

http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-021-01171-5&domain=pdf
http://orcid.org/0000-0001-8338-852X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:aaron.ohare.lewis@gmail.com
mailto:rhegde@mrc-lmb.cam.ac.uk


































Lewis and Hegde BMC Biology (2021) 19:266 Page 17 of 25

Rhomboid Hrd1 YidC Tim17 TatC
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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. cerevisiaer1 (6vjz),
Hrd1: S. cerevisiaed1 (6vjz), YidC: M. jannaschiJ0480 (predicted, see Additional file 2: Figure S4), Tim17: S. cerevisiden22 (6lo8, [117]), TatC:
Aquifex aeolicdsatC (4b4a, [52])

In sum, the dispositive evidence for homology betweenSecEG (Additional file2: Figure S5), signal peptidase,
SecY and the Oxal superfamiig structural. It would be SRP and SRP receptor (SR). We propose that the follow-
empirically unprecedented and theoretically improbable for ing stepwise model (Figl0) is the simplest that is con-
their structural similarity to arise by convergence. We sistent with the available data.
therefore conclude that they are more likely to be homologs
than analogs, and describe them as homologs hereafter. Step 1. An ancestor of YidC was a membrane-

peripheral ribosome receptor. This is parsimonious in-
Implications for the evolution of protein transport sofar as both YidC and SecY are ribosome receptors,
Besides illuminating Sec¥ origins, identifying YidC as  and like all IMPs presumably descend from peripheral
its progenitor implies that YidC is the oldest known proteins [127]. Ribosome receptor function can be
channel. This has implications for the evolution of IMPs  achieved with just two low-complexity domains: a
generally, including YidC itself, and other ancient com- weakly hydrophobic anchor and a polybasic extension.
ponents of the general secretory pathwayl23-126: This receptor would reduce aggregation of hydrophobic
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domains in the aqueous phase by creating a population hydrophilic residues that can facilitate IMP integration.
of membrane-bound ribosomes, from which any nas- Substrates would engage this YidC ancestor in the same
cent IMPs would be more likely to encounter the mem- hairpin conformation that is favoured during uncata-
brane. Similar polybasic C-terminal tails are known to lysed translocation, and this conformation remains how
occur in YidC and can compensate for deletion of SRP substrates engage SecY and YidC today.

or SR [128, 129].
Step 3. Acquisition of a second transmembrane hairpin

Step 2. The peripheral helix acquires a transmembrane produces a four-TMH protein containing the conserved
hairpin, thereby integrating into the membrane. three-helix bundle and hydrophilic groove. The segment
Uncatalyzed insertion of a hairpin is more efficient between the first and second transmembrane hairpins be-
than that of a single TMH [116], making a hairpin the comes the cytoplasmic hairpin H2/3. The additional TMHs
more likely initial membrane anchor. We infer that allow YidC to form a hydrophilic groove in the membrane,
SRP/SR-dependent targeting did not evolve until after thereby further facilitating substrate translocation.
this and other minimal IMPs existed for it to target.
The proximity of this hairpin to nascent IMPs Step 4. The hydrophilic groove allows hydrophilic
emerging from the bound ribosome imposes a selective termini to efficiently translocate, including the N-
pressure on the hairpin to evolve membrane-buried terminus of the YidC ancestor itself, which acquires a
——— SRP, SR —— |— signal peptidase, signal peptides —|
I SecEG
Ribosome Transporter SecY/Oxa1 Dual-topology proto-SecY
receptor & chaperone fold homodimer homodimer
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BN
in
\ ‘ \ ‘
- — — )
ol l 1» ]
L - L - L L
out u
1 2 3 4 5 6
Gene duplication
& fusion
- i
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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 EMC6-like protein (M. jannaschi1J0480 and MJ0606), bacterial YidC (B.
halodurangidC2, 3wo6), and SecY (G. thermodenitrificafscY, 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 EMCB6-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 TMHSs 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 TMHSs 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 C.h1h2 and C.h4h5 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 anparallel dimerisation because
this has precedentd9, 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 I32. But the detectability of Sec¥ origins may
be due to the unusual properties of protein as a transport
substrate. Unlike most subsites, 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 functionlp, 133 134.
Other pre-fusion channel precursors may have exposed
similar grooves for transport, but this non-redundant
chaperone function is uniqued 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 vesicl@35. The obcells inter-
ior would then become the protocel 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 code3§.
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 encodedlB§.
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Moreover, even the simplest ancestors of YidC modelledthe ComEA and UvrC (HhH) families, and 79 x 263 for
here served functions that would be useful during the col- archaeal and bacterial SecY. Sequences were shuffled to
onisation of a membrane. Thus, this stage is a reasonablestimate excess identity using the Sequence Manipula-
early bound for the origin of YidC. More precise estimatestion Suite [143.

may require more detailed contextual knowledge about HHpred pairwise comparisongnd database queries used

protocells and their precursors. the Max Planck Institute for Developmental Biology
server B1]. All used default parameters. The HHpreg
Conclusions between the full-length SecY halves was calculated using

SecY and YidC have long been considered to be two qualitheir subsequences fromM. jannaschii SecY as input for
tatively different types of protein transporter. SecY is a typ-automatic MSA generation. Daibase queries pertaining to
ical channel insofar as it transports its substrates through aEMC6/GET2 homologs used théd. sapiens EMC6 (NP_
membrane-spanning aqueous pore, whereas YidC is one d#01014764.1), GET2 (NP_001736.1), latkiarchaeum sp.
the few atypical channels thaht to transport their sub- GCi4 75 Lokiarch_50810 (KKKI0543.1) sequence.

strates through a partially tthned membrane. But here, we  The other identified EMC6-like proteins were as fol-
showed that each half of SecY is in fact surprisingly similadows: P. horikoshii WP_010885465.1S. solfataricus WP_

to YidC. Among several presusly unrecognised similar- 009990433.1M. jannaschii WP_010870110.1A. fulgi-
ities, they share a unique fold whose universally conservedus WP_010878056.1, Methanosarcina WP_
core is a hydrophilic groove through which protein can be 011032380.1M. fervidus WP_013413780.17. acidophi-
transported. SecY is differentiated by its lateral gate helicegum WP_010900743.1H. jilantaiense WP_089668789.1,
and pseuodosymmetry, which serve to create a moreand H. sapiens NP_061328.1 (C200rf24 isoform a, a.k.a.
enclosed, hydrophilic environment that is well suited for UniParc isoform 2, Q9BUV8-2).

the translocation of long soluble domains. Conversely The N- and C-half sequences were aligned using the
YidC's asymmetry leaves its hydubilic groove exposed to structurally similar regions of H1-5 as a seed alignment,
the membrane, a distinctive feature that may explain itsto which the 684 N- and C-half sequences were added
additional function as an intramembrane chaperone. Ourusing MAFFT L-INS-i --seed. This alignment of halves
analysis of SecY and YidC not only provides new insightwas used as input to ConSurflfi4 to score the conser-
into how they function in the present day, but also suggestsvation of each column across the two halves. Conserva-
that they descend from a common ancestor. We developedion scores forB. halodurans YidC2 were obtained from

a unified theory to explain the evolution of their shared and ConSurf-DB [L45).

differentiated features, thel® reconstructing a key step in  E. coli IMP annotations and sequences were fetched

the evolution of cells. from UniProt [146. The sequences for proteins anno-

tated as multi-pass IMPs and not beta-stranded were fil-
Methods tered at 25% identity using MMseqs2L.47], yielding 554
Sequence similarity measures, datasets, and queries sequences.

SecY sequence analyses used a recently published dataset ofrchaeal YidC sequences were collected from Pfam
taxonomically diverse prokaryotic sequencek3f. To this family PF01956. All UniProt sequences assigned to
dataset, we added the sequences for two structurally charPF01956 were retrieved, and non-archaeal sequences
acterised SecYQ, thermodenitrificans and M. jannaschii) (EMC3 and TMCO1) were excluded. To speed subse-
and removed 8 fully redundant sequences, 3 highly diver-quent alignment, the archaeal sequences were filtered at
gent Elusimicrobia sequenceand 4 N-terminally truncated 80% sequence identity using MMseqgs2, in target-
sequences. The resulting afigient contains 342 sequences, coverage mode so as to preferentially eliminate frag-
263 bacterial and 79 archaeal. Sequences were aligned withents. The resulting 871 sequences were aligned by
MAFFT L-INS-i. This and subsequent MAFFT alignments MAFFT L-INS-i. Sequence logos were computed for col-
used default parameters, exgiefor using the alternative umns from this alignment and the SecY alignment using
gap extension penalty --ep 0.123 that is standard forDTU Health Techs Seq2Logo 2.0 servefi4d with de-
sequences without domain-scale indels. fault parameters.

Pairwise sequence identities within groups of se-
guences were calculated by re-alignment with ClustalO-Structural similarity measures, database queries, and
mega [140 on the European Bioinformatics Institute predictions
server [L41]. Clustal reports an all-against-all identity Each SecY model was split into N- and C-halves at an
matrix and has previously been used to quantify long-arbitrary point in the poorly conserved loop between
term evolutionary trends in sequence identityl§2. De- them close to the C-terminus of N.H5. The resulting
fault parameters were used. The number of pairwisehalf-SecY structures were multiply aligned and com-
comparisons was 342for the SecY halves, 89 x 75 for pared by TM-score using the Zhang grotsmTM-align
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server §9, 149, which also reports their number of Supplementary Information
common core a.a. and RMSD. The online version contains supplementary material available at https://doi.
/10.1186/512915-021-01171-5.
Structural searches of the PDB25 were performed”” ’

using the Holm groups Dali server $4]. The Dali
. . 0 . L i

PDB25 I_S a S_Ubset filtered at 25% maxw_nym pairwise se Additional file 2. Figure S1. Structural similarity and symmetry

guence identity and excludes some additional structures| preaking between Sec halves. Figure $2. Structures of non-Oxal super-

inc|uding TMCO1 (6W6|), due to file format inCOmpati- family top Dali hits. Figure $3. Amino acid conservation in bacterial YidC.

bilities. It contained 21390 chains when queried Results Figure S4. Structure and contact prediction for archaeal and human het-

i : X erodimers homologous to EMC3/6. Figure S5. Similarity between ar-
were manually reviewed to exclude hits with SecY pro-| chaeal and bacterial SecG.

Additional file 1. Ancestral SecY sequence reconstruction [158-168].

teins or regions that are not transmembrane. Daki- Additional file 3. Structure-guided sequence alignment for the SecY
scores were equated tp-values by assuming an extreme | halves.
value distribution of scores as inp(Q, Additional file 4. Dali search results.

Additional file 5. Predicted MJ0480/MJ0606 and TMCO1/C020rf24
structures.

p Yal-expd-expp—Z- bb
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