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Abstract

Cyanobacteria and evolutionarily related chloroglag algae and plants possess unique RNA
polymerases (RNAPs) with characteristics that miggtish from canonical bacterial RNAPs. The
largest subunit of cyanobacterial RNAP (cyRNAPRJiidded into two polypeptide$’l andp’2,

and contains the largest known lineage-specifierin domain, Si3, located in the middle of
the trigger loop and spans approximately half eff2 subunit. In this study, we present the X-
ray crystal structure of Si3 and the cryo-EM stuoes of the cyRNAP transcription elongation
complex plus the NusG factor with and without incegnnucleoside triphosphate (iNTP) bound
at the active site. Si3 has a well-ordered andgalted shape that exceeds the length of the main
body of cyRNAP, fits into cavities of cyRNAP andedtis the binding site of secondary channel-
binding proteins such as Gre and DksA. A smallditeon from the trigger loop to the trigger
helix upon INTP binding at the active site resuita large swing motion of Si3; however, this
transition does not affect the catalytic activit GyRNAP due to its minimal contact with
CcyRNAP, NusG or DNA. This study provides a struaturamework for understanding the
evolutionary significance of these features unitueyRNAP and chloroplast RNAP and may
provide insights into the molecular mechanism @nscription in specific environment of

photosynthetic organisms.

Significance statement:

Cellular RNA polymerase (RNAP) carries out RNA $gis and proofreading reactions
utilizing a mobile catalytic domain known as thé&ger loop/helix. In cyanobacteria, this
essential domain acquired a large Si3 insertioninduthe course of evolution. Despite its
elongated shape and large swinging motion assdciaiin the transition between the trigger
loop and helix, Si3 is effectively accommodated hwit cyRNAP, with no impact on the

fundamental functions of the trigger loop. Undandiag the significance of Si3 in cyanobacteria
and chloroplasts is expected to reveal unique d¢rgpt®n mechanism in photosynthetic

organisms.


https://doi.org/10.1101/2024.01.11.575193
http://creativecommons.org/licenses/by/4.0/

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.11.575193; this version posted January 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

I ntroduction

Cyanobacteria and chloroplasts of algae and higlaeits are characterized by oxygen-
evolving photosynthesis and are phylogeneticalgely related. These genomes are transcribed
by a bacterial-type RNA polymerase (cyRNAP and tplasncoded RNAP, PEP, respectively)
aided by transcription initiation factors for recognition of specific promoters (1-Blthough
cyRNAPs and chloroplast PEPs retain the fundamdntations of bacterial RNAPs, they
possess several distinct characteristics thandisish them from canonical bacterial RNAPs.

First, the largest subunit of cyRNAP is separatéd iwo polypeptidesf’l and p’2,
which are encoded by thgoC1 andrpoC2 genes, respectively (Fig. 1A). Bynechococcus
elongatus, which is the cyanobacterium used for the cryo-BWuctural study of RNAP
described herein, the 624 residiié and 1,318 residu@’2 subunits correspond to the amino
(N)-terminal one-third and the carboxy (C)-termihab-thirds of the 1,407 residyié subunit in
Escherichia cali, respectively. A junction between tRd and p’2 subunits is positioned before
the conserved region E (4, 5). Tpié subunit contains the clamp and the catalytichdeysif-
barrel domain coordinating a Kfgion; the p'2 subunit contains the rim helix, bridge helix,
trigger loop and jaw domain.

Second, cyRNAP contains the largest known linesapsific insertion domain, Si3 (645
residues), which spans approximately half the gizbe 2’ subunit and is located in the middle
of the trigger loop (Fig. 1A) (6, 7). The trigg@op plays a central role in nucleotide selection,
RNA synthesis and RNA cleavage during proofreadipgellular RNAPs (8). In the absence of
nucleotide triphosphate (NTP) substrate, the tighef trigger loop is located away from the
active site (9). Upon binding of complementary imoag NTP (INTP) at the active site, the
trigger loop folds to form a trigger helix contaigi two a-helices, which extensively interacts
with the base and triphosphate groups of INTP auditates the nucleotidyl transfer reaction
(8). The Si3 insertion is found in RNAPs of graegative bacteria in the middle of the trigger
loop (evolutionarily conserved region G; Fig.)1Ai3 is composed of repeats of the conserved
sandwich-barrel hybrid motif (SBHMJEscherichia coli (E. coli) RNAP contains two copies of
SBHM (SFig. 1A) (10), and sequence analysis indsdhat up to seven copies of SBHM are
present in the Si3 insertion of cyRNAP (6). Theisture and function of the Si3 insertionin
coli RNAP have been well characterized; it is involuedtabilizing the open complex and RNA

hairpin-dependenth{s) and -independentogs) transcription pausing (11, 12) and is highly
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92 mobile, with its confirmation being dependent ore tfolded/unfolded state of the trigger
93 loop/helix and binding of transcription factors éGIDksA) at the secondary channel of RNAP
94 (13, 14). In addition, structural and functionablses of Si3 in cyRNAP have recently been
95 initiated. According to the cryo-electron microsgofcryo-EM) structure of the cyRNAP
96 promoter complex (15), Si3 forms an “arch” with img2 of thec factor, the element involved
97 in opening the DNA duplex at the -10 position af ffromoter. This arch stabilizes the promoter
98 complex, and its removal affects the fithess anelsstresistance of cyanobacteria. Notably, the
99  Si3-c contact remains intact upon trigger loop refoldimg the trigger helix after INTP addition
100  to the initiation complex with the short RNA tranpt. After transition to the elongation phase,
101 it is unknown whether Si3 becomes mobile in thesgnee of transcription elongation factors
102  such as NusG and how Si3 affects refolding of tiggér helix and the catalytic activity of
103  RNAP.

104 In this work, we structurally and biochemicallyadyzed cyRNAP elongation complex
105  (EC) to understand the functional importance ofiSighe elongation phase of transcription. We
106  solved the X-ray crystal structure of Si3 and cBM-structures of the cyRNAP EC with NusG
107 in the presence and absence of INTP bound at the atte.

108

109 Results

110  X-ray crystal structure of Thermosynechococcus elongatus BP-1 Si3 (TelSi3)

111 We investigated the structure of the separate SiBteim of the thermophilic
112 cyanobacteriunThermosynechococcus elongatus BP-1 (TelSi3) by X-ray crystallography. The
113  DNA sequence encoding Si3 (residues 345-983) wasedl and inserted into a vector for
114  expression irk. coli cells, and the resulting protein was purified tonlegeneity. Initial attempts
115  to crystallize TelSi3 were unsuccessful. Limitegpginolysis revealed that the amino-terminal
116  (N-terminal) 91 residues of TelSi3 are sensitivgtoteolysis (SFig. 2A), indicating flexibility,
117 which potentially hindered crystallization. We theoned and expressed TelSi3, which lacks the
118  N-terminal 91 residues (TelSi8I, residues 435 to 983) and thus forms large dsy¢kEg. 1B)
119  belonging to the P3(2)21 space group (six TelSiZopies per asymmetric unit; Fig. 1C). We
120 were unable to generate a TelSN8 model suitable for molecular replacement basedhen
121 protein sequence (e.g., by SWISS-MODEL,; SFig. Zerefore, the experimental phase was
122 achieved by the single-wavelength anomalous digpe(SAD) method using selenomethionine

4
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123 (SeMet)-labeled TelSi8N protein (SFig. 2B). The 3.2 A resolution expenta density map
124  allowed us to build the structures of four full¢gh and two partial models of Tel@QR in the
125  asymmetric unit (STable 1). The AlphaFold (20) stuwal prediction for TelSi8N was in close
126  agreement with the X-ray structure, with an RMSLL@B A (SFig. 2C).

127 TelSi3AN (150 A in length and 50 A in width) is longer théhe canonical bacterial
128 RNAP (e.g., 110 x 130 AE. coli RNAP) (SFig. 1B). TelSi8N comprises seven SBHMs
129 (SBHM-2 to SBHM-8). The X-ray crystal structuretbe N-terminal region (81 residues) of Si3
130 from S elongatus PCC 7942 (15) showed an independently folded SB{#HBHM-1). This
131  region corresponds to the 91 N-terminal residuesTelSi3 (missing in the crystallized
132 TelSi3AN), indicating that cyRNAP contains 8 copies of 3BMithin Si3 (Fig. 1C, SFig. 3).

133 TelSi3 has a swordfish-shaped profile, with didtiftail”, “fin”, “body” and “head”
134  subdomains formed by SBHM-1, SBHM-2/8, SBHM-3/4fdaSBHM-6/7, respectively (Fig.
135 1D). Notably, the SBHMs in TelSi3 are not structlne a simple tandem arrangement (Fig. 2D
136 and SFig. 3), in contrast t&. coli Si3, which contains two independently folded SBHMs
137  connected by a short linker (SFig. 1A) (10). Altgbureach SBHM has a core antipargedheet
138  topology, connections between thasheets vary as the polypeptide chain folds owalfi{Fig.
139  1D). In addition, the sequences of SBHM-1, -6,Rd &8 are continuous; the others (SBHM-2, -
140 3, -4 and -5) contain structural elements fromadistregions of the polypeptide sequence. We
141  assessed conformational flexibility by comparing tour full-length TelSiAN structures from
142  the asymmetric unit using the Si3-fin as a refeedioc superimposition. This showed substantial
143 conformational variation in the Sisad, allowing for a 24 A[] displacement associated with an
144  11° rotation (Fig. 1E).

145

146  Cryo-EM structure of the Synechococcus elongatus RNAP elongation complex with NusG

147 To investigate the structure of cyRNAP and theadlgits of Si3 at the elongation stage,
148  we determined the cryo-EM single-particle recorcdtam structure of the cyRNAP EC (SFig 4,
149  STable 2). NusG was also included in the EC, as 1865 contain NusG under physiological
150 transcription conditions (16, 17), and physicalteehbetween Si3 and NusG was investigated.
151 We used recombinant double affinity-tagdedalongatus cyRNAP to avoid isolation of
152 any chimeric cyRNAP containing. coli RNAP subunit. EC was assembled by mixing cyRNAP,
153  NusG and the DNA/RNA scaffold (Fig. 2A). The preést particle orientation issue of EC-

5
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NusG was resolved by adding CHAPSO (final concéintieof 0.8 mM) to the sample before
application to the cryo-EM grid (18Yhe cryo-EM structure was determined with an overall
resolution of 3 AL, revealing well-defined cryo-EM densities for cyRR the N-terminal
domain of NusG (residues 19-138) and the DNA/RNArid/ (Fig. 2B). The densities of the
single-stranded nontemplate DNA in the transcripttubble and the single-stranded RNA
within the RNA exit channel were traceable dueh@irtrespective interactions with NusG and
the RNA exit channel (Fig. 2C). The carboxyl-teralifC-terminal) domains of the subunits
and the Kyrpides-Ouzounis-Woese (KOW) domain ofGlugere disordered.

By contacting both the upstream and downstream DONplexes, NusG seemed to
maintain a 90 bend in the DNA centered at the RNAP active s8€&id. 5A), which may
stabilize the DNA/RNA holding of cyRNAP. To evaleathe role of NusG, we immobilized
reconstituted ECs on agarose beads and challemfgedomplex with 300 mM NacCl in the
absence of NusG. There was a significant redudtighe proportion of RNA released from the
complex compared with the EC in the presence ofGN(8Fig. 5B), indicating its stabilizing
effect. Notably, compared with its orthologs frdncoli, Bacillus subtilis and Mycobacterium
tuberculosis, the cyanobacterial NusG gene possesses a londenare positively charged loop
(residues 110-122) within the N-terminal domainisTloop extends toward the downstream
DNA and single-stranded non-template DNA within ttranscription bubble (SFig. 5A).
Deletion of this cyanobacteria-specific loop (NG5&*2j significantly reduced the stabilizing
effect of NusG (SFig. 5B).

Si3runsalong the cavities of cyRNAP and shieldsthe binding site of DksA/Gre factors

By fitting the models of RNAP (without Si3), Nus&hd the DNA/RNA scaffold, we
elucidated a density corresponding to Si3, whidereds starting from the trigger loop and then
moves below the rim heli3{2 subunit), running along the lobe/protrusion damaf3 subunit)
and nearly reaching the upstream DNA (Fig. 2B, Sildy. The overall structure of cyRNAP is
nearly identical to the structures of other baateRNAPSs, including those d&. coli and M.
tuberculosis (19, 20), indicating that Si3 runs along the aasiof RNAP without influencing its
general shape or conformation. The crystal strestwf Si3 containing both SBHM2-8 and
SBHM1 were fitted to their corresponding cryo-EMndigy. The cryo-EM density of the Si3-

head was weak and had a low resolution (Fig. 2B).SIE), suggesting its mobility.
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185 Si3-tail is positioned in front of the rim heli¥i§. 3A). Si3-fin is positioned below the
186  rim helix, and the extended SBHM2 loop (residue3-481) fills a gap between tifi2 jaw and

187 P lobe domains. Si3-body is located beside the &tzkprotrusion domains of tiffesubunit, and
188  Si3-head reaches the upstream DNA (Figs. 2B and Si®)fin contacts the bottom part of the
189  rim helix, but only a few amino acid residues a3 Sontact the main body of RNAP and NusG,
190  suggesting that Si3-tail and Si3-body/head can ntlge positions without restraint. Si3 spans
191 the entire length of cyRNAP, reaching from the selzoy channel to the upstream DNA.
192  However, it likely does not interfere with any lasunction of cyRNAP (i.e., DNA binding,
193  RNA elongation, binding of initiation factar, or elongation factors NusA and NusG), as it runs
194  along the sidewall of cyRNAP (Figs. 2D and 3A).

195 During transcription, the secondary channel ofcallular RNAPs, including bacterial
196 RNAPs, serves as the only access route betweective site found in the center of RNAP and
197 the external milieu, serving as an entry pointdobstrate NTPs and an exit route for the RNA
198  3’-end during backtracking (prior to RNA cleavage) cyRNAP, the secondary channel appears
199 to be open enough to allow these functions. Intamdio these basic functions, the secondary
200 channel serves as a binding platform for proofmegdiactors such as Gre and regulatory factors
201 such as DksA, known as secondary channel bindctgr&a (13, 27). These factors use the RNAP
202 rim helix as a primary binding site, after whicle tboiled-coil domain is inserted to access the
203  active site of RNAP (Fig. 3B). In cyRNAP, Si3-taihd -fin occupy the front and bottom sides of
204  the rim helix, respectively, thereby preventing gotential association of secondary channel
205  binding factors (Fig. 3A).

206

207 Dynamic motion of Si3 associated with the transition between the trigger loop and helix

208  duringiNTP binding at the active site

209 To investigate the Si3 conformational change aasst with trigger helix refolding, we
210 prepared an INTP-bound form of the EC by extendR§A with 3’-deoxy adenosine
211 triphosphate (3-dATP), which arrested further RNeéxtension, followed by cytosine
212 triphosphate (CTP) addition as the INTP (SFig. Bhe resulting cryo-EM structure was
213 determined at 2.79 A resolution (SFig. 6). Althowsghexcess amount of CTP was added to the
214  EC, a substantial population of ECs (~40%) remaimeidound to iNTP. However, the iNTP-
215  bound EC could be clearly distinguished from th&®Nree EC during 3D classification of the
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216  cryo-EM data process due to its unique Si3 orieamatelative to the main body of cyRNAP
217  associated with INTP binding (SFig. 6B and 6D).sTallowed for a well-defined density map of
218 the cyRNAP active site. In the iNTP-bound EC, thai® Md* (known as the nucleotide-
219  binding metal) was present at the active site. Hewethe A-site M§" (known as the catalytic
220 metal) was absent, likely due to the lack of a bygl group at the 3’-end of the RNA. Trigger
221 helix folding establishes several essential coathetween the INTP and amino acid residues,
222 including p’2-M339 in contact with the nucleobase afi2-H343 in contact with the3-

223 phosphate group (SFig. 6D).

224 Trigger helix folding induces significant motiorf 8i3 relative to the main body of
225  cyRNAP. Specifically, the trigger helix formatiomlfs a linker connecting the C-terminal half
226  of the trigger helix and the Si3-fin, and duringsthrocess, the tip of the rim helix acts as apivo
227  point, converting the lateral motion of the linkerl0 A) into the rotational motion of Si3,
228  resulting in an ~50 A distance and a 24° swing i8tt®ad (Figs. 4A and B, SMovie 2). Si3-
229  body/head swings down from the main body of cyRNARS, thep protrusion domain no
230 longer contacts Si3-body/head in the INTP-bound(EG. 4A). Remarkably, the large swinging
231 of Si3, which is coupled to trigger helix formati¢fig. 4B), did not markedly alter the catalytic
232 properties of cyRNAP (Fig. 4C). Three ECs containid, 15 and 16 nucleotide long RNAs
233 (EC14, 15 and 16) were prepared by extending thialip’-labelled 13 nt long RNA in the
234  nucleic acid scaffold shown above the summary tdldleleotide addition, its direct reversal by
235  pyrophosphorolysis, and transcript cleavage wertopeed for the ECs that formed with either
236  wild-type (WT) or Si3-lacking 4Si3) cyRNAP. Rates of the NTP addition, pyrophosphysis

237 and RNA hydrolysis were similar between the WT a®13 cyRNAPs (Fig. 4C and SFig. 7).
238  The relative rates of these reactions also allowgetb attribute a predominant translocation state
239 to the EC tested because nucleotide addition pdeceefrom post-translocation,
240 pyrophosphorolysis from pre-translocation and hiysie from the backtracked state (scheme on
241  Fig. 4C). Comparison of the rates of these reastfonthe three complexes used in the present
242  study suggested that EC14 is mainly stabilized post-translocated state (characterized by fast
243  NTP addition), EC15 is mainly pre-translocated t(fagrophospholysis), and EC16 is mainly
244  backtracked/paused (faster hydrolysis), similatheo ECs formed byhermus aquaticus RNAP

245  (21), which doesn’t contain Si3, on this templdteese results imply that Si3 does not influence

246  the catalysis or translocation equilibrium of cyRRA
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247 The cryo-EM structure of the cyRNAP-promoter DNAmplex containings”™ (both
248  from Synechocystis sp. PCC 6803, which is closely related to $helongatus PCC 7942 used in
249  this study), promoter DNA and 4-mer RNA was detemdi by Shen et al. (15); the results
250 showed that Si3-head contaetd domain 2. This interaction clamps the single-steshDNA
251 around the -10 region, stabilizing the open commex facilitating transcription initiation.
252  Comparison of the structures of the cyRNAP promotemplex (15) with those of the EC (this
253 study) revealed that Si3-body and -head move towardomain 2 for interaction but that the
254  other cyRNAP structures, including Si3-tail anch-find the main body of the RNAP, are nearly
255 identical (Fig. 5A).

256 Si3 wraps around the main body of cyRNAP, whichynfacilitate RNAP folding,
257  subunit assembly and/or maturation to form an acind mature form of RNAP as DNA and a
258 ¢ factor that enhances reconstitutiontofcoli RNAP (22). To test the function of Si3 during
259 cyRNAP assembly and maturation, we performed aldefg experiment with WT,ASI3
260 cyRNAP andASi3 cyRNAP in combination with the separately espegl and purified Si3
261  protein ASiI3+Si3) (Fig. 5B). The proteins were denaturedhwsét M guanidine-HCI| and
262 renatured by gradual removal of guanidine-HCI vialydis against renaturation buffer. The
263  activities of the reconstitutefiSi3 cyRNAP in the absence and presence of the 1Si&ip, as
264  judged by their ability to extend 13 nt long RNAtime assembled duplex with template DNA
265  oligonucleotide, were nearly the same as thoseeWT cyRNAP, indicating that Si3 does not
266 play a role in cyRNAP assembly and maturation. Tdasclusion is supported by the similar
267 yields of recombinant WT andSi3 cyRNAPs routinely isolated frorg. coli. Remarkably,
268  however, the separate Si3 protein binds3 cyRNAP but not the WT cyRNAP when it is added
269  externally to cyRNAP (Fig. 5C). When complex forinatbetween Si3 andSi3 cyRNAP was
270 assessed by a blue native polyacrylamide gel elgictresis, a band with a lower mobility
271 similar to that of the WT cyRNAP was observed (B, Lane 4). Interaction between WT
272 cyRNAP and Si3 was not detected, i.e., no complék Yower mobility than that of WT
273  cyRNAP was detected (Lane 5).

274

275 Discussion
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In this study, we determined the structures of cRN6i3 by X-ray crystallography (Fig.
1) and of cyRNAP EC-NusG with and without INTP bw@EM (Figs. 2 and 4). We
investigated the function of Si3 by comparing tagtytic activities of WT andSi3 cyRNAPs.
The results of structural and biochemical investiges of cyRNAP showed that Si3 is
accommodated within the cavities of cyRNAP withoatmpromising its basic activities, that it
shields the site of secondary channel binding prsteand that it moves within cyRNAP upon
binding of INTP in the active site. Remarkably, aon structural transition between the trigger
loop and trigger helix causes a major swinging orotof Si3 (Fig. 4 and SMovie 2). The
presence of Si3 in the middle of the trigger lo@fi’hdid not affect cyRNAP catalysis under our
experimental conditions (Fig. 4C). Because of tamgd conformational change that occurs
during the transcription reaction, changes in cy®NActivity could be observed when the
motion of Si3 is hindered, such as by binding ofemxal factors. Further proteomics for
searching factors binding Si3, structural, singl@eaoule and biochemical studies are required to
elucidate its role in regulating transcription byR&NAP, such as by sensing environmental
signals (e.g., trafficking of RNAP or transcriptimanslation coupling) to optimizing cyRNAP
activity. Alternatively, the oscillating motion &i3 might function as a regulatory signal for
cellular processes. Photosynthetic cyanobactenalsgnize their gene expression patterns with
diurnal light cycles (23). Conceivably, the lack $f3 movement might trigger initiation of
cyRNAP hibernation through binding to cellular fast or its oligomerization during the night.
Additionally, Si3 movement might help RNAP propetdugh the densely packed cytoplasm of
cyanobacteria during transcription.

The primary proofreading mechanism employed by RN#&volves backtracking
followed by hydrolysis of misincorporated nuclea$dat the 3’-end of nascent RNA. This
process is significantly enhanced by elongatioriofacthat bind to RNAP secondary channel,
such as Gre in bacteria, TFS in archaea, and TiRllI8ukaryotes (24). However, unlike the
absolute majority of living organisms, cyanobacetack Gre factor. The intracellular
concentration of Mfi is two orders of magnitude greater in cyanobactéaa in other bacteria
to support photosynthesis (16). It is possible Mat* replaces the catalytic Mgof RNAP and
thus promotes misincorporation of NTPs (25, 26)teRually as a compensating mechanism,
cyRNAP has been shown to possess proficient intrim®ofreading activity (7, 27). However,

this intrinsic activity is still approximately 1@res lower than the Gre-stimulated activityEof
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307 coli RNAP. Gre-like factors either emerged after thét sf cyanobacteria from their last
308 common ancestor with other bacteria or were sulesgtyulost. The distinctive characteristics of
309 cyRNAP—the absence of Gre/DksA factors and thet sflithe largest subunit may be
310 intrinsically linked to Si3 acquisition. The Si3i#an position around the rim helix of RNAP
311  prevents association of secondary channel bindimgeins, such as GreA and DksA, with
312 cyRNAP (Fig. 3). As secondary channel binding priteplay critical roles in transcription
313 fidelity and regulation in bacteria, the Si3-GreKkH4A trade-off in cyanobacteria might be
314 advantageous but remains to be fully understoodh B3 acquisitionp’ increased to 210 kDa
315 in size, and separation of the origin@oC gene into two genes was perhaps beneficial to
316 facilitate expression of such a large protein. ®hserved change in the position and mobility of
317  Si3 in cyRNAP ECs compared to those in the prommbenplex (Fig. 5A) raises questions about
318 the role of Si3 in promoter escape. Si3 may comapigoromoter escape by binding to the
319 factor; conversely, its large-range movement upbiARynthesis may contribute to weakening
320 © association with core and/or promateelease at transition to elongation stage.

321 The structure corresponding to Si3 of cyRNAP hats breen found in other bacterial
322 RNAPs. However, the structure and arrangement @fRpb9 subunit in eukaryotic RNAPII
323 show remarkable similarity to those of the Si3 subaf cyRNAP (Fig. 3C). Rpb9 is positioned
324  within a cavity between the rim helix and the Iabmmain of RNAPII, akin to the Si3-fin of
325 cyRNAP (highlighted in red in cyRNAP and RNAPII)pBY is a unique subunit found only in
326 RNAPII and plays a critical role in enhancing tleewacy of transcription (28). Although both
327 Rpb9 and Si3-tail are located away from the actie of RNAP, their presence may enhance
328 transcription fidelity, which coordinates RNAP cwonfation changes such as RNAP swiveling
329 and/or movement of the rim helix during the nudmtaddition cycle (20). The presence of
330 these unique structural features in different typeRNAPS suggests a common mechanism for
331 enhancing transcriptional accuracy and specificagross different organisms. Further
332 investigation of Si3 function at different stagek transcription and under several growth
333 conditions in cyanobacteria will be required to edetine the full array of its biological
334  functions.

335

336 Experimental Procedures
337 Protein preparation

11
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The DNA fragment encodindhermosynechococcus elongatus BP-1 Si3 in theB’2 subunit
(TelSi3, RpoC2 residues 345-983, 69 kDa) was cldreddieen the Ndel and BamHlI sites of the
PET15b expression vector to introduce an N-termihlibs-tag, and the protein was
overexpressed iB. coli BL21(DE3)/pLysS cells. Transformants were subsetiugrown in LB
media supplemented with ampicillin (10@/ml) and chloramphenicol (25g/ml) at 37 °C until
the Oy reached ~0.5, after which protein expression wdaded by adding 0.5 mM IPTG for
10 h at 4 °C. The harvested cells were lysed bycation, and proteins in the soluble fraction
were purified by Ni-affinity column chromatograpliisTrap 5 ml column, GE Healthcare).
The His-tag was removed by thrombin digestiony@d of thrombin per mg of TelSi3 protein)
for 20 h at 4 °C, and the protein was further pedifoy Q Sepharose column chromatography
(GE Healthcare) and gel-filtration column chroma#gdy (HiLoad Superdex75 16/60, GE
Healthcare). The purified protein was concentrat@dl5 mg/ml and exchanged into buffer
containing 10 mM Tris-HCI (pH 8.0), 50 mM NaCl add mM EDTA.

Limited trypsinolysis

Limited trypsinolysis was used to remove flexibégions from TelSi3, and N-terminal amino
acid sequencing was used to identify protein fragmeuitable for crystallization. The trypsin
digests were carried out in 10 mM Tris—HCI (pH B)0 mM NacCl, 5% (v/v) glycerol, 0.1 mM
EDTA and 1 mM DTT. TelSi3 (10 mg/ml) was digesteda 10 pl volume with different
amounts of trypsin (5 nM to 5 pM) for 10 min at 256. The reactions were terminated by
addition of PMSF. The trypsinized fragments wengasated by SDSPAGE and blotted onto
PVDF membranes, and the N-terminal sequences weterngined by Edman based protein
sequencing. The TelSi3 fragment containing residi@s938 (TelSiAN, 60 kDa) was PCR
subcloned and inserted into the pET15b expresstator between the Ndel and BamHI sites.

The protein was overexpressed and purified as ibescabove for full-length TelSi3.

Crystallization

Initial crystals of TelSiAN were obtained by the hanging-drop vapor diffusraethod by
mixing equal volumes of the protein solution (20/miy and crystallization solution (0.1 M
sodium citrate [pH 3.5], 0.2 M Mg&and 10% PEG6000) and incubating at 4 °C over dn@es
crystallization solution. The large crystals (0.2 x 0.2 mm) used for X-ray data collection
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369  were prepared by microseeding by mixing 2 pl ot@rosolution, 2 pl of crystallization solution
370 (0.1 M sodium citrate [pH 5], 0.4~0.6 M MgC¥l~6% PEG3350 and 50 pg/ml heparin) and 0.2
371 Ml of seed solution. The crystals were then dehgdrdy transfer to crystallization solution
372 (without heparin) with increasing concentrations BEG3350 (in 5% steps) to a final
373  concentration of 20% and incubated for 5-10 h. &bprocedures, crystal preparation, growth
374 and dehydration were performed at 4 °C. The crystatre transferred to a crystallization
375  solution with 25% (v/v) propylene glycol as a cryofective solution and flash frozen in liquid
376  nitrogen. Selenomethionine-substituted proteinsevpeepared for SAD analysis by suppressing
377  methionine biosynthesis.

378

379  X-ray data collection and crystal structure deter mination

380 In addition to the four original methionine residudeund in TelSiAN (including an N-terminal
381  methionine residue resulting from cloning into $ET15b vector), three methionine residues
382 were introduced by replacing the leucine residuesb@8, 738 and 922 by site-directed
383 mutagenesis to obtain the experimental phase wmlesanomalous dispersion (SAD)
384  experiments using SeMet-labeled proteins. The BalSiprotein with seven selenomethionine
385 residues (TelSi8NY®") was generated by suppressing methionine biosgistheuring
386  overexpression of the TelRiBIM®" protein. The protein was purified as describedszabo

387 Diffraction data were corrected at National Synttmo Light Source (NSLS) beamline X25.
388 There are six TelSIBN"®" molecules in an asymmetric unit of the crystalohglng to the
389 P3(2)21 space group. The crystallographic datagets processed using HKL2000 (29). With
390 the anomalous signal from SeMet, the experimeritase (figure of merit: 0.273) was calculated
391 using automated structure solution (AutoSol) in RHBE (30). Density modification yielded a
392 map suitable for manual model building by Coot (8dllowed by structure refinement using
393 PHENIX. The final coordinates and structure factoase been deposited in Protein Data Bank
394 (PDB) under the accession codes listed in Supplaneiiable 1.

395

396  Expresson and isolation of the Synechococcus elongatus RNAP

397 The core enzyme of cyRNAP was overexpressedt.icoli T7Express cells (New England
398 Biolabs) cells transformed with a pET28a expressiector containing the, B, p’'1, p'2 and®

399 encoding genesi(andp’2 contain a Strep-tag and His-tag, respectiveB?)(The cells were
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400 grown in LB media supplemented with kanamycin g§0ml) at 37 °C until the Ok was ~0.6.
401  Afterward, the cells were induced with IPTG (1 mMpd grown overnight at 22 °C.
402  The biomass was harvested and suspended in lySex (650 mM Tris-HCI (pH 8.0), 250 mM
403 NaCl, 10% glycerol, 20 mM imidazole, and 1 nfiMnercaptoethanol and protease inhibitors
404 from Roche according tothe manufacturer's insiomsl). The cells were sonicated, lysate
405 centrifuged at 18 k x g, after which the supernateas collected. The protein was purified at
406 4 °C sequentially through a HisTrap (5 mL) colunma @ Strep-Tactin XT (1 mL) column (both
407 from Cytiva). The latter column was washed withduomn volumes (CVs) of Buffer W (100
408 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA). The lnad protein was eluted by applying
409 1 CV of Buffer E (100 mM Tris-HCI pH 8.0, 150 mM 8§ 1 mM EDTA, 2.5 mM
410 desthiobiotin). The purified cyRNAP (2M) was assessed using SDBAGE, dialyzed against
411  Storage Buffer (40 mM Tris—HCI pH 8.0, 200 mM Kal,mM EDTA, 1 mM DTT, and 5%
412  glycerol), and stored at -80 °C.

413

414  Cloning, expression and isolation of the Synechococcus elongatus NusG and Si3 proteins

415 The NusG was overexpressed Eincoli T7Express cells (New England Biolabs) cells
416 transformed with pET28a expression vector where geme for the C-terminal His
417  taggedSynechococcus elongatus NusG was cloned. Cells were grown in LB
418  medium supplemented with kanamycin @dml) at 37°C until Oy ~0.5, then induced with
419 IPTG (1 mM) and grown overnight at 22°C. Culturdigie were sonicated in 50 ml Lysis Buffer
420 (10 mM Tris-HClI pH 7.9, 300 mM KCI, protease intdys from Roche according
421  to manufacturer), spun at 18K rpm, and filteredotigh 0.22uM syringe filter. Filtered
422  supernatant was subjected to Ni-NTA affinity chreoggaphy in 10 mM Tris-HCI pH 7.9, 600
423  mM KCI, 5% glycerol with 50 mM imidazole washes a@ mM imidazole elution. The eluted
424  protein (in 600 mM KCI) was diluted (~100 mM KClIna applied to a pre-equilibrated with
425 (10 mM Tris-HCI pH 8.0, 100 mM KCI, 5% glycerol) ral Resource Q column, Cytiva. The
426  column was washed with 5 CV of equilibration buffand the protein was eluted by applying a
427 linear salt gradient (100-1 M KCI) over 10 CV. Tperified NusG (9QuM) was checked using
428 SDS-PAGE, stored in Storage Buffer (40 mM Tris-HEl 8.0, 200 mM KCI, 1 mM EDTA, 1
429 mM DTT, 5% glycerol) at -80 °C. Cyanobacteria-sfiedoop of NusG (residues 110-122) was
430 deleted by site-directed mutageneses, and the tMtesG was isolated as the WT protein.
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431  The open reading frame encoding separate fullSidedomain was cloned into pET28 vector,
432 overexpressecE. coli T7Express cells (New England Biolabs) as the Wieal His-tagged
433 protein, and isolated via Ni-NTA affinity chromataghy on HisTrap column, Cytiva, similarly
434 to NusG protein. After affinity chromatography tpeotein was dyalised against the storage
435  buffer (20 Tris-HCI pH 8.0, 200 mM KCI, 1 mM EDTA,mM DTT, 50% glycerol).

436

437  Sample preparation for cryo-EM

438  The cyRNAP EC with NusG was reconstituted in vidgomixing 5pM cyRNAP with equimolar
439 amounts of template DNA and RNA (Fig. 2A) in staraguffer at 37 °C for 10 minutes,
440 followed by mixing with 7uM nontemplate DNA and incubating further for 10 otes. The
441  resulting EC was mixed with /M NusG and incubated for 10 min at 37 °C. CHAPSOn(Q)
442  was added to the sample just before vitrificatioime iINTP-bound EC was prepared by adding 1
443 mM 3’-deoxyATP or CTP to the EC with NusG and inatibg for 5 min at 37 °C. Another
444  difference between the EC- and iNTP-bound ECsesntintemplate DNA used in the scaffold,
445  the latter of which contains complementary trandion bubbles.

446

447  Grid preparation for cryo-EM

448  C-flat Cu grids (CF-1.2/1.3 400 mesh, Protochipsridville, NC) were glow-discharged for 40
449  seconds using the PELCO easiGI8vsystem prior to application of 3 of the sample (2.5 —
450 3.0 mg/ml protein concentration) and plunge-fregzmliquid ethane using a Vitrobot Mark IV
451 (FEI, Hillsboro, OR) with 100% chamber humidity=atC.

452

453  Cryo-EM data acquisition and processing

454  Data were collected using a Titan Krios (Thermd & microscope equipped with a Falcon IV
455  direct electron detector (Gatan) at Penn State -EMoFacility. Sample grids were imaged at
456 300 kV, with an intended defocus range of -2.5@5 pum and a magnification of 75,000X in
457  electron counting mode (0.87 A per pixel). Moviesrev collected with a total dose of 45
458  electrons/A Downstream processing was performed with CryoSBABB). The movies were
459  corrected and aligned using patch motion corredbtiawed by patch CTF correction. Particles
460 were picked using a template-based autopicksdt multiple rounds of 2D classification to

461  discard bad particles. The 2D classes with EC-Npe@cles were selected and used for training
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462 the Topaz model (34). The Topaz-extracted partiglese subjected to multiple rounds of
463  heterogeneous refinement to remove junk parti¢teglly, a nonuniform refinement operation
464  was run on the final set of particles to yield teeonstruction (SFigs. 4 and 6).

465

466  Structurerefinement and model building

467 A model of the cyRNAP core enzyme was constructeldmology modeling using core RNAP
468  from the cryo-EM structure of th&n6803 RNAPe” promoter DNA open complex as a
469  reference model. A model of cyNusG was construati¢hl the AlphaFold2 gene (35). DNA and
470  RNA models were constructed using thecoli RNAP elongation complex (PDB: 7MKO) as a
471  guide. The cyRNAP gene was manually fitted intodh@-EM density map using Chimera (36),
472  followed by rigid body and real-space refinemenhg<oot (31) and Phenix (37).

473

474  Inwvitrotranscription in the assembled elongation complexes

475  ECs were assembled and immobilized as describgd $8§uences of the oligonucleotides used
476  for the assembly of ECs are shown on Fig.4C. Feerably of ECs used for experiments on Fig.
477  4C, 13 nt long RNA was radiolabelled at the 5'-amith [y -*2P] ATP and T4 Polynucleotide
478 kinase (New England Biolabs) prior to complexeseadsy. Stalled elongation complexes
479 EC14, EC15 and EC16 were obtained by extensioheiritial RNA13 in EC13 with 1M
480 NTP sets according to the sequence for 5 min aed were washed with TB to remove fg
481 and NTPs. Reactions were initiated by addition @M MgCk with or without either 1uM

482 NTPs or 250uM PPi. Single nucleotide addition and pyrophosplysie experiments were
483  performed at 30°C in transcription buffer (TB) caning 20 mM Tris—HCI pH 6.8, 40 mM KClI,
484 10 mM MgCh, transcript hydrolysis was done in the same buéfetept at pH 7.9. After
485 incubation for intervals of time specified on Figsy reactions were stopped with formamide-
486  containing buffer. Products were resolved by demagu23% polyacrylamide gel electrophoresis
487 (PAGE) (8 M Urea), revealed by Phosphorimaging i§@ytand visualized using ImageQuant
488  (Cytiva) software. Kinetics data were fitted to iagie exponential equation ysya™ using
489  SigmaPlot software by non-linear regression tordatee rate constants of the reactions.

490

491  Denaturation and renaturation of cyRNAP
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492  Denaturation of cyRNAP was performed by incubatthg purified protein for 20 min in
493  denaturing buffer containing 20 mM Tris-HCI (pH ).8 M guanidine-HCI, 5% glycerol, 1 mM
494 EDTA, and 10 mM DTT at 30 °C in a 100 pl volume amith a cyRNAP concentration of 0.5
495 mg/ml. Recombinant Si3 was included in 2.5 molatess. The proteins were renatured via
496  overnight dialysis at 7 °C against renaturing butfentaining 20 mM Tris-HCI (pH 7.9), 200
497 mM KCI, 10% glycerol, 2 mM MgG| 10 uM ZnC}, 1 mM EDTA, and 1 mM DTT. Aliquots of
498 the renaturation mixture and their serial dilutiovese used for nucleotide addition experiments
499 on assembled constructs containing template DNA RNé oligonucleotides. A 13 nt RNA
500 oligonucleotide was radiolabeled at the 5’ end With->*P] ATP and T4 polynucleotide kinase
501 (New England Biolabs) prior to EC assembly. Thadated on the Fig. 5C amount of assembly
502 #

503  mixture was incubated with the RNA-DNA duplex fom&n at room temperature, then 10 uM
504 GTP was added for 10 minutes at 30°C. Reaction® wtspped and products analyzed as
505  before.

506

507 Complex formation between the Si3 protein and core cyRNAP

508 For the binding experiment 150 nM core enzymeslabqiM Si3 proteins were incubated for 10
509 minutes at 4°C in 20 mM Tris-HCI pH 7.9, 40 mM KGhixed with loading dye (final
510 concentration is 50mM BisTris pH 7.2, 50mM NaCl.%d@lycerol, 0.001% Ponceau S) and
511 resolved on the NativePAGE 3-12% Bis-Tris gel, frogen using running buffers prepared
512  according to the manufacturer, for 90 minutes &\V155el was fixed with 50% methanol,10%
513  acetic acid solution, and additionally de-staingdbbiling in 8% acetic acid.

514

515  Salt stability of elongation complexes

516  Elongation complex was assembled using oligos shmwS8Fig. 5B. 14 nt RNA in ECs on was
517 radiolabelled at the 3’ end by incorporation offP] GTP into original 13 nt long RNA. To
518 examine the stability of ECs, ECs bound to thepsar@din sepharose beads, Cytiva via strep tag
519 on B subunit of cyRNAP, were incubated in TB containi@ mM KCI at 30°C for times
520 specified on SFig. 5B. WT or mutant NUS&*?* were added where specified au¥ final

521  concentration. Supernatant and total fractions wenlected for analysis. Reactions were
522  stopped and products analyzed as before.
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Figure legends
Fig. 1. X-ray crystal structure of TelSiI3AN. (A) The thick bars represent the primary sequences

of the largest subunits of the bacterial, chloreplnd archaeal RNAPs. Domains (Si3, green
boxes) and structural motifs (RH, rim helix; BHidge helix; TL, trigger loop) are labeled. The
lettered boxes represent evolutionarily conseregibns. The split ends of the two polypeptides
are indicated by black triangles. (B) Crystals @SI3AN. (C) Structure of TelSi8N. Six
molecules of TelSIBN (I~VI) are present in the asymmetric unit. Mollssuare depicted as
cartoon models with transparent surfaces, and esalcule is denoted by a unique color and
labeled. (D) The backbone is colored as a ramp fiteenN-terminus to the C-terminus, from
blue/cyan/green/yellow/orange/red. SBHMs are labdldo 8, and subdomains (tail, fin, body
and head) are indicated. The Tel@Bstructure lacks SBHM-1, and the trigger loops End
TLc) are depicted as blue oval and pink cylinderspeesvely, with black lines showing their
connections with TelSI8N. (E) Molecules 1 and 3 of TelRi8l are superimposed via fin

subdomains, revealing flexibility in the orientatiogtween the fin and body/head subdomains.

Fig. 2. Cryo-EM image of the cyRNAP elongation complex with NusG. (A) The sequence of
the DNA/RNA scaffold used for the EC-NusG assem(iiynplate DNA, green; nontemplate
DNA, yellow; RNA, red). DNA and RNA regions lackirggyo-EM density are underlined. (B)
Orthogonal views of the cryo-EM density map. Sutsiand domains of cyRNAP, DNA, RNA
and NusG are colored and labeled (RH, rim helixat,pprotrusion; downDNA, downstream
DNA; upDNA, upstream DNA). The split ends of thd and 3’2 subunits are indicated by
white circles. The SBHMs in Si3 are labeled 1 tq®) Cryo-EM density of DNA, RNA and
NusG are shown with a transparent RNAP density (ndpNA, nontemplate DNA; ssSRNA,
single-stranded RNA). The 5" and 3’ ends of the R&ta indicated. The cryo-EM density map
is colored according to B. (D) Efficient storageasf elongated and large Si3 molecule on the
surface of cyRNAP. The structure of EC-NusG is sh@s a transparent surface, and the Si3,
DNA/RNA and trigger loop (Th, TLc) regions are shown as cartoon models. SBHMs are
labeled 1 to 8, and subdomains (tail, fin, body hedd) are indicated. The active site of RNAP
is designated by catalytic Mg(magenta sphere).
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554  Fig. 3. Comparison of the structures of cyRNAP, E. coli RNAP and eukaryotic RNAPII.

555  The structures of cyRNAPA(, E. coli RNAP with GreB (PDB: 6RINB) and yeast RNAPII
556 (PDB: 7MLO, C) are shown as transparent surfaces with domauisngs and a factor
557 described in the main text.

558

559  Fig. 4. Si3 movement during the trigger helix folding. (A) Cryo-EM maps of the iNTP-bound
560 (gray) and INTP-free (light blue) states of the NGsG strains (RH, rim helix; prot, protrusion;
561 UpDNA, upstream DNA). Arrows indicate movement aB Sy trigger helix folding. (B)
562  Conformational change in Si3 during the transifimm the trigger loop (TL) to the trigger helix
563 (TH) by INTP (blue stick model) binding. The reddalblack arrows indicate movements of the
564 TL/TH-Si3 linker and Si3, respectively. A pivot pbifor converting the movement of the linker
565 to the swing motion of Si3 is shown as a blue fpansnt circle. (C) Si3 does not influence
566 catalysis by cyRNAP. Scheme and sequence of themddsd elongation complex used for
567 experiments with WT andSi3 RNAPs. The table represents the summary ofticzacate
568 constants of single nucleotide additidR+), pyrophosphorolysiskgp) and transcript hydrolysis
569  (kow.) in EC14, EC15 and EC16 by WT an®i3 RNAPs. The values that follow the + sign are
570 the values of standard deviation derived from thmedependent experiments. The shade of green
571 in the cells reflects the value of the constaet, darkest shade corresponds to the highest rate.
572  The right column shows the predominant translooasitates of the elongation complexes, as
573 deduced from the relative rates of reaction. Schemd&NAP oscillation in translocation
574  equilibrium and the architecture of the nucleicdascaffold of the elongation complex in
575 post translocation, pretranslocation and backtracked states, as adaptmd {21). The
576  template DNA, the non template DNA and the RNA are green, yellow and pmelspectively.
577  Catalytic Md* ions and the i+1 site of the RNAP active centerstrown by a red circle and a
578  blue rectangle, respectively.

579

580 Fig. 5. Si3 functions. (A) The cryo-EM structures of cyRNAP in the EC {Jednd the promoter
581  complex (right, PDB: 8GZG). The contact between!®ad and” in the promoter complex is
582 indicated by a black circle. (B) Si3 is not reqdifer cyRNAP assembly or maturation. WT and
583  ASi3 cyRNAPs were denatured and subsequently reatgtafter which their activity was tested
584  on the construct mimicking the DNA template—RNAnseript duplex structure by their ability
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585 to incorporate the next nucleotide, G, dictatedthmy template. Twofold serial dilutions of the
586 assembly mixture with the indicated initial amouofscore enzymes were tested. The vertical
587 lines indicate the positions where the parts ofstime gel were combined. (C) The recombinant
588  Si3 protein can bindSi3 cyRNAP but not WT cyRNAP. The complex formatioetween the
589 indicated proteins was analyzed by blue native golylamide gel electrophoresis. The vertical
590 line indicates the position where two parts ofshee gel were combined.

591

592 Data, Materials, and Software Availability. The X-ray crystallographic density map and the
593 refined model have been deposited in Protein DaaakB(www.rcsb.org) under accession
594 number 8EMB. The cryo-EM density map and the refimeodel have been deposited in
595 Electron Microscopy Data Bank (www.ebi.ac.uk/emdiiier accession numbers EMD-40874
596 (INTP-free EC-NusG) and EMD-42502 (iNTP-bound ECsB) and in Protein Data Bank
597  (www.rcsb.org) under accession numbers 8SYI (iNfE#e-EC-NusG) and 8URW (iNTP-bound
598 EC-NusG). All study data are included in the aetighd/or SI Appendix.
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