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Chloroplast protein import is mediated by translocons named TOC and TIC on the
outer and inner envelope membranes, respectively. Translocon constituents are con-
served among green lineages, including plants and green algae. However, it remains
unclear whether Rhodophyta (red algae) share common chloroplast protein import
mechanisms with the green lineages. We show that in the rthodophyte Cyanidioschyzon
merolae, plastome-encoded Tic20,, localized to the chloroplast envelope and was tran-
siently associated with preproteins during import, suggesting its conserved function as a
TIC constituent. Besides plastome-encoded FtsH,, and several chaperones, a class of
GTP (guanosine 5'-triphosphate)-binding proteins distinct from the Toc34/159
GTPase family associated transiently with preproteins. This class of proteins resides
mainly in the cytosol and shows sequence similarities with Seyl/RHD3, required for
endoplasmic reticallum membrane fusion, and with the periplastid-localized import fac-
tor PPP1, previously identified in the Apicomplexa and diatoms. These GTP-binding
proteins, named plastid targeting factor for protein import 1 (PTF1) to PTF3, may act
as plastid targeting factors in Rhodophyta.

chloroplast protein import | organelle biogenesis | algal evolution | intracellular protein traffic |
Rhodophyta

All extant photosynthetic eukaryotes are thought to have originated from a unique ances-
tral endosymbiotic relationship between a host eukaryotic cell and a cyanobacterium-like
endosymbiont (1). Following the establishment of the protein transport mechanism for
cytosolically synthesized chloroplast-destined proteins through translocons at the outer
and inner envelope membranes, the endosymbiont evolved into chloroplasts by massive
transfer of the endosymbiont genes to the nucleus. Subsequently, the Glaucophyta and
Rhodophyta diverged from the Chlorophyta, the ancestor of land plants. All Archaeplas-
tida are believed to share common chloroplast protein transport mechanisms involving
conserved TOC and TIC machineries (2). Mechanisms of chloroplast protein import
have been extensively studied in plants; TOC consists of preprotein receptor GTPases
Toc34/Tocl59 and the Toc75 channel, whereas TIC consists of the central Tic20 chan-
nel and other indispensable constituents (2, 3). The conservation of their functional
orthologs in Chlorophyta was experimentally demonstrated (4). However, Rhodophyta
appear to lack some counterparts of these constituents, including Toc75 (2, 5). This
study aims to obtain clues about chloroplast protein import mechanisms in Rhodophyta.

Results and Discussion

Tic20,, Localizes to the Chloroplast Envelope and Interacts with FtsHpe. In Cyanidio-
schyzon merolae, two Tic20 homologs are encoded by the nuclear gene CMS050C
(group 1) and the conserved red algal chloroplast gene CMV078C (ycf60; http://czon.jp;
group 2) (6). Since all known protein import—related Tic20 are classified into group 2
(7), we hypothesized that the plastome-encoded CMV078C (Tic20,,) would be part of a
TIC. Anti-Tic20,, antibody recognized a C. merolae chloroplast 20-kDa protein found
in the digitonin-solubilized membrane fraction, which enriched the envelope proteins
(Fig. 1 A-C, Lower). Plastome-encoded FtsHy, was also found in this fraction to a signi-
ficant extent as compared with thylakoidal PsaAB, suggesting its dual localization to
the envelope and the thylakoids (Fig. 1C). A fraction of the digitonin-solubilized FtsH,,,
associated with Tic20,, (Fig. 1D), suggesting their functional cooperativity, like the
TIC-Ycf2/FtsHi motor supercomplex in green lineages (8).

Tic20,,, Associates with Translocating Preproteins during Import In Vive. We adopted
an in vivo approach to analyze preprotein-interacting proteins during import using C. mero-
lae transformants with inducible expression of TpGFP-3xFLAG (consisting of a transit pep-
tide [Tp] of the chloroplast protein ApcC [CMO250C] and GFP (green fluorescent
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Fig. 1. (A) Intact chloroplasts (interface) isolated from C. merolae. (B)
Microscopy images (chlorophyll autofluorescence is in red in the bright-
field image) of unbroken cells (Upper) and chloroplasts (Lower). (Scale bars:
5 pm.) (C) Suborganellar distribution of Tic20,. and FtsH, (Lower). Chloro-
plasts (Cp) were ruptured hypotonically (S1), successively washed with high
(S2 and S3) and low salt (S4), and solubilized by digitonin to obtain an
envelope-rich fraction (Dig) and membrane pellets (P) containing thyla-
koids. (Upper) Coomassie Brilliant Blue staining. (Lower) Immunoblotting.
Chlorophylls, thylakoid; PsaAB, thylakoid; RbcL, stroma. (D) Interaction
between Tic20,. and FtsHy: shown by immunoprecipitation using
anti-Tic20p (aTic20,) or control («C) Immunoglobulin Gs.

protein) with the 3xFLAG-tag) (Fig. 24). Four hours after induc-
tion, the TpGFP-3xFLAG precursor had accumulated, and after a
subsequent 3-h chase incubation, the protein had been processed
to its mature size, indicating completion of chloroplast import
(Fig. 2B). At each time point, the membrane-bound proteins
were solubilized with digitonin and immunoprecipitated with
anti-3xFLAG-tag antibody. Both Tic20, and FesH,, were
coimmunoprecipitated upon transient accumulation of the
TpGFP-3xFLAG precursor, demonstrating their participation in
chloroplast protein import (Fig. 2 Band C). By mass spectrometry
(MS) analysis (Fig. 2D), other than FtsH,,, cytosolic and chloro-
plast stromal chaperones Hsp70,, Hsp70,, and Cpn60,, were
detected, suggesting that they maintain preproteins in an unfolded
state during import (Fig. 2E).

A Distinct Class of GTP-Binding Proteins May Act as a Chloroplast
Targeting Factor in Rhodophyta. A class of GTP-binding pro-
teins (CMI311C, CMD101C, and CMQ054C; hereafter named
plastid targeting factor for protein import 1 [PTF1], PTF2, and
PTF3, respectively) (Fig. 2C), distinct from preprotein receptor
Toc34/Tocl59 GTPase in green lineages (2), was transiently
bound to preproteins. Notably, a 67-kDa protein was observed
with relatively high abundance (Fig. 2C), which was confirmed
as CMI311C (PTF1) by MS. PTF1, PTF2, and PTF3 contain a
typical GTP-binding motif near the amino terminus, and their
amino-terminal 400 to 500 residues show sequence similarity
with those of eukaryotic Seyl/RHD3 (Fig. 34), a member of
the dynamin superfamily required for homotypic endoplasmic
reticulum (ER) membrane fusion (9). CMN141C, the Seyl/
RHD?3 ortholog in C. merolae, was absent in the preprotein-
associated protein fraction. While Seyl/RHD3 possesses two
transmembrane segments near the C terminus for ER associa-
tion, PTF1, PTF2, and PTF3 do not. Instead, their C-terminal
~200 residues contain conserved glutamines (Q) and are even Q
rich (notably for PTF1), and they show sequence similarity with
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those of PPP1, the Toxoplasma gondii (Apicomplexa) peripheral
plastid protein required for apicoplast protein import (10) (Fig.
3 Aand B). While PTF1 and PTF3 mainly localized in the cyto-
sol (Fig. 30), both associated with preproteins purified from the
membrane fraction (Fig. 2C), suggesting their involvement at
the membrane boundary, such as at the chloroplast surface. Like
Seyl, PTF1 to -3 proteins may form homo- or heterodimers
in vivo and interact with Hsp70,. (Fig. 3D).

Purified GST(glutathione-S-transferase)-PTF1 and GST-PTF3
fusion proteins, but not GST alone, pulled down a model pre-
protein pApcC, and this interaction depended on the pApcC Tp
(Fig. 3 F~G). We tested another preprotein pNDH (CMM178C)
(Fig. 3F). Some of the purified pNDH preprotein was amino-
terminally degraded. GST-PTF1 and GST-PTF3 pulled down
only the full-length protein, indicating that this interaction requires
intact Tp.

The chloroplast protein import mechanisms in Rhodophyta
were assumed to be similar to those in green lineages (2), but this
possibility should be reevaluated. Chloroplast Tps from Rhodo-
phyta differ from those of green lineages (5). A true Toc75 ortho-
log appears absent in Rhodophyta (5). In C. merolae, CMP284C
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Fig. 2. (A) Chloroplast localization of TpGFP-3xFLAG after overnight induc-
tion. (Scale bars: 5 pm.) (B) Induced accumulation of preproteins (p) of
TpGFP-3xFLAG (Left) and their transient association with Tic20,; and FtsHp¢
analyzed by immunoprecipitation (Ip) using «FLAG antibody (Right) from
digitonin-solubilized membrane fractions (Input) before induction (0 h),
after induction (4 h), and after a further 3-h incubation in the dark (chase).
(C) Silver staining of the immunoprecipitated proteins prepared as in A
(67-kDa protein [asterisk], precursor [p], and processed mature [m] forms
of TpGFP-3xFLAG). (D) Preprotein-interacting candidates detected by MS.
Photosynthetic and other abundant proteins similarly observed in 0-h sam-
ples were excluded. Fl, plastid genes. *_CYAM1 was omitted; *for ApcC, pep-
tides derived from Tp of TpGFP-3xFLAG were detected. (F) Sum of total ion
currents of peptides for each time point detected by MS (refer to S/
Appendix). *For ApcC, peptides derived from Tp of TpGFP-3xFLAG were
detected.

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208277119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208277119/-/DCSupplemental

A Q-rich C
PPP1-like (T. pseudonana) [ZZZ1"" GFP
PPP1(T. gondii) 024

PTF1(CMI311C) Eﬂ:ZZZT
PTF2(cMD101C) M_______FZZA"
PTF3(CMQ054C) [1

GFP/Chlaraphyll E

I:—
—_— 3
(mas)MFVQTSFFGTGVKASAKSAESQR(LAHSSW
193
A(2 13)APcC I:— isg
——_  3FLAG
. ?aii' ------------ ASAKSAESQR(LAHSSW
—'III (stable) 193
mApcC —h‘ss
T (KVSYVLPSQSRVDSGR
cmn141c I [ MKVSYVLPSQSRVDSGR
i 1 87 185

65 193
pAch hisg
xFLAG

o | I —
NDH [z I
Sey1/RHD3 GTP-binding 2T™ f_j——’ﬁxFLAga
motif MELSFSAVFAGRNCCRTQQSHRQSVF SPTA
GST- GST-
Rhodophyta PTF1- GST- GST- CMP cmQ
Red Rhodophyta (Sey”p 4 GFP F Input  GST  pTEy BTF3  284C 137G
lineages (PTF)m (stable) pApcC
d \ Fungi (aFLAG) | - _— -
Oae &5 -
s pNDH - - |
(short PPP1-like) ; AT} -
Cryptophyta R

(short PPP1-like)

Apicomplexa

PPP1 d
( ) Streptophyta Chlorcphyta
(plants) (Sey1)
(RHD3)
D i PTF1- PTF3-
) S o B
oo 95 |°—
g5 - 2
72-
72- 3
55-
55-
43 - (aFLAG) !

(Silver stain) °nen-specific

Fig. 3.

- -
G Input Pull-down
PApCC A2-13 mApeC pApcC A2-13 mApeC

GST-PTF1 N -— Pp
(aFLAG) - -m
GST-PTF3 - Py
(«FLAG) - -m
Band No.  LC-MS/MS-detected proteins (*total spectrum counts)
1: PTF1 (*407) / GFP (*139)
2: PTF1 (*64) / Hsp70Qcy, (*9) / GFP (*5)
3 Hsp70.y (*69) / PTF1 (*65) / PTF3 (*8)
4: PTF3 (*42)/ PTF1 (*12)/ GFP (*6)
5: PTF1 (*28) / PTF3 (*17) / PTF2 (*14) / HspT0ey (*7)

(A) Structures of PTF1- to -3 and CMN141C from C. merolae and PPP1 from T. gondii and Thalassiosira pseudonana in relation to typical Sey1/RHD3.

Double-headed arrows indicate sequence homology. SP, signal peptide; TM, transmembrane segment. (B) Phylogeny of PTF, PPP1, Sey1/RHD3, and related
proteins. (C) Localization of GFP, PTF1-GFP, and PTF3-GFP in C. merolae cells. GFP (Left) and merged GFP/chlorophyll autofluorescence (Right) with phase-
contrast images. (Scale bars: 1 pm.) (D) Purification of PTF1-GFP and PTF3-GFP from C. merolae cells (Left and Center) and MS-detected copurified proteins
(Right). GFP, GFP-expressing cells. LC-MS/MS, liquid chromatography-tandem mass spectrometry. (E) Preproteins and deletion mutants for binding experi-
ments. Phenylalanine residues, characteristic of Rhodophyta Tps, are underlined. (F) Binding ability of GST-PTF1 and GST-PTF3 to model preproteins (input)
pApcC and pNDH, examined by a pull-down assay using glutathione-Sepharose. GST-CMP284C and GST-CMQ137C were also analyzed with GST as a control.
Preproteins were detected using «FLAG antibody. (G) The same as in F but pApcC, A(2-13)ApcC, and mApcC were analyzed.

and CMQI137C were tentatively annotated as Toc34 homologs.
MS analysis of preprotein-associated proteins failed to detect
them (Fig. 2D). GST-CMP284C and GST-CMQ137C showed
much weaker binding abilities to preproteins (Fig. 37). Hence,
their identities as TOC constituents must be carefully examined.
A wide range of lineages with red algal-derived plastids, including
Apicomplexa and diatoms, commonly lacks clear Toc75, Toc34,
or Toc159 orthologs.

Our data suggest that the distinct GTP-binding protein family
participates in preprotein targeting to chloroplasts by recognizing
Tps. Their C-terminal Q-rich domains are conserved among Rho-
dophyta and other red lineages, indicating that this domain may be
crucial for targeting to the outer envelope or for binding Tps. Their
N-terminal GTP-binding domain is conserved among Rhodophyta
but is not present in diatoms, and it is replaced by unrelated
sequences in Apicomplexa (Fig. 3 A and B). In Rhodophyta, pre-
proteins are targeted to the outer envelope after synthesis on cyto-
solic ribosomes, while in Apicomplexa or diatoms, this targeting
only occurs after passing through symbiont-specific ERAD (endo-
plasmic reticulum-associated degradation)-like machinery located at
the ER membranes surrounding the apicoplast/chloroplast (11),

1. J.M. Archibald, Endosymbiosis and eukaryotic cell evolution. Curr. Biol. 25, R911-R921 (2015).

2. M. Nakai, New perspectives on chloroplast protein import. Plant Cell Physiol. 59, 1111-1119
(2018).

3. S.Kikuchi et al., Uncovering the protein translocon at the chloroplast inner envelope membrane.
Science 339, 571-574(2013).

4. S.Ramundo et al., Coexpressed subunits of dual genetic origin define a conserved supercomplex
mediating essential protein import into chloroplasts. Proc. Natl. Acad. Sci. U.S.A. 117,
32739-32749(2020).

5. M.Knopp, S. G. Garg, M. Handrich, S. B. Gould, Major changes in plastid protein import and the
origin of the chloroplastida. iScience 23, 100896 (2020).

6. A R.Kasmati, M. Topel, R. Patel, G. Murtaza, P. Jarvis, Molecular and genetic analyses of Tic20
homologues in Arabidopsis thaliana chloroplasts. Plant J. 66, 877-889 (2011).

PNAS 2022 Vol. 119 No.34 2208277119

which may reflect the difference in their N-terminal domains. Our
data suggest that Rhodophyta utilize conserved mechanisms for
protein translocation across the inner envelope involving Tic20,,-
centered TIC but retain a distinct preprotein targeting mechanism,
which has been conserved among the red lineages and possibly,
among another non-Chloroplastida, Glaucophyta (5, 12).

Materials and Methods

C. merolae 10D was used. MS was performed on Q-Exactive (Thermofisher).
Protein sequences were obtained from GenBank. Experimental procedures are
in SI Appendix.

Data, Materials, and Software Availability. All Study data are included in
the article and/or supporting information.
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