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Biochemical analyses of protein translocation intermediates formed during
early stages of protein import into chloroplasts under restricted energy conditions
identified many components involved in protein translocation. Whereas limited
information is available at the latter stages of import, as it is difficult to pause the
movement of precursor once it was released from the early intermediates. To address this
problem, we have attempted to obtain post-early intermediates to plug translocation
channel by precursor proteins carrying a tightly-folded structure at their C-termini. To
this end, we prepared the recombinant precursor protein whose chloroplastic targeting
signal was fused to dihydrofolate reductase from Escherichia coli, known to fold tightly
in the presence of its substrate analogue methotrexate. If the precursor was treated with
methotrexate prior to the import reaction, the amount of processed precursor was reduced.
However, the processed precursor was recovered in the soluble fraction after fractionation,
indicating that methotrexate was released from the precursor, which suggested the presence
of strong unfolding activity within chloroplasts.
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Chloroplasts are the essential cell
organelles of the photosynthetic eukaryotes. Apart
from their characteristic function, in which it
convertslight energy into chemical energy through
the process of photosynthesis, it is also a home
for many other important biosynthetic processes,
including synthesis of fatty acids, amino acidsand
secondary metabolites'2. These functions are
governed by ~3000 different proteins present in
the chloroplast®. But chloroplastic genome
encodes for only ~100 chloroplastic proteins*®,
genes encoding the other chloroplastic proteins
weretransferred to the nuclear genome during the
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course of evolution. Under these circumstances,
where morethan 95 % of the chloroplastic proteins
were synthesized on the cytosolic ribosomes®,
chloroplastshave evolved aproteinimport system.
Much knowledge regarding the entire process of
proteinimport into chloroplastsisstill unclear and
need to be explored soon by considering the
importance of chloroplast which feeds most of the
living organisms on the earth by producing the
food through photosynthesis.

Most of nuclear encoded chloroplastic
proteins, which are synthesized as precursors in
the cytosol with their amino terminal targeting
signal, “transit peptide” are imported into
chloroplasts through protein translocation
machinery (translocons) embedded in their outer
and inner envelope membranes®!s. Energy
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reguirements during the process of protein import
into chloroplast have divided this process into at
least two steps namely ‘docking’ and
‘translocation’ ¢, In docking, precursor binds
irreversibly to the chloroplastic envelopeand form
theearly protein trang ocation intermediates (PTI1s)
under limited energy conditions, i.e. low
concentrations of GTP and/or ATP, and a low
temperature'®?. In contrast, transl ocation regquires
energy rich conditions (ATP >1 mM), where
precursor isimported completely into the stromal
space of chloroplasts and was processed by the
stromal processing peptidaseto produceits mature
formet2,

Many components consisting translocon
identified by biochemical analyses of early
PT1s*%, However, limited informationisavailable
once after precursors are released from the early
PTls. This is mainly because of the lack of the
knowledge regarding the molecular interactions
between precursors and the translocon
components due to the inability of isolating the
PTlsduring thetrans ocation step. If the precursors
are trapped in the translocon to form PTls under
energy rich conditions (ATP>1 mM), then we can
get a way to resolve the molecular interactions
during translocation step.

Most common strategy employed to trap
the translocating precursor protein in the
translocon from different cellular compartmentsis
to fuse a tightly folded domain to the precursor
protein which can create the steric hindrance
against its import. In mitochondria, precursor
protein fused to dihydrofolate reductase (DHFR)
has blocked the import once it was stabilized to
folded conformation in the presence of
methotrexate (MTX)?. In case of other membrane
systems too, it has been shown that a stable
conformation of the precursor protein can block
translocation®-3. By analyzing the trapped
precursor, progress of research on these different
cellular compartments was drastically advanced.
DHFR—MTX interaction was also applied to
chloroplastic protein import research, however,
MTX does not block import of precursor protein
fused with atightly folded dihydrofolate reductase
(DHFR) from mouse®%,

In the current investigation, we made an
attempt to reevaluate whether DHFR—MTX
interaction did not significantly affect protein
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import into chloroplasts. Precursorsfused to DHFR
from mouse (MmDHFR) reported previously was
cell-free synthesized incorporating radio-active
amino acids without purification, indicating that
the amount of precursors were limited and
synthesized precursors were contaminated with
variouscellular factorsand small molecules, which
might affect blockage of protein import®>%, By
applying recombinant precursors expressed in E.
coli cells, we had developed in vitro chloroplastic
protein import assay system®. Important features
of this assay system are: it can handle the large
amount of precursor, import reaction is analyzed
without exogenous factors, thus manageable by
strict energy conditions. We prepared the new
precursor protein fused to DHFR from E. coli
(EcDHFR), which was present asasolubleformin
E. coli cells after overexpression and retained
import competency®*. DHFR portion of this
precursor was tightly folded in the presence of
MTX and import of MTX bound precursor was
inhibited, though not completely. The results
indicate the presence of unfolding activity within
chloroplasts, which allow DHFR-fused precursor
to be translocated through envel ope membranes.

MATERIALANDMETHODS

Consgtruction of plasmids

The expression plasmid harboring the
precursor (TP-HA-mSS-H6-BAPR, Figure 1A) used
asacontrol for this experiment was modified from
the expression plasmid pPsprSSCOHAHAH?*. The
expression plasmid harboring the precursor protein
fused to ECDHFR (TP-HA-r1-DHFR-HAT-BAPR,
Figure 1B) was prepared as described by Pohare
and Akita®. Furthermore, for the efficient in vivo
biotinylation at BAP, the gene for biotin ligase
(BirA) from E. coli with ribosome binding sitewas
inserted at the 3' of the stop codon of the gene for
both TP-HA-mSS-H6-BAP aswell asTP-HA-r1-
DHFR-HAT-BAPontheexpression plasmidtoform
an artificial operon.
Protein expression and purification

Overexpression of both precursor
proteins, TP-HA-mSS-H6-BAP and TP-HA-r1-
DHFR-HAT-BAP were carried out as described
previously except that incubation wasfor 1 h after
induction®. After overexpression and cellular
fractionation as described previously, precursor
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proteinswere recovered in theinsoluble (TP-HA-
mSS-H6-BAP) and the soluble (TP-HA-r1-DHFR-
HAT-BAP) fractions. The final precipitate
containing TP-HA-mSS-H6-BAPwasdissolvedin
solubilization buffer (S-buffer: 8 M urea-25 mM
HEPES-KOH, pH 7.5-50mM KCI-2mM MgCl,). On
the other hand, TP-HA-r1-DHFR-HAT-BAP was
purified from the solublefraction by using Ni-NTA
agarose resin (Qiagen) as described previously®.
Buffer inthe el uate was exchanged to import buffer
(I-buffer: 50 mM HEPES-KOH, pH 8.0, 330 mM
sorbitol) by spin column packed (1 mL bed volume)
with Sephadex G-25 (GE Healthcare) as described
previously*,
Protease sensitivity of the precur sor

After TP-HA-r1-DHFR-HAT-BAP in I-
buffer wasincubated with or without 10 uM MTX
on ice for 10 min, thermolysin at concentrations
indi cated was added in the presence of 1 mM CaCl,,
and the reaction mixture wasincubated at 23 °C for
30 min (Figure 2A). Time-course proteolysiswas
also carried out with 67 ug mL-* thermolysin (Figure
2B). Reactions were terminated by adding the
sample buffer of Laemmli’s buffer system
containing 5 mM EDTA, followed by immediate
boiling for 5min.
Chloroplast isolation and import assay

Chloroplasts were isolated from pea
seedlings as described previously®? and
suspended in |-buffer to yield a suspension
containing 1 mg of chlorophyll mL. When
chloroplasts were subjected to the import assay,
20 uL of the chloroplast suspension was
preincubated with 2.5 uM nigericinin thedark for
10 minat 25 °C, followed by 4-fold dilution with |-
buffer with 1.25mgmL*BSA,31.25mM DTT, 6.25
mM MgCl,, and 3.125 mM ATP and incubated in
thedark for 5min at 25 °C to energize chloroplasts.
After 16.2 uL of I-buffer and 1.8 uL of 20 uM TP-
HA-mSS-H6-BAP solubilized in S-buffer or 18 uL
of TP-HA-r1-DHFR-HAT-BAP in I-buffer was
mixedwith2 L. of DMSOor 0.1mM MTX inDMSO
and incubated onicefor 10 min, 80 uL of energized
chloroplast suspension wasadded to initiateimport
reaction and import reaction was carried out by
theincubationin the dark for 20 minat 25 °C. The
reaction mixturewasloaded onto 40 % Percoll in |-
buffer and centrifuged (1500 x g) at 4 °Cfor 5min
to recover intact chloroplasts, which were washed
once with I-buffer. Chloroplasts were suspended
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either in the sample buffer of Laemmli’s buffer
system for SDS-PAGE or in HM buffer (25 mM
HEPES-KOH, pH 8.0, 2mM Mg(Cl,) to contain 1 mg
of chlorophyll mLto lyse hypotonically.
Fractionation of chlor oplasts

Chloroplastsin HM buffer wereincubated
on ice for 10 min in the dark. After chloroplast
suspension was adjusted to contain 0.2 M sucrose
by adding HM-2 (HM buffer with 2 M sucrose),
chloroplastswerefractionated into the soluble and
the membrane fractions by ultracentrifugation as
previously described®.
Electrophoresisand immunoblotting

Proteins in the sample buffer were
separated by SDS-PAGE® after boiling for 5 min.
Once €electrophoresis was completed, gels were
stained with CoomassieBrilliant Blue (CBB) R-250
or subjected to immunoblotting. Immunoblotting
with either anti-HA monoclonal antibody (M180
from MBL) asaprimary antibody or streptavidin-
AP conjugate (invitrogen) was performed as
described previously®.

RESULTSAND DISCUSSION

Precur sor development

Knowledge regarding the process of
protein import into chloroplasts will definitely
expand if one could be able to plug the translocon
during the latter stages of import in the presence
of high levels of ATP. Steric hindrance created by
fusing atightly folded domain at carboxyl terminal
of precursor may plug the translocon. If the
precursor with atightly folded domain is applied
for plugging the translocation channel, the
precursor shall bein the solubleform. However, all
of E. coli overexpressed precursors we prepared
so far were recovered in the inclusion bodies and
need to be denatured by solubilizing in 8 M urea
containing buffer prior to the import
reaction®3%4-4_ Therefore, firstly we made some
effortsin our previous study to develop an import
competent ECDHFR fused precursor, TP-HA-r1-
DHFR-HAT-BAP (Figure 1B), which was
overexpressed in E. coli inasoluble form,
Evaluation of M T X-bound precur sor

Once TP-HA-r1-DHFR-HAT-BAP was
found to be import competent, DHFR portion of
this precursor folded tightly in the presence of
MTX was evaluated by limited proteolysis with
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thermolysin. After E. coli overexpressed TP-HA-
r1-DHFR-HAT-BAP was purified by Ni-NTA
agarose, followed by buffer exchange to I-buffer,
protease sensitivity of the precursor was compared
depending on the presence of MTX. Thermolysin
treated sampleswere analyzed by immunoblotting
decorated with the monoclonal antibody against
HA epitope tag (Figure 2). Additional bands
appearing below the precursor protein were
considered to be the N-terminal truncations of the
precursor proteins, as they were appeared after
the purification of precursor by using HAT tag
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which was located towards the C-terminal end of
the precursor (Figure 2AB, lanes 1 and 7). Firstly,
we tried to determine the least concentration of
thermolysin to degrade the precursor without MTX
(Figure 2A, lane4) but not the precursor with MTX
(Figure 2A, lane 10) by incubating the precursor
solution with different concentrations of
thermolysin at 23 °C for 30 min. Secondly, at this
concentration of thermolysin (67 pug mL™?), time
dependent proteolysiswas carried out (Figure 2B).
Regardless of MTX treatment, a polypeptide of
about 28 kDa was observed when TP-HA-r1-

A. TP-HA-mSS5-H6-BAP
| TP (prss) |HA mSS TEV|vsv-G|He[pAP|
B. TP-HA-r1-DHFR-HAT-BAP
| TP (prss) | HA|r-coil E. coli DHFR | HAT Bap|

Fig. 1. Precursor constructs used in this study

A) TP-HA-mSS-H6-BAP. This precursor was modified from prSSCOHAHAH (Inoue et al., 2008) to possess HA
epitope tag which was inserted between fourth and fifth amino acid residue of mature Rubisco small subunit (SS), TEV
protease recognition site (TEV), the VSV-G epitope tag, hexahistidine (H6) tag, and biotin acceptor peptide (BAP).
B) TP-HA-r1-DHFR-HAT-BAP. This precursor was modified from TP-HA-mSS-H6-BAP by replacing its mSS-H6 part
with random coil linker (r-coil; 4 repeats of GGGGS), EcDHFR and histidine affinity tag (HAT).

A B
- MTX +MTX - MTX + MTX
123 456 789101112 123 456 789101112
] -59
-3 [,
oy | HA-r1- ::g
2 DHFR
20+ - 20
o532 588532588 cm @8RR8cnm34URY

Concentration of thermolysin (pg mL1)

Time duration (min)

Fig. 2. Limited proteolysis of TP-HA-r1-DHFR-HAT-BAP

A) Limited proteolysis of TP-HA-r1-DHFR-HAT-BAP was performed with the indicated concentration of thermolysin
(Mg mLY) at 23 °C for 30 min either in the absence or in the presence of MTX.

B) TP-HA-r1-DHFR-HAT-BAP, either in the absence or in the presence of MTX, was treated with 66.66 ug mL™*
thermolysin at 23 °C for indicated time (min). After proteolysis, samples were separated by SDS-PAGE, followed by
immunoblotting decorated with the monoclonal antibody against HA epitope tag. Position of TP-HA-r1-DHFR-HAT-
BAP was depicted as “p”. The thermolysin resistant polypeptide which contained a portion of TP-HA-r1-DHFR-

HAT-BAP was designated as “HA-r1-DHFR”.
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DHFR-HAT-BAPwas digested by thermolysin at
lower concentrations. Thisblot was decorated with
anti-HA antibody. Furthermore, thermolysin cleaves
at theamino terminal side of thefollowing residues,
Ile Leu, Va, Ala, Met, Phe®, therewasno possible
recognition site of thermolysin in the random cail
linker (4 repeats of GGGGS), this polypeptide
contained DHFR. At 67 ug mL™* of thermolysin,
this polypeptide was found to be resistant to
proteolysis even in the absence of MTX up to 15
min of reaction (Figure 2B, lanes 2-4). But after 15
min, DHFR was degraded in the absence of MTX
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(Figure 2B, Lanes5 and 6), whereasin the presence
of MTX, DHFR was till resistant to proteolysis
for 30 min (Figure 2B, lanes 8-12). These results
clearly indicated that within our newly prepared
precursor, DHFR portion was folded during
expression and its folding became tight in the
presence of MTX.
Invitro chloroplastic proteinimport assay

In order to determine whether engineered
precursor protein wastargeted to chloroplasts, we
employed thein vitro chloroplastic protein import
assay with purified TP-HA-r1-DHFR-HAT-BAP

A. Import
—Precursor TP-HA-mSS-H6-BAP TP-HA-r1-DHFR-HAT-BAP
!_;I r . r L 1
1 2 3 4 5 6 7 8 9 10
46
-p
34' — J— a— — ~m
28 1 P-
m—
20 4
B. Fractionation
—Precursor TP-HA-mSS-H6-BAP TP-HA-r1-DHFR-HAT-BAP
1 L L
i1 2 3 4 3 4 5 6 7 8 9 10 1112 13 14
46 - o
34 - L m
28- p-t
m-
20 A

Fig. 3. In vitro chloroplastic protein import assay and fractionation of chloroplasts after protein import

A. |-buffer (-Precursor), TP-HA-mSS-H6-BAP, and TP-HA-r1-DHFR-HAT-BAP were incubated with (lanes 2, 5, 6, 9
and 10) or without (lanes 1, 3, 4, 7 and 8) MTX before mixed with energized chloroplast suspension. After 20 min
incubation at 25 °C, intact chloroplasts were recovered through 40 % Percoll and then washed once with import buffer.
Samples were separated by SDS-PAGE and analysed by immunoblotting. The blots were decorated with the streptavidin
detecting biotin attached to the BAP tag. Molecular mass (kDa) is shown on the left and the position of TP-HA-mSS-
H6-BAP and TP-HA-r1-DHFR-HAT-BAP is depicted as “p”, while processed band is depicted as “m”. 10 % of the
precursor applied for the import reaction (lanes 3, 5, 7 and 9) was loaded onto the gel.

B. After import reaction was performed with TP-HA-mSS-H6-BAP, TP-HA-r1-DHFR-HAT-BAP, and buffer only
mock sample (-Precursor), chloroplasts were lysed hypotonically and fractionated into the soluble (lanes 1, 3, 4, 7, 10
and 13) and the membrane fractions (lanes 2, 4, 5, 8, 11 and 14). Each fraction was separated with SDS-PAGE
(Laemmli, 1970) and analyzed by immunoblotting. The blots were decorated with the streptavidin detecting biotin
attached to the BAP tag. Molecular mass (kDa) is shown on the left and the position of TP-HA-mSS-H6-BAP and TP-
HA-r1-DHFR-HAT-BAP is depicted as “p”, while processed band is depicted as “m”.
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(Figure 3A, lanes 7-10) and urea-solubilized TP-
HA-mSS-H6-BAP (Figure 3A, lanes 3-6) as a
control. In addition, the mock import assay was
performed (Figure 3A, lanes 1 and 2). After the
import reaction, smaller-sized processed band was
produced from both precursors (Figure 3A, lanes
4,6, 8, and 10). The band appeared around 34 kDa
was endogenous chloroplastic biotin binding
protein as the same band was observed in the
samples of mock assay (Figure 3A, lanes 1 and 2).
Import of TP-HA-mSS-H6-BAP was not affected
regardlessof MTX treatment (Figure 3A, compare
lane 4 with 6), indicating that MTX did not affect
protein import process. On the other hand, the
intensity of the processed band produced from
TP-HA-r1-DHFR-HAT-BAP was found to be
reduced if this precursor was treated with MTX
prior to the import reaction (Figure 3A, compare
lane 8 with lane 10). These results suggested that
TP-HA-r1-DHFR-HAT-BAP was translocated
enough for its cleavage site to be accessible by
stromal processing peptidase to cleave its transit
peptide to produce the mature form. In addition,
lessintensity of theimported MTX-treated protein
describes the fact that DHFR is tightly folded in
the presence of MTX and responsible for its
reduced import rate. From these results, however,
we were unable to conclude that whether TP-HA-
r1-DHFR-HAT-BAPwasfully trandocated into the
stromal space.
Fractionation of chlor oplasts

Here, we made an attempt to analyze the
nature of the processed proteins by fractionating
chloroplastsinto the soluble (Figure 3B, lanes 1, 3,
4,7, 10 and 13) and the membrane (Figure 3B, lanes
2,4,5, 8, 11 and 14) fractions after chloroplasts
were lysed. The processed band was observed in
both fractions in case for TP-HA-mSS-H6-BAP
regardless of MTX-treatment (Figure 3B, lanes 4,
5, 7 and 8). Although Rubiscoisthe solubleprotein,
substantial amount of endogenous Rubisco was
usually recovered in the membrane fraction (data
not shown). Since mature part of TP-HA-mSS-H6-
BAP was consisted with the mature small subunit
of Rubisco, recovery of mature protein produced
from TP-HA-mSS-H6-BAP in membranefraction
was highly possible. In the case of TP-HA-r1-
DHFR-HAT-BAP, regardlessof MTX treatment TP-
HA-r1-DHFR-HAT-BAP produced the processed
band found in the solublefraction only (Figure 3B,
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lanes 10 and 13), indicating that TP-HA-r1-DHFR-
HAT-BAPwasfully reached to the stromal space.
From these results, steric hindrance of tightly
folded DHFR by MTX did affect import of TP-HA-
r1-DHFR-HAT-BAP, but was not able to keep
folded structure. It was previously suggested that
strong unfolding activity was present at the surface
of chloroplasts®*3, Our experimental results also
suggested that DHFR became loosely folded or
unfolded at the outside of chloroplasts. However,
we still have no clue what component isinvolved
in this process.

CONCLUSON

The engineered precursor protein
carrying ECDHFR inits mature part in the present
study was obtained in the soluble form and found
to beimport competent. With applying our invitro
chloroplastic proteinimport assay system freefrom
cytosolic factors, oncetightly folded precursor by
MTX was imported into chloroplasts at the | esser
rate as compared with import of MTX non-treated
precursor. This indicates the unfolding activity is
present within chloroplasts, regardless of whether
thisactivity isexhibited by an unknown unfoldase
present at the surface of chloroplasts or by a
mechanical disruption of the tightly folded
structure due to the strong pulling force into
chloroplasts. If in the latter case, apart from the
interest in protein targeting mechanism, to
investigate such strong motor, if presents, is
valuablefor innovating abiological nanomotor.
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