increases the affinity for binding to
Myo1 1Q domains, specifically affinity of the second molecule of Cam1.

Nt-acetylation does not affect the calcium dependency of the Cam1 interaction
with Myo1.

The interaction of Cam1 with the 1Q motifs of Myo1 is tightly controlled by cellular
calcium concentrations, when local or whole cell calcium concentrations rise, Cam1
dissociates from Myo1 [11,32] . To explore whether Cam1 Nt-acetylation affects this
interaction, changes in FRET signal of the Myo1'9"2-FRET protein induced by binding
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of half saturating concentrations of Cam1 (2.5 yM Cam1, 0.80 uM A°ECam1) were
observed over a range of pCa conditions. The change in acceptor YPet fluorescence
was used as a measure of FRET change induced by Cam1 binding, due to the
changes in CyPet fluorescence being too small (Fig. 3B). There was no significant
difference between the calculated pCaso values for Cam1 — 5.76 and A°ECam1 — 5.87.
Therefore although Nt-acetylation changes Cam1 affinity to Myo1 and sensitivity to
calcium, it does not affect the calcium regulated interaction between Cam1 and Myo1

IQ domains.
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DISCUSSION

Amino terminal acetylation is a ubiquitous post-translational modification that affects
the majority of eukaryote proteins [33]. Nt-acetylation increases the overall propensity
of the alpha-helical structure within the fission yeast Cam1 protein (Fig. 2A), which is
consistent with o-helical rich structure within the amino-terminal calcium binding
domains of CaMs [34,35]. In addition, Nt-acetylation enhances the overall stability of
Cam1, as demonstrated by 100% of A°ECam1 refolding to its original helical-structure
after melting (Fig. 2B), which contrasts with equivalent unmodified Cam1, a significant
proportion of which remains denatured after cooling. Although the melting temperature
for ACECam1 is lower than that of Cam1, this does not necessarily have any

physiologically relevance for the protein.

While Cam1 and A°ECam1 both migrate through a gel filtration matrix at similar rates
in the absence of calcium (Fig. 2C), indicating they have similar open structures, the
addition of calcium only affected the progress of A°6Cam1 through the matrix. This
data suggests acetylation stabilises Cam1 structure to facilitate calcium binding
associated changes to its conformation, which is consistent with the enhanced
sensitivity to calcium observed in A°ECam1, compared to the unmodified protein (Fig.
2F). Interestingly the calcium dissociation rate constants (Table 2 , rate 1 and rate 2)
were equivalent for both proteins, indicating the ~3 fold difference in the calcium affinity
(Kcaz+ = Kaiss/kassn. Fig 2F) for the two protein is a result of a change in the rate of
calcium association (kassn). The difference in calcium affinities is part of the explanation
for the difference in the amplitudes of the Quin-2 fluorescence (Fig 2D) the other being
the smaller fraction of active, unacetylated CaM. Together these data support a model
in which Nt-acetylation stabilises the alpha-helical conformation of the EF domain
containing amino terminal lobes of Cam1 to impact the affinity for Ca?*. Critically the
Ca?* binding capacity for both yeast and human CaM was regulated by Nt-acetylation
(Fig. 2D-F). Interestingly acetylation has opposite effects upon Ca?* release from the
human and yeast Calmodulins, which we are currently investigating the explanation
for. However, this conserved biophysical property of calmodulins highlight the
importance of ensuring recombinantly produced CaMs are Nt-acetylated in order to
ensure physiologically relevant data is obtained, which is particularly critical for
developing Calmodulin targeting therapies [36].
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A significant proportion of cellular Cam1 associates with the sole fission yeast class |
myosin, Myo1, in the cell [11]. Consistent with Nt-acetylation enhancing Cam1
structure and calcium affinity, A°cCam1 had a 3-fold tighter affinity for the Myo1 two IQ
motifs compared to Cam1, which may indicate only 30% of the unmodified protein is
folded correctly. This is also consistent with the observed differences in 222 nm alpha-
helix circular dichroism peaks (Fig. 2A). It's worth noting that the proportion of native
yeast Cam1 that is acetylated on its amino-terminus within the yeast cell (40%) [14] ,
generating a subpopulation of CaM with distinct biophysical properties, coincides
precisely with the proportion of discrete Cam1 foci (40%) that associates with Myo1 in
the fission yeast cell [19]. It is interesting to speculate that the sub-population of Cam1
stabilised by Nt-acetylated is specifically tuned to regulate the function of specific

proteins, including Myo1, in this cell.

The naa15A deletion is likely to affect a wide range of cellular processes, as the NatA
amino-a-acetyl-transferase is responsible for the amino terminal acetylation of a
significant proportion of eukaryote proteins (38% of human proteome) [14,37].
However, we show that changes in Cam1 recruitment to sites of endocytosis and
duration of the events is specifically due to amino-terminal acetylation of the CaM as
the naa15A associated defects in Cam1 distribution and dynamics in the cell can be
rescued by introducing an amino-terminal GFP fusion to the protein. As the GFP-
Cam1 fusion cannot be amino-terminally acetylated, we would not expect naa15A to
impact the distribution of GFP-Cam1 in the cell. This is what was observed and
illustrates the defects observed are specific to Cam1 and not secondary effect of
acetylation of another protein at the endocytic patch. Interestingly differences in the
position of the GFP label on Cam1 is reflected in differences in abilities to associate
exclusively to either SPBs of dynamic foci. As the genes encoding for each fusion
proteins are expressed from the endogenous chromosomal cam1™ locus, this is likely
to reflect differences in functionality. Here we confirm that Cam1 binding to Myo1
impacts localisation of the motor to membrane at sites of endocytosis, affecting
distribution and duration of the subsequent endocytic events [11]. Both unmodified
and acetylated Cam1 bound to the two Myo1 1Q motifs (comparable amplitudes and 2

rates consistent with cooperative binding to the 2 IQ motifs - Fig. 3A).
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Therefore the reduced Cam1 signal at endocytic foci observed in naa15A cells is likely
to be due to fewer Myo1 molecules associating with the sites of endocytosis, rather
than the unacetylated Cam1 only associating with a single Myo1 1Q motif. This may
be due to the lower affinity of Myo1 for unmodified Cam1, which would bring about
dissociation of the two proteins at lower concentrations of cellular calcium, despite the
pCa of the interaction being unaffected by Cam1 acetylation, and therefore failure to

associate with the membrane.

We show that amino-terminal acetylation affects the confirmation and calcium
regulating function of Calmodulins from fission yeast and humans, with a significant
impact upon calcium affinity of each protein. These differences are not only of
importance to researchers undertaking biochemical or structural studies of these
conserved proteins, but should be considered when working upon recombinantly
produced proteins, which are normally subject to post-translational modification(s)

within their native cellular environment.
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Figure Legends

Figure 1. Cam1 distribution and dynamics are disrupted in naa75A cells.

(A) Maximum projection of 31 z-plane widefield image of Cam1 (green) and Myosin
V (magenta) in cam1-gfp myo52-tdTomato (indicated with arrows) and cam7-gfp
naa15A cells (Scale bar — 10 pym). (B) Analysis of Cam1-GFP foci automatically
detected from maximum projections of 31 z-plane widefield images. (C) Typical
kymographs of GFP labelled Cam1 foci generated from single z-plane timelapse
images of cam1-gfp naa15* and cam1-gfp naa15A cells. (Horizontal scale — 5 ym,
Vertical scale — 10 s). (D) Quantification of Cam1-GFP and GFP-Cam1 endocytic
foci from >30 kymographs. (E) Analysis of GFP-Cam1 foci automatically detected

from maximum projections of 31 z-plane widefield images.

Figure 2. Impact of amino-terminal acetylated upon Cam1 structure, stability
and Ca?* binding.

(A) CD spectra of equivalent concentrations of Cam1 (red line) and A°6Cam1 (black
line) protein. (B) CD melting curves for Cam1 and A°6Cam1 monitoring CD signal
at 222 nm as sample temperature increased to 70 °C (Solid lines) and then returned
to 20 °C (Dashed lines). Calculated midpoint melting temperatures (Tm) are shown
for both samples. (C) Size exclusion chromatography elution profiles of 100 uM of
ACECam1 (black lines) and Cam1 (red lines) in the absence of calcium (solid lines)
and the presence of calcium (dashed lines). Quin-2 calcium dissociation
experiments from (D) Cam1 and A°ECam1, and (E) hCaM and A“EhCaM. (F) pCa
curves plotting Ca?* dependent changes in IAANS fluorescence of Cam1-IAANS
(red) and A°ECam1-IAANS (black) proteins.

Figure 3: In vitro characterization of Cam1 and A°ECam1.

(A) Curves plotting Cam1 dependent percentage changes in donor Cypet
fluorescence signal of 0.5 uM Myo1'®'2-FRET proteins throughout a titration of
Cam1 (red) or A°ECam1 (black). (B) pCa curves plotting Cam1 induced changes in
Ypet fluorescence of 0.5 uM Myo1'?"2-FRET protein at a range of pCa conditions,
with 0.8 pM AECam1 (black) and 2.5 pM Cam1 (red).

Supplementary Figure 1
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(A) Coomassie stained whole cell extracts from pre and post IPTG induction cell
cultures with Cam1 co-expressed with the NatA complex components Naa10 and
Naa15. (B) Mass spectroscopy traces of purified bacterially expressed recombinant
Cam1 and A°ECam1 protein. (C) Analysis of Cam1 foci distribution in naa15* (black
circles) and naa15A (red circles) cells.
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Table 1

cam1-gfp cam1-gfp GFP-cam1 | GFP-cam1
(naa15-) naa15A (Pvalue) (naa15*) naa15A (Pvalue)
Whole cell 31,240,148 = 34,242.443 0.1968 7,351,958 7,041,604 0.5340
fluorescence (AU)
Cell size (um?) 85.0 101.6 0.2142 91.8 106.1 0.1391
xix;m“m intensity 127,138 105,098 0.0073 15,802 14,534 0.3806
Number of foci 10.1 17.9 0.0001 9.1 9.8 0.4673
Average foci volume 0.86 0.46 0.0001 0.43 0.38 0.3612
(Mm3)
Total foci volume 8.38 8.08 0.7586 3.84 3.87 0.967
(Mm3)
Total foci 354,818 324,245 0.5048 57,034 59,454 0.6865
fluorescence (AU)
n= 32 36 28 34
Table 2: Quin-2 rates and amplitudes
Rate 1 (s™) Ampl 1 Rate 2 (s™) Ampl 2 Rate 3 (s™) Ampl 3

Cam 267.66 (+ 7.55) 6 18.85 (£0.52) 7.2 3.43 (£0.10) 4.6

ACECam1 288.18 (¢ 4.78) 15.7 17.61 (20.11) 16.3 - -

hCaM 11.76 (£ 0.24) 17.8 4.58 (+0.14) 11.7 - b

ACERCaM 9.31 (£ 0.02)

21.8
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