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Fig. 4| Transient expression, purification and TEM analysis of mouse FTH,
and E. coli B-gal from N. benthamianaleaves. a, CBB-stained SDS-PAGE gel
(10%) showing a one-step affinity purification of FTH1 (native CDS) via the Twin-
Strep-tag fused to the C terminus (FTH1-2S,100 g; lanes 1-3) and N terminus
(2S-FTH1,100 g; lanes 4-6). Lane 1: molecular weight marker; lane 2: total lysate
(SpLloaded); lane 3: eluate from the first elution step (45 pL of 0.5 mL loaded);
lane 4: molecular weight marker; lane 5: total lysate (5 pL loaded); lane 6: eluate
from the first elution step (45 pL of 0.5 mL loaded). b, SEC chromatogram of the
pooled, concentrated eluate from lane 3 in a. SEC was not performed for 2S-FTH1
due tolow proteinyield in the first-step eluate. Inset: CBB-stained SDS-PAGE

gel (10%) of fractions outlined on the chromatogram (45 pL of 0.5 mL fraction
loaded), with the fractions containing the primary UV absorbance eluting at the
14.5-15mL volume (filled arrows; 983 pg/mL). ¢, Negative-stain EM micrograph
of spherical oligomers froma 6x dilution of the 14.5-15 mL elution fraction shown
inb.Scalebar, 50 nm. d, CBB-stained SDS-PAGE gel (10%) showing a one-step
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affinity purification of B-gal (codon altered for expression in N. benthamiana)

via the Twin-Strep-tag fused to the C terminus ($-gal-2S,100 g; lanes 1-3) and

N terminus (2S-B-gal, 100 g; lanes 4-6). Lane 1: molecular weight marker; lane 2:
total lysate (5 pL loaded); lane 3: eluate from the first elution step (45 pL of
0.5mLloaded); lane 4: molecular weight marker; lane 5: total protein lysate (5 pL
loaded); lane 6: affinity eluate from the first elution step (45 pL of 0.5 mL loaded).
e, Overlain SEC chromatograms of the pooled, concentrated eluates from lane 3
(gray trace) and lane 6 (black trace) ind. Inset: a CBB-stained SDS-PAGE gel (10%)
of SEC fractions outlined on the chromatogram of the 2S-B-gal sample (45 pL of
0.5 mL fractionloaded), with the fractions containing the primary UV absorbance
elutingin the 14.5-15 mL fraction (filled arrows; 1.3 mg/mL). The scale of the y axis
is the same for both overlain chromatograms. f, Representative negative-stain
EM micrograph of oligomers from a 20x dilution of the 14.5-15 mL fraction shown
ine.Scalebar,40 nm.
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yielded strong bands on a CBB-stained SDS-PAGE gel following single-step purification
(Fig.4d). SEC analysis of concentrated eluates revealed early-volume elution peaks for both,
indicative of a high-order oligomer, with 2S-f3-gal showing higher UV absorbance (Fig. 4e).
SDS-PAGE of 3-gal-2S SEC fractions exhibited a similar elution pattern, but with reduced staining
intensity (Extended Data Fig. 7b). Negative-stain EM of the 2S-B-gal peak fraction showed
homogeneous particles resembling the previously resolved rhombus-shaped homotetramer

Limitations

Protein expression and stability are influenced by the availability of molecular chaperones
and folding machinery. Although we successfully demonstrate the purification of protein
complexes from a diverse array of species, inherent biological constraints may persist.
Specifically, if a target protein complex necessitates a species-specific chaperone or cofactor
thatislackingin N. benthamiana or if the endogenous machinery is depleted by the strong
overexpression of the heterologous protein, transient co-expression of the requisite folding
proteins may be required to achieve proper assembly and stability. The examples presented
in this protocol are further limited, as none are classified as polytopic membrane proteins—a
protein class that is notoriously challenging to isolate and structurally resolve”. Notably,
membrane proteins constitute only ~2% of all experimentally determined protein structures®.
The efficacy of this protocol in extracting and resolving membrane proteins, particularly
polytopic variants that span the membrane multiple times, requires empirical validation.

Experimental design

As outlined above, codon alteration can lead to substantial increases in protein yield when
utilizing this expression system. Codon alteration for this protocol was performed by GeneArt
(Thermo Fisher Scientific) while designing CDSs for synthesis. If CDSs are synthesized by a
different means, several online tools are available for codon alteration. It is advisable to conduct
preliminary evaluations of CDSs codon altered for expression in multiple expression hosts via
western blot analysis to compare relative protein expression levels. Arecommended starting
pointisto perform codon alteration of CDSs for expression N. benthamiana, the host system

of this protocol, as well as for S. frugiperda, since we observed that alteration for this highly
divergent host can, in some cases, yield the highest protein expression levelsin N. benthamiana
leaves. To ensure reproducibility and account for biological variability, at least three full-
factorial replicates should be analyzed, with samples pooled from multiple leaves to account
for plant-to-plant variability (detailed in Supplementary Methods).

Additionally, the placement of epitope tags is a critical factor in experimental design. It is
recommended to generate constructs encoding the Twin-Strep-tag at both the N or C terminus to
overcome difficulties where steric hindrance affects tag accessibility or where the tag interferes
with interactions with its binding partner(s). It is notable that expression and purification
of Sr50MME and AvrSr50 with the same tag format as the Sr35 resistosome did not resultin
abundantyield of aninferred Sr50 resistosome, highlighting the importance of testing the
placement of the Twin-Strep-tag at different termini of the two interactors (Extended Data Fig. 7).

We advise purifying 100 g (-24 plants, -84 leaves) of each sample for conducting
preliminary trials to compare protein yield of constructs with different epitope tag fusion
sites. Inmost cases, 100 g of leaf tissue also yields sufficient protein concentrations to proceed
to cryo-EM analysis. If higher protein yields are necessary, the protocol can be scaled up
proportionally.

17,18

Materials

Biological materials
« Chemically competent£. coli (DH5a) cells (Invitrogen, cat. no.18265017)
 Electrocompetent A. tumefaciens cells (GV3101 (pMP90)) (GoldBio, cat. no. CC-207-5x50)
« Wild-type N. benthamiana plants
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Reagents

TE buffer (Thermo Fisher Scientific, cat. no.12090015)

Gateway LR Clonase Il Enzyme Mix (Invitrogen, cat. no.117910430)

Expression vector plasmid DNA (pGWB402SC (Addgene, plasmid no. 224552), pGWB402SN
(Addgene plasmid no. 224551) and pGWB424 (Addgene, plasmid no. 74818))

Lysogeny broth (LB; Carl Roth, cat.no. X968.1)

Agar (CarlRoth, cat. no. 2266.1)

Spectinomycin dihydrochloride pentahydrate (spectinomycin; Sigma-Aldrich, cat. no. S4014)
Gentamicin sulphate (gentamycin; Sigma-Aldrich, cat. no. G4918)

Rifampicin (Sigma-Aldrich, cat. no.R3501)

Kanamycin disulphate salt (Sigma-Aldrich, cat. no. K1876)

NucleoSpin Plasmid, mini kit for plasmid DNA (Machery-Nagel, cat. no. 740588.50)
Magnesium chloride (Carl Roth, cat. no. KK36.1)

MES monohydrate (Carl Roth, cat.no. 6066.3)

Acetosyringone (Sigma-Aldrich, cat. no. D134406)

DTT (Thermo Fisher Scientific, cat. no. RO861)

A CAUTION DTT canirritate the skin, eyes and is harmful if swallowed. Use eye protection
and latex or nitrile gloves when handling.

Sodium chloride (CarlRoth, cat. no. 9265.2)

Tris (CarlRoth, cat. no. 5429.2)

Glycerol (CarlRoth, cat.no. 7530.4)

Tween 20 (Sigma-Aldrich, cat. no. P1379)

Protease inhibitor mix P (Serva, cat. no.39103.01)

Dimethyl sulfoxide (DMSO; Sigma-Aldrich, cat. no. D8418)

BioLock (IBA Lifesciences, cat. no. 2-0205-050)

HA-Tag (C29F4) Rabbit mAb (Cell Signaling Technology, cat. no. 3724, RRID: AB_1549585)
Anti-rabbit IgG, HRP-linked antibody (Cell Signaling Technology, cat. no. 7074,

RRID: AB_2099233)

Skim milk powder for microbiology (Merck/Millipore; cat. no.115363)

ROTIFair TBST 7.6 (Carl Roth, cat.no.1248.2)

Strep-Tactin XT Sepharose chromatography resin (Cytiva, cat. no.29401324)

Glutathione Sepharose 4B GST-tagged protein purification resin (Cytiva, cat.no.17075601)
Biotin (Sigma-Aldrich, cat. no. B4501)

L-Glutathione reduced (Roth, cat. no. 6382.1)

SDS-PAGE running buffer (Bio-Rad, cat. no.1610732)

InstantBlue Coomassie Protein Stain (Abcam, cat. no. ab119211)

Uranyl acetate (Science Services, cat. no. E22400-1)

A CAUTION Some uranylacetate products containradioactive uranium and therefore
should be handled with extreme care and while following local regulations.

Liquid ethane

A CAUTION Liquid ethane may be harmful ifinhaled and can cause frostbite if exposed to
the skin. Handle under ventilation and with cryoprotectant gloves.

Liquid nitrogen

A CAUTION Liquid nitrogen can cause frostbite if exposed to the skin. Handle with
cryoprotectant gloves.

Equipment

Protein LoBind tubes:1.5mL,2mL, 5 mL15mL, 50 mL (Eppendorf, cat. nos. 0030108116,
0030108132,0030108302, 0030122216 and 0030122240, respectively)

50 mL Falcon conical centrifuge tubes (Corning Inc., cat. no. 352070)

1L baffled glass flasks (Carl Roth, cat. no. AEP1.1)

ImLinfiltration syringes (Becton Dickinson, cat. no.303172)

Cross-shaped magnetic stirring bars (Carl Roth, cat. no. XA22.1)

1L beakers (Roth, cat.no.PC37.1)

Miracloth (Merck/Millipore, cat. no. 475855)
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« Extrathickblot filter paper, precut, 7.5 x10 cm (Bio-Rad, cat. no.1703965)

« Immun-blot PVDF membrane, roll, 26 cm x 3.3 m (Bio-Rad, cat. no.1620177)

« TGXFastCast acrylamide kit (7%, 10% and 12%) (Bio-Rad, cat. nos.1610171,1610173
and 1610175, respectively)

» PierceProtein Concentrators (2-6 mLand 0.5 mL), PES, 30K MWCO (Thermo Fisher
Scientific, cat. nos. 88522 and 88502, respectively)

« Pierce Detergent Compatible Bradford Assay kit (Thermo Fisher Scientific, cat. no.23246)

 Superose 6 Increase 10/300 GL size exclusion chromatography column
(Cytiva, cat.no.29-0915-96)

« ChemiDocimaging system (Bio-Rad, Universal Hood IlI)

« Fast protein liquid chromatography (FPLC) device (Bio-Rad, NGC Chromatography System
Quest10)

« Gridvitrification system (Thermo Fisher Scientific, Vitrobot Mark IV system,
RRID:SCR_025773)

« Transmission electron microscopy (TEM) grids, formvar/carbon film coated, F10nm/C 1Inm,
400 Mesh, Cu, 50 (Science Services, cat. no. EFCF400-Cu-50)

« TEMgrids, graphene oxide on quantifoils R2/4,200 Mesh, Cu, 50 pieces (Science Services,
cat.no. ERGOQ200R24Cu50).

» PELCO easiglow glow discharge unit (Ted Pella, cat. no. 91000)

« Transmission electron microscope (Hitachi HT7800)

« Cryo-electron microscope (Thermo Fisher Scientific, Titan Krios G3i)

Software
» EPU (version2.12; Thermo Fisher Scientific)
» CryoSPARC (version 4.1.1+ patch 240110; Structura Biotechnology)
 Phenix (version1.21-5207; https://phenix-online.org/)
» ChimeraX (version1.7; UCSF RBVI)
 Image]J (https://imagej.net/ij/)

Reagent setup

N. benthamiana growth

N. benthamiana seeds are sownin 0.25 L plastic pots filled with standard peat-based greenhouse
substrate. The plants are cultivated in a greenhouse cabin exposed to ambient sunlight and
supplemented with a broad-spectrum16 h photoperiod from LED lights. The pots areirrigated
daily with a nutrient solution containing an electrical conductivity of 2.2 mS/cm; pH 5.6;
potassium (0.46 mmol/L); calcium (0.38 mmol/L); magnesium (0.16 mmol/L); nitrogen-to-
potassium ratio of 1.8; ammonium fraction of total nitrogen of 0.05 and phosphorus ratio of
0.055. The plants are ready to use when they are ~4 weeks old or when the largest leaves are -8 cm
in diameter.

Acetosyringone stock solution (200 mM)
For20 mL, dissolve 785 mg acetosyringone in 20 mL DMSO. Aliquot and store at 20 °C for up to
6 months.

MES stock solution (100 mM)
For1L, dissolve 21.3 g of MES monohydrate in 700 mL ddH,0. Adjust to pH 5.6 with NaOH. Fill to
1L with ddH,0 and filter sterilize. Store at 4 °C for up to 6 months.

MgCl, stock solution (1 M)
For1L, dissolve 95.22 g of MgCl, in 700 mL ddH,O. Fill to 1L with ddH,0 and filter sterilize. Store
at4°Cforupto 6 months.

Infiltration buffer
For1L, freshly combine 10 mM MES (pH 5.6), 10 mM MgCl, and 500 puM acetosyringone in ddH,0
atroom temperature (20-25°C).
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NaCl stock solution (2 M)
For1L, dissolve116.88 g of NaClin 700 mL ddH,0. Warm to 42 °C to expedite dissolvement.
Fillto1L with ddH,O and filter sterilize. Store at 4 °C for up to 6 months.

Tris-HCl stock solution (1M, pH 7.4)

For1L, dissolve 121.14 g of Tris in 700 mL ddH,0O (4 °C). Adjust to pH 7.4 with HCI. Place the
incomplete solutionin the refrigerator to return to 4 °C as the addition of HCl will cause the
solutiontoriseintemperature. Once back at 4 °C, measure and readjust to pH 7.4 as the pH of Tris
is temperature sensitive. Fill to 1L with ddH,0 and filter sterilize. Store at 4 °C for up to 6 months.

Uranyl acetate (1% wt/vol)

For 5mL, dissolve 50 mguranylacetate in 5 mL of ddH,0. Aliquot and store at -20 °C for up to
6 months.

A CAUTION Some uranyl acetate products contain radioactive uranium and therefore should
be handled with extreme care while following local regulations.

Procedure

Cloning

® TIMING 2days

1. Perform codon alteration of CDSs (if needed) and order sequences to be synthesized and
suppliedinthe donor vector pPDONR221by Thermo Fisher Scientific (GeneArt).

2. CDSswith or without stop codons are first transferred from the donor vector plasmid DNA
into pGWB402SC, pGWB402SN or pGWB424 using the Gateway cloning system. Constructs
to be co-immunoprecipitated via interaction with the epitope-tagged construct should be
clonedinto pGWB402SC with astop codon (tagless). To do so, mix 2 uL TE buffer, 1 L of
100 ng/pL donor vector plasmid DNA, 1 puL of 100 ng/pL expression vector plasmid DNA and
1pLofLRclonaseinal.5 mL tube andincubate at 25°C for1h.

3. Add 50 pL of chemically competent £. coli (DH5x) cells to the reaction on ice followed by
heat shock at42 °Cfor 30 s before returningtoice. Add 500 pL of LB medium and shake at
250 rpmand37°Cforlh.

4. Plate100 pL of the transformed culture on LB + agar plates containing 100 pg/mL of
spectinomycin. Incubate plates at 37 °C for ~12 h.

5. Transfer one colony to 5 mL of LB containing 100 pg/mL of spectinomycin and shake at
250 rpmand 37 °C for -8 h. Isolate the plasmid DNA using a plasmid isolation kit and confirm
sequence fidelity via Sanger sequencing.

M PAUSE POINT Itis essential to confirm that the entire length of the CDS is correctly cloned
before proceeding.

Transformation and culturing of A. tumefaciens

® TIMING 4 days

6. Thaw10 pL of electrocompetent A. tumefaciens cells (GV3101 (pMP90)) onice and add 1 pL
of 100 ng/pL expression vector plasmid DNA. Add the 11 puL to an electroporation cuvette
and electroshock according to cuvette and pulser manufacturer guidelines. Resuspend
transformed cells in 500 pL of liquid LB medium and shake at 250 rpm and 28 °C for 1 h. Plate
an optimized volume (-100 pL of the transformed culture, depending on the concentration
ofthe stock cells) on LB +agar plates containing spectinomycin (100 pg/mL), gentamycin
(25 pg/mL), rifampicin (50 pg/mL) and kanamycin (25 pg/mL) and grow for 48 h at 28 °C.

7. Inoculateal0 mL starter culture of LB medium containing the above concentrations of
antibiotics with 3-4 colonies and shake at 250 rpm and 28 °C for ~14 h.

8. Inoculatea350 mL final culture of LB medium containing the above antibiotics with 2 mL of
the starter culture and shake at 120 rpm and 28 °C for ~12 h until the culture is in logarithmic
growth phase (0D, 0f 0.2-0.8).
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A CRITICALSTEP The use of baffled flasks or other methods to increase aeration will
drastically increase the rate of culture growth. It is important to monitor the ODy,
ofthe culture to prevent culture growth past the logarithmic phase.

9. Pellet thefinal culture by centrifugation at 3,500g for 15 min at 28 °C. Resuspend the
pelletin 60 mL of freshly prepared infiltration buffer. Measure, dilute and combine
eachindividual A. tumefaciens suspension so that they each have an OD,, of 1in the
final suspension. For example, when co-infiltrating two A. tumefaciens cultures carrying
two different plasmids, dilute each suspension to an OD,, of 2 and combine the two
suspensions at1:1. ~200 mL of bacterial suspension is required for infiltrating 100 g of
N.benthamianaleaftissue.

N. benthamianaleafinfiltration and transient gene expression

O TIMING 2d

10. Poke~6holesthrough the tops of 3-4 leaves per ~4-week-old plant and infiltrate the
bacterial suspensioninto the holes via the adaxial side of the leaf using an open-ended
1mL syringe. Poke and infiltrate more holes until each entire leaf is completely infiltrated.
~84 leaves (~24 plants) willamount to ~-100 g harvested leaf tissue. 100g of leaf tissue
issufficient for preliminary experiments, and in most cases it yields sufficient protein
concentrations to proceed to cryo-EM analysis.
A CRITICALSTEP Leavesof overmature and immature plants will present resistance when
infiltrating. The optimal leaf size for easiest infiltration is -8 cmin diameter, depending on
growth conditions.

11. Incubate theinfiltrated plantsin the dark at-25°C for-24 h.

12. Transfer the plants back to normal greenhouse conditions (‘Reagent setup’) until a total
of 48 h postinfiltration.

13. Harvest theinfiltrated leaves by cutting the leaf from the petiole using scissors and wrap
25gleafbundlesintin foil. Freeze the bundles in liquid nitrogen and store at -80 °C.

Single-step affinity purification (100 g leaf tissue)

O TIMING 8h

14. Prepare freshlysis buffer (Buffer A; 200 mL) and wash buffer (Buffer B; 400 mL) at room
temperature as follows:

Buffer A:
Component Final concentration Amount
1M Tris-HCL (pH 7.4) 50 mM 10 mL
2 M NaCl 150 mM 15 mL
Glycerol 5% (vol/vol) 20 mL
Tween 20 0.5% (vol/vol) TmL
Protease inhibitor mix P - 2 vials
DTT (154.253 g/mol) 10 mM 309 mg
BioLock 5% (vol/vol) 10 mL
ddH,0 - t0 200 mL
Buffer B:
Component Final concentration Amount
1M Tris-HCL (pH 7.4) 50 mM 20 mL
2 M NaCl 150 mM 30 mL
Tween 20 0.1% (vol/vol) 0.4 mL
DTT (154.253 g/mol) 2mM 123 mg
ddH,0 - to 400 mL

A CRITICALSTEP The combination of BioLock and DTT will slowly produce a cloudy
precipitate. Itis advisable to prepare buffers immediately before tissue lysis.

Nature Protocols

14


http://www.nature.com/NatProtocol

Protocol

15.

16.
17.

18.

19.

20.

21.

22,
23.
24.

25.

26.

27.

28.

29.
30.

31

32.

33.

34.

35.

36.

37.

Adjust the pH of both Buffer A and Buffer B to 7.4 with HCl or NaOH. Buffer A remains at
room temperature. Place theincomplete Buffer B in the refrigerator for cooling to 4 °C and
subsequent processing.

Place alarge mortar and pestle onice orin afixed position and precool with liquid nitrogen.
Granulate 2x 25 g frozen, tin foil-wrapped leaf bundles by hammering them several times on
ahard surface (for example, laboratory bench surface).

A CRITICALSTEP This preprocessing reduces the amount of manual grinding with the
mortar and pestle.

Add the particulate to the precooled mortar and pestle. Mill the leaf tissue to a fine powder
while keepingit frozen.

Add the milled leaf tissue to Buffer Ain a1L beaker while agitating rapidly on amagnetic
stirrer.

A CRITICALSTEP Usealarge, cross-shaped magnetic stirring bar to ensure that stirring is
notdisrupted when the slurry becomes viscous due to ice formation.

Repeat Steps 17-19 and allow the slurry to defrost to -4 °C while stirring at room temperature.
Once defrosted, centrifuge the lysate at 30,000g for 15minat 4 °Cin2x 250 mL tubes and
strain through a double layer of miracloth.

A CRITICALSTEP Perform all subsequent purification steps onice or at4°C.

Repeat Step 21.

Aliquot the clarified lysate into 5x 50 mL protein LoBind tubes and keep onice or at 4 °C.
Measure and readjust Buffer B to pH 7.4 with HCl or NaOH. Filter-sterilize and split Buffer B
into two separate flasks (one for affinity purification and one for SEC).

B PAUSE POINT Store Buffer B-containing flasks at 4 °C.

Equilibrate 500 pL of Strep-Tactin XT resin by gently mixing in 15 mL Buffer B followed by
sedimentation at 50g for 1 min. Gently discard the supernatant using a5 mL pipette.

A CRITICALSTEP When pipetting resin during any step of this protocol, use pipette tips
with awider opening prepared by cutting the end off with scissors.

Resuspend the resin by adding 5 mL lysate from Step 23 to the 15 mL tube and aliquot across
the 5x 50 mL tubes containing the lysate.

Gently rotate the 5x 50 mL tubes end-over-end for 30 min at 4 °C for protein binding to the
resin (no difference observed in protein yield between 30 min and 2 h binding times).
Prepare the elution buffer (Buffer C) by adding 50 mM biotin to 10 mL Buffer B while
maintaining pH 7.4 with NaOH. Filter-sterilize and store at 4 °C.

A CRITICALSTEP The addition of biotin to Buffer B will rapidly acidify the solution. Slowly
add the biotin in a stepwise manner while maintaining pH 7.4.

Following protein binding, sediment the resin by centrifuging the 50 mL tubes at 50g for 3 min.
Gently remove and store the supernatant (lysate) with alarge-volume, low-pressure pipette.
Gently resuspend eachresin pellet with 0.5 mL of Buffer Band combine themina15mL
protein LoBind tube. Repeat to ensure complete retrieval of the resin from the 50 mL tubes.
Fill the resin-buffer solution to 15 mL with Buffer B and gently rotate the tube end-over-
end for -4 repetitions Sediment the resin by centrifugation at 50g for 1 min. Discard the
supernatant and repeat this washing step in the 15 mL tube twice.

Resuspend the resin with 1 mL of Buffer B and transfer to al.5 mL protein LoBind tube.
Sediment the resin by centrifugation at 50g for 1 min. Repeat Steps 33-34 once to ensure
complete retrieval of the resin from the 15 mL tube.

Discard the final supernatant and add 500 pL of Buffer C to the resin. Gently rotate
end-over-end at 4 °C for 30 min.

Sediment the resin by centrifugation at 50g for 1 min. Collect and store the protein-
containing supernatant at 4 °C or onice and add 500 pL Buffer C to the resin for subsequent
elution.

Centrifuge the first eluate at 16,000g for 1 min to sediment any residual resin and collect
the supernatant. Aliquot 45 pL of the eluate for SDS-PAGE analysis and store the remainder
at4°Coronice.Add 15 pL Laemmli buffer to the 45 pL aliquot and heat to 95 °C for 5minto
denature the sample. Asses the sample via SDS-PAGE followed by CBB staining. Determine
whether the sample s suitable to proceed.
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38.

39.

40.

Second-step affinity purification (applicable only when using two different epitope tags)

A CRITICAL STEP First, determine whether both the tagged and untagged interacting
proteins (if applicable) are visible on the CBB-stained SDS-PAGE gel. Second, assess the
purity of the sample by checking for unspecific bands on the SDS-PAGE gel.

4 TROUBLESHOOTING

Repeat Steps 35-36 four times to retrieve a total of five eluates.

Following collection of the fifth and final eluate, centrifuge all eluates at 16,000g for 1 min to

sediment any residual resin, transfer the supernatants to new tubes and store at 4 °C oronice.
Ifthe sampleisto be further refined via a second-step affinity purification, proceed to Step 41.

Ifthe sampleis to be further refined using SEC, concentrate the pooled eluates to 500 pL
using a2-6 mL protein concentrator with a molecular weight cut-off of 30 kDa and proceed
to Step 52.

O TIMING 4h

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

Equilibrate Glutathione Sepharose 4B (GST) resin by adding 200 pL resin to 4.5 mL Buffer B
ina5mL tube. Gently mix the suspension and sediment the resin by centrifugation at 50g
for 1 min. Discard the supernatant.

Add the eluates from Step 39 to the 5 mL tube containing the GST resin and gently rotate
end-over-endat4°Cfor2h.

M PAUSE POINT Prepare the GST elution buffer (Buffer D) by adding 50 mM reduced
glutathione to 10 mL Buffer B while maintaining pH 7.4. Filter-sterilize and store at 4 °C.
Following binding to the GST resin, sediment the resin by centrifugation at 50g for 1 min.
Discard the supernatant (flow through).

Transfer the resinto al.5 mL protein LoBind tube by gently resuspending in 1 mL Buffer B.
Sediment the resin by centrifugation at 50g for 1 min.

Retrieve the remaining resinin the 5 mL tube by repeating Step 44.

Add 200 pL Buffer D to the resin and rotate end-over-end at 4 °C for 30 min.

Sediment the resin by centrifugation at 50g for 1 min. Transfer the supernatant (eluate)
toanew1.5mL protein LoBind tube.

Centrifuge the first eluate at 16,000g for 1 min to sediment any residual resin and collect
the supernatant/eluate. Aliquot 45 pL of the eluate for SDS-PAGE analysis and store the
remainder at 4 °C or onice. Add 15 pL Laemmli buffer to the 45 pL aliquot and heat to 95°C
for 5minto denature the sample. Asses the sample via SDS-PAGE followed by CBB staining.
Determine whether the sampleis suitable to proceed.

A CRITICAL STEP First, determine whether both the Twin-Strep-tagged and the GST-tagged
proteins are visible on the CBB-stained SDS-PAGE gel. Second, assess the purity of the
sample by checking for unspecific bands on the SDS-PAGE gel.

Repeat Steps 46-47 twice to retrieve a total of three eluates.

Centrifuge the second and third eluates at 16,000g for 1 min to sediment any residual resin.
Pool the three eluates and proceed to either SEC (Step 52) or directly to negative-stain EM
and/or cryo-EM grid preparation (Steps 57 and 66, respectively).

B PAUSE POINT Theeluates canbe stored at 4 °C for ~24 h; however, itis recommended

to proceed with grid preparation (Steps 57 and 66) as soon as possible to minimize the risk
of aggregation, degradation or complex dissociation).

If cryo-EM grids are to be prepared without further refining via SEC, concentrate the
pooled eluates to ~40 pL using a 0.5 mL protein concentrator with a molecular weight
cut-off of 30 kDa.

SEC analysis
@ TIMING 3h

52.
53.

54.

55.

Equilibrate a Superose 6 Increase 10/300 GL column with 40 mL Buffer B.

Load the final sample from Step 40 or Step 50 into a 500 pL FPLC loop.

Run the sample at 0.15 mL/min while collecting 500 pL fractions.

Analyze the SEC elution fractions using SDS-PAGE and CBB staining. Add 15 pL Laemmli

buffer toa45 pL aliquot from each fraction and heat to 95 °C for 5 min to denature the sample.
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56.

Determine the concentration of the fraction of interest using the Pierce Detergent Compatible
Bradford Assay kit. Assess the suitability of the sample for negative-stain/cryo-EM screening.
B PAUSE POINT Theeluates canbe stored at 4 °C for -24 h; however, itis recommended

to proceed with grid preparation (Steps 57 and 66) as soon as possible to minimize the risk

of aggregation, degradation or complex dissociation).

Negative stainingand TEM
@ TIMING 1day

57.

58.

59.
60.

61.

62.
63.

64.

65.

Prepare a serial dilution of the fraction/sample of interest with Buffer B. Although optimal
protein concentration for grid preparation is largely empirical, sample dilutions of 2x, 4x
and 6x are recommended for initial attempts.

Thaw an aliquot of 1% (wt/vol) uranyl acetate and vortex thoroughly until any precipitates
are dissolved. Centrifuge the uranyl acetate at 21,000g for 10 min at 4 °C to pellet any
undissolved precipitates.

Glow-discharge EM grids according to manufacturer’s guidelines.

Apply 6 pL of one dilution to agrid and incubate for 1 min.

Remove the excess sample by gently touching the edge of the grid to a piece of filter paper
until the filter paper no longer absorbs sample.

Apply 6 pL of the uranyl acetate to the grid and incubate for 1 min.

Remove the excess uranyl acetate by gently touching the edge of the grid to a piece of filter
paper until the filter paper no longer absorbs the uranyl acetate, resulting in gradient-wise
staining.

Allow the grid to air dry for 10 min before storage at room temperature in the grid
manufacturer’s storage box.

Prepare grids ~12 h before TEM analysis to allow for complete desiccation of the uranyl acetate.
4 TROUBLESHOOTING

Cryo-EM grid preparation
@ TIMING 20 min

66.

67.

68.
69.

Precool and humidify a Vitrobot Mark IV plunge freezer to 4 °C and 100% humidity.

Apply 3 pL of concentrated sample to agraphene oxide grid and incubate the sample on the
gridfor10s.

Blot the grid for 3-6 s with ablot force of 0 before plunge freezing into liquid ethane.

Store the grids in liquid nitrogen until cryo-EM analysis.

4 TROUBLESHOOTING

Troubleshooting

Troubleshooting advice can be foundin Table 1.

Table 1| Troubleshooting table

Step  Problem Possible reasons Solution

37

Low protein yield and/or interacting ~ Codon usage is suboptimal Synthesize CDS with different codons
protein is not copurified

Epitope tag is inaccessible or obstructing interaction Clone and express CDS with the Twin-Strep-tag on alternate
termini and/or alternate constructs

pH of buffers/lysate is incompatible Evaluate extraction in a range of pH values
Buffer additives (e.g., detergent) are incompatible Evaluate alternative components such as detergents
65 Particles not visible on negative-stain  Protein concentration is too dilute or concentrated Broaden the dilution range of the sample
EM micrographs
69 Particles not visible on cryo-EM Particles insufficiently adsorbed at the graphene- Extend or shorten sample incubation on the grid, use a
micrographs water interface; insufficient sample remainsonthe  different type of grid®°, shorten or extend the blotting time,
grid after blotting optimize blot force, use a different type of grid*°
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Timing

Steps 1-5, Cloning: 2 days

Steps 6-9, Transformation and culturing of A. tumefaciens: 4 days

Steps 10-13, N. benthamiana leaf infiltration and transient gene expression: 2 days
Steps 14-40, Single-step affinity purification (100 g leaf tissue): 8 h

Steps 41-51, Second-step affinity purification (applicable only when using two different
epitopetags):4h

Steps 52-56, SEC analysis: 3 h

Steps 57-65, Negative staining and TEM:1day

Steps 66-69, Cryo-EM grid preparation: 20 min

Anticipated results

Asdemonstrated in Fig. 1and Extended DataFig. 1, altering CDS codons can significantly
enhance proteinyield, asinferred fromincreased band intensities by western blot analyses.
Established reasoning suggests that this increase primarily results from the conversion of rare
codonsto species-preferred codons, thereby reducing translational pausing and minimizing
errors associated with inefficient codon usage?. Our data indicate that altering codons for
expressioninS. frugiperda also leads to increased protein yields in N. benthamianaleaves, in
some cases even surpassing sequences altered specifically for expressionin N. benthamiana.
We hypothesize that codon modifications could also disrupt regulatory microRNA binding
sites, as reported for Mla genes®™. Collectively, these findings suggest that users should consider
synthesizing genes with codon usage altered for at least two different expression hosts to screen
for the highest yielding CDS.

Akey advantage of this protocolis the purity of the resulting sample. Accordingly, users
should observe minimal to no contaminating proteins on CBB-stained SDS-PAGE gels following
theinitial affinity purification step. Furthermore, the inclusion of BioLock in Buffer Ais critical
for preventing contaminations. This is exemplified by the purification of the Sr35 resistosome
and the AvrSr35 homodimer using Buffer A without BioLock (Extended Data Fig. 7c,d). The
omission of BioLock leads to the copurification of at least three contaminating proteins that
co-elute with the Sr35 resistosome during SEC (Extended Data Fig. 7c,d).

Theinvitro stability of a protein is animportant parameter in purification protocols
designed for structural studies. SEC chromatograms serve as an indicator of protein stability
and homogeneity. This protocol yields SEC chromatograms with symmetric peak profiles and
minimal signal at the void volume (8-10 mL), suggesting that the final purified sample contains
negligible levels of protein aggregation. These findings indicate that this protocol reliably
produces high-quality, homogeneous samples suitable for cryo-EM analysis.

Although the protein yields obtained using this protocol may in some cases be lower than
those derived from cell culture-based systems (for example, insect cell cultures), high protein
concentration does not necessarily correlate with an increased probability of successful
particle reconstruction via cryo-EM. This isillustrated by the structural resolution of the Sr35
resistosome purified using this approach, which s virtually indistinguishable from previously
reported cryo-EM structures obtained from insect cell and E. coli cultures. Notably, our
reconstruction was generated from only 70,000 particles derived from 1,200 movies, compared
with 798,000 particles from 5,292 micrographs in Forderer et al."” and 558,000 particles from
3,194 micrographsin Zhao et al."* (Extended Data Fig. 3).

As acomparative reference, the protein concentrations for the examples presented in
this study were 978 pug/mL, 908 pg/mL, 942 pg/mL, 957 pg/mL, 983 pg/mL and 1.3 mg/mL
for the Sr35 resistosome, AvrSr35 homodimer, inferred Sr50 resistosome, MLA13-AVR ,;5-1
heterodimer, the inferred FTH1 oligomer and the inferred B-gal oligomer, respectively.
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Aproteinyield of -1 mg/mL (ina500 pL SEC elution fraction) is expected, as demonstrated by
the examples provided in this protocol.

Data availability
The Coulomb potential maps for the Sr35 resistosome have been deposited in the EMDB

under the accession codes EMD-51504 (C5 consensus refinement) and EMD-51505 (Cl local
refinement). The Coulomb potential map and the atomic model of the AvrSr35 homodimer
have been deposited in the EMDB under the accession code EMD-51507, and in the Protein Data
Bank (PDB) under the accession code 9GQN. The DNA CDSs used in this study can be found on
Zenodo (https://doi.org/10.5281/zenodo.15188163)* (file names annotated with _native, nb, sf
and _spindicate that the CDS was unaltered, codon altered for expression in N. benthamiana,
codon altered for expressionin S. frugiperda or contain the native signal peptide, respectively).
Source data are provided with this paper.
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Extended Data Fig. 1| Altering codons enhances heterologous protein
accumulation in N. benthamianaleaves. Quantification of protein expression
from native versus codon-altered CDSs by immunoblot analysis. Each condition
was assessed in six biological replicates from three independent N. benthamiana
infiltration experiments using distinct A. tumefaciens cultures. All constructs
included a C-terminal Twin-Strep-HA tag and were detected using anti-HA
antibodies. Band intensities were quantified and normalised to the Ponceau-

stained RuBisCO large subunit (-55 kDa) using ImageJ (see Supplementary
Methods). Statistical analysis was performed using one-way ANOVA followed
by Tukey’s HSD test. Distinct letters indicate statistically significant differences
(P<0.05). Complete datasets and loading controls are provided as Source
Data. Box plotsindicate the median (centre line), upper and lower quartiles
(box edges), and range within 1.5x the interquartile range (whiskers); outliers
are shown as individual points.
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MLA3. Pwl2 was expressed via pGWB402SC with the same A. tumefaciens cultures ~ fromthe three co-expression experimentsin (a) and (b) with the corresponding
asassessed in Fig. 1b. MLA3 was expressed viapGWB402SC. b, AVR ,, with and Ponceau-stained membrane (right). Created with BioRender.com.
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Extended Data Fig. 3| Workflow of cryo-EM data acquisition and analysis of
the Sr35 resistosome. A single dataset was collected on a300 kV cryo-electron
microscope, and movies were selected for low per-frame drift rates, good CTF
scores, and low astigmatism. Particles were first picked using ablob picker,

and then subjected to unsupervised 2D classification. Representative classes
showing protein-like structures were used for a template picker. Detected
putative particles were curated using unsupervised 2D classification, selecting
for particles with protein-like density and resolutions better than10 A. The
selected particles were further curated using ab-initio reconstruction, sorting

theminto three distinct populations. From these, all particles contributing toa
structure showing clear density for LRR, NBD and effector (showningreen and
highlighted by a thicker box outline) were combined and refined in 3D using
anon-uniform refinement algorithm applying C5 symmetry and relying on
reference-based motion correction, resulting ina map with a uniform resolution
of2.5A. Toimprove the density for the effector protein a local mask was used for
aClsymmetriclocal refinement after symmetry expansion. For visualisation the
maps were further sharpened using DeepEMhancer.
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Extended DataFig. 4 | Comparison of the N. benthamiana-derived Sr35
resistosome Coulomb potential map with a previously reported atomic
model of the Sr35 resistosome (PDB: 7XEO0). Sr35is shown in green, while

AvrSr35isshowninred. The circular insert shows the fit of AvrSr35into the map
obtained by focussed refinement (EMD-51505).
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Extended Data Fig. 5| Workflow of cryo-EM data acquisition and analysis selected particles were further curated using ab-initio reconstruction, sorting
of the AvrSr35 homodimer. A single dataset was collected ona300kV cryo- theminto three distinct populations. From these, all particles contributing to
electron microscope, and movies were selected for low per-frame drift rates, astructure showing clearly dimeric particles (shownin green and highlighted
good CTF scores, and low astigmatism. Particles were first picked using a blob by athicker box outline) were combined and refined in 3D using a non-uniform
picker, and then subjected to unsupervised 2D classification. Representative refinement algorithm applying C2 symmetry, resulting ina map with a uniform
classes showing protein-like structures were used for atemplate picker. Detected resolution of 3.1A. For model-building, the map was further sharpened using
putative particles were curated using unsupervised 2D classification, selecting DeepEMhancer.

for particles with protein-like density and resolutions better than10 A. The
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Extended Data Fig. 6 | Comparison of the previously reported, E. coli-derived
AvrSr35 homodimer (PDB: 7XDS) and the N. benthamiana-derived cryo-EM
structure (PDB: 9GQN). The left subunit is shown in cartoon representation and
coloured by RMSD deviation to the crystal structure. Newly modelled residues

0 1 2

are coloured in magenta. The right subunit is shown as pipes-and-planks and
coloured in rainbow from N-terminus to C-terminus. To show the 6" difference
in the orientation of the subunits of the dimer, the crystal structure is shown in
transparent white.
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Extended Data Fig. 7 | CBB-stained SDS-PAGE gels of the SEC elution fractions
from suboptimal purification attempts. a, Overlain SEC chromatograms of the
pooled, concentrated eluate from lane six (shaded trace) in Fig. 3a. Inset CBB-
stained SDS-PAGE gel (12%) of fractions outlined on the chromatogram (45 pL

of 0.5mL fraction loaded). The scale of the y-axis is the same for both overlain
chromatograms. b, Overlain SEC chromatograms of the pooled, concentrated
eluate from lane three (shaded trace) in Fig. 4d. Inset CBB-stained SDS-PAGE

gel (10%) of fractions outlined on the chromatogram (45 pL of 0.5 mL fraction
loaded). The scale of the y-axis is the same for both overlain chromatograms.

¢, CBB-stained SDS-PAGE gel (10%) showing a one-step affinity purification

of co-expressed Sr35¥15E with AvrSr35 (both codon-altered for expression

inS. frugiperda) via the Twin-Strep-tag fused to the C-terminus of AvrSr35
(AvrSr35-2S; no tag on Sr35""¥115€: 100 g) without supplementing Buffer A with
BioLock. Lane 1: molecular weight marker; lane 2: total lysate (5 pL loaded); lane 3:
eluate from the first elution step of AvrSr35-2S (45 puL of 0.5 mL loaded). Asterisks
denote contaminations attributed to the absence of BioLock in Buffer A.d, SEC
chromatogram of the pooled, concentrated eluates from lane three in panel (c).
Inset CBB-stained SDS-PAGE gel (10%) of fractions outlined on the chromatogram
(45 pL of 0.5 mL fraction loaded), with the primary UV absorbance from the Sr35
resistosome eluting at the 12.5-13 mL volume (filled arrows) and the AvrSr35
homodimer at the 15-15.5 mL volume (unfilled arrows). Asterisks denote
contaminations attributed to the absence of BioLock in Buffer A.
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