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Abstract

Background: Protein transporters translocate hydrophilic segments of polypeptide across hydrophobic cell
membranes. Two protein transporters are ubiquitous and date back to the last universal common ancestor: SecY
and YidC. SecY consists of two pseudosymmetric halves, which together form a membrane-spanning protein-
conducting channel. YidC is an asymmetric molecule with a protein-conducting hydrophilic groove that partially
spans the membrane. Although both transporters mediate insertion of membrane proteins with short translocated
domains, only SecY transports secretory proteins and membrane proteins with long translocated domains. The
evolutionary origins of these ancient and essential transporters are not known.

Results: The features conserved by the two halves of SecY indicate that their common ancestor was an antiparallel
homodimeric channel. Structural searches with SecY’s halves detect exceptional similarity with YidC homologs. The
SecY halves and YidC share a fold comprising a three-helix bundle interrupted by a helical hairpin. In YidC, this
hairpin is cytoplasmic and facilitates substrate delivery, whereas in SecY, it is transmembrane and forms the
substrate-binding lateral gate helices. In both transporters, the three-helix bundle forms a protein-conducting
hydrophilic groove delimited by a conserved hydrophobic residue. Based on these similarities, we propose that
SecY originated as a YidC homolog which formed a channel by juxtaposing two hydrophilic grooves in an
antiparallel homodimer. We find that archaeal YidC and its eukaryotic descendants use this same dimerisation
interface to heterodimerise with a conserved partner. YidC's sufficiency for the function of simple cells is suggested
by the results of reductive evolution in mitochondria and plastids, which tend to retain SecY only if they require
translocation of large hydrophilic domains.

Conclusions: SecY and YidC share previously unrecognised similarities in sequence, structure, mechanism, and
function. Our delineation of a detailed correspondence between these two essential and ancient transporters
enables a deeper mechanistic understanding of how each functions. Furthermore, key differences between them
help explain how SecY performs its distinctive function in the recognition and translocation of secretory proteins.
The unified theory presented here explains the evolution of these features, and thus reconstructs a key step in the
origin of cells.
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Background

By the time of the last universal common ancestor (cen-
ancestor), cells had already evolved a hydrophobic mem-
brane and integral membrane proteins (IMPs) which
carried out core metabolic functions [1, 2]. Among those
IMPs was SecY, a protein-conducting channel [3]. As is
typical for channels, SecY (termed Sec61 in eukaryotes)
catalyses the translocation of hydrophilic substrates
across the hydrophobic membrane by creating a condu-
cive hydrophilic environment inside the membrane. The
substrates which it translocates are secretory proteins
and the extracytoplasmic segments of IMPs.

SecY typically requires that its hydrophilic transloca-
tion substrates be connected to a hydrophobic «-helix
[4—6]. These hydrophobic helices serve as signals which
open the SecY channel [7-9]. SecY is comprised of two
separate halves [10] which open like a clamshell when a
helix binds to the lipid interface between them (Fig. 1a).
Spreading the halves apart destabilises a plug which sits
between them, opening a hydrophilic pore that spans
the width of the membrane. By binding at this site, the
signal also threads one of its hydrophilic flanking regions
through the hydrophilic pore, thereby initiating its
translocation.

A set of conserved hydrophobic residues that line
the narrowest part of the translocation pore form a
gasket-like seal around the translocating chain [11].
These residues, which are contributed by both halves
of SecY, are known collectively as the pore ring. They
not only maintain the ion permeability barrier across
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the membrane [12, 13], but also bind the plug when
the channel is closed [10].

The site between SecY’s halves where signals bind
is called the lateral gate. After binding and initiating
translocation, sufficiently hydrophobic signals can dif-
fuse away from the lateral gate into the surrounding
hydrophobic membrane [14]. Many signals, particu-
larly those at the N-terminus of secretory proteins,
are ultimately cleaved off by signal peptidase, a
membrane-anchored protease whose active site resides
on the extracytoplasmic side of the membrane [15].
Longer and more hydrophobic signals that are not
cleaved serve as the transmembrane helices (TMHs)
of IMPs [16].

SecY is the only ubiquitous transporter for protein se-
cretion. There is however a second ubiquitous superfam-
ily of protein transporters which is specialised for IMP
integration, Oxal [17]. The Oxal superfamily consists of
four member families, each of which now has a known
atomic structure. One, YidC, is found in the prokaryotic
plasma membrane [18, 19], whereas the other three are
paralogs located in the eukaryotic endoplasmic
reticulum (ER): TMCO1 [20], EMC3 [21-24], and GET1
[25]. All share a conserved core of three TMHs and a
cytoplasmic helical hairpin. With YidC also present in
the plastid (Alb3 [26]) and mitochondrial inner mem-
branes (Oxal [27, 28]), it appears that every membrane
equivalent to the plasma membrane of the cenancestor
contains Oxal superfamily proteins. As with SecY, ar-
chaeal and bacterial YidC are monophyletic and highly
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Fig. 1 Structure and pseudosymmetry of the protein-conducting channel SecY. a Left: Structure of the channel engaged by a secretory substrate:
Geobacillus thermodenitrificans SecYE engaged by proOmpA (Protein Data Bank ID [PDB] 6itc). The cytoplasmic ATPase SecA is present in the
model but not shown. Right: Rotated view of only the SecY N-half and substrate. b Pseudosymmetry of the N- and C-halves. Left: SecYE shown
as tubes with the pseudo-C, symmetry axis denoted by a pointed oval. Right: Rotated view in ribbon representation. The N-half has been rotated
180° around the pseudo-C, symmetry axis and aligned to the C-half. SecE is divided where it intersects the symmetry axis into N-terminal (white)
and C-terminal (grey) segments. A dashed black line indicates the same pseudo-C, symmetry axis shown at left after a 90° rotation. Stars indicate
where the halves were split
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divergent [17, 29], suggesting that YidC was present
alongside SecY in the cenancestor.

Like SecY, YidC facilitates IMP integration by translo-
cating extracytoplasmic segments across the membrane
[18, 30-32]. Unlike SecY substrates, however, YidC sub-
strates are limited in the length of polypeptide translo-
cated, typically to less than 30 amino acids [33]. This
limitation may be due to YidC’s lack of a membrane-
spanning hydrophilic pore; instead, YidC structures
show a membrane-exposed hydrophilic groove that only
penetrates partway into the membrane [19]. YidC thus
forms a partial channel and may also thin and distort
the adjacent membrane [34].

The two halves of SecY are structurally similar and re-
lated by a two-fold rotational (C,) pseudosymmetry axis
parallel to the membrane plane (Fig. 1b) [10]. Such pseu-
dosymmetry is common among membrane proteins and
arises when the gene encoding an asymmetric progenitor
undergoes duplication and fusion [35]. Channels are par-
ticularly likely to have a membrane-parallel C, axis of
structural symmetry because they have the same axis of
functional symmetry: they facilitate substrates’ bidirec-
tional diffusion across the membrane. Indeed, polypep-
tides can slide through SecY bidirectionally [36], with
unidirectionality arising from other factors [37, 38].
Membrane-parallel C, pseudosymmetry requires that
the two fused domains be antiparallel, and thus those
domains typically derive from progenitors that existed as
antiparallel homodimers [39, 40].

The ubiquity and essentiality of the SecY channel mo-
tivated us to investigate how it might have evolved. We
identify several structural elements that are conserved
between its two halves, which suggest that the SecY pro-
genitor was an antiparallel homodimer featuring a sym-
metric pore ring at its dimerisation interface. Automated
database searches for structures similar to the SecY
halves show that they are uniquely similar to the Oxal
superfamily, of which YidC is the prokaryotic member.
Structural alignments indicate that key residues of
YidC’s hydrophilic groove and its capping hydrophobic
residue are homologous to key residues in SecY’s hydro-
philic funnels and its pore ring, respectively.

In light of this new correspondence, we re-evaluate the
extensive mechanistic literature on SecY and the Oxal
superfamily, identifying surprising similarities and spe-
cific structural bases for their differences. Based on this
analysis, we propose that SecY evolved from a dimeric
Oxal superfamily member by gene duplication and fu-
sion. We compare the range of substrates that can be
translocated by YidC to the prokaryotic membrane
proteome and find that a YidC-dependent, SecY-
independent cell is plausible. We discuss the implica-
tions of this model for the evolution of YidC itself and
other components of the general secretory pathway.
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Results

Conserved pre-duplication features in SecY

Features shared by both of SecY’s halves are likely to
have been present in their last common ancestor, which
we term proto-SecY. In an attempt to identify conserved
sequence features of proto-SecY, we aligned the amino
acid (a.a.) sequences of a set of N- and C-halves. How-
ever, their pairwise identities are just 12.5 + 2.2% (s.d.),
compared to 9.3 + 4.3% between randomly shuffled se-
quences, an excess identity of only 6 a.a. per 200 a.a.
half. By pairwise HHpred [41], the halves have similarity
p = 0.02, where p estimates the likelihood of observing
as much similarity between a random pair of unrelated
proteins [42, 43]. For context, this means that in search-
ing a typical whole-proteome database of ~10* entries
with one half of SecY, one would expect to find ~ 200
unrelated proteins just as similar as the other half of
SecY. Reconstructing a cenancestral SecY sequence
using methods previously successful for a different in-
ternally duplicated protein [44] yielded no increase in
similarity between the SecY halves (see Additional file
1). Thus, the two halves of SecY have diverged too far
from one another to reliably reconstruct proto-SecY’s
primary sequence.

Unlike primary sequence, a five-TMH tertiary struc-
ture is conserved by both halves of SecY (Fig. 1b [10]).
To facilitate comparisons, we label these five consensus
helices H1-H5 (Fig. 2a). A prefix of N or C is used when
referring to a specific instance of a consensus element in
the N- or C-half of SecY. For example, TM6 of SecY is
labelled C.H1 because it is located in the C-half and cor-
responds to H1 of proto-SecY, as does TM1 (N.H1) in
the N-half. Flanking and intervening segments are la-
belled using lower-case references to the nearest consen-
sus elements. For example, the ribosome-binding loop
between C.H1 and C.H2 is C.h1h2. The N-terminal per-
ipheral helix of each half, which we argue later was
probably also present in proto-SecY, is named HO.

To identify more detailed conserved features, we pur-
sued a precise structural alignment of the SecY halves.
We collected a representative set of seven SecY struc-
tures: closed [45, 46], primed [47, 48], and open [9, 11]
models for eukaryotic and bacterial SecY, and closed ar-
chaeal SecY [10]. Alignments between these halves gen-
erated by mTM-align [49] vary widely in accuracy and
extent (Additional file 2: Figure Sla), but display one
clear trend: the C-halves in the closed and primed struc-
tures are least like the N-halves of any structure. This is
because closure induces symmetry-breaking tilts in C.H2
and C.H5 (Additional file 2: Figure S1b) whereas the N-
halves remain relatively unchanged.

Intriguingly, the stability of this asymmetrical closed
conformation depends on another asymmetrical feature,
the plug (Fig. 2a [50]). This suggests that neither the
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Fig. 2 Features conserved between SecY’s halves. a Consensus secondary structure elements (grey) in Methanocaldococcus jannaschii SecY (1rhz).
Stars indicate where the halves were split. b Symmetric features in the most self-similar SecY structure (6itc). A pointed oval indicates the pseudo-
G, symmetry axis. Dashed lines indicate hydrogen bonds (blue) and Van der Waals contacts (white). ConSurf variability scores for an alignment of
the N- and C-half sequences are shown mapped onto each half's model. The colour scale encompasses the minimum but not maximum score.

The most conserved residues are shown as sticks and labelled

plug nor the closed conformation may have been present
in proto-SecY. A plugless proto-SecY is plausible, given
that plug-deletion mutants of SecY are tolerated [13, 50,
51]. If proto-SecY did lack SecY-like gating or a plug, it
would then more closely resemble other protein trans-
porters like YidC or TatC, which are not gated [19, 52].

The most similar halves, 6fti N [47] and 6itc C [11],
share a common core (<4 A deviation) of 121 a.a. across
all 5 helices with 1.9 A RMSD (Additional file 2: Figure
S1c). This is precise enough that all 5 helices can be reg-
istered confidently. Their alignment shows that the four
functionally important pore ring residues [12] are lo-
cated at the same two homologous sites in each half. To
identify other conserved sites, this structural alignment
was then used to align a diverse set of N- and C-half se-
quences (Additional file 3). Their sequence conservation
at each site was then scored and mapped to the most
self-similar SecY structure (6itc).

This scored structure shows that the interface between
halves is symmetrical and conserved (Fig. 2b). N.H5 and
C.H5 contact each other via the H5 pore ring residue,
which coincides with the symmetry axis, and also via resi-
dues -3 and +4 a.a. from the pore ring. Although SecY
today is a pseudodimer, split mutants show that it remains
able to form true dimers via this interface [53]. Less con-
served than the pore ring but still notable are two helix-
breaking residues which N-terminate H5 (glycine) and H2
(proline), and a glycine near H2 which bonds its a-
hydrogen with the —3 backbone oxygen, thereby stabilis-
ing a small bulge. These conserved residues are all within
5 a.a. of the pore ring, underscoring the structural conser-
vation of this central region. Altogether, these features
suggest that while proto-SecY may not have had SecY-like
gating or a plug, it did form antiparallel homodimers
centred on a pore very similar to SecY’s. Thus proto-SecY
likely functioned as a protein-conducting channel.
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SecY is uniquely similar in structure to the Oxa1
superfamily

With this information about proto-SecY, we sought to
identify distant homologs from before its duplication.
For this, we used Dali, which measures structural simi-
larity between protein backbones. Dali is competitive
with other top methods for accurate homolog detection
and outperforms them when the relationships in ques-
tion are particularly distant [54]. Other methods con-
struct 3-D superpositions with better geometric
properties like RMSD, but Dali nonetheless outperforms
them in detection accuracy [55]. Thus, we use Dali here,
whereas a method optimised for 3-D superposition,
mTM-align [49], was used above to align the SecY
halves.

Queries of the PDB with the N- or C-half of SecY
yielded a match correlation matrix [56] that indicates
the possible presence of two separate subdomains
(Fig. 3a). The three-helix bundle of H1/4/5 showed
positive self-correlation, but anti-correlation with the
H2/3 two-helix hairpin. Because Dali measures global
similarity, including both subdomains in our searches
would tend to obscure distant homologs which share
only one subdomain [57]. We therefore performed
searches with not only the whole N- and C-halves,
but also the largest subdomain, H1/4/5 (Fig. 3b). We
queried a non-redundant subset of the PDB filtered at
25% pairwise identity (PDB25).

After excluding SecY and soluble hits, the most con-
sistently high-ranking hits were members of the Oxal
superfamily (Fig. 3¢; Additional file 4). Moreover, these
hits link multiple Oxal families (GET1 and EMC3) to
both SecY halves, suggesting that their similarity is due
to conserved characteristics of the Oxal superfamily and
proto-SecY rather than idiosyncrasies of any one struc-
ture. By contrast, almost all other hits were as highly
ranked in only a single query.

Manual review of these isolated hits shows them to be
obviously dissimilar (Additional file 2: Figure S2a) due to
features ignored by Dali’s distance matrix metric, such
as gaps, context, and handedness. There is one non-
Oxal hit that tops multiple queries, APH-1 (5a63C;
Additional file 2: Figure S2b). However, only two of the
four aligned TMHs are conserved by the prokaryotic
proteases from which APH-1 descends [58, 59], so the
part of this alignment relevant to pre-cenancestral events
is negligible. To test the sensitivity of these results to
our choice of queries (6fti N and 6itc C), selected above
for maximum symmetry, we repeated them with the op-
posite half of each structure (6fti C and 6itc N), with
similar results. These results show that the SecY halves
are more structurally similar to the Oxal superfamily
than any other. This result is evident even if one con-
siders only the queries with full N- and C-halves and
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thus does
subdomain.

In the H1/4/5 queries, the Oxal superfamily hits rank
even higher than some SecY hits, and have Dali Z-scores
4.2 to 5.6 standard deviations above the mean, i.e. p =
0.0081 to 0.0014. These p values mean that Dali predicts
one would find an unrelated cenancestral protein this
similar if the cenancestor contained 0.0014™' ~ 700 or
more homology candidates (multi-pass helical IMPs
non-redundant at 25% identity). For scale, E. coli con-
tains ~ 550 such proteins. Fewer such proteins can be
confidently assigned to the cenancestor [1, 2], but the
uncertainties involved are large. Thus, if one weighed no
other comparisons between SecY and Oxal besides this
Dali p value, it alone may not provide strong evidence
for homology. But as detailed in subsequent sections,
SecY is uniquely similar to Oxal in several additional
ways. In quantitative terms, this means that the Dali p
value can be combined with p values expressing the rar-
ity of these non-Dali similarities (~107* in the PDB25).
Thus, the totality of evidence provides stronger statis-
tical support for homology than the Dali search results
alone.

In addition to the structural similarities in H1/4/5,
each consensus helix from proto-SecY can be matched
to a consensus helix from the Oxal superfamily and
linked with the same connectivity (Fig. 4, Table 1). The
SecY/Oxal fold comprises a right-handed three-helix
bundle (H1/4/5) interrupted after the first helix by a hel-
ical hairpin (H2/3) and prefixed by an N-terminal per-
ipheral helix (HO) which abuts H4 (Fig. 4c). Thus, in
addition to sharing a universally conserved core three-
TMH bundle, proto-SecY and Oxal proteins share a
similar composition and connectivity across their full
~200 a.a. lengths.

There is one conspicuous difference between these
groups’ structures: in SecY, the helical hairpin H2/3 is
transmembrane, but in the Oxal superfamily, it is cyto-
plasmic (Fig. 4b). If SecY derived from an Oxal super-
family ancestor, this would suggest that an initially
cytoplasmic H2/3 evolved to be transmembrane in the
proto-SecY stem lineage. Transmembrane hairpins are
indeed known to be acquired during membrane protein
evolution; convenient examples are provided by the
transmembrane hairpins in bacterial YidC h4h5 (Fig. 4)
and in some SecE [60].

Starting from a YidC-like H2/3, more membrane-
penetrating conformations could have been induced
by hydrophobic substitution mutations around the
hairpin tip, which lacks conserved hydrophilics (Add-
itional file 2: Figure S3). SecY H2/3 could also derive
to some degree from indel mutations, particularly
since the segment between H1 and H4 is 10 a.a. lon-
ger in SecY N than in YidC, and 60 a.a. longer in

not depend on treating H1/4/5 as a
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Fig. 3 SecY's halves are uniquely similar in structure to the Oxal superfamily. a Match correlation matrix returned by Dali for a half-SecY query
(6itc C). The axes are labelled by a diagram of the SecY transmembrane helices. b The structural models used as Dali queries. The full models and
the H1/4/5 subdomains (orange) were used. ¢ Results from querying the PDB25. The top-ranking hits for each query are shown, and any lower-
ranking hits that rank higher than the first Oxa1 superfamily hit. Asterisks mark 7d7nA because although it appears twice, those hits are with two
non-overlapping parts of the model. Oxal superfamily hits are shown by name (EMC3, GET1) instead of PDB code (6ww?7C, 6s05C). At bottom are
the scores for the SecY hits, which were excluded from the ranking. SecY hits in boldface scored lower than an Oxal superfamily hit for
that query

SecY C. Mutant H2/3 would readily sample
membrane-penetrating conformations because it rests
at the lipid-water interface [34] and is flexibly con-
nected to H1/4/5, as evident in simulations [19, 34]
and in the archaeal and bacterial crystal structures
where H2/3 was too mobile to be modelled [18, 61].
Because SecY H2/3 is stabilised in the membrane by
H1/4/5, it need not have become particularly hydro-
phobic; for example, most of the H2/3 helices in G.
thermodenitrificans SecY are predicted to prefer the

aqueous phase (N to C: AG,,, = 17, 0.7, 1.0, -1.4
kcal/mol [62];).

Late acquisition of the transmembrane H2/3 would ex-
plain a curious feature of SecY’s structure. H2/3 does
not pack against H1 (Fig. 4c), despite the fact that during
co-translational membrane insertion H1 would be ex-
posed to H2/3 without competition. It is reasonable to
expect that these elements would interact if their folding
pathway had juxtaposed them throughout evolution.
This is thought to be why most transmembrane helices
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Fig. 4 (See legend on next page.)
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(See figure on previous page.)

prokaryotic YidC (models as in a)

Fig. 4 Correspondence between structural elements of SecY and the Oxal superfamily. Consensus elements and the intervening element h4h5
are coloured according to the key shown. Other intervening elements are coloured to match a neighbouring consensus element, and flanking
elements are coloured white. a The models are, from left to right and then top to bottom, Canis lupus familiaris SEC61AT (6fti), Homo sapiens
TMCO1 (6wél), H. sapiens EMC3 (6ww7), H. sapiens GET1 (6s05), M. jannaschii SecY (1rhz), M. jannaschii MJ0480 (predicted, see Additional file 2:
Figure S4), G. thermodenitrificans SecY (6itc), and Bacillus halodurans YidC2 (3wo6). b Topology diagrams. ¢ Axial views of archaeal SecY N and

pack sequentially against one another [63, 64]. In SecY,
however, H1 and H2/3 are separated by H4/5. This sug-
gests that H1/4/5 was the original, sequentially packed
transmembrane bundle, and H2/3 only later became
transmembrane and packed against its surface. The
transmembrane hairpins in bacterial YidC h4h5 and
SecE likewise break sequential packing, suggesting that a
similar process of transmembrane hairpin acquisition
may explain non-sequential TMH packing in other pro-
teins. This is analogous to how RNA branch acquisition
left structural fingerprints in the ribosome [65].

Thus, the SecY halves and the Oxal superfamily
have backbone structures that not only are uniquely
similar by standard measures, but also could plausibly
descend from a common ancestor. This identifies the
Oxal superfamily as the best candidate for the origin
of SecY. The following sections analyse their similar-
ities and differences in mechanistic and functional
terms. We focus on archaeal and bacterial YidC and
not their eukaryotic homologs, since eukaryotes derive
from archaea [66].

Like proto-SecY, YidC uses the distal face of H5 for
dimerisation

As shown above, proto-SecY formed antiparallel homo-
dimers via the distal face of H5 (Fig. 5a); here, we con-
sider whether this characteristic could have arisen in an
ancient member of the Oxal superfamily. Antiparallel
homodimerisation requires that the monomer possess

Table 1 Consensus nomenclature for SecY and YidC

two characteristics: a tendency to be produced in oppos-
ite topologies and an interface suitable for dimerisation.
Although dual topology is not evident in the Oxal
superfamily, distant ancestors could easily have had this
property with relatively few changes. Making only a few
changes to basic amino acids (especially lysine and ar-
ginine), flanking the first TMH of an IMP can influence
its topology, and an inverted first TMH can invert an
entire IMP containing several TMHs [40, 67-69]. Such
changes in topology occur naturally in protein evolution
[40, 70], and YidC does not contain any conserved basic
residues in its soluble segments that would impede this
evolutionary process (Additional file 2: Figure S3). More-
over, the lysine and arginine bias in extant YidC is no
greater than that previously observed in proteins which
acquired divergent orientations [70].

The other required characteristic, amenability to di-
merisation via the distal face of H5, does indeed occur
in some Oxal superfamily members. This interface is
occupied by an intramolecular interaction with h4h5 in
bacterial YidC, but it remains exposed in archaeal YidC
and its eukaryotic descendants. There are no published
data on YidC biochemistry in archaeal cells, but
eukaryotic EMC3 and GET1 are known to form separate
complexes, and structural models show that they use the
distal face of H5 to do so (Fig. 5a [21-25]). These inter-
actions via H5 are heterodimeric, rather than homodi-
meric, but nonetheless demonstrate that EMC3 and
GET1 can dimerise (with EMC6 and GET2, respectively)

SecY Consensus YidC
N-half C-half element Archaea-Eukarya Bacteria (monoderms) Bacteria (diderms)
ho T™M1, P1
HO EH1 EH1 EH1
™1 T™M6 H1 ™1 ™1 ™2
TM2a (plug) C4 (RBD) h1h2
TM2b (LG) TM7 (LG) H2 CH1 CH1 CH1
C5 (RBD) h2h3
T™M3 (LG) T™M8 (LG) H3 CH2 CH2 CH2
™4 T™M9 H4 ™2 ™2 ™3
h4h5 EH2 TM3/4 TM4/5
T™M5 TM10 H5 ™3 T™M5 ™6

CH cytoplasmic helix, EH extracytoplasmic helix, P periplasmic domain, C cytoplasmic domain, LG lateral gate, RBD ribosome-binding domain
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a pseudodimer b Archaeal and eukaryotic EMC6-like proteins

via H5/ Query Proteome Name E-value  Phylum
4 [ (] H. sapiens Pyrococcus horikoshii hypothetical protein ~ 4.50x10'® Euryarchaeota
| EMC6 Lokiarchaeum sp. GC14_75 h.p. Lokiarch_50810 9.20x10'® Proteoarchaeota (Asgard)
SecY C SecY N Saccharolobus solfataricus hypothetical protein ~ 3.60x10™""  Proteoarchaeota (TACK)
A Methanocaldococcus jannaschii  h.p. MJ0606 2.90x10°8
/ Archaeoglobus fulgidus hypothetical protein ~ 3.4x10®
H1 Methanosarcina hypothetical protein ~ 6.6x10° Eurvarchaeota
Methanothermus fervidus hypothetical protein ~ 3.9x10°® ry
" Thermoplasma acidophilum hypothetical protein ~ 1.5x10*
Halobacterium jilantaiense hypothetical protein ~ 6.5x10*
X H. jilantaiense hypothetical protein 2.3
Lokiarch  H. sapiens unc. prot. C200rf24  3.80x10™
50810 H. sapiens EMC6 1.20x107"2
S. cerevisiae EMC6 1.10x1072
X H. sapiens EAAT1 80

c
Archaea YidC MJ0606
Eukarya TMCO1

=20,

L

Fig. 5 Archaeal YidC and its descendants form dimers via the same interface as proto-SecY. a Comparison of the SecY (6itc) and EMC3/6 (6wb9)

dimerisation interfaces. b Archaeal and eukaryotic HHpred hits for EMCé-like proteins. A red cross and grey text indicates the first rejected result.

For sequence accession numbers, see Methods. ¢ Structures of archaeal and eukaryotic complexes containing homologs of EMC3/6 (6wb9): M.

Jannaschii YidC a.ka. MJ0480/MJ0606 (predicted, see Additional file 2: Figure S4), H. sapiens TMCO1/C200rf24 (predicted, see Additional file 2:
Figure S4), and H. sapiens GET1/2/3 (6s05). A sequence insertion in the N-terminal half of GET2 TM3 is shown in pink

A\

along the same interface as the proto-SecY homodimer
without impeding their translocation activities.

To determine whether this propensity to dimerise via
H5 is ancient or eukaryote-specific, we queried nine di-
verse archaeal proteomes for homologs of H. sapiens
EMC6 or GET2 using HHpred [41]. Although none dis-
played significant similarity with GET2, every proteome
queried contained exactly one protein similar to EMC6
(Fig. 5b). Among these archaeal proteins, those most

similar to eukaryotic EMC6 tend to come from the spe-
cies most closely related to eukaryotes: the Asgard ar-
chaean, then the TACK archaean, and then the
euryarchaeans. This phylogenetic concordance indicates
that the archaeal proteins are homologs of the
eukaryotic protein and that their ubiquity is due to an
ancient origin. Reciprocal queries of H. sapiens and S.
cerevisiae proteomes with the Asgard EMC6-like protein
(Lokiarch_50810) identified EMC6 in both cases as high-
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confidence hits. Unexpectedly, the H. sapiens search also
identified an additional, even more similar hit, C200rf24
(Fig. 5b).

To determine if these EMC6 homologs bind to an
Oxal superfamily member, we performed coevolutionary
contact-restrained structure prediction using AlphaFold
2.0 [71, 72] for putative archaeal (M. jannaschii YidC/
MJ0606) and eukaryotic (H. sapiens TMCO1/C200rf24)
complexes. This yielded heterodimeric models with very
high confidence scores for both the local structure of
each protomer (Additional file 2: Figure S4a; Additional
file 5) and those protomers’ alignment in the heterodi-
mer (Additional file 2: Figure S4b). This indicates that
the distal face of H5 is used for heterodimerisation not
only by eukaryotic EMC3 and GET1 but also by
TMCO1 and archaeal YidC. TMCO1/C200rf24 inter-
action is consistent with the aforementioned absence of
C200rf24 from S. cerevisiae (Fig. 5b) because cerevisiae
also lacks TMCOL.

Although GET?2 lacks strong sequence similarity with
these EMC6 homologs, its structural similarity with
EMC6 was immediately recognised [24, 25]. Our identi-
fication of archaeal EMC6 homologs reveals a plausible
origin for GET2. Consistent with this, although our
GET2 query of the lokiarchaean proteome did not iden-
tify any very high-similarity proteins, the most similar
membrane protein was indeed an EMC6 homolog
(Lokiarch_50810, HHpred p = 0.0057). Moreover, the
aligned columns between GET2 and Lokiarch_50810
correspond exactly to their structurally similar trans-
membrane domains. The single large gap in this align-
ment spans the cytoplasmic extension of GET2 TM3,
which brings it into contact with GET3 (Fig. 5¢). Thus,
the major difference between GET2 and EMC6 can be
explained as a functional adaptation for GET3 recogni-
tion, not unlike GET1’s elongation of H2/3.

The absence of a similar heterodimer in bacteria sug-
gests that it may have been acquired in archaea after di-
vergence from bacteria, which instead acquired the H5-
occluding transmembrane hairpin in h4h5 (Fig. 4). An
archaeal origin for the EMC6-like proteins would be
consistent with their genomic location, which is distant
from the widely conserved cluster of cenancestral ribo-
somal genes, SecY and YidC [73]. In the period prior to
heterodimerisation with EMC6-like proteins, a YidC
homolog could have evolved to use H5 for homodimeri-
sation, giving rise to proto-SecY. YidC’s universal ten-
dency to cover the distal face of H5 supports this
possibility.

Corresponding elements serve similar mechanistic roles
using similar amino acids

In both YidC and SecY, the hydrophilic translocation
interface is lined by H1/4/5 (Fig. 6a). Both three-TMH
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bundles have a right-handed twist, with H1 and H4 near
parallel and H5 packing crossways against them. Of the
three helices, it is this crossways H5 that makes the clos-
est contacts with the translocating hydrophilic substrate
in SecY (Fig. 6a) and in YidC [74]. Moreover, YidC'’s
substrates initiate translocation as a hairpin with both
termini in the cytoplasm [74], just as SecY’s substrates
do [75, 76]. From this intermediate state, some segments
of the substrate can integrate into the membrane, and
their propensity to do so is a similar function of the seg-
ment’s sequence regardless of whether YidC or SecY is
used [77].

The YidC and SecY H1/4/5 bundles are structurally
similar enough that they can be aligned confidently (Fig.
6b). Across the 40 structurally aligned sites, YidC and
SecY have 22.5% identical consensus sequences, com-
pared to 30.0% between the SecY halves at these same
sites. This alignment superimposes the pore ring residue
in SecY H5 onto a conserved hydrophobic residue in
YidC H5 that marks the end of the hydrophilic groove.
In YidC and the SecY N-half this residue is positioned at
a similar depth in the membrane (Fig. 6a), whereas the
C-half is shifted. In bacterial YidC, the groove end resi-
due is aromatic and intimately contacts the bacteria-
specific h4h5 hairpin, but in archaeal YidC, this residue
is aliphatic and most often an isoleucine, just as it is in
SecY (Fig. 6¢). Moreover, the same surrounding posi-
tions on H5 are polar (-3, +3, +7, +11) or polarisable ar-
omatics (-1) in both YidC and SecY. Together with a
conserved polar residue in H1, these comprise the entire
hydrophilic groove of archaeal YidC, and thus that same
groove is also hydrophilic in SecY. Finally, a conserved
tryptophan is positioned at the lipid-water interface,
tryptophan’s preferred environment [78], where it is
thought to stabilise YidC’s particular transmembrane
position [34].

This detailed similarity in both sequence and structure
indicates that the residue at the end of YidC’s hydro-
philic groove is homologous to the pore ring residue at
the end of SecY’s hydrophilic funnel. Hydrophobic inter-
actions between these residues in two antiparallel YidC-
like monomers would have favoured dimers with a sym-
metry that juxtaposed them, allowing them to ultimately
form the proto-SecY pore ring. Early dimers may have
formed only transiently or been unable to open a full a
membrane-spanning pore, but such channels can none-
theless be functional. For example, the channel for ER-
associated degradation is a transient heterodimer of two
protomers that contain hydrophilic grooves, one open to
the cytosol and the other to the ER lumen [79]. Juxta-
posing these two grooves thins the membrane enough
that soluble proteins can be translocated across. Juxta-
posing the grooves of two YidC homologs in an antipar-
allel homodimer could likewise have increased their
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Fig. 6 Corresponding elements of SecY and YidC serve similar mechanistic roles using similar amino acids. a SecY and YidC models aligned by
fitting to a model membrane: G. thermodenitrificans SecY and substrate (6itc), M. jannaschii MJ0480 (predicted, see Additional file 2: Figure S4),
and B. halodurans YidC2 (3wo7A). A cartoon substrate is superimposed on bacterial YidC to indicate the experimentally determined translocation
interface and conformation [74]. YidC is shown clipped to allow a lateral view of the hydrophilic groove which would otherwise be occluded by
h4h5, and likewise the plug loop in SecY N was removed. b Superposition of SecY and archaeal YidC (G. thermodenitrificans SecY N-half, 6itc, vs
M. jannaschii MJ0480, 5c8j). Coloured segments correspond to the sequence logos in panel c. ¢ Sequence logos for the structurally aligned
regions of SecY and archaeal YidC. Column numbers correspond to the proteins in a
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translocation activity and with subsequent adaptation
yielded the membrane-spanning pore and pore ring of
proto-SecY.

SecY'’s structural differences from YidC support its unique
secretory function

Whereas the conserved cores of SecY and YidC are simi-
lar, their differences are concentrated in regions which
are hypervariable among the Oxal superfamily: h4h5
and H2/3 (Fig. 4). H2/3 forms a relatively compact cyto-
plasmic hairpin in YidC and TMCO1, is markedly elon-
gated and rigid in GET1, and is tethered via long flexible
loops in EMC3. By contrast, the H2/3 hairpin in SecY is
folded back toward the H1/4/5 bundle and embedded in
the membrane.

Despite their differences, H2/3 is a site for substrate
signal recognition in both SecY (Fig. 7a) and the Oxal
superfamily. In YidC, TMCO1, and EMCS3, the
membrane-facing side of H2/3 is thought to interact
with substrate TMHs before they reach the hydrophilic
groove [18-20, 24]. In contrast to direct TMH inter-
action, the rigid and elongated H2/3 coiled coil of GET1
[25] forms a binding site for the substrate targeting fac-
tor GET3 [80-82]. This adaptation may be due to the
particularly hydrophobic TMHs inserted by this pathway
[83], warranting a specialised machinery to shield them
in the cytosol.

The migration of H2/3 into the membrane in SecY en-
closes the translocation channel which in YidC is ex-
posed to the membrane (Fig. 7b). This allows SecY to
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create a more hydrophilic and aqueous environment for
its hydrophilic substrates, facilitating their translocation.
This is particularly important for SecY’s secretory func-
tion, which involves translocating much longer hydro-
philic segments than those translocated by YidC.

As a secondary consequence, transmembrane inser-
tion of H2/3 makes the site where signals initiate
translocation more proteinaceous and hydrophilic
(Fig. 6a [9, 84—87]). Because of this, translocation via
SecY can be initiated via signals which are much less
hydrophobic than the TMHs which initiate transloca-
tion via YidC [77]. This, too, is important for SecY’s
secretory function, because the signal peptides of
secretory proteins are distinguished from TMHs by
their relative hydrophilicity [4]. This biophysical dif-
ference allows signal peptidase to specifically recog-
nise and cleave them [15]. Cleavage frees the
translocated domain from the membrane to complete
secretion.

After H2/3, the next most conspicuous difference be-
tween SecY and YidC is in h4h5, which is nearly absent
from SecY (Fig. 7b). Whereas the H2/3 transmembrane
insertion differentiates how SecY and YidC receive and
recognise hydrophobic domains, the absence of h4h5
clears the channel through which hydrophilic substrates
translocate. As mentioned previously, h4h5 is, like H2/3,
hypervariable in the Oxal superfamily, forming a periph-
eral helix in archaea and eukaryotes and a transmem-
brane hairpin in bacteria. If a more YidC-like h4h5 were
present in proto-SecY, proto-SecY dimerisation would

ribosome-binding

signal-binding

Fig. 7 Structural features unique to SecY which enable signal binding and substrate translocation. SecY is G. thermodenitrificans SecY/proOmpA
(6itc). a Signal-binding and ribosome-binding sites on SecY H2/3, viewed laterally. b The substrate translocation channel, viewed from its
extracytoplasmic side. Only H1-5 and h4h5 of SecY are shown. SecY is colour-coded by consensus element as in Fig. 4 (left), or rendered
transparent and superimposed by the corresponding elements of archaeal YidC (M. jannaschii MJ0480, 5¢8)), aligned to the SecY C-half (right)

Archaeal YidC
vs SecY
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place h4h5 inside the hydrophilic groove of the opposite
monomer, instead of in contact with the membrane.
Thus, a YidC-like h4h5 would be selected against in
SecY, to maintain a membrane-spanning hydrophilic
pore and facilitate translocation.

Reductive evolution in symbionts demonstrates the
functional range of YidC

If proto-SecY originated in the YidC family, YidC might
initially have been the cell'’s only transporter for the
extracytoplasmic parts of IMPs. But some IMPs cannot
be integrated by YidC and instead depend on SecY [88].
Thus, a cell with YidC and not SecY may have been con-
strained to express a more limited range of IMPs. The
looser this constraint, the more plausible it is that such a
cell would be viable, and that YidC could have preceded
SecY.

Insight into this question of in vivo sufficiency can be
obtained by inspection of the only cells known to have
survived SecY deletion: the mitochondrial symbionts.
SecY has been lost from all but one group of eukaryotes
for which mitochondrial genome sequences are available,
and it has not been observed to relocate to the nuclear
genome [89]. The exceptional group is the jakobids, only
a subset of which retain mitochondrial SecY. The in-
complete presence of SecY in this group implies that
SecY was lost multiple times from the jakobids and their
sister groups. SecY deletion is therefore a general ten-
dency of mitochondria, rather than a single deleterious
accident.

Mitochondria retain two YidC family proteins, Oxal
and Oxa2 (Cox18), the genes for which relocated from
the mitochondrial genome to the nuclear genome [27,
28]. As nuclear-encoded mitochondrial proteins, they
are translated by cytoplasmic ribosomes and then
imported into mitochondria via channels in the inner
and outer mitochondrial membranes [90]. These chan-
nels are essential for the import of nuclear-encoded pro-
teins, but are not known to function in the integration
of mitochondrially encoded IMPs (melMPs), which in-
stead requires export from the matrix, where they are
synthesised by mitochondrial ribosomes. This export is
generally Oxal-dependent [31].

The meIMPs have diverse properties, including 1 to 19
TMHs and exported parts of various sizes and charges
(Fig. 8a—c). Oxal’s sufficiency for their biogenesis
in vivo is consistent with in vitro results showing that E.
coli YidC is sufficient for the biogenesis of certain 6- and
12-TMH model substrates [88, 91]. Ectopically
expressed EMC3/6 can rescue meIMP integration in the
absence of Oxal, indicating that Oxal’s broad substrate
spectrum is representative of the Oxal superfamily as a
whole [92]. The only apparent constraint on the meIMPs
is that they tend to have only short (~15 a.a.) soluble
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segments. This is consistent with observations from E.
coli that fusing long soluble segments to a YidC-
dependent IMP can induce SecY dependence [33, 93,
94]. Among the meIMPs, Cox2 is an exception which
proves the rule, because Oxal cannot efficiently translo-
cate its exceptionally long (~140 a.a.) C-terminal tail; in-
stead it is translocated by Oxa2 in cooperation with two
accessory proteins [95].

This constraint on soluble segment length is less
consequential than it may at first appear, because
prokaryotic IMPs in general tend to have only short
soluble segments (Fig. 8¢ [100]). Thus, most prokary-
otic IMPs may be amenable to SecY-independent,
YidC-dependent biogenesis. Consistent with this, in E.
coli, the signal recognition particle (SRP) has been
found to target nascent IMPs to either SecY or YidC
[88], and YidC is present at a concentration 1-2x
that of SecY [101]. By contrast, IMPs with large
translocated domains became much more common in
eukaryotes [100] concomitant with YidC'’s divergence
into three niche paralogs, none of which are essential
at the single-cell level [20, 102, 103].

Even without extrapolating from the meIMPs to other
similar IMPs, it is clear that chemiosmotic complexes
are amenable to YidC-dependent, SecY-independent bio-
genesis (Fig. 8d). These complexes couple chemical reac-
tions to the transfer of ions across the membrane and
are sufficient for the membrane’s core bioenergetic func-
tion. Although the complexes shown participate in aer-
obic metabolism, which presumably post-dates the
oxygenation of Earth’s atmosphere, they have homologs
which enable chemiosmosis in anaerobes. In particular,
chemiosmosis in methanogens and acetogens employs
the rotor-stator ATPase, Mrp antiporters, and an
energy-converting hydrogenase (Ech [104]), all of which
have homologs of their IMP subunits among the
melIMPs (Fig. 8d) and may have participated in primor-
dial anaerobic metabolism [105].

Thus, if YidC had preceded SecY, it would have been
sufficient for the biogenesis of diverse and important
IMPs, but likely not the translocation of large soluble
domains. This is supported by the results of reductive
evolution in chloroplasts, which retain both SecY
(cpSecY) and YidC (Alb3) [106]. cpSecY imports soluble
proteins across the chloroplast’s third, innermost mem-
brane, the thylakoid membrane [107]. This thylakoid
membrane was originally part of the chloroplast inner
membrane (equivalent to the bacterial plasma mem-
brane), much like the mitochondrial cristae, but subse-
quently detached and now forms a separate
compartment [108]. Because the thylakoid membrane is
derived from the plasma membrane, import across the
thylakoid membrane is homologous to secretion across
the plasma membrane. Thus, when symbiosis removed
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Fig. 8 Substrates of the mitochondrial SecY-independent pathway for IMP integration. a Sequence characteristics of the mitochondrially-encoded
IMPs (melMPs) from S. cerevisiae. Kyte-Doolittle hydropathy (left axis) is averaged over a 9 a.a. moving window (black line). Topology predictions
were computed by TMHMM (right axis) to indicate regions which are retained in the mitochondrial matrix (light blue field), inserted into the
membrane (grey field), or exported to the intermembrane space (light red field). Positive (blue) and negative (red) residues are marked with
vertical bars. b Table of all melMPs in a fungus (S. cerevisiae), a metazoan (H. sapiens) and an amoebozoan (Dictyostelium discoideum). ¢ Scatter
plot of the length and number of TMHSs in the melMPs of a eukaryote (D. discoideum), superimposed on a contour plot and heat-map of all 910
IMPs from a proteobacterium (E. coli). Protein lengths were binned in 25 a.a. increments. Each contour represents an increase of 3 proteins per
bin. d Structures of prokaryotic complexes homologous to melMPs. Subunits not homologous to the melMPs listed in b are shown in white.
Homo-oligomers are represented by a single colour. From left: |, NADH dehydrogenase (Thermus thermophilus, 6y11; [96]), Ill, cytochrome bc1,
(Rhodobacter sphaeroides, 6nhh; [97]), IV, cytochrome ¢ oxidase (R. sphaeroides, 1m57; [98]), V, rotor-stator ATPase (Bacillus sp. PS3, 6n2y; [99]). The
labelled subunits of NADH dehydrogenase () are homologous to the two IMP subunits of the energy-converting hydrogenase (EchA/B) and/or to
subunits of the multiple-resistance and pH (Mrp) antiporters. The labelled subunits of IV and V indicate those referenced in the text

the need for secretion, SecY was eliminated from mito-
chondria, whereas it was retained in chloroplasts for an
internal function homologous to secretion.

A primordial YidC-dependent cell may simply not
have secreted protein or may instead have used a differ-
ent secretion system. Notably, one primordial protein se-
cretion system has been proposed: a protein translocase
homologous to the rotor-stator ATPases [109]. Translo-
cases are transporters which use chemical reactions to
drive translocation [110], such as the translocase formed
when the SecA ATPase acts in tandem with the SecYEG
channel [37]. The putative rotor-stator-like protein
translocase used its ATPase subunit to unfold and feed
substrates through the homo-oligomeric channel formed
by Foc, now occupied by the central stalk (Fig. 8d). The
strict YidC-dependence of Fyc biogenesis in E. coli [111]
hints that YidC and Fyc shared an early era of co-
evolution, as a laterally closed channel for the secretion
of soluble proteins (Foc) and a laterally open channel for
the integration of membrane proteins (YidC), including
Foc itself. The subsequent advent of a laterally gated
channel, SecY, would have facilitated the biogenesis of a
hybrid class of proteins: IMPs with large translocated
domains.

Discussion

By comparing structures of the SecY N- and C-halves,
we identified a maximum-symmetry pair, and thus an
estimate of the structure of their last common ancestor,
proto-SecY. Their alignment identifies homologous sites
in each half, revealing that both the hydrophobic pore
ring and the interface between halves are symmetric.
The conservation of these features indicates that they
were also present in proto-SecY and thus that it formed
antiparallel homodimers and functioned as a protein-
conducting channel.

In automated database searches for structures similar
to SecY’s halves, the top hit is the Oxal superfamily, of
which YidC is the prokaryotic member. The SecY/Oxal
fold consists of a right-handed three-helix bundle (H1/4/

5), interrupted after the first helix by a helical hairpin
(H2/3), and prefixed by an N-terminal peripheral helix
(HO) that abuts H4. The H2/3 hairpin is cytoplasmic in
the Oxal superfamily but transmembrane in SecY,
where it forms the lateral gate helices. This suggests that
H2/3 was originally cytoplasmic, and then evolved to
pack against the surface of H1/4/5 in the proto-SecY
stem lineage. This sequence of events would explain the
peculiar non-sequential packing arrangement of SecY’s
transmembrane helices.

This unexpected correspondence motivates a re-
evaluation of the literature on SecY and YidC. In both,
H1/4/5 buries a hydrophilic groove inside the membrane
to facilitate the translocation of hydrophilic polypeptide.
Juxtaposing two grooves, one on each side of the mem-
brane, allows SecY to open a membrane-spanning pore,
whereas YidC has only a cytoplasmic groove. Structural
alignments superimpose the hydrophobic residue in H5
that rings the SecY pore onto the hydrophobic residue
that ends the YidC groove, and likewise the surrounding
polar and aromatic groove residues. Both SecY and YidC
recognise hydrophobic helices in their substrates via
binding at the protein-lipid interface, and in doing so in-
duce a hairpin conformation in the substrate’s hydro-
philic flank which initiates its translocation. The SecY-
specific lateral gate helices create a more hydrophilic en-
vironment for signal recognition and substrate transloca-
tion that is better suited to SecY’s specific secretory
function.

Whereas proto-SecY formed homodimers via the distal
face of H5, two of the three eukaryotic Oxal member
families are known to use this interface for heterodimer-
isation. Homology would predict that this is an ancient
tendency. We indeed found indications that H5-
mediated heterodimers are formed by the third
eukaryotic Oxal superfamily member, TMCO]1, and by
archaeal YidC. In bacterial YidC, this interface instead
makes intramolecular contacts with bacteria-specific
TMHs. To gauge the plausibility of a YidC-dependent,
SecY-independent primordial cell, we reviewed the range
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of substrates translocated by YidC in SecY-lacking mito-
chondria and found that it spans most of the diversity of
the prokaryotic membrane proteome. The surprising
conclusion of our study is that a YidC homolog could
have both preceded and evolved into proto-SecY, whose
gene duplication and fusion then originated the present-
day SecY family.

Evaluation of the homology hypothesis

It is important to consider whether the similarities be-
tween SecY and YidC could arise by convergent evolu-
tion under shared constraints (making them analogs),
rather than divergent evolution from a common ances-
tor (making them homologs). Deciding between the ana-
logy hypothesis and the homology hypothesis requires
an assessment of whether any plausible constraints could
explain their similarities [112]. We will weigh their func-
tional, mechanistic, structural, and sequence similarities
in turn.

Laterally open helical protein-conducting channels
have arisen by functional convergence several times
(Fig. 9). Thus, if the similarity between SecY and
YidC were solely functional, the analogy hypothesis
would be attractive. Analogy would also be plausible
if the similarity between SecY and YidC were solely
mechanistic, because their mechanism is common
among amphiphile transporters. Many use a
membrane-exposed hydrophilic groove to translocate
the hydrophilic parts of an amphiphile while exposing
its hydrophobic parts to the bilayer [113-115]. More-
over, the hairpin conformation which protein trans-
porters induce in their substrates is a predictable
result of physical constraints which disfavour head-
first translocation [116].

Thus, there is precedent and a clear physical basis for
SecY and YidC’s functional and mechanistic similarities
arising by convergence. But the same is not true of their
structural similarities. First, it would be unprecedented
for structural similarity to arise by convergence within
this functional and mechanistic class, given that all other
known amphiphile transporters are grossly dissimilar
from one another, including all other laterally open hel-
ical protein-conducting channels (Fig. 9). This suggests
that the space of mechanically sufficient folds is large,
and thus the likelihood of convergence low.

Second, the extensive literature on SecY and YidC dis-
cussed throughout this paper suggests no physical rea-
son why their mechanism would favour the SecY/Oxal
fold. Thus, attributing their structural similarity to
mechanistic constraints would require one to assume
that such a constraint exists. On the contrary, structural
convergence due to mechanistic constraints typically oc-
curs in only those parts of a protein with clear mechan-
istic roles, such as the catalytic dyads and triads of
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enzymes. For example, a comprehensive survey of con-
vergence in analogous enzymes identified 267 pairs with
similar dyads or triads, but none with similar folds [118].
Fold space is evidently large enough that many folds are
likely to be compatible with a given mechanism.

Perhaps the most extensive known case of structural
convergence in functionally similar helical IMPs oc-
curred among thiol oxidoreductases. Four analogous
families all use four-helix bundles to bind their redox
cofactors, despite two being IMPs and two being
cytoplasmic [119]. But they are nonetheless easily dis-
tinguishable because they connect those four helices
in different orders. This indicates that even an excep-
tionally tight constraint on the architecture of second-
ary structure elements does not comparably constrain
the connectivity of those elements. Indeed, the seven
TMHs of another IMP, rhodopsin, can be experimen-
tally permuted while retaining activity [120]. Thirty-
six such permutations are possible for proto-SecY
HO-5. Although some permutations would be more
likely to evolve than others, analogy would be as
likely as homology only if all 35 other permutations
were forbidden. Thus, even if the specific architec-
tures of proto-SecY and YidC were favoured by some
yet unknown mechanistic constraint, their identical
connectivity would still weigh in favour of the hom-
ology hypothesis.

Without functional or mechanistic constraints, struc-
tural convergence can still occur in some cases due to
folding constraints imposed by the intrinsic properties of
polypeptide and solvent. One would expect such intrin-
sically preferred structures to occur frequently and in
functionally unrelated contexts. For this reason, the
phylogeny of ubiquitous and functionally diverse folds is
challenging to discern [121]. But it is implausible that
folding constraints strongly favour the SecY/Oxal fold
because it is not found in other proteins, as our database
queries show.

Finally, we consider the most detailed similarity
between SecY and YidC, which is in their H1/4/5
sequence profiles. If this bundle was in the same
transmembrane position and orientation in both
proteins, one might imagine that their sequence
similarity was a product of mechanistic constraints.
However, this similarity occurs despite topological
inversion (Fig. 6) and thus lends at least some weight
to homology. Just how much weight is unclear.
Ideally, one would compare SecY and YidC to analo-
gous proteins with the same structure and function
and see how exceptional their sequence similarity is
among that set. Such a test is partly feasible for pro-
teins with very common folds, like p-barrels [122],
but impossible here, because our database queries
find no other proteins with the SecY/Oxal fold.
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Rhomboid

Hrd1

Aquifex aeolicus TatC (4b4a, [52])

Tim17

hydrophilic ™
hydrophobic .

Fig. 9 Structures of the known families of laterally open helical protein-conducting channels. Top: Structural models shown as solvent-excluded
surfaces colour-coded by hydropathy. The hydropathy of the lipidic and aqueous phases represented on a separate scale, ranging from
hydrophilic (white) to hydrophobic (grey). White circles indicate intramembrane hydrophilic grooves. Middle: models shown as tubes colour-
coded by position. Transmembrane segments in the vicinity of the hydrophilic groove are numbered. Bottom: Axial views of each molecule
showing only transmembrane helices. From left to right, the models representing each family are as follows. Rhomboid: S. cerevisiae Der1 (6vjz),
Hrd1: S. cerevisiae Hrd1 (6vjz), YidC: M. jannaschii MJ0480 (predicted, see Additional file 2: Figure S4), Tim17: S. cerevisiae Tim22 (6lo8, [117]), TatC:

In sum, the dispositive evidence for homology between
SecY and the Oxal superfamily is structural. It would be
empirically unprecedented and theoretically improbable for
their structural similarity to arise by convergence. We
therefore conclude that they are more likely to be homologs
than analogs, and describe them as homologs hereafter.

Implications for the evolution of protein transport

Besides illuminating SecY’s origins, identifying YidC as
its progenitor implies that YidC is the oldest known
channel. This has implications for the evolution of IMPs
generally, including YidC itself, and other ancient com-
ponents of the general secretory pathway [123-126]:

SecEG (Additional file 2: Figure S5), signal peptidase,
SRP and SRP receptor (SR). We propose that the follow-
ing stepwise model (Fig. 10) is the simplest that is con-
sistent with the available data.

Step 1. An ancestor of YidC was a membrane-
peripheral ribosome receptor. This is parsimonious in-
sofar as both YidC and SecY are ribosome receptors,
and like all IMPs presumably descend from peripheral
proteins [127]. Ribosome receptor function can be
achieved with just two low-complexity domains: a
weakly hydrophobic anchor and a polybasic extension.
This receptor would reduce aggregation of hydrophobic
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domains in the aqueous phase by creating a population
of membrane-bound ribosomes, from which any nas-
cent IMPs would be more likely to encounter the mem-
brane. Similar polybasic C-terminal tails are known to
occur in YidC and can compensate for deletion of SRP
or SR [128, 129].

Step 2. The peripheral helix acquires a transmembrane
hairpin, thereby integrating into the membrane.
Uncatalyzed insertion of a hairpin is more efficient
than that of a single TMH [116], making a hairpin the
more likely initial membrane anchor. We infer that
SRP/SR-dependent targeting did not evolve until after
this and other minimal IMPs existed for it to target.
The proximity of this hairpin to nascent IMPs
emerging from the bound ribosome imposes a selective
pressure on the hairpin to evolve membrane-buried
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hydrophilic residues that can facilitate IMP integration.
Substrates would engage this YidC ancestor in the same
hairpin conformation that is favoured during uncata-
lysed translocation, and this conformation remains how
substrates engage SecY and YidC today.

Step 3. Acquisition of a second transmembrane hairpin
produces a four-TMH protein containing the conserved
three-helix bundle and hydrophilic groove. The segment
between the first and second transmembrane hairpins be-
comes the cytoplasmic hairpin H2/3. The additional TMHs
allow YidC to form a hydrophilic groove in the membrane,
thereby further facilitating substrate translocation.

Step 4. The hydrophilic groove allows hydrophilic
termini to efficiently translocate, including the N-
terminus of the YidC ancestor itself, which acquires a

——— SRP, SR —— |—— signal peptidase, signal peptides —
L

Ribosome Transporter SecY/Oxa1
receptor & chaperone fold
WF ~
+
in “
+ -—
- L
out
1
- i

Archaeal YidC & EMC6-like protein

Bacterial YidC

I SecEG |

proto-SecY
homodimer

Dual-topology
homodimer

n T»
- u

4

Gene duplication
& fusion

SecY

Fig. 10 Model for the evolution of YidC and SecY. Charged side chains and termini are indicated only at stage 1, by grey symbols. Asterisks
indicate the pore ring or groove end residue in H5. At top, additional components of the secretory pathway label a range of stages at which
they may have arisen. Models show archaeal YidC and its partner EMCé-like protein (M. jannaschii MJ0480 and MJ0606), bacterial YidC (B.

halodurans YidC2, 3wo6), and SecY (G. thermodenitrificans SecY, 6itc)
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new position as the extracytoplasmic peripheral helix
HO. Thus, the full SecY/Oxal fold is now attained. By
this time, SRP/SR have evolved, and H2/3 evolves inter-
actions with SR and the ribosome, features that are still
evident in SecY, YidC, and TMCO1 (20, 130, 131]. At
this stage, the YidC gene duplicated, allowing one para-
log to seed the SecY lineage. Paralogous origin in a tan-
dem duplication event would be consistent with the
commonly observed juxtaposition of YidC and SecY in
prokaryotic genomes [73].

Step 5. The original ribosome-binding tail is lost due
to its redundancy with SRP/SR for targeting and H2/3
for docking. Loss of this element and genetic drift yields
a subpopulation of inverted proteins. Antiparallel di-
merisation of the two subpopulations would be
favoured because the monomers prefer a similarly
thinned membrane, especially near the distal face of
H5. Hydrophobic interactions between the groove end
residues would favour the particular dimer symmetry of
SecY, which juxtaposes them. The non-SecY lineage of
YidC (from step 4) evolves in archaea to heterodimerise
with EMC6-like protein via the distal face of H5; in
bacteria, this same surface becomes covered by the
h4h5 transmembrane hairpin.

Antiparallel homodimerisation in the SecY lineage
positions hydrophilic grooves on both sides of the
membrane, leaving at most a thin hydrophobic layer
between them, as in the heterodimeric channel used
during ER-associated degradation [79]. This facilitates the
translocation of IMPs with large soluble domains, includ-
ing signal peptidase. In the presence of signal peptidase,
signal-dependent secretion becomes possible, with the first
cleavable signal peptides being the TMHs of IMPs which
had previously anchored their now-secreted extracytoplas-
mic domains. Signal peptides originating as TMHs would
explain why both engage SecY in a similar way.

At this stage or later, SecEG are acquired. SecE’s
symmetrical binding to each half of the dimer would
stabilise it, particularly when the monomers separate to
accommodate substrates. Evolution of SecEG after
YidC but before proto-SecY is consistent with evidence
that their integration depends on other YidC homologs
apart from SecY [102, 111].

Step 6. Transmembrane insertion of H2/3 creates a
lateral gate, and thus the proto-SecY fold. By inserting
between the hydrophilic grooves and the membrane,
H2/3 makes those grooves deeper and more hydro-
philic, further facilitating translocation. As a secondary
consequence, it also creates a more hydrophilic site for
signal recognition. This allows cleavable signal peptides
to become less hydrophobic than TMHs and thus more
easily distinguished by signal peptidase.
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Duplication and fusion of the proto-SecY gene would
allow each half of this initially symmetric protein to specialise
for cytoplasmic and extracytoplasmic functions. For example,
the Ch1h2 and Ch4h5 loops would continue to bind ribo-
somes, whereas these same loops in the N-half atrophy. One
such loop was repurposed as the plug. We infer that gene
duplication occurred after antiparallel dimerisation because
this has precedent [39, 40] and because both halves of SecY
conserve the transmembrane insertion of H2/3, which ap-
pears to be an adaptation to antiparallel dimerisation.

Outlook

One might hope that the increasing diversity of known
IMP structures will reveal the origins of other pseudosym-
metric channels, which have been refractory to sequence
searches [132]. But the detectability of SecY’s origins may
be due to the unusual properties of protein as a transport
substrate. Unlike most substrates, protein can be suffi-
ciently hydrophobic to assist in its own translocation, mak-
ing a partial channel like YidC functionally sufficient.
Moreover YidC is thought to serve a second function as a
chaperone for IMP folding, which makes it non-redundant
to SecY. The same hydrophilic groove used for transport is
thought to mediate this chaperone function [19, 133, 134].
Other pre-fusion channel precursors may have exposed
similar grooves for transport, but this non-redundant
chaperone function is unique to protein substrates. Thus,
pre-fusion homologs of other channels would have lacked
this reason to be conserved.

Although theories about early evolutionary transitions
are not experimentally testable, experimental reconstruc-
tions can at least demonstrate their plausibility. Efforts to
reconstruct the earliest cells, called protocells, could capit-
alise on the synergy detailed above between YidC and the
putative rotor-stator-like protein-secreting translocase
[109]. This protein translocase is itself thought to descend
from an RNA translocase, in part because its ATPase do-
main descends from an RNA helicase. By facilitating the
integration of such an RNA translocase, YidC would have
indirectly facilitated gene transfer among protocells,
thereby allowing recombination to continue despite cellu-
larisation and accelerating this stage of evolution.

Since early studies on protein transport, it has been
theorised that protocells were preceded by inside-out pre-
cursors, called obcells, which arose when macromolecules
colonised the surface of a vesicle [135]. The obcell’s inter-
ior would then become the protocell’s periplasm after an
involution akin to gastrulation. This stage would be the
earliest that could have hosted protein transporters, but
may have featured only a rudimentary genetic code [136].
Consistent with such an early origin, the conserved pore
and groove residues identified here (proline, glycine,
serine, branched aliphatics) are all abiotically generated
[137] and thought to be among the first encoded [138].
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Moreover, even the simplest ancestors of YidC modelled
here served functions that would be useful during the col-
onisation of a membrane. Thus, this stage is a reasonable
early bound for the origin of YidC. More precise estimates
may require more detailed contextual knowledge about
protocells and their precursors.

Conclusions

SecY and YidC have long been considered to be two quali-
tatively different types of protein transporter. SecY is a typ-
ical channel insofar as it transports its substrates through a
membrane-spanning aqueous pore, whereas YidC is one of
the few atypical channels thought to transport their sub-
strates through a partially thinned membrane. But here, we
showed that each half of SecY is in fact surprisingly similar
to YidC. Among several previously unrecognised similar-
ities, they share a unique fold whose universally conserved
core is a hydrophilic groove through which protein can be
transported. SecY is differentiated by its lateral gate helices
and pseuodosymmetry, which serve to create a more
enclosed, hydrophilic environment that is well suited for
the translocation of long soluble domains. Conversely
YidC’s asymmetry leaves its hydrophilic groove exposed to
the membrane, a distinctive feature that may explain its
additional function as an intramembrane chaperone. Our
analysis of SecY and YidC not only provides new insight
into how they function in the present day, but also suggests
that they descend from a common ancestor. We developed
a unified theory to explain the evolution of their shared and
differentiated features, thereby reconstructing a key step in
the evolution of cells.

Methods

Sequence similarity measures, datasets, and queries

SecY sequence analyses used a recently published dataset of
taxonomically diverse prokaryotic sequences [139]. To this
dataset, we added the sequences for two structurally char-
acterised SecY (G. thermodenitrificans and M. jannaschii)
and removed 8 fully redundant sequences, 3 highly diver-
gent Elusimicrobia sequences, and 4 N-terminally truncated
sequences. The resulting alignment contains 342 sequences,
263 bacterial and 79 archaeal. Sequences were aligned with
MAFFT L-INS-i. This and subsequent MAFFT alignments
used default parameters, except for using the alternative
gap extension penalty --ep 0.123 that is standard for
sequences without domain-scale indels.

Pairwise sequence identities within groups of se-
quences were calculated by re-alignment with ClustalO-
mega [140] on the European Bioinformatics Institute
server [141]. Clustal reports an all-against-all identity
matrix and has previously been used to quantify long-
term evolutionary trends in sequence identity [142]. De-
fault parameters were used. The number of pairwise
comparisons was 3422 for the SecY halves, 89 x 75 for
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the ComEA and UvrC (HhH), families, and 79 x 263 for
archaeal and bacterial SecY. Sequences were shuffled to
estimate excess identity using the Sequence Manipula-
tion Suite [143].

HHpred pairwise comparisons and database queries used
the Max Planck Institute for Developmental Biology’s
server [41]. All used default parameters. The HHpred p
between the full-length SecY halves was calculated using
their subsequences from M. jannaschii SecY as input for
automatic MSA generation. Database queries pertaining to
EMC6/GET2 homologs used the H. sapiens EMC6 (NP_
001014764.1), GET2 (NP_001736.1), or Lokiarchaeum sp.
GC14_75 Lokiarch_50810 (KKK40543.1) sequence.

The other identified EMC6-like proteins were as fol-
lows: P. horikoshii WP_010885465.1, S. solfataricus WP_
009990433.1, M. jannaschii WP_010870110.1, A. fulgi-
dus WP_010878056.1, Methanosarcina WP_
011032380.1, M. fervidus WP_013413780.1, T. acidophi-
lum WP_010900743.1, H. jilantaiense WP_089668789.1,
and H. sapiens NP_061328.1 (C200rf24 isoform a, a.k.a.
UniParc isoform 2, Q9BUVS-2).

The N- and C-half sequences were aligned using the
structurally similar regions of H1-5 as a seed alignment,
to which the 684 N- and C-half sequences were added
using MAFFT L-INS-i --seed. This alignment of halves
was used as input to ConSurf [144] to score the conser-
vation of each column across the two halves. Conserva-
tion scores for B. halodurans YidC2 were obtained from
ConSurf-DB [145].

E. coli IMP annotations and sequences were fetched
from UniProt [146]. The sequences for proteins anno-
tated as multi-pass IMPs and not beta-stranded were fil-
tered at 25% identity using MMseqs2 [147], yielding 554
sequences.

Archaeal YidC sequences were collected from Pfam
family PF01956. All UniProt sequences assigned to
PF01956 were retrieved, and non-archaeal sequences
(EMC3 and TMCO1) were excluded. To speed subse-
quent alignment, the archaeal sequences were filtered at
80% sequence identity using MMseqs2, in target-
coverage mode so as to preferentially eliminate frag-
ments. The resulting 871 sequences were aligned by
MAFFT L-INS-i. Sequence logos were computed for col-
umns from this alignment and the SecY alignment using
DTU Health Tech’s Seq2Logo 2.0 server [148] with de-
fault parameters.

Structural similarity measures, database queries, and
predictions

Each SecY model was split into N- and C-halves at an
arbitrary point in the poorly conserved loop between
them close to the C-terminus of N.H5. The resulting
half-SecY structures were multiply aligned and com-
pared by TM-score using the Zhang group’s mTM-align
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server [49, 149], which also reports their number of
common core a.a. and RMSD.

Structural searches of the PDB25 were performed
using the Holm group’s Dali server [54]. The Dali
PDB25 is a subset filtered at 25% maximum pairwise se-
quence identity and excludes some additional structures,
including TMCOL1 (6w6l), due to file format incompati-
bilities. It contained 21390 chains when queried. Results
were manually reviewed to exclude hits with SecY pro-
teins or regions that are not transmembrane. Dali Z-
scores were equated to p-values by assuming an extreme
value distribution of scores as in [150],

p= 1—exp(—exp<%z—y>>

where y is Euler’s constant.

The structures of MJ0480/MJ0606 and TMCO1/
C200rf24 heterodimers were predicted using AlphaFold
2.0 [72] as implemented by ColabFold [151] and run in a
Google Colab notebook. For each query, five models
were generated and the top-scoring model by predicted
TM-score was refined by AMBER relaxation. Full output
and settings are included in Additional file 2.

The number of possible connectivities consistent with
the architecture of proto-SecY was counted combinator-
ially, (N, TMHs)! x (Nou,e TMHs)! x (N;, TMHs to
which HO could be prepended) = 3! x 2! x 3 = 36.

Figure preparation
All models were aligned and rendered in UCSF Chi-
meraX [152]. Surface hydrophobicity was computed in
ChimeraX by its default method: pyMLP [153, 154]
with Fauchere propagation and lipophilicity values
from [155]. Models depicted relative to a membrane
are positioned and oriented according to the predic-
tion algorithm provided by the Orientations of Pro-
teins in Membranes server [156]. OPM does not
account for any anisotropy which lipid-exposed
hydrophilic residues may induce, and thus none is
shown. The OPM-predicted midplane for YidC was
adjusted 1.8 A toward the cytoplasm to agree with
molecular dynamics simulations in which a conserved
arginine in H1 (homologous to B. halodurans YidC2
R72) sits at the bilayer midplane [34]. The mem-
brane’s interfacial layers are shown as linear gradients
half the width the hydrophobic layer, to approximate
experimentally determined polarity profiles [157].
Per-residue hydropathy and charge were computed
from protein sequences using EMBOSS Pepinfo [141],
topology predicted using TMHMM [5], and plotted in
Veusz. The 2-D histogram of IMP length vs TMH count
was likewise plotted in Veusz.
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