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The plastid-encoded RNA polymerase serves as the principal transcription

machinery within chloroplasts, transcribing over 80% of all primary plastid

transcripts. This polymerase consists of a prokaryotic-like core enzyme known
as the plastid-encoded RNA polymerase core, and is supplemented by newly
evolved associated proteins known as PAPs. However, the architecture of the
plastid-encoded RNA polymerase and the possible functions of PAPs remain
unknown. Here, we present the cryo-electron microscopy structure of a 19-
subunit plastid-encoded RNA polymerase complex derived from spinach
(Spinacia oleracea). The structure shows that the plastid-encoded RNA poly-
merase core resembles bacterial RNA polymerase. Twelve PAPs and two
additional proteins (FLN2 and pTACIS8) bind at the periphery of the plastid-
encoded RNA polymerase core, forming extensive interactions that may
facilitate complex assembly and stability. PAPs may also protect the complex
against oxidative damage and has potential functions in transcriptional reg-
ulation. This research offers a structural basis for future investigations into the

functions and regulatory mechanisms governing the transcription of plas-

tid genes.

Chloroplasts are the photosynthetic organelles in green eukaryotic
organisms and play a crucial role in capturing sunlight and converting it
into energy. They possess their own genome, a remnant of an endo-
symbiotic event between a eukaryotic cell and a photosynthetic cya-
nobacterium. The residual chloroplast genome is relatively small,
encoding only 75-85 of the ~-3500-4000 proteins present in a typical
chloroplast’. However, the proper expression of chloroplast genes is
vital for chloroplast biogenesis, as well plant growth and development™*.

Chloroplast genes are transcribed by two distinct types of RNA
polymerases: nucleus-encoded polymerase (NEP), resembling the T3-
T7 phage-type RNA polymerase, and plastid-encoded polymerase
(PEP), a bacterial-type multisubunit polymerase*°. PEP represents the
primary transcription machinery in chloroplasts and predominantly
transcribes genes related to photosynthesis”.

In algae and land plants, PEP exhibits a bacterial-like RNA poly-
merase origin, with a catalytic core inherited from its cyanobacterial
endosymbiotic ancestor. This core consists of two « subunits, one 3
subunit, one B' subunit, and one " subunit 2uapB'B") encoded by the
plastid genes rpoA, rpoB, rpoCl, and rpoC2, respectively*’. In tobacco
(Nicotiana tabacum), knockout mutant plants deficient in any of these
Rpo proteins exhibit albino or yellowish phenotypes and seedling
death due to impaired chloroplast development, underscoring the
indispensable role of Rpo subunits in chloroplast biogenesis.

Despite genetic evidence pointing toward a prokaryotic structure
of the PEP core’, the biochemical purification of PEP from plant
chloroplasts has revealed many more subunits than initially thought™.
Indeed, twelve distinct PEP-associated proteins (PAP1-PAP12) and two
additional proteins (FRUCTOKINASE-LIKE 2 [FLN2] and PLASTID
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TRANSCRIPTIONALLY ACTIVE 18 [pTACI18]) have been identified as
tightly associated with the PEP core’". Genetic studies have also
demonstrated that loss of function of any of these PAP proteins often
leads to albino or yellowish phenotypes and severely impairs PEP-
mediated transcription, highlighting that these PAPs are essential for
PEP activity, revealing the intricate organization of the PEP complex,
and suggesting that PAPs have essential structural roles in the
complex*%,

Although the composition of the PEP complex has been revealed,
its precise 3D architecture and the possible functions of PAPs remain
unknown. Here, we present the cryo-electron microscopy (cryo-EM)
structure of the PEP complex isolated from spinach (Spinacia oler-
acea). Our results reveal structural insights into the chloroplast tran-
scription apparatus and provide a structural basis for further studies
on the molecular mechanisms and functions of transcription in
chloroplasts.

Results

Overall structure of the PEP complex

We purified the PEP complex from spinach leaves (Supplementary
Fig. 1a-d). The purified PEP complex was able to extend RNA in an in
vitro transcription elongation reaction, indicating that it is catalytically
active (Supplementary Fig. 1e). Mass spectrometry analysis confirmed
the presence of four polymerase core subunits («, 3, ', and ") and 14
proteins associated with the PEP core (PAP1-PAP12, FLN2, and
pTAC18)°" (Supplementary Fig. 1d and Supplementary Table 1). Our
structural analysis of PEP described below revealed that FLN2 and
pTACIS8 are stably and uniformly associated with PEP. We thus desig-
nated FLN2 and pTAC18 as PAP13 and PAP14, respectively.

We determined the structure of the PEP complex by single-
particle cryo-EM, yielding a 3D reconstruction of the complex at an
overall resolution of 3.16 A (Fig. 1, Supplementary Fig. 2a-g and Sup-
plementary Table 2). The maps were of sufficient quality to allow
building and refinement of an almost complete model of the PEP
complex with the assistance of AlphaFold2?*%, revealing the features
of the complex at molecular detail (Fig. 1 and Supplementary Table 3).
The model consisted of a 19-subunit PEP complex, comprising five
subunits of the PEP core (two copies of « labeled ol and a2, 3, ', and
") and 14 PAP subunits (PAP1, PAP3-PAP9, two copies of PAP10 [also
reported as thioredoxin Z, Trx Z] labeled as PAP10; and PAP10,, and
PAP11-14) (Fig. 1, Supplementary Fig. 3 and Supplementary Table 3).
Thus, the model contains all previously identified essential PEP sub-
units except PAP2'%",

Structure of the PEP core

Chloroplasts originated ~1.5 billion years ago when an ancient cyano-
bacterium was engulfed by a eukaryotic host cell. A typical bacterial
RNA polymerase (RNAP) has five core subunits: 2a subunits, 3, B, and
. The RNAP ' subunit is split into two proteins corresponding to the
N-terminal region (y subunit encoded by rpoCI) and the C-terminal
region (' subunit encoded by rpoC2) of the equivalent bacterial '
subunit in cyanobacteria. Thus, cyanobacterial RNAP consists of six
subunits: 2« subunits, 3, y, B, and w. The split of RNAP 3" subunit also
occurs in the PEP core, with the rpoC gene that encodes RNAP ('
subunit in £. coli being split in spinach into two genes, rpoCI and rpoC2,
that encode the ' and " subunits of PEP, respectively. This split does
not result in significant structural differences between the PEP core
and bacterial RNAPs (Supplementary Fig. 4a, b)*®*°, as the PEP core
subunits are similar in sequence to their bacterial RNAP counterparts
(Supplementary Fig. 5) and the structures of the PEP core and bacterial
RNAP are also similar (Fig. 2a—c).

The structure of the PEP core resembles the structures of cyano-
bacterial RNAP (PDB 8GZG)* and E. coli RNAP (PDB 6GHS)*
(Fig. 2a-c)**. The PEP core has a “crab claw” appearance with two
arms: a lower arm (the lobe-protrusion-claw) and an upper arm (the

clamp-claw). The PEP core and cyanobacterial RNAP show highly
similar folds in their domains, such as the clamp, lobe, protrusion, and
flap, which together form the DNA and RNA channels (Fig. 2d-g). The
active site is formed by a conserved domain in the ' subunit (residues
378-519) and consists of three conserved aspartate residues (D489,
D491, and D493). The PEP core and cyanobacterial RNAP show
essentially the same folds for key motifs in the active site, such as the
catalytic loop, the trigger loop (TL), the bridge helix (BH), and the "
rim helices (B"-RH), involved in nucleotide triphosphate (NTP) incor-
poration (Fig. 2h). In addition, the lid, rudder, and fork-loop that are
essential elements for catalytic activity are conserved between the PEP
core and cyanobacterial RNAP (Fig. 2e, f). The gene encoding the w
subunit was considered to have been lost from the plastid genome
during plant evolution’. PAP12 in land plants shows low sequence
similarity to the cyanobacterial RNAP subunit w (Supplementary
Fig. 4d). Intriguingly, the location and structure of PAP12 within the
PEP core are similar to those of the w subunit in cyanobacterial RNAP
(Fig. 2a, b and Supplementary Fig. 4c), Thus, we define PAP12 as the
subunit of the PEP core. These structural comparisons indicate that the
overall structure of the PEP core is highly structurally similar to cya-
nobacterial RNAP.

However, the PEP core does show some distinct folds unlike those
of bacterial RNAPs, providing the binding sites for PAPs. One distinct
feature is that the " subunit contains a 790-residue sequence, referred
to as insertion 3 (termed SI3; residues 348-1138), in the middle of the TL
that forms a key mobile element within the active site of RNAP**"*. SI3
is composed of repeats of the conserved sandwich-barrel-hybrid motif
(SBHM), with various repeat numbers in different species?***. E. coli
SI3 contains two SBHMs, whereas cyanobacterial SI3 has nine. PEP SI3
in plants also has nine SBHMs but is ~160 residues larger than cyano-
bacterial SI3. Cyanobacterial SI3 consists of a head, a body, a fin, and a
tail, which together form a seahorse-shaped arch. The tail and fin form
the base of cyanobacterial SI3, while the head and two adjacent SBHMs
of the body comprise the tip*~°.

We detected densities for four ordered domains within PEP SI3
(Fig. 3a, b). They correspond to the tail, the fin, part of the body, and the
head of cyanobacterial SI3, respectively”*. PEP SI3 forms an arch that is
similar to that of cyanobacterial SI3 (Fig. 3a, b). The tail associates with
B"-RH, near the secondary channel of RNAP, and contacts PAPS and
PAPS8. The fin also associates with 3"-RH. Unlike the fin of cyanobacterial
SI3, the fin of PEP SI3 (designated SI3-fin hereafter) contains an addi-
tional 96-residue insertion (residues 962-1058), resulting in a larger SI3
fin that encloses the PAP3 S1 domain and interacts with PAP4 and PAP6.
The part of the body adjacent to the head (residues 558-618 and
793-877) adopts orientations distinct from those of cyanobacterial SI3.
The remaining parts of the PEP SI3 body are largely flexible, resulting in
an unresolved structure. The base and tip of the PEP SI3 are instead
bridged by a complex formed by PAP3, PAP14, PAP4, and PAP9, which
may be required to stabilize the SI3 arch.

B" also presents additional specific features unlike those of the
cyanobacterial RNAP 3" subunit. The jaw domain that is conserved in
cyanobacterial and bacterial RNAP 3" subunits is absent in the PEP 3"
subunit, and the corresponding space is instead occupied by a PAPI-
unique domain (Fig. 3¢, d). In addition, a Bap motif (residues
962-1,058) adjacent to the secondary channel shows a different con-
formation from that in cyanobacterial RNAP and provides binding sites
for PAP7 and PAPS (Fig. 3¢, e).

B' displays some specific folds not observed in cyanobacterial
RNAP, which may also provide binding sites for PAPs (Fig. 4). A
sequence insertion in B' (B'-SI1; residues 545-581) forms a specific
disordered loop near the C terminus of (. The B'-blade shows a
structural difference from the cyanobacterial RNAP. The 3'-SI1 and the
[-blade are connected to each other and embrace the C-terminal helix
of PAP8. The (3"-Sl1 also contacts PAPS5 (Fig. 4a, b). B’ contains clamp
helices (Fig. 4a, c), designated as B'CH in bacterial RNAP*’. B'CH is
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Fig. 1| Overall architecture of the Spinacia oleracea (Sp.) PEP complex. Different
views show the overall arrangement of the subunits in the Sp. PEP complex. The
subunits are shown as cartoons and colored individually as indicated. o, RNA
polymerase o subunit; 3, RNA polymerase 3 subunit; ', RNA polymerase ' subunit;
", RNA polymerase 3" subunit; PAP1, plastid transcriptionally active chromosome
protein 3 (pTAC3); PAP3, plastid transcriptionally active chromosome protein 10
(pTAC10); PAP4, iron superoxide dismutase 3 (FSD3); PAPS, plastid tran-
scriptionally active chromosome protein 12 (pTAC12/HEMERA); PAP6,
fructokinase-like protein 1 (FLN1); PAP7, plastid transcriptionally active
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PAP13
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chromosome protein 14 (pTAC14); PAPS, plastid transcriptionally active chromo-
some protein 6 (pTAC6); PAP9, iron superoxide dismutase 2 (FSD2); PAP10,
thioredoxin Z (Trx Z); PAP11, UDP-N-acetylmuramoyl-L-alanyl-D-glutamate-2,6-
diaminopimelate ligase MurE homolog; PAP12/w, plastid transcriptionally active
chromosome protein 7 (pTAC7); PAP13, fructokinase-like protein 2 (FLN2); PAP14,
plastid transcriptionally active chromosome protein 18 (pTAC18). Among these
subunits, the two copies of the a subunit are labeled as al and a2 and given
different colors, while the two copies of the PAP10 subunit are labeled as PAP10,
and PAP10, and colored the same due to their different locations.

extended compared to cyanobacterial RNAP, with two more helical
turns due to a 14-residue insertion, which provides an interface for
PAPL. The N terminus of ' has a distinct structure that extends towards
PAP1 (Fig. 44, c). Notably, the toe of the ' clamp has a flexible structure
unlike that in cyanobacterial RNAP (Fig. 4a, d). PAP11 interacts with the
clamp-toe, possibly stabilizing this flexible structure.

B contains two disordered loops, loop 1 and loop 2, which form a
closed state in cyanobacterial RNAP but adopt an open state to
embrace PAP6 in PEP (Fig. 4e, f).

Arrangement of PAPs in the PEP complex
Our structure reveals the detailed arrangement of PAPs peripherally
associated with the PEP core. In the overall structure, the PAPs occupy

one of three regions: two regions surrounding the two arms of the PEP
core, forming a larger clamp-like structure, and one region at the
intersection of the two arms, near the o dimer (Fig. 5a, b).

The PAPs interact extensively with the PEP core and with each
other (Fig. 5c). We grouped the 13 PAPs into five clusters according to
their location and potential functions (Fig. 5a-c). The first cluster
consists of PAP1, PAP7, and PAPI11, which are all located on the upper
arm. The second cluster contains PAP5 and PAP8, which are positioned
at the intersection of the two arms, near the o dimer. The third cluster
comprises PAP3 and PAP14, which are situated in the lower arm and
protrude outward from the PEP core. The fourth cluster is a hetero-
dimer formed by PAP4 and PAP9, which is docked on PAP3. The fifth
cluster is formed by two heterodimers, PAP6-PAP10; and
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PAP12/® Clamp
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Syn RNAP

Fig. 2 | Comparison of the Spinacia oleracea (Sp.) PEP core RNA polymerase and
bacterial RNAP. Overall structural similarity between the Sp. PEP core polymerase
(a), Synechocystis sp. PCC 6803 (Syn) RNAP (PDB 8GZG)* (b) and E. coli RNAP (PDB
6GHS5)* (c). d Superimposition of the structures for the Sp. PEP core polymerase
and Syn RNAP (root mean square deviation (r.m.s.d.) of 1.907 A for Cat atoms by
PyMOL) showing that the Sp. PEP core polymerase adopts the same folds as Syn
RNAP. e-g Structural comparison of the key structural domains (clamp, protrusion,
lobe, flap, and jaw) between the Sp. PEP core polymerase and Syn RNAP.

<4

% a8
> —

??3'-)1'1 Y
MR

Secondary
channel

Conserved
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h Structural comparison of the key structural motifs in the active site (catalytic
loop, trigger loop, bridge helix, and rim helices) between the Sp. PEP core poly-
merase and Syn RNAP. al, a2, RNA polymerase o subunit; 3, RNA polymerase 3
subunit; ', RNA polymerase ' subunit; 3", RNA polymerase " subunit; PAP12/w,
plastid transcriptionally active chromosome protein 7 (pTAC7); TL, trigger loop;
BH, bridge helix; B"-RH, " rim helices; 3'CH, clamp helices; SI3, the " arch domain
of sequence insertion 3.

PAP13-PAP10,, which are positioned on the lower arm and on the «
dimer, respectively.

PAP1, PAP7, and PAP11 embrace the clamp-claw

Cluster 1, comprising PAP1, PAP7, and PAP1l, is formed by their
structural tethering and is situated along the side of the clamp-claw
(Fig. 6a). PAP1 contains pentatricopeptide repeats (PPRs), with nine
N-terminal PPRs (PAP1-PPRy) and two complete PPRs and one partial
PPR at its C terminus (PAP1-PPR(). Although PAP1 is situated on the
side of the RNA exit channel, it is not directly adjacent to the RNA exit
channel, and it does not display a pronounced positively charged

surface, as would be expected for a nucleic acid-binding protein
(Supplementary Fig. 6a). Thus, PAP1 may not directly interact with
RNA during transcription. PAP1-PPRy contacts the termini of 3, 8,
and " and these termini show changed conformations unlike those
seen for the equivalent subunit in cyanobacterial RNAP (Figs. 4c, 6b),
suggesting that PAP1-PPRy may stabilize the PEP core. Located
between PAP1-PPRy and PAP1-PPR¢, PAP1 contains a unique domain
(residues 394-782) that binds PAPI11, the B'-clamp including (3'CH,
and B" of the PEP core (Fig. 6a, c). However, large parts of this unique
domain are not visible in our reconstruction, suggesting that they are
mobile. Notably, the ordered parts of this unique domain wrap
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Fig. 3 | Comparison of the B" subunit of the Spinacia oleracea (Sp.) PEP core
polymerase and cyanobacterial RNAP. a Comparison of the " subunit of the Sp.
PEP core polymerase and Synechocystis sp. PCC 6803 (Syn) RNAP (PDB 8GZG)*
(r.m.s.d.of 5.702 A for Ca atoms by PyMOL). b Comparison of the B" arch domain of
sequence insertion 3 (SI3) in the Sp. PEP core polymerase and Syn RNAP (r.m.s.d. of
2.965 A for Ca atoms by PyMOL, amino acids [aa] 340-1131). The PEP B" SI3 arch
shows a larger fin that provides a binding site for PAPs. ¢ Comparison of the region
of 3" other than SI3 between the Sp. PEP core polymerase and Syn RNAP (r.m.s.d. of
1137 A for Ca atoms by PyMOL). d Close-up view of the jaw domain in Syn RNAP and
the corresponding position in the PEP core polymerase. The dashed line represents
the unique domain of PAP1 connecting residues E544 and R721, which occupies the
position corresponding to the jaw in Syn RNAP. e Close-up view of the Baf motif

Sp. PEP-SI3

adjacent to the secondary channel in the Sp. PEP core polymerase and Syn RNAP.
The Baf motif in the Sp. PEP core polymerase contributes to the binding site for
PAP7 and PAPS8. 3", RNA polymerase " subunit; PAPL, plastid transcriptionally
active chromosome protein 3 (pTAC3); PAP3, plastid transcriptionally active
chromosome protein 10 (pTAC10); PAP4, iron superoxide dismutase 3 (FSD3);
PAPS, plastid transcriptionally active chromosome protein 12 (pTAC12/HEMERA);
PAP6, fructokinase-like protein 1 (FLN1); PAP7, plastid transcriptionally active
chromosome protein 14 (pTAC14); PAPS, plastid transcriptionally active chromo-
some protein 6 (pTAC6); PAPY, iron superoxide dismutase 2 (FSD2); PAP14, plastid
transcriptionally active chromosome protein 18 (pTAC18). SI3, the B" arch domain
of sequence insertion 3; BH, bridge helix; "-RH, " rim helices.

around the clamp of PEP, occupying a position in the jaw of bacterial
RNAP that is absent in the PEP core (Figs. 3d, 6¢). PAP2 was first
identified as part of the transcriptionally active PEP in 2011, when PAP
notation was originally defined’®. An interaction was previously
detected between PAP1 and PAP2 from the PEP complex purified
from white mustard (Sinapis alba)". However, we did not observe
PAP2 in our structure. We did detect an additional density close to

the N-terminal part of PAP1 in low-pass-filtered maps, which may
correspond to PAP2 (Supplementary Fig. 2h). We refrained from
modeling into this density due to its limited map quality. The
absence of PAP2 in our structure may be due to its weak association
in the PEP and/or its high flexibility.

PAP7 adopts a SET domain methyltransferase fold commonly
found in histone lysine methyltransferases*. Similar to the Rubisco
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' of Sp. PEP
' of Syn RNAP

e B of Sp. PEP

B of Syn RNAP

C terminus

Fig. 4 | Comparison of the § and B' subunits of the Spinacia oleracea (Sp.) PEP
core polymerase and cyanobacterial RNAP. a Structural superimposition of the
B'subunit between the Sp. PEP core polymerase and Synechocystis sp. PCC 6803
(Syn) RNAP (PDB 8GZG)? (r.m.s.d. of 1.257 A for Ca atoms by PyMOL). The
conserved active site is highlighted in dark blue. Close-up view of the ' SI1 and
the ' blade domain (b), the B’ N terminus and 'CH (c), and the toe of the clamp
(d). Structural domains showing a change in conformation are highlighted in
magenta. e Structural superimposition of the 3 subunit between the Sp. PEP
core polymerase and Syn RNAP (r.m.s.d. of 1.280 A for Ca atoms by PyMOL).

Syn RNAP

Loop 1

J.
7 Loop 2

f Close-up view of two loops close to the 3 lobe domain of PEP, labeled as loop 1
and loop 2. The two loops adopt different conformation compared to those of
Syn RNAP (right). The two loops are highlighted in orange. 8, RNA polymerase 3
subunit; ', RNA polymerase (3’ subunit; PAPL, plastid transcriptionally active
chromosome protein 3 (pTAC3); PAPS, plastid transcriptionally active chro-
mosome protein 12 (pTAC12/HEMERA); PAPS, plastid transcriptionally active
chromosome protein 6 (pTAC6); PAP11, UDP-N-acetylmuramoyl-L-alanyl-D-
glutamate-2,6-diaminopimelate ligase MurE homolog; B'-SI1, a sequence
insertion in B' (residues 545-581); B'CH, clamp helices.
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PAP10:  PAP3 PAPT4
(3
Cluster PAP subunit Interacting core subunits

PAP1 B, B B"

1 PAP7 B', PAP12/w
PAP11 '
PAP5 al, B, B, B"

2
PAP8 B, B"
PAP3 p"

3
PAP14 possibly B"
PAP4 B"

4
PAP9 none
PAP6 B, B"
PAP13 al, a2

5
PAP10, B
PAP10, none

Fig. 5 | Arrangement of PAPs in the Spinacia oleracea (Sp.) PEP complex. Posi-
tion of PAPs located on the upper arm and the lower arm (a) and the intersection of
the two arms (b). All PAPs are presented as cartoons. The PAPs are colored indi-
vidually as indicated in Fig. 1; the Sp. PEP core subunits are colored in gray.

¢ Summary table showing that the PAPs interact extensively with the PEP core
subunits and with each other. a1, a2, RNA polymerase « subunit; 3, RNA poly-
merase 3 subunit; ', RNA polymerase ' subunit; 3", RNA polymerase " subunit;
PAPI, plastid transcriptionally active chromosome protein 3 (pTAC3); PAP3, plastid
transcriptionally active chromosome protein 10 (pTAC10); PAP4, iron superoxide

Interacting PAP subunits

PAP7, PAP11

PAP8, PAP1

PAP1

PAPS8, PAP6, PAP3, PAP10,

PAP7, PAP5

PAP4, PAPY, PAP14, PAP6, PAP5

PAP3, PAP4, PAP9

PAP9, PAP3, PAP14

PAP4, PAP3, PAP14

PAP10;, PAP3, PAP5

PAP10,

PAP6, PAP5

PAP13
dismutase 3 (FSD3); PAP6, fructokinase-like protein 1 (FLN1); PAP7, plastid tran-
scriptionally active chromosome protein 14 (pTAC14); PAPS, plastid tran-
scriptionally active chromosome protein 6 (pTAC6); PAPY, iron superoxide
dismutase 2 (FSD2); PAP10,, PAP10,, thioredoxin Z (Trx Z); PAP11, UDP-N-acet-
ylmuramoyl-L-alanyl-D-glutamate-2,6-diaminopimelate ligase MurE homolog;
PAP12/w, plastid transcriptionally active chromosome protein 7 (pTAC7); PAP13,

fructokinase-like protein 2 (FLN2); PAP14, plastid transcriptionally active chromo-
some protein 18 (pTACI8).

large subunit methyltransferase (RBLSMT) in Pisum sativum, PAP7
contains an N-terminal SET domain (Supplementary Fig. 6b). The
residues in the active site of RBLSMT are conserved in the equivalent
positions in PAP7*%, The structure of PAP7 indicates that it may func-
tion as a lysine methyltransferase within the PEP. The SET domain of
PAP7 is bound to the PEP core through " and the w subunit and
contacts PAP8, while its C-terminal domain interacts with the N

terminus of PAP1 (Fig. 6d). Notably, the 3" region binding to both PAP7
and PAP8 has a distinct conformation, unlike that in cyanobacterial
RNAP, and is adjacent to the secondary channel serving as an entry
point for substrate NTPs and an exit route for RNA 3’ ends during
backtracking in bacterial RNAPs**** (Figs. 3e, 6d). Thus, PAP7, toge-
ther with PAPS, may stabilize the PEP core and regulate NTP binding or
PEP backtracking.
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PAP11 contains a MurE-like domain, similar to bacterial MurE, an
amino acid ligase involved in peptidoglycan biosynthesis. However,
homologs of the enzymes upstream of MurE in the peptidoglycan
biosynthetic pathway are absent in Arabidopsis (Arabidopsis
thaliana)®. The presence of this MurE-like domain in PAPI11 thus raises
a question about the role of PAP11, which interacts with the clamp-toe
of B' and PAP1 (Fig. 6a, e). Notably, these interactions are mediated by

J

— E. coli MurE
G

two folds in the C-terminal domain of PAP11 that are absent in E. coli
MurE (PDB 1ESC)* (Fig. 6e). In addition, the clamp-toe of (' interacting
with PAP11 adopts a conformation distinctly unlike that of bacterial
RNAPs (Fig. 4d). These observations indicate that PAP11 may stabilize
the PEP core.

PAP1, PAP7, and PAPI11 are essential for PEP activity and chlor-
oplast development in Arabidopsis>*”, indicating that they are
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Fig. 6 | PAP1, PAP7, and PAP11 stabilize the Spinacia oleracea (Sp.) PEP core
polymerase through embracing the clamp-claw. a PAP1, PAP7, and PAP11 (shown
as surface presentation) embrace the clamp-claw of the Sp. PEP core polymerase.
b Detailed interactions of the N-terminal pentatricopeptide repeats (PPRs) of PAP1
(PAP1-PPRy) and the C-terminal PPRs of PAP1 (PAP1-PPR¢) with the {3, 8', and "
subunits of the Sp. PEP core polymerase. ¢ Detailed interactions of the PAP1-unique
domain (aa 394-782) located between PAP1-PPRy and PAP1-PPR with the B'-clamp
and B" of the Sp. PEP core polymerase. d Detailed interactions of PAP7 with the Sp.
PEP core polymerase subunits (", PAP12/w), PAPL, and PAPS. e Detailed

interactions of PAP11 with the 3 clamp and PAP1, and structural comparison of
PAP11 and E. coli MurE (PDB 1E8C)* (r.m.s.d. of 3.226 A for Ca atoms by PyMOL). B,
RNA polymerase 3 subunit; 3, RNA polymerase ' subunit; 3", RNA polymerase 3"
subunit; PAPI, plastid transcriptionally active chromosome protein 3 (pTAC3);
PAP?7, plastid transcriptionally active chromosome protein 14 (pTAC14); PAP11,
UDP-N-acetylmuramoyl-L-alanyl-D-glutamate-2,6-diaminopimelate ligase MurE
homolog; PAP12/w, plastid transcriptionally active chromosome protein 7 (pTAC7);
B"-RH, rim helices; SI3, the " arch domain of sequence insertion 3; §'CH, clamp
helices.

essential components of the PEP. Taken together, these results indi-
cate that the PAP1-PAP7-PAPI1 cluster may stabilize the PEP core
through embracing its clamp-claw.

PAPS5 and PAPS contribute to the assembly and stability of the
PEP core

PAPS and PAP8 wrap around the intersection of the two arms of the
PEP core and engage in multiple interactions with the PEP core and
other PAPs (Fig. 5b, c). PAPS5 adopts a unique fold, which looks like a
long thread with several random loops (Fig. 7a, b). PAP5 has multi-
valent contacts with the PEP core (x, 3, B', and B") and other PAPs
(PAP3, PAPS, PAP6, and PAP10) (Fig. 7a-f). Starting from interacting
with the ('- SI1, PAP5 wraps around the SI3-tail and B" rim helices,
passes through the PEP o subunits, and extends to the protrusion
domain of the lobe-protrusion-claw. PAP5 forms a major platform for
the docking of a-homodimer and the PAP6-PAP10; heterodimer.

PAPS8 also adopts a unique fold (Fig. 7g, h). Only a portion of
PAPS8 (residues 111-324) was resolved in our PEP reconstruction; this
showed that PAPS8 contains three layers of 3-sheets with an additional
helix at its C terminus and sits near the secondary channel of the PEP.
PAPS8 interacts with the PEP core by forming an antiparallel -fold
through its two -sheets and the ' blade domain and inserting a
hairpin loop (residues 199-226) that protrudes from the middle layer
B-sheet to contact " and PAP7. PAP8 also interacts with the PEP core
through the binding of its C-terminal helix into the ' blade domain,
the B'-SI1, the B" rim helix, and the B"-SI3 tail. In addition, the
C-terminal helix of PAP8 contacts PAPS, and one layer of [3-sheets
contacts PAP7.

Genetic and biochemical studies showed that PAP5 and PAPS are
important for PEP activity”. The structural features of PAPS and PAPS
in the PEP indicate that they perform a structural role in the assembly
and stability of PEP.

PAP3 and PAP14 scaffold the lobe-protrusion-claw

PAP3 and PAP14 form a scaffold for the lobe-protrusion-claw, provid-
ing the docking site for the PAP4-PAP9 heterodimer (Fig. 8a, b). To
illustrate how PAP3 interacts with the PEP core and other PAPs, we
divided PAP3 into three domains: a short N-terminal domain (NTD; aa
72-150), a middle domain (MD; aa 160-380), and a C-terminal domain
(CTD; aa 381-618) (Fig. 8b). PAP3-NTD contacts the body, fin, and tail
of SI3, as well as B"-RH. PAP3-MD interwinds with the SI3-fin, forming a
concave surface for the major docking site of PAP4. PAP3-CTD inter-
acts with the SI3 body (Fig. 8c-e). PAP14 is a cupin-like protein,
belonging to the most functionally diverse protein family in plants'*°,
PAP14 interlinks the PAP3-MD and PAP3-CTD and contacts PAP4 and
PAP9 (Fig. 8a, b).

A knockout of PAP3 results in an albino phenotype due to defects
in PEP activity and chloroplast development in plants such as Arabi-
dopsis and rice (Oryza sativa)**'°. Moreover, a pap3 mutant in maize
(Zea mays) does not accumulate a fully assembled PEP complex”.
These characteristics of PAP3 reflect its role as an essential component
of the PEP. The broad interactions of PAP3 with " and other PAPs
indicate that PAP3 and PAP14 stabilize the PEP core by scaffolding the
lobe-protrusion-claw.

Some PAPs have protective roles against oxidative stress

PAP4 (also reported as FE SUPEROXIDE DISMUTASE 3 [FSD3]) and PAP9
(also reported as FSD2) belong to the family of manganese/iron super-
oxide dismutases (SODs). The PAP4-PAP9 heterodimer is situated on
the lobe-protrusion-claw mainly through PAP3 (Fig. 8a, b). PAP4 is
embedded in a concave surface formed by PAP3-MD and SI3-fin, while
PAP9 contacts PAP3-CTD and PAP14 (Fig. 8d, e). PAP4 interacts with
PAP9 using the same interface as in the PAP9 homodimer* (Supple-
mentary Fig. 7a). Although PAP4 and PAP9 are structurally highly similar,
a specific C-terminal loop in PAP4 interacts with PAP3-MD, while a
specific loop in PAP9 interacts with PAP3-CTD (Supplementary
Fig. 7b, c). The loss of PAP4 and PAP9 function in a pap4 pap9 double
mutant was previously shown to lead to impaired PEP activity and
chloroplast development”. PAP4 overexpression only partially rescued
the phenotypes of pap9 mutants, while PAP9 overexpression did not
rescue the seedling death observed in pap4 mutants®. In addition, pap4
pap9 double mutant plants display a more severe phenotype than either
single mutant”. These earlier results suggest that PAP4 and PAP9 have
distinct roles in the PEP, which is consistent with our finding that PAP4
and PAP9 bind at distinct locations in the PEP. Therefore, the
PAP4-PAP9 heterodimer may stabilize the PEP SI3 arch by interacting
extensively with the PEP core, PAP3, and PAP14.

The structures of PAP4 and PAP9 show conserved histidine and
aspartate residues at the active sites for SODs*°. We detected iron ions
within the active site of PAP9 but not PAP4 (Supplementary Fig. 7c, d).
PAP4 and PAP9 exhibit SOD activity when tested in vitro, and pap4 and
pap?9 single mutants and pap4 pap9 double mutants produced more
reactive oxygen species and are more sensitive to oxidative stress than
the wild type". Therefore, we propose that PAP4 and PAP9 protect the
PEP against oxidative damage by neutralizing superoxide radicals
produced by photosynthesis.

PAPs with potential redox activities have structural roles
The last cluster is composed of four PAP subunits: two identical PAP10s
(also reported as Trx Z), PAP6 (also reported as FLN1), and PAP13 (also
reported as FLN2). The two PAP10s interact with PAP6 and PAP13 to
form two heterodimers: PAP6-PAP10; and PAP13-PAP10, (Fig. 9a).

PAP10s are thioredoxins. PAP10 adopts the canonical afa thior-
edoxin fold with two redox-active cysteine residues in the signature
motif (CGPC) and has a specific extended loop that is absent in spinach
Trx M (Supplementary Fig. 8a). PAP10 was previously proposed to
reduce PAP6, PAP13, and PLASTID REDOX INSENSITIVE 2 (PRIN2)*>,
However, a catalytic-deficient PAP10 variant complemented the phe-
notypes observed in papl0 knockout mutants'. The PAP10 catalytic
cysteine residues are buried in PAP6 and not close to any cysteine
residues of PAP6 (Supplementary Fig. 8b). Thus, the thioredoxin
activity of PAP10 may not be crucial in the PEP. Loss of PAP10 function
leads to severely decreased PEP activity and impaired chloroplast
development®. PAP10, interacts with PAP5 and B through a specific
extended loop, whereas PAP10, does not interact with the PEP core
(Fig. 9b, c). Thus, PAP10 may have a structural rather than catalytic role
in the PEP.

PAP6 is structurally related to the pfkB carbohydrate kinase
family, in particular fructokinases (FRKs)?>** (Supplementary Fig. 8c).

Nature Communications | (2024)15:9838


https://doi.org/10.2210/pdb1e8c/pdb
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54266-2

Fig. 7 | PAPS and PAPS contribute to assembly and stability of the Spinacia
oleracea (Sp.) PEP core polymerase. a, b Structures and locations of PAP5 and
PAP8 shown from different views. c-f Detailed views of the interactions between
PAPS and other subunits. g, h Detailed views of the interactions between PAP8 and
other subunits shown from different views. a1, a2, RNA polymerase o subunit; {3,
RNA polymerase 3 subunit; ', RNA polymerase (3' subunit; ", RNA polymerase (3"
subunit; PAP3, plastid transcriptionally active chromosome protein 10 (pTAC10);
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PAPS, plastid transcriptionally active chromosome protein 12 (pTAC12/HEMERA);
PAP6, fructokinase-like protein 1 (FLN1); PAP7, plastid transcriptionally active
chromosome protein 14 (pTAC14); PAPS, plastid transcriptionally active chromo-
some protein 6 (pTAC6); PAP10,, thioredoxin Z (Trx Z); PAP12/w, plastid tran-
scriptionally active chromosome protein 7 (pTAC7); BH, bridge helix; $"-RH, rim
helices; SI3, the B" arch domain of sequence insertion 3; $'-SI1, a sequence insertion
in B (residues 545-581).

PAP6 adopts a closed conformation, unlike typical FRKs, which would
most likely prevent substrate binding. PAP6 contains specific folds that
mediate its interactions with the SI3 fin, loop 1 and loop 2 of 3, PAP3,
and PAP5 (Fig. 9b and Supplementary Fig. 8c). Loss of PAP6 function
also results in an albino, seedling-lethal phenotype with severe defects
in PEP activity’®?°. Therefore, PAP6 performs a structural role in
the PEP.

PAP13 and PAP6 have highly similar structures and sequences, and
are conserved across plant species (Supplementary Fig. 8d and Sup-
plementary Fig. 9). The PAP13-PAP10, heterodimer interacts with the
N-terminal domains of the a-homodimer through PAP13 (Fig. 9c).

Thus, the heterodimer might function in the early steps of PEP core
assembly®, which is in line with the crucial role of PAP13 in PEP
transcription®®%,

Taken together, the structural features of the PAP6-PAP10,
and PAP13-PAP10, heterodimers indicate that they stabilize the
PEP complex by interacting extensively with the PEP core and
other PAPs.

PAPs may not regulate transcription directly
To investigate whether PAPs regulate transcription by directly inter-
acting with nucleic acids and the o factor, we obtained a model of the
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Fig. 8 | PAP3, PAP14, PAP4, and PAP9Y scaffold the lobe-protrusion-claw.

a, b Structure and locations of PAP3, PAP14, PAP4, and PAP9 shown from different
views. PAP3, PAP14, PAP4, and PAP9 are shown and colored as indicated in Fig. 1.
The B subunit is shown as a gray cartoon. To show its detailed interactions with the
PEP core subunits and other PAPs, PAP3 was divided into three domains: the short
N-terminal domain (PAP3-NTD; aa 72-150), the middle domain (PAP3-MD; aa
160-380) and the C-terminal domain (PAP3-CTD; aa 381-618). c-e Detailed view of
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the interactions between PAP3-NTD, PAP3-MD, and PAP3-CTD with PEP SI3, 3"-RH,
PAP14, PAP4, and PAP9. PAP3, plastid transcriptionally active chromosome protein
10 (pTACI10); PAP4, iron superoxide dismutase 3 (FSD3); PAP5, plastid tran-
scriptionally active chromosome protein 12 (pTAC12/HEMERA); PAP9, iron super-
oxide dismutase 2 (FSD2); PAP14, plastid transcriptionally active chromosome
protein 18 (pTAC18); SI3, the " arch domain of sequence insertion 3; 3“-RH, rim
helices.

PEP-promoter DNA open complex (PEPitc) by superposing an Alpha-
Fold2 model of the spinach ¢ factor (SigF) and PEP with a cyano-
bacterial open, initially transcribing complex (RPitc; PDB 8GZG)”
(Fig. 10a, b). The o factor and promoter DNA could be accommodated
well without major clashes. PAPs do not locate in direct vicinity to the
promoter DNA. The o-binding surface of the PEP is structurally con-
served with respect to that of bacterial RNAP. This surface is not bound
by PAPs and thus there is no steric clash between the PAPs and the o
factor. PAPI1 contacts the o factor and may thus contribute to its
binding. The position of PAP1 at the direct vicinity of the entrance for
the promoter DNA indicates that it might contribute to the DNA-
binding activity of the PEP indirectly. Notably, there is a minor clash
between the DNA and the 3'CH in the clamp, which may be associated
with the longer B'CH of the spinach PEP compared to cyanobacterial
RNAP (Figs. 4c, 10c), suggesting small conformational changes in the
PEPitc upon DNA binding.

We further obtained a structural model of the PEP elongation
complex (PEP EC) by superposition with the structure of a cyano-
bacterial transcription elongation complex (EC; PDB 8SYI)* (Fig. 10d).
The DNA and RNA could be accommodated well without major cla-
shes. There are no obvious interactions between PAPs and nucleic
acids. The DNA-RNA hybrid is positioned in the main cleft, and the 3'
end of the RNA is close to the catalytic active center. We observed a
minor clash between the downstream double-stranded DNA and 3'CH
in the PEP EC, as in the cyanobacterial PEPitc (Fig. 10e).

Discussion
We report here a unique architecture for the chloroplast transcription
machinery that consists of the PEP core surrounded by many PAPs. Our
results provide structural insights into chloroplast transcription and
PAP functions.

Our model reveals that the PEP core resembles bacterial RNAPs
(Fig. 2). Thus, the chloroplast transcription reaction likely involves a
mechanism resembling that of bacterial RNAPs. Our model also indi-
cates that PAPs do not enter the main cleft and are not associated
directly with the second channel of the PEP core, as they bind through
outer surfaces of the PEP core. We therefore propose that PAPs do not
contribute directly to the NTP addition cycle. In addition, the results of
modeling for PEP transcription initiation and elongation complexes
indicate that the PEP accommodates the DNA-RNA hybrid in its active
site in the same manner as cyanobacterial RNAP and likely uses the
same mechanism as bacterial RNAPs to catalyze the RNA extension
reaction (Fig. 10). Thus, our results suggest that the PEP core of the
chloroplast transcription machinery is likely to use the same
mechanism as cyanobacterial RNAP.

Although the overall structure of the PEP core is highly conserved,
the subunits of the PEP core have additional sequence insertions, in
particular SI3, compared to other bacterial RNAPs. PEP SI3 adopts a
unique structure, not observed in other RNAPs, that facilitates inter-
actions with PAPs. E. coli SI3 is involved in stabilizing the open com-
plex, RNA transcription pausing, and intrinsic termination®°. E. coli
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Fig. 9 | Redox clusters of the PAP6-PAP10, and PAP13-PAP10, heterodimers.
a Structure and locations of the PAP6-PAP10; and PAP13-PAP10, heterodimers
shown from different views. b Detailed view of the interactions between the
PAP6-PAP10, heterodimer and the Spinacia oleracea (Sp.) PEP core polymerase and
other PAPs. The black arrow highlights the PAP10,-specific extended loop absent in
Trx M, which interacts with PAP5 and the PEP {3 subunit. The red arrows highlight
the folds of PAP6 that are distinctly unlike those in V. cholerae fructokinase (FRK)
and mediate the interactions with PEP core subunits and other PAPs. ¢ Structural

details of the interactions between the PAP13-PAP10, heterodimer and the a-
homodimer of the Sp. PEP core polymerase. al, &2, RNA polymerase o subunit;
PAP3, plastid transcriptionally active chromosome protein 10 (pTAC10); PAPS,
plastid transcriptionally active chromosome protein 12 (pTAC12/HEMERA); PAP6,
fructokinase-like protein 1 (FLN1); PAP10;, PAP10,, thioredoxin Z (Trx Z); PAP13,
fructokinase-like protein 2 (FLN2); SI3, the B" arch domain of sequence insertion 3;
BH, bridge helix.

SI3 is highly mobile, and its conformation is dependent on the folded/
unfolded state of the trigger loop/helix and the binding of transcrip-
tion factors at the secondary channel of RNAP*"*%, Recent advances in
determining the structure and function of cyanobacterial RNAPs could
clarify the potential function of PEP SI3?**°, Cyanobacterial SI3 con-
tacts o via its head to form an SI3-o arch®. This arch stabilizes the
transcription initiation complex and maintains cell growth under
nutrient-limiting conditions. Thus, PEP SI3 may facilitate interaction
with o factors to stabilize the promoter complex. A study on the
function of SI3 during transcription elongation reveals that binding of
the incoming NTP results in a large swing motion of SI3*. Thus, the
structural changes in the active site of the PEP during transcription
could potentially lead to large-scale movements of PEP SI3, which in
turn may lead to movements of the PEP core subunits and PAPs. The
high flexibility of SI3 could explain why our model of the PEP SI3 head
has a large shift toward the protrusion compared to cyanobacterial SI3.
The complete deletion of cyanobacterial SI3 did not affect the
assembly, maturation, or catalytic activity of RNAP*. Further investi-
gations of the function of PEP SI3 at different stages of transcription
will be required to understand the full array of its biological functions
in plants.

Genetic disruption of individual PAP genes leads to albino or pale
green phenotypes, severely impaired chloroplast development, and
reduced PEP-dependent transcription, suggesting that PEP transcrip-
tion activity is essentially dependent on each PAP. Moreover, the loss

of PAP2, PAP3, or PAP5 function resulted in loss of the entire PEP,
suggesting that PAPs are essential for PEP structural integrity*’*°. Our
results reveal that PAPs interact extensively with the PEP core and with
each other. We thus propose that PAPs play an essential structural role
in the PEP complex through maintaining its overall assembly and/or
stability; moreover, PAPs depend on each other, such that loss of any
one PAP results in loss of PEP integrity, which is essential for PEP
activity.

Several PAPs contain additional enzymatic structural features.
PAP4 and PAP9 display SOD activity in vitro, and the activity of the
PAP4-PAP9 heterodimer is higher than that of PAP4 and PAP9
individually”, suggesting that the PAP4-PAP9 heterodimer might have
greater SOD activity. Thus, the integration of the PAP4-PAP9 hetero-
dimer in the PEP could help protect the transcription apparatus from
reactive oxygen species produced during photosynthesis. PAP7 adopts
a methyltransferase fold, suggesting that it is a genuine methyl-
transferase, although its methylation substrate remains to be deter-
mined. PAP11 adopts a MurE-like fold. However, it has been suggested
that PAP11is not involved in peptidoglycan biosynthesis in Arabidopsis
and that its substrate may have changed during the evolution from
bryophytes to seed plants®>. Whether PAP11 has MurE-like catalytic
activity in the PEP remains to be determined. The structural analyses of
PAP6, PAP10, and PAPI3 indicated that they are unlikely to have
additional enzymatic activities in the context of the PEP, but further
study will be needed to ascertain this fact.
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PAPs may be involved in transcriptional regulation. PEP lacks the
jaw domain that is conserved in bacterial RNAPs; instead, a PAP1-unique
domain occupies the corresponding space (Fig. 3c, d). The jaw of
bacterial RNAP plays essential roles in transcriptional initiation and
pausing®®®, suggesting that PAP1 might participate in these aspects of
transcription. In addition, PAP1 interacts with B'CH (Fig. 6e), which
protrudes into the downstream double-stranded DNA (dsDNA) channel

Non-template DNA

channel - .~
&

Template DNA
Non-template DNA

= Catalytic active site 7,

(Fig. 10c). B'CH is longer than its counterpart in cyanobacterial RNAP
(Fig. 4a, c), leading to a steric clash with the downstream dsDNA that
prevents loading of the downstream dsDNA into the channel (Fig. 10c).
Thus, PAP1 may be involved in changing the conformation of 'CH to
enable the downstream dsDNA to be properly loaded into the channel.

Our model is limited by several residual unassigned densities in
the cryo-EM reconstruction. Our structural information is also limited

Nature Communications | (2024)15:9838

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54266-2

Fig. 10 | Models of active chloroplast transcription complexes. a Model of an
open, initially transcribing complex of PEP (PEPitc) shown from different views. The
model was constructed by superimposing an AlphaFold2 model of the Spinacia
oleracea (Sp.) o factor (SigF) and the Sp. PEP complex with Synechocystis sp. PCC
6803 (Syn) RPitc (PDB 8GZG)¥. The nucleic acid molecule was positioned based on
structural superposition with Syn RPitc (PDB 8GZG)¥. The PEP core is shown as a
cartoon in gray and PAPs are shown as surfaces in the same color as in Fig. 1. The
nucleic acids are shown as cartoons. Both SigF and DNA can be accommodated
without large conformational rearrangements or loss of factors in PEPitc. b Close-
up view of the active site in the modeled PEPitc. The active site is shown as a blue
surface. The bridge helix (BH) and trigger loop (TL) are shown as cartoons. SigF and
nucleic acids can be accommodated without major clashes. ¢ Close-up view of the

minor clash between 'CH and the downstream DNA in PEPitc. d Model of an
actively elongating complex of PEP (PEP EC). The model was constructed by
superimposing the Sp. PEP complex with the Syn EC (PDB 8SYI)*°. The nucleic acid
molecule was positioned based on structural superimposition with the Syn EC (PDB
8SYD)*. No large conformational rearrangements or loss of factors are required to
form the PEP EC. e Close-up view of the active site in the modeled PEP EC. The clash
is identical to that seen with the PEPitc in c. 3', RNA polymerase B' subunit; 3", RNA
polymerase 3" subunit; PAP1, plastid transcriptionally active chromosome protein 3
(PTAC3); PAP11, UDP-N-acetylmuramoyl-L-alanyl-D-glutamate-2,6-diaminopime-
late ligase MurE homolog; SI3, the B" arch domain of sequence insertion 3; BH,
bridge helix; TL, trigger loop; B'CH, clamp helices.

to a model of PEP in an open state. In addition, the limited observed
electron density in the N-terminal part of PAP11 suggests that PAP11 has
a high degree of flexibility. Thus, PAP11 may clash with the o factor
during transcription initiation.

While we were revising this manuscript, three structural studies
were published online of PEP complexes purified from tobacco and
Sinapis alba®***. Our conclusions are consistent with those reached in
these three studies.

In summary, we present the architecture of the chloroplast tran-
scription machinery and provide a strong structural basis for further
studies into the molecular mechanisms and functions of chloroplast
transcription.

Methods

Data reporting

No statistical method was used to predetermine the sample size. The
experiments were not randomized, and the investigators were not
blinded to allocation during experiments and outcome assessment.

Purification of the spinach PEP complex

About 5 kg of leaves from mature spinach plants were cut into small
pieces, which were gently homogenized with a blender in 15 liters of
pre-cooled Chloroplast Isolation Buffer (CIB, 20 mM HEPES, pH 8.0,
0.33M sorbitol, 5mM MgCl,, 5mM EGTA, 5mM EDTA, 10 mM
NaHCOj3;, 60 mM sodium ascorbate). The resulting homogenate was
filtered through three layers of Miracloth (Millipore). The crude
chloroplasts were collected by centrifugation at 3000 x g for 5 min at
4°C and lysed with 2 liters of Chloroplast Breaking Buffer (50 mM
HEPES, pH 7.6, 4 mM EDTA, 20% [v/v] glycerol, 20 mM B-mercap-
toethanol, 50 pgml™ phenylmethylsulfonyl fluoride [PMSF], 0.1M
(NH4),S0,). The insoluble materials were removed by centrifugation
at 40,000 x g for 30 min at 4 °C. The supernatant was loaded onto a
XK16/20 column (1.6-cm diameter, 20-cm length, column volume
30 ml) filled with Heparin Sepharose 6 Fast Flow resin (17099801,
Lot: 10314514, Cytiva). The column was washed with 100 ml of a
buffer containing 50 mM HEPES, pH 7.6, 4 mM EDTA, 10% (v/v) gly-
cerol, 20 mM B-mercaptoethanol, 50 pg mI™ PMSF. Proteins bound
to the resin in the column were eluted with 60 ml of 0.28M
(NH4),S04 and separated on a 0.44-0.88M continuous sucrose
density gradient, in a buffer containing 50 mM HEPES, pH 7.6, 0.1 mM
EDTA, 1mM DTT, 0.5x proteinase inhibitor cocktail, and 5% (v/v)
glycerol, by centrifugation using a Beckman Coulter Optima XPN-100
centrifuge with a SW40Ti rotor at 16,0000 x g for 23 h at 4 °C. After
centrifugation, equal 24 fractions were collected from the top to the
bottom of the gradient. Each fraction was resolved by electrophor-
esis and subjected to immunoblot analysis with an anti-RpoB anti-
body (polyclonal, PhytoAB, PHY1239) at a 1:5000 dilution. The peak
fractions of the PEP complex were collected and concentrated to
Smgml™ using a membrane concentrator with a 100-kDa cut-off.
Then, the samples were subjected to gel filtration chromatography
(Cytiva, Superose 6 Increase 10/300GL) in buffer containing 50 mM
HEPES, pH 7.6, 2mM EDTA, 2% (v/v) glycerol, 10mM @3-

mercaptoethanol, and 50 pg ml™ PMSF. The collected PEP complex
was used for cryo-EM analysis.

Characterization of the spinach PEP complex

The purified PEP complex was analyzed on a 5% (w/v) BN-PAGE to
assess its integrity. The BN-PAGE gel was stained in 25% (v/v) iso-
propanol, 10% (v/v) acetic acid, and 0.1% (w/v) Coomassie brilliant blue
R-250 (CBB) for 30 min. Then, the stained BN-PAGE gel was destained
in 5% (v/v) ethanol and 10% (v/v) acetic acid. The -1-MDa band of the
PEP complex was excised from the BN-PAGE gel for mass spectrometry
(MS) analysis. The protein composition of the purified PEP complex
was analyzed by SDS-PAGE using a 10-16% (w/v) gradient poly-
acrylamide gel. The SDS-PAGE gel was stained with CBB.

Protein identification of the spinach PEP complex by MS

For MS analysis, the ~1-MDa protein band of the PEP complex excised
from the BN-PAGE gel was destained in 25 mM ammonium bicarbonate
in 50% (v/v) acetonitrile. The proteins in the gel were reduced with
10 mM dithiothreitol at 37 °C for 1h, alkylated with 55 mM iodoaceta-
mide in 50 mM ammonium bicarbonate in the dark for 45 min, and
digested with trypsin at 37 °C. The digested peptides were extracted
from gel with buffers containing 5% (v/v) trifluoroacetic acid and 50%
(v/v) acetonitirile by ultrasonic twice. The liquid containing the
digested peptides was desalted using StageTips59 and completely
freeze dried using a SpeedVac concentrator.

The liquid chromatography coupled tandem mass spectrometry
(LC-MS/MS) analysis was performed using a LTQ Orbitrap Elite mass
spectrometer (Thermo Scientific, Rockford, IL Waltham, MA) coupled
online to an Easy-nLC 1000 in the data-dependent mode. The dried
peptides were resuspended in 0.1% (v/v) formic acid with a final con-
centration 8pgpL™, and 4 pL of each sample was injected into a
capillary analytic column (inner diameter: 150 um, length: 25cm)
packed with C18 particles (diameter: 1.9 um) to separate by reverse
phase LC. The mobile phases for the reverse phase LC contain buffer A
[0.1% (v/v) formic acid] and buffer B [100% (v/v) acetonitirile, 0.1% (v/v)
formic acid], and a 90-min non-linear gradient of buffer B from 3 to
30% (3-8%, 10 min; 8-20%, 60 min; 20-30%, 8 min; 30-100%, 2 min;
100%, 10 min) with a flow rate of 600 nL min™ was used for peptide
separation. Precursor ions were measured in the Orbitrap analyzer at
240,000 resolution (at 400 m/z) and a target value of 10%ions. The
twenty most intense ions from each MS scan were isolated, frag-
mented, and measured in the linear ion trap. The Collisional dis-
sociation (CID) normalized collision energy was set to 35.

The database search was performed for raw MS file using the
software MaxQuant (v2.3.1.0). The Spinacia oleracea proteome
sequence database was downloaded from Uniprot [https://www.
uniprot.org/proteomes/UP001155700]. The parameters used for the
database search were set up as follows: the type of search: Standard;
the protease used for protein digestion: trypsin; protease cleavage
sites: the C-terminus of residues K or R; the maximum number of
allowed missed cleavages: 2; the mass tolerance for precursor ions: 20
PPM for the first search and 4.5 PPM for the main search; the mass
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tolerance for fragments ions: 0.5 Da; the minimum peptide length: 7;
the minimum number of unique peptides for protein identification: 0.
The variable modifications include N-terminal acetylation and
methionine oxidation. The fix modification includes cysteine carba-
midomethylation. The false discovery rates (FDR) for both peptide and
protein identifications were set to 0.01. Default values were used for all
other parameters.

In vitro transcription assays

The transcription activity of PEP was assessed by visualizing the
extension of CY5-labeled RNA. A template DNA (tDNA, 5-GTAGA-
GACTTGTGTGTTCCTGCGCGCGGCTACCTGCATCAGAGGT-3), a non-
template DNA (ntDNA, 5-ACCTCTGATGCAGGTAGCCGCGCGCAG-
GAACACACAAGTCTCTAC-3), and a CY5-labeled RNA (5-CY5-
ACAUACGCCGCGCGC-3) were used for the in vitro transcription
assays. The nucleic acid scaffold was reconstituted in vitro by mixing
the tDNA (final concentration 5uM) and CY5-labeled RNA (final con-
centration 2.5 uM) in 20 ul DEPC-treated water at 98 °C for 2 min, and
then cooling the mixture to 10 °C at a rate of 1°C min™. The scaffold
(final RNA concentration RNA 500 nM) was mixed with the purified PEP
complex (1mM) or E. coli RNAP (0.5 U ml™) and the ntDNA in recon-
stitution buffer (10 mM Tris-HCI, pH 8.0, 40 mM KCI, 5mM MgCl,,
0.02mgml™ acetylated BSA). Then, the mixture was incubated at
room temperature for 1 h. RNA extension was started by the addition
of a mixture of ATP, CTP, GTP, and UTP (0.1 mM each) and the mixture
was incubated at room temperature for 1 h. The reaction was quenched
by the addition of an equal volume of 2x stop buffer (8 M urea, 20 mM
EDTA, 5 mM Tris-HCI, pH 7.5). The samples were loaded onto 16% (w/v)
Tris-borate-EDTA (TBE)-polyacrylamide (20% [w/v] 19:1 acrylamide:bi-
sacrylamide) gels containing 7 M urea, and electrophoresis was per-
formed at 300 V for 75 min in an ice bath. The gels were scanned with a
chemiluminescence imaging system (Fusion FX7, VILBER) to collect
CYS5 fluorescence.

Cryo-EM data collection

The concentration of the purified PEP complex was adjusted to about
2 mg ml™. Three microliters of protein solution were applied to a glow-
discharged (Solarus plasma cleaner, Gatan) holey carbon grid (Quan-
tifoil grid R2/1, 200 mesh, Cu) that had been treated with H, and O,
mixtures for 30 s. The grid was plunged into liquid ethane cooled by
liquid nitrogen using a Vitrobot Mark IV (Thermo Fisher Scientific). The
parameters were set as follows: blot force 0, blotting time 3 s, humidity
100%, sample chamber temperature 8 °C. Cryo-EM images were col-
lected on a Titan Krios (Thermo Fisher Scientific, Hillsboro, USA)
electron microscope at 300 kV equipped with a K3 camera (Gatan) and
at nominal magnification of 62,000 in super-resolution mode. Movies
were recorded in super-resolution mode and Fourier-cropped to give a
resulting calibrated pixel size of 1.10A at the specimen level. An
exposure rate of 22.5 e per pixel per s was set and a fresh super-
resolution gain reference was performed at this dose rate before data
acquisition. Each movie consists of 40 frames with a total dose of 50 e—
per A2 In total, 7175 movies were collected for the PEP complex. Data
acquisition was carried out using the EPU software (2.12.0.2771,
Thermo Fisher Scientific) with defocus values from -0.8 to 2.0 um.

Image processing of the spinach PEP complex

All of the stacked frames were subjected to motion correction and
defocus was estimated using cryoSPARC (v4.2.1)%. The F-crop factor
was set to 1/2 to generate aligned micrographs in Motion Correction.
Particles were picked by crYOLO®® using a pretrained model. A total of
2,338,580 particles were picked from 7175 micrographs at a threshold
of 0.01 with a box size of 200 pixels. These particles were then
imported to CryoSPARC (v4.2.1) at 512-pixel box size, and down-
sampled to 128 pixels for the first 2D classification with 100 classes.
The resulting 1,266,268 particles were selected for a second 2D

classification with 50 classes. The resulting 384,187 particles from 21
good 2D classes were selected for 3D reconstruction. These particles
were re-extracted at a resolution of 512-pixel box size and subjected to
3D ab initio reconstruction with CryoSPARC (v4.2.1) to build four initial
models, followed by heterogeneous refinement. Among the four initial
models, the class showing the clearest features of the PEP complex
containing 180,924 particles was selected for homogeneous refine-
ment, resulting in a map at a nominal global resolution of 3.16 A. In this
map, two regions had weak electron densities, making them unsuitable
for model building. Thus, we attempted to improve the quality of the
map via local refinement, which resulted in improved resolutions with
a nominal resolution of 3.78 A (Map 1) and 3.24 A (Map 2). The reso-
lution of the remaining region was improved very slightly from 3.16 A
to 3.13A (Map 3) by particle subtraction and local refinement. The
global map, improved Map 1, and improved Map 2 were used for
model building.

Model building and refinement of the spinach PEP complex

To build an atomic model of PEP, the model of Synechocystis sp. PCC
6803 RNA polymerase complex (PDB 8GZG)* and the structures of
PAP subunits from Arabidopsis thaliana predicted by AlphaFold2?¢%
were fitted into density maps as an initial model in UCSF Chimera
(v1.15-42258) (https://www.rbvi.ucsf.edu/chimera). The initial atomic
model was manually checked and mutated to fit to the map in COOT
(v0.95)%”. The regions subjected to local refinement above were
designated as PAP11 and the part of RpoC2 (aa 562-862) according to
the overall structural characteristics; the models of PAP11 and the part
of RpoC2 predicted by AlphaFold2 were directly employed and could
not be further modified due to their poor electron density map.
Realspace refinement was performed in PHENIX (v1.19.2-4158)°%; COOT
(v0.95) was used for model building and PHENIX (v1.19.2-4158) for
refinement until convergence. Finally, all parameters were generated
by PHENIX (v1.19.2-4158) and figures were drawn with the PyMOL
(v3.0.0) Molecular Graphic System (Schrédinger)® and UCSF Chi-
meraX (v1.5)°.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM density map and model for the spinach PEP complex
generated in this study have been deposited in the Electron Micro-
scopy Data Bank and the Protein Data Bank with accession codes EMD-
38799 and 8XZV, respectively. Two local refinement maps of PAP11 and
part of RpoC2 (residues 562-862) generated in this study have been
deposited in the Electron Microscopy Data Bank with accession codes
EMD-61151 and EMD-61149, respectively. The following previously
published PDB codes were used for model building and structural
comparison: 8GZG, 6GH5, 1E8C, 8SYI, 2H21, 7BJK, 2PUK, and 5YGG. The
all protein mass spectrometry raw data have been deposited in a
ProteomeXchange partner repository with accession code
PXD056642. The data that support the findings of this study are pre-
sented in the paper and/or the Supplementary Information. Source
data are provided with this paper.
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