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ABSTRACT

Diatoms are an important group of algae that can produce intricate silicified cell walls (frustules). The complex process of silicification involves a set of enigmatic
integral membrane proteins that are thought to actively transport the soluble precursor of biosilica, dissolved silicic acid. Full-length silicic acid transporters are
found widely across the diatoms while homologous shorter proteins have now been identified in a range of other organisms. It has been suggested that modern silicic
acid transporters arose from the union of such partial sequences. Here, we present a computational study of the silicic acid transporters and related transporter-like
sequences to help understand the structure, function and evolution of this class of membrane protein. The AlphaFold software predicts that all of the protein se-
quences studied here share a common fold in the membrane domain which is entirely different from the predicted folds of non-homologous silicic acid transporters
from plants. Substrate docking reveals how conserved polar residues could interact with silicic acid at a central solvent-accessible binding site, consistent with an
alternating access mechanism of transport. The structural conservation between these proteins supports a model where modern silicon transporters evolved from

smaller ancestral proteins by gene fusion.

1. Introduction

Silica is an important biomaterial found in diverse organisms
including plants, sponges, and diatoms. The process by which this bio-
mineral forms within the living cell — known generally as bio-
silicification — has not been precisely defined at the molecular level, and
remains of interest as a remarkable aspect of cellular biology and as the
inspiration for novel man-made materials [1-3].

Diatoms are unicellular algae that play an important role in global
geochemical cycles [4,5]. Diatoms are generally distinguished by an
outer cell wall, or frustule, that is almost entirely formed of silica with a
minor organic component [6]. Frustule mineralization is an obligatory
part of the lifecycle of many (but not all) of the thousands of extant
diatom species [7]. A cadre of biomolecules have now been identified
that seem to be dedicated to frustule formation [4,8-17], and under-
standing the molecular basis of silicification remains an active area of
study [18].

One enigmatic family of diatom proteins are the silicic acid trans-
porters (SITs) that reside within the plasma membrane underneath the
silicified frustule. These integral membrane proteins are thought to act
as permeases which carry out the active transport of the dissolved and
bioavailable form of silica, monomeric silicic acid (Si(OH)4). Active
transport of silicic acid was proposed decades ago because Si-starved
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diatoms show saturable, hyperbolic uptake kinetics suggestive of a
protein carrier (reviewed in [7,19]). The silicon requirements of the
diatom cell, and the concentrative uptake of silicic acid against a con-
centration gradient that precedes frustule synthesis, are also consistent
with an active transport mechanism [20] although this has been debated
[21,22]. Multiple studies attest that the SITs are intimately linked to
silicon metabolism in the diatom [23-28], and that they appear to
transport silicic acid in model systems [15,29,30]. However, further
detailed characterisation of these proteins has proven difficult. The SITs
are poorly-expressed in recombinant cells and, when they can be pro-
duced, are incompatible with many of the detergent-based and
detergent-free methods that have been developed for studying mem-
brane proteins [30].

SITs have subsequently been found in a range of other silicifying
eukaryotes - most notably the choanoflagellates and the silicifying
haptophyte, Prymnesium neolepis [31] - suggesting that they play a
common role in Si transport in these organisms. All SITs possess a similar
organisation of two pseudo-repeat domains of five predicted trans-
membrane helices (5TM), wherein each domain contains a pair of the
highly conserved GXQ motifs [32]. An additional family of proteins has
been identified that exhibit similarity to the individual 5TM domains of
the SITs. These SIT-like proteins (SITLs) are found in a range of
eukaryote lineages including foraminifera, dinoflagellates, radiolarians
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and some metazoans. Although many of these organisms are not
extensively silicified, they are known to produce some silicified struc-
tures or to utilise Si as part of other (non-siliceous) biomineralization
processes [31,32]. The SITLs have not yet been characterised experi-
mentally, but their similarity to the SITs suggests that SITs may have
been formed by duplication and fusion of an ancestral SITL protein.
Many other membrane transporters exhibit pseudo-repeat domains,
suggesting that duplication and fusion is a common process in their
evolution, although there are relatively few examples where the evolved
and ancestral forms are both found in eukaryotes [33].

A high-resolution three-dimensional structure of the SITs would
provide important insights into their biological function. For example,
few other proteins are known that specifically engage with monomeric
silicic acid via precise protein-substrate interactions, with perhaps the
only clear example being the silicic acid channel from plants [34]. How
then might the SITs capture and release this substrate? The SITs appear
to be coupled to the electrochemical sodium gradient [15,30,35], but
how is this bioenergetic coupling achieved? And what is the role of the
GXQ sequence motifs that are absolutely conserved across all known
SITs [32,36]? A further question arises over the SITLs. If such ‘half-SITs’
were the evolutionary predecessors of the modern SITs, what is the exact
structural relationship between the SITLs and the SITs? Unfortunately
experimental structures that could address these questions have not
been forthcoming and, to our best knowledge, are probably not immi-
nent given the difficulties in preparing the SITs for biophysical studies.

The AlphaFold software has recently emerged as a transformative
new technology in molecular modelling. AlphaFold uses machine
learning to produce computational models of protein structures that are
in unprecedented agreement with experimental structures [37]. This
software has now been applied in a high-throughput automated pipeline
to predict the structures of multiple proteomes, and these are publicly
available in an online database (https://alphafold.ebi.ac.uk). These
predicted structures include silicic acid transport proteins that are un-
related to the diatom SITs and have different modes of action, namely
the plant aquaporin-like Lsil and plant efflux transporters Lsi2 and Lsi3.
However, at the time of writing the AlphaFold database does not include
any diatom SITs.

Here, we use AlphaFold to predict the structure of several full-length
diatom SITs as well as homologous SITLs from eukaryotic and pro-
karyotic sources. The results suggest a strong conservation of a novel
fold within the transmembrane domain of the SITs. Using these models
for computational substrate docking reveals a plausible binding mode
for silicic acid where it is coordinated by highly conserved polar residues
within a solvent accessible cleft, consistent with the activity of a mem-
brane permease. AlphaFold also predicts that the same SIT trans-
membrane fold can be formed by homodimerisation of SITL proteins,
supporting the idea that modern SITs evolved from gene duplication and
fusion of SITLs [32]. We hope that making these models available to the
community will stimulate further studies of these proteins.

2. Materials and methods

Sequences for full-length diatom silicon transporters and SITL se-
quences were submitted to either of two online Google Colaboratory
notebook implementations of AlphaFold 2.1.0 [37,38] available at
(https://colab.research.google.com/github/deepmind/alphafold/blo
b/main/notebooks/AlphaFold.ipynb) or (https://colab.research.google
.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb); the
results were indistinguishable whichever implementation was used.
Either the monomer or multimer models were used with relaxation,
prokaryotic sequences were designated as such where this option was
available, and no templates were specified. Molecular docking was
performed with MOE, specifying the conserved glutamines as being
involved in substrate binding. Initial placement of silicic acid was per-
formed using the Triangle Matcher algorithm and refined poses were
scored using the GBVI/WSA model. Protein placement into a DOPC
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bilayer potential was performed with the PPM server [39] (https://opm.
phar.umich.edu/ppm_server). Coiled-coil interactions were analysed
with Socket 2 [40] (http://coiledcoils.chm.bris.ac.uk/socket2/home.
html). Symmetry calculations were performed on the membrane
domain of PtSIT1 with SymD [41] implemented at the icn3D server (htt
ps://www.ncbi.nlm.nih.gov/Structure/icn3d/full.html). PyMOL [42]
was used to display model structures and for between-model RMSD
calculations. Colouring models by pLDDT were performed with the
PyMOL extension coloraf (https://github.com/cbalbin-bio/pymol-color-
alphafold) by S. Bliven and C. Balbin.

The following protein sequences were used for modelling: Full-
length diatom SITs from Cylindrotheca fusiformis (CfSIT1,
AAD13804.1), Nitzschia alba (NaSIT, ABB81817.1), Phaeodactylum tri-
cornutum (PtSIT1, GenBank ID: XP_002183269.1), Skeletonema costatum
(ScSIT, ABB81824.1), Thalassiosira oceanica (ToSIT, EJK72537.1), Tha-
lassiosira pseudonana SIT 1 (TpSIT1, ABB81825.1), Thalassiosira pseu-
donana SIT 3 (TpSIT3, ABB81827.1). SITL proteins from
coccolithophores Coccolithus braarudii (CbSITL) and Calcidiscus lep-
toporus (CleL), annelid worm Capitella teleta (CteL, ELT99670.1), Dic-
tyochophyceae Florenciella parvula (Fpal, CAMPEP_0119469700),
copepod Calanus finmarchicus (CfiL, GAXK01179749.1), bacterium
Rhodococcus opacus (RopL, WP_043827568.1) and cyanobacterium
Synechococcus sp. KORDI-100 (SkoL, WP_038543010.1). All sequences
and model PDB files are provided as Supplementary data.

Systems containing PtSIT1 and the CbSITL dimer inserted into 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers were
assembled using the Membrane Builder application [43] of CHARMM-
GUI [44,45]. Systems were built with explicit water solvation and
with an approximate physiological salt concentration of 150 mM sodium
chloride, with sufficient counterions to neutralise charges. Where
required, silicic acid was inserted at 10 mM with the gmx insert-molecules
GROMACS application using a water-replacement method. The molec-
ular topology and partial charges for silicic acid were those developed
by van der Berg et al. [34]. Systems were parameterised using GRO-
MACS 2020.2 [46], and topology and parameter files converted to
Amber format using ParmEd. Molecular dynamics simulations were
performed using the Amber20 simulation suite [47] on the BlueCrystal
(Phase 4) University of Bristol high-performance computer, using the
CHARMM36m forcefield [48] with TIP3P water [49]. Water molecules
were kept rigid using SETTLE [50], and hydrogens constrained using
SHAKE. Systems were first minimised by 5000 cycles of steepest-descent
minimisation with restraints applied to non-hydrogen protein atoms,
followed by 5000 steps with restraints to protein C-alpha atoms, and
5000 steps with no restraints. PtSIT1 systems were heated to 303.15 K
using Langevin dynamics over 100 ps with a friction constant of 1 ps~}
and integration step of 2 fs. CbSITL systems were heated first with a
shortened integration step of 0.5 fs over 12.5 ps, followed by 50 ns with
a1 fs integration time. Positional restraints were applied to protein non-
hydrogen atoms for all heating steps. The Berendsen barostat [51] was
then applied for 500 ps to maintain semi-isotropic pressure at 1 Bar with
a pressure relaxation time of 2 ps, with positional restraints applied to
protein non-hydrogen atoms. Systems were equilibrated for a further
1 ns at constant temperature and pressure with positional restraints
applied to protein C-alpha atoms only, utilising GPU acceleration via the
CUDA implementation of pmemd. For simulations of PtSIT1 with docked
silicic acid, positional restraints were applied to ligand silicon and ox-
ygen atoms during the first two rounds of minimisation and all equili-
bration steps. Production simulations were run for 500 ns (25,000
frames) in triplicate, giving a total simulation time of 1.5 ps per system,
and visualised in VMD [52]. Backbone RMSF and RMSD were deter-
mined with CPPTRAJ [53].
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3. Results
3.1. A conserved fold for diatom SITs

The full-length amino acid sequences of seven diatom silicon trans-
porters were submitted to AlphaFold for computational modelling. An
overlay of the top-ranked models for each protein is shown in Fig. 1. All
models converged upon the same basic fold in the probable membrane
domain, with local Ca RMSD < 2.5 A over at least 375 atoms against
CfSIT1. The AlphaFold confidence in predicting this membrane fold was
considered ‘very high’ (pLDDT > 90), with lower confidence in flanking
soluble regions. This was confirmed by repeat modelling runs of some
individual proteins which gave consistent results for the high-confidence
membrane regions, but showed variability in the structure of the low-
confidence soluble domains. We thus focus our further analysis below
on the SIT membrane domain.

One of the diatom SITs, PtSIT1, was taken as a representative model
for closer inspection, but the observations below can be applied to all of
the models. Fig. 2 shows the insertion of PtSIT1 into a lipid bilayer using
the PPM server [39]. This was in excellent agreement with bioinformatic
analysis of the primary sequence and prior experimental data
[29,30,36]; all of the sections of the protein expected to form
membrane-embedded alpha-helices are found as such within the
AlphaFold model. The overall fold of the protein comprised a central
core of six transmembrane helices (TM 2-4 and 7-9). A DALI search [54]
against the AlphaFold database and the PDB suggested that the core
bundle could have some structural homology to members of the Major
Facilitator Superfamily of solute transporters. TM helices 1 and 6 sit at
the outside of the core bundle, lying at a slight angle akin to a ‘sash’

CfSIT1
ScSIT
TpSIT1

PtSIT1
NaSIT
ToSIT
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across the main body of the protein. Helices 5 and 10 do not stretch
across the membrane, but instead lie laterally in the membrane plane as
‘belts’ that surround the core bundle at the inner edge of the cytoplasmic
leaflet. They are unwound in the middle of each helical segment. The
presence of such lateral helices has been previously observed in the
experimental structures of some other permeases, for example the
magnesium transporter CorB (PDB ID: 7M1T) and the betaine trans-
porter BetP (4DOJ). The membrane-embedded portion of the model was
determined to have a C2 symmetry axis when viewed from the top or
bottom of the membrane (SymD Z-score 28.5). It thus appears that the
SITs adopt a well-conserved and novel membrane fold, which is very
different from the experimental structures and AlphaFold predictions for
non-homologous silicon transporters from plants ([34] and https://alph
afold.ebi.ac.uk).

3.2. Substrate docking simulations

The AlphaFold model of PtSIT1 was used for docking simulations of
the presumed natural ligand, Si(OH)4. The top-scoring pose from this
simulation is shown in Fig. 3. Silicic acid appears to access a central
binding site in the protein core via a narrow solvent-exposed cavity that
that is only accessible at the outer side of the membrane. Such a binding
site would be consistent with a rocker-switch alternating access mech-
anism, whereby global protein motions alternately expose this central
substrate-binding site to either face of the membrane [55,56]. The
structural model here appears to represent PtSIT1 in an outward-facing
conformation. At the base of this solvent-accessible cleft lie a series of
polar amino acid residues, including all of the glutamines from the four
characteristic GXQ motifs and Q153 from the XQXXXQX motif in TM 4

Fig. 1. AlphaFold models of diatom SITs. Superposition of seven diatom SIT structures predicted by AlphaFold, using PyMOL command extra_fit against template
CfSIT1. The fold in the membrane domain, which is predicted with high confidence, closely overlaps between all models (Ca RMSD < 2.5 ;\). The soluble domains are
more variable with lower model confidence. Models are coloured according to the legend.
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Fig. 2. Modelled structure of PtSIT1. The peptide chain of PtSIT1 is coloured as a rainbow from blue (N-terminus) to red (C-terminus), with membrane helices
numbered from 1 to 10 according to their sequence order. The low-confidence C-terminal region is removed from the cylinder representation for display purposes.
Two-fold rotational symmetry (C2) within the structure is apparent from the top view. A side view shows the position of the transmembrane domain within the
boundaries of a bilayer membrane (grey spheres) by the PPM server. AGyansfer —82.9 kcal/mol, hydrophobic thickness 31.2 + 0.9 f\, tilt angle 6 + 1 A. The lateral
‘belt’ helices lying parallel to the membrane can be seen in dark orange and dark green with the transmembrane ‘sash’ helices in blue and light green. The associated

AlphaFold output data for this model are shown on the right.

Hydrophobic
Polar

Fig. 3. Silicic acid docking to PtSIT1. (a) Monomeric silicic acid (SA) interacts with multiple polar sidechains in a narrow solvent-accessible cavity at the protein
centre. Hydrogen bond interactions are shown as dashed yellow lines in the inset, with the protein clipped at the front of the image for presentation. Q62, Q104 and
Q278 occur in the sequence context of highly conserved GXQ motifs. (b) Surface representation of the same image, showing the cluster of polar residues (as sticks)
surrounding SA (as spheres) at the base of the substrate pocket. The image is clipped from the front to show a slice through the protein. Hydrophobic and polar

surface residues are shown as blue and green, respectively.

[32,36]. These are oriented so that the Q sidechains face into the pu-
tative binding site and can engage in hydrogen bonding with silicic acid.
Other conserved residues, with both negative and positive charge, were
also able to take part in hydrogen bonding interactions with the sub-
strate (E59, R103, E275). Other ligand poses, which are provided as

Supplementary information, were very similar but did show some minor
differences in ligand orientation. This suggests that Si(OH)4 does not
have a single dominant binding mode but instead can accept and donate
adventitious hydrogen bonds with multiple polar groups within the
binding site. This same solvent-accessible binding site was observed in
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several other of the different SIT protein models, but not in all of them;
some models were redolent of a more ‘occluded’ state where the opening
to the cavity was closed off.

3.3. Structural homology between SITS and CbSITL

AlphaFold was also used to predict the structure of several SITL
proteins. This group of proteins have previously been suggested to be
‘half-SITs’, featuring just five transmembrane helices [31,57]. We began
by submitting the sequence of the SIT-like protein known as CbSITL from
the coccolithophore C. braarudii (formerly C. pelagicus) [31] to Alpha-
Fold. This was used for two independent simulation runs in either
monomer or multimer mode.

Remarkably, the structure of monomeric CbSITL was predicted to be
very similar to part of the full-length diatom SITs (Fig. 4a). When run in
multimer mode, AlphaFold predicted that two monomers would
assemble into a domain-swapped dimer that essentially reconstituted
the membrane fold predicted for the diatom SITs (Fig. 4b,c). The two
cytoplasmic helices of CbSITL packed against each other via knobs-into-
holes interactions that could support dimerisation, but the homodimer
assembly is more likely driven by the close shape complementarity (the
accurate fitting-together) of the surfaces of the two protomers. In sup-
port of this, the soluble coiled-coil section did not persist in molecular
dynamics simulations (see below) whereas the membrane assembly was
essentially unchanged. In the dimer conformation of CbSITL the
conserved GXQ motifs were in similar positions as for the full-length
diatom SITs, pointing into the centre of the bundle.

3.4. Other SITLs share the SIT fold

Six other SITL homologues from bacteria, annelid worm and copepod
were also modelled by AlphaFold and the resulting models are shown in
Fig. 5. All models retained the same SIT-like membrane fold as CbSITL
(RMSD < 1.5 A) but showed substantial variability in their cytoplasmic
domains. The only exception to this structural conservation was the

CbSITL
Monomer

CbSITL
Dimer
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protein from Synechococcus which was missing the N-terminal ‘sash’
helix.

3.5. Molecular dynamics of PtSIT1

The AlphaFold models of PtSIT1 and CbSITL were used for unbiased
molecular dynamics simulations in POPC bilayers (Fig. 6 and Supple-
mentary information). The structural features of the transmembrane
region persisted in every simulation, rapidly reaching a stable
RMSD < 3 A from the starting state and with low RMSF for the trans-
membrane helices. The soluble domains were more dynamic as ex-
pected. In the case of PtSIT1 we performed six independent simulation
runs of 500 ns (3 ps total) of the docked structure shown in Fig. 3. In
three cases no additional silicic acid was included in the simulation,
while in the other three runs silicic acid was introduced to the solvent at
10 mM,; this is well above normal environmental concentrations of silicic
acid, which are expected to be in the micromolar range, but probably
close to intracellular concentrations [58] and represents only 5 mole-
cules of silicic acid per simulation. In three of these six simulations the
substrate remained present at the binding site throughout, albeit with
some dynamical motions and rearrangements of the precise silanol-
sidechain hydrogen bonding. In the other three simulations silicic acid
was displaced into the solvent within 100 ns. There was no obvious
difference between simulations with or without silicic acid. Once fully
displaced into bulk solvent silicic acid continuously sampled the outer
regions of the substrate cleft but did not re-bind. This is consistent with a
dissociable protein-ligand interaction of moderate affinity, character-
istic of a solute transporter. Water was able to enter the substrate
binding site in these simulations, and the cavity became slightly
extended further into the protein but did not form a continuous channel
(Fig. 6¢). No structural transitions were observed that could be inter-
preted as a significant part of the transport cycle, but such major changes
were not expected to be observed on the timescale of these unguided
simulations [59]. Silicic acid did not enter the hydrophobic bilayer core
or spontaneously traverse the lipid bilayer, but instead was primarily

CbSITL dimer
VS.

Side

Fig. 4. AlphaFold prediction of the SIT-like protein from C. braarudii (CbSITL). (a) CbSITL monomer in rainbow colour scheme where the N-terminal is blue. (b)
CbSITL can be successfully modelled ab initio as a strand-swapped dimer; one monomer is coloured yellow, the other blue. (c) The CbSITL dimer shares the core SIT
fold, illustrated by overlay with the representative diatom protein PtSIT1 (salmon). RMSD = 3.5 A over 2041 atoms within the membrane domain.
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C. braarudii

C. teleta LS
ox

F. parvula “f:;n N

R. opacus

C. finmarchius

Fig. 5. The core SIT fold is retained among SIT-like proteins. Homologous SITL sequences were submitted to AlphaFold independently. The resulting models show
the same membrane fold as CbSITL but have considerable diversity in their soluble domains. The overlay of the conserved membrane fold is displayed on the right,
with AlphaFold confidence shown. All folds have RMSD < 1.5 A against CbSITL over at least 1350 atoms. Models are coloured according to the legend.

associated with the lipid headgroup region.

Comparable simulations of the CbSITL dimer provided similar results
(Fig. 6). There was limited fluctuation in the transmembrane domain
during the timecourse of the simulation and no major structural tran-
sitions were observed. However, a major difference to PtSIT1 was that
the central core of CbSITL was not accessible to water during simulation
(Fig. 6¢, d); the structure of CbSITL thus appears to be in a closed or
occluded conformation on the simulation timescale. In parts of the
simulation sodium could be seen to interact with, or ‘plug’, the top of the
CbSITL bundle. The implications of this are unclear. As discussed above,
the cytoplasmic coiled-coil predicted in the original CbSITL model did
not persist during these simulations.

Independent simulations repeatedly showed occasional and transient
sodium occupation of a surface region at the cytoplasmic-facing base of
the ‘sash’ TM6 and the ‘belt” TM7 in both PtSIT1 and the equivalent
region of dimeric CbSITL. These spontaneous interactions typically
persisted for about 3-10 ns of simulation time and could have some
relevance to sodium cotransport.

4. Discussion

This study reports the predicted three-dimensional structures of a
family of membrane proteins that remain largely resistant to detailed
experimental analysis. Clearly, there is a degree of uncertainty around
such models and their precise details ought to be interpreted with
caution until they can be confirmed. Nonetheless, they may be useful for
the community in the continued absence of experimental data and do
account for several prior observations on the SITs.

The computational models are in close agreement with bioinformatic
analyses [32,36] and low-resolution experimental data [29,30] which
consistently suggest that the diatom SITs comprise bundles of 10
transmembrane alpha-helices. The AlphaFold models feature 8
authentic transmembrane helices and two ‘belt’ helices that do not cross
the membrane, but instead lie partially submerged in the headgroup
region parallel to the membrane plane. Another previous observation is
the absolute sequence conservation of GXQ and XQXXXQX motifs in SITs
and SITLs [32,36]; the persistence of these motifs through evolution
implies that they play an important role in the SITs and SITLs, and
mutations to individual GXQ motifs were shown to diminish silicic acid
binding and transport in vitro [30]. In the model structures several of
these conserved glutamines (as well as other conserved residues) line a
solvent-accessible pocket which could plausibly coordinate silicic acid
via side-chain hydrogen bonding.

The binding mode discussed here suggests a redundancy in protein-
substrate interactions with implications for substrate selectivity. Pre-
sumably almost any small, polar compound could enter the substrate
cleft and be sequestered by sidechain hydrogen bonding. This would be
consistent with experimental data showing that soluble germanic acid
(Ge(OH)4) is a competitive inhibitor of silicic acid transport, a

phenomenon that has been exploited for studies of Si transport in di-
atoms (e.g. [19,60]) and plants [61]. Perhaps the relatively high abun-
dance of, and low competition for, silicic acid means that greater
selectivity is not required, and the size of the substrate cleft alone pro-
vides sufficient discrimination. The redundancy in protein-substrate
interactions implied by the models does seem at odds with the abso-
lute conservation of GXQ sequence motifs and other hydrogen-bonding
residues [32,36]. If at least seven residues can engage with the substrate
(Fig. 3) then one might expect a modest effect, if any, when substituting
any single one of them. Yet there is clearly strong selective pressure to
preserve these interactions, and mutating just one GXQ motif appears to
have a substantial impact on protein function [30]. Further work will be
required to resolve this paradox.

A recent study reported the crystal structure and molecular dynamics
simulation of the aquaporin-like silicic acid channel from rice [34].
Although this gated channel facilitates diffusion, rather than the
secondary-active transport associated with the SITs, there are some
parallels with the current study. The rice silicic acid channel features
multiple hydrogen-bonding interactions between silanol hydroxyls and
amino acid side-chains, which are especially prevalent at the selectivity
filter region. Very few instances of silicic acid passage through the open
channel were observed in unbiased simulations, even at 1 M silicic acid,
and protein-silanol hydrogen bonding appears to be at least part of the
channel gating mechanism. This supports the general notion that spe-
cific protein-silanol hydrogen bonds, as observed in our simulations
here, can be a key factor in silicic acid transport.

AlphaFold predicts a striking structural similarity between SITs and
SITLs. Specifically, it appears that SITL dimers closely resemble the full
SIT membrane fold. This supports the notion of SITLs as evolutionary
precursors that could be thought of as ‘half-SITs’. It might be that the full
SIT fold, arising from duplication and fusion of genes encoding these two
half-domains [32], is required for efficient transport or electrochemical
coupling as has been suggested for other membrane transporters [33].
Modern transport proteins can feature either topological inversion of
these respective half-domains, or can have constituent domains that
retain the same transmembrane orientation. The latter case is predicted
here for the SITs.

5. Conclusions

This study uses computational tools to investigate membrane pro-
teins thought to act as diatom silicic acid transporters, as well as their
sequence homologues from other organisms. To our best knowledge the
AlphaFold models provided here mark the first detailed insight into the
possible three-dimensional structure of the SIT protein family. The
models predict that membrane-embedded regions of the SITs and related
SITLs have close structural similarity, implying a universal trans-
membrane fold that is shared by the wider grouping of SIT/SITL pro-
teins. The models are further used to investigate a potential binding
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PtSIT1 and (b) CbSITL dimer after 500 ns in a POPC lipid
i bilayer. Movies for the entire trajectory and associ-
ated structure files are provided as Supplementary
material. (c) The apparent substrate binding site of
PtSIT1 is accessible to water, but the protein never
forms a continuous water channel. (d) The CbSITL
dimer remains closed to solvent. (e-f) Trajectory
RMSD and (g-h) trajectory RMSF plots demonstrate
the relative stability of the models during simulation.
For both proteins the C-terminal regions are far more
dynamic, as expected, and are not shown for pre-
sentation purposes. One monomer of the CbSITL
dimer is analysed.

CbSITL d|m er Fig. 6. Molecular dynamics simulations. (a) PtSIT1
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mode of silicic acid, namely sidechain hydrogen bonding in a solvent-
accessible active site. The sidechains involved in these interactions
include glutamine residues that occur in the context of highly-conserved
sequence motifs, and this apparent functional role could account for
their conservation. We hope that this work will encourage further
research into these unusual proteins, including experimental testing of
the ideas proposed here.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamem.2022.184056.
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