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Abstract

Chitin constitutes an abundant component in many biologically formed minerals (biominerals). While the role of chi-
tin for the formation and properties of calcium-based biominerals has been extensively studied, little is known about
its role in silica-based biominerals. Furthermore, there is hardly any information about the enzyme machinery for
chitin biosynthesis in biomineral-forming organisms. Here we have identified a chitin synthase, chs7305, in the diatom
Thalassiosira pseudonana. In stationary cells, chs7305 is located specifically in a ring pattern in the region of the silici-
fied girdle bands. The expression pattern of the chs7305 gene and the co-localization of the encoded enzyme with
chitin provides evidence for the importance of chitin synthesis for cell wall function under nutrient limited conditions.
Chs7305 is the first chitin synthase that has been localized in a diatom.
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Introduction

Diatoms are outstanding examples of unicellular organ-
isms capable of forming complex shaped cell walls made
of silica [1, 2]. The silica building blocks of the cell wall
are produced in a yet little understood morphogenetic
process that is believed to involve long chain polyam-
ines (LCPA), unique families of proteins (e.g., silaffins,
silacidins), and insoluble organic matrices [3, 4]. Three
types of insoluble organic matrices were recently identi-
fied as integral components of the silica cell wall of the
diatom Thalassiosira pseudonana: meshworks [5], micro-
rings [6] and microplates [7]. The meshworks are chitin-
based with proteins as minor components, whereas the
microrings and microplates are mainly composed of
proteins [5-7]. Many different organisms employ insolu-
ble organic matrices as central components for the bio-
synthesis of mineralized structures (biomineralization)
[8]. The presence of chitin is particularly well studied in
CaCO; biomineralization [8—12]. In nacre it contributes

*Correspondence: karl-heinz.vanpee@chemie.tu-dresden.de

! General Biochemistry, Technical University of Dresden, 01062 Dresden,
Germany

Full list of author information is available at the end of the article

B BMC

to high impact resistance and is believed to influence
the process of biomineralization [13, 14]. In some cen-
tric diatoms, chitin is present as crystalline B-chitin fib-
ers that are extruded through specialized openings in
the cell wall called fultoportulae. These chitin fibers are
not involved in silica biomineralization, and instead are
believed to slow-down the sinking rate of the photosyn-
thetically active diatom cells by increasing their drag in
the water [15—17]. Distinct from the chitin fibers are the
chitin meshworks, which are tightly associated with the
silica of the cell wall (rather than being extruded) sug-
gesting a possible involvement in silica biogenesis [5, 18].

Potential chitin synthase genes seem to be widely dis-
tributed among diatoms and can even be found in spe-
cies not known to produce extracellular chitin fibers [18].
T. pseudonana possess four potential chitin synthase
genes [18, 19], which is consistent with the need to pro-
duce at least two different types of chitin, secreted fibers
and silica-associated meshworks. Based on the amino
acid sequence, it is impossible to predict which chitin
synthase produces which type of chitin. To obtain infor-
mation of the chitin synthases, we attempted the localiza-
tion of the enzymes.
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We chose to focus our studies on chitin synthase 7305
(chs7305, JGI-ID: 7305), because it is predicted to contain
a myosin motor-like domain, which would indicate an
intimate association of this chitin synthase with the actin
cytoskeleton [18]. Actin has previously been found asso-
ciated with the silica forming organelles of diatoms, the
silica deposition vesicles (SDVs), and was hypothesized
to influence silica biogenesis through yet unidentified
transmembrane proteins in the SDV [4]. Furthermore, a
chitin synthase from the mussel Mytilus galloprovincialis
that also contains a predicted myosin motor domain was
shown to be located in the developing shell, and was sug-
gested to function in in the mineral biogenesis process
[12].

Methods

Cultivation

T. pseudonana (CCMP1335) was grown in enriched arti-
ficial seawater medium according to the recipe of the
North East Pacific Culture Collection [20] at 18 °C under
constant light (4000-7000 1x).

Cloning and expression of recombinant proteinsin T.
pseudonana

The expression of ¢hs7305 was done using the expression
vector pIpNR/egfp which provides a switchable expres-
sion [21]. The chs7305 gene or gene fragments were
amplified from genomic DNA with the oligonucleotides
5-TTT GAT ATC ATG TCC TCT CGT CAC GAC GAC
TC-3" and 5'-ATA GGT ACC GCT CAT GCT ACGTTT
GCT CCT CG-3' (EcoRV and Kpnl sites are underlined)
to achieve a fusion upstream to egfp (C-terminal fusion
protein). The PCR product was digested with EcoRV
and Kpnl and ligated into the vector pTpNR/EcoRV/
Kpnljegfp. Furthermore, the oligonucleotides 5-TTT
GAT ATC ATG TCC TCT CGT CAC GAC GAC TC-3/,
5-GCT TCT GCG TCT TTC TCG TCA GGG TAC
CTT T-3/, 5-TTT GCG GCC GCT TGG CTT CTT
TGT GGG GAT CTT C-3' and 5-AAA GCG GCC GCT
CAG CTC ATG CTA CGT TTG CTC-3' (EcoRV, Kpnl
and Notl restriction sites are underlined) were used to
obtain DNA fragments that split cks7305. The resulting
fragments were ligated in the vector pTpNR/EcoRV/Kpnl/
egfp/Notl to insert egfp into chs7305 (the point of inser-
tion locates in an extracellular domain of the correspond-
ing protein sequence). The subsequent introduction of
the expression vectors into T. pseudonana by particle
bombardment and selection of recombinant cells on
nourseothricin-containing agar plates was performed as
described previously [21]. Successfully selected mutants
were further analyzed by fluorescence microscopy and
Western blotting.
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Peptide antibody production and specificity tests

Peptide synthesis and subsequent immunization of
rabbits was conducted by (Davids Biotechnologie
(Regensburg, Germany). The peptide SEELQSTDKV-
CAQMTDEDKK was used as the target epitope region of
chs7305. The antibody was affinity-purified by the manu-
facturer and the specificity was tested as follows. First,
in a peptide competition assay (PCA), the synthesized
peptide was pre-incubated at 10- and 100-times excess
with anti-chs7305 for 1 h at 23 °C. The solution was then
used for immunolocalization as described below. Sec-
ond, the IgG fraction from pre-immune serum was iso-
lated by G-Mag-Sepharose (GE Healthcare, Heidelberg,
Germany) according to the manufacturer’s recommen-
dations. This IgG fraction was subsequently used for the
immunolocalization at the same protein concentration as
anti-chs7305.

Immunofluorescence microscopy

Cells were harvested after 10 days of growth and the
immunolabelling was carried out in 50 mM Tris-buffered
saline (TBS, pH 7.5). After a single washing step, the cells
were fixed in 2% formaldehyde for 2 h (23 °C, 0.1% Triton
X-100). Subsequently, the cells were thoroughly washed
and permeabilized in 1.5% Triton X-100 (1% BSA). The
pellet was again thoroughly washed followed by a block-
ing step with a 1% BSA solution. The incubation with
the primary antibody (anti-chs7305 peptide antibody)
was carried out in a 1:50 dilution overnight at 4 °C. After
thorough washing, anti-mouse IgG conjugated with Cru-
zFluor488 (SantaCruz Biotechnology, Heidelberg, Ger-
many) was applied in a 1:100 dilution. After incubation
for 2 h at 23 °C, the sample was finally washed with TBS
and analyzed by epifluorescence microscopy.

Immunofluorescently labeled cells were also stained
with other fluorescent dyes. Calcofluor white was used
to stain chitin in labeled cells. Those were incubated
in a 0.01% solution (Tris—HCI, pH 8.8) for 10 min at
room temperature after immunolocalization. PDMPO
(2-(4-pyridyl)-5-((4-(2-dimethylaminoethyl-aminocarba-
moyl)methoxy)-phenyl)oxazole) was used to stain newly
formed frustules. Therefore, PDMPO was added to the
growing culture 12 h prior to immunolocalization at a
concentration of 10 pM.

Epifluorescence analysis was carried out with a LSM
780 laser scanning microscope (Zeiss, Gottingen, Ger-
many) equipped with a laser diode (405 nm), Ar laser
(488 nm) and HeNe laser (633 nm). The detection of
fluorescence signals was achieved with a photomulti-
plier with adjustable band width. Fluorescence images
were also recorded on an Axio Observer Z1 (Zeiss, Got-
tingen, Germany) equipped with a metal halide UV lamp
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and the filters FS 49: EX BP 347/55; BS LP 395; EM BP
445/50 (Dapi) FS 38 HE: EX BP 470/40; BS LP 495; EM
BP 525/50 (GFP) and FS 50 HE: EX BP 640/30; BS LP
660; EM BP 690/50 (Cy5) for colocalization studies with
calcofluor white and anti-chs7305.

Chitin staining with chitin-binding GFP (CB-GFP)
Chitin-binding GFP is a recombinant fusion protein of
the chitin-binding domain of chitinase A from Paeniba-
cillus sp. WL-12 (former Bacillus circulans W1L-12) with
green-fluorescent protein that specifically binds to chi-
tin [12]. First, the staining conditions were tested at dif-
ferent pH values to determine interactions of CB-GFP
(containing a Hiss-tag) with silica. For this, calcined T.
pseudonana cell walls were used. Biosilica was extracted
as described previously [22] and subsequently calcined in
a muffle furnace (Nabertherm) for 5 h at 550 °C which
completely removes organic material from the cell walls
[23].

The final chitin staining procedure started with an
extraction with 100% methanol for 10 min at 23 °C. This
reduced the intensive fluorescence of chloroplasts. Fol-
lowed by thorough washing with 50 mM glycine-NaOH
buffer (pH 10.0), a blocking step (1% BSA) for 1 h at 23 °C
was conducted. The cell pellet was finally resuspended in
an 80 ng/pL CB-GFP solution and incubated for 1 h at
23 °C. After three washing steps, fluorescence micros-
copy analysis was carried out.

Protein isolation/separation and western blotting

T. pseudonana was grown for 10 days and the culture
was harvested for protein analysis. The cell pellets were
washed with 50 mM Tris—HCI buffer (pH 7.0) and sub-
sequently lysis buffer was applied (Tris—HCI, 2% SDS).
After 30 min incubation at room temperature, the
cell fragments were pelleted by centrifugation and the
supernatant was kept for further analysis. Protein sepa-
ration was then carried out by 10% SDS-Tris—glycine-
PAGE. SDS-PAGE loading buffer (8 M urea, 100 mM
Tris, 70 mM SDS) was added to the samples and a 5 min
incubation at 37 °C was conducted. Following electro-
phoresis, proteins were transferred to an Amersham
polyvinylidene fluoride (PVDF) membrane (GE Health-
care, Heidelberg, Germany) by electroblotting (Bio-Rad,
Trans-Blot "~ Cell) and an immunostaining was carried
out in 50 mM TBS (pH 7.5). This started with an 8 h
blocking step (5% milk powder, 0.05% Tween20, TBST
milk), followed by the addition of anti-GFP antibody
conjugated with horseradish peroxidase (SantaCruz
Biotechnology, Heidelberg, Germany) at 1:1000 dilution
in fresh TBST milk. Finally, the membrane was thor-
oughly washed with TBS. The luminescence reaction was
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conducted with SuperSignal WestPico (ThermoScientific;
Rockford, USA) and detected on an Amersham X-Ray
film (GE Healthcare, Heidelberg, Germany).

Results and discussion

Initially chs7305 was expressed in T. pseudonana with
the GFP gene fused to the C-terminus. However, the
observed GFP localization pattern (Fig. 1a) appeared to
indicate that the GFP is retarded in the endoplasmatic
reticulum [26]. After gentle protein extraction to avoid
membrane protein aggregation, Western blot analysis
indicated that the expressed chs7305-GFP fusion pro-
tein was truncated and corresponds to the size of GFP
itself (27 kDa) and not to the full-length fusion protein
(159 kDa, Fig. 1b).

The position of GFP was then switched to an extracel-
lular domain of chs7305, which led to no fluorescence
at all. Surprisingly, GFP was still detectable by Western
blot analysis. However, again the size of the resulting GFP
fusion protein was considerably smaller (~38 kDa) than
the predicted size (159 kDa). This result was confirmed
by the investigation of at least three independent positive
egfp-containing clones. The mechanism which lead to
the small protein size observed after Western blotting is
unclear. The reasons for the absence of GFP fluorescence
and the detection of only partial fusion proteins were not
investigated further and remain elusive. However, a pos-
sible cause for this might be the quenching of GFP fluo-
rescence by acidic conditions inside a vesicle.

The small fusion protein size and the localization
pattern raised concerns about the applicability of this
approach for the localization of chitin synthases in T
pseudonana. Consequently, we decided to pursue immu-
nolocalization. Polyclonal antibodies were raised against
four synthetic peptides specific for the T. pseudonana
chitin synthases: chs7305, chs6575, chs4368 and chs4413.
Since only the antibodies against chs7305 showed a spe-
cific signal with respect to the control experiments (see
experimental section), the chitin synthase chs7305 was
chosen for the final study. Immunolocalization with anti-
chs7305 resulted in well-defined fluorescence patterns
(Fig. 2). In all cell cycle stages the immunostained cells
exhibited a pattern of regularly spaced fluorescent dots
at the rim of the valve region (Fig. 2a, b). Cells that were
close to cell division (i.e. elongated cells) exhibited an
additional fluorescent ring along the entire central region
of the cell wall (Fig. 2a).

Subsequently, a peptide competition assay (PCA) and
immunolocalization with the isolated IgG fraction of
the preimmune serum were conducted to investigate the
specificity of the peptide antibody. The continuous cen-
tral ring was absent when isolated IgGs from preimmune
serum were used, whereas the dot pattern remained
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Fig. 1 Localization experiments of chs7305. a Confocal fluorescence microscopy images of T. pseudonana transformants expressing the gene of
the C-terminal chitin synthase 7305 fusion protein chs7305-CT-GFP and the corresponding Western blot results against GFP. The micrograph is

an overlay of the recorded green channel (excitation: 488 nm, emission: 490-536 nm range) and the red channel (excitation: 633 nm, emission:
647-687 nm range). The green color represents GFP fluorescence, whereas the red color is caused by chloroplast autofluorescence. b Western blot
analysis (against GFP) of T. pseudonana transformants expressing the gene of the chitin synthase 7305 fusion protein chs7305-ED-GFP (159 kDa)
with the GFP gene within the extracellular domain E1. ¢ Schematic representation of the domain structure of chs7305 (132 kDa) and the locations
of recombinant GFP introduction (green arrows). C: cytosolic domain, E: extracellular domain, TM: transmembrane domain

unchanged (Fig. 2b). This was in agreement with PCA
using a 100-times molar excess of peptide vs. antibody,
which resulted in absence of the ring while the dots were
still visible. These results revealed that only the the ring is
a specific signal and represents the location of chs7305.
To investigate the location of chs7305 relative to the
biosilica-associated chitin, immunolabelling with anti-
chs7305 antibodies was followed by calcofluor white
staining to visualize the chitin. Figure 3 shows that
chs7305 and chitin are almost perfectly co-localized as
ring-shaped structures in the mid region of the cell wall.
As an alternative probe for chitin, CB-GFP was used for
the co-localization experiment. CB-GFP is a green fluo-
rescent protein that carries a chitin binding (CB) domain

and has previously been used to localize chitin in mol-
lusc shells [12, 24]. The CB-GFP staining confirmed the
results obtained with calcofluor white (not shown).

These results strongly suggest that chs7305 is respon-
sible for the synthesis of the chitin-based ring that is
present in the mid-cell region. However, this observa-
tion was limited to cell populations that were grown for
longer time periods (> 10 days). Under these conditions
nutrients become limited. During the early phase of
growth under abundant nutrient conditions, elongated
cells neither showed the presence of chs7305 nor of the
chitin-based ring structure (not shown). This observa-
tion agrees with the extremely low transcript abundance
of chs7305 and the chitin-binding protein genes p150 and
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Fig. 2 Images obtained by confocal immunofluorescence microscopy of T. pseudonana. Samples were prepared by immunlocalization of chs7305
in wild type cells using (a) anti-chs7305. b IgG fraction isolated from preimmune serum, and ¢ anti-chs-7305 preincubated with 100-times excess of
peptide. Each micrograph is an overlay of two images of the recorded green channel and the red channel (settings according to Fig. 1). The green
color represents CFL488 fluorescence (secondary antibody), the red color is caused by chloroplast autofluorescence. The scale bar is valid for images
bandc

calcofluor white anti-chs7305

.
-

Fig. 3 Confocal fluorescence microscopy of immunofluorescently labeled cells of T. pseudonana (anti-chs7305). The colocalization of chs7305
with chitin by calcofluor white is shown. Beside the bright field images (left side), fluorescence channels are shown as follows: calcofluor white
(excitation: UV, emission: BP 445/50 filter) and anti-chs7305 (excitation: UV, emission: BP 525/50). The fluorescence channels were merged as
depicted right. Red fluorescence originates from chloroplast autofluorescence (detected as separate channel)
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p150-like. It indicates that chitin synthesis, in context of
the chitin-based ring, is predominately relevant when
nutrients become scarce. This suggests that the produc-
tion of chs7305 and the chitin-based ring could be an
adaptation to nutrient limitation. Furthermore, the local-
ization pattern of a girdle band-associated protein, p150,
fits well with the localization observed in this study. p150
is highly upregulated under stress conditions such as
high copper and low silicon or iron concentrations [25].
To investigate potential functional connections
between chs7305, p150, and p150-like their mRNA abun-
dance in dependence on the cell density was compared
(Fig. 4). This clearly shows that the three genes were
drastically upregulated in the late growth phase. Com-
pared to the exponential growth phase (0.5*10° cells/mL),
chs7305, p150, and p150-like are 13-, 234-, and 25-times
upregulated in the stationary phase (2.0*10° cells/mL).
The occurrence and the localization pattern of chs7305
and chitin also fits well with localization studies previ-
ously conducted with T. pseudonana and other diatom
species [18]. The authors of this study detected chitin in
silicic acid-starved cells of several diatom species and
interpreted its appearance as an adaptation of frustule
formation under changing environmental conditions.
This suggests that chitin could be an important compo-
nent in the adaptation to the reduction of nutrients. The
depletion of silicic acid from the growth medium may
require stabilizing support for the silica-based cell walls.
A chitin-based structure could be able to provide addi-
tional strength to the cells walls so that its integrity can
be preserved. This stabilization is, in turn, not required
during early growth stages where sufficient silicic acid
is available to form more stable cells walls. This is sup-
ported by transcriptome and proteome analyses which
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Fig. 4 Transcript abundance of chitin synthase 7305 and the
chitin-binding proteins p150 and p150-like. The abundance is given
as reads per kilobase per million mapped reads (RPKM)
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also detected an increased expression of chitin-related
genes under different nutrient limitations [26-29] and is
in agreement with the observation that chs7305 is detect-
able in cultures grown for longer time periods, when the
nutrient concentration is significantly decreased.

Chitin-based ring structures are also known from
other organisms. For instance, budding yeasts produce
a primary septum composed of chitin during cell divi-
sion suggesting an involvement of the chitin synthase in
separation of the mother and daughter cell [30, 31]. Deg-
radation of the primary septum by a chitinase enables the
mother and daughter cell to separate [32]. Chitin-binding
proteins, such as p150, could induce the controlled deg-
radation of the observed chitin-based ring. It is known
that chitinolytic enzymes such as chitin-active lytic poly-
saccharide monooxygenases bind to chitin and in some
cases produce nicks by an oxidative reaction [33]. Thus,
chs7350 and p150 could be part of a regulative machinery
that controls cell wall integrity in the girdle band region.
This may give an explanation of the observation of elon-
gated cell morphologies in course of the upregulation of
p150.

Conclusions

The investigations on chs7305 from T. pseudonana
showed that this chitin synthase is not involved in the
formation of chitin fibers, but in the formation of a chi-
tin-based ring at the girdle band region of elongated cells
after growth for 10 days or longer. Interestingly, the chi-
tin meshwork found in T. pseudonana was also isolated
under similar condition. This indicates that the chitin-
based ring might play a role for stabilization of the cell
wall. It will be of interest to see, whether similar chitin
structures can also be found in other diatoms harboring
several potential chitin synthase genes. For experimen-
tal elucidation of the function of the chitin-based ring
structure, knock-out or knock-down experiments will be
necessary.
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