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Abstract 24 
The anoxygenic phototrophic bacterium Heliobacterium modesticaldum contains a photochemical 25 
reaction center protein complex (called the HbRC) consisting of a homodimer of the PshA 26 
polypeptide and two copies of a newly discovered polypeptide called PshX, which is a single 27 
transmembrane helix that binds two bacteriochlorophyll g molecules. To assess the function of 28 
PshX, we produced a ∆pshX strain of Hbt. modesticaldum by leveraging the endogenous Hbt. 29 
modesticaldum Type I-A CRISPR-Cas system to aid in mutant selection. We optimized this system 30 
by separating the homologous recombination and CRISPR-based selection steps into two plasmid 31 
transformations, allowing for markerless gene replacement. Fluorescence and low-temperature 32 
absorbance of the purified HbRC from the wild-type and ∆pshX strains showed that the 33 
bacteriochlorophylls bound by PshX have the lowest site energies in the entire HbRC. This 34 
indicates that PshX acts as a low-energy antenna subunit, participating in entropy-assisted uphill 35 
energy transfer towards the P800 special bacteriochlorophyll g pair. We further discuss the role that 36 
PshX may play in stability of the HbRC, its conservation in other heliobacterial species, and the 37 
evolutionary pressure to produce and maintain single-TMH subunits in similar locations in other 38 
reaction centers. 39 
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1. Introduction 41 
 In organisms capable of phototrophy, photochemical reaction center (RC) complexes 42 
absorb light to catalyze electron transfer (ET) from a high-potential electron donor to a low-43 
potential electron acceptor across the cell membrane (Blankenship, 2014). RCs belong to an 44 
ancient family of multi-subunit transmembrane proteins that bind photoactive porphyrin-based 45 
pigments (Cardona, 2015; Sadekar et al., 2006). The core of the RC is a dimer of five-46 
transmembrane-helix (TMH) domains that bind six pigments at their interface; these six pigments 47 
participate in ET and are called the ET cofactors. RCs are generally classified by the species that 48 
accepts electrons from the ET cofactors: in Type I RCs, they donate electrons to a [4Fe-4S] cluster 49 
which then can reduce the cellular ferredoxin pool; in Type II RCs, they donate electrons to 50 
quinone molecules that then diffuse into the membrane as quinol (Cardona et al., 2012; Orf et al., 51 
2018; Rutherford et al., 1996; Vassiliev et al., 2001). 52 
 The first step in the RC catalytic cycle is absorption of light by pigments in the periphery 53 
of the complex that specialize in excitation energy transfer rather than ET. The excited state 54 
migrates through these “antenna pigments” to the core where it reaches the ET cofactors. Upon 55 
doing so, the electronic excited state triggers a charge separation event, and an electron is 56 
transferred through the ET cofactors along a potential energy gradient toward the terminal acceptor 57 
(Blankenship, 2014; Nelson and Yocum, 2006). 58 

Most phototrophs have accessory proteins, called antenna complexes, that bind additional 59 
antenna pigments to harvest light and direct the excitation energy into the core of the RC (Bryant 60 
and Frigaard, 2006; Hohmann-Marriott and Blankenship, 2011). Unlike the cores of RCs, the 61 
architecture and pigment density of the antenna complexes vary widely amongst the different 62 
families of phototrophs. For example, cyanobacteria contain large, soluble, megadalton complexes 63 
called phycobilisomes, while the purple bacteria have smaller, membrane-bound antenna 64 
complexes called LH1 and LH2 (Bryant and Canniffe, 2018). Heliobacteria, in contrast, are unique 65 
in that no extrinsic antenna complexes that aid their RC (called the HbRC) in harvesting additional 66 
light have yet been discovered (Trost and Blankenship, 1989). The HbRC has a similar architecture 67 
to the core of Photosystem I (found in oxygenic phototrophs), in that it contains six additional 68 
TMH fused to the N-terminus of the ET core domain, which constitute an intrinsic antenna domain. 69 
However, unlike Photosystem I, the HbRC is composed of a symmetrical, homodimeric core and 70 
contains many fewer subunits and antenna pigments overall (Gisriel et al., 2017; Jordan et al., 71 
2001; Liebl et al., 1993). 72 

The 2.2-Å crystal structure of the HbRC from Heliobacterium (Hbt.) modesticaldum 73 
(Gisriel et al., 2017) revealed the binding of 62 pigments total: 54 bacteriochlorophyll (BChl) g, 4 74 
BChl gʹ (the C-131 epimer of BChl g), two 81-hydroxychlorophyll a (81-OH Chl a), and two 4,4ʹ-75 
diaponeurosporene (Dia). Each PshA core polypeptide binds 23 BChl g/gʹ pigments dedicated to 76 
harvesting light. Two copies of an additional single-TMH subunit, named PshX, were also 77 
identified, each of which binds two additional BChl g pigments (Fig. 1). Using the structure of 78 
PshX to deduce a partial primary sequence, a putative pshX gene was identified in the Hbt. 79 
modesticaldum genome (Gisriel et al., 2017); however, this gene is not located within the 80 
conserved gene cluster containing all of the other phototrophy-related genes. 81 

Based on the crystal structure, the HbRC binds about half the number of antenna (B)Chls 82 
as in Photosystem I (Jordan et al., 2001; Orf et al., 2018). Coupling this observation to the lack of 83 
extrinsic antenna complexes in the heliobacteria reveals that oxygenic phototrophs contain one-to-84 
two orders of magnitude more antenna pigments per photochemical trap than the heliobacteria, 85 
depending on species and environmental conditions. 86 
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 87 

 88 
Fig. 1: Location and architecture of the PshX subunit of the HbRC from Hbt. modesticaldum. Presented 89 
are views of the entire complex (A) from within the membrane and (B) from the N-side of the membrane. The 90 
area near PshX in (B) is magnified in (C). Antenna bacteriochlorophylls bound by PshA are colored in lime, 91 
antenna bacteriochlorophylls bound by PshX are colored in blue, ET cofactors are colored in red, and the 92 
carotenoid is colored in orange. The coordination bonds between each antenna BChl and the protein backbone 93 
are shown as black dashes. Numerical labels for the pigments refer to those assigned by the Protein Data Bank 94 
(PDB code 5V8K). All (B)Chl tails and ring substituents are hidden for clarity. 95 

 96 
Why the heliobacteria have maintained this low pigment complement is unknown. The 97 

addition of the PshX subunit to the HbRC does not greatly enhance the number of BChls in each 98 
HbRC, and thus, from a pigment density perspective, would not seem to confer a large advantage. 99 
However, PshX does bind near numerous other antenna BChls, the ET cofactors, and the 4,4ʹ-100 
diaponeurosporene (Dia) carotenoid and may affect their function (Fig. 1C). Therefore, in this 101 
study, we sought to use a reverse genetics approach, constructing a ∆pshX mutant of Hbt. 102 
modesticaldum to study the function of the PshX subunit. 103 

The heliobacteria are members of the phylum Firmicutes and are most closely related to 104 
medically and biotechnologically important Clostridia spp. (Asao and Madigan, 2010; Sattley et 105 
al., 2008) Genetic engineering methodologies for Clostridia spp. are considered to be relatively 106 
immature, generally due to poor efficiencies of both transformation and homologous 107 
recombination (Pyne et al., 2014). The heliobacteria are subject to these same drawbacks. 108 
However, we recently published work advancing genetic engineering efforts in the model 109 
heliobacteria species, Hbt. modesticaldum (Baker et al., 2019b, 2019a; Orf and Redding, 2019). 110 
Drawing inspiration from work performed with Clostridium pasteurianum (Pyne et al., 2016) and 111 
Clostridium tyrobutyricum (Zhang et al., 2018), we succeeded leveraging the endogenous 112 
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heliobacterial Type I-A CRISPR-Cas system to select for chromosomal gene replacements (Baker 113 
et al., 2019a). In that work, we replaced the HbRC core polypeptide gene pshA with a cbp2p-aph3 114 
cassette conferring kanamycin resistance. To achieve this, we constructed a single plasmid that 115 
contained a module for homologous recombination at the pshA locus and a module containing 116 
synthetic CRISPR spacers that would direct Hbt. modesticaldum to attack any copies of its own 117 
pshA gene on its own chromosomes. This combinatorial method alleviated the low (< 1%) 118 
replacement efficiency when using homologous recombination alone. However, it also required 119 
replacement of the deleted gene with a selectable antibiotic resistance marker. Additionally, we 120 
found that consistently growing the mutants in the presence of antibiotic negatively affects their 121 
growth and recombinant protein expression levels (Orf and Redding, 2019).  122 

To address the shortcomings of our previous methodology, and to construct the desired 123 
∆pshX mutant for the current study, we separated the homologous recombination and CRISPR-124 
based selection steps to enable markerless gene replacements or knockouts. We term this a “Two-125 
Step” method, as it requires two transformations, to distinguish it from the “One-Step” method 126 
originally used to delete pshA (Baker et al., 2019a). Using this method, we demonstrate recovery 127 
of several independent, markerless ∆pshX mutants of Hbt. modesticaldum. 128 
 129 
2. Materials and Methods 130 
2.1 Plasmid construction 131 
 DNA sequences were maintained electronically using the software package SnapGene® 132 
(GSL Biotech; available at www.snapgene.com). Kits for PCR purification and plasmid minipreps 133 
were obtained from Qiagen USA (Germantown, MD). Desalted oligonucleotides were purchased 134 
from Integrated DNA Technologies (Coralville, IA) (Supplementary Information, Table S1). 135 
Unless otherwise noted, all enzymes used for DNA manipulations were obtained from New 136 
England Biolabs (Ipswitch, MA) and used according to the manufacturer’s protocols. Q5 DNA 137 
Polymerase was used to amplify DNA via PCR, DpnI was added to restriction digests of PCR 138 
amplicons to degrade template DNA, and Antarctic Phosphatase was added to restriction digests 139 
of plasmids to prevent recircularization. If annealed oligos were used as a cloning substrate, 140 
annealing was performed as follows: dissolved oligos were mixed together to a final concentration 141 
of 5 µM each in TE Buffer (New England Biolabs), then heated at 95 °C for 5 min followed by a 142 
slow (0.1 °C s-1) cooling to 4 °C.   143 

After each cloning step, plasmids were introduced into Escherichia coli strain TOP10 144 
(ThermoFisher, Waltham, MA) using chemical transformation. Recombinant E. coli strains were 145 
selected in lysogeny broth (LB) at 37 °C supplemented as-needed with 30 mg L−1 chloramphenicol, 146 
50 mg L−1 kanamycin, or erythromycin (300 mg L−1 on solid media, 100 mg L−1 in liquid 147 

The Step 1 plasmid pPB1258 was constructed by restriction cloning (Supplementary 148 
Information, Fig. S1). First, the cbp2p-aph3 cassette conferring kanamycin resistance from 149 
plasmid pPB1199 (Baker et al., 2019a) was PCR-amplified using the primer pair cbp2p-for-AscI 150 
+ aph3-rev-PmeI, which places AscI and PmeI restriction sites on the 5ʹ- and 3ʹ-ends of the 151 
amplicon, respectively. This amplicon was restriction-cloned into pMTL86221 (Baker et al., 152 
2019b; Heap et al., 2009) using the AscI and PmeI enzymes. This resulted in the plasmid pPB1216, 153 
in which the previous Emr cassette and Gram-positive ori cassette have been replaced by the new 154 
Kmr cassette. To pare down the multiple cloning site of pPB1216, this plasmid was cut with NotI 155 
and AscI; the annealed oligo pair custom-MCS-for + custom-MCS-rev was inserted into this cut 156 
plasmid, producing pPB1218. Next, upstream and downstream regions of the pshX gene were 157 
PCR-amplified out of Hbt. modesticaldum using the primer pairs pshX-up-for-HindIII + pshX-up-158 
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rev-spac-SphI and pshX-down-for-spac-SphI + pshX-down-rev-HindIII. These two amplicons 159 
were ligated into pPB1218 using HindIII and SphI. The resulting plasmid pPB1258 now contained 160 
1) the p15A Gram-negative ori/traJ/oriT cassette for E. coli maintenance and conjugation, 2) a 161 
pshX recombination template containing upstream and downstream regions flanking a synthetic 162 
replacement sequence (RS) of our own design, and 3) a Kmr cassette outside of the pshX 163 
recombination region. 164 

The Step 2 plasmid variants pPB1322 and pPB1384 were constructed using Golden Gate 165 
assembly (Supplementary Information, Fig. S2). The Gram-positive replicating plasmid 166 
pPB1348 constructed previously to knockout the pshA gene (Baker et al., 2019a) was the starting 167 
substrate. pPB1348 was digested with BamHI and XhoI and ligated with a g-block called fake-168 
spacer which had been digested with SalI and BglII to produce the plasmid pPB1211. This 169 
procedure inserted a Golden-Gate-friendly cassette behind the enop promoter which could be used 170 
to insert pshX-targeting CRISPR spacers. The spacers were chosen after inspection of the pshX 171 
gene (Supplementary Information, Fig. S3). The Golden Gate was a 4-piece assembly consisting 172 
of pPB1211, two spacers constructed from annealed oligos, and a direct repeat (DR) sequence 173 
consisting of 5’-phosphorylated annealed oligos (Supplementary Information, Fig. S2). Each 174 
Golden Gate Assembly was a 20-µl reaction containing: 100 ng of plasmid, 0.15 pmol of each 175 
annealed oligo insert, 2 µl NEB 10X T4 Ligase buffer, 2 µl NEB T4 Ligase, 1 µl BsaI-HFv2 176 
enzyme, and water up to 20 µl. The final plasmid products, pPB1322 and pPB1384 differed only 177 
in their combination of pshX-targeting synthetic CRISPR spacers (Supplementary Information, 178 
Figs. S2 and S3). The temperature program for the Golden Gate Assembly was as follows: 37 °C 179 
for 10 min followed by 16 °C for 10 min (repeated 10 times) o 50 °C for 5 min o 80 °C for 20 180 
min o 4 °C hold. After the assembly, 3 µl of reaction was sufficient to transform E. coli TOP10. 181 

To facilitate conjugative transfer of the Step 1 and Step 2 plasmids, two new 182 
methyltransferase helper plasmids were constructed (Supplementary Information, Fig. S4). The 183 
first, pPB191, is identical to pPB347 (Baker et al., 2019b) except that it lacks the HM1_3004 gene, 184 
which we have found to not enhance transformation efficiency (data not shown). The second, 185 
pGO1717, was constructed by PCR-amplifying the DNA methyltransferase cassette (including the 186 
ara promoter and repressor), using the primer pair 191-mto-fwd-AscI + 191-mto-rev-FseI, and 187 
ligating this product to the PCR-amplified backbone of pET21(b)+ (using the primer pair pET-bb-188 
for-FseI + pET-bb-rev-AscI) after digestion with AscI and FseI. 189 
 190 
2.2 Transformation of Hbt. modesticaldum 191 

All manipulations of Hbt. modesticaldum were performed in a Coy Anaerobic Chamber 192 
(Coy Laboratory Products, Grass Lake, MI) filled with 75% N2/20% CO2/5% H2, and all media 193 
were prepared anoxically. All Hbt. modesticaldum strains were grown inside the chamber in a Coy 194 
Model 2000 forced air incubator set at 50 °C and fitted with 790 nm LED panels. Serum vials 195 
containing liquid media were crimped shut and agar plates were sealed in clear bags to prevent 196 
water loss. When necessary, liquid or solid PYE was supplemented with 50 mg L-1 Km or 10 mg 197 
L-1 Em.  198 

Transformation of Hbt. modesticaldum strains using biparental conjugation with E. coli 199 
S17-1 was performed as described previously (Baker et al., 2019b) with the following minor 200 
changes. When conjugating the Step 1 plasmid pPB1258 into the wild-type strain, pGO1717 was 201 
used as the methyltransferase helper plasmid. When conjugating the Step 2 plasmids pPB1322 or 202 
pPB1384 into the Step 1 integrant strains, pPB191 was used as the methyltransferase helper 203 
plasmid.  204 
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Initial Step 1 integrants were selected in the light on PYE-agar plates supplemented with 205 
Km. Multiple colonies were grown up in liquid PYE also containing Km. Two days before the 206 
Step 2 conjugation, integrant cultures were diluted 100-fold into fresh PYE lacking Km. The Step 207 
2 conjugations were performed on multiple independent Step 1 transformants. The resulting Step 208 
2 transformants were selected in the light on PYE-agar plates supplemented with Em only. Single 209 
colonies were screened for Km sensitivity and Em resistance. Independent colonies that met both 210 
requirements were then genotyped by PCR. Conjugations were performed on agar plugs in 12-211 
well plates for 4 hours at 42 °C as described previously  (Baker et al., 2019a). Once colonies were 212 
confirmed by PCR, Em selection could be dropped and the Step 2 plasmid could be cured. 213 
 214 
2.3 Genotype confirmation 215 

Independently derived colonies that were both Emr and Kms were scaled up to 15-mL 216 
cultures. Genomic DNA was purified as described previously (Baker et al., 2019a) and used as the 217 
template for a probe PCR reaction. The pshX locus and was PCR amplified using the primers pshX-218 
probe-for, which binds just upstream of the 1-kb upstream homologous recombination region, and 219 
pshX-probe-rev, which binds just downstream of the 1-kb downstream homologous recombination 220 
region. Reagents used for PCR were the same as those used for plasmid construction. The resulting 221 
amplicons were PCR purified and quantitated prior to SphI digestion and agarose gel 222 
electrophoresis.  223 
 224 
2.4 Growth curve and HbRC quantification 225 
 Cultures of Hbt. modesticaldum WT and the three independent ∆pshX clones were pre-226 
adapted to high light (~68 µE light from a 790 nm LED source), low light (~17 µE light from a 227 
790 nm LED source), and dark conditions over three sub-culturing rounds. Light flux was 228 
confirmed through use of an LI-250 radiometer equipped with an LI-190R pyranometer Vis-NIR 229 
sensor (LI-COR Biosciences, Lincoln, NE). Growth curves were initiated by inoculating 230 
biological and technical replicates into individual wells of 96-well plates and sealed with plastic 231 
film. Plates were briefly removed from the anaerobic glovebox incubator at regular intervals to 232 
measure the absorbance at 735 nm using an Epoch Microplate Spectrophotometer (BioTek 233 
Instruments Inc., Winooski, VT). This wavelength was chosen because it lies between major 234 
BChl g absorbance bands (i.e., 590, 670, and 780 nm). Growth data were collected over 40 h, 235 
blank-corrected, and appropriately averaged. 236 

The quantification of steady-state levels of HbRC expression were measured as described 237 
previously (Orf and Redding, 2019). Pre-adapted cultures were first grown to late log-phase. 238 
Aliquots were placed in screw-top cuvettes and diluted with fresh media to an OD1000 ~ 0.2 as 239 
determined from a full absorbance spectrum in the 350-1000 nm range. Laser flash-induced P800 240 
photobleaching transients were collected using a JTS-10 LED kinetic spectrometer (Bio-Logic 241 
Inc., Claix, France) equipped with a Continuum Minilite frequency-doubled Nd/YAG laser. Using 242 
the maximal measured photobleaching amount, the known extinction coefficient for BChl g in the 243 
HbRC (van de Meent et al., 1991) and the number of BChl g per HbRC (Gisriel et al., 2017), the 244 
concentration of HbRC in each culture was calculated using the Beer-Lambert law. This 245 
concentration was divided by cell scattering (OD1000) to normalize the amount of HbRC to the 246 
density of cells. Three technical replicates of each strain were performed and averaged. 247 
 248 
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2.5 Purification of HbRC 249 
HbRC lacking the PshX subunit was purified from Hbt. modesticaldum ∆pshX using 250 

cation- and anion-exchange chromatography (Gisriel et al., 2017). Purification yields were about 251 
1-2 mg purified HbRC protein per 1 L of late log-phase culture. Wild-type HbRC (containing 252 
PshX) subunit was purified in the same way from the Hbt. modesticaldum Ice1 strain. 253 
 254 
2.6 Polyacrylamide gel electrophoresis 255 

SDS-PAGE was performed using the Tris-Tricine gel system as described previously (Orf 256 
and Redding, 2019; Schägger, 2006). For each HbRC variant, 5 µL of protein solution at OD787 = 257 
10 (determined to contain 8.5 pmol of protein (Sarrou et al., 2012)) were solubilized with 5 µL 258 
Coomassie loading buffer (with added reductant). Samples were then incubated at 50 °C for 30 259 
minutes. All 10 µL of each sample were loaded onto a gel composed of a 15% polyacrylamide 260 
resolving layer and 4% polyacrylamide stacking layer. Voltage was applied to the gel system at 30 261 
V for 30 min, then 120 V until sufficient separation had occurred. The gels were silver-stained and 262 
photographed according to a method described previously (Chevallet et al., 2006), except that 12% 263 
(v/v) glutaraldehyde was used as the fixative instead of formaldehyde. 264 

 265 
2.7 Steady-state spectroscopy 266 

Steady-state absorbance spectra of heliobacterial cells were collected as described 267 
previously (Baker et al., 2019a) using a fiber optic spectrometer (StellarNet Inc, Tampa, FL, USA) 268 
equipped inside the anaerobic glovebox. Steady-state absorbance spectra of purified protein was 269 
collected using a UV-2600 spectrometer (Shimadzu Scientific Instruments, Columbia, MD, USA). 270 
For 77 K measurements of purified protein, samples were buffer-exchanged into 50 mM MOPS, 271 
pH 7.0 + 60% glycerol + 0.05% β-DDM and frozen in an Optistat DN-2 liquid nitrogen optical 272 
cryostat (Oxford Instruments, Oxfordshire, UK). 273 

 274 
2.8 Time-resolved spectroscopy 275 

To measure the kinetics of HbRC photochemistry in the femtosecond-to-nanosecond 276 
range, laser-flash induced transients were collected using a HELIOS Fire femtosecond transient 277 
absorption spectrometer (Ultrafast Systems, Sarasota, FL, USA), as described previously (Pan et 278 
al., 2016). 800-nm laser pulses, 100-fs in duration, were generated using a Tsunami and Spitfire 279 
regenerative amplifier system at a repetition rate of 1 kHz (Spectra-Physics, Santa Clara, CA, 280 
USA). The beam was split, with one part pumping an OPA-800 optical parametric amplifier 281 
(Spectra-Physics) to generate 800 nm pulses for sample excitation. The other part of the beam was 282 
transformed into broadband visible (400-780 nm) probe pulses by focusing onto a 3 mm sapphire 283 
plate before being sent to an optical compressor and onto the sample. The resulting transient 284 
absorption changes in the visible range were measured using a DU-420 CCD camera (Andor 285 
Technology, Belfast, UK). The pump pulses were depolarized before focusing on the sample. 286 
HbRC samples reduced with sodium dithionite (10 mM) were loaded into a quartz cuvette at a 287 
final OD787 of ~0.8 in an optical path length of 2 mm and continuously stirred during the 288 
experiment. HbRC samples reduced with sodium ascorbate (10 mM) and phenazine methosulfate 289 
(PMS, 5 µM) were loaded in a home-built spinning wheel cuvette with a final OD787 of ∼0.8 in an 290 
optical path length of 1.2 mm. All measurements were performed at room temperature. 291 

The transient spectra collected with the HELIOS Fire instrument were first corrected for 292 
spectral dispersion in SurfaceXplorer 4 (Ultrafast Systems, Sarasota, FL, USA) and data analysis 293 
was performed using the in-house program ASUFIT, written in MATLAB. ASUFIT 294 
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simultaneously (globally) fits n-component absorbance changes ('A) as a function of both 295 
wavelength (O) and delay time (t) using the equation 296 

 297 

 ∆𝐴(𝜆, 𝑡) = ∑ 𝑎𝑖(𝜆)𝑒
−𝑡
𝜏𝑖𝑛

𝑖=1  298 
 299 
where �Wi is the decay lifetime of the ith component and ai is the wavelength-dependent amplitude 300 
of the ith component. The instrument’s temporal response function was assumed to approximate a 301 
Gaussian shape with a FWHM of ~100-200 fs. The number of significant spectral-kinetic 302 
components (n) was determined by singular value decomposition. Global fitting using n 303 
components was first performed with a sum-of-exponentials model (e.g., A,B,CoD) to 304 
approximate decay lifetimes, then repeated and refined using an irreversible sequential model (e.g., 305 
AoBoCoD). The results of the fitting according to the sequential model are presented and 306 
termed evolution-associated decay spectra (EADS). 307 

To measure the kinetics of HbRC photochemistry in the microsecond-to-second range, 308 
laser flash-induced P800 photobleaching transients were collected using a JTS-10 LED kinetic 309 
spectrometer (Bio-Logic Inc., Claix, France) equipped with a Continuum Minilite frequency-310 
doubled Nd/YAG laser and a 803-nm LED probe, as described previously (Sheehy et al., 2018). 311 
Aliquots were placed in screw-top 10 mm square glass cuvettes and diluted with fresh media to an 312 
OD788 of ~0.5. Aliquots of concentrated, purified HbRC were placed in screw-top 10 mm square 313 
glass cuvettes and diluted with fresh buffer (50 mM MOPS, pH 7.0 + 0.02 β-DDM, no reductant 314 
added) to an OD788 of ~0.5. Kinetic profiles were fit with single-exponential decays using the 315 
fitting functions in OriginPro 8.5 (OriginLab Corp, Northampton, MA, USA). 316 
 317 
2.09 Menaquinone photo-reduction assay 318 

This experiment was performed substantially as described in (Kashey et al., 2018). For the 319 
experiments described here, the membranes were prepared anoxically. Before use, they were 320 
washed twice with 100 mM Na2CO3 (pH 11.5) for 30 min each time, before being resuspended in 321 
reaction buffer without ascorbate. They were then exposed to air for 1 h in the dark in small 322 
aliquots (50 µL) to oxidize the MQ pool. From this point, they were maintained in darkness. After 323 
being taken back into the glovebox, the membranes were added to reaction buffer containing 324 
sodium ascorbate to bring the final ascorbate concentration to 10 mM and allowed to come to 325 
equilibrium with the glovebox atmosphere (75% N2, 20% CO2, 5% H2) for about 1-2 h before use. 326 
The light of the Nd/YAG laser was attenuated with a neutral density filter. Light intensity was 327 
measured before and after each light treatment with a LI-250 radiometer equipped with an LI-328 
190R PAR quantum sensor (LI-COR Biosciences, Lincoln, NE). 329 
 330 
2.10 Phylogenetic and Structural Analyses 331 

16S rRNA sequences of sufficient quality were obtained from the SILVA RNA database 332 
(https://www.arb-silva.de). The sequences were first aligned using the MUSCLE algorithm 333 
(Edgar, 2004). All positions in the alignment containing gaps and missing data were eliminated, 334 
resulting in a final dataset containing 1213 nucleotide positions. Evolutionary analyses were 335 
conducted in MEGA X (Kumar et al., 2018). The evolutionary history was inferred using the 336 
Maximum Likelihood method and Tamura-Nei model (Tamura and Nei, 1993). The tree with the 337 
highest log likelihood is shown in Fig. 8A. The percentages of trees in which the associated taxa 338 
clustered together were calculated but are omitted from the tree for clarity. Initial trees for the 339 
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to 340 
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a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) 341 
approach, and then selecting the topology with superior log likelihood value. A discrete Gamma 342 
distribution was used to model evolutionary rate differences among sites. The rate variation model 343 
allowed for some sites to be evolutionarily invariable. The tree is drawn to scale, with branch 344 
lengths measured in the number of substitutions per site. 345 

Protein sequences corresponding to PshX were obtained by tBLASTn or BLASTp 346 
searching based on the DNA or protein sequence, respectively, from Hbt. modesticaldum. The 347 
NCBI accession numbers for the three identified PshX proteins are as follows: ABZ83736, 348 
QGZ00953, and TCP68506. Protein sequences were aligned using the default settings of the 349 
MUSCLE algorithm (Edgar, 2004). 350 

Three-dimensional protein structures were fetched from the Protein Data Bank and 351 
imported into PyMol. The PDB codes used were: 5V8K (HbRC), 1JB0/5ZGB/6IJJ/5L8R 352 
(Photosystem I from cyanobacteria, green algae, red algae, and higher plants, respectively), 353 
3WU2/4YUU/6KAC/5XNL (Photosystem II from cyanobacteria, green algae, red algae, and 354 
higher plants, respectively), and 3T63/5YQ7 (PbRC and RfxRC, respectively). Superpositions 355 
using the super function of PyMol were performed, based on the TMHs only of the 5-TMH core 356 
electron transfer domains of each complex. The syntax for the super function was written 357 
analogously to what was used in a previous work (Orf et al., 2018). 358 

 359 
3. Results 360 
3.1 Designing an expanded two-step procedure for producing markerless gene replacements in 361 
Hbt. modesticaldum 362 

In Step 1 of the Two-Step protocol (Fig. 2, “Step 1”), we take advantage of the observation 363 
that Hbt. modesticaldum, like many of its close relatives in the Clostridiales, tends to integrate 364 
vectors through single crossover events rather than perform the double crossover required for clean 365 
gene replacement (Baker et al., 2019a; Pyne et al., 2014). We constructed a non-replicating vector, 366 
pPB1258, which contains upstream and downstream regions of the gene to be replaced (in this 367 
case, the pshX gene) flanking a small 42-bp insert of DNA (Supplementary Information, Fig. 368 
S1). The sequence of the 42-bp insert, referred to here as a Replacement Sequence (RS), does not 369 
occur naturally in Hbt. modesticaldum and includes a SphI restriction site for screening purposes.  370 
 371 
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 372 
Fig. 2: Schematic for a “Two-Step” method combining homologous recombination with endogenous 373 
CRISPR-Cas targeting for producing markerless gene replacements in Hbt. modesticaldum. In Step 1, the 374 
non-replicating vector pPB1258 is introduced into the WT and integrates into the genome either upstream or 375 
downstream of the locus to be deleted. Clones are selected on Km since the aph3 gene is included in the plasmid 376 
backbone. Since the heliobacteria are polyploid, four resulting genotypes are possible, even in the same 377 
bacterium (one wild-type, two single recombinations, and one double recombination). In Step 2, a synthetic 378 
CRISPR vector (either pPB1322 or pPB1384) is introduced to the clones from Step 1. This synthetic CRISPR 379 
vector selects for the double recombination event by directing the heliobacteria’s own endogenous Type I-A 380 
CRISPR system to degrade any chromosomes that still contain the pshX gene. Clones from Step 2 are selected 381 
on Em. Since Step 2 should select against any chromosomes still containing the WT gene or the backbone of the 382 
Step 1 plasmid, any clones that contain only chromosomes with the correct gene knockouts will be 383 
simultaneously Emr and Kms. US: 1 kb region directly upstream of the gene of interest; DS: 1 kb region directly 384 
downstream of the gene of interest; RS: synthetic replacement sequence which will replace the gene of interest 385 
and can be targeted in the future; crRNA: CRISPR-RNA; GN: Gram-negative; GP: Gram-positive; superscript 386 
r: resistant; superscript s: sensitive. 387 

 388 
Additionally, vector pPB1258 contains both the cbp2p-aph3 cassette conferring kanamycin 389 

resistance (Kmr) and Gram-negative ori+tra machinery (for replication in, and conjugation using, 390 
E. coli) outside the regions of homology. Upon transformation of Hbt. modesticaldum with this 391 
vector, we select for transformants that are kanamycin resistant (Kmr). Since pPB1258 cannot 392 
replicate in Hbt. modesticaldum due to its lack of a Gram-positive ori, any Kmr transformants will 393 
have integrated the entire vector into their genome near the pshX locus, which can be verified by 394 
PCR. Multiple individual transformants from Step 1 are then subjected to Step 2, in which they 395 
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are transformed with either pPB1322 or pPB1384 (Fig. 2, “Step 2”). Both of these plasmids 396 
replicate in Hbt. modesticaldum using a Gram-positive ori and confer erythromycin resistance 397 
(Emr). We tried two different Step 2 plasmids for testing purposes: they contain different sets of 398 
synthetic CRISPR spacers that recruit the Hbt. modesticaldum Type I-A CRISPR-Cas system to 399 
attack the pshX loci on the chromosome (for more information, see Supplementary Information, 400 
Figs. S2 and S3). After transformation with either Step 2 plasmid, colonies were selected on 401 
erythromycin alone. To screen for clones that have a homoplasmic ∆pshX genotype, Emr colonies 402 
were screened for Km resistance. Colonies that are Emr and Km-sensitive (Kms) were then tested 403 
by PCR analysis. Once the homoplasmic genotype is confirmed, selection for Em resistance can 404 
be dropped and the Step 2 vector will be lost within a few days (data not shown). 405 

 406 
3.2 Analysis of the ∆pshX strain 407 

Three independently derived Emr/Kms colonies were recovered after Step 1 and Step 2 408 
transformations. These strains are named ∆pshX-Col1, ∆pshX-Col3, and ∆pshX-Col6. These were 409 
subjected to further analysis. The strain ∆pshX-Col1 was derived from an independent Step 1 410 
transformation with pPB1258, followed by an independent Step 2 transformation with pPB1322. 411 
The strains ∆pshX-Col3 and ∆pshX-Col6 were derived from separate colonies from the same Step 412 
1 transformation with pPB1258, which were independently transformed with the Step 2 plasmid 413 
pPB1384. (The rationale behind using two different Step 2 plasmid variants is discussed in the 414 
Supplementary Information.) 415 

PCR probe reactions were performed to amplify the chromosomal region of the pshX locus 416 
in the three putative ∆pshX strains and a WT control (Fig. 3A). PCR primers were chosen that 417 
anneal just outside of the 1-kb upstream and downstream homologous recombination regions 418 
flanking the pshX gene. Amplification should result in a 2179-bp amplicon for the WT and a 2105-419 
bp amplicon for the ∆pshX strains. As these sizes are similar, we took advantage of the SphI 420 
restriction site present in the RS; only the PCR amplicon from a ∆pshX chromosome will be cut 421 
by SphI into smaller fragments (1041 and 1064 bp). The PCR amplicons from the WT strain were 422 
not digested by SphI, as expected, but the amplicons from the three independent ∆pshX clones 423 
were digested (Fig. 3B). Importantly, no other bands are observed in the ∆pshX clones; any 424 
remaining amplicon in the 2.2-kb size range after digestion would indicate contamination with 425 
chromosomes still containing pshX (i.e., WT or integrant chromosomes).  426 

Growth assays indicated that all three ∆pshX clones were phototrophic, as they grew much 427 
better in the light than in the dark (Fig. 3C). All 3 strains exhibited modest growth defects 428 
compared to WT in low light (LL), slight defects in high light (HL), and no difference in the dark. 429 
This indicates some deficit related to phototrophy at lower light fluxes. The growth defects are 430 
best described as decreases in total cell accumulation at the beginning of stationary phase. Though 431 
there were slight variations between the three ∆pshX strains, the ∆pshX-Col1 strain was the worst 432 
affected, accumulating about 30% less biomass than WT at stationary phase in LL. 433 

The steady-state concentration of functional HbRC in all strains (Fig. 3D) was determined 434 
using a spectrophotometric assay (Orf and Redding, 2019). In the WT, there is a modulation of 435 
steady-state HbRC accumulation based on light condition: cultures in LL accumulate about 20% 436 
less HbRC than those in HL. Interestingly, the three ∆pshX do not exhibit this effect; their steady-437 
state HbRC levels in both HL and LL are about equal to that of the WT in LL. 438 

 439 
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 440 
Fig. 3: Genotypic analysis, growth characteristics, and HbRC content of the ∆pshX strains. (A) a schematic 441 
of the Probe PCR experiment that confirms the genotype of three Emr/Kms ∆pshX transconjugants. Primers 442 
(denoted as dark blue half arrows) anneal outside the region of recombination. (B) an agarose gel of the PCR 443 
amplicons from the experiment detailed in panel A. U: undigested; D: digested with SphI restriction enzyme. 444 
(C) a growth curve of the WT and ∆pshX strains grown in the dark (dotted lines) or illuminated from a 790-nm 445 
LED source at high (HL, ~68 µmol photons m-2 s-1, solid lines) or low (LL, ~17 µmol photons m-2 s-1, dashed 446 
lines) intensity. (D) quantification of active HbRC cores in each strain, normalized to cell scattering. As cells 447 
acclimated to growth in the dark do not accumulate HbRC, panel (D) only shows the HL and LL conditions. 448 

 449 
3.3 Polypeptide composition of HbRCs lacking the PshX subunit (HbRC-∆pshX) 450 

Since all three of the independent ∆pshX clones were genotypically identical, we arbitrarily 451 
chose ∆pshX-Col6 for protein characterization. HbRC complexes from the WT and ∆pshX-Col6 452 
(henceforth called HbRC-WT and HbRC-∆pshX, respectively) were purified using an established 453 
protocol (Sarrou et al., 2012) and analyzed for their peptide composition. In past studies on the 454 
HbRC (Gisriel et al., 2017; Orf and Redding, 2019), two protein bands are resolved for HbRC-455 
WT by SDS-PAGE: one with an apparent weight of 50 kDa (PshA) and one with an apparent 456 
weight of 2-5 kDa (PshX). Both PshA and PshX are highly hydrophobic, so their apparent weights 457 
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differ from the true weights inferred from their primary sequence. While this pattern was seen for 458 
HbRC-WT, the PshX band was absent in the HbRC-∆pshX sample. Furthermore, no additional 459 
bands could be resolved. This finding confirms that the HbRC core complexes purified from the 460 
∆pshX strain lack the PshX subunit and that the pshX gene identified in the genome indeed encodes 461 
the PshX subunit first identified by X-ray crystallography. 462 

 463 
Fig. 4: SDS-PAGE of HbRCs purified from WT and the 'pshX strains. Polypeptide separation was 464 
performed on a 15% polyacrylamide gel and silver staining was performed to visualize bands. Each purified 465 
HbRC was loaded with ~450 pmol BChl g (corresponding to ~8.5 pmol HbRC). MW: molecular weight markers 466 
(sizes indicated on the left side). 467 
 468 
3.4 Steady-state absorbance and fluorescence suggest a low-energy antenna role for PshX 469 

At room temperature, the 58 BChl g/gʹ molecules in the HbRC-WT have strongly 470 
overlapping absorbance spectra, preventing easy deconvolution of individual contributions to the 471 
total spectrum. Upon deletion of pshX, four BChl g molecules are presumably missing from each 472 
HbRC (two identical sets from each of the two PshX subunits found in the WT, Fig. 1). By 473 
studying the absorbance differences between HbRC-WT and HbRC-∆pshX, we can isolate the site 474 
energies of these four BChl g molecules, which could lead to better understanding of their function. 475 
The site energy for an individual (B)Chl is defined as the energy associated with the absorbance 476 
wavelength maximum of its lowest-lying electronic transition, the Qy (S0oS1) transition. For BChl 477 
g, this is situated roughly in the 12,100-13,300 cm–1 range (i.e., maximal absorbance in the 750-478 
825 nm wavelength range); this range is due to the unique protein environment of each BChl subtly 479 
affecting its properties. 480 

The room-temperature absorbance spectra of HbRC-WT and HbRC-∆pshX show small 481 
differences across the visible and near-infrared regions (Fig. 5A). A difference spectrum focused 482 
on the Qy region (Fig. 5A, inset) is a broad S-shape, indicating that the loss of the PshX subunit 483 
correlates with both a loss of absorbance beyond 800 nm and a gain of absorbance below 800 nm. 484 
In general, the loss of pigments should be correlated with a loss of absorbance alone. This does 485 
not seem to be the case here and suggests the involvement of strong excitonic interactions (see 486 
below). 487 

 488 
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 489 
Fig. 5: Steady-state optical and fluorescence spectra of HbRC-WT and HbRC-∆pshX. (A) Absorbance 490 
spectra and (B) fluorescence emission spectra (excitation at 580 nm) measured at room temperature. (C) 491 
Absorbance spectra measured at 77 K with the near-infrared region magnified. The absorbance spectra in (A) 492 
and (C) were normalized such that the areas under each 669 nm peak (representing the concentration of 81-OH 493 
Chl a) were identical. The fluorescence spectra in (B) were normalized to the emission maxima. Insets depict 494 
difference spectra over a small wavelength range. 495 
 496 

The effect of the loss of the low energy transitions, in particular, is visible in the steady-497 
state fluorescence emission spectrum (Fig. 5B). The entire fluorescence emission spectrum shifts 498 
to higher energy (i.e., lower wavelength) in HbRC-∆pshX. The difference spectrum (Fig. 5B, 499 
inset) has a similar shape to that of the absorbance difference spectrum in Fig. 5A. The loss of the 500 
absorbance transition centered beyond 810 nm correlates with a loss of fluorescence beyond 850 501 
nm. 502 

Due to the broad shape of the difference spectrum in Fig. 5A, it is difficult to discern 503 
discrete site energies of the BChl g molecules lost due to the removal of PshX. By freezing the 504 
samples in a glassing buffer at 77 K, spectral contributions from individual pigments sharpen (Fig. 505 
5C). The loss of absorbance shoulders on the red edge of the Qy band between 780-820 nm in 506 
HbRC-∆pshX is especially visible when this area is magnified (Fig. 5D). A difference spectrum in 507 
this region (Fig. 5D, inset) now shows enhanced resolution of the individual transitions lost and 508 
gained. The broad absorbance losses seen at room temperature resolve into two discrete peaks 509 
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centered at 813 nm and 795 nm (site energies of 12,300 cm–1 and 12,579 cm–1, respectively). The 510 
absorbance gain now resolves to a single discrete peak centered at 783 nm (site energy of 12,711 511 
cm–1). A model synthesizing the explanations for these findings is presented in the Discussion 512 
section. 513 

Finally, there seems to be little change in steady-state absorbance associated with the 514 
pigments 81-OH chlorophyll a (peak at 667 nm) or Dia (peaks at 420 nm, 440 nm, and 470 nm) in 515 
HbRC-∆pshX, except for a baseline shift due to the underlying decrease in BChl g absorbance. 516 
This indicates that their electronic environments are relatively unchanged. This is somewhat 517 
surprising for Dia, given that it binds near PshX (see Fig. 1C). 518 

 519 
3.5 Loss of PshX does not appreciably affect electron transfer events in the HbRC 520 

In the HbRC, the ET cofactors are arranged in two, symmetrical branches. On the P-side 521 
of the HbRC, a dimer of BChl gʹ molecules collectively called P800 is photo-oxidized during the 522 
initial charge separation (CS) steps. An electron is passed down one of the two symmetrical 523 
branches towards the P-side of the membrane, first to ec3 (an 81-OH Chl a molecule) and then to 524 
a [4Fe-4S] cluster called FX. The initial charge separation (producing the P800

+ec3− state) is so 525 
rapid (ps-scale) that the role of ec2 versus P800 as the initial photo-reductant is still under debate 526 
(Orf et al., 2018). 527 

Though PshX does not directly bind any of the ET cofactors, its proximity to the ET 528 
cofactors (closest distance ~15 Å, Fig. 1C) means that subtle long-range effects are possible. Thus, 529 
we measured the forward and reverse ET rates in purified HbRC-∆pshX and compared them to 530 
HbRC-WT. To measure all forward and reverse rates, we prepared the HbRCs in two conditions: 531 
ascorbate/PMS-reduced and dithionite-reduced. Ascorbate and PMS are weak reductants that do 532 
not affect forward ET, but rather ensure against electron loss by the HbRC to any acceptors in the 533 
cuvet. In ascorbate/PMS-reduced HbRC, the electron is expected to be transferred all the way to 534 
FX; the resulting P800

+FX
− state relaxes to ground state by charge recombination (CR) on the ms 535 

timescale. Dithionite, on the other hand, is a strong reductant and is expected to pre-reduce FX, 536 
preventing forward ET from ec3 to FX. After CS in dithionite-reduced HbRC, the main route for 537 
relaxation is CR from the P800

+ec3− state, occurring on the ns timescale. 538 
To measure the forward ET rates and the P800

+ec3− CR rate (all in the ps-ns timescale), we 539 
performed femtosecond transient absorption (fs-TA) spectroscopy (Fig. 6). The fs-TA data were 540 
globally fit as a function of wavelength (visible range, 450-720 nm) and time (1 ps - 6 ns) to 541 
produce evolution-associated decay spectra (EADS). The EADS shapes describe an evolution of 542 
absorbance changes with intrinsic decay times associated with various molecular processes. The 543 
EADS represent spectral evolution: the first EADS (fastest time) represents the absorbance 544 
changes occurring immediately after excitation, the second EADS (next fastest time) rises in the 545 
decay time of the first EADS and decays with its own decay time, and so on (van Stokkum et al., 546 
2004). By observing the EADS profiles from 450-720 nm (Fig. 6A and 6B), we can determine the 547 
rate of P800

+ and ec3− formation (by CS) and decay (either by CR or forward ET). Note that this 548 
spectral region encompasses the QX peak of BChl g (~580 nm) and the QY peak of Chl a (~670 549 
nm). 550 

 551 
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 552 
Fig. 6: Global fitting results from fs-TA spectroscopy of HbRC-WT and HbRC-∆pshX. EADS calculated 553 
from the TA dataset are shown in (A) and (B) for HbRC-WT and HbRC-∆pshX, respectively. The extracted and 554 
fitted ∆A kinetics at 669 nm minus those at 690 nm are shown in (C) and (D) for HbRC-WT and HbRC-∆pshX, 555 
respectively. In (C) and (D), gray dots are raw data and the colored lines are the fits for those data extracted from 556 
global fitting. 557 

 558 
In HbRC-WT, the 24-ps component is the fastest component in the series in both redox 559 

conditions and is thus the ∆A spectrum immediately after the flash (at this time resolution). Its 560 
spectral shape (Fig. 6A) is composed of a bleaching signal at about ~575 nm (excitation of bulk 561 
BChl g and P800) and a broad excited state absorption (ESA) from 600-720 nm. In the 562 
ascorbate/PMS-reduced conditions (Fig. 6A, top panel), the second EADS profile rises in the 24-563 
ps lifetime of the first and decays with a time constant of 650 ps. This 650-ps component is 564 
associated with a major bleaching at 669 nm (presence of the ec3− state) and minor bleachings at 565 
571 and 591 nm. The pattern of the 571 and 591 nm bleachings represent a mixture of the presence 566 
of P800

+ and an electrochromic band shift of ec2. This band shift is caused by the nearby P800
+ and 567 

ec3− ion radicals producing an electric field near ec2 that perturbs its absorbance spectrum. 568 
There is an additional non-decaying component present in the ascorbate-reduced condition, 569 

which is associated with the electrochromic band shift (manifesting as adjacent negative and 570 
positive signals) of ec3 near 669 nm and the same P800

+/ec2 signals at 571 nm and 591 nm. 571 
Electrochromic band shifts are observed on both ec2 and ec3 due to the P800

+ and FX
− radicals near 572 
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them. This non-decaying component represents HbRC remaining in the P800
+FX

− state for a period 573 
of time much longer than the instrumental window.  574 

Taking these decay times together, the ec3− state forms in 24 ps and decays in 650 ps; thus, 575 
CS occurs in 24 ps and forward ET from ec3 to FX occurs in 650 ps. The P800

+FX
− state persists 576 

well beyond the instrumental window of fs-TA that it must be measured with a different technique.  577 
In the dithionite-reduced conditions (Fig. 6A, bottom panel), the second EADS profile 578 

rises in the 24-ps lifetime of the first EADS profile and decays with an 18.7-ns lifetime. Once 579 
again, this second component is associated with bleaching at 669 nm (presence of the ec3− state). 580 
Thus, CS occurs in 24 ps and CR from the P800

+ec3− state occurs in 18.7 ns. No third component 581 
is measured, indicating that after the P800

+ec3− state collapses, the HbRC is in the ground state. 582 
Therefore, in both reduction conditions, we observed spectral decay times representing ET in the 583 
HbRC-WT consisted with what has been previously published (Ferlez et al., 2016). 584 

As for the HbRC-∆pshX, the EADS components calculated from fs-TA in ascorbate/PMS- 585 
and dithionite-reduced conditions (Fig. 6B) are essentially identical in number and shape to those 586 
from HbRC-WT. Additionally, if we isolate the kinetics of ec3− formation and decay by 587 
subtracting the ec3-specific signal (∆A669) from the overlying broad ESA (e.g., ∆A690), visual 588 
inspection of the kinetics (Figs. 6C and 6D) reveal similar decay profiles. However, there are 589 
subtle differences in the calculated values of the decay times. Most notably, the decay time 590 
representing forward ET from ec3 to FX increases to 701 ps and the decay time representing CR 591 
from the P800

+ec3− state increases to 20.4 ns. Even with these changes, the estimated quantum yield 592 
of the ET step from the P800

+ec3− state to the  P800
+FX

− state in HbRC-∆pshX, (calculated as 1 −593 

(
𝜏𝑓𝑜𝑟𝑤𝑎𝑟𝑑𝐸𝑇from𝑒𝑐3to𝐹𝑋
𝜏𝐶𝑅𝑜𝑓𝑃800+ 𝑒𝑐3--𝑠𝑡𝑎𝑡𝑒

)), is computed to be the same as HbRC-WT (~97%). 594 

The final relevant ET event is CR of P800
+FX

−. The decay time representing this is measured 595 
with microsecond TA (µs-TA) spectroscopy using a Joliot-type spectrometer (JTS). The JTS 596 
outputs single-wavelength kinetic profiles that can be fit with a simple exponential decay models. 597 
Additionally, its flexibility allows for an instrumental window spanning from hundreds of µs to 598 
hundreds of minutes. We focus on the ms-timescale, where CR of the P800

+FX
− state (and thus, the 599 

return to ground state) is inferred from the recovery of bleaching at 803 nm (measuring P800) after 600 
a saturating laser pulse. The ∆A803 kinetic profiles (Fig. 7A) and calculated decay times are nearly 601 
identical between HbRC-WT and HbRC-∆pshX (18.8 ms versus 19.5 ms) and fall in the 12-20 ms 602 
range previously described (Chauvet et al., 2013; Ferlez et al., 2016; Sarrou et al., 2012). 603 
Altogether, the fs-TA and µs-TA experiments combine to build a full picture of ET kinetics in 604 
these two HbRCs (Fig. 7B). 605 

We can calculate the redox potential difference between FX and ec3 using these rates 606 
(Ferlez et al., 2016). Additionally, since the redox potential of FX is very accurately known from 607 
EPR experiments to be -504 mV (vs. the standard hydrogen electrode), we can go further and 608 
estimate the redox potential of ec3. Accordingly, Ferlez et al. (2016) estimated the reduction 609 
potential of ec3/ec3− in HbRC-WT to be −854 mV. Using this method with our data, we calculate 610 
the difference between the ec3 and FX redox potentials to be −354 and −352 mV in HbRC-WT and 611 
HbRC-∆pshX, respectively, thus yielding absolute ec3 redox potentials of −858 mV and −856 mV 612 
(Fig. 7B). Thus, the lack of PshX polypeptide has very little effect on the nearby ec3 cofactor. 613 

 614 
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 615 
Fig. 7: Electron transfer rate comparison between HbRC-WT and HbRC-∆pshX. (A) P800+FX− charge 616 
recombination kinetics measured by µs-TA on a Joliot-type spectrometer and (B) overall ET rates accumulated 617 
from fs-TA (Fig. 7A and 7B) and µs-TA experiments (panel A). 618 

 619 
3.6 Does PshX play a role in menaquinone reduction? 620 

This role of quinones in the HbRC has not been entirely clear. It has been shown that the 621 
HbRC loosely binds quinone and does not require quinone for complete forward ET to the Fe-S 622 
cluster FX (Gisriel et al., 2017; Kleinherenbrink et al., 1993; Sarrou et al., 2012). Our group 623 
recently presented evidence that the HbRC is capable of reducing menaquinone (MQ) to 624 
menaquinol (MQH2) in the absence of soluble electron acceptors such as ferredoxin (Kashey et 625 
al., 2018). Although the crystal structure of the HbRC did not reveal a bound quinone, there was 626 
an unassigned electron density near the ec3 cofactor having a shape consistent with an isoprenoid. 627 
This allowed us to model a quinone-binding site based on the isoprenyl group (Supplementary 628 
Information, Fig. S5). Part of the isoprenyl tail is very near to PshX, which forms one wall of the 629 
binding site. This raised the question: does the PshX polypeptide play a role in reducing MQ (e.g., 630 
facilitating or impeding entry/exit of MQ/MQH2)? 631 

To resolve this question, we employed the heliobacterial membrane system used earlier to 632 
observe MQ photo-reduction (Kashey et al., 2018). Membranes were pre-treated with air in the 633 
darkness to place the quinone pool in an oxidized state and washed with high-pH carbonate buffer 634 
to remove extrinsic polypeptides and membrane-associated proteins that might interfere (e.g., 635 
ferredoxins, [NiFe] hydrogenase). The washed membranes were illuminated for 5 seconds and 636 
then immediately extracted with solvent and analyzed by HPLC to quantify MQ-9 and MQH2-9, 637 
allowing calculation of the quinone pool reduction state. As expected, without illumination, there 638 
was almost no menaquinol (Supplementary Information, Fig. S6). With increasing light 639 
intensity, the amount of MQH2 increased, as seen previously (Kashey et al., 2018). Similar 640 
behavior was observed with membranes from the ∆pshX mutant, although there was less MQH2 641 
observed at lower light intensities. The conclusion from work with WT membranes was that the 642 
observed quinone reduction state was due to the competition between the HbRC reducing MQ and 643 
the cytochrome bc complex oxidizing MQH2 (Kashey et al., 2018). Keeping in mind that 644 
membranes from the ∆pshX mutant have ~20% less HbRC, one would expect a (small) decrease 645 
in MQ photo-reduction activity, even if the loss of PshX had no effect upon MQ photo-reduction. 646 
Thus, at this time we can rule out the possibilities that loss of PshX accelerates MQ photo-647 
reduction or has a relatively large inhibitory effect upon MQ photo-reduction.  648 
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 649 
3.7 PshX is likely ancestral to the heliobacteria family 650 

There are currently six accepted genera in the family Heliobacteriaceae: Heliorestis, 651 
Heliophilum, Heliobacterium, Heliobacillus, “Candidatus Heliomonas”, and “Candidatus 652 
Helioclostridium”. Among these genera, high-quality 16S rRNA sequences are available for 11 653 
species, and sequenced genomes at some level of assembly are available for 7 species. 654 

Originally, pshX was identified in the genome of Hbt. modesticaldum only after the 655 
corresponding protein was discovered in the crystal structure of the HbRC. Since that time, pshX 656 
was discovered in Hrs. convoluta (Dewey et al., 2020), and we have presently identified it in the 657 
genome of Hph. fasciatum. Our analysis (Fig. 8) places pshX in disparate parts of the heliobacterial 658 
phylogenetic tree based on 16S rRNA (Fig. 8A), including species in both the neutrophilic and 659 
alkaliphilic branches, indicating that the presence of pshX is likely an ancestral trait of the family. 660 
Additionally, the predicted polypeptide is highly similar amongst these three representatives in 661 
terms of primary sequence conservation. In particular, the two histidine residues necessary for 662 
BChl binding (Fig. 8B) are perfectly conserved, further implying similar structure and function. 663 
While the pshX gene does not reside in the same general area of the genome in each species (data 664 
not shown), a unifying finding is that it does not reside in the highly conserved gene cluster 665 
containing all of the other phototrophy-specific genes. 666 

 667 

 668 
Fig. 8: Phylogenetic analysis of the pshX gene. (A) 16S rRNA phylogenetic tree of members of the 669 
heliobacteria family with high quality 16S rRNA sequences. Genomes are color-coded based on the availability 670 
of a full genome (light orange) and known presence of a copy of pshX (light green) The branch lengths are drawn 671 
to scale with the branch lengths measured in the number of substitutions per site (scale bar at bottom right) (B) 672 
Sequence alignment of the three known homologs of PshX. Conserved histidine residues acting to coordinate 673 
BChl g molecules are colored in blue. More information described in Materials and Methods. 674 

 675 
Since pshX constitutes a small open reading frame of less than 150 bp, it is possible that 676 

the gene has not been properly identified and annotated in the other available genomes. More in-677 
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depth analysis of each genome will have to be conducted in order to determine the true 678 
conservation level of pshX amongst the heliobacteria. 679 

 680 
4. Discussion 681 

In this study, we present a modified method for leveraging the CRISPR-Cas system of 682 
Heliobacterium modesticaldum to perform endogenous genetic editing and utilized this system to 683 
perform a markerless deletion of the pshX gene (Fig. 2). The homoplasmic deletion of the pshX 684 
gene was confirmed by PCR (Fig. 3A and 3B) and was linked to the disappearance of the PshX 685 
subunit in purified HbRC (Fig. 4). Cells with the ∆pshX genotype had a moderate growth defect 686 
phenotype under low-flux near-IR illumination, although their steady-state accumulation of HbRC 687 
was about equal to WT in these conditions (Fig. 3C and 3D). The HbRC cores lacking PshX 688 
showed very small changes to electron transfer kinetics (Figs. 6 and 7), but clearly exhibited 689 
changes in steady-state absorbance and fluorescence spectra related to the loss of low-energy BChl 690 
antenna sites (Fig. 5). With the data at hand, we can assign at least two functional roles for PshX 691 
and provide a hypothesis about its appearance in the family Heliobacteriaceae. 692 
 693 
4.1 The utility of a Two-Step gene deletion protocol 694 

We have previously hypothesized that Hbt. modesticaldum is functionally polyploid, as 695 
this would explain the variety of genotypes initially observed within a clonal culture (Baker et al., 696 
2019a). By leveraging the endogenous CRISPR-Cas system from this organism, we can select 697 
against any chromosomes that still contain the wild-type genotype. In this study, we built upon this 698 
method by splitting the genetic elements required for homologous recombination and CRISPR 699 
selection steps into two plasmids which are sequentially transformed into the organism. 700 

The Step 1 plasmid contains a template for homologous recombination and a Km-701 
resistance cassette outside this template. Additionally, this plasmid cannot replicate in Hbt. 702 
modesticaldum; thus, any Kmr colonies recovered must have some integrated at least part of the 703 
plasmid into the genome. Within each Step 1 transformant colony, we expect that some 704 
chromosomes will contain no integration (wild-type), some will contain the plasmid integrated at 705 
either the upstream or downstream sequence, and some will have undergone the second crossover 706 
event producing the ∆pshX genotype. The Step 2 transformation introduces a stably replicating 707 
vector, conferring Em-resistance, that actively induces the transformants to degrade those 708 
chromosomes still containing pshX (i.e., wild-type and integrants). Thus, the only chromosomes 709 
that will avoid degradation are those rare chromosomes that have deleted the pshX locus. Since the 710 
DNA nicking and degradation caused by CRISPR-Cas targeting can induce homology-directed 711 
repair, it also possible that the Step 2 vector induces DNA repair using the integrated 712 
recombination cassette on the chromosome as a template, thus accelerating the process.  713 

The Two-Step method negates the need to include an antibiotic-resistance marker in the 714 
gene replacement sequence (RS), since we are selecting against the locus that is being deleted 715 
instead of simply selecting for the gene it is being replaced with. Thus, the utility of this method 716 
becomes clear: multiple genes can be specifically targeted in succession to produce markerless 717 
deletions/insertions and the antibiotic resistance markers can be reused each time. 718 

Though an antibiotic-resistance marker is not included in the RS, we can still include any 719 
genetic handle that we desire. For example, we can place a short, random DNA sequence 720 
containing only a unique restriction site, for downstream confirmation purposes. We can also do 721 
more elaborate engineering, such as including a unique CRISPR-Cas protospacer element (i.e., a 722 
random sequence not already found in Hbt. modesticaldum) with an associated PAM sequence (to 723 
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allow it to be targeted by the CRISPR-Cas system). In this latter case, we can use this unique 724 
protospacer element later, if we ever wish to select against RS of the ∆pshX strains in a future gene 725 
replacement experiment. In the current study, our RS is actually a combination of these two 726 
examples: it both contains a unique protospacer element that can be targeted in the future, as well 727 
as a SphI restriction site. 728 

 729 
4.2 PshX confers stability to the HbRC 730 

The first functional role relates to conferring stability to the HbRC, especially in high light. 731 
This may explain the decreased steady-state accumulation of active HbRC cores in ∆pshX cultures  732 
grown at high light; lowered protein stability often results in lowered protein accumulation 733 
(Structural Genomics Consortium et al., 2008). For example, higher-plant Photosystem I lacking 734 
the single-TMH subunit PsaJ is more rapidly degraded, leading to a lower steady-state 735 
accumulation of Photosystem I, presumably due to decreased stability (Hansson et al., 2007). 736 

More broadly, we note the near-ubiquitous presence of single-TMH peripheral subunits 737 
across every kind of RC for which we have three-dimensional structures. Photosystem I subunits 738 
PsaH/I/J, Photosystem II subunits PsbE/F/J/L/M/T and even additional TMHs present in the purple 739 
bacterial RC and Roseiflexus RC all bind in similar locations to PshX (Fig. 9). As many of these 740 
subunits seem to have arisen through convergent evolution (Cardona, 2016; Orf et al., 2018), it is 741 
likely that this location is a general point of structural weakness or aggregation for RC cores and 742 
that small subunits binding there provide protection and stability, as well as increasing the number 743 
of bound pigments in some cases.  744 
 745 

 746 
Fig. 9: Comparison of the location of PshX with other small subunits in other RCs. (A) HbRC compared to 747 
Photosystem I of cyanobacteria, red algae, green algae, and higher plants. (B) HbRC compared to Photosystem 748 
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II of cyanobacteria, red algae, and higher plants. (C) HbRC compared to the Type II bacterial RCs from purple 749 
bacteria (PbRC) and Roseiflexus (RfxRC). In each comparison the ET domains (the five C-terminal TMH from 750 
each PshA monomer) of the HbRC are shown in black, while the corresponding TMHs of the ET domains from 751 
the compared RCs are shown in gray. Superpositions were generated in PyMol (see Materials and Methods). 752 

 753 
4.3 PshX contributes to the binding of a low-energy, excitonically-coupled BChl g dimer 754 

The second functional role of PshX relates to the binding of low-energy antenna sites 755 
involved in entropy-assisted uphill energy transfer. As mentioned in the Introduction, the 756 
presence of two PshX subunits only increases the number of (B)Chls in each HbRC by about 7%. 757 
The advantage of these extra pigments is, based on our work, both quantitative and qualitative; 758 
their inclusion in the HbRC leads to both an increase in pigment density and an ability to absorb 759 
lower energy photons than the rest of the complex. When the WT is grown in low-light conditions, 760 
it outperforms all three ∆pshX strains in total growth, even though it accumulates HbRC to about 761 
the same level as the ∆pshX strains (Fig. 3C and 3D). Thus, the advantage of binding even four 762 
extra pigments per HbRC in low-light conditions seems apparent. 763 

The absorbance spectra of HbRC-∆pshX at cryogenic temperature (Figs. 5C and 5D) show 764 
that the loss of the PshX subunit results in loss of two absorbance bands at 813 nm and 795 nm 765 
concomitant with gain in a new absorbance band at 783 nm. As mentioned above, the loss of 766 
(B)Chls in a protein system generally results in only the loss of absorbance bands for which the 767 
lost (B)Chl is responsible for. A viable explanation for our observations is that at least one of the 768 
BChl g pigments bound by PshX participates in a close excitonically-coupled dimer interaction 769 
with a pigment bound by PshA. In this scenario, a low-energy dimer interaction with a site energy 770 
less than 12,500 cm–1 (i.e., maximally absorbing photons with wavelengths above 800 nm) is 771 
disrupted in HbRC-∆pshX by the loss of one of the pigments, resulting in the remaining pigment 772 
(now a monomer) shifting to a higher site energy greater than 12,500 cm–1. 773 

In the structure shown in Fig. 1C, a possible low-energy BChl dimer exists between BChl 774 
g-1006 bound by PshA and BChl g-102 bound by PshX. The geometric configuration and Mg-Mg 775 
distance is similar to excitonically-coupled dimers and trimers found in the antenna of Photosystem 776 
I (Jordan et al., 2001). The second BChl bound by PshX, BChl g-103, does not seem to participate 777 
in any close interactions with other BChls and can be considered monomeric. Thus, we can make 778 
the following assignments for the HbRC-WT: the absorbance band centered at 813 nm represents 779 
the BChl g-1006 + BChl g-102 dimer (with a site energy of 12,300 cm–1) and the absorbance band 780 
centered at 795 nm represents the BChl g-103 monomer (with a site energy of 12,579 cm–1). In 781 
HbRC-∆pshX, BChl g-1006 now exists as a monomer with an absorbance band centered at 783 782 
nm (corresponding to a site energy of 12,711 cm–1) 783 

The fact that the BChl g-1006 + BChl g-102 dimer in HbRC-WT allows for increased 784 
absorbance of light beyond 810 nm has consequences for the overall system. Heliobacteria 785 
commonly grow in environments shaded by other phototrophs, such as the flooded soil in rice 786 
paddies (Beer-Romero and Gest, 1987) or the anoxic layers of microbial mats (Kimble et al., 787 
1995), so the ability to absorb light further into the near-infrared range may be advantageous to 788 
them. However, since the maximal absorbance of P800 is around 800 nm (and that of ec2 is at an 789 
even lower wavelength), any excited states residing on this low-energy dimer must migrate to 790 
pigments with a higher site energy (i.e., in an “uphill” fashion) in order to initiate CS.  791 

Previous work has shown that the migration of excited states from low-energy “red” 792 
pigments to higher-energy “blue” pigments can be facilitated by thermal energy within the system. 793 
At room temperature, this thermal energy equates to ~207 cm–1, which increases the population of 794 
higher vibrational states within the manifold of the excited electronic state, thus increasing energy 795 
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level overlap between donor pigment and acceptor pigment. This process is known as entropy-796 
assisted excitation energy transfer and has been observed recently in photosystems from various 797 
cyanobacteria and algae (Gisriel et al., 2020; Karapetyan et al., 2006; Kato et al., 2020; Litvín et 798 
al., 2019; Wolf et al., 2017). This process can occur between pigments of different chemical 799 
identity (e.g., Chl f transferring energy to Chl a) or the same chemical identity (e.g. a low-energy 800 
Chl a transferring energy to higher-energy Chl a). In the HbRC, the latter would be the case. A 801 
recent study has suggested that entropy-assisted EET is most optimal when the ratio of low-energy 802 
centers to higher-energy centers is around 1:10 (Schmitt et al., 2019). Due to the lower number of 803 
total antenna pigments in the HbRC versus Photosystem I, a cursory analysis suggests that a low-804 
energy center to higher-energy center ratio of around 1:10 or higher probably does exist in the 805 
HbRC, and thus the hypothesis by Schmitt et al. is eminently testable in this system. 806 

We can make some relatively simple conclusions regarding energy transfer using our 807 
fluorescence spectra (Fig. 5B). These spectra indicate that the low-energy BChl g in the HbRC 808 
contribute to low-energy fluorescence emission centered around 824 nm. This implies that the 809 
energy transfer from the low-energy sites to high-energy sites near the special pair is not 100% 810 
efficient. When PshX is absent from the HbRC, maximal fluorescence occurs near where we would 811 
expect the fluorescence signal of P800 itself to occur, at ~815 nm. Future experiments using more 812 
sensitive spectroscopic techniques, such as two-dimensional electronic spectroscopy (2DES) or 813 
time-resolved fluorescence, will be required to further probe these changes. However, we note 814 
some recent work in which the energy transfer dynamics in the HbRC were computationally 815 
modeled (Kimura and Itoh, 2018; Kitoh-Nishioka et al., 2020). It is clear that the energy transfer 816 
role of PshX in these calculations was underestimated, since the site energies of all pigments in 817 
the HbRC were assumed to be equal for the purposes of simplification. With the specific site 818 
energies determined for the PshX-bound pigments in this work, such computational experiments 819 
can be improved. 820 

 821 
4.4 PshX likely existed in the last common ancestor of all heliobacteria 822 

Lastly, we can make a reasonable hypothesis about the appearance of the pshX gene within 823 
the heliobacteria. As mentioned previously, most of the genes involved in phototrophy, including 824 
pshA and the BChl-synthesis genes, are clustered in a single region of the genome. This was first 825 
noted in Heliobacillus mobilis (Xiong et al., 1998), but the order of genes in this cluster has since 826 
been found to be completely conserved in all species in which this cluster has been sequenced. 827 
When the putative pshX gene was first identified (Gisriel et al., 2017), it was noted that the gene 828 
was outside the this cluster. Subsequent transcriptomic studies demonstrated that the transcript 829 
level of the pshX gene was very similar to that of pshA, and both are among the highest abundance 830 
mRNAs (Sheehy et al., 2018), supporting the idea that both gene products must be synthesized at 831 
similar levels. The presence of a highly conserved pshX gene among three disparate species within 832 
the family Heliobacteriaceae indicates that possession of a PshX subunit is likely a basal trait for 833 
heliobacteria. 834 

All of these data can be explained by an evolutionary scenario in which the heliobacteria 835 
are the descendants of a clostridial-type bacterium that gained phototrophy through lateral gene 836 
transfer of the phototrophy gene cluster from an unknown donor. However, this set of genes would 837 
not have included pshX. Either the unknown donor organism lacked such a subunit, or it possessed 838 
one and the gene for it was not transferred or maintained in the heliobacterial ancestor. Our work 839 
demonstrates that a PshA homodimer lacking PshX is perfectly capable of performing 840 
phototrophy; thus, the heliobacterial ancestor did not require pshX to derive a selective advantage 841 
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over its non-phototrophic predecessors. We have previously hypothesized that quinone reduction 842 
to quinol is a primitive trait of type I photochemical RCs that was retained in the HbRC. The fact 843 
that PshX is not required for this activity is consistent with this idea and would indicate that the 844 
early HbRC would have been capable of quinone reduction before the PshX subunit was recruited 845 
into the HbRC.  846 

We envision that early in the evolution of the heliobacterial lineage, a gene encoding a 847 
short hydrophobic polypeptide that could bind and stabilize the PshA homodimer came about by 848 
some random process such as nascent transcription of a piece of chromosome or functional 849 
adaptation of a pre-existing gene encoding a non-essential TMH-containing polypeptide. If this 850 
new polypeptide could stabilize the HbRC, even somewhat, then natural selection would be able 851 
to improve the functionality of such a peptide, eventually adding a new function by providing 852 
pigment binding ligands. All known extant heliobacterial species are thus likely derived from an 853 
ancestor that had acquired the PshX subunit after acquiring phototrophy. Whether or not all have 854 
retained the PshX subunit is still an open question.  855 

 856 
4.5 Concluding thoughts 857 

Altogether, these data and interpretations reinforce the idea that small, single-TMH 858 
subunits like PshX can contribute additional functions to membrane protein complexes in 859 
unexpected ways. It appears that these types of “supernumerary” subunits have independently 860 
evolved multiple times throughout the diversification of RC complexes and can be considered a 861 
lens through which to investigate the environmental pressures that have influenced this 862 
diversification.  863 
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Supplementary Information for: The PshX polypeptide of the photosynthetic 1028 
reaction center from Heliobacterium modesticaldum acts as a low-energy 1029 
antenna subunit 1030 
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 1039 
Information Concerning Genetic Constructs: 1040 
 1041 

Oligonucleotides used as PCR primers for the construction of expression plasmids are 1042 
shown below in Table S1. 1043 
 1044 
Table S1: Oligonucleotides used in this study. CDS: protein coding sequence. 1045 
 1046 

Oligo Name Sequence (5ʹ-to-3ʹ) Function 

cbp2p-for-AscI TAAGCGGCGCGCCGAGTCGTGACTAAGAA
CG 

Amplify the cbp2p-aph3 
cassette from pPB1199 

aph3-rev-PmeI TAATGCGTTTAAACCTAAAACAATTCATCC
AGTAAAATATAAT 

Amplify the cbp2p-aph3 
cassette from pPB1199 

custom-MCS-for  GGCCAGGTACCCTCGAGAAGCTTACGCGT
GG 

Self-annealing oligo producing 
a custom MCS 

custom-MCS-rev CGCGCCACGCGTAAGCTTCTCGAGGGTACC
T 

Self-annealing oligo producing 
a custom MCS 

pshX-up-for-HindIII  TAATCGAAGCTTCACGCCGTGATCGGACA
G 

Amplifies the 1 kb upstream 
region of pshX and appends a 
synthetic replacement sequence 

pshX-up-rev-spac-SphI TTCAGCGCATGCCTACGTTTTACCGCAGCA
TTTTCCCTGAGCACTG 

Amplifies the 1 kb upstream 
region of pshX and appends a 
synthetic replacement sequence 

pshX-down-for-spac-
SphI 

ACGTAGGCATGCGCTGAACACCATCAAGA
CCGCTAGTATCCCTATGCACTAATCCTC 

Amplifies the 1 kb downstream 
region of pshX and appends a 
synthetic replacement sequence 

pshX-down-rev-HindIII TAATCGAAGCTTTGGACGATAGGAGAATC
TCTCCAC 

Amplifies the 1 kb downstream 
region of pshX and appends a 
synthetic replacement sequence 

fake-spacer g-block 
(double-stranded) 

TAACGCGTCGACCTTTCAATCCCCTACATA
GCGGGTCATCCAGTGAAACAGAGACCGGC
CGTATAAGGTCTCACTTTCAATCCCCTACA
TAGCGGGTCATCCAGTGAAACTCTCCATTA
GATCTTAATCG 

Places a fake CRISPR spacer 
sequence into pMTL86251 
which can be used as a Golden 
Gate cloning handle 
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CRISPR-DR-for TTCACTGGATGACCCGCTATGTAGGGGA 
One strand of an annealed oligo 
which produces a direct repeat 
sequence; 5’-phosphorylated 

CRISPR-DR-rev TCAATCCCCTACATAGCGGGTCATCCAG 
One strand of an annealed oligo 
which produces a direct repeat 
sequence; 5’-phosphorylated 

pshX-spacer-1-for AAAGCATTAAAAGTGGGGCTGTACATTTCC
ATTGGGCGTACGT 

One strand of an annealed oligo 
which produces pshX spacer 1 

pshX-spacer-1-rev TGAAACGTACGCCCAATGGAAATGTACAG
CCCCACTTTTAATG 

One strand of an annealed oligo 
which produces pshX spacer 1 

pshX-spacer-2c-for TTGAAAGCGTCCTGAAAGACTAGTATCCCT
ATGCACTAATCCTC 

One strand of an annealed oligo 
which produces pshX spacer 2c 

pshX-spacer-2c-rev AAACGAGGATTAGTGCATAGGGATACTAG
TCTTTCAGGACGCTT 

One strand of an annealed oligo 
which produces pshX spacer 2c 

pshX-spacer-3-for TTGAAAGCACTTTTAATGTCGCCCACATCC
TGGCCTTTTTCTTC 

One strand of an annealed oligo 
which produces pshX spacer 3 

pshX-spacer-3-rev AAACGAAGAAAAAGGCCAGGATGTGGGCG
ACATTAAAAGTGCTT 

One strand of an annealed oligo 
which produces pshX spacer 3 

191-mto-for-AscI ATATGGCGCGCCGGCGTAGAGGATCTGCT
CA 

Amplifies the ara-DNA 
methyltransferase cassette from 
pPB191 

191-mto-rev-FseI ATTAGGCCGGCCGCTTCGCAACGTTCAAAT
CC 

Amplifies the ara-DNA 
methyltransferase cassette from 
pPB191 

pET-bb-for-FseI ATATGGCCGGCCGAGAAGCAGGCCATTAT
CGC 

Amplifies the backbone of 
pET21(b)+ 

pET-bb-rev-AscI ATTAGGCGCGCCCGAAAGGAAGCTGAGTT
GGC 

Amplifies the backbone of 
pET21(b)+ 

pshX-probe-for GGCTTTCAGGCGGGTGCC 
Amplifies the pshX locus from 
outside the recombination 
regions 

pshX-probe-rev CTCATAAGGGATCGAATCAATAAATCGAA
TCCTCG 

Amplifies the pshX locus from 
outside the recombination 
regions 

 1047 
A map of the Step 1 plasmid pPB1258 is shown in Fig. S1. As outlined in the Main Text, 1048 

Materials and Methods, this plasmid is designed to so that it does not contain an origin of 1049 
replication compatible with Hbt. modesticaldum. The only way for transformants to resist Km-1050 
selection is for the plasmid to be integrated either upstream or downstream of the pshX gene. 1051 
 1052 
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 1053 
 1054 
Fig. S1: Map of plasmid pPB1258. Full map (A) indicating all open reading frames, origins, and homologous 1055 
recombination flanking regions. The area denoted by bracket and asterisk is shown in a sequence view in (B). 1056 
 1057 
 A schematic representation of the construction of the Step 2 plasmid pPB1322 is shown in 1058 
Fig. S2. This plasmid is constructed through Golden Gate Assembly of the pPB1211 precursor 1059 
with three sets of annealed oligos. Two of the three sets of annealed oligos are synthetic spacers 1060 
targeting two regions of the pshX gene. The third set of annealed oligos create a direct repeat (DR) 1061 
region necessary for proper processing of the two synthetic spacers by the Cas6 protein. The DR 1062 
region oligos were purchased from IDTDNA as 5ʹ-phosphorylated in order to facilitate proper 1063 
assembly with the rest of the construct (the pPB1211 ends will be 5ʹ-phosphorylated once cut with 1064 
BsaI-HFv2 as well). 1065 
 1066 
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 1067 
Fig. S2: Assembly schematic of the Step 2 CRISPR vector pPB1322. Golden Gate Assembly was performed, 1068 
combining pPB1211 with three sets of self-annealing oligo pairs, to create a plasmid expressing synthetic spacers 1069 
which force the endogenous Type I-A CRISPR system of Hbt. modesticaldum to target its own pshX gene. A related 1070 
plasmid, pPB1384 was constructed from a different set of pshX-targeting CRISPR spacers using the same 1071 
methodology (see Table S1 and Fig. S3). 1072 
 1073 
 The spacer sequences targeting pshX were chosen after analysis of the pshX gene for 1074 
naturally occurring protospacer-adjacent motifs (PAMs). The consensus PAM sequence for the 1075 
Type I-A CRISPR-Cas system of Hbt. modesticaldum is 5ʹ-NNRCBN-3ʹ, where N is any base, R 1076 
is a purine base (A or G), and B is any base except for A  (Baker et al., 2019a). Any 37-bp sequence 1077 
immediately following 3ʹ to the PAM is a potential protospacer than can be targeted. The sequence 1078 
of the protospacer is cloned into the Step 2 vector according to the process shown in Fig. S2. Both 1079 
Step 2 plasmids contained two spacers (see below). A note on nomenclature: the sequence just 1080 
downstream of the PAM sequence on the genome (which will be targeted) is called a protospacer, 1081 
but once this sequence resides in a CRISPR array (which performs the targeting), such as on our 1082 
Step 2 plasmids, it is called a spacer. The PAM is not included with the spacer when it is cloned 1083 
into a Step 2 plasmid. 1084 
 Altogether, 10 potential PAM sequences exist within pshX. Based on orientation, we chose 1085 
three spacers to work with, labeled Spacer 1, Spacer 3, and Spacer 2c (Fig. S3). They were paired 1086 
as follows: Spacers 1+3 (used in pPB1322) and Spacers 1+2c (used in pPB1384). In pPB1322, the 1087 
Spacer 1+3 pair is thought to induce strand nicking and 3ʹ-to-5ʹ exonuclease activity proceeding 1088 
in divergent directions towards the recombination regions. In pPB1384, the Spacer 1+2c pair is 1089 
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thought to induce strand nicking and 3ʹ-to-5ʹ exonuclease activity proceeding in convergent 1090 
directions towards the center of the pshX gene. Both Step 2 plasmids produced representatives of 1091 
pshX knockouts in this study: use of pPB1322 resulted in ∆pshX-Col1 and use of pPB1384 resulted 1092 
in ∆pshX-Col3 and ∆pshX-Col6 (Main Text, Fig. 3). We derive no conclusions concerning which 1093 
spacers or orientation (convergent versus divergent) were more efficient, only that both 1094 
orientations are feasible.  1095 
 1096 

 1097 
Fig. S3: Spacer selection and analogous protospacer/PAM locations on the pshX gene. Scissors indicate the 1098 
general region of cutting by the Cas3-Cascade complex when loaded with a crRNA expressed from our Step 2 plasmid. 1099 
The exonuclease activity of Type I Cascade complexes has been observed to operate in the 3ʹ-to-5ʹ direction on the 1100 
strand of the genome with the identical (not complementary) sequence to the crRNA, and thus spacer on the Step 2 1101 
plasmid. The Spacer 1+3 combination should degrade the genome in a divergent fashion, while the Spacer 1+2c 1102 
combination should degrade the genome in a convergent fashion. (as): anti-sense, as in the PAM and protospacer are 1103 
derived from the strand complementary to the pshX coding sequence; (s): sense, as in the PAM and protospacer are 1104 
derived from the strand containing the pshX coding sequence. 1105 
 1106 
 Last, we supply the maps of the DNA methyltransferase helper plasmids necessary for 1107 
proper conjugative transfer of shuttle plasmids from E. coli donor to Hbt. modesticaldum acceptor 1108 
(Fig. S4). The helper plasmid pGO1717 pairs with shuttle plasmids containing the pMTL86221 1109 
backbone (i.e. the Step 1 plasmid pPB1258) and the helper plasmid pPB191 (Baker et al., 2019b) 1110 
pairs with shuttle plasmids containing the pMTL86251 backbone (i.e., the Step 2 plasmids 1111 
pPB1322 and pPB1384). The need for two sets of helper plasmids stems from the use of different 1112 
Gram-negative ori cassettes: pMTL86221 backbones utilize the medium-copy p15a ori, so their 1113 
derivatives are incompatible for co-transformation with the pPB191 helper plasmid that also 1114 
contains the low-copy p15a ori. Thus, we built pGO1717 with a low-copy pBR322 ori to be 1115 
compatible for co-transformation with pMTL86221 backbones. 1116 
 1117 
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 1118 
 1119 
Fig. S4: Maps and characteristics of the DNA methyltransferase helper plasmids used in this study. 1120 
Abbreviations: ori –origin of replication for E. coli, araC/araBAD – the arabinose-inducible repression system, bom 1121 
– basis of mobility (not relevant to the function of this plasmid in this context), rop – repressor of primer (copy-number 1122 
regulator), ampR – gene encoding the β-lactamase protein providing ampicillin resistance, catP – gene encoding the 1123 
chloramphenicol acetyltransferase protein providing chloramphenicol resistance, f1 ori – phage-derived ori that 1124 
allows for replication of DNA into phage particles (not relevant to the function of this plasmid in this context). 1125 
 1126 
The location of PshX relative to the putative quinone binding site and its role in quinone 1127 
reduction 1128 

The location of the PshX polypeptide in relation to the putative quinone-binding site in the 1129 
HbRC is shown in Fig. S5. This putative site is occupied by electron density in the HbRC crystal 1130 
structure (PDB code 5V8K) that was not assigned to a specific molecule. As such, no molecule 1131 
was modelled into this region in the published structure. While the density does not seem to be 1132 
consistent with a quinone, it was hypothesized that a quinone can indeed fit into the site (Gisriel 1133 
et al., 2017; Orf et al., 2018). We calculated a cavity capable of binding a quinone (or related) 1134 
molecule using the Caver plug-in for PyMol (http://caver.cz/) (Brezovský et al., 2018). The output 1135 
(modelled as a mesh) indicated that the putative quinone-binding site lies peripheral to the ec3 1136 
subunit (Fig. S5A), with an exit to the membrane bordered by PshX, BChl g-1027, Dia, and a 1137 
TMH from PshA (Fig. S5B). In HbRC-∆pshX, we expect that this cavity will be larger, due to the 1138 
loss of PshX, which forms one “wall” of the cavity’s opening. Future experiments will be required 1139 
to assess the ability of HbRC-∆pshX to bind and reduce quinone. 1140 
 1141 

Vector pGO1717 pPB191

Abr: Amp Cm

ori for E. coli maintenance: pBR322 (low copy number) p15A (medium copy number)

Can be stably maintained with 
vectors containing the ori:

p15A (medium copy number),
e.g. pMTL86221 backbone

ColE1 (very high copy number),
e.g. pMTL86251 backbone
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 1142 
Fig. S5: Visualization of a cavity capable of encompassing the putative quinone-binding site in the HbRC. (A) 1143 
The electron transfer cofactors in relation to the calculated cavity (mesh) that possibly holds a quinone-binding site, 1144 
and (B) the membrane-accessible opening of the cavity. The PshX polypeptide forms one “wall” of the cavity opening 1145 
in (B). 1146 
 1147 
Menaquinone photo-reduction in heliobacterial membranes was assessed by illuminating treated 1148 
membranes (see Materials and Methods for details) with a continuous-wave frequency-doubled 1149 
Nd/YAG laser (532 nm) for 5 seconds followed immediately by solvent extraction and HPLC 1150 
analysis. The intensity of the laser was modulated with a neutral density filter. The amount of MQ-1151 
9 and MQH2-9 were quantified by integration of their peaks and use of the extinction coefficients. 1152 
This allowed calculation of the reduction rate of the quinone pool as (moles MQH2-9)/(moles MQ 1153 
+ moles MQH2-9). This is plotted versus light intensity in Figure S6. 1154 
 1155 

 

Fig. S6: The quinone pool reduction status 
in heliobacterial membranes, calculated as 
MQH2-9/(MQ-9 + MQH2-9), vs. the 
intensity of the 5-s light pulse used 
immediately before solvent extraction. 
WT membranes, black squares; 'pshX 
membranes, red circles. 
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