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ABSTRACT

Chitin synthases are vital for growth in certain oomycetes as chitin is an essential component in the cell wall of these species. In Saprolegnia monoica, two chitin
synthases have been found, and both contain a Microtubule Interacting and Trafficking (MIT) domain. The MIT domain has been implicated in lipid interaction,
which in turn may be of significance for targeting of chitin synthases to the plasma membrane. In this work we have investigated the lipid interacting properties of
the MIT domain from chitin synthase 1 in Saprolegnia monoica. We show by fluorescence spectroscopy techniques that the MIT domain interacts preferentially with
phosphatidic acid (PA), while it does not interact with phosphatidylglycerol (PG) or phosphatidylcholine (PC). These results strongly suggest that the specific
properties of PA are required for membrane interaction of the MIT domain. PA is negatively charged, binds basic side chains with high affinity and its small
headgroup gives rise to membrane packing defects that enable intercalation of hydrophobic amino acids. We propose a mode of lipid interaction that involves a
combination of basic amino acid residues and Trp residues that anchor the MIT domain specifically to bilayers that contain PA.

1. Introduction

Oomycetes are eukaryotic microorganisms that are similar to but
evolutionarily distinct from fungi [1]. A significant number of oomy-
cetes are pathogens of plants and animals and cause infections that
create significant economic losses for e.g. the agricultural and fishing
industry [2,3]. A potential approach to combating oomycete pathogens
is to target enzymes involved in cell wall biosynthesis. The cell walls of
oomycetes contain cellulose, together with p-(1 — 3)- and B-(1 —
6)-glucans. In addition, the cell walls of some oomycetes, such as Sap-
rolegnia monoica, also contain a small amount of chitin, which is syn-
thesized by chitin synthases (CHS) [4,5]. CHS are integral membrane
proteins and belong to the glycosyltransferase family 2 (GT2) [6].
Although chitin is present only in small amounts, it has been demon-
strated to be vital for survival [7] and specific chitin synthase inhibitors
have been shown to disrupt the cell wall and cause lysis as well as
bursting of hyphal tips [7]. Moreover, it has been demonstrated that
CHS are present in detergent-resistant domains of the Saprolegnia
monoica plasma membrane [8], supporting the notion that CHS localizes
to the apex of hyphae.

Little is known about CHS transport in cells. In fungi, small sphe-
roidal vesicles called chitosomes have been isolated in different species
and have been shown to transport CHS to the growth tip region and to
synthesize chitin in vitro [9,10]. However, in oomycetes such vesicles
specialized in transport of CHS have not been found [11]. Some CHS
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from filamentous and dimorphic fungi contain a myosin motor-like
domain (MMD) at the N-terminus. Studies suggest that MMD may
assist the transport of CHS to the hyphal tip via interactions with mi-
crotubules and/or actin [12-14]. Thus, chitin synthases are potentially
interesting targets to inhibit pathogen growth. Since CHS are most likely
to be found in the apex of the hyphae, a better understanding of their
delivery to and insertion into the hyphal plasma membrane could help to
develop new strategies to inhibit the growth of such a pathogen.

In S. monoica two putative chitin synthase (Chs) genes (SmChs 1 and
SmChs 2) were previously identified [15]. Work by Guerriero et al.
further identified the presence of a Microtubule Interacting and Traf-
ficking (MIT) domain at the N-terminus of both CHS 1 and 2 [7]. MIT
domains are small and typically contain three helices arranged in an
antiparallel fashion [16-18]. They bind to MIT-interacting motifs [19,
201, but direct lipid interactions may also be of importance for the role
of MIT domains in protein trafficking and localization [18,21]. It was
demonstrated in vitro that the MIT domain from CHS 1 has affinity for
certain negatively charged lipids, most notably phosphatidic acid (PA)
[18]. These results led to the proposal that the MIT domain could be
involved in the trafficking, and/or recycling of CHS enzymes in
S. monoica. MD simulations suggested that the lipid interaction occurs
mainly through a lipid-interacting “hot-spot” that involves Arg residues
in helices 1 and 2 [22] (see Fig. 1), although several alternative inter-
action modes were also suggested. For instance, the N-terminal part of
helix 3 contains four basic residues that could be implicated in lipid
binding, while the C-terminus contains more acidic residues (Fig. 1).
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Abbreviations

CD circular dichroism

CHS chitin synthase

CPE ceramide phospatidylethanolamine

MIT domain Microtubule Interacting and Trafficking domain
MMD Myosin motor-like domain
MMD PA phosphatidic acid

PAGE polyacrylamide gel electrophoresis

PC phosphatidylcholine

PE phosphatidylethanolamine

PG phosphatidylglycerol

POPA 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidic acid
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine;

PC phosphatidylcholine

POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylethanolamine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine;

PS phosphatidylserine

SEC size exclusion chromatography

SmCHS  Saprolegnia monoica chitin synthase

Phosphatidic acid (PA) is present in the plasma membrane of
S. monoica [8] but the main components are phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and ceramide-phosphatidylethanolamine
(CPE), with minor amounts of phosphatidylserine (PS) and phosphati-
dylinositol (PI). The lipids contain a high proportion of unsaturated fatty
acyl chains. Although PA is only present in low overall amounts in the cell
wall, the local proportions of PA in different membrane regions of
S. monoica are not well known, yet it is known to have important functions
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in membrane dynamics [23] and cell signaling [24]. PA has a propensity
to induce membrane curvature stress through alteration of the lipid
packing in the bilayer, which facilitates protein insertion in the cell
membrane [25] and some proteins display a high affinity specifically for
PA [26,27]. The suggested mechanism by which this is achieved has been
termed "electrostatic/hydrogen bond switch model" [28]. In this model
Lys in particular (but also Arg to a lesser extent) come into proximity of
PA via electrostatic interactions. Once the approach is close enough, a
hydrogen bond is formed to the phosphate headgroup of PA and its charge
decreases from —1 to —2 enhancing electrostatic interactions. The bind-
ing is further enhanced by the negative curvature stress of PA. This allows
hydrophobic residues to form hydrophobic interactions with the acyl
chains which further stabilizes the interactions. It is thus the combination
of strong electrostatic interactions and hydrophobic interactions facili-
tated by PA’s small head group that give rise to the specific affinity of
some proteins for PA, as no other lipid has this combination of properties
[28]. No consensus PA binding motif has been identified but PA binding
domains are enriched in Lys, Arg, His, Ser and Trp residues [26,27].

In this work, we have characterized the interactions between the MIT
domain of SmCHS 1 and phospholipids using a variety of biophysical
methods. Vesicles containing different lipid compositions were used to
test if MIT interacts specifically with lipids, including PA, PE, PC and PG.
The latter lipids were used as generic models for zwitterionic and
negatively charged headgroups, while PE is abundant in the plasma
membrane and is also a non-bilayer forming lipid. Our results demon-
strate that the MIT domain interacts with PA, but not with PC or PG to
the same extent. No evidence for structural changes in the MIT domain
was observed upon interaction. The affinity of the MIT domain for PA
substantiates the hypothesis of a specific role of the MIT domain in
trafficking or recycling of CHS.

Fig. 1. Structure and purity of the MIT domain (PDB
accession code 2MPK) in S. monoica chitin synthase 1.
A: Structure of the MIT domain shown as ribbon di-
agram with the three helices numbered and in which
the location of the two intrinsic Trp residues and the
basic residues in helix 3 (coloured in blue) are indi-
cated. B: Surface charge representation of the MIT
domain with blue colour indicating cationic and red
colour indicating anionic surface charge. C: SDS-
PAGE gel indicating purity of the MIT domain as
eluted from IMAC column. L = PageRuler Plus Pre-
stained Protein Ladder (Thermo Scientific); P = pre-
lysis resuspended cell pellet; FT = IMAC flow-
through; W = IMAC wash; E1 — E11 = 1 ml IMAC
elutions. D: SEC profile of MIT domain. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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2. Materials & methods
2.1. Protein expression and purification of the MIT domain in E. coli

Protein expression and purification were performed as previously
described in Brown et al., 2016 [18]. However, size exclusion chroma-
tography performed on an AKTA purifier FPLC (GE Healthcare, Uppsala,
Sweden) was added as an extra step of purification after affinity chro-
matography. The purity of the protein was assessed by SDS PAGE
analysis (Mini-PROTEAN TGX, Bio-rad, USA). Elution samples were
pooled and concentrated using 3 kDa cut-off Amicon Ultra centrifugal
filters (Millipore, Cork, Ireland) prior to being loaded onto a Superose 12
column (GE Healthcare, Uppsala, Sweden) and the MIT domain was
eluted in 50 mM phosphate buffer pH 7.5, 150 mM NaCl. When neces-
sary, the MIT domain was exchanged into a similar buffer with 300 mM
NacCl, using PD-10 desalting columns (GE Healthcare, Uppsala, Sweden).

2.2. Preparation of vesicles

Lipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidic acid (POPA),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), were
obtained from Avanti Polar Lipids (Alabaster, AL). For circular dichro-
ism, fluorescence and 1D NMR experiments, large unilamellar vesicles
were prepared using extrusion as previously described [29,30]. Vesicles
with zwitterionic lipids, POPC (100%) and POPE/POPC (40/60 mol%),
and with negatively charged lipids, POPG/POPC (40/60 mol%) and
POPA/POPC (10/90, 20/80, 30/70, 40/60 and 50/50 mol%), were
produced. Lipids were dissolved in chloroform and the chloroform was
evaporated overnight under nitrogen gas. The lipid mixtures were
resuspended in 1 ml of the appropriate buffer for the experiment for 30
min by vortexing the samples. Next, each sample went through five
cycles of freezing in liquid nitrogen and thawing in a water bath
(~60 °C). Finally, samples were extruded through a 100 nm poly-
carbonate membrane (Avanti Polar Lipids, Alabaster, AL). The size of
the extruded vesicles was analyzed by dynamic light scattering (ALV--
laser, Langen, Germany) and vesicles were found to have a radius of
around 65 nm.

2.3. Circular dichroism spectroscopy

CD measurements were conducted on a Chirascan Circular Dichro-
ism Spectrometer (Applied Photophysics, Leatherhead, UK) using a
quartz cuvette with an optical path length of 0.05 mm (Hellma Ana-
lytics, Miillheim, Germany). Spectra were recorded at 25 °C from 190
nm to 260 nm and the bandwidth was 1 nm. For every sample, thirty
spectra were recorded and averaged, and the background spectrum
obtained in the absence of protein was subtracted. Three independent
experiments were recorded for each measurement. The sample condi-
tions were 2.5 mM lipids and 50 pM MIT domain in 50 mM phosphate
buffer pH 7.5, 25 mM sodium fluoride, giving a protein/lipid ratio of
1:50. CD results are reported as mean residue ellipticities.

2.4. Fluorescence spectroscopy and acrylamide quenching

Fluorescence emission spectra were recorded with a Fluorolog fluo-
rescence spectrometer (Horiba Scientific, Edison, NJ) at 25 °C using a
quartz cuvette with an optical path length of 10 mm. The samples were
excited at 295 nm and spectra were recorded from 310 nm to 400 nm in
1 or 0.5 nm steps with 2 nm excitation and emission slit widths. The
sample conditions were 10 pM MIT domain and 500 pM lipids in 50 mM
phosphate buffer pH 7.5 and 150 or 300 mM NacCl, giving a protein/lipid
ratio of 1:50. Five repetitions were carried out for each sample.
Quenching studies were performed using a Varian Cary Eclipse Fluo-
rescence Spectrophotometer (Varian Inc., Mulgrave, Victoria,
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Australia). Aliquots from a 1 M stock solution of acrylamide (BioRad,
Hercules, CA, USA) were titrated to the sample containing the MIT
domain to concentrations ranging between 0 mM and 100 mM. Samples
were mixed and incubated for 30 min before addition of acrylamide.
Fluorescence was excited at 280 nm and scans were taken with a 5 nm
excitation and emission slit width. The quenching constant (Ksv) was
calculated with the Stern-Volmer equation:

I/l =1+ Ky [O]

Where Iy and I are the fluorescence intensities in the absence and
presence of acrylamide, respectively, and [Q] is the concentration of
acrylamide. The quenching constant was used to determine the degree of
association of the MIT domain to vesicles of different composition. Three
independent experiments were recorded for each measurement.

2.5. NMR spectroscopy

'H NMR spectra were acquired for samples containing 3.5 mM lipids,
28 uM MIT domain in 50 mM phosphate buffer pH 7.5, 150 mM Nacl,
5% D20 and 0.1 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid for
chemical shift referencing. Spectra were acquired at 25 °C on a Bruker
700 MHz spectrometer equipped with a cryo-probe. The 90° pulse length
was 19 ps and 8000 transients were acquired.

3. Results
3.1. The MIT domain interacts specifically with phosphatidic acid

The MIT domain was expressed and purified as described previously
[18] with the addition of size exclusion chromatography (SEC) to in-
crease the purity of the protein (Fig. 1C and D). To test if the MIT domain
in SmCHS 1 from S. monoica interacts specifically with certain lipids,
fluorescence spectroscopy was used to assess both changes in spectral
features, as well as to study the degree of insertion of the protein into a
bilayer (Fig. 2). To produce a detectable change in the observed pa-
rameters, relatively high molecular ratios of PA are needed. The ex-
periments thus probe the specificity towards a certain lipid rather than a
true affinity. The MIT domain contains two intrinsic Trp residues, both
located in the C-terminal helix 3 (Fig. 1) and the fluorescence spectrum
is therefore a combination of the spectra for both Trp residues. Binding
to large unilamellar vesicles containing 100% PC, 40% PA and 60% PC,
or 40% PG and 60% PC, was studied. Significant blue-shifts in the
maxima were observed as PA vesicles were added to the MIT domain,
while only very modest shifts were observed for vesicles containing
uncharged PC or anionic PG (Fig. 2A). Similarly, a significant increase in
intensity was only observed in the presence of PA.

Quenching of intrinsic Trp fluorescence by the hydrophilic quencher
acrylamide was also measured (Fig. 2B). The Stern-Volmer quenching
constant for a free Trp residue in buffer is expected to be 35 M! [31],
and here the quenching constant for the Trp residues of the MIT domain
in buffer was observed to be only slightly less than that value (31 M™1),
indicating an exposed location of the Trp side chains. Quenching by
acrylamide became somewhat less effective as vesicles with either PC or
PG were added to the protein (26 M~! and 25 M ™! respectively), while a
marked decrease in quenching efficiency was observed for vesicles
containing PA (13 M™1). For Trp residues deeply immersed into a
membrane the quenching constant can be close to 0 [31]. While we
observe a marked decrease in the quenching constant in the presence of
PA, the Trp residues are not completely buried, indicating a shallow
binding to PA vesicles.

To further test the binding specificity of the MIT domain for PA, LUVs
with different amounts of PA were used, ranging from PC only to 50 mol
% PA. These were used to monitor changes in fluorescence intensity and
blue-shift (Fig. 3). In addition, to test if the interaction is purely elec-
trostatic in nature, two concentrations of NaCl were used (150 and 300
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Fig. 2. Tryptophan fluorescence data for the MIT
domain. A: Spectra in 50 mM phosphate buffer and
150 mM NaCl (orange), with POPC/POPA (red),
POPC/POPG (green) and POPC (blue) vesicles. B:
Stern-Volmer plots and quenching constants for
acrylamide quenching of MIT’s tryptophan fluores-
cence in the same solvents as in A. Standard de-

=
=
2 :
g 2000004 z \ viations were obtained from three independent
o ~d "w'.\ experiments. (For interpretation of the references to
£ 150000 A / \ colour in this figure legend, the reader is referred to
() / \ the Web version of this article.)
S ; N
5 100000 7 >
o 1 Ry /4 ™
N / . _.\
) o >
e '.'
g 50000 { .- 7
i /’/
0 T T T T T T T T g
310 320 330 340 350 360 370 380 390 400
Wavelength (nm)
B
5 -
45 © MIT in buffer Ksy (M)
4l + MIT with POPA/POPC 3
A MIT with POPG/POPC 26
3,5 1 25
. mMIT with POPC I
= [
> 25 1
= i 13
a3 1
I 3
15 1 * ;
1 1 :
0,5 4
0 T T T T T Y
0 20 40 60 80 100 120

Acrylamide concentration (mM)

mM) to monitor binding of the MIT domain to PA containing vesicles. No
significant differences in emission maxima (Fig. 3A) or in peak in-
tensities (Fig. 3B) were observed with varying amounts of NaCl, clearly
indicating that the interaction cannot be screened by adding salt.
Moreover, increasing the amount of PA in the vesicles had the effect of
increasing fluorescence intensities as well as blue-shifts of emission
maxima, irrespective of addition of NaCl. Taken together, the results
support the conclusion that the MIT domain interacts preferentially with
PA and that the interaction is not purely electrostatic in nature.

3.2. The structure of the MIT domain does not change upon lipid
interaction

To investigate if the structure of the MIT domain is affected by lipid
interactions, far-UV CD spectroscopy was used to monitor changes in
secondary structure (Fig. 4A). As expected, the CD spectrum displays
characteristics of a highly helical protein in the absence of lipids. No
significant changes in the CD spectrum were observed even in PA-
containing vesicles, indicating that the MIT domain does not alter its
structure upon lipid interactions.

To further test whether the MIT domain binds to vesicles and retains
its structure, 1D 'H NMR spectra of the MIT domain in different vesicles
were recorded. The amide region of the H NMR spectrum in buffer and
in different vesicles is shown in Fig. 4B. No differences in the NMR

spectrum of the MIT domain in PC- or PG-containing vesicles as
compared to in buffer were observed. Addition of vesicles containing
PA, however, led to a significant decrease in signal intensity due to
strong line broadening, which is consistent with vesicle interaction. No
effect of adding vesicles containing phosphatidylethanolamine lipids
(PE) was observed, indicating that alterations in headgroup size is not
sufficient to promote lipid interactions. In addition to causing broad-
ening, the presence of PA shifted some peaks in the amide region. Since
no significant changes were observed in the CD spectra, however, we
conclude that the shift changes are due to changes in local environment,
rather than a structural rearrangement. Our results demonstrate that the
MIT domain interacts with PA in a way that does not involve any sig-
nificant secondary structure rearrangements.

4. Discussion

The presence of specific lipids varies greatly during the life cycle of a
cell, and the lipid composition is also specific for certain types of vesi-
cles, important for cell signaling and trafficking [32]. The presence of
MIT domains in chitin synthases has been suggested to be linked to
membrane trafficking and therefore to lipid interactions [18]. In this
work we have demonstrated that the MIT domain in chitin synthase 1
from S. monoica has a strong preference for interacting with phospha-
tidic acid over e.g. PG, which represents a generic negatively charged
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Fig. 3. Tryptophan fluorescence data for MIT in the presence of vesicles con-
taining increasing amounts of PA. Results for MIT in the presence of vesicles are
shown relative to those in buffer. A: Anex — 4o (the difference between the
emission maximum, An., and the emission maximum in buffer, Ag), in the
presence of either 150 mM NaCl (orange bars) or 300 mM NaCl (red bars). B: I/
Iy (the intensity of the emission maximum, I, relative to the emission maximum
in buffer, Iy) in the presence of either 150 mM NaCl (orange bars) or 300 mM
NaCl (red bars). Error bars signify errors calculated from +2 standard de-
viations obtained from five measurements. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

lipid. In previous work, we have established that the MIT domain in-
teracts strongly with PA, while the protein does not interact with
phosphatidylserine to a significant degree, although some degree of
interaction with monophosphorylated phosphatidylinositols was
observed [18]. These results suggest that a free phosphate group is
necessary for lipid interaction, suggesting a specific mechanism for
MIT-lipid interaction. Moreover, the interaction was, as observed also in
this work, much stronger towards PA and it is therefore interesting to
note that PA is a non-bilayer forming lipid. It has been suggested to be
involved in membrane fusion and fission, due to its ability to alter the
curvature of the membrane [23,33] and to give rise to strong electro-
static interactions [26,27].

The high ratios of PA needed to detect an interaction in the present
study indicate that the MIT domain interacts with the membrane
weakly. Another possibility is that the local concentration of PA varies in
the membrane. Local concentrations of PA in S. monoica membranes are
not known, but it is likely that it is present primarily in curved regions in
the membrane, such as at the apex of the hyphae where CHS is found
[8]. Although present in the plasma membrane in minor amounts, PA
may form domains to which the MIT domain binds thus anchoring CHS
to the membrane. Proteins involved in the delivery of CHS to the
membrane in fungi have been identified [14], but microtubules and
actin were not able to bind MIT domains from two S. monoica CHS,
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Fig. 4. Structural data for MIT. A: CD spectra of MIT in buffer (orange) and in
the presence of POPC/POPA (red), POPC/POPG (green) and POPC (blue). The
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and POPC (blue) and POPC/POPE vesicles (purple). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

including the MIT domain studied here [18]. This supports the notion
that direct interactions with lipids are a way to anchor the protein to the
membrane. Only 15% of vesicles delivering CHS to the membrane fuse
successfully with the plasma membrane [14], but the interactions be-
tween the MIT domain and PA could allow for a better rate of CHS
insertion into the plasma membrane by increasing the residence time of
the vesicle at the plasma membrane. In animal cells, successful exocy-
tosis is defined by an extended tethering time (>10 s) at the plasma
membrane [34].

The MIT domain contains ten basic amino acid residues, an attribute
that has been suggested to be important for lipid interactions. MD
simulations have suggested that binding to PA is achieved through a
“hot-spot” containing several Arg residues (mostly so in helix 1 and helix
2) [22]. Here we see by fluorescence spectroscopy that the two Trp
residues in helix 3 in the MIT domain interact with PA-containing ves-
icles. Inspection of the amino acid sequence shows that helix 3 has a
marked amphipathic character with several basic amino acid residues
(Lys48, Arg50, Lys56 and Lys58) and His residues (His55, His66 and
His74) that are all located on the same side of the helix as the two Trp
residues (Fig. 1).

Taken together, our data suggest that the interaction between the
MIT domain and the lipid membrane are driven by specific properties of
PA, such as strong electrostatic interactions between Lys residues and
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the phosphate headgroup as well as curvature stress induced by the
small headgroup of PA. Our observations, specific binding to PA and
shallow immersion of Trp residues, together with the structural prop-
erties of helix 3, exposed Lys, Arg, His and Trp residues, indicate that the
binding of the MIT domain to PA is consistent with the "electrostatic/
hydrogen bond switch model" [28]. In this model, basic residues in helix
3 form hydrogen bonds to PA’s phosphate headgroup decreasing its
negative charge to —2. Hydrophobic interactions are facilitated by
membrane packing defects due to the conical shape of PA and allow
among others the Trp residues to form hydrophobic interactions that
further enhance binding. In our model system, binding to PA is only
observed for sufficiently high PA concentrations in the LUVs (>30 mol
%). This might indicate that binding of the MIT domain can only be
achieved when the density of membrane packing defects is sufficiently
high and when a sufficiently high number of interactions between
cationic residues and PA headgroups can be formed. Neither of the two
effects alone seems to be sufficient for effective binding, as binding to PG
and PE containing vesicles is either weak or non-existent.

5. Conclusion

We studied the interaction of the MIT domain of chitin synthase 1
with vesicles and found that it preferentially interacts with PA via
electrostatic and hydrophobic interactions. The specific affinity of the
MIT domain for PA suggests that this interaction serves a specific pur-
pose in vivo. Interactions between the MIT domain and PA may be of
relevance for the proper transport and localization of chitin synthase 1
to the plasma membrane, through fusion of transport vesicles to the
membrane. Based on these and previous results we suggest a role for the
MIT domain in insertion or in trafficking of the chitin synthase to the
plasma membrane.

Declaration of competing interest

The authors declare that there are no conflicts of interest.

Acknowledgements

We thank Prof. Vincent Bulone (Division of Glycoscience, Depart-
ment of Chemistry, School of Engineering Sciences in Chemistry,
Biotechnology and Health, KTH) who kindly provided the plasmid
containing the MIT domain gene from S. monoica chitin synthase 1
(SmChs1). We also want to thank Dr. Biao Fu for his advice on NMR
spectroscopy. This work was supported by the Swedish Research Council
(contract number 2018-03395).

References

[1] G.W. Beakes, S.L. Glockling, S. Sekimoto, The evolutionary phylogeny of the
oomycete “fungi, Protoplasma 249 (2012) 3-19, https://doi.org/10.1007/500709-
011-0269-2.

[2] S.L. Baldauf, A.J. Roger, 1. Wenk-Siefert, W.F. Doolittle, A kingdom-level
phylogeny of eukaryotes based on combined protein data, Science 290 (2000)
972-977, https://doi.org/10.1126/science.290.5493.972.

[3] P. van West, Saprolegnia parasitica, an oomycete pathogen with a fishy appetite:
new challenges for an old problem, Mycologist 20 (2006) 99-104, https://doi.org/
10.1016/j.mycol.2006.06.004.

[4] V. Bulone, H. Chanzy, L. Gay, V. Girard, M. Fevre, Characterization of chitin and
chitin synthase from the cellulosic cell wall fungus Saprolegnia monoica, Exp.
Mycol. 16 (1992) 8-21, https://doi.org/10.1016/0147-5975(92)90037-R.

[5] H. Mélida, J.V. Sandoval-Sierra, J. Diéguez-Uribeondo, V. Bulone, Analyses of

extracellular carbohydrates in oomycetes unveil the existence of three different cell

wall types, Eukaryot. Cell 12 (2013) 194-203, https://doi.org/10.1128/EC.00288-

12.

J.A. Campbell, G.J. Davies, V. Bulone, B. Henrissat, A classification of nucleotide-

diphosphatidyl-sugar glycosyltransferases based on amino acid sequence

similarities, Biochem. J. 326 (1997) 929-939, https://doi.org/10.1042/
bj3260929u.

[7] G. Guerriero, M. Avino, Q. Zhou, J. Fugelstad, P.-H. Clergeot, V. Bulone, Chitin
synthases from Saprolegnia are involved in tip growth and represent a potential

[6

)

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Biochemistry and Biophysics Reports 30 (2022) 101229

target for anti-oomycete drugs, PLoS Pathog. 6 (2010), e1001070, https://doi.org/
10.1371/journal.ppat.1001070.

A. Briolay, J. Bouzenzana, M. Guichardant, C. Deshayes, N. Sindt, L. Bessueille,
V. Bulone, Cell wall polysaccharide synthases are located in detergent-resistant
membrane microdomains in oomycetes, Appl. Environ. Microbiol. 75 (2009)
1938-1949, https://doi.org/10.1128/AEM.02728-08.

C.E. Bracker, J. Ruiz-Herrera, S. Bartnicki-Garcia, Structure and transformation of
chitin synthetase particles (chitosomes) during microfibril synthesis in vitro, Proc.
Natl. Acad. Sci. U.S.A. 73 (1976) 4570-4574, https://doi.org/10.1073/
pnas.73.12.4570.

S. Bartnicki-Garcia, C.E. Bracker, E. Reyes, J. Ruiz-Herrera, Isolation of chitosomes
from taxonomically diverse fungi and synthesis of chitin microfibrils in Vitro, Exp.
Mycol. 2 (1978) 173-192, https://doi.org/10.1016/50147-5975(78)80031-0.
C.A. Leal-Morales, L. Gay, M. Fevre, S. Bartnicki-Garcia, The properties and
localization of Saprolegnia monoica chitin synthase differ from those of other
fungi, Microbiology 143 (1997) 2473-2483, https://doi.org/10.1099/00221287-
143-7-2473.

N. Takeshita, A. Ohta, H. Horiuchi, CsmA, a class V chitin synthase with a myosin
motor-like domain, is localized through direct interaction with the actin
cytoskeleton in Aspergillus nidulans, Mol. Biol. Cell 16 (2005) 1961-1970, https://
doi.org/10.1091/mbc.e04-09-0761.

N. Takeshita, S. Yamashita, A. Ohta, H. Horiuchi, Aspergillus nidulans class V and
VI chitin synthases CsmA and CsmB, each with a myosin motor-like domain,
perform compensatory functions that are essential for hyphal tip growth, Mol.
Microbiol. 59 (2006) 1380-1394, https://doi.org/10.1111/j.1365-
2958.2006.05030.x.

M. Schuster, S. Treitschke, S. Kilaru, J. Molloy, N.J. Harmer, G. Steinberg, Myosin-
5, kinesin-1 and myosin-17 cooperate in secretion of fungal chitin synthase, EMBO
J. 31 (2012) 214-227.

M. Mort-Bontemps, L. Gay, M. Févre, CHS2, a chitin synthase gene from the
oomycete Saprolegnia monoica, Microbiology 143 (1997) 2009-2020, https://doi.
org/10.1099/00221287-143-6-2009.

H. Takasu, J.G. Jee, A. Ohno, N. Goda, K. Fujiwara, H. Tochio, M. Shirakawa,

H. Hiroaki, Structural characterization of the MIT domain from human Vps4b,
Biochem. Biophys. Res. Commun. 334 (2005) 460-465, https://doi.org/10.1016/j.
bbrec.2005.06.110.

A. Scott, J. Gaspar, M.D. Stuchell-Brereton, S.L. Alam, J.J. Skalicky, W.I. Sundquist,
Structure and ESCRT-III protein interactions of the MIT domain of human VPS4A,
Proc. Natl. Acad. Sci. U.S.A. 102 (2005) 13813-13818, https://doi.org/10.1073/
pnas.0502165102.

C. Brown, S. Szpryngiel, G. Kuang, V. Srivastava, W. Ye, L.S. McKee, Y. Tu,

L. Maler, V. Bulone, Structural and functional characterization of the microtubule
interacting and trafficking domains of two oomycete chitin synthases, FEBS J. 283
(2016) 3072-3088, https://doi.org/10.1111/febs.13794.

T. Obita, S. Saksena, S. Ghazi-Tabatabai, D.J. Gill, O. Perisic, S.D. Emr, R.

L. Williams, Structural basis for selective recognition of ESCRT-III by the AAA
ATPase Vps4, Nature 449 (2007) 735-739, https://doi.org/10.1038/nature06171.
J.H. Hurley, D. Yang, MIT Domainia, Dev. Cell. 14 (2008) 6-8, https://doi.org/
10.1016/j.devcel.2007.12.013.

N. Iwaya, H. Takasu, N. Goda, M. Shirakawa, T. Tanaka, D. Hamada, H. Hiroaki,
MIT domain of Vps4 is a Ca2+-dependent phosphatidylinositide-binding domain,
J. Biochem. 153 (2013) 473-481, https://doi.org/10.1093/jb/mvt012.

G. Kuang, L. Liang, C. Brown, Q. Wang, V. Bulone, Y. Tu, Insight into the
adsorption profiles of the Saprolegnia monoica chitin synthase MIT domain on
POPA and POPC membranes by molecular dynamics simulation studies, Phys.
Chem. Chem. Phys. 18 (2016) 5281-5290, https://doi.org/10.1039/C5CP05391A.
E.E. Kooijman, V. Chupin, B. de Kruijff, K.N.J. Burger, Modulation of membrane
curvature by phosphatidic acid and lysophosphatidic acid, Traffic 4 (2003)
162-174, https://doi.org/10.1034/J.1600-0854.2003.00086.X.

C. Testerink, T. Munnik, Phosphatidic acid: a multifunctional stress signaling lipid
in plants, Trends Plant Sci. 10 (2005) 368-375, https://doi.org/10.1016/j.
tplants.2005.06.002.

E. van den Brink-van der Laan, J.A. Killian, B. de Kruijff, Nonbilayer lipids affect
peripheral and integral membrane proteins via changes in the lateral pressure
profile, Biochim. Biophys. Acta 1666 (2004) 275-288, https://doi.org/10.1016/j.
bbamem.2004.06.010.

E. Tanguy, N. Kassas, N. Vitale, E. Tanguy, N. Kassas, N. Vitale,
Protein-phospholipid interaction motifs: a focus on phosphatidic acid,
Biomolecules 8 (2018) 20, https://doi.org/10.3390/biom8020020.

M.A. Zhukovsky, A. Filograna, A. Luini, D. Corda, C. Valente, Phosphatidic acid in
membrane rearrangements, FEBS Lett. 593 (2019) 2428-2451, https://doi.org/
10.1002/1873-3468.13563.

E.E. Kooijman, D.P. Tieleman, C. Testerink, T. Munnik, D.T.S. Rijkers, K.N.

J. Burger, B. de Kruijff, An electrostatic/hydrogen bond switch as the basis for the
specific interaction of phosphatidic acid with proteins, J. Biol. Chem. 282 (2007)
11356-11364, https://doi.org/10.1074/jbc.M609737200.

H. Biverstdhl, J. Lind, A. Bodor, L. Méler, Biophysical studies of the membrane
location of the voltage-gated sensors in the HsapBK and KvAP K+ channels,
Biochim. Biophys. Acta 1788 (2009) 1976-1986, https://doi.org/10.1016/j.
bbamem.2009.07.001.

L. Maler, A. Graslund, Artificial membrane models for the study of macromolecular
delivery, in: M. Belting (Ed.), Macromol. Drug Deliv. Methods Protoc., Humana
Press, Totowa, NJ, 2009, pp. 129-139, https://doi.org/10.1007/978-1-59745-429-
209.

J.R. Lakowicz, in: Principles of Fluorescence Spectroscopy, third ed., Springer US,
2006 https://doi.org/10.1007/978-0-387-46312-4.


https://doi.org/10.1007/s00709-011-0269-2
https://doi.org/10.1007/s00709-011-0269-2
https://doi.org/10.1126/science.290.5493.972
https://doi.org/10.1016/j.mycol.2006.06.004
https://doi.org/10.1016/j.mycol.2006.06.004
https://doi.org/10.1016/0147-5975(92)90037-R
https://doi.org/10.1128/EC.00288-12
https://doi.org/10.1128/EC.00288-12
https://doi.org/10.1042/bj3260929u
https://doi.org/10.1042/bj3260929u
https://doi.org/10.1371/journal.ppat.1001070
https://doi.org/10.1371/journal.ppat.1001070
https://doi.org/10.1128/AEM.02728-08
https://doi.org/10.1073/pnas.73.12.4570
https://doi.org/10.1073/pnas.73.12.4570
https://doi.org/10.1016/S0147-5975(78)80031-0
https://doi.org/10.1099/00221287-143-7-2473
https://doi.org/10.1099/00221287-143-7-2473
https://doi.org/10.1091/mbc.e04-09-0761
https://doi.org/10.1091/mbc.e04-09-0761
https://doi.org/10.1111/j.1365-2958.2006.05030.x
https://doi.org/10.1111/j.1365-2958.2006.05030.x
http://refhub.elsevier.com/S2405-5808(22)00030-9/sref14
http://refhub.elsevier.com/S2405-5808(22)00030-9/sref14
http://refhub.elsevier.com/S2405-5808(22)00030-9/sref14
https://doi.org/10.1099/00221287-143-6-2009
https://doi.org/10.1099/00221287-143-6-2009
https://doi.org/10.1016/j.bbrc.2005.06.110
https://doi.org/10.1016/j.bbrc.2005.06.110
https://doi.org/10.1073/pnas.0502165102
https://doi.org/10.1073/pnas.0502165102
https://doi.org/10.1111/febs.13794
https://doi.org/10.1038/nature06171
https://doi.org/10.1016/j.devcel.2007.12.013
https://doi.org/10.1016/j.devcel.2007.12.013
https://doi.org/10.1093/jb/mvt012
https://doi.org/10.1039/C5CP05391A
https://doi.org/10.1034/J.1600-0854.2003.00086.X
https://doi.org/10.1016/j.tplants.2005.06.002
https://doi.org/10.1016/j.tplants.2005.06.002
https://doi.org/10.1016/j.bbamem.2004.06.010
https://doi.org/10.1016/j.bbamem.2004.06.010
https://doi.org/10.3390/biom8020020
https://doi.org/10.1002/1873-3468.13563
https://doi.org/10.1002/1873-3468.13563
https://doi.org/10.1074/jbc.M609737200
https://doi.org/10.1016/j.bbamem.2009.07.001
https://doi.org/10.1016/j.bbamem.2009.07.001
https://doi.org/10.1007/978-1-59745-429-2_9
https://doi.org/10.1007/978-1-59745-429-2_9
https://doi.org/10.1007/978-0-387-46312-4

C. Brown et al.

[32]

[33]

M. KrauB, V. Haucke, Phosphatidylinositide-metabolizing enzymes at the interface
between membrane traffic and cell signalling, EMBO Rep. 8 (2007) 241-246,
https://doi.org/10.1038/sj.embor.7400919.

M. Zeniou-Meyer, N. Zabari, U. Ashery, S. Chasserot-Golaz, A.-M. Haeberlé,

V. Demais, Y. Bailly, I. Gottfried, H. Nakanishi, A.M. Neiman, G. Du, M.

A. Frohman, M.-F. Bader, N. Vitale, Phosphatidyllipase D1 production of
phosphatidic acid at the plasma membrane promotes exocytosis of large dense-core

[34]

Biochemistry and Biophysics Reports 30 (2022) 101229

granules at a late stage, J. Biol. Chem. 282 (2007) 21746-21757, https://doi.org/
10.1074/jbc.M702968200.

R.F. Toonen, K. Wierda, M.S. Sons, H. de Wit, L.N. Cornelisse, A. Brussard, J.

J. Plomp, M. Verhage, Munc18-1 expression levels control synapse recovery by
regulating readily releasable pool size, Proc. Natl. Acad. Sci. U.S.A. 103 (2006)
18332-18337, https://doi.org/10.1073/pnas.0608507103.


https://doi.org/10.1038/sj.embor.7400919
https://doi.org/10.1074/jbc.M702968200
https://doi.org/10.1074/jbc.M702968200
https://doi.org/10.1073/pnas.0608507103

	The MIT domain of chitin synthase 1 from the oomycete Saprolegnia monoica interacts specifically with phosphatidic acid
	1 Introduction
	2 Materials & methods
	2.1 Protein expression and purification of the MIT domain in E. coli
	2.2 Preparation of vesicles
	2.3 Circular dichroism spectroscopy
	2.4 Fluorescence spectroscopy and acrylamide quenching
	2.5 NMR spectroscopy

	3 Results
	3.1 The MIT domain interacts specifically with phosphatidic acid
	3.2 The structure of the MIT domain does not change upon lipid interaction

	4 Discussion
	5 Conclusion
	Declaration of competing interest
	Acknowledgements
	References


