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A Force-Generating Machine in the Plant’s Powerhouse: A
Pulling AAA-ATPase Motor Drives Protein Translocation into

Chloroplasts©™"

Most chloroplast proteins are encoded by
the nuclear genome and synthesized on
cytosolic ribosomes. N-terminal transit
peptides serve as targeting sequences to
direct precursors of chloroplast proteins
to receptors on the chloroplast surface.
These receptors are part of the trans-
locase of the outer envelope, the TOC
complex, and transport precursor pro-
teins in a GTP-dependent reaction into
the translocation channel that is formed
by the B-barrel protein Toc75.

The translocation reaction across the
inner envelope is much less well under-
stood. Masato Nakai and colleagues
developed an elegant biochemical ap-
proach to screen for the components of
the inner envelope translocase: They ar-
rested a translocation intermediate in the
chloroplast import machinery that con-
sisted of a ferredoxin precursor fused to
a tobacco etch virus (TEV) cleavage se-
quence and a Protein A domain (Kikuchi
et al., 2013). Upon native purification of
this precursor with mild detergents and
cleavage with TEV protease, they were
able to recover and determine the com-
ponents of the TOC and TIC complexes.
In addition to the well-characterized sub-
units of the TOC complex, this approach
identified four components as critical
core constituents of the inner envelope
translocase, the TIC complex (see figure,
white boxes). Surprisingly, in addition
to Tic20, which is presumed to form the
protein translocation pore, a plastid-
encoded large protein was identified,
called Ycf1 or Tic214 (Kikuchi et al., 2013).

Employing the same strategy, Kikuchi
et al. (2018) have identified a motor that
is associated with the TIC complex to
drive precursor import into the stroma.
This motor comprises a 2-MD complex
of seven subunits (see figure, yellow box):
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The Import Machinery of Chloroplasts. TIC/
TOC components (white boxes) identified by
Kikuchi et al. (2013). AAA-ATPase motor sub-
units (yellow box) identified by Kikuchi et al.
(2018). OE, outer envelope; IE inner envelope.

six distinct ATPases that compose a
heterohexameric AAA-ATPase and NAD-
malate dehydrogenase (NAD-MDH). The
six ATPases (Ycf2, which, like Ycfi, is
plastid encoded, FtsHi1, FtsHi2, FtsHi4,
FtsHi5, and FtsH12) are structurally and
phylogenetically related to the bacterial
inner membrane protease FtsH. Except
for FtsH12, these proteins have lost their
proteolytic activity (therefore, they are
called FtsHi for FtsH-inactive) and even
for the essential FtsH12 subunit, the
proteolytic activity proved to be dispens-
able. The NAD-MDH subunit presumably
plays a structural role in the motor be-
cause its catalytic activity is dispensable
and it cannot be functionally replaced by
unrelated malate dehydrogenases, even
if they exhibit the same enzymatic activity
(Schreier et al., 2018).

Previously, protein import into the
stroma was thought to be driven by
chaperones, such as Hsp70 and Hsp93
(CIpC), that prevent “backsliding” of import
intermediates and drive their transloca-
tion by a Brownian ratchet mechanism.
Such chaperone-driven import process-
es are well characterized for the trans-
location of proteins into the endoplasmic

reticulum and the matrix of mitochondria
(Matlack et al., 1999). Mechanistically,
an AAA-ATPase motor would be very
different from these Brownian motors:
AAA-ATPases of the FtsH type as we
know them from the bacterial and mito-
chondrial inner membrane are processive
and power protein movements by hydro-
lyzing ATP in order to pull on their sub-
strates. Thus, the mechanism by which
these hexameric machines drive protein
translocation is reminiscent of how heli-
cases promote DNA movements. Hence,
such a force-generating motor would be
well suited to unfold cytosolic domains
of translocation intermediates. A recent
study proposed that chloroplasts, unlike
mitochondria, can import even folded
protein domains (Ganesan et al., 2018). A
strong import motor might be necessary
for such a process. However, this pre-
sumably would come at a high price: A
processive import motor should be much
slower than a Brownian ratchet-driven
motor (at least for unfolded substrates)
and would consume more ATP.

Import of the mitochondrial protein
Pcp1 requires the mitochondrial m-AAA
protease, which is a homolog of the newly
discovered chloroplast AAA-ATPase
motor (Tatsuta et al., 2007). Thus, a role
of FtsH-like AAA-ATPases in protein
translocation might not be restricted to
chloroplasts. It is conceivable that these
strong pullers are engaged only when
import intermediates are stalled in the
translocation machinery—exactly the
situation that was used by Kikuchi et al.
to screen for the chloroplast motor. Nev-
ertheless, the observation that the 2-MD
AAA-ATPase forms a stable supercom-
plex with the TIC translocon at the inner
envelope membrane even without the
stalled import intermediates suggests
that this motor is a central device of the
chloroplast import machinery to promote
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translocation of hundreds of precursor
proteins.

The discovery of this novel 2-MD
AAA-ATPase motor on the TIC translocon
promises to revive debates of the past
about whether power-generating pulling
motors are necessary to drive protein
translocation across cellular membranes.
It will be exciting now to elucidate the
mechanisms by which chloroplasts im-
port their proteins in more detail.
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