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[bookmark: _Toc235467993]Methods
Growth media, strains, plasmids and other reagents
Escherichia coli strains were cultivated using Lennox agar (LA) or lysogeny broth (LB). Culture media was supplemented with antibiotics as required at the following concentrations: ampicillin (100 μg/ml), kanamycin (50 μg/ml). Oligonucleotides and gene fragments were purchased from Integrated DNA Technologies and enzymes were purchased from New England Biolabs unless otherwise stated. All grids and electron microscopy supplies were purchased from Electron Microscopy Services. Reagents for the EnzChek pyrophosphate assay kit were purchased from Thermo Fisher Scientific, and all other solvents and reagents required for various analyses were purchased from MilliporeSigma, unless otherwise stated.
Computational and phylogenetic analysis
Analysis of all family 2B encapsulin clusters involved in terpenoid biosynthesis was carried out previously, as detailed [33]. For analysis of all GeoA homologs, a sequence similarity network (SSN) for GeoA was created using the EFI-EST server, initially in summer 2025 [67, 68]. The amino acid sequence of GeoA from M. xanthus (Uniprot ID: A0A7Y4MRP8) was used as a BLAST query in EFI-EST with an E-value of −5, a maximum of 5000 sequence hits. This returned 4607 putative GeoA homologs, which reduced to 1627 homologs upon applying a minimum sequence limit of 600 amino acids. The genome neighborhoods of these GeoA homologs were visualized with the EFI-GNT server and classified on the basis of the presence or absence of a second Family 2B encapsulin or a polyprenyl transferase (PPT) encoding gene [67, 68]. All identified clusters were then used to assemble a phylogenetic tree using the NGhylogeny.fr server [69]. This was carried out via MAFFT alignment [70], curation with trimAI and phylogenetic tree assembly with the FastTree algorithm with 1000 bootstraps [71-73]. The tree was visualized and annotated in iTol v6 [74]. Additionally, for SSN analysis of the GeoA proteins within the final dataset, the EFI-EST server was used to assemble an initial SSN, which was then annotated using Cytoscape v3.1.0 to retain only edges with minimally 75% sequence identity [75].
Molecular cloning
To produce cargo-loaded or unloaded encapsulin shells in E. coli, pET-Duet vectors were utilized, containing either one or both encapsulin-encoding genes (MxEnc1, MxEnc2) and with or without the geosmin synthase encoding gene (geoA). Each of the genes (MxEnc1, MxEnc2, GeoA) were ordered as synthetic gene fragments with twenty nucleotide overlapping sequence, required for Gibson Assembly, after which DNA was used to transform E. coli DP10 and plated on ampicillin selective agar plates. Clones were checked for gene insertion by colony PCR, and those containing inserts were whole plasmid sequenced using the Nanopore sequencing service from Eurofins Genomics. Sequenced clones were then used to transform E. coli BL21 and used for protein expression and purification. For expression and purification of GeoA in isolation, a pET28a-geoA construct was utilized. The coding sequence of geoA was PCR amplified using primers containing NdeI and HindIII sites, so that the product fragment contained these sites at the 5’ and 3’ ends, respectively. This insert and the empty pET28a vector were both digested using these same enzymes and the complete plasmid was generated using T4 DNA ligase and used to transform E. coli DP10. Clones were confirmed using colony PCR and sequencing and subsequently used for protein expression and purification, as detailed previously.
The mutation of cargo loading peptide (CLP) regions in the geoA coding sequence was achieved using specific oligonucleotides in PCR, followed by Gibson Assembly. For any deletion mutants, oligonucleotide primers were used to amplify the geoA gene omitting the sequence encoding for the CLP (two overlapping linear fragments for internal deletion, one fragment for C-terminal deletion) and used in Gibson Assembly with the linearized pET-Duet vector. To achieve mutation of the internal CLP, a set of oligonucleotide primers containing the requisite mutations were used to amplify the geoA coding sequence, with required overlapping sequence for Gibson Assembly, in two parts. A three-piece Gibson Assembly was performed to clone the mutated geoA sequence into the pET-Duet vector, containing the encapsulin-encoding genes.
Protein expression and purification
For overproduction of recombinant proteins from E. coli BL21, a starter culture of E. coli cells harboring the requisite pET-Duet or pET28a plasmid was cultured overnight in 6 ml LB supplemented with either ampicillin or kanamycin while shaking (220 rpm) at 37°C. The complete starter culture was used to inoculate 500 mL of LB media and cultured at 37°C with shaking at 220 rpm, until the cells reached an OD600 of 0.6. Protein production was then induced by the addition of 0.2 mM IPTG, followed by shaking at 220 rpm and 18°C for 18 hours. This protocol was utilized for all constructs, apart from pET28a-geoA and pET-Duet-MxEnc1-MxEnc2-geoA, for which auto-induction media was utilized to optimize yield of protein production. For expression in auto-induction media, a starter culture was again grown overnight in 6 mL LB supplemented with either ampicillin or kanamycin while shaking (220 rpm) at 37°C. The complete starter culture was used to inoculate 500 mL ZY media, supplemented with 1x M and 1x 5052, as described. Cultures were shaken at 220 rpm and at 18°C for 64 hours, after which cells were harvested.
Recombinant protein purification for all constructs was achieved as follows. Bacterial cells were collected by centrifugation and resuspended in lysis buffer (50 mM HEPES, 500 mM NaCl, 10 mM imidazole, protease inhibitor cocktail tablet (Roche), DNAse I, pH 7.5). Cells were lysed by sonication using a Model 120 Sonic Dismembrator (Fisher Scientific Inc.) for three minutes (1s on, 1s off, 84 W power), followed by clarification of the cell lysates by centrifugation (18,000 xg, 20 minutes). The clarified lysates were then passed through a BioRad Econo Pac column loaded with 2 mL Ni-NTA resin (Fisher Scientific Inc.) by gravity flow, before the resin was washed with wash buffer (50 mM HEPES, 200 mM NaCl, 50 mM imidazole, pH 7.5). Protein was eluted from the resin with elution buffer (50 mM HEPES, 200 mM NaCl, 300 mM imidazole, pH 7.5) and analyzed by SDS-PAGE. Elution fractions containing proteins of interest were pooled, concentrated using an Amicon spin filter (Merck, 10 kDA MW cut-off for free enzyme, 100 kDa MW cut-off for encapsulins) and injected on to an ÄKTA Pure system (Cytiva), equipped with either a Superdex 200 increase 10/300 gl (free enzyme) or a Superose 6 Increase 10/300 gl (encapsulin systems) column running a buffer system of 20 mM Tris, 150 mM NaCl, pH 7.5. Resultant fractions from gel filtration showing absorbance at UV280 were collected and analyzed by SDS-PAGE. Fractions containing required proteins were pooled and concentrated using an Amicon spin filter and stored at -80°C, or used immediately.
Negative stain transmission electron microscopy (TEM)
Encapsulin protein samples for TEM were diluted to a concentration between 0.1 and 0.15 mg/mL, and applied to freshly glow-discharged (PELCO easiGlow, 60 s, 5 mA) 200 mesh gold formvar/carbon square mesh grids (EMS). Samples were allowed to rest on grids for 60 s to achieve sample adsorption, before liquid was blotted of the grid with filter paper. This was followed by two rounds of staining with 0.75% uranyl formate, achieved by application of a 5 L drop of the stain and blotting with filter paper. After the application of the second drop of stain, the grid was blotted after one minute to achieve optimal sample staining. TEM micrographs were recorded using either a FEI Morgagni TEM operating at 100 kV or a FEI Tecnai 12 operating at 120 kV, both at the Life Sciences Institute at the University of Michigan.
Single particle cryo-electron microscopy (cryo-EM)
Sample preparation: Purified samples of GeoA-loaded His-MxEnc1-only and MxEnc1/His-MxEnc2 mixed shells were concentrated to 0.1 mg/mL and 3 mg/mL in 150 mM NaCl, 25 mM Tris pH 8.0, respectively. 3.5 µL of protein sample were applied to freshly glow discharged grids (MxEnc1-only: Quantifoil R1.2/1.3, 400 mesh, Quantifoil Au holey grid, Graphene coated; MxEnc1/MxEnc2-mixed: Quantifoil R1.2/1.3 Cu 200 mesh) and prepared by plunge freezing in liquid ethane using an FEI Vitrobot Mark IV (100% humidity, 22°C, blot force 0, blot time 4 seconds, wait time 30 s). The grids were immediately clipped and stored in liquid nitrogen until data collection.
Data collection: Cryo-EM movies were collected using a ThermoFisher Scientific Titan Krios G3i cryo-electron microscope operating at 300 kV equipped with a Gatan K3 direct electron detector with a BioQuantum imaging filter. For the Enc1-only sample, 4,596 movies were collected from a single grid using the SerialEM [76] software package at a magnification of 105,000x, pixel size of 0.834 Å, defocus range of -1.0 µm to -1.8 µm, and a total dose of 47.42 e-/Å2.  For the mixed MxEnc1/His-MxEnc2 sample, 861 movies were collected from a single grid using SerialEM at a magnification of 105,00x, pixel size of 0.832 Å, defocus range of -1.0 µm to -1.8 µm, and a total dose of 45.11 e-/Å2.
Data processing: CryoSPARC 4.7 [77] was used to process the datasets (Supplementary Figs. 4 and 5). For MxEnc1-only, 4,596 movies were imported, motion corrected by patch motion correction, and the CTF fit was estimated using patch CTF estimation. Exposures with CTF fit resolutions worse than 6 Å were discarded from the dataset, resulting in 4,586 remaining movies. 200 particles were selected manually and used to create templates for template-based particle picking. Template picker was then used to select 133,678 particles, which were then extracted using a box size of 480 pixels. Particles subsequently sorted by two rounds of 2D classification, resulting in 121,818 remaining particles. An initial volume was created by ab-initio reconstruction using two classes and I symmetry, resulting in a majority class containing 121,597 particles. These particles were then used for homogeneous refinement against the ab-initio map with I symmetry imposed, per-particle defocus optimization, per-group CTF parameterization, and Ewald sphere correction enabled using a negative curvature sign, resulting in a 2.31 Å map. For MxEnc1/His-MxEnc2, 861 movies were imported, motion corrected by patch motion correction, and the CTF fit was estimated using patch CTF estimation. Exposures with CTF fit resolutions worse than 6 Å were discarded from the dataset, resulting in 861 remaining movies. 200 particles were selected manually and used to create templates for template-based particle picking. Template picker was then used to select 34,983 particles, which were then extracted using a box size of 480 pixels. Particles subsequently sorted by two rounds of 2D classification, resulting in 34,935 remaining particles. An initial volume was created by ab-initio reconstruction using three classes and I symmetry, resulting in a majority class containing 34,935 particles. These particles were then used for homogeneous refinement against the ab-initio map with I symmetry imposed, per-particle defocus optimization, per-group CTF parameterization, and Ewald sphere correction enabled using a negative curvature sign, resulting in a 2.27 Å consensus map. For two-fold pore analysis, particles were symmetry expanded in I resulting in 2,096,200 particles of which 250,000 were used for subsequent 3D classification. Masked 3D classification utilizing a mask encompassing two protomers spanning the two-fold axis of symmetry was carried out with 6 classes, a target resolution of 4.5 Å, O-EM learning rate init: 0.75, and force hard classification enabled. This yielded one class with a closed two-fold pore and unresolved CBDs containing 67,839 particles. Subsequent Homogeneous reconstruction of this class resulted in a closed two-fold pore map with a resolution of 2.71 Å.
Model building: For building the model of the MxEnc1-only shell, a starting model was generated using AlphaFold3 (Q1CYZ6) [78]. The AF3 MxEnc1 model was manually placed into the map using ChimeraX v.1.11.1 [79], followed by improved map fit using the fit-in-map command. The model was then manually refined against the density map using Coot v1.2 [80, 81]. Phenix v2.0.5885 [82, 83] was then used to further refine the model by real-space refinement with three macrocycles, minimization_global enabled, local_grid_search enabled, and adp refinement enabled. NCS operators were then identified from the map using map_symmetry and applied to the model using apply_ncs to generate the icosahedral shell. The NCS-expanded shell was then refined again using real-space refinement with three macrocycles, minimization_global enabled, local_grid_search enabled, adp refinement enabled, and NCS constraints enabled. The BIOMT operators were identified using the find_ncs command and manually placed into the header of the .pdb file of the NCS-refined model (Supplementary Table 1). For generating the closed two-fold model, four MxEnc1 copies were manually placed into the two-fold pore map using ChimeraX v.1.11.1, followed by the fit-in-map command. The model was then manually refined using Coot v1.2, followed by further real-space refinment in Phenix v2.0.5885 with three macrocycles, minimization_global enabled, local_grid_search enabled, and adp refinement enabled.
GeoA activity assays
GeoA activity assays were carried out utilizing the EnzChek pyrophosphate assay kit (Thermo Fisher Scientific). Briefly, to assay buffer (50 mM HEPES, 200 mM NaCl, 10 mM MgCl2, pH 7.5) was added 2-amino-6-mercapto-7-methyl purine ribonucleoside (MESG), purine nucleoside phosphorylase (PNP) and inorganic pyrophosphatase (IP). This standard mixture was aliquoted at required volumes (total assay volume 100 L) into wells of 96-well plates, followed by the addition of either free GeoA enzyme or encapsulin-GeoA systems (concentrations ranging from 0 to 4 M, with encapsulin-GeoA concentrations based on concentration of internal cargo enzyme). Reactions were initiated by the addition of the farnesyl pyrophosphate substrate at varying concentrations from 0 to 100 M. Absorbance at 360 nm was recorded, corresponding to the conversion of MESG to ribose 1-phosphate and 2- amino-6-mercapto-7-methylpurine by PNP. Readings were collected every 15 s in sweep mode using a BioTek Synergy H1 microplate reader. Slopes were calculated in the linear reaction periods (4 to 10 mins) and used to calculate reaction velocities using a pyrophosphate standard curve. Velocities were plotted and curves were fitted in GraphPad Prism 9.10 or using MatPlotLib.
Gas chromatography mass spectrometry (GCMS)
Reactions for subsequent GCMS analysis were prepared in sealed vials to prevent loss of volatile products. In each vial, to assay buffer (50 mM HEPES, 200 mM NaCl, 10 mM MgCl2, pH 7.5) was added either free GeoA (4 M) or EncGeoA (4 M internal GeoA cargo concentration). Reactions were initiated with the addition of the substrate FPP at concentrations ranging from to 0 to 400 M to achieve a total assay volume of 100 L, and incubated for eighteen hours at 30°C. Pentane (200 L) was added to the vial by syringe to avoid volatile product loss, and mixed by vortexing to transfer pentane-soluble products to the organic layer. The pentane layer was then removed and added to a clean, empty vial. The pentane extraction process was repeated on the aqueous layer to extract any remaining organic compounds. The combined pentane layers were then dried with sodium sulfate and concentrated using a dry nitrogen stream. The pentane extraction was also carried out on control assays containing proteins or substrates only, as well as an assay sample containing 400 M geosmin standard. 2 L of each concentrated extract was injected onto a Shimadzu QP-2010 GCMS instrument equipped with a DB-5 column, and run in splitless EI mode. The column flow rate was maintained at 1.0 mL/min with a temperature ramp of 60°C to 280°C at 20°C/min. Analysis of collected data was carried out in GCMSsolution (Shimadzu) and plotted in GraphPad Prism 9.10.
Differential scanning fluorimetry
Thermal melts of empty encapsulin, or cargo-loaded encapsulin proteins, was carried out using an Uncle instrument (Unchained Labs). Samples for DSF were either captured using intrinsic tryptophan fluorescence, or contained 10x SYPRO orange dye (from 5000x DMSO stock, Invitrogen), incubated with 1 mg/mL encapsulin protein in storage buffer (20 mM Tris, 150 mM NaCl, pH 7.5). Additional cofactors and binding partners were added into the buffer as required (cAMP, 1mM). Thermal ramps were initiated at 25°C and progressed at 1°C/min, until a final temperature of 95°C was reached. Samples were monitored by obtaining fluorescence emission spectra from 250 to 720 nm, with an excitation wavelength of 473 nm. Data analysis was carried out in Uncle Analysis V5.04, which was used to calculate the area under the curve between 510 and 680 nm and represent thermal transition curves.
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[bookmark: _Toc235467994]Supplementary Fig. 1. SDS-PAGE, TEM, and mass spectral analysis of encapsulated GeoA. (A) Schematic overview of the His-Enc1_His-Enc2_GeoA expressed construct. SDS-PAGE and TEM analysis of the purified protein showed coelution of the shell and cargo proteins and discrete shell formation. (B) Overview of the geosmin biosynthetic pathway and the intermediates formed en route to geosmin. A schematic of an encapsulin pore is shown, illustrating how diffusive substrate and product entry/exit may occur. (C) Results obtained from mass spectral analysis of EncGeoA samples. The overall number of peptides observed across all three samples is shown, as well as averaged peptide scores. The raw mass spectral abundance for each sample is shown for each of the encapsulin proteins and GeoA (samples 1 and 2 – gel slice of encapsulin proteins; sample 3 – gel slice of GeoA protein).
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[bookmark: _Toc235467995]Supplementary Fig. 2. Sequence similarity networks for GeoA and overview of GeoA systems containing Family 2A encapsulin shells. (A) Sequence similarity network (SSN) of all analyzed GeoA homologs. Circles highlighted in orange are single encapsulin-containing systems, whereas those highlighted in yellow contain two distinct encapsulin genes. (B) SSN of GeoA systems containing Family 2A encapsulins, as well the GeoA systems from S. coelicolor and M. xanthus as comparisons. The different Family 2A operon types observed are listed above. (C) Schematic overview of four GeoA-containing clusters found to also encode Family 2A encapsulin genes, as well as AlphaFold analysis of encoded encapsulins. Different system types, either containing one or two encapsulin genes, or either one or both of Family 2A and Family 2B encapsulins, were observed.
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[bookmark: _Toc235467996]Supplementary Fig. 3. Pairwise sequence and structural analysis of the GeoA proteins encoded by M. xanthus (MxGeoA) and S. coelicolor (ScoGeoA). (A) Pairwise sequence alignment of MxGeoA (top) and ScoGeoA (bottom). The sequences showed 55.5% identity and 70.1% sequence similarity. (B) Alignments of AlphaFold predicted structures for MxGeoA (green) and ScoGeoA (brown). Minor structural differences were only observed at the N- and C- termini of the two proteins.


[image: ]
[bookmark: _Toc235467997]Supplementary Fig. 4. Cryo-EM workflow for MxEnc1_GeoA. (A) Representative micrograph for MxEnc1_GeoA. (B) Representative 2D-classes for MxEnc1_GeoA. (C) Overall cryo-EM data collection and analysis workflow carried out for MxEnc1_GeoA.
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[bookmark: _Toc235467998]Supplementary Fig. 5. Cryo-EM workflow for MxEnc1-His-MxEnc2_GeoA. (A) Representative micrograph for MxEnc1-His-MxEnc2_GeoA. (B) Representative 2D-classes. (C) Overall cryo-EM data collection and analysis workflow carried out for MxEnc1-His-MxEnc2_GeoA.
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[bookmark: _Toc235467999]Supplementary Fig. 6. Structural overview of the three pore types observed in MxEnc encapsulin shells. (Left) View over the five-fold pore of MxEnc1 shells, colored by charge distribution. The computed size of the pore at its widest is 6 Å. (Center) View over the three-fold pore of MxEnc1 shells, colored by charge distribution. The computed size of the pore at its widest is 5 Å. (Right) View over the two-fold pore of MxEnc1 shells, colored by charge distribution. The external CBDs have been removed for visual clarity, and their outline is indicated above the pore. The computed size of the pore at its widest is ca. 20 Å, with the longitudinal size measured as ca. 60 Å.
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[bookmark: _Toc235468000]Supplementary Fig. 7. Computed sequence logo for the complete MxGeoA protein. The approximate N-terminal domain is shown on the left and the C-terminal domain on the right. Residues in every position are colored by the nature of the amino acid (blue – hydrophilic, black – hydrophobic, green – neutral).
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[bookmark: _Toc235468001]Supplementary Fig. 8. MxGeoA sequence conservation. The sequence of GeoA colored by the sequence conservation as computed by ConSurf analysis of 1538 GeoA homologs. Residues are colored and annotated according to the legend on the right.
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[bookmark: _Toc235468002]Supplementary Fig. 9. Catalytic analysis of free and encapsulated GeoA. (A) Mechanistic overview of the EnzChek assay used to track catalytic activity of both free and encapsulated GeoA enzymes (left). Examples of raw absorbance curves obtained from EnzChek assays with encapsulated GeoA (green (50 M FPP), 5 M FPP controls (blue and orange), and free MxGeoA (purple, 50 M FPP). (B) Mechansitic overview of GCMS assay, used to analyze intermediate and product formation from assays containing substrate FPP and either free or encapsulated GeoA (left). Example total ion chromatograms (TICs) observed in GCMS runs of assays with MxGeoA or EncGeoA with FPP, or a geosmin standard (right). (C) Mass spectra obtained for germacradienol (upper left) and geosmin (upper right) and software-generated comparative spectra for compound assignment confirmation (bottom).
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[bookmark: _Toc235468003]Supplementary Fig. 10. Differential scanning fluorimetry (DSF) thermal melts of GeoA-loaded MxEnc. Melt data was collected in the absence (orange, yellow) or presence (blue, grey) of cAMP. Calculated curves from intrinsic fluorescence are shown (left) as well as single light scattering curves at 266 nm (right).



[bookmark: _Toc235468004]Supplementary Table 1. Cryo-EM data collection and refinement statistics.
	
	Enc1GeoA-I
(EMD-77551)
(PDB 36GO)
	Enc1Enc2GeoA-closed 2fold
(EMD-77555)
(PDB 36GU)
	Enc1GeoA-C1
(EMD-77550)
	Enc1Enc2GeoA-I
(EMD-77552)

	Data collection and processing
	
	
	
	

	Magnification   
	105,000x
	105,000x
	105,000x
	105,000x

	Voltage (kV)
	300
	300
	300
	300

	Electron exposure (e-/Å2)
	47.42
	48.23
	47.42
	48.23

	Defocus range (mm)
	-0.8 to -1.8
	-0.8 to -1.8
	-0.8 to -1.8
	-0.8 to -1.8

	Pixel size (Å)
	0.834
	0.832
	0.834
	0.832

	Symmetry imposed
	I
	C1
	C1
	I

	Initial particle images (no.)
	133,678
	2,098,980
(symmetry expanded)
	133,678
	34,983

	Final  particle images (no.)
	121,597
	275,964 
	121,597
	34,935

	Map resolution (Å)
    FSC threshold
	2.31
0.143
	2.71
0.143
	3.34
0.143
	2.27
0.143

	
Refinement
	
	
	
	

	Initial model used (PDB code)
	AlphaFold
	AlphaFold
	-
	-

	Model resolution (Å)
    FSC threshold
	2.5
0.5
	2.9
0.5
	-
-
	-
-

	Map sharpening B factor (Å2)
	-80.6
	-86.7
	-105.8
	-72.0

	Model composition
    Non-hydrogen atoms
    Protein residues
    Ligands
	
1,876
237
-
	
7,854
1000
-
	
-
-
-
	
-
-
-

	B factors (Å2)
    Protein
    Ligands
	
44.46
-
	
33.18
-
	
-
-
	
-
-

	r.m.s. deviations
    Bond lengths (Å)
    Bond angles (°)
	
0.004
1.055
	
0.008
1.131
	
-
-
	
-
-

	 Validation
    MolProbity score
    Clashscore
    Poor rotamers (%)   
	
1.95
9.04
2.91
	
1.50
4.88
1.28
	
-
-
-
	
-
-
-

	 Ramachandran plot
    Favored (%)
    Allowed (%)
    Disallowed (%)
	
97.4
2.6
0
	
97.05
2.74
0.20
	
-
-
-
	
-
-
-








	Name[bookmark: _Toc235468005]Supplementary Table 2. Protein sequences of constructs used in this study.

	Protein Sequence

	His-MxGeoA
	MHHHHHHGGGSENLYFQGSTAKNKQPFELPDFYVPWPARLNPNLEGARVHSKAWAREL GIIGRPKDGSAPEIWSEAKFDAMDYALLCAYTHPEAPGPELDLVTDWYVWVFYFDDHFLE LYKRPQDQVGAKAYLDRLPLFMPVDPAATPPPPTNPVEAGLLDLWNRTVPSRSMAWRRR FFESTKHLLDESSWELSNISDRRVSNPIEYIEMRRKVGGAPWSANLVEHAVFAEVPDRVAA SRPMRVLKDTFSDAVHLRNDLFSYEREILEEGELSNGVLVMEKFLNISPPSAAHLVNEVLT SRLQQFENTVLTELPSLFVEFGLNPVEQAQVLTYVRGLQDWQSGGHEWHMRSSRYMNKG SGGAGGFFLGPNGLGTSAARLPQSPTALGLTRLKNFSHVPYQPVGPVKLPKFYMPYSTKPS PHLDAARRDSKAWARRMGMLDVLPGVPGGYIWDDHKFDVADVALCGALIHPHATAAQL NLSSCWLVWGTYADDYFPAFYGHTKDMAGAKVFNARLALFVPEDAGAVVPPPTNPVER GLADLWARTTEGVTPASRSLFRKAILDMTESWVWELANQIQNRIPDPIDYVEMRRQTFGS DLTMSLSRLAHGDALPPEVFHTRPIRSLENSAADYACLINDVFSYQKEIEFEGELNNGVLV VQRFLDLDPARAVSVVNDLMTARMQQFEYIIANELEPLARNFNLDGKAQDKLKQYVQKL QWWMSGVLIWHQTVDRYKEFELRASRKLAPRLSSGPTGLGTSAARITSLFANLRSGA* 

	His-MxEnc1
	MHHHHHHSNIIKPGSDAEKSQLSLGTAAARQLATTTKSVPQMQGISSRWLLKLLPWVQVS GGVYRVNRRLSYAVGDGRVTFTTTGAKVQVIPQELCELPLLRSYDDVEVLTALANRFEQK TYKAGDVITEVGKEADCIVLIAHGKVNKIGAGKYGDATVLGVLADGDHYSYEALLESQD YWKFTAKAATASTVLVLQQSDFEAVMAQSPSLHKHVEQFKARSKKKQDTTGQAEIELAA GHTGEPVLPGTYVDYETSPREYELSVAQTVLQIHTRVADLFNEPMNQTEQQLRLTVEALK ERKEHELINNREFGLLHNADLKQRIHTRRGPPTPDDMDELLATVWKEPSFFLAHPRAIAAF GQECSRKGIYPTSVDFNGNMVPAWRGVPIFPCSKIPVSDSRTTSIMLMRAGEKNQGVIGLH PGTIPDEIEAGLNVRFMGINEKAIINYLVTSYFSAAVLVPDALGILESVEIGRGD* 

	His-MxEnc2
	MHHHHHHTKFVKTGDDTPRLSLGTAAARQLATTTKTVPQMQGITPRWLLRMLPWVEVT GGTYRVNRRLSYAVADDRLVFSNIGAKVQVIPQELLKLPLLRGLSGDDEVIAALASQFTQA EYKAGDVIVEAGAPAEHVFLLAHGKARKLRAGPYGAPVTLDVLADGDHFGDQAVVESD DVWTFTVKATTPCTVLSLPQQVFEGLIARSATLRAQVERYRERLKKPQDKLGQAAIPLAA GHSGEPDIQGGYVDYELTPREYELSVAQTVLRVHTRVSDVFSDPMDQTEQQLRLTIEALRE RQEHELINNRDFGLLHNADLKQRVHTRNGPPTPDDLDELLSRRRKSRFFLAHPRTIAAFGR ECTRRGIYPTPIEVQGTPCMAWRGVPLLPCDKIPITEQRTSSILVLRTGQEDQGVIGLRRTGL PDEVEPGLSVRRMDVTDKAITNYLVSTYFSAALLIPDALGVLENVELGG* 

	MxGeoA
	MSTAKNKQPFELPDFYVPWPARLNPNLEGARVHSKAWAREL GIIGRPKDGSAPEIWSEAKFDAMDYALLCAYTHPEAPGPELDLVTDWYVWVFYFDDHFLE LYKRPQDQVGAKAYLDRLPLFMPVDPAATPPPPTNPVEAGLLDLWNRTVPSRSMAWRRR FFESTKHLLDESSWELSNISDRRVSNPIEYIEMRRKVGGAPWSANLVEHAVFAEVPDRVAA SRPMRVLKDTFSDAVHLRNDLFSYEREILEEGELSNGVLVMEKFLNISPPSAAHLVNEVLT SRLQQFENTVLTELPSLFVEFGLNPVEQAQVLTYVRGLQDWQSGGHEWHMRSSRYMNKG SGGAGGFFLGPNGLGTSAARLPQSPTALGLTRLKNFSHVPYQPVGPVKLPKFYMPYSTKPS PHLDAARRDSKAWARRMGMLDVLPGVPGGYIWDDHKFDVADVALCGALIHPHATAAQL NLSSCWLVWGTYADDYFPAFYGHTKDMAGAKVFNARLALFVPEDAGAVVPPPTNPVER GLADLWARTTEGVTPASRSLFRKAILDMTESWVWELANQIQNRIPDPIDYVEMRRQTFGS DLTMSLSRLAHGDALPPEVFHTRPIRSLENSAADYACLINDVFSYQKEIEFEGELNNGVLV VQRFLDLDPARAVSVVNDLMTARMQQFEYIIANELEPLARNFNLDGKAQDKLKQYVQKL QWWMSGVLIWHQTVDRYKEFELRASRKLAPRLSSGPTGLGTSAARITSLFANLRSGA* 

	MxEnc1
	MSNIIKPGSDAEKSQLSLGTAAARQLATTTKSVPQMQGISSRWLLKLLPWVQVS GGVYRVNRRLSYAVGDGRVTFTTTGAKVQVIPQELCELPLLRSYDDVEVLTALANRFEQK TYKAGDVITEVGKEADCIVLIAHGKVNKIGAGKYGDATVLGVLADGDHYSYEALLESQD YWKFTAKAATASTVLVLQQSDFEAVMAQSPSLHKHVEQFKARSKKKQDTTGQAEIELAA GHTGEPVLPGTYVDYETSPREYELSVAQTVLQIHTRVADLFNEPMNQTEQQLRLTVEALK ERKEHELINNREFGLLHNADLKQRIHTRRGPPTPDDMDELLATVWKEPSFFLAHPRAIAAF GQECSRKGIYPTSVDFNGNMVPAWRGVPIFPCSKIPVSDSRTTSIMLMRAGEKNQGVIGLH PGTIPDEIEAGLNVRFMGINEKAIINYLVTSYFSAAVLVPDALGILESVEIGRGD* 

	His-MxGeoA NTD
	MGSSHHHHHHSSGLVPRGSHMSTAKNKQPFELPDFYVPWPARLNPNLEGARVHSKAWARELGIIGRPKDGSAPEIWSEAKFDAMDYALLCAYTHPEAPGPELDLVTDWYVWVFYFDDHFLELYKRPQDQVGAKAYLDRLPLFMPVDPAATPPPPTNPVEAGLLDLWNRTVPSRSMAWRRRFFESTKHLLDESSWELSNISDRRVSNPIEYIEMRRKVGGAPWSANLVEHAVFAEVPDRVAASRPMRVLKDTFSDAVHLRNDLFSYEREILEEGELSNGVLVMEKFLNISPPSAAHLVNEVLTSRLQQFENTVLTELPSLFVEFGLNPVEQAQVLTYVRGLQDWQSGGHEWHMRSSRYMNKGSGGAGGFFLGPNGLGTS*

	His-MxGeoA CTD
	MGSSHHHHHHSSGLVPRGSHMAARLPQSPTALGLTRLKNFSHVPYQPVGPVKLPKFYMPYSTKPSPHLDAARRDSKAWARRMGMLDVLPGVPGGYIWDDHKFDVADVALCGALIHPHATAAQLNLSSCWLVWGTYADDYFPAFYGHTKDMAGAKVFNARLALFVPEDAGAVVPPPTNPVERGLADLWARTTEGVTPASRSLFRKAILDMTESWVWELANQIQNRIPDPIDYVEMRRQTFGSDLTMSLSRLAHGDALPPEVFHTRPIRSLENSAADYACLINDVFSYQKEIEFEGELNNGVLVVQRFLDLDPARAVSVVNDLMTARMQQFEYIIANELEPLARNFNLDGKAQDKLKQYVQKLQWWMSGVLIWHQTVDRYKEFELRASRKLAPRLSSGPTGLGTSAARITSLFANLRSGA*

	MxGeoA CLP1
	MSTAKNKQPFELPDFYVPWPARLNPNLEGARVHSKAWAREL GIIGRPKDGSAPEIWSEAKFDAMDYALLCAYTHPEAPGPELDLVTDWYVWVFYFDDHFLE LYKRPQDQVGAKAYLDRLPLFMPVDPAATPPPPTNPVEAGLLDLWNRTVPSRSMAWRRR FFESTKHLLDESSWELSNISDRRVSNPIEYIEMRRKVGGAPWSANLVEHAVFAEVPDRVAA SRPMRVLKDTFSDAVHLRNDLFSYEREILEEGELSNGVLVMEKFLNISPPSAAHLVNEVLT SRLQQFENTVLTELPSLFVEFGLNPVEQAQVLTYVRGLQDWQSGGHEWHMRSSRYMNKG SGGAGGFFLPQSPTALGLTRLKNFSHVPYQPVGPVKLPKFYMPYSTKPS PHLDAARRDSKAWARRMGMLDVLPGVPGGYIWDDHKFDVADVALCGALIHPHATAAQL NLSSCWLVWGTYADDYFPAFYGHTKDMAGAKVFNARLALFVPEDAGAVVPPPTNPVER GLADLWARTTEGVTPASRSLFRKAILDMTESWVWELANQIQNRIPDPIDYVEMRRQTFGS DLTMSLSRLAHGDALPPEVFHTRPIRSLENSAADYACLINDVFSYQKEIEFEGELNNGVLV VQRFLDLDPARAVSVVNDLMTARMQQFEYIIANELEPLARNFNLDGKAQDKLKQYVQKL QWWMSGVLIWHQTVDRYKEFELRASRKLAPRLSSGPTGLGTSAARITSLFANLRSGA* 

	MxGeoA CLP2
	MSTAKNKQPFELPDFYVPWPARLNPNLEGARVHSKAWAREL GIIGRPKDGSAPEIWSEAKFDAMDYALLCAYTHPEAPGPELDLVTDWYVWVFYFDDHFLE LYKRPQDQVGAKAYLDRLPLFMPVDPAATPPPPTNPVEAGLLDLWNRTVPSRSMAWRRR FFESTKHLLDESSWELSNISDRRVSNPIEYIEMRRKVGGAPWSANLVEHAVFAEVPDRVAA SRPMRVLKDTFSDAVHLRNDLFSYEREILEEGELSNGVLVMEKFLNISPPSAAHLVNEVLT SRLQQFENTVLTELPSLFVEFGLNPVEQAQVLTYVRGLQDWQSGGHEWHMRSSRYMNKG SGGAGGFFLGPNGLGTSAARLPQSPTALGLTRLKNFSHVPYQPVGPVKLPKFYMPYSTKPS PHLDAARRDSKAWARRMGMLDVLPGVPGGYIWDDHKFDVADVALCGALIHPHATAAQL NLSSCWLVWGTYADDYFPAFYGHTKDMAGAKVFNARLALFVPEDAGAVVPPPTNPVER GLADLWARTTEGVTPASRSLFRKAILDMTESWVWELANQIQNRIPDPIDYVEMRRQTFGS DLTMSLSRLAHGDALPPEVFHTRPIRSLENSAADYACLINDVFSYQKEIEFEGELNNGVLV VQRFLDLDPARAVSVVNDLMTARMQQFEYIIANELEPLARNFNLDGKAQDKLKQYVQKL QWWMSGVLIWHQTVDRYKEFELRASRKLAPRLSS* 

	MxGeoA mutCLP1
	MSTAKNKQPFELPDFYVPWPARLNPNLEGARVHSKAWAREL GIIGRPKDGSAPEIWSEAKFDAMDYALLCAYTHPEAPGPELDLVTDWYVWVFYFDDHFLE LYKRPQDQVGAKAYLDRLPLFMPVDPAATPPPPTNPVEAGLLDLWNRTVPSRSMAWRRR FFESTKHLLDESSWELSNISDRRVSNPIEYIEMRRKVGGAPWSANLVEHAVFAEVPDRVAA SRPMRVLKDTFSDAVHLRNDLFSYEREILEEGELSNGVLVMEKFLNISPPSAAHLVNEVLT SRLQQFENTVLTELPSLFVEFGLNPVEQAQVLTYVRGLQDWQSGGHEWHMRSSRYMNKG SGGAGGFFLASSASSASAARLPQSPTALGLTRLKNFSHVPYQPVGPVKLPKFYMPYSTKPS PHLDAARRDSKAWARRMGMLDVLPGVPGGYIWDDHKFDVADVALCGALIHPHATAAQL NLSSCWLVWGTYADDYFPAFYGHTKDMAGAKVFNARLALFVPEDAGAVVPPPTNPVER GLADLWARTTEGVTPASRSLFRKAILDMTESWVWELANQIQNRIPDPIDYVEMRRQTFGS DLTMSLSRLAHGDALPPEVFHTRPIRSLENSAADYACLINDVFSYQKEIEFEGELNNGVLV VQRFLDLDPARAVSVVNDLMTARMQQFEYIIANELEPLARNFNLDGKAQDKLKQYVQKL QWWMSGVLIWHQTVDRYKEFELRASRKLAPRLSSGPTGLGTSAARITSLFANLRSGA* 

	MxGeoA mutCLP1CLP2
	MSTAKNKQPFELPDFYVPWPARLNPNLEGARVHSKAWAREL GIIGRPKDGSAPEIWSEAKFDAMDYALLCAYTHPEAPGPELDLVTDWYVWVFYFDDHFLE LYKRPQDQVGAKAYLDRLPLFMPVDPAATPPPPTNPVEAGLLDLWNRTVPSRSMAWRRR FFESTKHLLDESSWELSNISDRRVSNPIEYIEMRRKVGGAPWSANLVEHAVFAEVPDRVAA SRPMRVLKDTFSDAVHLRNDLFSYEREILEEGELSNGVLVMEKFLNISPPSAAHLVNEVLT SRLQQFENTVLTELPSLFVEFGLNPVEQAQVLTYVRGLQDWQSGGHEWHMRSSRYMNKG SGGAGGFFLASSASSASAARLPQSPTALGLTRLKNFSHVPYQPVGPVKLPKFYMPYSTKPS PHLDAARRDSKAWARRMGMLDVLPGVPGGYIWDDHKFDVADVALCGALIHPHATAAQL NLSSCWLVWGTYADDYFPAFYGHTKDMAGAKVFNARLALFVPEDAGAVVPPPTNPVER GLADLWARTTEGVTPASRSLFRKAILDMTESWVWELANQIQNRIPDPIDYVEMRRQTFGS DLTMSLSRLAHGDALPPEVFHTRPIRSLENSAADYACLINDVFSYQKEIEFEGELNNGVLV VQRFLDLDPARAVSVVNDLMTARMQQFEYIIANELEPLARNFNLDGKAQDKLKQYVQKL QWWMSGVLIWHQTVDRYKEFELRASRKLAPRLSS* 


1Stops are represented by asterisks
2Underlined amino acids represent expression tags


[bookmark: _Toc235468006]Supplementary References

 
67.	R. Zallot, N. Oberg, and J.A. Gerlt, "The EFI Web Resource for Genomic Enzymology Tools: Leveraging Protein, Genome, and Metagenome Databases to Discover Novel Enzymes and Metabolic Pathways," Biochemistry 58 (2019): 4169-4182.
68.	N. Oberg, R. Zallot, and J.A. Gerlt, "EFI-EST, EFI-GNT, and EFI-CGFP: Enzyme Function Initiative (EFI) Web Resource for Genomic Enzymology Tools," Journal of Molecular Biology 435 (2023): 168018.
69.	F. Lemoine, D. Correia, V. Lefort, et al., "NGPhylogeny.fr: new generation phylogenetic services for non-specialists," Nucleic Acids Research 47 (2019): 260-265.
70.	K. Katoh, and D.M. Standley, "MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability," Molecular Biology and Evolution 30 (2013): 772-780.
71.	M.N. Price, P.S. Dehal, and A.P. Arkin, "FastTree: Computing Large Minimum Evolution Trees with Profiles instead of a Distance Matrix," Molecular Biology and Evolution 26 (2009): 1641-1650.
72.	M.N. Price, P.S. Dehal, and A.P. Arkin, "FastTree 2 – Approximately Maximum-Likelihood Trees for Large Alignments," PLOS ONE 5 (2010): e9490.
73.	F. Lemoine,,J.B. Domelevo Entfellner, E. Wilkinson, et al., "Renewing Felsenstein’s phylogenetic bootstrap in the era of big data," Nature 556 (2018): 452-456.
74.	I. Letunic, and P. Bork, "Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation," Nucleic Acids Research 49 (2021): 293-296.
75.	P. Shannon, A. Markiel, O. Ozier, et al., "Cytoscape: a software environment for integrated models of biomolecular interaction networks," Genome Research 13 (2003): 2498-504.
76.	D.N. Mastronarde, "SerialEM: a program for automated tilt series acquisition on Tecnai microscopes using prediction of specimen position," Microscopy and Microanalysis 9 (2003): 1182-1183.
77.	A. Punjani, J.L. Rubinstein, D.J. Fleet, and M.A. Brubaker, "cryoSPARC: algorithms for rapid unsupervised cryo-EM structure determination," Nature Methods 14 (2017): 290-296.
78.	J. Abramson, J. Adler, J. Dunger, et al., "Accurate structure prediction of biomolecular interactions with AlphaFold 3," Nature 630 (2024): 493-500.
79.	E.F. Pettersen, T.D. Goddard, C.C. Huang, et al., "UCSF ChimeraX: Structure visualization for researchers, educators, and developers," Protein Science 30 (2021): 70-82.
80.	P. Emsley, and K. Cowtan, "Coot: model-building tools for molecular graphics," Acta Crystallographica Section D 60 (2004): 2126-2132.
81.	P. Emsley, B. Lohkamp, W.G. Scott, and K. Cowtan, "Features and development of Coot," Acta Crystallographica Section D 66 (2010): 486-501.
82.	P.D. Adams, P.V. Afonine, G. Bunkoczi, et al., "PHENIX: a comprehensive Python-based system for macromolecular structure solution," Acta Crystallographica Section D 66 (2010): 213-221.
83.	D. Liebschner, P.V. Afonine, M.L. Baker, et al., "Macromolecular structure determination using X-rays, neutrons and electrons: recent developments in Phenix," Acta Crystallographica Section D 75 (2019): 861-877.

image3.png
51

43
101

91
151
141
201
191
251
240
301
290
349
340
399
387
449
430
499
480
549
529
599
579
649
629
699
679
746
726

MSTAKNKQPFELPDFYVPWPARLNPNLEGARVHSKAWARELGIIGRPKDG

RSN AR EE |
————MTQQPFQLPHFYLPHPARLNPHLDEARAHSTTWAREMGML———EG

SAPEIWSEAKFDAMDVALLCAVTHFEAPGPELDLVTDWVVWFYFDDHFL

[P N R N R E N RARR N NNy
SG-—VWEQSDLEAHDYGLLCAYTHPDCDGPAL SLITDWYVWVFFFODHFL

ELVKRPODOVGAKAYLDRLPLFMPVDPAATPPPPTNPVEAGLLDLWRTV

Sree [LELENEE e fee L L DEEELE D= T
EKYKRSQDRL, GKAHLDRLPLFMPLDDAAGMPEPRNPVEAGLADLWTRTV

PSRSMANRRRFFESTKHLLDESSHELSNISDRRVSNPIEYIEMRRKVGGA
e 2] ] PR AN
REMS.'\D\'(RBBEAV.ATI?.HLLN§$M§L§NJNE.GBYANEXRYEE."BBKMGG&

PWSANLVEHAVFAEVPDRVAASRPMRVLKDTFSDAVHLRNDLFSYEREIL

L R e N A A AR RN A AN YR
PWSAGLVEYAT-AEVPAAVAGTRPLRVLMETFSDAVHLRNDLFSYQREVE

EEGELSNGVLVMEKFLNISPPSAAHLVNEVLTSRLQQFENTVLTELPSLF

NN R e | AR A RN NN A e
DEGELSNGVLVLETFFGCTTQEAADLVNDVLTSRLHQFEHTAFTEVPAVA

VEFGLNPVEQAQVLTYVRGLQDWQSGGHEWHMRSSRYMNKGSGGAGGF——
R N e e N NNy NN ARy AN ey
LEKGLTPLEVAAVGAYTKGLQDWQSGGHEWHMRSSRYMNKGERRLAGWOA

FLGPNGLGTSAARLPQSPTALGLTRLKNFSHVPYQPVGPVKLPKFYMPYS

ol [T Jeteeee | sfalleat]ana]]]s
LTGP***GTSAADVGALLADAVAORARSYTYVPFQK\IGPSVIPDIRMPYP

..KPT.?HLDAARBWMUAWGMI,DVLFG'){ PGQY.IKDHHKFDVAD‘IAECG
LELSPALDGARRHL SEWCREMGILS—— EGv———wnEDKLESCuLPLCA
ALTHPHATAAQLNLSSCWLVWGTYADDY FPAFYGHTKDMAGAKVFNARLA

N ey N N e N R L e N A Y Y EE TRy A b
AGLDPDATQDQLDLASGWLAFGTYGDDYYPLVYGHRRDLAAARLTTTRLS

LFVPEDAGAVVPPPTNPVERGLADLWARTTEGVTPASRSLFRKAILDMTE
ot lal faeelEELalas [ ladellLal[Telsfleeloaatllzall]]
DCMPLD-GEPVPPPGNAMERSLIDLWVRTTAGMTREERRPLKKAVDDMTE

SWVWELANQIQNRIPDPIDYVEMRRQTFGSDLTMSLSRLAHGDALPPEVF

RN N R e NN RNy EY EN N EA NN
AWLWEL SNQIONRVPDPVDYLEMRRATFGSDLTLGLCRAGHGPAVPPEVY

HTRPIRSLENSAADYACL INDVFSYQKEIEFEGELNNGVLVVQRFLDLDP
e N N R e NI R
RSGPVRSLENAAIDYACLLNDVFSYQKEIEYEGEIHNAVLVVONFFGVDY

ARAVSVVNDLMTARMQQF EYIANELEPLARNFNLDGKAGDKLKQYVOKL
soltal el lleal]2]] ]2 siia]]ee]
PAALGVVQDLMNQRYRQF EHVVAHEL PVVYDDF QLSEEARTVMRGYVTDL

QWWMSGVLIWHQTVDRYKEFELRASRK-——LAPRLSSGPTGLGTSAARIT
lellslelallealallle Toalals loalsaza] taa]iaaz]
QNWMAGILNWHRNVPRYKA-EYLAGRTHGFLPDRIPAPP—VPRSSPALT

SLFANLRSGA 755

Fi— B

42
100

90
150
140
200
190
250
239
300
289
348
339
398
386
448
429
498
479
548
528
598
578
648
628
698

678
745
725




image4.png
C

4,596 m:/vies Patch motion Patch CTF Curate Exposures Template
834 : o o s
0.834 Alpx correction estimation CTFFit 6 A ) Picking 133,678 particles
300 kV ' ' 4,586 movies ~———————
Titan Krios G3I cryoSPARC Live cryoSPARC Live cryoSPARC Live cryoSPARC Live 480 px
Gatan K3 121,507
particles
9
Ab-initio r _(928_/")_ -
2D classification reconstruction: I |
(3 rounds) 121,818 particles 2 classes, (I) I ,I ]
cryoSPARC 480 px cryoSPARC ! 1

[

GSFSC Resolution: 231

Homogeneous refinement:
(1), CTF refinement,
defocus refinement,

EWS correction (-)

cryoSPARC

Elevation

we 0 wa w2 s
Azimuth

(GSFSC Resolution: 3.34A

Homogeneous refinement:
(C1), CTF refinement,
defocus refinement,
EWS correction (-)

cryoSPARC

Elevation
# ofimages

100





image5.png
861 m%iss Patch motion Patch CTF Curate Exposures Template
0.832 imatic : icki '
o kvpx correction > estimation > CTF Fit: 6 A > 851 movies Picking 34,983 particles
Titan Krios G3I cryoSPARC Live cryoSPARC Live CcryoSPARC Live CcryoSPARC Live 480 px
Gatan K3 34035
particles
Abinitio o I
2D classification reconstruction: \
(2 rounds) 34,935 particles 3 classes, (1) [E. 1 X
cryoSPARC 480 px cryoSPARC [ ol
1
PR

Homogeneous refinement:
(1, CTF refinement,

defocus refinement, o Symmetry expansion:
EWS correction (-) N I symmetry 2,096,200
particles,

cryoSPARC cryoSPARC (use 250,000)

Elevation

Closed 2-fold
P —— == =
Masked 3D classification:

6 classes, Target resolution: 4.5,
‘O-EM leaming rate init: 0.75,
Force hard classification

CcryoSPARC

167,739 particles 245,967 particles

2-fold mask
45,861 particles 5| 40,889 particles 681,576 particles
GSFSC Resolution: 2.714
Homogeneous as: o .74
Reconstruction -
(class 1) o2
cryoSPARC o o E )

Elevation

w2 -4 0 me w2
“Azimutn




image6.png
Two-fold pore

Three-fold pore

-fold pore

Five





image7.png
%WWWWHQL e beshta? w P
odsalet LLCﬁYT : LﬁfeLsI}TAW Lnghalsline Pvﬁe @e st
ﬁ?ﬁ_ﬂYVWVFEF 0L e e - %LCéA»GEHP sl M
E%P WI EV AGLA LW; MQMS‘:‘eW g F ST H|. j GA el Lo AFMPL MPIW ﬁugz QLA Lwﬁ
S L TRl YIM VGGAPW§ KL éﬁ?j AGPM:_\Q BaFfat] J SlLELALOR?
ok AR e YiM TR e o sGeM :
et TJ:LGQQ BT i <D e o e
e Pl Wsee o | va sLPudE LD,
Hﬂ 3 YM E0h.cxsaateeh ol L0 AeBEce ALHYLU. gl H ol e

i
£ Purases P 0T5Aseel L




image8.png
1
ws 1RxnIEH

eeeeceecececece
£ £ f£f£

51
saPEIfsElK

eeebbbeecece
s

101

Ex v(Rs ool

ebbeeeececee
£ ff £

151

B RETATTeE

eebbeebeece

£ sf f
201
sl

ebbbebbebb
fsss s f

251

11 21 31
P ofEivevE Mifeniech [vEsxaffire

ebeebbbbbe
sf ss £

61
F p A MEF] 2 [FE

beeeebbbbb
ffs sss

111

caxa¥foRHe

ebeebbeebe
s fs

161

Br =sBxa[Fo

beebbeebbe

s s s5s
211
vrAEvEorv]

beeebbeebe
ff s £

261

eebbeebeeb
£ff sf

71

bbebeebeee
sfsff

121

L0e v o JAEE]

ebbebeceece
ssf

171

e oz B
ebbeebbebe
fs ffs fs

221

asfem R[]

eeebbebbee
£ ss f

271

eeebeebbee
f £ ss

81

=2 5 vEEXER]

ebebbbebbb
s sfsss

131

Beee e

eeeeececeecee
£f £ £ f£f

181

o= s [I3EEE

eeebeeebeb
£ ff fs

231

[ B [

bbeebbbbee
s f sssff

281

e sEecVE HmBxHrnis? Bs[uivfev EEERT TR~

eeeeebebbb
fff £ s

301
vercLf]rfjep
eeeeeeeeeb

351

cpN@LETsAA

beeeebebbb
£

401

psea Lo afE]
beeebeebee
ff £

451

rupuaTiacf
bbeebeeeeb
£ s

501

bR ca val

bebeeeeceece
sf

551

fBrafforon

bbebeeebee
sf £

bbeebbebee
s £ s £

311

agvirfvRER

bebbbbbeeb
s ffs

361

rRLspfavre

ebeebbeecee

411

psk[XaRRM[]
ebeebbeebe
s £

461

nLsscR v

ebbeebbbbb
ss s

511

BezneviErch
eeeeebeebb
£ s

561

- OIS

ebeeebebbb
f fff fs s

eebbeebeeb
f ss £

321

bebebeebee
fsf fsf

331

a1
EcfTérrrDe

bebbeecececece
s f

91
bbbbbbeebb
sss ssffss
141
Lo L willr 7|4
bbeebbeebb
ss fss fs
191

SIIEMRRKVGGA

bebbeebeeb
fssffsffs

241
[obAF s vjdr £ b8
bbbebeeebe
s sfs ff

291
EvirBrestr

ebbeebeebb
£ £

341

e s vl Booacorte)

eeeeeeeceeb
fffffffffs

371

LTRIUKNFSHV

eeebeeeeeb
£

421

MifJviBeve@E

bbeeeeceece

471

A0 <[
bbbbeebebb
s sf £

521

bbebbebbee
s fssfssf

381

pfieBvcrevfiL

ebeeeeeeeb
£

431

cEz[oofixr[]

eebbeeeebe

s

481

YGHTKDMAG[

bbeeeebbeb
s

531

eeeeececececece

391

BxrEmE Bz

eebebebebe
£ £

441

viBvatecfL

ebebbbbbee
f £

491

kVEnafLaLr

eebeeebeeb
£

»DHIXE-He VER-Qs@r Onx:fr=a0

eebbeebbee
f s fs

571

ixnorr ol 98

bbeeebebeb
ssf fsf

beeebeeebe
£ £

581

Evs@sRrane

bbbbbebeee
s s f

541
ebbeebbebb

s s
591

BeBevrHr

eebeeebbee
£

601 611
RPIRSLBNS. AEYACLVNDV

eebeebeebb eecbbbbbeeb
£ ff

651 661

AvBvunofmr afimogfevrz

bbebbeebbe bebeebeebb
s £ fs

701 711

WuscVLIffo BviEFTderel

bbebbbebee ebecececeech
sf ff

751

Ersca

eeeee
ff

The conservation scale:

BZs456 780

Variable Average Conserved

e - An exposed residue according to the neural network algorithm.

621

631

FERofRreF EELafevifv

bebeeebeece
fsfff i

671
aNELEeLfrN

eeebeebbee
£ f

721

¥VSRKLAPRL

eeeceeccececece

bebeebbbbb
sf ff s

681

FjL ofFRa 0P

bebeeebeeb

731

sffpreLeTs

eeceeeceebeb
f

641

orfJipLprER
eebbebecece

s
691

LRy vBxHow
beebbeebee
s

741

AR AT
bbebbebbee
£

b - A buried residue according to the neural network algorithm.

f - A predicted functional residue (highly conserved and exposed).
s - A predicted structural residue (highly conserved and buried).

I - Insufficient data - the calculation for this site was

performed on less than 10% of the sequences.




image9.png
GeoA GeoA OH|
x N lermma\ domain [= termlna\ domain
0.3
H,0 Acelcne
Geosmin -
K Germacradienol 8
Pyrophosphatas P Hq oH 8
Farnesyl pyrophosphate I Promonyasa e & <
Vi phosphorylase
o o s
2-amino-6-mercaplo-7- o
meitylpuring Ho.
ribonucleoside (MESG) 0
Probing reaction of 0
9 0 20 180
N-terminal domain Abs =360 nm Time (mins)
GeoA + FPP
B EncGeoA + FPP P
300000000
250000000
250000000
200000000
200000000
150000000
150000000
(IDWNAM 100000000 SN0
Nt o -
Cramatdomin P 50000000
- |
3 T o
OH Direct detectlon, o 5 10 15 20 25 0 5 10 15 20 25
probing of complete Geosmin STD
pathway PO
J—
Wmmn N 250000000
ﬁl"f.ﬁl?.‘.in 200000000
- 150000000
oH 100000000
S0000000
0
c o s 10 15 2 2
%
w] 50 100 122
1 0
01 .
01 40 ° 0
we 914 (1252
B 1892 Lo ol L™R% 1612 1824 13 221 2808 274 3550 330 4150 4490 4380
E) o L) E E) 0 o @ E] E) o o E) i E) o “ Ed
[FIFTY I P 1 o3
ALkl g I——— s | T TS N





image10.png
A

Barycentric Mean

(nm)

344

by

g

g

Temperature ('C)

00

140000

SLSat 266 nm

kg

Eg

g

Temperature (°C)

EY

00




image1.png
GeoA His-Enc1 His-Enc2 )
Germacradienol Octalin Geosmin

GeoA H GeoA Of

GeoA Z CTD < CTD
NTD A

- H :
X

OH
N
Q

fpp OP0 T

- GeoA S

0-P=0  NTD ~
o PN
Germacrene D
Diffusive entry/exit of all substrate,
intermediate, and product molecules
from lumenal space

Protein # Peptides  Peptide Score Raw Abundance 1Raw Abundance 2 Raw Abundance 3
MxEncl 51 402.626 19617103631 53698520854 106399169.6
GeoA 40 288.593 24523131.26 146371453.3 1360475600

MxEnc2 39 233.22 785255960.3 3559459207 25737935.01




image2.png
Operon type # observed
Geoaw/family2Aenc (D> D> 6
Geoaw/ 2xfamily 2 enc [ D> 3
GeoA w/ family 2A + family 28 enc [ D> D> 6

Pagarici geoA cluster H.galbida geoA cluster
D o (dd D - (|
MT 2Aenc  geoA 2Benc  geoA 2Aenc AT

N.5p. C10 geoA cluster
A. biskrensis geoA cluster

AOC I > O I m—

2Benc 2Aenc geoA
2Aenc geoA  2Aenc PPT





