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Adhesive Modular Proteins Occur in the Extracellular Mucilage of the
Motile, Pennate Diatom Phaeodactylum tricornutum
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ABSTRACT This Letter reports on adhesive modular proteins recorded by atomic force microscopy on live cells from the
extracellular mucilage secreted from, and deposited around, the motile form of the pennate diatom Phaeodactylum tricornutum.
This is the first report of modular proteins and their supramolecular assemblies, called adhesive nanofibers (ANFs), to be found on
diatoms that use adhesives not only for substratum adhesion, but as a conduit for cell motility. The permanent adhesive pads
secreted by Toxarium undulatum, a sessile centric diatom, were previously shown to possess ANFs with a modular protein
backbone. Our results reported here suggest that modular proteins may be an important component of diatom adhesives in
general, and that diatoms utilize the tensile strength, toughness, and flexibility of ANFs for multiple functions. Significantly, the
genome of P. tricornutum has recently been sequenced; this will allow directed searches of the genome to be made for genes with
modular protein homologs, and subsequent detailed studies of their molecular structure and function.
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Phaeodactylum tricornutum Bohlin (strain CCMP 632) is a
polymorphic pennate diatom. Of the three morphotypes, the
ovoid form adheres strongly to the substratum and is capable
of a gliding motility common in pennate diatoms. Adhesion is
facilitated by a slit (raphe) through the silica cell wall of one
valve where adhesive, polymeric strands can link the cell
cytoplasm to the substratum. Diatom gliding occurs via an
actin/myosin motor that applies a driving force to the ex-
tracellular strands via connector molecules through the cell
membrane, the entire continuum referred to as the adhesion
complex (AC) (1). The precise chemical nature of the adhe-
sive strands is not known, though there is compositional
evidence that they are glycoproteins (2). Pennate diatoms
account for almost all of the world’s biofouling diatoms, and
are characterized by strong adhesion and active motility.

Atomic force microscopy (AFM) has previously been used
to investigate the adhesive mucilage of pennate diatoms.
These studies showed that the raphe-derived adhesive muci-
lage was composed of strands, and that the retraction force
curves of strands sometimes had an irregular sawtooth pattern
suggesting successive unbinding of modular domains (3).

This Letter is the first report, to our knowledge, of the
presence of modular proteins and ANFs in the adhesive
mucilage of a motile diatom, where they function in both
adhesion and as a conduit for cell movement. The adhesive
molecules of P. tricornutum have the nanomechanical prop-
erties required of the extracellular, strand component of a
functional diatom AC (1).

P. tricornutum ovoid cells were grown in F/2 medium
(artificial seawater) on petri dishes, with log phase cells
inoculated 1-16 h before use. Stationary cells were probed
with AFM (only a small percentage of P. tricornutum cells
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are motile at any one time) as previously described for the
adhesive pads of Toxarium undulatum (4).

Sawtooth curves were recorded when the AFM tip was
retracted from the surface of the cells (Fig. 1). The worm-like
chain model of polymer elasticity was fitted to each of the
peaks in the curves to determine persistence and contour
lengths. The average change in contour length between suc-
cessive peaks of each of the sawtooth curves was 121 = 3
(mean = SE) nm (n = 108; Fig. 2). Sawtooth curves with
regular spacing between successive peaks are the character-
istic signature of the unfolding of modular proteins (5).
Sawtooth curves arise when a molecule is suspended between
the tip and substrate: as the separation is increased, the mol-
ecule resists extension and a force-induced rearrangement of
one of the domains in the molecule occurs. This increases the
length of the molecule and allows the cantilever deflection to
drop back toward zero. As extension continues, this process is
repeated until all of the domains unfold or the molecule
detaches from the tip. Detection of this well-defined sawtooth
pattern indicates that adhesive modular proteins are present
in P. tricornutum extracellular mucilage.

Three further parameters combine to provide the well-
defined fingerprint of single-molecule modular proteins as
described by Fernandez (5). The peak force values are a
measure of the protein’s mechanical stability and are typ-
ically 100-300 pN for single modular proteins. The regular
spacing between peaks measures the length of polypeptide
released by the unfolding event. Finally, the persistence
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FIGURE 1 Force versus separation curves recorded from the
surface of stationary ovoid P. tricornutum cells representing
ANFs (top) and a single modular protein (bottom).

length measures the flexibility of the protein polymer and is
typically 0.3—1 nm.

The change in contour length of 121 nm between peaks
for P. tricornutum indicates that the unfolded domain con-
tains ~336 amino acids (assuming an amino acid length of
0.36 nm (6)). These curves were recorded from 22 curves on
five cells. The average peak force varied from 123 to 893 pN,
whereas the persistence length varied from 21 to 358 pm
(Fig. 3). A total of three traces were recorded with single
molecule characteristics, i.e., persistence length >250 pm
and unfolding force <300 pN; they had between two and

016 T T T T T T 02 T T p T
3 [~ M 1 —
& 0121 -
>
[ - _
©
c 0.08 |- B 01L
[e}
8 L i
2
) 0.04 - B
o - i
o LI 00, 0. 0 o nrlh 0
100200 300400500600 700 800 0 50 100 150 200

Peak force (pN) Distance between peaks (nm)
FIGURE 2 Histograms showing the distribution of peak forces
(leff) and distance between peaks (right) for the sawtooth curves
recorded from the extracellular matrix of P. tricornutum. Note
there are peaks that have much shorter or greater spacing; these
occur within traces where the remainder of the peaks have
normal spacing, i.e., ~120 nm. These can be explained by either
modular proteins that are misfolded, or that don’t unfold evenly,
due to interactions with surrounding fibers and/or diatom
extracellular mucilage.
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FIGURE 3 Average peak force versus average persistence
length measured from each of the sawtooth curves recorded
from the extracellular matrix of P. tricornutum.

four peaks. The number of peaks in the remaining curves,
representing unfolding ANFs, is typically greater with an
average of 7.2 = 0.8 (mean *= SE) peaks.

This range of values has previously been recorded in
populations of defined polymers. The high force and cor-
responding low persistence length values are caused by
multiple polymers bridged between the tip and substrate and
aligned in parallel. The mechanical stability of each of the
polymers combines to give the high peak force while the
persistence length divides by the number of bridged mol-
ecules (7). The true single molecules are therefore repre-
sented by the curves with the lowest force and highest
persistence length (8,9). This range in the number of parallel
molecules has been recorded in another native system of
modular proteins, the centric, sessile diatom T. undulatum
(4). Centric diatoms do not have raphes and therefore do not
posses gliding motility or the standard AC. T. undulatum
cells secrete a large, permanent adhesive pad that the cells
stand erect in (10,11). We have shown these pads to be a
biocomposite composed of a single modular protein ar-
ranged into at least five discrete supramolecular assemblies
of parallel polymers that we termed ANFs (4). It is therefore
likely that the high-force sawtooth curves recorded for P.
tricornutum also represent multiple modular proteins aligned
in parallel and that the low-force curves represent single
modular proteins (Fig. 1). The traces from these ANFs do not
overlay precisely because the peak forces differ between
peaks. This is most likely explained by the ANFs being
composed of a variable number of parallel modular proteins,
much like the oligomers recorded for T. undulatum (4). The
data presented here for P. tricornutum strongly suggest that
the extracellular component of the diatom AC is a molecule
with a modular protein backbone, and forms part of the
continuum between the surface adhesive at one extreme, and
the cellular based motor at the other. The extracellular com-
ponent of the AC would require a large molecule with great
tensile strength and elasticity, both features of modular pro-
teins and ANFs.
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The discovery of modular proteins in P. tricornutum is
significant because the genome for this species has recently
been sequenced (12). Knowledge of nanomechanical signa-
tures derived from AFM studies for native and recombinant
modular proteins, e.g., titin (13), will allow directed searches
of the genome for genes with modular protein homologs.
Once identified, modular proteins could be expressed,
adsorbed onto a substratum, and then probed with AFM to
sort and identify the molecules responsible for the sawtooth
curves and thus the genes responsible for the adhesive mod-
ular protein. The AFM approach will thus serve as an an-
alytical screening tool for candidate genes encoding diatom
adhesive molecules.
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