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SUMMARY
Chloroplast genes encoding photosynthesis-associated proteins are predominantly transcribed by the
plastid-encoded RNA polymerase (PEP). PEP is amulti-subunit complex composed of plastid-encoded sub-
units similar to bacterial RNA polymerases (RNAPs) stably bound to a set of nuclear-encoded PEP-associ-
ated proteins (PAPs). PAPs are essential to PEP activity and chloroplast biogenesis, but their roles are poorly
defined. Here, we present cryoelectron microscopy (cryo-EM) structures of native 21-subunit PEP and a PEP
transcription elongation complex from white mustard (Sinapis alba). We identify that PAPs encase the core
polymerase, forming extensive interactions that likely promote complex assembly and stability. During elon-
gation, PAPs interact with DNA downstream of the transcription bubble and with the nascent mRNA. The
models reveal details of the superoxide dismutase, lysine methyltransferase, thioredoxin, and amino acid
ligase enzymes that are subunits of PEP. Collectively, these data provide a foundation for the mechanistic
understanding of chloroplast transcription and its role in plant growth and adaptation.
INTRODUCTION

Chloroplasts are photosynthetic organelles derived from a

cyanobacterial ancestor. Consequently, both the chloroplast

genome and the molecular machinery that expresses chloro-

plast genes have prokaryotic features.1 Although the chloroplast

genome encodes fewer genes than its bacterial ancestor,

the molecular machinery that transcribes them has increased

in complexity. Numerous chloroplast-specific transcription

proteins have evolved to integrate a prokaryotic gene expression

system into a eukaryotic host cell and to support the regulation of

photosynthesis by developmental and environmental cues.2–4

Chloroplast transcription is activated by light during plant devel-

opment.5 This change underpins production of the photosyn-

thetic proteins that defines the morphology and bioenergetic ca-

pacity of the organelle.

The presence of a multi-subunit transcription enzyme in

chloroplasts was identified 50 years ago.6 Subsequent studies

revealed that this plastid-encoded RNA polymerase (PEP)

contains subunits homologous to bacterial RNA polymerase

(RNAP) and relies on some prokaryotic regulatory mechanisms,

such as sigma-dependent initiation.7 Yet PEP is significantly

larger than bacterial RNAP due to the stable association of
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numerous PEP-associated proteins (PAPs) that are not homolo-

gous to bacterial transcription proteins. At least twelve PAPs are

required for the activity of PEP to be sufficient for chloroplast

biogenesis in Arabidopsis.2,3 Thus, despite the similarity be-

tween the polymerase subunits of PEP and bacterial RNAP,

PAPs impart essential but largely unknown functions.

PEP isolated fromwhite mustard (Sinapis alba) comprises four

polymerase subunits that are similar to cyanobacterial RNAP (a2
bb0b0 0) and at least fourteen PAPs (PAP1–PAP12, FLN2, and

pTAC18).8,9 Identification of homologous proteins in other flow-

ering plant species indicates this subunit composition is likely to

be broadly conserved.3,10 One set of PAPs potentially regulate

transcriptional activity through domains that are associated

with nucleic acid binding activity (PAP1/pTAC3, PAP2/pTAC2,

and PAP3/pTAC10).11–13 A second set of PAPs provide PEP

with additional enzymatic activities: a lysine methyltransferase

(PAP7/pTAC14), two iron superoxide dismutases (FeSODs;

PAP4/FSD3 and PAP9/FSD2), a thioredoxin (PAP10/TRXz),

and an amino acid ligase (PAP11/MurE).8,14–16

It remains unclear, however, whether these activities represent

the essential role of each PAP in chloroplast biogenesis. In addi-

tion, the possible roles of the remaining PAPs (PAP5/pTAC12/

HEMERA, PAP6/FLN1, PAP8/pTAC6, PAP12/pTAC7, FLN2,
29, 2024 Crown Copyright ª 2024 Published by Elsevier Inc. 1145
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and pTAC18) remains unclear from analysis of their amino acid

sequences. To better understand the roles of PAPs in chloroplast

transcription, as well as the mechanistic similarity between PEP

and bacterial RNAP, we sought to determine the structure of PEP

purified from chloroplasts.

RESULTS

Cryo-EM analysis of PEP
PEP was purified by chromatographic separation of chloroplast

lysate from S. alba cotyledons (Figures 1A and S1A). Nineteen

unique subunits were identified by liquid chromatography-tan-

dem mass spectrometry (LC-MS/MS): the four polymerase

core subunits (a, b, b0, and b00), the twelve named PAPs (PAPs

1–12), two proteins recently identified to co-purify with PEP

(FLN2 and pTAC18), and PRIN2, a protein involved in the control

of PEP activity by redox signals (Table S1).9,17 Our structural

analysis of PEP described below revealed that FLN2, pTAC18,

and PRIN2 are stably and uniformly associated with PEP. We

therefore propose to name these subunits PAP13 (FLN2),

PAP14 (pTAC18), and PAP15 (PRIN2).

The molecular mass of PEP was measured to be�1.1 MDa by

mass photometry (Figure S1B), in agreement with the predicted

value (Table S2). We observed extension of RNA in a transcrip-

tion elongation reaction (Figure S1C), confirming the purified

PEP sample contains active polymerase. Analysis by negative-

stain electron microscopy revealed PEP to be a star-shaped

molecule that is 23 nm in its maximum dimension (Figure S1D).

An initial reconstruction of PEP was obtained by cryoelectron

microscopy (cryo-EM) at a resolution of 2.5 Å (Figures S2A–S2G;

Table S3). Significant conformational variation was observed

within the dataset, limiting the resolution of peripheral regions

of the molecule in particular. Improved reconstructions were ob-

tainedwith resolutions of 2.3–2.9 Å by focused refinement of nine

overlapping regions (Figures S2H and S2I; Table S4). The com-

posite map generated from these reconstructions displayed

density of improved clarity and uniformity, enabling construction

of a structural model that includes all nineteen subunits of PEP

that were identified by mass spectrometry (Figure S2J).

Although most sequences could be modeled with confidence

within the composite map, the reconstruction contained regions

resolved less well due to heterogeneity in the imaged particles.

To interpret the cryo-EM data more completely, we constructed

an additional PEP model that integrated computationally pre-

dicted models for additional domains that could be confidently

placed in filtered or enhanced maps (Figure S3A; Table S5).

These regions were at the periphery of the complex and included

parts of PAP2 and PAP11 and all of PAP15/PRIN2.

Additional support for the accuracy of the structural model

was obtained by cross-linking coupled to mass spectrometry

(CLMS) (Figure S3B; Table S6). Residues connected by 41 of

the 43 unique disuccinimidyl sulfoxide (DSSO) crosslinks were

separated by less than themaximum expected cross-linking dis-

tance of 30 Å in our structural model (Figure S3B). Similarly, res-

idues connected by 26 of the 36 unique sulfosuccinimidyl

4,40-azipentanoate (sulfo-SDA) crosslinks were separated by

less than the maximum cross-linking distance of 20 Å. Thus,

our structural model is consistent with CLMS data.
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The model of PEP contains nineteen unique subunits and two

copies of the PAP10 and a subunits, revealing PEP to be a

21-subunit complex (Figures 1B and 1C). PAPs encase the

core polymerase and make extensive interactions with the

outside surface but do not enter the central cleft that contains

the transcription active site. Each PAP contacts at least one of

the core polymerase subunits, with the exception of PAP9. The

PAPs also closely interconnect with each other, with each PAP

contacting at least one other PAP subunit, with the exception

of PAP15/PRIN2. The model shows that the 5 arms within the

overall star-shape comprise: (1) the b0 0 sequence insertion 3

(b0 0-SI3) with PAP3, PAP4, PAP9, PAP14, and PAP15, (2)

PAP11 and the C-terminal region of PAP1, (3) PAP2, PAP7,

and the N-terminal region of PAP1, (4) PAP6 and one PAP10,

and (5) PAP13 and the other PAP10.

Structural features of the PEP core polymerase
The amino acid sequences of the core polymerase subunits of

PEP are similar to their bacterial RNAP counterparts. Approxi-

mately 40%of residues are identical in the aligned concatenated

sequences of the core polymerase subunits of S. alba PEP and

RNAP of the cyanobacteria Synechocystis sp. PCC 6803. Our

model shows this similarity extends to the structural level (Fig-

ure 2A). Each pair of homologous subunits show only minor dif-

ference in backbone position following superposition (<1.6 Å

backbone root-mean-square deviation [RMSD]).

Bacterial RNAPs typically comprise 5 core subunits: a2bb
0u.

The core PEP polymerase differs in the division of b0 into an

N-terminal region (subunit b0 encoded by the RPOC1 gene)

and a C-terminal region (subunit b0 0 encoded by the RPOC2

gene). This feature is shared by cyanobacteria and, consistent

with structural analysis of cyanobacterial RNAP, the split of the

b0 subunits does not produce significant structural differences

between PEP and other bacterial RNAPs (Figure S4A).18,19

A significant exception to the overall similarity of PEP to bac-

terial RNAPs is the presence of an insertion in the b0 0 subunit,
approximately 800 residues in length. This region, termed

sequence insertion 3 (b0-SI3 or b0 0-SI3), contains sandwich-bar-

rel-hybrid motifs (SBHMs) that vary in number between species.

The b0-SI3 domain of Escherichia coli (E. coli) has two SBHMs,

whereas b0 0-SI3 of cyanobacteria has nine SBHMs. In cyanobac-

teria, the b0 0-SI3 forms a seahorse-shaped arch, in which three

SBHMs comprise the ‘‘tail’’ and ‘‘fin,’’ four SBHMs comprise

the ‘‘body,’’ and two SHMBs comprise the ‘‘head.’’19 The

sequence of PEP b0 0-SI3 resembles cyanobacteria in the tail

and the fin (sequence identity of 30%–40%) but the remaining

sequence is longer by approximately 150 amino acids and dis-

plays limited similarity. Whether this dissimilarity underlies

plastid-specific functions is unknown.

Our model reveals that PEP b0 0-SI3 forms an arch strikingly like

that of cyanobacterial b0 0-SI3 despite the lack of an equivalent

continuous series of SHBM domains (Figure 2B). The base of

the arch, comprising the tail and fin, do not contact each other

and instead associate with the b0 0 rim helices, similar to cyano-

bacterial RNAP.19 This contrasts the E. coli b0-SI3 SBHM do-

mains, which are located on the opposing side of the polymerase

cleft. The two SBHM domains of the b0 0-SI3 body that connect

the tail to the head in cyanobacteria are absent in PEP, and the



Figure 1. Structure of PEP

(A) SDS-PAGE of PEP purified from S. alba chloroplasts with identified subunits indicated.

(B) Structural model of PEP (center) and clipped views of the b and b0 lobes (left and right, respectively).

(C) Domain organization of S. alba PEP subunits determined from the structural model. Positions of chloroplast target peptide cleavage sites are indicated with

black circle and line.

Alternative protein name of PAP13 is FLN2; alternative of PAP14 is pTAC18; alternative of PAP15 is PRIN2. Additional sequence annotations: PAP3: a, b0 0-SI3 fin

binding region; b, S1 case; c, arch bridge; d, b binding region; e, b0 0-SI3 body binding region; PAP5: a, PIR1; b, PAP8 binding motif; c, rim helix binding motif; d, b

binding region; PAP7: a, a-CTD binding motif; b0 0: a, rim helices; b, bridge helix; c, S1 case; PAP4 and PAP9: FeSOD, iron superoxide dismutase; PAP6 and

PAP13: pfkB, pfkB family carbohydrate kinase domain; PAP10: TRX, thioredoxin. See also Figures S1–S3 and Tables S1–S5.
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corresponding region is largely disordered. The base and the tip

of the PEP b0 0-SI3 are instead bridged by a complex comprised

of PAP3 and PAP14/pTAC18, which provide a structural scaf-

fold, and the FeSODs PAP4 and PAP9. The PEP b0 0-SI3 fin

domain contains a sequence absent in cyanobacteria that en-

closes the PAP3 S1 domain, which we name the b0 0 S1 case

domain (Figure 2B). Despite these differences, the PEP b0 0-SI3
arch is very similar in length to that of cyanobacterial RNAP

(13.5 nm in both). The b0 0-SI3 head is consequently also posi-

tioned adjacent to the upstreamDNA channel of the polymerase.

The tip of the arch, comprising the head and two adjacent SBHM

domains of the body, were resolved only upon filtering the cryo-

EM maps, indicating the arch displays conformational variation.

In bacterial RNAPs, the linkers connecting the N-terminal and

C-terminal domains of the a subunits are flexible. This flexibility

allows the C-terminal domains (a-CTDs) to regulate a variety of

transcriptional processes through interactions with DNA, initiation

activators and elongation regulators.20–22 Based on previous
structural analyses of bacterial RNAPs, we expected the a-CTDs

not to be resolved in our PEP sample due to the lack of equivalent

regulatory factors.Bycontrast,we identify thateachof thea-CTDs

stably interactswitheither PAP6orPAP13,which are homologous

subunits (Figure 2C). The linker between the a subunit N-terminal

and C-terminal domains is approximately twice as long in PEP

than inbacterialRNAPs (Figures2CandS4B). Theadditional linker

sequence in one a subunit contains a helical segment that con-

tacts PAP13, which we term the a-linker helix (a-LH).

The PEP core polymerase subunits have additional sequences

that are absent in cyanobacterial RNAP and contribute to PAP

binding sites. The PEP b0 sequence insertion 1 (b0-SI1) is struc-

turally unlike that of characterized bacterial RNAPs and con-

tacts PAP11 (Figure S4C). A partially disordered loop near the

b0 C terminus contains a PEP-specific insertion and produces

a flap that encloses the PAP8 C-terminal helix (Figure S4D).

PAP8 also interacts with a domain of b0 adjacent to this loop

that we term the b0-blade domain due to its structural
Cell 187, 1145–1159, February 29, 2024 1147



Figure 2. Structural comparison of PEP core

polymerase and bacterial RNAP

(A) Overall structural similarity between PEP core

polymerase (left) and cyanobacteria RNAP (right).

Structure used for comparison is PDB: 8GZG.

(B) Comparison of the b0 0-SI3 arch domains of PEP

(left) and cyanobacteria RNAP (right).

(C) Comparison of the a subunits of PEP (left) and

cyanobacteria RNAP (right). The a-CTDs are not

resolved in reconstruction of cyanobacterial RNAP

due to flexibility in the linker (dashed lines). By

contrast, the a-CTDs and the linker of a1 are ordered

in PEP. Details of the PEP a1 subunit (inset) with

residues of the linker indicated.

See also Figure S4.
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resemblance to a single blade of b-propeller proteins (Fig-

ure S4E). The b0-blade domain is also present in cyanobacterial

RNAP. Lastly, a short sequence within the b0 0 C terminus inter-

acts with the interface between PAP1 and PAP2 via residues

not conserved in bacterial RNAPs (Figure S4F). PEP lacks

only one domain that is present in cyanobacterial RNAP: the

b-b0 module 2 (BBM2).

PAPs contribute to PEP assembly and stability
The PAPs most extensively integrated with the core polymerase

are PAP12 and PAP5. Each makes interactions with multiple

core polymerase subunits and with other PAPs, suggesting

they are important to complex assembly and stability. In support

of a role in mediating the assembly of PEP, we identified that

PAP12 is a structural homolog of the bacterial u subunit (Fig-

ure 3A). u is highly conserved, is essential in some bacteria,

and is required for full transcription activity in cyanobacteria.23,24

Given its importance, the apparent absence of a PEP homolog of

u was surprising.25
1148 Cell 187, 1145–1159, February 29, 2024
Despite low overall sequence similarity,

PAP12 and u have conserved residues

at the interfaces with b, b0, and b00

(Figures 3A and S4G). The position of these

residues suggest PAP12 acts similar tou as

a complex assembly chaperone that medi-

ates binding of b0 0 to the remainder of the

complex.26 Outside the region homologous

to u, PAP12 contains N-terminal and

C-terminal sequences that traverse the

groove between the b0 and a subunits.

Thus, PAP12 likely promotes the stability

of the PEP core polymerase both through

interactions like those of u with bacterial

RNAP and additional contacts specific

to PEP.

Multivalent contacts between PAP5 and

the other PEP subunits suggest it is

important to organization of the complex

during assembly. PAP5 crosses the b

lobe of the core polymerase, interacting

with the a, b and b0 and b0 0 subunits (Fig-

ure 3B). An N-terminal motif of PAP5
embedded within a disordered glutamine-rich sequence binds

PAP8. A tryptophan-rich motif of PAP5 wraps about the b0 0

rim helices, likely stabilizing their interaction with the core poly-

merase and mediating their binding to the SI3-tail domain. The

C-terminal portion of PAP5 traverses the a and b subunits and

contributes to the interface bound by PAP6. Collectively, the

structural features of PAP5 suggest it performs a critical role

in complex formation and stability that account for its require-

ment for accumulation of assembled PEP.27

In addition to its role as a subunit of the PEP complex in the

chloroplast, PAP5 (also called pTAC12 or HEMERA) is also pre-

sent in the nucleus, where it contributes to phytochrome

signaling.28 Dual targeting of PEP subunits is not unique to

PAP5 and has also been identified for PAP8.29 PAPs form oligo-

meric assemblies in the nucleus of unclear composition and

structure.30 In its nuclear role, PAP5 interacts with phytochrome

A (phyA) through its N-terminal sequence (phyA-interacting re-

gion 1, PIR1), consisting of residues 1–115.31 Interestingly, this

region is not resolved in our model of PEP. This suggests that



Figure 3. Contribution of PAP12 and PAP5 to

PEP complex assembly and stability

(A) Structural similarity between PAP12 in PEP (left)

and u in cyanobacteria RNAP (right). Aligned amino

acid sequences of the conserved region with resi-

dues predicted to be critical to the role of u in

complex assembly indicated (asterisks). Structure

used for comparison is PDB: 8GZG.

(B) Structural details of the interactions between the

PAP5 subunit with PEP subunits.

See also Figure S4.
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the nuclear and chloroplastic roles are mediated through distinct

regions of PAP5.

Interactions of PEP with nucleic acids
In our cryo-EM reconstruction of PEP we observe density in the

DNA entrance channel, DNA exit channel and mRNA exit chan-

nel that likely represents endogenous nucleic acids co-purified

with the complex (Figure S5A). To better understand howPEP in-

teracts with DNA and RNA during transcription, we reconstituted

a PEP transcription elongation complex (PEP-TEC) using a nu-

cleic acid scaffold and obtained a cryo-EM reconstruction at

an overall resolution of 2.7 Å (Figures S5B–S5G; Table S3). A

composite map was generated by combining four reconstruc-

tions obtained by focused classification and refinement that

had improved density for nucleic acids (Figures S5H and S5I;

Table S4).

The DNA-RNA hybrid and downstream DNA were clearly

resolved, allowing us to build a structural model of PEP-TEC

(Figure 4A; Table S5). The transcription active site of PEP closely

resembles that of the bacterial TEC (Figure 4B). The identity and

approximate positions of residues involved in coordination of

magnesium ions and positioning the RNA and template DNA

are conserved.

Previous data suggest four PAPs may be involved in direct in-

teractions with nucleic acids: PAP1, PAP2, PAP3, and PAP15/

PRIN2. PAP1 and PAP2 contain pentatricopeptide repeats

(PPRs), which in other proteins confer sequence-specific RNA-

binding activity. PAP1 also contains a SAP motif, which is a

domain associated with DNA binding, and PAP2 also contains

an SMR, which is a domain that in some proteins imparts

nuclease activity. PAP3 contains an S1 domain, which was

observed to confer RNA-binding activity to purified PAP3 in

isolation from PEP.13 PAP15/PRIN2 does not contain canonical
C

nucleic-acid-binding domains but interacts

with DNA in vitro.32 The involvement of

PAPs in nucleic acid binding in the context

of transcription is an important but unre-

solved question.

Our model of PEP-TEC shows that DNA

entering the polymerase interacts with the

SAPmotif of PAP1 (PAP1-SAP) (Figure 5A).

PAP1-SAP is within a region of�400 amino

acids between the nine N-terminal PPRs

(PAP1-PPRN) and two complete and two

partial PPRs at the C terminus (PAP1-
PPRC) (Figure S6A). PAP1-SAP borders the DNA entrance chan-

nel on the b0 lobe and contacts the DNA approximately 20–24 nt

upstream of the transcription active site. Density for both PAP1-

SAP and the downstreamDNA is of limited resolution in the PEP-

TEC reconstruction, indicating their positions vary with respect

to the remainder of PEP (Figures 5A and S5G). An interaction be-

tween the PAP1-PPRs and nucleic acids was not observed,

consistent with the absence of amino acids associated with

sequence-specific RNA binding in PAP1 (Figure S6A). The

PAP1-PPRN domain contacts numerous other subunits, likely

performing an essential role as a molecular scaffold of the

complex.

The DNA between PAP1-SAP and the transcription bubble

passes a segment of the b0 subunit that protrudes into the poly-

merase cleft (Figure 5B). This segment, which we term the b0-
protrusion, is specific to PEP and absent in bacterial RNAP.

The b0-protrusion is only partially ordered and contains

conserved basic residues that likely contact the phosphate

backbone of the downstream DNA.

PAP2 contains eighteen pentatricopeptide repeats (PPRs) and

a C-terminal SMR domain (Figure S6B). The C-terminal PPRs

12–18 (PAP2-PPRC) are closely bound to the SMR domain and

together bind PAP1, thereby connecting PAP2 to the remainder

of PEP (Figure S6C). The interaction of the SMR domain with

PAP1 conceals residues that potentially impart nuclease activity,

supporting the conclusion that PAP2 is non-catalytic in the

context of PEP. The N-terminal PPRs 1–11 (PAP2-PPRN) form

a semi-circular arch that curves inwards to the mRNA exit chan-

nel of the polymerase (Figure 5C). PAP2-PPRN is resolved only in

filtered cryo-EMmaps, suggesting it is flexible and suspended in

this location rather than in direct contact with the polymerase do-

mains bordering the exit channel. Between the mRNA exit chan-

nel and PAP2-PPRN we observe continuous cryo-EM density,
ell 187, 1145–1159, February 29, 2024 1149



Figure 4. Structure of PEP transcription elongation complex

(A) Cryo-EM map of PEP-TEC. Density assigned to nucleic acids indicated in inset (opaque) and density assigned to proteins (transparent) colored according to

Figure 1.

(B) Structural details of the transcription active sites of PEP (left) and E. coli RNAP (right) in corresponding views. Three conserved aspartate residues in the

catalytic loop coordinate amagnesium ion that positions the RNA 30 end in both enzymes: PEP b0 residues 489, 491, and 493 and E. coli b0 residues 460, 462, and
464. Conserved residues critical to the positioning of template DNA are indicated: PEP b0 0 residues 196–202 andE. coli b0 residues 789–796. The trigger loop is not

ordered due to the absence of incoming nucleotide triphosphate. Sequence used for comparison is PDB: 6ALH.

See also Figure S5 and Tables S3–S5.
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leading us to hypothesize that PAP2 interacts with the nascent

mRNA. Three conserved basic residues of PAP2-PPR1 (K80,

R87, and K92) project toward the mRNA exit channel and likely

contribute to mRNA binding.

The PAP2 residues on the concave surface of PPRs 3–10

could support the modular sequence-specific RNA-binding

mode characterized for other PPR proteins. The RNA sequence

predicted to have an optimal interaction with PAP2 is

AAUUGCGU (Figure 5D). Although we did not observe RNA

bound to the concave surface of PAP2-PPRN in the expected po-

sition, this region is limited in resolution and the mRNA used did

not contain a predicted target motif. A search of the S. alba chlo-

roplast genome for the predicted target motif revealed 18 sites,

of which 11 are within regions predicted to be transcribed

(Table S7). Correspondence was not observed between the po-

sition of the predicted high-affinity binding sites of PAP2 and

genes differentially expressed in plants lacking PAP2.12

PAP3 interactswithRNAvia itsS1domainwhen in isolation from

PEP.13 This raised the possibility that PAP3 regulates PEP tran-

scription in this manner. Contrary to this expectation, our PEP-

TEC model shows PAP3 does not contact nucleic acids. PAP3 is

a structural component of the b0 0-SI3 arch located far from the

DNA and RNA channels of the polymerase. The S1 domain is

entirely encased by protein, concealing the loops of the OB fold

associated with RNA binding (Figure S6D).34 We conclude that

PAP3does not interactwith nascent transcripts during elongation.

Structural overlay of PEPwith amodel of a cyanobacterial initi-

ation complex19 indicates that plant sigma factors (s), which are

likely structurally homologous to their bacterial counterparts,35

can be accommodated within the PEP complex without signifi-

cant steric overlap (Figure 5E). In the bacterial initiation complex,

domains of s that are on the RNAP surface are located adjacent

to the DNA exit channel. This surface of PEP is not bound by
1150 Cell 187, 1145–1159, February 29, 2024
PAPs, and the expected s-binding surface of PEP is structurally

conserved with bacterial RNAP.

Structural comparison with bacterial initiation complexes re-

vealed potential involvement of PAP2 and PAP11 in transcription

initiation. The position of PAP2-PPRN in PEP-TEC overlaps with

the expected location of the �35 promoter element and the s4

domain. PAP2-PPRN was observed to be flexibly associated

with PEP, and a minor rotation about the connection point would

avoid overlap and place the basic residues of PAP2-PPR1 adja-

cent to the DNA. PAP11 is adjacent to the modeled position of

the s2 domain, suggesting it may contribute to binding of s.

In cyanobacteria, residues of the b0 0-SI3 head interact with

s near the promoter �10 element. These residues are not

conserved in PEP, indicating that an equivalent interaction be-

tween the b0 0-SI3 head and s, if it occurs during PEP initiation,

is mediated by a distinct interface (Figure 5F). The PEP b0 0-SI3
head domain does, however, contain a positively charged sur-

face located close to the path of the DNA exiting the polymerase

(Figure S6E). Although this potentially contacts negatively

charged upstream DNA, an interaction was not observed in our

reconstruction of PEP-TEC. Thus, a stable contact does not

appear to bemade during elongation but may contribute to other

processes in the transcription cycle. PAP15/PRIN2 is bound to

the b0 0-SI3 head. The position of PAP15/PRIN2 indicates it has

the potential to contribute to DNA-binding activity of PEP,

consistent with its observed ability to bind DNA in isolation (Fig-

ure S6E).32 The surface of PAP15/PRIN2 adjacent to the DNA

exit channel is negatively charged, indicating that if such an inter-

action occurs it is not solely electrostatic.

Redox roles of PAPs
The transcriptional activity of PEP is regulated by redox signaling

cascades arising from photosynthetic processes.36 PAP10, also



Figure 5. Interactions of PEP with nucleic acids

(A) Structural details of the interaction between the PAP1-SAP domain and the DNA entering PEP approximately 20 nt downstream of the transcription site. Inset:

overlay of PEP-TEC structural model and cryo-EM map filtered to 4 Å resolution in the region of the contact between PAP1-SAP and DNA.

(B) PEP-TEC structural model clipped view showing the b0-protrusion, a PEP-specific feature that interacts with DNA approximately 10 nt downstream of the

transcription bubble. Four basic residues that likely contact the DNA phosphate backbone are indicated. Within the protrusion, b0 residues 226–233 were not

resolved (dashed line).

(C) The N-terminal PPR repeats of PAP2 are positioned adjacent to the mRNA exit channel. Inset: continuous density in the cryo-EM reconstruction focused on

the mRNA exit channel shows a path for the emerging mRNA to the N-terminal PPR repeats of PAP2.

(D) Analysis of the PAP2 by PPRCODE33 shows the PPR array can be divided into anN-terminal portion (PAP2-PPRN) that contains canonical PPRs (repeats 3–11)

and divergent PPRs (repeats 1 and 2), and a C-terminal portion (PAP2-PPRC) that contain non-canonical PPRs predicted not to interact specifically with RNA

(repeats 12–18). RNA-binding specificity predicted based on the PPR motif sequence for repeats 3–10 is shown.

(E) Superposition of PEP-TEC with sigma factor and nucleic acids from cyanobacterial initiation complex. Structure used for comparison is PDB: 8GZG.

(F) Structural comparison of the b0 0-SI3 head domain of PEP and cyanobacteria RNAP in complex with sigma. Cyanobacteria residues that interact with sigma are

two loops: b0 0 residues 626–631 (sequence NKDISL) and 664–668 (sequence NDIL). The corresponding regions of S. alba PEP are different in sequence: b0 0

residues 678–682 (sequence PESSA) and 715–718 (sequence KKRI) respectively. Structure used for comparison is PDB: 8GZG.

See also Figure S6 and Table S7.
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called TRXz, is a thioredoxin that can be reduced by NADPH-

Trx reductase C (NTRC).37 PAP10 has been proposed to in

turn reduce the PEP subunits PAP6/FLN1, PAP13/FLN2, and

PAP15/PRIN2.15,37,38 PAP10 is essential to PEP activity and

chloroplast biogenesis, but, surprisingly, its thioredoxin activity

is not.39 How redox signaling regulates PEP transcription activ-
ity, and the contribution of PAP10 to this pathway, therefore re-

mains unclear.

Our model reveals that PEP contains two copies of the PAP10

thioredoxin subunit. Each PAP10 is bound to the structurally ho-

mologous pseudokinase subunits PAP6 or PAP13 through cor-

responding surfaces (Figure 6A). The heterodimers bind distinct
Cell 187, 1145–1159, February 29, 2024 1151



Figure 6. Structural details of enzymatic PAPs

(A) Two PAP10 thioredoxin subunits are associated with the homologous pseudokinases PAP6/FLN1 or PAP13/FLN2 on distinct surfaces of PEP. The thioredoxin

CGPC motifs are buried by these interactions and the catalytic cysteine residues are in a reduced state (bottom panel).

(B) A heterodimer of FeSOD subunits PAP4 and PAP9 is a structural component of the b0 0-SI3 arch. The active site iron ions are separated by 18 Å (bottom panel).

(C) Lysine methyltransferase subunit PAP7 interacts with the PAP1 N terminus through its C-terminal domain (CTD), likely stabilizing the position of PAP2. The

PAP7 binding pocket for cofactor SAH contains residues conserved in other methyltransferase enzymes (bottom panel).

See also Figure S7.
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surfaces of the core polymerase: PAP6 interacts with b, b00, and
PAP5, whereas PAP13 binds the a subunits. Thus, each has a

unique position within PEP despite the sequence similarity be-

tween PAP6 and PAP13 (�40% identity with the chloroplast tar-

geting peptide excluded).

Within each heterodimer, the catalytic CGPC thioredoxin motif

of PAP10 is at the interfacewithPAP6orPAP13. It is unlikely, how-

ever, thatPAP6andPAP13are targets ofPAP10 thioredoxin activ-

ity during PEP complex assembly: the PAP10 catalytic cysteine

residues are all reduced and are not close to cysteine residues of

PAP6 or PAP13. The model sheds light on experiments that sug-

gested an inter-protein disulfide bond supports PAP10 binding

to PAP6 and PAP13.15 Mutation of a PAP10 catalytic cysteine

was observed to reduce PAP6 binding, and our model shows

that this residue is located at the interfacewithPAP6andalteration

could therefore destabilize the contact. Similarly, the PAP6 and

PAP13 cysteine residues identified as important for binding

PAP10 are within the core pfkB domains (Figure S7A), and their

alteration may destabilize the fold and thereby impair binding.

Additional enzymatic activities of PAPs
Two PEP subunits are FeSOD enzymes: PAP4/FSD3 and PAP9/

FSD2. Loss of both PAP4 and PAP9 prevents chloroplast

biogenesis in Arabidopsis and produces sensitivity to oxidative
1152 Cell 187, 1145–1159, February 29, 2024
stress.14 The essential role of PAP4 and PAP9 may therefore

be to neutralize superoxide radicals produced by photosynthesis

to protect the transcription machinery or the plastid genome. Yet

FeSODs are not generally associated with larger complexes, and

the presence of two in PEP raises questions about the molecular

relationship between PAP4 and PAP9.

Our model shows that a heterodimer of PAP4 and PAP9 is

bound to the b0 0-SI3 arch (Figure 6B). PAP4 is embedded in a

deep cavity of the arch that is bordered on one side by a domain

comprising the b0 0-SI3 case domain, and on the other by PAP14/

pTAC18 and a a-helix of PAP3. PAP9 interacts with PAP4

through an interface that was previously observed in a homodi-

meric PAP9 complex40 and also contacts PAP3.

The amino acid sequences of PAP4 and PAP9 with the chloro-

plast targeting peptide excluded are �55% identical, and their

folds are correspondingly similar (backbone RMSD0.36 Å). Spec-

ificity for the arrangement of the heterodimer in PEP is conferred

by numerous residues conserved in, and specific to, either

PAP4 or PAP9 that are mostly on the surfaces (Figure S7B). The

N and C termini of PAP4 are unlike PAP9 and extensively interact

with PAP3. Conversely, an extended loop present in PAP9 but not

PAP4 interacts with PAP3. PAP9 is more surface-exposed than

PAP4. Thus, in addition to greater SOD activity than PAP9,14

PAP4 likely has the predominant structural role in PEP.
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PAP11 is essential to chloroplast biogenesis in Arabidopsis.16

The amino acid sequence of PAP11 closely resembles that of

bacterial MurE, an amino acid ligase involved in peptidoglycan

biosynthesis. Yet homologs of the enzymes upstream of MurE

in the peptidoglycan biosynthetic pathway are absent in Arabi-

dopsis, raising a significant question as to the role of PAP11.

We identify that PAP11 binds the b0-SI1 domain and PAP1 at

the periphery of PEP. These interactions are mediated by

PAP11 residues in the C-terminal domain that are absent in bac-

terial MurE (Figure S7C). The position of the substrate-binding

pocket of PAP11, predicted by structural alignment with E. coli

MurE, is within a cleft formed by the N-terminal and central of

the three globular domains. In PAP11, the N-terminal domain

and loops of the central domain predicted to be involved in catal-

ysis are poorly resolved in the cryo-EM reconstruction

(Figure S7D).

Our model does not fully define whether PAP11 is likely to

contribute to the transcription activity of PEP. We observe, how-

ever, that the PAP11 C-terminal domain contacts the PAP1-SAP

motif that is bound to downstream DNA (Figure S7E). The cryo-

EMmap indicates the PAP1 sequences on either side of the SAP

motif are not well ordered. It is therefore likely that the interaction

of the SAP motif with PAP11 is important for positioning it such

that it can interact more stably with DNA.

The structure of PAP7 supports its predicted role as a lysine

methyltransferase. PAP7 is structurally similar to rubisco large

subunit methyltransferase (RBLSMT) and SETD6, which

comprise an N-terminal SET domain interrupted by a helical

insertion (SET-I) and followed by a C-terminal domain.41,42

Both the SET-I and the C-terminal domain of PAP7 display struc-

tural similarity to RBLSMT and SETD6 (Figure S7F). The cryo-EM

reconstruction revealed density within the active site of PAP7

consistent with the cofactor product of methyltransferase activ-

ity, S-adenosyl homocysteine (SAH) (Figure S7G). Residues that

bind SAH in RBLSMT are conserved in PAP7.43

Although our data support a role of PAP7 in methylation, the

model of PEP indicates this is likely not its only function. The

PAP7 SET domain is bound to the core polymerase via b00,
PAP12, and PAP8. The PAP7 C-terminal domain interacts with

the PAP1 N terminus that is the binding site for PAP2. We there-

fore hypothesize that PAP7 aids in positioning PAP2 at the

mRNA exit channel (Figure 6C). PAP7 is essential to chloroplast

biogenesis,44 and further analysis will be needed to assess

whether its methyltransferase activity or its role in complex sta-

bilization underlies this.

DISCUSSION

PAPs encase a prokaryotic core polymerase
The structural models presented here reveal that the chloroplast

transcription machinery consists of a plastid-encoded core

enzyme encased by nuclear-encoded subunits (Figure 7A). The

precise composition of PEP and the position of the PAP subunits

with respect to the polymerase were not known prior to this work.

We identify that PEP contains fifteen unique PAPs and two copies

of the thioredoxin subunit PAP10 (Figure 1). Notably, the PAP12

subunit is homologous to the conserved u subunit of bacterial

RNAP, suggesting it originates from a plastid gene transferred
to the nuclear genome (Figure 3A). The overall arrangement of

subunits in PEP shows clear similarity with that of the photosyn-

thetic complexes, in which the plastid-encoded reaction center is

generally surrounded by nuclear-encoded subunits.

The PAP subunits augment the prokaryotic polymerase with

DNA-binding and RNA-binding capability, imparted by PAP1

and PAP2, respectively (Figure 5), and enzymatic activities, im-

parted by PAP4, PAP7, PAP9, PAP10, and PAP11 (Figure 6).

These additional activities are distributed across the surface of

the polymerase (Figure 7B). Each PAP interacts directly with at

least one core polymerase subunit with the exception of PAP9.

The PAPs also interact extensively with each other to form a

continuous belt that spans the b and b0 lobes of the polymerase

(Figure 1B). These connections do not, however, prevent signif-

icant movement of the lobes with respect to each other, as indi-

cated by the effect of focused refinement of our cryo-EM data

(Figure S2).

It is notable that all fifteen PAP subunits are resolved within our

cryo-EM reconstructions, indicating their positions do not sub-

stantially vary with respect to the core polymerase. Furthermore,

all regions of PAPs that are predicted to form independent struc-

tural domains were resolved (Figure 1C). Thus, PEP adopts a

structural state that is relatively well defined in the absence of

additional regulatory proteins or nucleic acid sequence elements.

Structural basis of chloroplast transcription
The high level of conservation between PEP and bacterial RNAP

in terms of both polymerase architecture (Figure 2A) and individ-

ual residues involved in nucleotide addition (Figure 4B) indicate

the chloroplast transcription reaction likely occurs by a mecha-

nism closely resembling that of bacteria. As PAPs are associated

with the outer surface of the polymerase and do not enter the

central cleft, we conclude they do not contribute directly to the

nucleotide addition cycle. In addition, PAPs do not associate

with the polymerase secondary channel that in bacterial RNAP

is the binding site of transcript cleavage factors involved in reac-

tivating backtracked complexes (Figure 7A).45,46

A significant reduction in the levels of PEP-dependent tran-

scripts is a hallmark of mutant plants lacking any individual

PAP.3 Whether this represents a direct positive effect of each

PAP on transcriptional output is unclear, however, as the integ-

rity of the polymerase complex may be concurrently lost. Our

data demonstrate direct involvement of two PAPs in chloroplast

transcription elongation. PAP1 contacts the DNA entering the

polymerase (Figure 5A). Thismaymodulate transcription proces-

sivity and backtracking and aid the clearance of proteins bound

to the downstream DNA. PAP2 contacts nascent mRNA that

exits the polymerase (Figure 5D). This suggests PAP2 functions

as a co-transcriptional RNA chaperone that likely regulates

pausing and intrinsic termination.47 In bacteria, contact with

the nascent mRNA supports the transcription elongation regula-

tion activity of NusA, a protein without a known homolog in

chloroplasts.48

Involvement of the other PAPs in transcription regulation was

not observed in the canonical TEC we studied. However, addi-

tional structural states occur during the transcription cycle and

their characterization is expected to shed light on additional as-

pects of regulatory control that may involve other PAPs. For
Cell 187, 1145–1159, February 29, 2024 1153



Figure 7. Activities and properties of PEP subunits

(A–C) Structural model of PEP-TEC colored by (A) genome origin of each subunit: plastid (green) and nucleus (purple), (B) identified PAP activity: nucleic acid

binding (orange) and additional enzymatic activity (blue), and (C) phenotypic consequence of null mutation in each PAP subunit: albino (purple) and delayed

greening (yellow).

(D) A topological representation of the PAP subunits shows their relative positions within the PEP complex, inter-subunit connectivity, nucleic acid binding

activities identified in this study, and likely additional enzymatic activities.
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example, PAPs form a belt that spans the lobes of the polymer-

ase and likely effects clamp opening movements associated

with initiation and elongation and swiveling movements associ-

ated with pausing.49,50 A further PAP-dependent transcription

regulatory mechanism likely involves the controlled release of

the a-CTDs. The a-CTDs are essential to transcription initiation

in bacteria and depend on flexible association with the polymer-

ase to bind promoter DNA and activator proteins.51,52 A mecha-
1154 Cell 187, 1145–1159, February 29, 2024
nistically similar process in chloroplasts depends on the release

of the a-CTDs from their binding sites on the pseudokinase sub-

units, PAP6 and PAP13.

PAP mutant phenotypes reflect PEP structural
organization
The loss of any individual PAP has a significant effect on

chloroplast biogenesis. Arabidopsis null mutants lacking any of
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nine PAP subunits display an albino phenotype in which chloro-

plast biogenesis is arrested at an early stage: PAP1, PAP3,

PAP4, PAP6, PAP7, PAP8, PAP10, PAP11, and PAP12/

u.11,12,14–16,44,53,54 Disruption of any of a further 5 subunits

causes a pale green phenotype in which chloroplast maturation

is delayed and plant growth is inhibited: PAP2, PAP5, PAP9,

PAP13/FLN2, and PAP15/PRIN2.12,14,17 Disruption of the re-

maining PAP, PAP14/pTAC18 remains unexamined.

The dependence of PEP activity on each of its constituent sub-

units raises the important question of whether each PAP performs

an independent essential role, or whether PAPs depend on each

other such that the loss of one PAP impairs the overall assembly

or stability of PEP. Mapping the phenotypic categories onto the

structural model of PEP reveals the more severe albino pheno-

types are associated with PAPs more closely associated with the

core polymerase and the less severe delayed greening phenotype

are associated with more peripheral PAPs (Figure 7C). The struc-

tural data thereby support a model in which an albino phenotype

generally arises from compromised PEP complex integrity

whereas the less severe phenotypes could be produced by

compromised transcriptionactivity inanotherwise intact complex.

Role of PAPs in PEP assembly and stability
The architecture of PEP indicates that the plastid-encoded core

polymerase subunits could assemble prior to the nuclear-en-

coded subunits. The plastid-encoded polymerase subunits

interact extensively through interfaces analogous to bacterial

RNAP (Figure 2A), and no interfaces between plastid-encoded

polymerase subunits were identified that would depend on the

preceding binding of nuclear-encoded PAPs.

This observation supports the viability of a model of chloroplast

biogenesis in which a core polymerase complex may assemble

prior to chloroplast biogenesis, followed by the incorporation of

PAPs upon exposure to light.55 The transition from the smaller

core polymerase (termed ‘‘PEP-B’’) to the complete complex

(‘‘PEP-A’’) may underlie the activation of photosynthetic transcript

production in the chloroplast that leads to greening. However, our

data do not reveal clearly why a complex consisting of only the

core polymerase would be inactive in non-green plastids given

its similarity to active bacterial RNAP. Interestingly, the extensive

interaction network between PAPs (Figure 7D) indicates that

almost all the nuclear-encoded subunits, with the exception of

PAP13/FLN2 and PAP15/PRIN2, could likewise associate prior

to their assembly with the plastid-encoded core polymerase.

Despite the potential for the core polymerase to assemble in

the absence of PAPs, our data suggest that PAPs contribute to

the folding of the polymerase into a state that is transcriptionally

competent. PAP12 is a structural homolog of the bacterialu sub-

unit, and therefore likely similarly aids the assembly of b0 0 with the

remainder of the complex (Figure 3A). The b0 0-SI3 domain is ex-

pected not to form a stable arch in the absence of PAP3, PAP4,

PAP9, and PAP14/pTAC18 (Figure 2A). Although the role of the

b0 0-SI3 arch of PEP in transcription has not been defined, if it is

found to be needed for the transcription of at least one essential

chloroplast gene, we predict that the four PAPs within the b0 0-SI3
arch provide a required structural role.

We hypothesize that other PAPs also perform significant

structural roles within the complex related to the correct posi-
tioning of other PAPs. It is notable that PAP2 can contact the

nascent mRNA even though it does not interact with proteins

surrounding the mRNA exit channel (Figure 5B). The region of

PAP2 that contacts RNA is instead positioned by an interaction

between PAP2 and PAP1 that is �70 Å away from the PAP2-

mRNA contact point. The ability of PAP2 to contact RNA there-

fore depends on PAP1. The position of the PAP1 domain that

contacts PAP2 appears to be stabilized by interactions with

PAP7 (Figure 6C). Thus, if contact between PAP2 and RNA is

required for the transcription of an essential chloroplast gene,

PAP7 likewise facilitates this interaction. PAP8 may, in turn, po-

sition PAP7, as it interacts with the side of PAP7 distal to the

PAP7-PAP1 contact point. Finally, we hypothesize that PAP11

is involved in positioning the PAP1-SAP domain. If the interac-

tions we observe between PAP1-SAP and downstream DNA

(Figure 5A) are essential, a critical role of PAP11 is likely to facil-

itate this interaction.

We therefore hypothesize the structural roles of each PAP

could be classified approximately in the following way. Firstly,

two PAPs (PAP12 and PAP5) support assembly of the core poly-

merase (Figure 3). Secondly, four PAPs (PAP3, PAP4, PAP9, and

PAP14/pTAC18) support the formation of the b0 0-SI3 arch (Fig-

ure 2A). Thirdly, three PAPs (PAP1, PAP7, and PAP8) support

the position of PAP2 at the mRNA exit channel (Figures 5C and

6C). Finally, one PAP (PAP11) is required to position the PAP1-

SAP domain at the DNA entrance channel (Figure S7E).

Role of PAPs in oxidative stress protection
The PAP4 and PAP9 subunits interact in isolation from the PEP

complex and together display SOD activity in vitro.14 PAP4 and

PAP9 also independently display SOD activity. It is likely that

this depends on the formation of homodimeric complexes, as in-

ter-subunit cooperation has been observed for FeSODs during

catalysis.56 Homodimerization has been observed in the case

of PAP9.40 The activities of PAP4 and of PAP9 are lower, howev-

er, than that of the PAP4-PAP9 heterodimer.14 Our model shows

that interactions between the FeSOD subunits and other compo-

nents of PEP will select for the heterodimeric PAP4-PAP9 com-

plex, rather than homodimeric states (Figure S7B). Thus, the

incorporation of PAP4 and PAP9 in PEP is expected to promote

their SOD activity by stabilizing their interaction with each other.

The role of PEP-associatedSODactivity is notwell understood.

Arabidopsis lacking PAP4 or PAP9 aremore sensitive to oxidative

stress, suggesting they contribute to the detoxification of reactive

oxygen species (ROS).14 A further hypothesis is that the hydrogen

peroxide produced by the SOD reaction could regulate transcrip-

tion: possibly providing a positive feedback loop in which ROS

produced by photosynthetic activity stimulate production of

new photosynthetic proteins.57 Our PEP-TEC model (Figure 4)

shows that the FeSOD subunits of PEP are positioned approxi-

mately 80 Å from the DNA entering the polymerase, potentially

providing support for a model in which transcribed regions of

the chloroplast genome are protected from ROS.

Limitations of the study
This study is limited to a structural analysis of PEP and we pro-

pose several hypotheses that require investigation through

biochemical experiments and plant genetic manipulation. In
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addition, the structural information presented is limited to a

model of PEP in an active elongation state. Additional study is

needed to understand mechanistic details of chloroplast tran-

scription initiation, regulation of transcription elongation,

pausing, and termination. These processes involve protein fac-

tors and regulatory DNA sequences beyond the core complex

characterized here.58,59 Finally, the composition and structure

of PEPmay change during plant development and vary between

plant species. Our data are limited to the state of the PEP com-

plex in the cotyledons of Sinapis alba.
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EPPS Sigma-Aldrich Cat#E9502

Trifluoroacetic acid Sigma-Aldrich Cat#302031

Deposited data

Atomic model of PEP This paper PDB: 8R5O

Atomic model of PEP (Integrated) This paper PDB: 8R6S

Atomic model of PEP-TEC This paper PDB: 8RAS

Atomic model of PEP-TEC (Integrated) This paper PDB: 8RDJ

Cryo-EM map of PEP Composite This paper EMDB: EMD-18935

Cryo-EM map of PEP Consensus This paper EMDB: EMD-18920

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cryo-EM map of PEP Region 1 This paper EMDB: EMD-18964

Cryo-EM map of PEP Region 2 This paper EMDB: EMD-18965

Cryo-EM map of PEP Region 3 This paper EMDB: EMD-18974

Cryo-EM map of PEP Region 4 This paper EMDB: EMD-18975

Cryo-EM map of PEP Region 5 This paper EMDB: EMD-18976

Cryo-EM map of PEP Region 6 This paper EMDB: EMD-18982

Cryo-EM map of PEP Region 7 This paper EMDB: EMD-18998

Cryo-EM map of PEP Region 8 This paper EMDB: EMD-18983

Cryo-EM map of PEP Region 9 This paper EMDB: EMD-18985

Cryo-EM map of PEP-TEC Composite This paper EMDB: EMD-19023

Cryo-EM map of PEP-TEC Consensus This paper EMDB: EMD-18952

Cryo-EM map of PEP-TEC Region 1 This paper EMDB: EMD-18986

Cryo-EM map of PEP-TEC Region 2 This paper EMDB: EMD-18995

Cryo-EM map of PEP-TEC Region 3 This paper EMDB: EMD-18996

Cryo-EM map of PEP-TEC Region 4 This paper EMDB: EMD-19007

Cryo-EM map of PEP-TEC (PAP2-mRNA) This paper EMDB: EMD-19010

Mass spectrometry data This paper PRIDE: PXD045575

Experimental models: Organisms/strains

Sinapis alba variety Green Manure Mustard White Moles Seeds Cat#VGR28

Oligonucleotides

Sequence of tDNA (for PEP-TEC preparation):

50-GGCTTTCGCTTTCGCGTCTCTCTAAAATT

GCAGTCCCGCGCGCCGTAGGACGTACTGA

CCTCCATTTTAGGAACCAAATAA -30

This paper N/A

Sequence of ntDNA (for PEP-TEC preparation):

50- /6-FAM/TTATTTGGTTCCTAAAATGGAGG

TCAGTACGTCCTATCGATCTTCGGACTGCAA

TTTTAGAGAGACGCGAAAGCGAAAGCC-30

This paper N/A

Sequence of mRNA (for PEP-TEC preparation):

50-CCUGAUGAUUAAAUAAACCAAGGAUU

UUACCCGGCGCGCG-30

This paper N/A

Sequence of RNA (for RNA extension assay)

5’-/Cy5/AUACCCGGCGCGCG-30
This paper N/A

Sequence of ntDNA (for RNA extension assay)

50-AGGTCAGTACGTCCTACGGCGCGCGA

CCAAGACACTACTCACTTC-30

This paper N/A

Sequence of tDNA (for RNA extension assay)

50-GAAGTGAGTAGTGTCTTGGTCGCGCGC

CGTAGGACGTACTGACCT-30

This paper N/A

Software and algorithms

EPU Thermo Fisher Scientific N/A

RELION v3.1.4 Zivanov et al.60 www3.mrc-lmb.cam.ac.uk/relion/index.php/

Main_Page

MotionCor2 Zheng et al.61 emcore.ucsf.edu/ucsf-software; RRID:SCR_016499

CTFFind v4.1 Rohou and Grigorieff62 grigoriefflab.umassmed.edu/ctffind4;

UCSF Chimera X v1.6.1 Meng et al.63 www.rbvi.ucsf.edu/chimerax/; RRID:SCR_015872

CryoSPARC v4.4.0 Punjani et al.64 www.cryosparc.com; RRID:SCR_016501

3DFSC Tan et al.65 github.com/LyumkisLab/3DFSC

Phenix v1.20.1 Liebschner et al.66 www.phenix-online.org/, RRID:SCR_014224

DALI Holm et al.67 ekhidna2.biocenter.helsinki.fi/dali/; RRID:SCR_013433

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

COOT v0.9.8.1 Emsley and Cowtan68 www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot;

RRID:SCR_014222

AlphaFold2 Jumper et al.69 alphafold.ebi.ac.uk/; RRID:SCR_023662

ModelAngelo Jamali et al.70 github.com/3dem/model-angelo

DeepEMhancer Sanchez-Garcia et al.71 github.com/rsanchezgarc/deepEMhancer

MaxQuant v2.4.2 Tyanova et al.72 www.maxquant.org/; RRID:SCR_014485

Mass Spec Studio v2.4.0.3545 Crowder et al.73 www.msstudio.ca/

pLINK v2.3.11 Chen et al.74 pfind.org/software/pLink/; RRID:SCR_000084

Proteome Discoverer 3.0 Thermo Fisher Scientific RRID:SCR_014477

CHIMERYS MSAID N/A

PPRCODE Yan et al.33 N/A

MAAFT Katoh et al.75 mafft.cbrc.jp

JalView v2.11.3.2 Waterhouse et al.76 www.jalview.org/; RRID:SCR_006459

Clustal Omega Madeira et al.77 www.ebi.ac.uk/Tools/msa/clustalo/; RRID:SCR_001591

SHOOT Emms and Kelly78 shoot.bio/

FIMO Grant et al.79 meme-suite.org/meme/tools/fimo; RRID:SCR_001783

AquireMP and DiscoverMP

software (version R1.2)

Refeyn www.refeyn.com

Other

CB15V Waring blender Nisbets Cat#GF422

BioDesign cheesecloth Thermo Fisher Scientific Cat#12967487

Miracloth Sigma-Aldrich Cat#475855

Fiberlite F20-12x50 LEX rotor Thermo Fisher Scientific Cat#096-124375

Fiberlite F9-6x1000 LEX rotor Thermo Fisher Scientific Cat#096-061075

PES syringe filter 0.45 mm StarLab Cat#E4780-1456

HiPrep Heparin FF 16/10 column Cytiva Cat#28936549

HiTrap Heparin HP 5 ml column Cytiva Cat#17040701

HiPrep Sephacryl S-300 (26/60) column Cytiva Cat#17119601

Capto HiRes Q 5/50 column Cytiva Cat#29275878

Superose 6 Increase 3.2/300 column Cytiva Cat#29091598

Centrifugal concentrator

(Vivaspin 500 100,000 MWCO)

Sartorius Cat#VS0141

NativeMark Unstained Protein Standard

(Mass photometry)

Thermo Fisher Scientific Cat#LC0725

EM grid (Carbon film, 400 mesh, Cu) Electron Microscopy Sciences Cat#CF400-CU-50

Quantifoil EM grid (UltrAufoil, R2/2, 200 mesh) Electron Microscopy Sciences Cat#Q250AR2A

Zeba spin desalting columns Thermo Fisher Scientific Cat#89882

Sep-Pak tC18 cartridge (50 mg) Waters Cat#WAT054960

C18-AQ HPLC resin Dr Maisch Cat#r119.aq
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Michael W.

Webster (michael.webster@jic.ac.uk).

Material Availability
This study did not generate new unique reagents.
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Data and Code Availability
d Cryo-EM reconstructions and atomic coordinates of PEP and PEP-TEC complexes have been deposited in the ElectronMicro-

scopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/) and RCSB Protein Data Bank (http://www.rcsb.org) and are publicly

available as of the date of publication. PDB accession numbers are 8R5O, 8R6S, 8RAS and 8RDJ for the PEP compositemodel,

PEP integrated model, PEP-TEC composite model and PEP-TEC integrated models respectively. EMDB accession numbers

are: EMD-18935 (PEP composite map), EMD-18920 (PEP consensus map), EMD-18964 (PEP focused region 1), EMD-18965

(PEP focused region 2), EMD-18974 (PEP focused region 3), EMD-18975 (PEP focused region 4), EMD-18976 (PEP focused

region 5), EMD-18982 (PEP focused region 6), EMD-18998 (PEP focused region 7), EMD-18983 (PEP focused region 8),

EMD-18985 (PEP focused region 9), EMD-19023 (PEP-TEC composite map), EMD-18952 (PEP-TEC consensus map),

EMD-18986 (PEP-TEC focused region 1), EMD-18995 (PEP-TEC focused region 2), EMD-18996 (PEP-TEC focused region

3), EMD-19007 (PEP-TEC focused region 4), and EMD-19010 (PEP-TEC PAP2-mRNA focused region). Mass spectrometry

data and CLMS search results have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository

with the dataset identifier PXD045575.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Proteins were purified from isolated chloroplasts of Sinapis alba cotyledons grown from seeds of Green Manure Mustard White

(VGR28) purchased from Moles Seeds.

METHOD DETAILS

Plant growth and chloroplast isolation
White mustard (Sinapis alba) was sown in John Innes F2 Starter media and aerial parts of 1-week old seedlings were harvested. Har-

vested material was placed on ice and all steps were performed at 4�C. Batches of�400 g plant material were homogenised in 1.6 L

of homogenisation buffer comprised of Tris-HCl (10 mM, pH 7.6 at 4 �C), KCl (50 mM), MgCl2 (5 mM), EDTA (2 mM), sorbitol (0.7 M),

DTT (1 mM) using a Waring blender (CB15V model, power 4, 20 sec). Homogenate was filtered through BioDesign cheesecloth and

three layers of miracloth. Chloroplasts were pelleted by centrifugation (4000 3 g, 10 min, 4 �C, rotor Fiberlite F9-6x1000 LEX) and

washed in homogenization buffer supplemented with BSA (1 g/L). The resulting suspension was centrifuged (3000 3 g, 10 min,

4�C, rotor S-4-104) and the resulting pellet was flash-frozen in liquid nitrogen and stored at -80�C.

Chloroplast lysate preparation
Chloroplast pellet from�2 kg of leaf material was resuspended in 360mL of lysis buffer comprised of Tris-HCl (50mM, pH 7.6 at 4�C),
NaCl (150 mM), MgCl2 (2 mM), CaCl2 (1 mM), ZnCl2 (10 mM), glycerol (10%), DTT (2 mM), Triton X-100 (2%), DNase I (10 mg/mL) and

Pefabloc (1 mg/mL). The crude extract was incubated for 30min at 4 �Cwith stirring to allow digestion of plastid DNA. This lysate was

clarified by centrifugation (40,0003 g, 30 min, 4�C, rotor F20-12x50 LEX) and the supernatant filtered through a 0.45 nmPES syringe

filter to remove cell debris.

Purification of PEP
Clarified chloroplast lysate was applied to a HiPrep Heparin FF 16/10 column that had been equilibrated in PEP Buffer, comprised of

Tris (50mM, pH 7.6 at 4�C), NaCl (150mM),MgCl2 (2mM), ZnCl2 (10 mM), glycerol (10%) andDTT (2mM). After washingwith 5 column

volumes of PEP Buffer, the sample was eluted with PEP Buffer supplemented to 600 mM NaCl. Eluted fractions were collected and

dialyzed into PEP buffer containing 150mMNaCl for 2 hours at 4�C and loaded onto a HiTrap Heparin HP 5mL column that had been

equilibrated in PEP Buffer. Following washing with 3 column volumes of PEP Buffer, step elution was performed with PEP buffer sup-

plemented to 600 mM NaCl. The resulting fractions with a total volume of �5 mL were pooled and applied to a HiPrep Sephacryl

S-300 (26/60) column that had been equilibrated in SEC buffer, comprised of PEP buffer supplemented to 200 mM and with glycerol

concentration of 5% rather than 10%.

SEC fractions were resolved by SDS-PAGE and the presence of RPOB was assessed by immunodetection. The primary antibody

(anti-RPOB, Agrisera #AS15 2867) was used at 1:1000 dilution, and the secondary antibody (Chicken anti-Rabbit IgG HRP Conju-

gate, Agrisera: AS10 839) was used at 1:20,000 dilution. The fractions that contained the most RPOB were pooled and applied to

a Capto HiRes Q 5/50 column that had been equilibrated in SEC Buffer. The column was washed with 5 mL of SEC buffer and a

gradient elution was performed with SEC buffer containing 200 to 1000 mM NaCl over 30 column volumes. Two prominent peaks

in absorbance at 280 nm were observed, and immunodetection of RPOB indicated the first peak, which eluted at 300 to 400 mM

NaCl, contained PEP. Fractions containing PEPwere combined and diluted four-fold in SEC buffer containing 50mMNaCl. The sam-

ple was re-applied to the Capto HiRes Q 5/50 that had been equilibrated in SEC buffer, and step elution with SEC buffer supple-

mented to 650 mMNaCl was performed to increase the sample concentration. PEP was further concentrated and buffer-exchanged
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using a centrifugal concentrator (Vivaspin 500 100,000 MWCO) to �2-3 mg/mL. Aliquots were flash-frozen in liquid nitrogen and

stored at -80�C.

Mass photometry
Mass photometry measurements were recorded using the Refeyn OneMP mass photometer at 25 �C. Instrument calibration in the

molecular mass range 20-1200 kDa was performed using selected masses of NativeMark Unstained Protein Standard (146, 480 and

1048 kDa). 2 mL of purified PEPwas applied to 8 mL PEP Buffer on a coverslip to a final concentration of 25 nM.Movies were recorded

at 60 frames/sec for 60 sec using the large field of view with AcquireMP software version R1.2. The data were processed using

DiscoverMP software version R1.2. Mass of PEP was estimated as the mode of the histogram distribution following fit of a Gaussian

distribution.

Negative stain electron microscopy
Negative stain electron microscopy was used to assess homogeneity and structural features of purified PEP. Grids coated with thin

carbon were glow-discharged for 30 sec at 8 mAwith a Leica ACE200 vacuum coater. 3.5 mL of purified PEP was diluted and applied

to grids and incubated for 2 mins. Following blotting of excess solution, grids were stained with uranyl acetate solution (2% w/v)

for 30 sec, before blotting again. Images were collected at room temperature on a Talos F200C transmission electron microscope

operated at 200 keV using aGatan OneView camera with settings: calibrated pixel size of 3.6 Å/pixel, defocus of�0.7 mmand dose of

25 electrons/Å2.

Data was processed using RELION 3.1.1.64 Particles (239,165) were picked from 1992 micrographs and extracted with downsam-

pling to 7.2 Å/pixel with a box size of 64 pixels. Three sequentially rounds of two-dimensional classification were performed with a

mask diameter of 320 Å. A further round of two-dimensional classification on particles re-extracted without downsampling produced

a set of 103,775 particles. Ab initio model generation and a single round of three-dimensional classification were performed. The final

reconstruction was produced from the 40,545 particles assigned to the class with the best features.

Cryo-EM sample preparation and data acquisition
Purified PEP was applied to a Superose 6 Increase 3.2/300 equilibrated in PEP buffer containing 50 mM NaCl and without glycerol.

Sample was eluted at a flowrate of 0.01 mL/min, and peak fractions were pooled and measured to have a concentration of 4 mg/mL.

To produce PEP-TEC, oligonucleotides for the template DNA (tDNA), non-template DNA (ntDNA) and RNA were chemically syn-

thesised with HPLC purification (Integrated DNA Technologies) and resuspended in RNase-free water. Sequences of oligonucleo-

tides are shown in key resources table. To prepare the nucleic acid scaffold, tDNA and RNA were mixed in a 1:1 molar ratio at a final

concentration of 24 mM in buffer comprising Tris (10 mM, pH 7.6 at 4�C), KOAc (40 mM), Mg(OAc)2 (5 mM). Annealing was performed

by heating to 95 �C followed by stepwise cooling to 10�C in increments of 5 �C for 5 mins each. Purified PEP was buffer-exchanged

using a centrifugal concentrator (Vivaspin 500 100 MWCO) into PEP buffer containing 50 mM NaCl and no glycerol. Purified PEP

(1.2 mM final concentration) and tDNA-RNA scaffold (6 mM final concentration) were mixed in PEP Buffer containing 50 mM NaCl

and no glycerol and incubated for 30 min at 37 �C. 50 fluorescein-labelled ntDNA (6 mM final concentration) was added and incubated

for 30 min at 37 �C. Complex formation was assessed by electrophoretic mobility shift assay with a 6% acrylamide gel, visualised by

scanning for fluorescein signal on a Typhoon FLA-9000 imager.

UltrAufoil R2/2 200mesh grids were glow-discharged for 45 sec at high power settings using a Harrick PlasmaCleaner before sam-

ple was applied to the grids. Once glow discharged, cryo-EM grids were prepared using a Vitrobot Mark IV plunger at 4�C and 100%

humidity. 3.5 mL of purified protein sample (approximately 1 mM for PEP and 1.2 mM for PEP-TEC) was applied to the glow-discharged

grid, followed by 2 sec of blotting using a blot force of 2.

Cryo-EM data collection was carried out on a Titan Krios transmission electron microscope (FEI) operated at 300 keV with a

BioQuantum energy filter (slit width 20 eV) and K3 summit direct electron detector (Gatan). Movies were collected using EPU

software (see Table S3). For PEP, 21,347 movies were collected with a defocus range of �0.7 to �2.5 mm, pixel size 0.831 Å and

total dose of 50 e�/Å2. For PEP-TEC, 33,330 movies were collected with a defocus range of �0.8 to �2.0 mm, pixel size 0.831 Å

and total dose of 40 e�/Å2.

Cryo-EM data processing
Consensus reconstruction of PEP

Cryo-EM data processing was performed using RELION 3.1.4.60 Image frames were aligned and averaged with MotionCor261 imple-

mented in RELION and contrast transfer function (CTF) parameters were calculated with CTFFIND4.162. Micrographs with CTF

maximum resolution estimate%8 Å were retained, resulting in 17,249 micrographs. Templates for particle selection were generated

by 2D classification of approximately 6000 particles that were manually selected. Auto-picked particle images (1,888,376) were ex-

tracted with four-fold downsampled pixel size of 3.324 Å and a box size of 150 pixels. Iterative rounds of 2D classification with mask

diameter of 380 Å were performed to remove low-quality particle images, resulting in a set of 1,678,594 particle images. An initial

model was generated using RELION ab initio reconstruction. 3D refinement was performed with a soft mask, followed by three

rounds of 3D classification with a mask diameter of 428 Å, a single round of 2D classification, and a further round of 3D classification

without alignment, producing a set of 613,537 particle images. Particle images were re-extracted with a two-fold downsampled pixel
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size of 1.662 Å and a box size of 300 pixels. Following 3D refinement, refinement of CTF parameters was performed to correct higher-

order aberrations, anisotropic magnification, per-particle defocus values, and beam tilt correction. Particles were re-extracted with

full pixel size of 0.831 Å and a box size of 600 pixels. Following 3D refinement, refinement of CTF parameters was repeated and

Bayesian polishing performed. Polished particles were refined and postprocessed to produce the consensus reconstruction of

PEP at 2.49 Å resolution.

Composite reconstruction of PEP

The consensus reconstruction revealed substantial structural variation across the dataset that limited the interpretability of peripheral

regions of PEP. The reconstruction was divided into nine overlapping regions and focused 3D classification and focused refinement

was performed with a mask around each region. The masked regions were defined by inspection of a preliminary structural model of

PEP to include segments predicted to be internally rigid butmaymovewith a degree of independence from the remainder of the com-

plex. The protein regions in the final model corresponding to each masked area are indicated in Table S4. Masks were created by

erasing density from a consensus reconstruction map low pass filtered to 6 Å resolution. Following 3D classification without particle

alignment using each mask, particles assigned to well defined classes were combined and 3D refinement performed with the same

mask. The nine focusedmaps obtained displayed improved features within themasked area and reduced density outside, consistent

with improved alignment on the selected area. Each focused reconstruction was resampled to a pixel size of 0.5 Å, aligned to the

consensus reconstruction and combined to create a composite map using UCSF ChimeraX63 ‘volume maximum’ command.

Reconstruction of PEP-TEC

Micrograph pre-processing was performed as for PEP using RELION 3.1.4, resulting in 29,783 micrographs from which 7,035,671

particles were auto-picked. Particles extracted with a box size of 150 pixels and four-fold downsampled pixel size of 3.324 Å

were subjected to iterative rounds of 2D classification, from which 2,121,579 particles were retained. 3D refinement was performed,

followed by two rounds of 3D classification without alignment with mask diameters of 270 to 320 Å. The well resolved classes con-

tained 1,941,179 particles, from which a reconstruction was obtained.

Inspection of the reconstruction indicated nucleic acids were resolved less clearly than the protein subunits, indicating heteroge-

neity in the dataset that limited interpretation. To obtain an improved reconstruction, refinement was continued from an intermediate

iteration with a soft mask around density arising from the nucleic acid scaffold to selectively align particles based on this density. A

single round of 3D classification without alignment was then performed with the mask including the whole nucleic acid scaffold, and

particles in the well resolved class (1,920,744 particles) were then subjected to three further rounds of 3D classification without align-

ment using masks focused on the downstream DNA density in the reconstruction. This yielded 465,084 particles assigned to a class

with well resolved nucleic acids.

The resulting particle set was re-extracted in cryoSPARC v4.2.164 with a box size of 600 pixels and full pixel size of 0.831 Å. A single

round of 2D classification was performed, and 417,374 particles were selected. Non-uniform 3D refinement (including fitting spher-

ical aberration, tetrafoil and anisotropic magnification) was performed, followed by local CTF refinement. A final non-uniform 3D

refinement produced the consensus PEP-TEC reconstruction at 2.62 Å resolution. The composite PEP-TEC map was obtained as

for PEP by combining reconstructions focused on three regions (upstream DNA, active site, and downstream DNA) and the

consensus reconstruction (Table S4).

Local resolution and 3D FSC information was estimated for each reconstruction using Relion, CryoSPARC and 3DFSC.65

Model building
The structural model of PEP was built in a series of steps: (1) construction of an initial model refined within the consensus cryo-EM

reconstruction, (2) construction of a ‘composite model’ refined within the composite map of higher resolution, and (3) construction of

an ‘integrated model’ in which models for regions less resolved in the cryo-EM density were added.

Initial model construction

Density at the centre of the reconstruction showed resemblance to the bacterial RNAP ‘crab claw’ architecture. We therefore first

fitted a structure of the E. coli RNA polymerase (PDB: 6ZTM)80 to this region and performed refined in Phenix (v1.20.1)66 with

rigid-body restraints for the two lobes (b and b0). A structural homology search with the resulting model was performed with

Dali,67 revealing that among deposited structures the closest structural matches for the overall conformation of the PEP polymerase

in the absence of nucleic acids were bacterial transcription initiation complexes, such as theMycobacterium tuberculosis RNAP ho-

loenzyme (PDB: 5ZX3).81 This model was fitted in the cryo-EM density using Coot (v0.9.8.1).68 Structural predictions were generated

for each S. alba PEP core polymerase subunit (a, b, b0, b00) using AlphaFold.69 These models were separated into their modular do-

mains and individually aligned to the reference structure (PDB: 5ZX3). Further adjustments were made with Coot and real-space

refinement was performed with Phenix. Initial models of each S. alba PAP subunit were generated with AlphaFold and fitted approx-

imately within the density by structural alignment to a model of the entire PEP complex built using ModelAngelo.70 Iterations of

manual adjustment in Coot, de novo model building, and real-space refinement in Phenix were performed with the consensus

EM map.

Composite model construction

The initial PEP model built using the consensus reconstruction was separated into nine models corresponding to the nine focused

maps, where each region was assigned to the map that had the best signal in that area (Table S4). Each model was trimmed so that

only residues with clear signal at the resolution of the focused maps were retained. These models were independently improved by
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iterations of manual adjustment in Coot, and de novo model building and real-space refinement in Phenix. Water molecules were

placed in density using Phenix Douse followed by selection in Coot for density stronger than 12 rmsd. The nine models were com-

bined into a single model of the well-resolved subset of PEP by rigid-body fitting each into the composite cryo-EMmap. Connections

between chains that were split betweenmodules were manually adjusted in Coot, and real-space refinement in Phenix was then per-

formed using the rigid-body definitions of each of the nine models with minimization.

Integrated model construction

Parts of the structure that were not sufficiently ordered to be modelled at high resolution were excluded from the composite model.

To aid interpretation of regions resolved to lower resolution in the cryo-EM reconstructions, we generatedmodels based on structural

predictions from AlphaFold andmaps that were low-pass filtered or processed with DeepEMhancer.71 Themodels for these regions,

which we term the ‘model extensions’, should be considered as representative of an ensemble of positions present in the conforma-

tionally heterogeneous dataset. To generate the ‘Integratedmodel’ of PEP, themodel extensions were combinedwith themodel built

from the high-resolution composite map. Connections between chains were manually adjusted in Coot, followed by real-space

refinement in Phenix with the consensus map.

PEP-TEC model construction

To the PEPmodel, additional sequences of the b and b0 subunits that were resolved in the PEP-TEC reconstruction but not PEP were

modelled de novo (Table S5). A model of the PAP1 SAP domain was generated from the AlphaFold structural prediction of PAP1.

Initial models for the nucleic acid chainswere generated bymodification of those of an E. coli TEC (PDB: 6ALH).82 Iterations ofmanual

adjustment in Coot, de novo model building and real-space refinement in Phenix were performed with the PEP-TEC composite

EM map.

Amino acid sequences for structural models

Sequences of plastid-encoded subunits were obtained from translations of the chloroplast reference genome.83 Sequences of nu-

clear-encoded subunits were obtained from Brassicales Map Alignment Project (BMAP, DOE-JGI) (Table S1). Four corrections in

amino acid sequence were made based on unambiguous density in the cryo-EM reconstructions: a subunit, substitution at residue

67 to F; b subunit, substitution at residue 113 to F and 657 to V; PAP11 substitution at residue 544 to Y.

Structure analysis and visualization

Analysis of structural models was performed with Coot68 and ChimeraX,63 and figures were generated with ChimeraX.

RNA extension assay
The transcription activity of purified PEP was assessed by visualising extension of Cy5-labelled RNA. A nucleic acid scaffold was

reconsitituted in vitro using synthetic oligonucleotides (sequences in key resources table) by mixing tDNA (100 mM) and RNA

(50 mM) in DEPC-treated water, incubating for 2 min at 98 �C and then cooling to 10�C at a rate of 1 �C/min. Scaffold (final con-

centration of RNA 500 nM) was mixed with either purified PEP (1 mM) or E. coli RNAP (0.46 U/mL) in reconstitution buffer

(10 mM Tris-HCl, pH 8.0, 40 mM KCl, 5 mM MgCl2) supplemented with 0.02 mg/mL acetylated BSA. The amount of E. coli

RNAP added was chosen to approximate an equimolar amount as PEP when assessed by SDS-PAGE stained with SYPRO Or-

ange. Following incubation of PEP with tDNA-RNA scaffold at 37 �C for 20 min, ntDNA was added to a final concentration of

1000 nM and the sample incubated at 37 �C for 20 min. Transcription elongation was started by addition of a mixture of ATP,

CTP and GTP (0.1 mM each). Reactions were incubated for 5 min at 30 �C and quenched by addition of an equal volume of 23

stop buffer (8 M urea, 20 mM EDTA pH 8.0, 5 mM Tris-HCl pH 7.5). Samples were applied to TBE (Tris-borate-EDTA)-polyacryl-

amide gels containing 7M urea (20%19:1 acrylamide:bisacrylamide) and electrophoresis performed at 300 V for 75min. Gels were

scanned with a Typhoon FLA-9000 imager for Cy5 fluorescence.

Cross-linking mass spectrometry
Protein cross-linking, digestion and MS sample preparation

Purified PEP was buffer-exchanged into an amine-free buffer (50 mM HEPES, 100 mM NaCl, 2 mMMgCl2, 10 mM ZnCl2, 2 mM DTT,

pH 7.5) using Zeba Spin desalting columns (7K MWCO). Crosslinking agents disuccinimidyl sulfoxide (DSSO) was prepared in anhy-

drous DMSO at 10 mM, and sulfosuccinimidyl 4,4’-azipentanoate (sulfo-SDA), dihydrazide sulfoxide (DHSO) and 4-(4,6-dimethoxy-

1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) were prepared in water at 10 mM, 25 mM and 25 mM, respectively. For

the cross-linking reaction, sample (�10 mg at �0.5 mg/mL) was incubated at 30�C with either DSSO (1 mM) for 45 min, sulfo-SDA

(1 mM) for 45 min, or DHSO and DMTMM together (2.5 mM each) for 2 hours. The DSSO and sulfo-SDA reactions were quenched

by addition of ammonium bicarbonate to a final concentration of 0.1M,with incubation at 30�C for 20min. For the sulfo-SDA reaction,

excess cross-linking agent was removed using a Zeba Spin desalting columns before exposure to 365 nmUV for 10min using a Penn

OCPhotoreactorM1 (PennOptical Coatings). For the DHSO/DMTMM reactions, which cannot be quenched, cross-linking agent was

removed using Zeba Spin desalting columns. All samples were then snap-frozen in liquid nitrogen and freeze-dried.

Dried, crosslinked samples were resuspended in 20 mL of 8 M urea, reduced by incubation with 5 mMDTT at 37 �C for 30 min, and

alkylated by incubation with 10 mM iodoacetamide at room temperature for 20 min in darkness. Samples were diluted to 6 M urea by

addition of Tris (25 mM, pH 8.0), and were treated with Trypsin/Lys-C mix at an enzyme to substrate ratio of 1:25 (w/w) at 37 �C for

4 hours. Samples were then diluted to 0.75 M urea by addition of Tris (25 mM, pH 8.0) and incubated at 37 �C overnight (�16 hours).

Samples were then acidified by addition of 2% (v/v) formic acid and centrifuged at 16,000 3 g for 10 min. The supernatant was
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desalted using Sep-Pak tC18 cartridges, eluted in 60:40:0.1 acetonitrile:water:formic acid (v/v/v), flash frozen in liquid nitrogen and

freeze-dried.

Mass spectrometry

Dried peptides were resuspended in a solution of 4% (v/v) acetonitrile and 0.1% (v/v) formic acid and loaded onto a HPLC column con-

taining 1.9 mmC18-AQ (30 cm3 75 mm inner diameter column packed in-house) using a Dionex UltiMate 3000 UHPLC. Peptides were

separated in buffer containing 0.1% (v/v) formic acid and a linear gradient of 8-40% (v/v) acetonitrile over 107min at 300 nL/min at 55 �C.
Mass analyseswere performed using aQ-ExactiveHF-Xmass spectrometer. Following each full-scanMS1 at 120,000 resolution at 200

m/z (350 – 1600m/z, AGC = 33 106, 100 msmax injection time), up to 12 most abundant precursor ions were selected MS2 in a data-

dependent manner. Settings used were: HCD, R = 30,000, AGC = 2 3 105, stepped NCE = (sulfo-SDA: 24, 28, 32) or (DSSO/DHSO/

DMTMM: 21, 27, 33), 54 ms max injection time, 1.4 m/z isolation window, minimum charge state of +3; dynamic exclusion of 20 s.

Identification of cross-linked peptides

All data was processed using MaxQuant (v2.4.2)72 and the sulfo-SDA and DMTMM datasets were additionally processed with Mass

Spec Studio (v2.4.0.3545)73 or pLINK (v2.3.11),74 respectively. The following key parameters were generally used: peptide mass be-

tween 300–10,000 Da, minimumpeptide length of 6 residues, precursor mass tolerance ±10 ppm, product-ionmass tolerance of ±20

ppm. Allowable variable modification = oxidation (M), allowable static modification = carbamidomethyl (C), enzyme specificity of

Trypsin with up to four missed cleavages (excluding the site of cross-linking), and FDR control at 1%.

The search database contained the PEP sequences identified my mass spectrometry (Table S1). Cross-linked spectral matches

from MS Studio were also manually visually assessed. All mass spectrometry data and search results have been deposited to the

ProteomeXchange Consortium via the PRIDE partner repository84 with the dataset identifier PXD045575. This analysis identified

13 unique crosslinks for DMTMM (9/12 crosslinks involvingmodelled residues within the distance upper bound of 25 Å), no crosslinks

for DHSO, 43 unique crosslinks for DSSO (39/41 crosslinks involving modelled residues within the distance upper bound of 30 Å) and

36 unique crosslinks for SDA (26/36 crosslinks involvingmodelled residues within the distance upper bound of 20 Å). As DMTMMand

DHSO yielded few or no crosslinks, we used only data derived from crosslinking using DSSO and SDA for assessment of the struc-

tural model. Cross-linking peptides identified are listed in Table S6.

Liquid chromatography mass spectrometry
Protein sample (2 mL, �40 mg protein) was added to 50 mL of 1.5% sodium deoxycholate (SDC) in EPPS buffer (0.2 M, pH 8.5) and

vortexed under heating. Cysteine residues were reduced with DTT, alkylated with iodoacetamide, and proteins digested with trypsin

in SDC buffer according to standard procedures. After the digest, the SDC was precipitated by adjusting to 0.2% trifluoroacetic acid

(TFA), and the clear supernatant subjected to C18 HPLC. Aliquots were analysed by nanoLC-MS/MS on an Orbitrap Eclipse Tribrid

mass spectrometer with a FAIMS Pro Duo source, coupled to an UltiMate 3000 RSLCnano LC system (Thermo Fisher Scientific). The

samples were loaded onto a trap cartridge (PepMap Neo Trap Cartridge, C18, 5um, 0.3x5mm, Thermo Fisher Scientific) with 0.1%

TFA at 15 mL/min for 3min. The trap columnwas then switched in-line with the analytical column (nanoEaseM/Z column, HSSC18 T3,

1.8 mm, 100 Å, 250 mm3 0.75 mm, Waters) for separation using the following gradient of solvents A (water, 0.1% formic acid) and B

(80% acetonitrile, 0.1% formic acid) at a flow rate of 0.2 mL/min: 0-3min 3%B (parallel to trapping); 3-10min linear increase B to 7%;

10-100 min increase B to 32%; 100-148 min increase B to 50 %; followed by a ramp to 99% B and re-equilibration to 3% B. Mass

spectrometry data were acquiredwith the FAIMS device set to three compensation voltages (-35V, -50V, -65V) at standard resolution

for 1 sec each with the following MS settings in positive ion mode: resolution 120K, profile mode, mass range m/z 300-1800, AGC

target 4e5, max inject time 50 ms; MS2: quadrupole isolation window 1 Da, charge states 2-5, threshold 1e4, HCD CE = 30, AGC

target standard, max. injection time dynamic, dynamic exclusion 1 count for 15 s with mass tolerance of ±10 ppm.

The mass spectrometry raw data were processed and quantified in Proteome Discoverer 3.0 (PD) using the search engine

CHIMERYS; all tools of the following workflow are nodes of the PD software. Protein database (52,754 entries) was imported into

PD adding a reversed sequence database for decoy searches; a database for common contaminants (maxquant.org, 245 entries)

was also included. The database search was performed using the incorporated CHIMERYS with the inferys_2.1_fragmentation pre-

diction model, a fragment tolerance of 0.5 Da, enzyme trypsin with 2 missed cleavages, variable modification oxidation (M), fixed

modification carbamidomethyl (C). The workflow included the Minora Feature Detector with min. trace length 7, S/N 3, PSM confi-

dence high; the Top N Peak Filter with 10 peaks per 100 Da; Percolator with FDR targets 0.01 (strict) and 0.05 (relaxed). The

CHIMERYS search used the inferys_2.1_fragmentation prediction model, a fragment tolerance of 0.5 Da, enzyme trypsin with 1

missed cleavage, variable modification oxidation (M), fixed modification carbamidomethyl (C).

The consensusworkflow in the PD softwarewas used to evaluate the peptide identifications and tomeasure the abundances of the

peptides based on the LC-peak intensities. For identification, an FDR of 0.01 was used as strict threshold, and 0.05 as relaxed

threshold. For protein abundances the average of the top 3 most abundant unique peptides was used. The results were exported

into a Microsoft Excel table including data for protein abundances, number of peptides, protein coverage, q-values and PEP-values

from Percolator, and the CHIMERYS identification score.

Protein conservation and sequence features
Sequence alignments were performed with MAAFT75 and visualized with JalView (v2.11.3.2).76 Sequence percentage identity was

measured using Clustal Omega.77 Sequences of PAP orthologs in plants and u orthologs in bacteria were obtained using SHOOT.78
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For analysis of PAP12-u homology by multiple sequence alignment, PAP12 and u sequences were aligned as a single set. The po-

sitions and predicted RNA nucleotide binding specificity of the PPR proteins PAP1 and PAP2 were analysed by PPRCODE using the

PS_Scan detection algorithm.33 Locations of PAP2 target sites within the chloroplast genome were identified using FIMO.79

Sequences of PEP polymerase subunit a, orthologs were obtained by BLAST searches of Arabidopsis thaliana sequences with a

defined set of species. The selected species maximise diversity and are a subset of that used previously to assess chloroplast phy-

logeny85: Psilotum nudum,Angiopteris evecta, Equisetum hyemale,Adiantum capillus-veneris, Pinus thunbergii,Cycas revoluta,Ara-

biodopsis thaliana, Nymphaea alba, Huperzia lucidula, Isoetes flaccida, Selaginella moellendorffii, Anthoceros angustus, Apopellia

endiviifolia, Ptilidium pulcherrimum and Physcomitrium patens. Sequences of bacterial RNAP subunit orthologs (a, b, b0, b00) were ob-

tained by BLAST searches of Escherichia coli sequences with a defined set of species to obtain, a single representative from each of

phyla: Acidobacteria, Actinobacteria, Aquificae, Armatimonadetes, Bacteroidetes, Caldiserica, Chlamydiae, Chlorobi, Chloroflexi,

Chrysiogenetes,Coprothermobacterota,Cyanobacteria,Deferribacteres,Deinococcus–Thermus,Dictyoglomi, Elusimicrobia, Fibro-

bacteres, Firmicutes, Fusobacteria, Gemmatimonadetes, Lentisphaerae, Nitrospirae, Planctomycetes, Proteobacteria, Spiro-

chaetes, Synergistetes, Thermodesulfobacteria, Thermotogae and Verrucomicrobia.
e9 Cell 187, 1145–1159.e1–e9, February 29, 2024



Supplemental figures

Figure S1. Characterization of PEP composition and mass, related to Figure 1

(A) Purification scheme for native PEP from chloroplast lysate of S. alba cotyledons.

(B) Analysis of PEP by mass photometry shows a molecular mass estimate of 1105 kDa (s = 65), similar to the theoretic molecular mass of 1152 kDa (Table S2).

(C) RNA extension assays with purified PEP and E. coli RNAP. An RNA oligomer 14 nt in length in a nucleic acid scaffold loaded with PEP was extended by the

addition of ATP, CTP and GTP. The detected RNA product, 24 nt in length, was produced due to the templated requirement for UTP.

(D) Analysis of purified PEP by single-particle negative-stain electron microscopy. Scale bars in representative micrograph is 50 nm, scale bars in 2D class

averages is 20 nm, and the longest dimension in the 3D reconstruction is 23 nm as indicated.
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Figure S2. Analysis of PEP by cryo-EM, related to Figure 1

(A) Representative cryo-EM micrograph of PEP. Scale bars represent 30 nm.

(B) Selected cryo-EM two-dimensional class averages from the final particle set. Scale bars represent 20 nm.

(C) Cryo-EM data processing workflow for analysis of PEP. Classes produced by 3D classification are shown, with particles within the indicated classes (green

circles) selected for further processing.

(D) Consensus cryo-EM reconstruction of PEP shown at full resolution (opaque) and low-pass filtered to 8 Å (transparent).

(E) Fourier shell correlation plot for consensus PEP reconstruction. Dotted lines indicate the 0.143 threshold for gold-standard half map correlation.

(F) Angular distribution plot for consensus PEP reconstruction.

(G) Local resolution estimate for consensus PEP reconstruction.

(H) Regions masked during focused classification and refinement procedures indicated 1 to 9 on consensus cryo-EM reconstruction of PEP.

(I) Fourier shell correlation plots and local resolution estimates for focused reconstructions of PEP. Dotted lines indicate the 0.143 threshold for gold-standard half

map correlation. Local resolution color range as in panel F.

(J) Composite cryo-EM reconstruction generated from focused reconstructions, show at at full resolution (opaque and colored by assigned subunit), and low-

pass filtered to 8 Å showing additional regions not resolved to high resolution (transparent)
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Figure S3. Construction of PEP structural model, related to Figure 1

(A) Structural predictions generated with AlphaFold used to interpret regions of PEP that were incompletely resolved in cryo-EM reconstructions. Structural

predictions are shown for four representative regions: region 1, from which the PAP2-PPRN region (residues 63–419) was used; region 2, from which the PAP11

N-terminal and central domains (residues 230–572) were used; region 3, complex of b0 0-SI3 head domain and PAP15/PRIN2, which was used in entirety; region 4,

complex of PAP6 and a-CTD, from which the a-CTD (residues 269–327) was used. Models for regions 1–3 are shown in PEP cryo-EM reconstruction filtered to

8 Å, and model for region 4 shown within PEP-TEC cryo-EM reconstruction filtered to 5 Å. AlphaFold models are colored by per-residue confidence score

(pLDDT). Predicted aligned error (PAE) plots for each region are shown with sections incorporated into the integrated PEP models highlighted (yellow dashed

lines). For all predicted models, unstructured loops were removed from the models.

(B) Cross-linking mass spectrometry analysis of purified PEP. Crosslinks mapped onto PEP model following treatment with either DSSO (left) or SDA (right) are

colored by those within the distance threshold (green), or not within (pink). Histograms of Ca-Ca distances between cross-linked residues were determined using

structural model of PEP. The cross-linking distance thresholds indicated are 30 Å for DSSO and 20 Å for sulfo-SDA.
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Figure S4. Comparison of core PEP polymerase and bacterial RNAP, related to Figures 2 and 3

(A) Structural consequences of RPOC1-RPOC2 gene split to the structure of PEP. Comparison of structures of Mycobacterium tuberculosis RNAP (left), PEP

(middle), and Synechocystis RNAP (right) at the location of the b0 split position. Residues at the position of the split (PEP and Synechocystis) and the equivalent

position of Mycobacterium, which lacks a split, are shown in black with asterisks.

(B) Sequence comparison of the a subunits of PEP and bacterial RNAP. Multiple sequence alignment of the linker between the a subunit N-terminal domain

(a-NTD) and C-terminal domain (a-CTD) from representative species from diverse plants (top) and bacterial phyla (bottom) illustrate a conserved increase in

sequence length of the a linker in PEP relative to bacterial RNAP. The average linker length in the analyzed plant sequences is 41.1 (s = 1.4) amino acids and that of

analyzed bacterial sequences is 25.5 (s = 4.0) amino acids. The insertion in the PEP a subunit contains a helical segment (a-LH). The position of the a-LH in PEP is

indicated along with an adjacent segment not ordered in the S. alba PEP cryo-EM reconstruction (asterisk).

(C) Comparison of b0-SI1 domains of PEP (left) andSynechocystisRNAP (right). A structural search of the PDB for the PEP b0-SI1 domain using Dali did not identify

any structural match in deposited structures.

(D) A region of b0 that is longer in PEP (orange, left) than cyanobacteria RNAP (orange, right) forms a partially ordered loop that encloses part of PAP8.

(E) A search of the PDB for structural similarity to a b0 domain specific to PEP and cyanobacteria using Dali revealed close resemblance to a single blade of b0

propeller proteins, such as the DCAF12 protein shown.

(F) A short motif at the C terminus of PEP b0 0 interacts with the interface of PAP1 and PAP2.

(G) Multiple sequence alignment shows similarity between the PEP subunit PAP12 from diverse plant species (top) andu from diverse bacterial species (bottom).

Structural models shown: cyanobacteria RNAP (PDB: 8GZG), Mycobacterium tuberculosis RNAP (PDB: 5ZX3), and DCAF12 (PDB: 8AJM).
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Figure S5. Analysis of PEP transcription elongation complex by cryo-EM, related to Figure 4

(A) Cryo-EM reconstruction of PEP filtered to 6 Å resolution shows density for downstream DNA (left, asterisk), upstream DNA (middle, asterisk) and nascent

mRNA (right, asterisk). Reconstructions are shown colored by assigned protein according to scheme in Figure 1.

(B) Nucleic acid scaffold used for PEP-TEC reconstitution.

(C) Cryo-EM data processing workflow for analysis of PEP-TEC. Classes produced by 3D classification are shown, with particles within the indicated classes

(green circles) selected for further processing.

(D) Consensus cryo-EM reconstruction of PEP-TEC shown at full resolution (opaque) and low-pass filtered to 8 Å (transparent).

(E) Fourier shell correlation plot for consensus PEP-TEC reconstruction. Dotted lines indicate the 0.143 threshold for gold-standard half map correlation.

(F) Angular distribution plot for consensus PEP-TEC reconstruction.

(G) Local resolution estimate for consensus PEP-TEC reconstruction.

(H) Fourier shell correlation plots and local resolution estimates for focused reconstructions of PEP-TEC. Gray lines indicate the 0.143 threshold for gold-standard

half map correlation. Local resolution color range as in (F), except PEP-TEC Region 2 inset of the PAP1-SAP domain, which is indicated.

(I) Composite cryo-EM reconstruction generated from focused reconstructions at full-resolution (opaque and colored by assigned subunit), and low-pass filtered

to 8 Å showing additional regions not resolved to high resolution (transparent).
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Figure S6. Interactions between PEP and nucleic acids, related to Figure 5

(A) Model of PAP1 colored by assigned PPR repeat. PAP1 contains a tandem array of nine PPRs at the N terminus (repeats 1–9), and two PPRs at the C terminus

(repeats 10 and 11) that are bordered by two partial PPR repeats (not colored). The PPRs of PAP1 do not sufficiently resemble canonical PPRs to be detected by

PPRCODE33 for prediction of RNA-binding specificity. PPRs were detected using TPRpred86 and the positions were refined by inspection of the structure.

(B) Model of PAP2 colored by assigned PPR repeat. PAP2 contains a continuous array of 18 PPR-like repeats. The model shows that PAP2-PPRN adopts a semi-

circular arch, whereas the PAP2-PPRC forms a tight bundle closely bound to the PAP2 SMR domain. PPRs 1 and 17 were not sufficiently similar to a canonical

PPR sequence to be assigned by PPRCODE and were identified by structural features. RNA-binding specificity predicted based on the PPR motif sequence

is shown.

(C) PAP2 is connected to PEP through its interaction with the PAP1 N terminus. The PAP2 SMR domain and PAP2 PPRs 11 and 12 contact PAP1 PPRs 1 and 2.

SMR domains of some proteins have DNA and RNA nuclease activities. The (H/T)GXG and LDXH motifs of SMR proteins, such as the SMR-PPR protein SOT1,

(legend continued on next page)
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were found to be critical for RNA endonuclease and DNA nicking activity respectively.87,88 Structural comparison of PAP2 SMR (top) and the SOT1 SMR pre-

dicted by AlphaFold (bottom) is shown with catalytic motifs indicated. PAP2 lacks the (H/T)GXG motif,89 and this loop instead supports binding of PAP2 SMR to

PAP2 PPRs 13 and 14. The LDXH motif of PAP2 has the sequence VDVH, a variation that does not produce a significant structural difference to the predicted

structure of the catalytically-active LDVR motif of SOT1. However, the PAP2 LDXHmotif is concealed from the solvent by PAP2 PPRs 12 and 13 on one side and

PAP1 on the other. Thus, we hypothesize that neither the (H/T)GXG or LDXH motifs confer nuclease activity to PAP2.

(D) The S1 domain of PAP3 (green) is encased by protein within the b0 0-SI3 arch and the predicted RNA-binding loops (indicated) are concealed.

(E) Structural model of PEP-TEC in surface representation colored by electrostatic potential (center). Enlargement of positive charged surface of the PAP2-PPRN

domain (left) and positive charged surface of b0 0-SI3 head bound to PAP15/PRIN2 (right).

ll
OPEN ACCESS Article



Figure S7. Structural details of PAP enzymatic activities, related to Figure 6

(A) Structures of PEP PAP6-PAP101 heterodimer (top) and PAP13-PAP102 heterodimer (bottom). Cysteine residues of PAP6 and PAP13 that were identified to be

required for the interaction with PAP10 in Arabidopsis15 are indicated. As they are located within the center of the pfkB domain, we predict the interaction with

PAP10 was abrogated by destabilization of the fold, rather than loss of the ability to form a disulfide bond.

(B) Structure of PEP PAP4-PAP9 heterodimer highlighting residues present in PAP4 but not PAP9 (green), and residues present in PAP9 but not PAP4 (cyan). The

most significant differences between the homologous subunits are a C-terminal sequence unique to PAP4 and an extended loop unique to PAP9.

(legend continued on next page)
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(C) PAP11 is linked to PEP through binding of its C-terminal domain to the b0-SI1 domain. Structural alignment of PAP11 and E. coli MurE shows that the

interaction interface of PAP11 involves a helix also present inMurE (S. albaPAP11 residues 696–707), and two regions unique to PAP11: an extended loop (S. alba

PAP11 residues 666–693) and a sequence at the C terminus (S. alba PAP11 residues 745–768). Structural model shown for comparison is PDB: 1E8C.

(D) Structural comparison of the C-terminal domains of PAP11 (left) and E. coliMurE (right). The C-terminal domain of MurE contains the substrate-binding pocket

for the amino acid diaminopimelic acid (DAP), which the enzyme ligates to an amino acid-nucleotide compound, UDP-MurNAc-Ala-Glu (UMAG), to produceUDP-

MurNAc-Ala-Glu-A2pm (UMT). Structural model shown for comparison is PDB:1E8C, and contains the product, UMT, and the region of this that corresponds to

the DAP substrate is displayed (yellow). The substrate of PAP11, if it has similar ligase activity, is unknown, and the region corresponding to the DAP-binding

pocket of MurE is shown for comparison. The identity of three of the five residues of MurE that contact DAP are conserved in PAP11, suggesting the possible

substrate of PAP11 has similarity to DAP, but is likely not identical.

(E) The PAP1-SAP domain interacts with the PAP11 C-terminal domain. Structural model is shown overlaid with PEP-TEC cryo-EM reconstruction filtered to 5 Å

resolution.

(F) Structural comparison of PAP7 to homologous lysine methyltransferases RBLSMT (PDB: 2H21) and SETD6 (PDB: 3RC0) (top). Structural alignment of models

to the SET domain (left) or CTD (right) shown.

(G) Structural model of PAP7 overlaid with cryo-EM reconstruction showing the presence of bound S-adenosyl homocysteine (SAH), a cofactor product of lysine

methyltransferase reaction.
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