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Protein transport is a fundamental activity for
all living cells and an exciting area for
scientific exploration (1, 2). In bacteria, the
process depends on the concerted action of
at least three membrane-embedded compo-
nents: the ubiquitous SecYEG complex that
forms the polypeptide-conducting mem-
brane pore, the essential YidC insertase that
works independently or in cooperation with
SecYEG to insert hydrophobic protein seg-
ments into the lipid bilayer, and the auxiliary

SecDF–yajC complex that associates with
both SecYEG and YidC to accelerate the
overall process. Depending on specific re-
quirements of the substrate to be trans-
ported, SecYEG also associates with the
ribosome or the cytosolic ATPase SecA, which
mediate the cotranslational and posttransla-
tional mode of translocation, respectively.
Over the last decade, our understanding of
the bacterial protein transport process has
greatly advanced with the determination of

structures for almost all of the individual com-
ponents (3–5). However, our understanding
of the interconnection between these compo-
nents is still limited because the interactions
are weak or transient, and certainly difficult to
analyze because they occur in the membrane
environment. In PNAS, Schulze et al. (6) re-
port the isolation of a supercomplex that con-
tains all seven subunits: the SecYEG–DFyajC–
YidC holo-enzyme aka holo-translocon
(HTL). This large membrane assembly of
∼250 kDa encompasses 34 transmembrane
segments with three large loops exposed on
the trans-side of the membrane. The isolation
of theHTL is a breakthrough in the field, open-
ing new avenues for investigation; it is also an
elegant method that resolves major chal-
lenges in membrane biochemistry: mem-
brane complex production and purification.
Schulze et al. (6) used a simple two-step

approach to capture the holo-complex. Prior
work showed that SecYEG, SecDF–yajC, and
YidC interact with each other (7, 8), and each
subcomplex could be purified individually,
but their coreconstitution from separated com-
ponents was hardly achievable. Schulze
et al. recognized that if they first overproduced
all of the subunits together in the bacterial
envelope they might increase the chance of
capturing the holo-complex. A daunting task,
but by using progressive DNA recombinant
technologies and plasmids with multiple ex-
pression promoters, the seven subunits were
eventually cloned on two polycistronic oper-
ons (Fig. 1). Hypothetically, this concomitant
overproduction strategy allows membrane
proteins to insert efficiently, at the same time,
in the same region of the cell, and with the
right stoichiometry. The latter point may be
crucial for the formation of the holo-trans-
locon because SecYEG forms homo-dimers
when overexpressed in the membrane (9).
This oligomeric behavior appears functionally
relevant, but it can also hinder or mask pro-
tein surfaces that are otherwise interacting
with SecDF–yajC and YidC.
Second, to capture the holo-complex from

the crude membrane extract, Schulze et al. (6)
appended a His6-tag on not just one but three
different subunits from each subcomplex,

Fig. 1. (A) Gene-expression system used for production of the HTL, as described in Schulze et al. (6). (B) SDS/PAGE
and negative-stain electron microscopy analysis of the purified HTL, as shown in Schulze et al. (6). (C ) Model of
structural organization of the HTL. YidC (PDB ID code 3BLC) and SecDF (PDB ID code 3AQP) are docked on the
structure of SecYEG (PDB ID code 1RH5). The structure of the transmembrane portion of YidC is unknown. The arrow
illustrates the proposed rotation of the SecD periplasmic domain. Figure kindly provided by Mike Carlson.
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namely SecE, SecD, and YidC (Fig. 1). His-
tagging is a widespread and simple strategy
to purify recombinant proteins via immo-
bilized-metal affinity chromatography, and
it is generally assumed that only one sub-
unit must be tagged and attached to the
resin for a specific purification. In reality,
proteins that interact weakly in the lipid
bilayer are prone to dissociation, especially
when their purification involves extraction
and delipidation with detergents. Evidently,
the presence of multiple His6-tags at the
surface of the HTL allowed the subunits to
remain tightly associated on the chromatog-
raphy matrix, preserving the holo-complex
integrity during washes with detergents.
With the HTL complex at hand, Schulze

et al. (6) could count one copy of SecYEG
(∼75 kDa), one copy of SecDF–yajC (∼115
kDa), and one copy of YidC (∼60 kDa) per
complex. The authors also determined its
spatial organization using short-arm cross-
linkers that can tether neighboring proteins
together. The results showed that SecD is
contacting SecE and SecG near the N-termi-
nal half of SecY (TM1-5), whereas YidC is
localized closer to the SecY’s lateral gate,
which is the exit route of transmembrane
segments into the lipid bilayer (10).
Higher-resolution maps are needed, but
these preliminary findings are significant
as they rationalize earlier biochemical and
genetic observations. For example, SecYEG
forms a homo-dimer in the membrane
through its SecEG interface, and accordingly
SecDF–yajC overproduction can inhibit disul-
fide bond formation between two SecG
molecules (11). Mutations in the transmem-
brane residues of YidC that are thought to
weaken association with SecY lead to an in-
creased dependence on SecDF–yajC for via-
bility (12). These results can now be ex-
plained if SecDF–yajC is bridging YidC to
SecYEG in the holo-translocon. Although
the YidC membrane domain structure is not
known, its large periplasmic domain (∼30
kDa) forms a β-fold sandwich that interacts
with the periplasmic domain of SecF (13).
Schulze et al. (6) also show that the holo-

translocon stimulates SecA ATPase as much
as SecYEG, but translocation is less efficient
and more dependent on the proton motive
force (PMF). Membrane protein insertion is
seemly more efficient as the ribosome binds

with an apparent higher affinity. As pointed
out by the authors, the mechanistic basis gov-
erning these effects is not immediately clear
and will require additional analysis. Never-
theless, these experiments demonstrate con-
clusively that posttranslational export and
cotranslational membrane insertion occur

The work in Schulze
et al., combined with
that from other labora-
tories, reveals once
more the astonishing
versatility and plasticity
of the Sec translocon.
through the same unique complex. Signifi-
cantly, the fact that YidC and SecDF–yajC
associate with the same SecYEG unit strongly
suggests that the two domains work in a con-
certed manner, either during the biogenesis
of membrane proteins containing large extra-
cellular domains or perhaps also during pro-
tein secretion. The recent crystal structure of
Thermus thermophilus SecDF suggests that
the large P1 domain of SecD captures the
polypeptide chain as it emerges from the
SecYEG channel (5). The rotation of the P1
domain is driven by the membrane PMF,
and this rotation is thought to promote

forward translocation. It is therefore in-
teresting that membranes depleted for
SecDF–yajC are unable to generate pro-
tein translocation intermediates that are
normally formed when short polypeptide
hydrophobic stretches enter the translocon
(14, 15). Because YidC interacts with hy-
drophobic transmembrane segments pass-
ing through the lateral gate (16), YidC may
also interact with these short hydrophobic
stretches, thereby holding the polypeptide
chain in the channel until SecDF promotes
PMF-driven forward movement.
The work in Schulze et al. (6), combined

with that from other laboratories, reveals
once more the astonishing versatility and
plasticity of the Sec translocon, with the core
SecYEG interacting with itself, with two other
auxiliary membrane components, three dif-
ferent cytosolic partners, and even specific
membrane lipids (17). Additional work is
needed to understand these dynamic assem-
blies, their actual lifetime in the cell mem-
brane, and their relationship with the sub-
strate characteristics (18). Meanwhile, given
the homogeneity and stability of the HTL
preparation (Fig. 1), it is expected that high-
resolution electron-microscopy analysis will
soon unravel the intimate details of its orga-
nization. The HTL will appear as a beautiful
membrane machinery.
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