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We previously analyzed the differential localization patterns of five septins (AspA–E), including a fila-
mentous fungal-specific septin, AspE, in the human pathogen Aspergillus fumigatus. Here we utilized
the A. fumigatus strain expressing an AspE–EGFP fusion protein and show that this novel septin with a
tubular localization pattern in hyphae is phosphorylated in vivo and interacts with the other septins,
AspA, AspB, AspC and AspD. The other major proteins interacting with AspE included the cytoskeletal
proteins, actin and tubulin, which may be involved in the organization and transport of the septins. This
is the first report analyzing the phosphorylation of AspE and localizing the sites of phosphorylation, and
opens opportunities for further analysis on the role of post-translational modifications in the assembly
and organization of A. fumigatus septins. This study also describes the previously unknown interaction
of AspE with the actin-microtubule network. Furthermore, the novel GFP-Trap� affinity purification
method used here complements widely-used GFP localization studies in fungal systems.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Septins are a highly conserved family of GTP-binding proteins
distributed in all eukaryotes except plants and function by forming
heteropolymeric structures [1,2]. In contrast to mammalian septins
that are encoded by a multi-gene family comprising 12 genes
(SEPT1–12) [1,3], the model yeast Sacchromyces cerevisiae contains
seven septin genes (CDC3, CDC10, CDC11, CDC12, SHS1, SPR3 and
SPR28) that are differentially expressed during vegetative growth
and sporulation [4–6]. However, the filamentous group of fungi,
including Aspergillus species, consists of four septins (AspA–D) that
are orthologous to S. cerevisiae septins and a fifth septin (AspE) un-
ique to filamentous fungi [7]. Although septins have been proposed
to regulate a wide variety of functions in mammalian cells [1–3,8]
and the yeasts [1,4–6,9], knowledge of their roles in filamentous
fungi is limited to morphogenetic events involving hyphal branch-
ing, septation, and conidiophore development [10–12]. Earlier re-
ports implicated a role for septins in tissue invasion and
virulence of the pathogenic yeast Candida albicans [13], and recent
data from the plant pathogenic filamentous fungus Magnaporthe
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grisea revealed the importance of septins for plant cell invasion
[14,15]. Therefore, studies directed towards understanding septin
organization and their roles in the opportunistic human pathogen
Aspergillus fumigatus could help decipher invasive pathogenesis
and lead to identification of better molecular targets to combat
invasive aspergillosis in patients.

Cellular mechanisms involved in the formation of higher order
septin structures and the dynamics of septin assembly still remain
unknown. In mammals and the yeasts, septin organization and
dynamics have been linked to posttranslational modifications
involving phosphorylation [3,16–18]. Three kinases, Elm1, Cla4
and Gin4, control septin organization in S. cerevisiae [19–21]. After
Tachikawa et al. [22] reported that a Gip1p–Glc7p phosphatase
complex is required for proper septin organization and initiation
of spore wall formation in S. cerevisiae, the Shs1p septin, which
serves as the outer component of the septin complex, was shown
to bind to the Gin4 kinase, indicating the possibility of Shs1
undergoing Gin4-mediated phosphorylation [23]. This was further
strengthened by another report which indicated that the associa-
tion of the septins Shs1p and Cdc11p involves some yeast-specific
factor or post-translational modification [24]. Phosphorylation of
the septin Cdc3p by the Cdc28 kinase was shown to be essential
for proper disassembly of the septin ring [25]. Septin collar
formation and septin filament assembly was also shown to require
both GTP binding and Cla4-mediated phosphorylation of septins
[24]. Furthermore, Dobbelaere et al. [17] showed that RTS1 (the
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regulatory subunit of protein phosphatase-2A) mediated dephos-
phorylation of septins and is required for the disassembly process,
indicating that activation of septin dynamics by phosphorylation
events controls the rigidity of the septin ring.

Although these results indicated that phosphorylation and
dephosphorylation regulate septin architecture in the yeasts, there
is limited information on the analysis of septin interactions and
phosphorylation in filamentous fungi. Only recently in Ashbya gos-
sypii, a filamentous fungus belonging to the saccharomycotina sub-
phyla and closely related to yeast, the assembly of a subset of
septin rings was shown to be associated with two kinases, Elm1p
and Gin4p [26]. Multiple phosphorylation sites were identified in
the A. gossypii septin, Shs1p [27], and also the other septins [28].
Although mutation of Shs1p phosphorylable sites led to decreased
septin dynamics, phosphomimetic mutations were lethal [28],
revealing a dynamic regulation of septin organization by phos-
phorylation/dephosphorylation mechanisms. While A. gossypii be-
longs to the filamentous group of fungi, it lacks the ortholog of
AspE which is present in pezizomycota, the largest subphyla of fil-
amentous fungi.

We previously reported the differential localization patterns of
all the five septins in the human pathogenic fungus A. fumigatus,
and showed that the filamentous fungal-specific septin, AspE,
localized as long tubular or filament-like structures which were
disrupted in presence of actin and microtubule inhibitors [29]. In
order to further understand the mechanism of AspE assembly in
the septin complex, here we purified the AspE–GFP fusion protein
to identify its interactants and also examine its phosphorylation
status in vivo. We show that AspE interacted with all of the other
four septins (AspA–D) as well as the other major binding proteins,
actin and tubulin. In addition, we also show for the first time that
AspE is highly phosphorylated at the N-terminus, within the G-do-
main, and at its C-terminal region, indicating the possible role for
phosphorylation in the assembly of A. fumigatus septins.
2. Materials and methods

2.1. Organism and culturing, protein extraction and AspE–GFP
purification

The A. fumigatus strain expressing the aspE–egfp fusion con-
struct under the control of the otef promoter was grown in glucose
minimal media (GMM) liquid medium as a shaking culture for 24 h
at 37 �C. Total cell lysate was extracted by homogenizing the fun-
gal tissue (1.5–2 mg wet weight) using liquid nitrogen and sus-
pended in 5 ml lysis buffer (10 mM Tris–HCl pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, 0.01% Triton X-100, 1 mM DTT, 1 mM PMSF,
1:100 Protease Inhibitory Cocktail) and centrifuged at 5000 rpm
for 10 min at 4 �C to remove cell debris. The crude supernatant
was clarified by centrifugation at 7000 rpm for 15 min at 4 �C. Total
protein in the crude extract was quantified by Bradford method
and normalized to contain �10 mg protein in the sample before
GFP-Trap� affinity purification (Chromotek). GFP-Trap� resin
(35 ll) was equilibrated by washing three times in 500 ll ice-cold
dilution buffer (10 mM Tris–HCl pH 7.5, 150 mM NaCl, 0.5 mM
EDTA, 1 mM PMSF, 1:100 Protease Inhibitory Cocktail) according
to the manufacturer instructions and finally resuspended in
100 ll ice cold dilution buffer. The GFP-Trap� resin suspension
was then mixed with total crude cell lysate containing �10 mg to-
tal protein and incubated at 4 �C by gentle agitation for 2 h. The
suspension was centrifuged at 2000 rpm for 10 min at 4 �C and
the pelleted GFP-Trap� resin was washed once in 500 ll of ice-cold
dilution buffer and then twice with 500 ll of wash buffer (10 mM
Tris–HCl pH 7.5, 350 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, 1:100
Protease Inhibitory Cocktail).
2.2. Sample preparation and nano-flow liquid chromatography
electrospray ionization tandem mass spectrometry (LC-MS/MS)
analysis

Protein bound GFP-Trap� resins were washed three times with
50 mM ammonium bicarbonate, pH 8.0, and then suspended in
30 ll 50 mM ammonium bicarbonate, pH 8.0, supplemented with
0.1% Rapigest SF surfactant (Waters Corp). Samples were reduced
with 5 mM dithiolthreitol for 30 min at 70 �C and free sulfhydryls
were alkylated with 10 mM iodoacetamide for 45 min at room
temperature. Proteolytic digestion was accomplished by the addi-
tion of 500 ng sequencing grade trypsin (Promega) directly to the
resin with incubation at 37 �C for 18 h. Supernatants were col-
lected following a 2 min centrifugation at 1000 rpm, acidified to
pH 2.5 with TFA, and incubated at 60 �C for 1 h to hydrolyze the
remaining Rapigest surfactant. Insoluble hydrolyzed surfactant
was cleared by centrifugation at 15,000 rpm for 5 min. Ninety per-
cent (by volume) of the sample was then removed for subsequent
phosphopeptide analysis and the remaining ten percent (by vol-
ume) was subjected to an unbiased protein interaction analysis.
For the phosphopeptide analysis, samples were dried using vac-
uum centrifugation and resuspended in 100 ll 80% acetonitrile,
1% TFA, 50 mg/mL MassPrep Enhancer, pH 2.5 (Waters Corp). Pep-
tides were subjected to phosphopeptide enrichment using a 200 ll
TiO2 Protea Tip (Protea Bio) and subsequently washed with 200 ll
80% acetonitrile, 1% TFA, 50 mg/ml MassPrep Enhancer followed by
200 ll 80% acetonitrile, 1% TFA. Peptides were eluted in 50 ll 20%
acetonitrile, 5% aqueous ammonia, pH 10.5 and then acidified to
pH 2.5 with formic acid prior to drying using vacuum
centrifugation.

Samples were resuspended in 10 ll 2% acetonitrile, 0.1% formic
acid and subjected to chromatographic separation on a Waters
NanoAquity UPLC equipped with a 1.7 lm BEH130 C18 75 lm I.D.
�250 mm reversed-phase column. Phosphopeptide enriched sam-
ples were additionally supplemented with 10 mM citric acid. The
mobile phase consisted of (A) 0.1% formic acid in water and (B)
0.1% formic acid in acetonitrile. Following a 5 ll injection, peptides
were trapped for 5 min on a 5 lm Symmetry C18 180 lm I.D.
�20 mm column at 20 ll/min in 99.9% A. The analytical column
was held at 5% B for 5 min then switched in-line and a linear
elution gradient of 5% B to 40% B was performed over 90 min at
300 nl/min. The analytical column was connected to a fused silica
PicoTip emitter (New Objective, Cambridge, MA) with a 10 lm tip
orifice. Phosphopeptide enriched samples were analyzed on an
LTQ-Orbitrap XL mass spectrometer with a precursor MS scan in
the Orbitrap from m/z 400–2000 with r = 60,000 at m/z 400 and a
target AGC setting of 1e6 ions. In a data-dependent mode of acqui-
sition, MS/MS spectra of the three most abundant precursor ions
were acquired in the linear ion-trap with a target AGC setting of
1e3 ions. Max fill times were set to 1000 ms for full MS scans
and 250 ms for MS/MS scans with minimum MS/MS triggering
thresholds of 5000 counts. For all experiments, fragmentation
occurred in the LTQ linear ion trap with a CID energy setting of
35% and a dynamic exclusion of 60 s was employed for previously
fragmented precursor ions. For unbiased protein interaction
studies, data were acquired on a Waters Synapt G2 mass
spectrometer with precursor MS scans from m/z 50–2000 operat-
ing in a data-dependent mode of acquisition. The top three most
abundant ions were selected for MS/MS using a charge state
dependent CID energy setting with a 60 s dynamic exclusion list
employed.

2.3. Data analysis

Raw LC-MS/MS data files were processed in Mascot distiller (Ma-
trix Science) and then submitted to independent Mascot database
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searches (Matrix Science) against a NCBI fungus database (download
date; Feb 18, 2012) appended with the reverse sequence of each for-
ward entry. Search tolerances were 10 ppm for precursor ions and
either 0.8 Da or 0.04 Da for product ions for LTQ-Orbitrap XL or Syn-
apt G2 data, respectively, using trypsin specificity with up to two
missed cleavages. Carbamidomethylation (+57.0214 Da on C) was
set as a fixed modification, whereas oxidation (+15.9949 Da on M)
and phosphorylation (+79.9663 Da on S, T, and Y) were considered
a variable modifications. All searched spectra were imported into
Scaffold (v 3.6.2, Proteome Software) and confidence thresholds
were set using a Bayesian statistical algorithm based on the Peptide-
Prophet and ProteinProphet algorithms which yielded a peptide and
protein false discovery rate of 0% [30,31]. Only those proteins with at
least two unique peptides to match were considered as being cor-
rect. Phosphorylation site localization was assessed by exporting
peak lists directly from Scaffold into the online AScore algorithm
(http://ascore.med.harvard.edu/ascore.html) [32]. A scaffold file
containing the raw data is available for download here:https://dis-
covery.genome.duke.edu/express/resources/3339/AspE_Phosphor-
ylation_ Interation.sf3
3. Results and discussion

3.1. AspE interacts with actin-microtubule network and rest of the
septin complex

We previously noted that, in contrast to AspA, AspB, AspC and
AspD (the core septin homologs of cdc11p, cdc3p, cdc12p and
cdc10p), the filamentous fungal-specific septin AspE showed fila-
ment-like tubular localization pattern along the A. fumigatus hy-
phae. Drugs that inhibit actin polymerization and microtubule
stability mislocalized AspE from filaments to dot-like structures,
which were presumed to be Microtubule Organizing Centers
(MTOCs) [29]. Previous studies with mammalian septins have re-
vealed the importance of actin and microtubules in the organiza-
tion of septins [2]. In order to investigate if AspE interacted with
the cytoskeletal proteins and the whole septin complex in vivo,
we utilized the A. fumigatus strain expressing AspE–EGFP fusion
protein to purify the AspE protein-complex by exploiting the
EGFP-tag that bound to the GFP-Trap� agarose resin; bound pro-
teins were directly subjected to LC-MS after proteolytic digestion.
As shown in Table 1, a total of 48 proteins were identified with
at least two unique peptides to match. The top identified protein
was AspE with 40 unique peptides to match and with 63% se-
quence coverage. All of the other septins (AspB, AspD, AspA and
AspC) were identified as AspE-binding partners along with other
major proteins, including actin, tubulin (beta chain, alpha-1 sub-
unit, beta subunit), Hsp70 chaperone, and translational elongation
factor subunits (EF-1 and EF-2). Previously, the interaction of the
mammalian septin, Sept6p, with non-septin binding partners,
including Hsp70 and Hsp70-like proteins, was shown but signifi-
cance of these interactions was not studied further [33]. Apart from
ribosomal proteins, we also identified some metabolic-related en-
zymes such as phosphoglycerate kinase, isocitrate dehydrogenase,
succinyl-CoA synthetase and calmodulin-dependent protein kinase
as AspE binding proteins.
3.2. Phosphorylation of AspE occurs in the polybasic region, G-domain
and the C terminal end

Earlier reports in S. cerevisiae have shown that phosphorylation
of cdc3p regulates the ratio between septin rings and unbound
monomeric septin [25], and phosphorylation of cdc10p and shs1p
regulate septin collar formation and the fluidity of the septin ring
at the bud neck, respectively [9,17,23,24]. A recent report
analyzing septin phosphorylations and mutation of the phospho-
rylatable residues from A. gossypii also showed that phosphoryla-
tion plays a key role in septin organization [28]. Because there
are no data available on phosphorylation of septins in any Aspergil-
lus species [16], coupled with the probability of phosphorylation
resulting in the formation of higher ordered septin structures, we
were interested in examining the phosphorylation status of the
A. fumigatus septins. To accomplish this, the AspE–GFP purified
protein complex was subjected to phosphopeptide enrichment
and the sample was subjected to LC-MS/MS to identify the specific
phosphorylation sites on AspE. As shown in Table 2, a total of six
phosphorylation sites were detected in five unique phosphorylated
peptides. All of the phosphorylated residues in AspE were serines,
located at positions Ser48, Ser209, Ser283, Ser430, Ser434 and
Ser533. An example annotated MS/MS spectrum of the doubly
phosphorylated peptide AEVS � PPGS � PSQR is shown in Fig. 1A
with the corresponding fragment ion coverage table. Selected ion
chromatogram traces of the intact precursor ion (Fig. 1B) illustrate
a single peak at retention time �20.5 min. As localization of the
phosphorylation modification cannot be directly assessed by Mas-
cot ion scores alone, each of these peptides were subjected to AS-
core scoring, a site localization probability algorithm publically
available at http://ascore.med.harvard.edu/ascore.html [32]. The
results indicated high confidence localizations (>99%) for all six
of the phosphorylated residues (Table 2). As shown in Fig. 2, while
Ser48 is present in the N-terminal polybasic domain and the
Ser533 is at the C-terminus just after the septin unique element
(SUE), 2 phosphorylated residues (Ser209 and Ser283) were pres-
ent between the G1 and G3 domains. Two other sites, Ser430 and
Ser434, were close to each other and resided between G4 domain
and the SUE.

3.3. Conservation of the AspE phosphorylated residues among
Aspergillus species

Although AspE from different Aspergillus species is highly con-
served in the G domain, the N and C-terminal regions are variable
(Fig. 3). Among the 6 phosphorylation sites detected, four sites
were conserved at positions Ser48, Ser283, Ser434 and Ser533.
The polybasic region in the N-terminus is thought to be involved
in membrane interaction of septin filaments through phosphati-
dylinositol-4,5-bisphosphate (PIP2) binding and the presence of
PIP2 promoted filament assembly and organization [34]. It is
therefore possible that phosphorylation of the conserved Ser48
residue within the polybasic region is involved in membrane asso-
ciation of AspE. Moreover, the phosphorylation we observed at the
conserved Ser533 site in the divergent C-terminus may also be
very significant for AspE filamentation because phosphorylations
occurring in the N and C termini of the core septins (cdc3p, cdc10p,
cdc11p and cdc12p) are known to regulate the assembly and
disassembly of the septin ring [16]. As shown in Fig. 2, only one
(Ser283) of the two phosphorylation sites (Ser209 and Ser283)
within the G1 and G3 motifs is conserved. Between the G4 motif
and S4 motif, phosphorylation occurred at a short serine-proline
rich region on the Ser430 and Ser434, but only Ser434 was con-
served among different Aspergilli (Fig. 3). While further experi-
ments are required to understand the significance of these
phosphorylation sites in AspE, it is possible that more than one
kinase is responsible for the phosphorylation of the six serine
residues we identified. Ser430 and Ser434 are present in a short
proline-rich domain that could be a target of proline-directed
kinases. The sequence 45RAKSTEPLS53 in which Ser48 was
phosphorylated resembles the consensus site (RXXS/T) of phos-
phorylation by a calmodulin dependent protein kinase [35], and
it is interesting to note that calmodulin dependent protein kinase
was identified as an AspE interacting protein (Table 1). Further
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Table 1
List of AspE-binding proteins in Aspergillus fumigatus.

Protein NCBI accession number Molecular weight (kDa) Identified peptides

Septin proteins
AspE gi|71000419 62 40
AspB gi|70986973 59 13
AspD gi|70994952 39 10
AspA gi|119479605 43 8
AspC gi|70985058 44 7

Proteins related to cytoskeleton organization
Actin gi|115386236 40 11
Tubulin beta chain gi|119495802 50 8
Tubulin alpha-1 subunit gi|70990312 50 9
Tubulin beta subunit gi|70982752 50 4
Tubulin TubB subunit gi|71002302 50 3

Proteins related to heat shock
Hsp70 chaperone (HscA) gi|70983346 67 10
Heat shock 70 kDa protein gi|115385867 70 5
Mitochondrial Hsp70 chaperone (Ssc70) gi|159129408 72 3
Heat shock protein 60, mitochondrial precursor gi|115443330 62 2

Proteins related to protein synthesis and folding
Translation elongation factor EF-1 alpha subunit gi|146322501 54 8
Translation elongation factor EF-2 subunit gi|71002010 93 8
40S Ribosomal protein S3 gi|70990926 29 5
40S Ribosomal protein S14 gi|115384692 16 4
Ribosomal protein S5 gi|119488785 28 4
T-complex protein 1, theta subunit gi|119500564 61 4
Eukaryotic Translation initiation factor 4 gi|71000162 46 4
T-complex protein 1, gamma subunit gi|115391547 57 3
Ribosomal protein S13 gi|154280018 17 3
40S Ribosomal protein S7 gi|115396282 23 2
40S Ribosomal protein S27 gi|115402529 9 2
40S Ribosomal protein S5-A gi|119186515 24 2
Ribosomal protein S13p/S18e gi|119473095 18 2
40S Ribosomal protein S16 gi|115384680 16 2
60S Ribosomal protein L12 gi|119497097 18 2
40S Ribosomal protein S17 gi|116194718 17 2
40S Ribosomal protein S20 gi|115398580 15 2
40S Ribosomal protein S3aE gi|115438592 29 2
60S Ribosomal protein L4 gi|119498945 41 2
T-complex protein 1, zeta subunit gi|119195049 59 2

Proteins related to metabolism
Alcohol dehydrogenase gi|159126256 37 11
Bifunctional pyrimidine biosynthesis protein gi|70992333 248 6
Phosphoglycerate kinase (pgkA) gi|119495924 45 6
Putative flavohaemoglobin gi|50788082 46 5
Isocitrate dehydrogenase LysB gi|119468338 38 4
Isocitrate dehydrogenase, NAD-dependent gi|119495397 42 4
Succinyl –CoA synthetase beta subunit gi|119486728 48 3
ATP synthase alpha chain (mitochondrial) gi|340521314 59 3
ATP synthase beta chain (mitochondrial) gi|115401284 54 3
S-adenosylmethionine synthetase gi|119495861 42 2
5-Oxo-L-prolinase gi|159130239 139 2
Homocitrate synthase (mitochondrial) gi|115492729 51 2
Isocitrate dehydrogenase subunit 1 (mitochondrial) gi|115400882 42 2
Calmodulin dependent protein kinase gi|119481599 46 2

Table 2
Localization of phosphorylated residues in AspE.

Unique phosphopeptide Phosphorylated residue Mascot ion score Ascore1 Localized2

AKS � TEPLSER S48 40.5 24.4 Yes
S � PEEVEAYER S209 31.0 65.5 Yes
VIRS � PGFR S283 28.4 Unambiguous Yes
AEVS � PPGS � PSQR S430, S434 62.9 24.8, 38.5 Yes, Yes
NGISAS � PMQK S533 31.3 51.6 Yes

Unique phosphorylated residues within AspE identified by TiO2-based phosphoenrichment followed by LC-MS/MS analysis.
1 AScore phosphorylation localization score reported from http://ascore.med.harvard.edu/.
2 Ascore values >20 indicate greater than 99% chance of correct localization versus other phosphorylatable residues.
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mutational analyses of these individual residues to either non-
phosphorylable or phosphomimetic residues would reveal their
specific roles in the localization of AspE to filaments, and as well
as their role in the organization or assembly of the whole septin
complex. Additionally, analyzing the phosphorylation status of
the other septins in A. fumigatus would also be helpful because

http://ascore.med.harvard.edu/
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Fig. 1. (A) Annotated MS/MS spectrum of the doubly phosphorylated peptide AEVS � PPGS � PSQR identified within AspE following TiO2 enrichment and high-resolution LC-
MS/MS analysis. (B) Extracted ion chromatogram of m/z 686.2700 ±10 ppm, corresponding to the doubly charged precursor ion of AEVS � PPGS � PSQR, resulted in a single
chromatographic elution profile at 27.5 min.

Fig. 2. Septin AspE sequence showing various domains and sites of phosphorylations. Aspergillus fumigatus AspE amino acid sequence showing the three major domains
including the N-terminus, the G-domain (in orange) and the C-terminus (in grey). The respective G-motifs (G1, G3 and G4) are underlined and in bold red color. The
phosphorylated serine residues are boxed in yellow. Arrows indicate the phosphorylated residues within the G-domain and arrow heads indicate the phosphorylated residues
in the N and C-termini. The septin specific motifs (S1–S4) are double underlined. The other conserved single amino acid residues are indicated in green and underlined. The
Septin Unique Element at the C-terminus is boxed. All the motifs were assigned based on Pan et al. [7]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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specific alterations in individual septin phosphorylation sites can
result in severe cell defects [28]. Further studies directed towards
deletion of the A. fumigatus septin genes and understanding the
importance of post-translational modifications for their
organization will be useful for future antifungal drug design and
targeting.



Fig. 3. Clustal alignment of AspE homologs from other Aspergillus species showing conservation of phosphorylated residues. AspE homologs from other Aspergillus species
were aligned using the ClustalW program. The sites of conserved phosphorylated residues are boxed and indicated in red color. The non-conserved phosphorylated residues
are indicated by arrowheads. The short serine-proline rich region is boxed in red. The N terminal (in white) and C terminal domains (in grey) and the G-domain (in orange) are
shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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