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Abstract
Recent innovations in computational structural biology have opened an opportunity to revise

our current understanding of the structure and function of clinically important proteins. This
study centres on human Oca2 which is located on mature melanosomal membranes. Mutations
of Oca2 can result in a form of oculocutanous albinism which is the most prevalent and visually
identifiable form of albinism. Sequence analysis predicts Oca2 to be a member of the SLC13
transporter family but it has not been classified into any existing SLC families. The modelling
of Oca2 with AlphaFold2 and other advanced methods shows that, like SLC13 members, it
consists of a scaffold and transport domain and displays a pseudo inverted repeat topology that
includes re-entrant loops. This finding contradicts the prevailing consensus view of its
topology. In addition to the scaffold and transport domains the presence of a cryptic GOLD
domain is revealed that is likely responsible for its trafficking from the endoplasmic reticulum
to the Golgi prior to localisation at the melanosomes and possesses known glycosylation sites.
Analysis of the putative ligand binding site of the model shows the presence of highly
conserved key asparagine residues that suggest Oca2 may be a Na*/dicarboxylate symporter.
Known critical pathogenic mutations map to structural features present in the repeat regions
that form the transport domain. Exploiting the AlphaFold2 multimeric modelling protocol in
combination with conventional homology modelling allowed the building of a plausible
homodimer in both an inward- and outward-facing conformation supporting an elevator-type

transport mechanism.

Introduction

Albinism is a hereditary condition affecting the synthesis of melanin. The most prevalent and
visually identifiable form of albinism is oculocutanous albinism. Oculocutanous albinism is a
recessive disorder where individuals have a phenotype exhibiting melanin deficiency in the
skin, hair, and eyes. Oculocutanous albinism results from mutations in genes that code for
proteins that are involved in melanin production. The gene affected is used to classify the type

of oculocutanous albinism into one of the 7 subtypes (oculocutanous albinism 1-7);
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oculocutanous albinism type 1:TYR, oculocutanous albinism type 2:0CAZ2, oculocutanous
albinism type 3:TYRP1, oculocutanous albinism type 4:SLC45A2, oculocutanous albinism
type 6:SLC24A5, oculocutanous albinism type 7:LRMDA and oculocutanous albinism type 5
gene is located on chromosome 4924 (Yang et al., 2019). Accurate diagnosis of the sub-type
can only be achieved by a genetic screen (Arveiler, Lasseaux, & Morice-Picard, 2017). The
most prevalent form of oculocutanous albinism is oculocutanous albinism type 2 in which
mutations in the OCA2 gene cause changes in the transmembrane protein p protein (Oca2)
thereby impacting melanin production. Polymorphisms of the OCA2 gene have been shown to
be major contributor to skin colour (Lao, de Gruijter, van Duijn, Navarro, & Kayser, 2007) and
are thought to underlie blue eye colour in humans (Eiberg et al., 2008). Oca2 is expressed in

melanocytes and retinal pigment epithelium (RPE) where it is restricted to melanosomes.

Melanosomes are “lysosome-related organelles” but are functionally and morphologically
distinct from lysosomes as they have an acidic luminal pH (Griffiths, 2002) and possess cell—
type-specific cargo proteins (Raposo, Marks, & Cutler, 2007). Trafficking pathways deliver
these cargo proteins to immature melanosomes which contributes to their maturation (Raposo
& Marks, 2007). Ocaz2 is located in the mature melanosomal membrane where it has been
shown to control chloride conductance across the lipid bilayer (Bellono, Escobar, Lefkovith,
Marks, & Oancea, 2014). This chloride conductance is coupled to proton motive force and is
related to maintenance of the optimal luminal pH for the tyrosinase function involved in
production of melanin (Bellono et al., 2014) be. The currently accepted model of Oca2, based
on hydrophobicity profiles, describes Oca2 as a 12 transmembrane helix protein with two
luminal loops and an N-terminal disordered cytoplasmic loop (Gardner et al., 1992). Oca2 is
glycosylated in the N-terminal luminal loop and the N-terminal cytoplasmic loop of Oca2
possesses dileucine motifs; both of these features are important for the trafficking of Oca2 from
the ER to the melanosomes through a series of intracellular compartments (Sitaram et al.,
2009).

This study employs deep learning modelling methods to argue for a revised topology for Ocaz2.
Deep learning methods such as DMPfold (Greener, Kandathil, & Jones, 2019), trRosetta
(Bassot & Elofsson, 2021) and AlphaFold2 (Jumper et al., 2021) build predicted protein
structures by predicting inter residue distances, main chain hydrogen bond network and torsion
angles and utilizing these as restraints in the model building process. Benchmarking these

methods have demonstrated that they work just as well for membrane proteins as they do for
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soluble proteins (Greener et al., 2019; Hegediis, Geisler, Lukacs, & Farkas, 2022). DMPfold
was shown to be able to model transmembrane proteins with a TM-score of at least 0.5 to the
native structure and obtain a mean TM-score of 0.74 (Greener et al., 2019). The accuracy of
AlphaFold2 transmembrane protein modelling has been tested by exploring the construction of
structures from the ABC protein superfamily. For these transmembrane proteins AlphaFold2
performed exceedingly well when testing template-free structure prediction as well as
attempting a new ABC fold, dimer modelling, and stability in molecular dynamics simulations
(Hegedis et al., 2022).

The modelling of Oca2 using AlphaFold2 predicts the presence of a pseudo inverted repeat that
forms a pore region flanked with two highly conserved re-entrant loops. Additionally, a
luminal loop proceeding the first transmembrane helix is predicted to be GOLD-like domain
that allows trafficking through the Golgi from the endoplasmic reticulum to finally localise at
the melanosomal membrane. The newly proposed topology shares features with sodium-

carboxylate transporters (NaCT) which is supported by the obvious sequence homology.

Methods

Hardware
Local ColabFold model building was performed on an Ubuntu 18.04.6 workstation AMD

Ryzen Threadripper 2990WX 32 Core CPU (3.0GHz) with 64GB RAM. GPU acceleration
was performed by an ASUS TUF GeForce RTX 3080 OC LHR 12GB GDDR6X Ray-Tracing
Graphics Card, 8960 Core, 1815MHz Boost.

Pfam database screening

Searches using the sequence of Oca2 were made against the Pfam-A_v35.0
(RRID:SCR_004726) (EI-Gebali et al., 2019) database using the HHPred (RRID:SCR_010276)
v3.0 server (Zimmermann et al., 2018) with default parameters (-p 20 -Z 10000 -loc-z1-b 1 -B
10000 -ssm 2 -sc 1 -seq 1 -dbstrlen 10000 -norealign -maxres 32000 -contxt
Icluster/toolkit/production/bioprogs/tools/hh-suite-build-new/data/context_data.crf) and eight

iterations for MSA generation in the HHblits (Zimmermann et al., 2018) stage.

Structural database screening
Dali (RRID:SCR_013433) v5.0 server (Holm & Laakso, 2016) was used to screen the PDB
(Burley et al., 2018) and the AF human proteome database (David, Islam, Tankhilevich, &
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Sternberg, 2022) for structural homologues of Oca2. Pairwise alignments were also performed

by the Dali server.

Model building
An initial Oca2 model was obtained from the AFDB (David et al., 2022). The
construction of the inward-facing homodimeric form and attempted alternate

conformations was performed by a local installation of ColabFold (Mirdita et al., 2022).

The outward-facing monomers were constructed by first building a homology model of
Oca2 using an outward facing structure of a homologue. The HHpred server was used to
identify 6wtw as a close homologue (99.97% probability). Modeller (Eswar, Eramian,
Webb, Shen, & Sali, 2008) functionality of the MPI bioinformatics toolkit server was used
to build the homology model. The homology model as a template along with custom
MSAs of varying depths were used as inputs in a local installation of ColabFold. Five
models at each MSA depth were constructed and the model with the highest mean pLDDT

score was selected for examination.

The outward facing homodimer was constructed using a local installation of ColabFold
with the Modeller homology structure used as a template and an MSA with depth of 15

sequences.

MSAs

MSAs were build using the HHblits server (Zimmermann et al., 2018) using default
settings. The reduction in MSA depth, as a strategy to assist exploration of conformational
diversity in AF outputs, was achieved by randomly selecting sequences from the HHblits

output.

Docking

The Webina server (Kochnev, Hellemann, Cassidy, & Durrant, 2020) utilizing Autodock
(Trott & Olson, 2009) was used to dock citrate into the putative binding pocket of Oca2. A
docking box size of 35x35x35 was used with the default coordinates for the box center.
Prodigy (Xue, Rodrigues, Kastritis, Bonvin, & Vangone, 2016) was used to perform
docking rescoring.
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Results and Discussion

Oca2 is a member of the IT Superfamily

Oca2 is an 838-residue transmembrane protein annotated in UniProt with the Pfam
domain CitMHS (PF03600). An HHpred search of the Pfam database reveals that
Oca2 also possesses strong sequence similarity to other members of the lon
Transporter (IT) Superfamily with HHpred probability scores above 99.9% (Table
1).

Table 1: HHpred results for screen of Oca2 sequence against Pfam

Pfam Accession Pfam Name Probability | E-Value | Query HMM | Template HMM
PF02040.18 ArsB 100 1.90E-26 | 334-831 2-422
PF00939.22 Na_sulph_symp 100 3.50E-25 | 324-837 23-473
PF06450.15 NhaB 100 1.20E-24 | 328-831 42-503
PF16980.8 CitMHS_1 99.9 2.30E-23 | 332-829 11-442
PF07399.14 Na_H_antiport_2 | 99.9 1.50E-22 | 328-826 1-413
PF06808.15 DctM 99.9 6.00E-20 | 339-830 1-410
PF02447.19 GntP_permease 99.9 9.70E-19 | 329-834 1-443
PF03600.19 CitMHS 99.9 8.00E-19 | 342-773 1-348

ArsB protein is established as a bacterial arsenite efflux pump (Rosen, 1999).
Although it is common for ArsB to complex with the ATPase ArsA to form an ATP-
driven pump that expels arsenite (Dey & Rosen, 1995) it has been shown that ArsB can
function independently as an arsenite efflux pump by coupling with proton motive
force (Ji, Bacteriology, & 1992, n.d.). Although Oca2 shows no sequence similarity
with CI” transporters it has been demonstrated experimentally that Oca2 is required
for melanosomal anion efflux contributing to the mediation of chloride-selective
anion conductance which in turn modulates melanosome pH thereby regulating

melanin synthesis (Bellono et al., 2014).

SLC13 members have a pseudo inverse repeat topology

The IT Superfamily is made up of both symporters and antiporters (Sauer et al.,
n.d.). Experimental structures are available for some members, but no experimental

structures are available for Oca2. To identify experimental structures of close
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evolutionary relatives to Oca2, the sequence was screened against the PDB using
HHpred. There were three hits above 99.9% probability comprising members of Pfam
families DASS (divalent anion sodium symporter) family sodium-coupled anion
symporter, Solute carrier family 13 member 5 and NaDC (Table 2). Additionally,
the AlphaFold2 model of Oca2 was screened against the full PDB using Dali. All
hits above a Z-score of 35 were Na' symporters in the inward conformation with the
top hit being 7jsj, the Solute carrier family 13 member 5 and NadC (Supplementary
Table 1). Furthermore, the AlphaFold2 model of Oca2 was screened against the
Alphafold database of the human proteome using Dali; there were five hits above a
Z-score of 30 for the conserved Pfam domain (PF16980); Solute Carrier Family 13
Members 1,2,3,4and 5 (Table 3).

Table 2: HHpred results for screen of Oca2 sequence against PDB

DBAccession Pfam Name Probability | E-Value | Query HMM | Template HMM
6wtw_B DASS family sodium-coup 100 5.00E-24 | 323-837 32-490
7jsk_B Solute carrier fam 13 mem 5 | 99.99 8.20E-24 | 327-836 31-552
5ul9_D Transporter, NadC family 99.9 3.70E-23 | 326-832 23-444

Table 3: Dali results for structural screen (residues 331-831) of Oca2 against Human
AlphaFold database. Light Tan: Hits against Oca2 conserved Pfam (PF16980)
domain; Dark tan: hits against Oca2 N-terminal luminal loop

Name Z-Score
Human:Af-Q86yt5-F1 Solute Carrier Family 13 Member 5; 36
Human:Af-Q9ukg4-F1 Solute Carrier Family 13 Member 4; 34.6
Human:Af-Q8wwt9-F1 Solute Carrier Family 13 Member 3; 34.1
Human:Af-Q13183-F1 Solute Carrier Family 13 Member 2; 334
Human:Af-Q9bzw2-F1 Solute Carrier Family 13 Member 1; 29.7
Human:Af-000337-F1 Sodium/Nucleoside Cotransporter 1; 10.6
Human:Af-Q9has3-F1 Solute Carrier Family 28 Member 3; 10.2
Human:Af-043868-F1 Sodium/Nucleoside Cotransporter 2; 10.3
Human:Af-A6nh21-F1 Serine Incorporator 4; 9.1

Solute carrier (SLC) proteins are integral membrane transport proteins that are
classified into 66 families (Hediger et al., 2004; Perland & Fredriksson, 2017). Members
within each family have greater than 20% sequence identity. However, the homology
between solute carrier families maybe non-existent (Hoglund, Nordstrom, Schioth,
& Fredriksson, 2011) as the basis for the introduction of a family as a solute carrier

protein is related to functionality rather than an evolutionary link. Currently there is
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one structure available for a mammalian SLC13 protein; 562 residue long sodium-
dependent citrate transporter (NaCT), SLC13 member 5. NaCT displays inverted
repeat pseudo-symmetry relating the N-terminal half to the C-terminal half (Sauer et
al., 2021) with each repeat containing a re-entrant loop packing against a broken
transmembrane helix, followed by a cytosolic amphipathic helix parallel to the
membrane plane, a second re-entrant loop packing against a broken transmembrane

helix then finally a transmembrane helix (Figure 1).

J

|

|
- - N

LX

—=-d

g 0
= Ty e

.
-

Figure 1: NaCT topology. Shaded regions highlight the pseudo inverse repeat. Red:
transmembrane helix; Orange: re-entrant loop; Blue: broken helix; Green: amphipathic
helix; Grey: extra-membrane helix.

Oca2 has a pseudo inverse repeat topology
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Figure 2: AlphaFold2 ca2 model. a) Red: transmembrane helix; Orange: re-entrant loop;
Blue: broken helix; Green: amphipathic helix; Purple: ‘N-terminal luminal loop’- putative
GOLD domain; Grey: extra-membrane helix. b) Coloured by AlphaFold2 per-residue
confidence score (pLDDT) between 0 and 100. pLDDT>90 (blue) to pLDDT<50 (red).

Examination of the Oca2 AlphaFold2 model (Figure 2) reveals a more complex
topology compared to the currently accepted model of 12 transmembrane helices

with two luminal loops and an N-terminal disordered cytoplasmic loop (Figure 4).

The AlphaFold2 model shares topological features with NaCT: a pseudo inverse
repeat, each possessing a broken transmembrane helix, an amphipathic helix and a
re-entrant loop packing against a broken transmembrane helix. Extrapolating
functional annotations from homologues of Oca2 that have an experimental
structure identified from the HHpred PDB screen indicates that each repeat unit
of Oca2 possesses a transport domain made up of a re-entrant loop packed with
transmembrane helix, where the transmembrane helix is broken in the centre. The
amphipathic helices of each unit link the transport domain to a scaffold domain
formed by the other helices of the conserved CitMHS domain. It has been shown in
the experimental homologues that during the transport cycle, the two amphipathic
helices are fixed in space with respect to the scaffold domain and cradle the
transport domain during the conformational transition between the outward- and
inward-facing states (Drew & Boudker, 2016; Sauer et al., n.d.). The rigidity of
the Oca2 amphipathic helices could be achieved by salt bridges, between Glu403
with His668 as well as Asp408 with Lys614. Indeed, mutations of the equivalent
residues (Argl02 — Asp398 and Lys107 — Glu305), in NaCT results in the abolition
of substrate transport (Sauer et al., 2021). The distances between the potential
salt bridge forming residues in the Oca2 model are beyond the 4A threshold
distance for salt bridge formation although in both cases the residues are located

adjacent to flexible disordered loops which may facilitate the potential interaction
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for the residues forming a salt bridge (Figure 3).

Figure 3: Presence of possible salt bridges stabilising the scaffold domain.
Magenta: NaCT salt bridges; Left: Lys107 — GIlu305, Right: Arg102 — Asp398.
Green: Oca2 possible salt bridges; Left: Asp408 - Lys614, Right: Glu403 with
His668.

Further inspection of the model identified additional structural features outside of the
repeating units; a 171 residue long cytosolic N-terminal disordered region, a luminal
130 residue forming an eight stranded beta sandwich and a 95-residue cytosolic

helical region separating the two inverse repeats (Figure 5).
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Figure 4 Top: Current consensus view of Oca2 topology (Sitaram et al., 2009). Bottom:
Proposed Oca2 Topology. Shaded regions are the pseudo inverse repeat. Red:
transmembrane helix; Orange: re-entrant loop; Blue: broken helix; Green:
amphipathic helix; Purple: ‘N-terminal luminal loop’; Grey: extra-membrane helix.

Oca2 dileucine motifs responsible for melanosome localisation are located on the

disordered cytosolic N-terminal region

The model of Oca2 has a N-terminal disordered loop. AlphaFold2 models this loop
packed with transmembrane helices and when placed into a membrane bi-layer using

the OMP server the 170 residue long cytosolic N-terminal disordered region crosses
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the membrane which is an obvious error. The region has very low confidence
(pLDDT < 50) and as seen with other intrinsically disordered regions modelled by
AlphaFold2 with the with the disordered region tending to be packed with the main
domain (Ruff & Pappu, 2021). Indeed, the quality metrics for the AlphaFold2 Oca2
structure with the TMAIphaFold database highlight residues that are present in the

membrane that should not be.

An AF2 remodeling exercise was performed in order to attempt to obtain a model
where the N-terminal disordered region does not transverse the membrane boundaries
as defined by the OPM server (Lomize, Pogozheva, Joo, Mosberg, & Lomize, 2012).
The output provided 5 new models. The highest-ranking model with a pLDDT score of
72.9 showed the disordered loop mostly on the cytosolic side of the membrane with the

exception of a 5-residue region (60-65) dipping into the membrane bi-layer (Figure 6).

Previous experimental studies have identified this loop to be cytoplasmic and
possesses three dileucine motifs that required for human Oca2 function. These motifs
have been shown to be essential for the targeting and localisation of Oca2 to the
melanosome membranes by interacting with members of the clathrin-associated

heterotetrameric adaptor protein family, AP-1 and/or AP-3 (Sitaram et al., 2009).

Oca2 possesses a GOLD-like domain

The AlphaFold2 model predicts that the first luminal 130 residue loop forms an eight
stranded beta sandwich. Examination of experimental PDB structures of other
members of the IT superfamily revealed that Oca2 is the only member of the
superfamily to possess this beta sandwich structure. Screening the 130-residue
sequence of the beta sandwich against the PDB using HHpred did not yield any
significant hits. In order to identify proteins possessing structurally similar regions,
the 130-residue beta sandwich region was extracted from the AlphaFold2 model of
Oca2 and screened, using Dali, against the full PDB. The results (Supplementary

Table 2) gave a top hit with a Z-score of 10.3 for the central domain of tripeptidyl-
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peptidase 2 (TPP2) which is involved in the oligomerisation of TPP2 (Schonegge et
al., 2012). The other top hits from the screen are for proteins possessing the Golgi
Dynamics (GOLD) domain and have Z-scores above 9. Although this region shows
no sequence similarity to known GOLD domains, the identification of homology
through structural information, independent of sequence similarity, agrees with
previous studies that indicate that GOLD domains have low sequence identity even

between family members (Nagae et al., 2016).

The functions of the GOLD domain are largely unknown although there are
indications that it is involved in the trafficking of proteins from the endoplasmic
reticulum to other subcellular compartments (Nagae et al., 2016). OcaZ2 is known to
become terminally glycosylated when it transits to a post-ER compartment to the
Golgi (Sitaram et al., 2009). Human Ocaz2 has three evolutionary conserved
consensus N-glycosylation sites (Asn 214, 218, and 273) (Sitaram et al., 2009) within
the putative GOLD domain (Sitaram et al., 2009) and it has been demonstrated that
some ER-resident proteins undergo GOLD domain N-glycosylation which is
important for their trafficking between the ER and Golgi (Pastor-Cantizano et al.,
2017) All of this suggests that the region previously termed the N-terminal luminal
loop in fact encodes a GOLD domain involved in the trafficking of Oca2 from the ER

to the Golgi prior to localisation at melanosomal membranes.

Mutations in the Oca2 putative pore region results in severe albinism

The pseudo inverse repeat - made up of a broken transmembrane helix, an
amphipathic helix and a re-entrant loop packing against the broken transmembrane
helix - forms a substrate-binding chamber possessing two flanking re-entrant loops
with the N-terminal half of the re-entrant loop containing highly conserved residues.
Consurf (Ashkenazy et al., 2016) analysis highlights this region as highly conserved.
Mutations in Oca2 disrupt melanin production within the melanosome. The
hindered melanin synthesis has been linked to altered melanosome luminal pH
which is correlated with reduced chloride conductance across the melanosome

membrane (Bellono et al., 2014).

Positions of mutations that are characterised in vitro or in vivo were mapped onto

the AlphaFold2 model in order to provide a structural context. Mutations at
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positions V443 and K614 are known to result in oculocutaneous albinism type Il as
well as inhibiting in vitro melanosome melanin content. Mapping these mutations
onto the Alphafold2 model reveals that V443 is present on the N-terminal re-entrant
loop of the first repeat unit and has a critical impact on chloride conductance across
the melanosome membrane. The position of this functionally critical residue on a re-
entrant loop is in accordance with other transporters where the re-entrant loop has a
role in channel specificity (Mesdaghi, Murphy, Sdnchez Rodriguez, Burgos-
Marmol, & Rigden, 2021). K614 is present on the predicted cytoplasmic loop
between the two inverse repeat units that would not contribute to any transport
functionality of the protein; this is in agreement with the fact that in vitro studies
show that K614 mutations have little effect on chloride conductance. K614
mutations present in albino patients also possess additional Oca2 mutations
(Passmore, Kaesmann-Kellner, & Weber, 1999), so that the K614 change may itself

not be of critical phenotypic importance.

Furthermore, mapping the 5-point mutation from Bellono et al (5mut: VV443l,
M446V, 1473S, N476D, N489D) shows that they are all present on the N-terminal
re-entrant loop/transmembrane helix structural motif of the first repeat. Again,
these mutations result in inhibition of chloride conductance and are present in

the putative pore region of the protein.

Mapping of other known mutations that result in severe albinism (F385, M395,
N489, N679) (King et al., 2003; Passmore et al., 1999; Simeonov et al., 2013) show
that these critical residues are present in either the N- or C-terminal transport domain
region; F385 and M395 in the first transmembrane helix of the N-terminal transport
domain region, N489 in the second transmembrane helix of the N-terminal transport
domain region that packs with the re-entrant loop and W679 in the first

transmembrane helix of the C-terminal transport domain region (Figure 5).
The mapping of known Oca2 mutations show that those present in the inverted repeat
that forms the putative pore are more likely to result in the severe oculocutanous

albinism type 2 phenotype. Similarly, mutation of Oca2 in regions important for
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melanosome localisation also results in the severe phenotype of oculocutanous
albinism type 2. However, in contrast, mutations localised relatively distant to the
putative pore region do not result in the severe phenotypes of oculocutanous albinism

type 2.

K614

j -]

218 \o73

® Dileucine localisation Motifs @ Mutations that inhibit in vitro CI- conductance

/66 Glycosylation sites K Non-critical mutation

/\ Mutations that result in severe Oca2 Y& Critical mutation & shown to inhibit in vitro CI conductance


https://doi.org/10.1101/2022.12.09.519718
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.09.519718; this version posted December 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Figure 5: a) Oca2 topology with trafficking and example mutation sites mapped. b)
Example mutations mapped on to the AlphaFold2 Oca2 structure (ball and stick); Na*
ions shown as purple spheres.

Citrate docks at the putative binding site

Bellono et al speculate that Oca2 might be an accessory subunit of a Cl~ transporter or form a

Cl-channel or carrier protein itself like the bacterial homologue ArsB. The pseudo inverted
repeat topology that includes re-entrant loops facing each other in the membrane packed
against transmembrane helices has been seen previously in other chloride transporters such as
CLC transporters (Feng, Campbell, Hsiung, & MacKinnon, 2010; Mesdaghi et al.,
2021). Attempts were made to perform Oca2 docking a chloride ion. Docking of chloride
was not successful; chloride did not dock at the putative binding site and was placed outside
of the transport domain. Consequently, as Oca2 has strong HHpred hits with SLC13

transporters, docking of the SLC13 substrate was considered.

SLC13 transporters are members of the larger divalent-anion sodium symporter
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(DASS) family (Bergeron, Clémencon, Hediger, & Markovich, 2013; Markovich & Murer,
2004; Pajor, 2014; Prakash, Cooper, Singhi, & Saier, 2003). Most DASS transporters are
sodium-coupled symporters that transport one substrate for each 2—4 sodium ions.
However, some DASS members are antiporters (Pos, Dimroth, & Bott, 1998). Sequence
analysis and examination of experimental models show that DASS symporters and
antiporters share the same fold (Lolkema & Slotboom, 1998). The DASS antiporters
possess surrogate residues (K,R or H) to compensate for the absence of sodium ions.
Examination of Oca2 at the surrogate residue equivalent positions shows that the
surrogate residues (K,R or H) that are present in the experimental structure of the
DASS antiporter 6wul (LaINDY) are not present in Oca2. Furthermore, the substrate
binding residues where the side chain is involved in the binding of two sodium ions
identified in the DASS symporter experimental structure of 7jsk (NaCT) (Asn141 and
Asn465) are present at the equivalent positions in the Oca2 model (Asn442 and
Asn741). Indeed, visualization of the electrostatic surface view of Oca2 highlights a

negatively charged region corresponding to the putative Na* binding site (Figure 6).

Figure 6. a) APBS electrostatic mapping surface view of Oca2 (transport domain
only). b) APBS electrostatic mapping surface view of NaCT. Spectrum: Red (negative)
to blue (positive).

In the human NaCT experimental structure (Sauer et al., 2021) a density which appears

to be citrate is observed. There, in addition to Asn141 and Asn465, the authors propose
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additional substrate binding residues that form a substrate binding motif for citrate
(Serl40-Asnl141-Thr142 and Ser464-Asn465-Val466). The Oca2 model only possesses
the Asn equivalents. Webina (Kochnev et al., 2020) was subsequently employed in an
attempt to dock citrate at the equivalent position in Oca2 as seen in NaCT. The citrate
does indeed dock on Oca2 at the equivalent position as observed in NaCT (Figure 7).
Furthermore, docking of citrate to the AlphaFold2 model of NaCT results in docking again at
the equivalent position with similar scores (AG -6.3 kcal/mol and -5.1 kcal/mol for NaCT and
Oca2 respectively). To confirm this a rescoring exercise was performed for both Oca2 and
NaCT; again, both NaCT and Oca2 obtained similar scores of AG -5.4 kcal/mol and -5.5
kcal/mol respectively. Attempting to dock citrate on to ArsB, however, does not result in
docking of citrate at the putative binding site. Indeed, conservation mapping using Consurf

highlights the putative ligand binding residues as highly conserved.

Figure 7: Webina Oca2 docking of citrate. Yellow are the conserved Asn442/Asn741
and adjacent residues.

These results suggest that citrate is plausible substrate for Oca2, but this does not align with the
experimental observation that Oca2 is involved with chloride conductance across the

melanosome membrane. Dicarboxylates are known to have a role in metabolic signaling. It is
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plausible that the movement of citrate (or another dicarboxylate) in and out of the melanosome
could modulate chloride conductance across the melanosomal membrane downstream. Indeed,
it has been shown that citrate inhibits melanin synthesis via the GSK3p/5-catenin signaling
pathway which involves the regulation of tyrosinase transcription factors (Zhou & Sakamoto,
2020); citrate may be involved in the regulation of melanin synthesis at other key points in

synthesis pathway.

AlphaFold2 multimeric modelling protocol in combination with traditional homology
modelling was able to model Oca2 in alternative conformations

Given that DASS proteins operate via an elevator-type transport mechanism

(Drew & Boudker, 2016; Reyes, Ginter, & Boudker, 2009) and the obvious
homology that Oca2 shares with DASS transporters it can be confidently predicted
that the Oca2 transport mechanism is also of the elevator type. The elevator-type
transport mechanism involves the sliding of the transport domain through the bilayer
as a rigid body while the scaffold domain remains fixed in order to achieve the
transitions between the outward- and inward-facing states (Garaeva & Slotboom,
2020). During the transport cycle it has been demonstrated that DASS symporters
cotransport by binding sodium first and then their substrate, with the reverse
occurring during the release (Hall & Pajor, 2005; Mulligan, Fitzgerald, Wang, &
Mindell, 2014; Pajor, Sun, & Leung, 2013; Wright, Hirayama, Kaunitz, Kippen, &
Wright, 1983; Yao & Pajor, 2000). During the course of transition between the
outward and inward facing states the angle between the amphipathic helices and the
re-entrant loops change by approximately 30° allowing the movement of the transport
domain (Figure 8); the presence of flexible hinge loops between the amphipathic helices

and the re-entrant loops facilitate transport domain movement (Sauer et al., 2021).
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Figure 8. Blue: scaffold domain; Green: amphipathic helix; Orange: N- terminal of re-
entrant loop. Between the inward and outward states, the angles at amphipathic (green)/re-
entrant loop (only N-terminal side showing - orange) hinges (dark blue) change by around
30° resulting in the movement of the transport domain (not shown) relative to the scaffold
domain.

Examination of the AlphaFold2 model showed that it was in the inward facing
state where the angle between the N-terminal half of the re-entrant loop and the
amphipathic helix is approximately 30° for the N-terminal side and approximately
55° for the C-terminal side. As observed for the DASS transporters VcINDY and
LaINDY ; the N-terminal angle increases by around 30° and the C-terminal angle
decreases by around 30° when the transporter switches to the outward facing state

(Sauer et al., 2021).

Attempts were made to model Oca2 in an outward facing conformation; building
Oca2 locally using ColabFold resulted in 5 models all in the inward-facing
conformation. Application of strategies that have previously been successful in the
sampling of the conformational space of transporters were also employed; feeding
ColabFold with shallow multiple sequence alignments (del Alamo, Sala, Mchaourab,
& Meiler, 2022). Implementing this strategy also failed to generate models outside
of the inward-facing conformational state. Further attempts were made to model
Oca2 in an outward facing conformation by a combination of utilizing the VCINDY
outward-facing structure as a template for AlphaFold2 (Mirdita et al., 2022) and by

providing AlphaFold2 with reduced depth MSAs. However, again, AlphaFold2 was
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only able to generate the inward-facing conformation. The inability to obtain the
outward facing conformation may be due to there being only one outward facing
entry in the PDB with all others being a single DASS symporter in a substrate-
bound, inward-facing state; resulting in modeling to converge on the inward facing
state. Indeed, the AlphaFold2 prediction neural networks were trained on all
structures deposited in the PDB on or before April 30, 2018 (Jumper et al., 2021)
and many DASS homologues in the inward facing state were deposited before this
date with the few outward facing examples being deposited in 2021 (Sauer et al.,

2021).

The failure to generate Oca2 in an alternative by using previously known
methods resulted in the employment of a novel strategy. A homology model of Oca2
was built using the VcINDY outward facing structure (6wtw) as a template for
Modeller (Eswar et al., 2008). The output structure had a Dali alignment Z score
with 6wtw of 54.8, however, the Oca2 structural features that are not present in
VCINDY such as the putative GOLD domain were obviously not modelled. In order
to rectify this, the Modeller model was then used in ColabFold in conjunction with

various custom MSAs of varying depths to build a series of Oca2 structures (Table

4),
Table 4. Z-scores, angles and quality scores for the Oca2 models.
Angle between | Angle between
amphipathic amphipathic
helix and N- helix and N-
terminal side of | term inal side of
re-entrant loop | re-entrant loop Mean
Z Score vs 6wtw (N-terminal) (C-terminal) pLDDT
Inward- Inward-facing AF2
facing model of Oca2 7.8 32 51.57 73.3
Outward-facing
templates template (6wtw) - 64 15 -
Modeller homology
model of outward-
facing conformation 54.8 64 15 -
ColabFold 200 sequences 25 37.1 35.86 | 829
models at 60 sequences 30.9 50.55 27.88 | 73.04
‘S;X’“S 30 sequences 30 56.52 19.82 | 728
depth 15 sequences 32.9 58.38 21.69 | 70.04
g 10 sequences 28.3 58.85 23.55| 66.43
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5 sequences 14 43.08 22.86 | 57.7 |

Scores and measures for: Row 1 AlphaFoldDB model of Ocaz2 in the inward facing
state; Row 2 6wtw experimental structure of the Oca2 homologue VCINDY in the
outward facing conformation; Row 3 homology model of Oca2 when VCINDY in the
outward facing conformation is used as a template; ColabFold constructed models
using the homology model as a template at various MSA depths.

The output models displayed the characteristic inverse repeat architectures of the
scaffold and transport domains as seen in DASS transporters as well as the putative
GOLD domain as predicted in the earlier modelling of the inward facing state of
Oca2. Reducing the MSA depth did negatively influence the quality scores of the
output models but at the same time improved the Dali alignment Z score with respect
to the outward facing DASS transporter 6wtw thereby indicating more outward-
facing structures. Additionally, the measurement of the N-terminal amphipathic/re-
entrant hinge angle and C-terminal amphipathic/re-entrant hinge angle showed the
characteristic angle combinations of the outward facing state; N -terminal angle being

larger than the C-terminal angle (Figure 9).
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Inward Outward

Figure 9. Yellow: N-terminal amphipathic/re-entrant hinge; Orange: C-terminal

amphipathic/re-entrant hinge.

AlphaFold2 is able to construct a plausible Oca2 homodimer in both conformations
when used in combination with traditional homology modelling

The close homologues of Oca2 have experimental structures that form homodimers

attempts were made to model Oca2 as a homodimer. First, ColabFold was employed
to build a homodimer without using a template and utilizing the full MSA. This
produced five models each of which were in the inward facing conformation (Figure
11). Next the Modeller template and reduced MSA (15 sequences) were used to
build a homodimer; this produced five models in the outward facing conformation

(Figure 10).
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Inward Outward

Figure 10. Yellow: N-terminal amphipathic/re-entrant hinge; Orange: C-terminal

amphipathic/re-entrant hinge.

Pisa (Krissinel & Henrick, 2007) was employed to determine the area of the interface
which was calculated as 55111.2A2 for both models. This interface area is much
larger than NaCT; 21035.3 A2 The presence of the putative GOLD domains in Oca2
contribute to this dimerization surface area resulting in this unusually large interface. To our
knowledge, dimerized GOLD domains have not been reported previously. Further analysis
of the homodimer interfaces of Oca2 revealed the presence of an interaction between
Trp679 of both monomers which could contribute to the stabilisation of the interface
formed from the two scaffold domains resulting in a stable rigid structure in the
membrane (Figure 11); this same interaction can be seen in the dimer interface of
NaCT; Pi—Pi interaction between Trp408 and Trp408’ from the neighbouring protomers

stabilizing the two scaffold domains together into a rigid framework (Sauer et al., 2021).
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Figure 11: Pi-Pi interaction

Conclusions

Oca2 shows structural similarities to SLC13 proteins. The AlphaFold2 model has
provided the opportunity to revise the current consensus view of its topology. The
AlphaFold2 model of Oca2 strongly suggests that it shares the DASS family topology
and possesses a GOLD-like domain. The DASS family contains both symporters and
antiporters; Oca2 possesses symporter features. Although the molecular specificity of
Oca2 remains unclear, Oca2 possesses key citrate-binding residues as seen in NaCT and
citrate docks to Oca2 at the putative binding site as observed in NaCT. When clinically
relevant and in vitro mutations are mapped on to the model it is seen that they cluster on the
transport domain of the structure. AlphaFold2 modelling of Oca2 has demonstrated that,
like DAS transporters, Oca2 can exist in two plausible conformations: inward- and

outward-facing, supporting an elevator-type transport mechanism.

References

Arveiler, B., Lasseaux, E., & Morice-Picard, F. (2017). Clinique et génétique de
I’albinisme. La Presse Médicale, 46(7-8), 648-654.
https://doi.org/10.1016/j.Ipm.2017.05.020


https://doi.org/10.1101/2022.12.09.519718
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.09.519718; this version posted December 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Ashkenazy, H., Abadi, S., Martz, E., Chay, O., Mayrose, I., Pupko, T., & Ben-
Tal, N. (2016). ConSurf 2016: an improved methodology to estimate and
visualize evolutionary conservation in macromolecules. Nucleic Acids
Research, 44(W1), W344-W350. https://doi.org/10.1093/nar/gkw408

Bassot, C., & Elofsson, A. (2021). Accurate contact-based modelling of repeat
proteins predicts the structure of new repeats protein families. PLOS
Computational Biology, 17(4), e1008798.
https://doi.org/10.1371/journal.pcbi.1008798

Bellono, N. W., Escobar, I. E., Lefkovith, A. J., Marks, M. S., & Oancea, E.
(2014). An intracellular anion channel critical for pigmentation. ELife, 3.
https://doi.org/10.7554/eLife.04543

Bergeron, M. J., Clémencgon, B., Hediger, M. A., & Markovich, D. (2013). SLC13
family of Na+-coupled di- and tri-carboxylate/sulfate transporters. Molecular
Aspects of Medicine, 34(2-3), 299-312.
https://doi.org/10.1016/J.MAM.2012.12.001

Burley, S. K., Berman, H. M., Christie, C., Duarte, J. M., Feng, Z., Westbrook, J.,
... Zardecki, C. (2018). RCSB Protein Data Bank: Sustaining a living digital
data resource that enables breakthroughs in scientific research and biomedical
education. Protein Science, 27(1), 316-330. https://doi.org/10.1002/pro.3331

David, A., Islam, S., Tankhilevich, E., & Sternberg, M. J. E. (2022). The
AlphaFold Database of Protein Structures: A Biologist’s Guide. Journal of
Molecular Biology, 434(2), 167336.
https://doi.org/10.1016/J.JMB.2021.167336

del Alamo, D., Sala, D., Mchaourab, H. S., & Meiler, J. (2022). Sampling
alternative conformational states of transporters and receptors with
AlphaFold2. ELife, 11. https://doi.org/10.7554/eLife.75751

Dey, S., & Rosen, B. P. (1995). Dual mode of energy coupling by the oxyanion-
translocating ArsB protein. Journal of Bacteriology, 177(2), 385-389.
https://doi.org/10.1128/jb.177.2.385-389.1995

Drew, D., & Boudker, O. (2016). Shared Molecular Mechanisms of Membrane
Transporters. Annual Review of Biochemistry, 85(1), 543-572.
https://doi.org/10.1146/annurev-biochem-060815-014520

Eiberg, H., Troelsen, J., Nielsen, M., Mikkelsen, A., Mengel-From, J., Kjaer, K.
W., & Hansen, L. (2008). Blue eye color in humans may be caused by a
perfectly associated founder mutation in a regulatory element located within
the HERC2 gene inhibiting OCA2 expression. Human Genetics, 123(2), 177—
187. https://doi.org/10.1007/s00439-007-0460-x

El-Gebali, S., Mistry, J., Bateman, A., Eddy, S. R., Luciani, A., Potter, S. C., ...
Finn, R. D. (2019). The Pfam protein families database in 2019. Nucleic
Acids Research, 47(D1), D427-D432. https://doi.org/10.1093/nar/gky995

Eswar, N., Eramian, D., Webb, B., Shen, M.-Y., & Sali, A. (2008). Protein
Structure Modeling with MODELLER (pp. 145-159). Humana Press.
https://doi.org/10.1007/978-1-60327-058-8_8

Feng, L., Campbell, E. B., Hsiung, Y., & MacKinnon, R. (2010). Structure of a


https://doi.org/10.1101/2022.12.09.519718
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.09.519718; this version posted December 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

eukaryotic CLC transporter defines an intermediate state in the transport
cycle. Science (New York, N.Y.), 330(6004), 635-641.
https://doi.org/10.1126/science.1195230

Garaeva, A. A., & Slotboom, D. J. (2020). Elevator-type mechanisms of
membrane transport. Biochemical Society Transactions, 48(3), 1227-1241.
https://doi.org/10.1042/BST20200290

Gardner, J. M., Nakatsu, Y., Gondo, Y., Lee, S., Lyon, M. F.,, King, R. A., &
Brilliant, M. H. (1992). The Mouse Pink-Eyed Dilution Gene: Association
with Human Prader-Willi and Angelman Syndromes. Science, 257(5073),
1121-1124. https://doi.org/10.1126/science.257.5073.1121

Greener, J. G., Kandathil, S. M., & Jones, D. T. (2019). Deep learning extends de
novo protein modelling coverage of genomes using iteratively predicted
structural constraints. Nature Communications, 10(1).
https://doi.org/10.1038/s41467-019-11994-0

Griffiths, G. (2002). What’s special about secretory lysosomes? Seminars in Cell
& Developmental Biology, 13(4), 279-284. https://doi.org/10.1016/S1084-
9521(02)00057-5

Hall, J. A., & Pajor, A. M. (2005). Functional Characterization of a Na * -Coupled
Dicarboxylate Carrier Protein from Staphylococcus aureus. Journal of
Bacteriology, 187(15), 5189-5194. https://doi.org/10.1128/JB.187.15.5189-
5194.2005

Hediger, M. A., Romero, M. F., Peng, J.-B., Rolfs, A., Takanaga, H., & Bruford,
E. A. (2004). The ABCs of solute carriers: physiological, pathological and
therapeutic implications of human membrane transport proteins. Pfl @gers
Archiv European Journal of Physiology, 447(5), 465-468.
https://doi.org/10.1007/s00424-003-1192-y

Hegedis, T., Geisler, M., Lukacs, G. L., & Farkas, B. (2022). Ins and outs of
AlphaFold2 transmembrane protein structure predictions. Cellular and
Molecular Life Sciences, 79(1), 73. https://doi.org/10.1007/s00018-021-
04112-1

Hoglund, P. J., Nordstrom, K. J. V., Schioth, H. B., & Fredriksson, R. (2011). The
Solute Carrier Families Have a Remarkably Long Evolutionary History with
the Majority of the Human Families Present before Divergence of Bilaterian
Species. Molecular Biology and Evolution, 28(4), 1531-1541.
https://doi.org/10.1093/molbev/msq350

Holm, L., & Laakso, L. M. (2016). Dali server update. Nucleic Acids Research,
44(W1), W351-W355. https://doi.org/10.1093/nar/gkw357

Ji, G., Bacteriology, S. S.-J. of, & 1992, undefined. (n.d.). Regulation and
expression of the arsenic resistance operon from Staphylococcus aureus
plasmid pl258. Am Soc Microbiol. Retrieved from
https://journals.asm.org/doi/abs/10.1128/jb.174.11.3684-3694.1992

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., ...
Hassabis, D. (2021). Highly accurate protein structure prediction with
AlphaFold. Nature, 596(7873), 583-589. https://doi.org/10.1038/s41586-021-


https://doi.org/10.1101/2022.12.09.519718
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.09.519718; this version posted December 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

03819-2

King, R. A., Willaert, R. K., Schmidt, R. M., Pietsch, J., Savage, S., Brott, M. J.,
... Oetting, W. S. (2003). MC1R Mutations Modify the Classic Phenotype of
Oculocutaneous Albinism Type 2 (OCA2). The American Journal of Human
Genetics, 73(3), 638-645. https://doi.org/10.1086/377569

Kochnev, Y., Hellemann, E., Cassidy, K. C., & Durrant, J. D. (2020). Webina: an
open-source library and web app that runs AutoDock Vina entirely in the web
browser. Bioinformatics, 36(16), 4513-4515.
https://doi.org/10.1093/bioinformatics/btaa579

Krissinel, E., & Henrick, K. (2007). Inference of Macromolecular Assemblies
from Crystalline State. Journal of Molecular Biology, 372(3), 774-797.
https://doi.org/10.1016/J.JMB.2007.05.022

Lao, O., de Gruijter, J. M., van Duijn, K., Navarro, A., & Kayser, M. (2007).
Signatures of Positive Selection in Genes Associated with Human Skin
Pigmentation as Revealed from Analyses of Single Nucleotide
Polymorphisms. Annals of Human Genetics, 71(3), 354-369.
https://doi.org/10.1111/j.1469-1809.2006.00341.x

Lolkema, J. S., & Slotboom, D.-J. (1998). Hydropathy profile alignment: a tool to
search for structural homologues of membrane proteins. FEMS Microbiology
Reviews, 22(4), 305-322. https://doi.org/10.1111/j.1574-
6976.1998.tb00372.x

Lomize, M. A., Pogozheva, I. D., Joo, H., Mosberg, H. I., & Lomize, A. L.
(2012). OPM database and PPM web server: Resources for positioning of
proteins in membranes. Nucleic Acids Research, 40(D1).
https://doi.org/10.1093/nar/gkr703

Markovich, D., & Murer, H. (2004). The SLC13 gene family of sodium
sulphate/carboxylate cotransporters. Pfl @gers Archiv European Journal of
Physiology, 447(5), 594-602. https://doi.org/10.1007/s00424-003-1128-6

Mesdaghi, S., Murphy, D. L., Sdnchez Rodriguez, F., Burgos-Marmol, J. J., &
Rigden, D. J. (2021). In silico prediction of structure and function for a large
family of transmembrane proteins that includes human Tmem41b.
F1000Research, 9, 1395. https://doi.org/10.12688/f1000research.27676.2

Mirdita, M., Schitze, K., Moriwaki, Y., Heo, L., Ovchinnikov, S., & Steinegger,
M. (2022). ColabFold: making protein folding accessible to all. Nature
Methods, 19(6), 679-682. https://doi.org/10.1038/s41592-022-01488-1

Mulligan, C., Fitzgerald, G. A., Wang, D.-N., & Mindell, J. A. (2014). Functional
characterization of a Na+-dependent dicarboxylate transporter from Vibrio
cholerae. Journal of General Physiology, 143(6), 745-759.
https://doi.org/10.1085/jgp.201311141

Nagae, M., Hirata, T., Morita-Matsumoto, K., Theiler, R., Fujita, M., Kinoshita,
T., & Yamaguchi, Y. (2016). 3D Structure and Interaction of p24p and p246
Golgi Dynamics Domains: Implication for p24 Complex Formation and
Cargo Transport. Journal of Molecular Biology, 428(20), 4087—-4099.
https://doi.org/10.1016/J.JMB.2016.08.023


https://doi.org/10.1101/2022.12.09.519718
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.09.519718; this version posted December 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Nie, R., Stark, S., Symersky, J., Kaplan, R. S., & Lu, M. (2017). Structure and
function of the divalent anion/Na+ symporter from Vibrio cholerae and a
humanized variant. Nature Communications, 8(1), 15009.
https://doi.org/10.1038/ncomms15009

Pajor, A. M. (2014). Sodium-coupled dicarboxylate and citrate transporters from
the SLC13 family. Pflugers Archiv - European Journal of Physiology, 466(1),
119-130. https://doi.org/10.1007/s00424-013-1369-y

Pajor, A. M., Sun, N. N., & Leung, A. (2013). Functional Characterization of
SdcF from Bacillus licheniformis, a Homolog of the SLC13
Na+/Dicarboxylate Transporters. The Journal of Membrane Biology, 246(9),
705-715. https://doi.org/10.1007/s00232-013-9590-3

Passmore, L., Kaesmann-Kellner, B., & Weber, B. (1999). Novel and recurrent
mutations in the tyrosinase gene and the P gene in the German albino
population. Human Genetics, 105(3), 200-210.
https://doi.org/10.1007/s004399900104

Pastor-Cantizano, N., Garcia-Murria, M. J., Bernat-Silvestre, C., Marcote, M. J.,
Mingarro, I., & Aniento, F. (2017). N-Linked Glycosylation of the p24
Family Protein p2465 Modulates Retrograde Golgi-to-ER Transport of
K/HDEL Ligands in Arabidopsis. Molecular Plant, 10(8), 1095-1106.
https://doi.org/10.1016/J.MOLP.2017.07.007

Perland, E., & Fredriksson, R. (2017). Classification Systems of Secondary
Active Transporters. Trends in Pharmacological Sciences, 38(3), 305-315.
https://doi.org/10.1016/J.TIPS.2016.11.008

Pos, K. M., Dimroth, P., & Bott, M. (1998). The Escherichia coli Citrate Carrier
CitT: a Member of a Novel Eubacterial Transporter Family Related to the 2-
Oxoglutarate/Malate Translocator from Spinach Chloroplasts. Journal of
Bacteriology, 180(16), 4160-4165. https://doi.org/10.1128/JB.180.16.4160-
4165.1998

Prakash, S., Cooper, G., Singhi, S., & Saier, M. H. (2003). The ion transporter
superfamily. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1618(1),
79-92. https://doi.org/10.1016/J.BBAMEM.2003.10.010

Raposo, G., & Marks, M. S. (2007). Melanosomes — dark organelles enlighten
endosomal membrane transport. Nature Reviews Molecular Cell Biology,
8(10), 786-797. https://doi.org/10.1038/nrm2258

Raposo, G., Marks, M. S., & Cutler, D. F. (2007). Lysosome-related organelles:
driving post-Golgi compartments into specialisation. Current Opinion in Cell
Biology, 19(4), 394-401. https://doi.org/10.1016/J.CEB.2007.05.001

Reyes, N., Ginter, C., & Boudker, O. (2009). Transport mechanism of a bacterial
homologue of glutamate transporters. Nature, 462(7275), 880-885.
https://doi.org/10.1038/nature08616

Rosen, B. P. (1999). Families of arsenic transporters. Trends in Microbiology,
7(5), 207-212. https://doi.org/10.1016/S0966-842X(99)01494-8

Ruff, K. M., & Pappu, R. V. (2021). AlphaFold and Implications for Intrinsically
Disordered Proteins. Journal of Molecular Biology, 433(20), 167208,


https://doi.org/10.1101/2022.12.09.519718
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.09.519718; this version posted December 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

https://doi.org/10.1016/J.JMB.2021.167208

Sauer, D. B., Song, J., Wang, B., Hilton, J. K., Karpowich, N. K., Mindell, J. A.,
... Wang, D.-N. (2021). Structure and inhibition mechanism of the human
citrate transporter NaCT. Nature, 591(7848), 157-161.
https://doi.org/10.1038/s41586-021-03230-x

Sauer, D. B., Trebesch, N., Marden, J. J., Cocco, N., Song, J., Koide, A., ...
Wang, D.-N. (n.d.). Structural basis for the reaction cycle of DASS
dicarboxylate transporters. https://doi.org/10.7554/eLife.61350

Schonegge, A.-M., Villa, E., Forster, F., Hegerl, R., Peters, J., Baumeister, W., &
Rockel, B. (2012). The Structure of Human Tripeptidyl Peptidase 11 as
Determined by a Hybrid Approach. Structure, 20(4), 593-603.
https://doi.org/10.1016/J.STR.2012.01.025

Simeonov, D. R., Wang, X., Wang, C., Sergeev, Y., Dolinska, M., Bower, M., ..
Adams, D. R. (2013). DNA Variations in Oculocutaneous Albinism: An
Updated Mutation List and Current Outstanding Issues in Molecular
Diagnostics. Human Mutation, 34(6), 827-835.
https://doi.org/10.1002/humu.22315

Sitaram, A., Piccirillo, R., Palmisano, 1., Harper, D. C., Dell’ Angelica, E. C.,
Schiaffino, M. V., & Marks, M. S. (2009). Localization to Mature
Melanosomes by Virtue of Cytoplasmic Dileucine Motifs Is Required for
Human OCAZ2 Function. Molecular Biology of the Cell, 20(5), 1464-1477.
https://doi.org/10.1091/mbc.e08-07-0710

Trott, O., & Olson, A. J. (2009). AutoDock Vina: Improving the speed and
accuracy of docking with a new scoring function, efficient optimization, and
multithreading. Journal of Computational Chemistry, 31(2), NA-NA.
https://doi.org/10.1002/jcc.21334

Wright, S. H., Hirayama, B., Kaunitz, J. D., Kippen, 1., & Wright, E. M. (1983).
Kinetics of sodium succinate cotransport across renal brush-border
membranes. Journal of Biological Chemistry, 258(9), 5456-5462.
https://doi.org/10.1016/S0021-9258(20)81912-7

Xue, L. C., Rodrigues, J. P., Kastritis, P. L., Bonvin, A. M., & Vangone, A.
(2016). PRODIGY': a web server for predicting the binding affinity of
protein-protein complexes. Bioinformatics (Oxford, England), 32(23), 3676—
3678. https://doi.org/10.1093/bioinformatics/btw514

Yang, Q., Y1, S., Li, M., Xie, B., Luo, J., Wang, J., ... Fan, X. (2019). Genetic
analyses of oculocutaneous albinism types 1 and 2 with four novel mutations.
BMC Medical Genetics, 20(1), 106. https://doi.org/10.1186/s12881-019-
0842-7

Yao, X., & Pajor, A. M. (2000). The transport properties of the human renal Na *
- dicarboxylate cotransporter under voltage-clamp conditions. American
Journal of Physiology-Renal Physiology, 279(1), F54—F64.
https://doi.org/10.1152/ajprenal.2000.279.1.F54

Zhou, S., & Sakamoto, K. (2020). Citric acid promoted melanin synthesis in
B16F10 mouse melanoma cells, but inhibited it in human epidermal


https://doi.org/10.1101/2022.12.09.519718
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.09.519718; this version posted December 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

melanocytes and HMV-II melanoma cells via the GSK3/B-catenin signaling
pathway. PLOS ONE, 15(12), e0243565.
https://doi.org/10.1371/journal.pone.0243565

Zimmermann, L., Stephens, A., Nam, S.-Z., Rau, D., Kiibler, J., Lozajic, M., ...
Alva, V. (2018). A Completely Reimplemented MPI Bioinformatics Toolkit
with a New HHpred Server at its Core. Journal of Molecular Biology,
430(15), 2237-2243. https://doi.org/10.1016/j.jmb.2017.12.007

Supplementary

Supplementary Table 1: Dali results for structural screen of Oca2 against PDB

PDB code | Z-Score | Name

7jsj-A 39.1 Molecule: Solute Carrier Family 13 Member 5;

60l1-D 37.7 Molecule: Solute Carrier Family 13 Member 5;

5ul7-A 375 Molecule: Transporter, Nadc Family;

60kz-C 36.3 Molecule: Transporter, Nadc Family;

5uld-D 36.0 Molecule: Transporter, Nadc Family;

60l0-D 36.0 Molecule: Transporter, Nadc Family;

6wtx-D 353 Molecule: Dass Family Sodium-Coupled Anion Symporter;

Supplementary Table 2: Dali results for structural screen of beta sandwich (residues 196-
331) region against PDB

PDB code | Z-Score | Name

3Ixu-X 10.3 MOLECULE: TRIPEPTIDYL-PEPTIDASE 2;

6069-C 9.6 MOLECULE: PERIPHERIAL BENZODIAZEPINE RECEPTOR ASSOCIATED PR
5azw-B 94 MOLECULE: TRANSMEMBRANE EMP24 DOMAIN-CONTAINING PROTEIN 2;
4uyb-A 9.3 MOLECULE: SEC14-LIKE PROTEIN 3;

51z3-A 9.2 MOLECULE: GOLGI RESIDENT PROTEIN GCP60

lo6u-C 9.2 MOLECULE: SEC14-LIKE PROTEIN 2;

lolm-A 9.1 MOLECULE: SEC14-LIKE PROTEIN 2;
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