
S1 
 

Supplementary Informa1on 

Temperature and Lipid Composi1on Differen1ally Regulate KRAS Assemblies on Membranes 

Ji Kang,1 Elena Sco9,1 Sangho D. Yun,1 Virginia K. James,1 Jing-Yuan Chang,1 Hanieh 
Bahramimoghaddam,1 James Downing,1 Kacie Evans,1 David Russell,1 Arthur Laganowsky1* 

1. Department of Chemistry, Texas A&M University, College Sta1on, TX 77843, United States of 
America 

*Corresponding author: alaganowsky@chem.tamu.edu 

Table of Contents 

Methods S2-S6 
Figure S1. Deconvoluted mass spectra of KRAS in POPC liposomes. S7 
Figure S2. Raw and deconvoluted mass spectra of KRAS with the presence of DDM. S8 
Figure S3. Raw and deconvoluted mass spectra of KRAS in 5% POPA liposomes. S9 
Figure S4. Raw and deconvoluted mass spectra of KRAS in 10% POPE liposomes. S10 
Figure S5. Raw and deconvoluted mass spectra of KRAS in 20% POPS liposomes. S11 
Figure S6.  van’t Hoff plots of KRAS dimeriza1on on (A) POPC and (B) 20% POPS 
liposomes. 

S12 

Figure S7.  Deconvoluted mass spectra of NRAS in POPC liposomes with different 
PTMs. 

S13 

Figure S8. Deconvoluted mass spectra of NRAS in POPC liposomes. S14 
Figure S9. Deconvoluted mass spectra of NRAS in 10% POPE liposomes. S15 
Figure S10. Deconvoluted mass spectra of NRAS in 20% POPS liposomes. S16 
Figure S11. KRAS in POPC liposomes with various incuba1on 1mes prior to sample 
injec1on to MS. 

S17 

Table S1. MS parameters for KRAS in various liposome compositions.  S18 
Table S2. MS parameters for NRAS in various liposome compositions. S19 
Table S3. MS parameters for RAS proteins without liposome. S20 
Table S4. Expected masses of PTMs on RAS proteins. S21 
Table S5. Theoretical and observed masses of RAS proteins. S22 
References S23 

Supplementary Information (SI) for ChemComm.
This journal is © The Royal Society of Chemistry 2026



S2 
 

Methods 

Expression and purifica0on of full-length RAS proteins. KRAS and NRAS proteins were expressed 

and purified using previously described protocol.1 The KRAS4B (hereaher referred as to KRAS) 

gene (residues 1–188, UniProt P01116-2) was obtained from the Frederick Na1onal Laboratory 

for Cancer Research (MD, USA) as part of the construct His6-MBP-TEV-G-Hs.KRAS (1–188). This 

gene was similarly subcloned into the pACEBac1 vector with an N-terminal His6-tag and a TEV-

cleavable mCherry fusion. The NRAS gene (residues 1–189, UniProt P01111) were subcloned from 

the RAS mutant clone collec1on (Addgene, Cat. 1000000089) into the pACEBac1 vector (Geneva 

Biotech), incorpora1ng an N-terminal His6-tag followed by a TEV protease-cleavable mCherry. 

Each plasmid was transformed into DE100 cells (Frederick Na1onal Laboratory for Cancer 

Research) to generate recombinant bacmids, which were used to transfect Spodoptera frugiperda 

(Sf9) cells using PEI-Max (Polysciences) to produce P1 virus.2 Proteins were expressed in 

Trichoplusia ni (Tni) cells for 72 hours at 27 °C with shaking aher baculovirus infec1on. Cells were 

harvested by centrifuga1on at 4,000 ×g for 10 minutes and stored at −80 °C un1l further use. 

Frozen pellets were resuspended in the lysis buffer (300 mM NaCl, 20mM HEPES, 5mM MgCl2, 

pH 7.4) and lysed using a Microfluidics M-110P microfluidizer at 25,000 psi. Cell debris were 

removed by centrifuga1on (20,000 ×g, 25 minutes, 4 °C), Membrane were isolated by 

ultracentrifuga1on (100,000 ×g, 2 hours, 4 °C) and resuspended in the same buffer as lysis buffer, 

with op1onal storage at -80 °C for the future use. To extract the protein, membranes were 

incubated with 1% (w/v) n-dodecyl-β-D-maltoside (DDM) for 2 hours at 4 °C. The extract was 

clarified by centrifuga1on (20,000 ×g, 10 minutes, 4 °C) and filtered (0.45 μm syringe filter, Pall 

Corp.). Filtered extract was loaded onto a 2 mL Ni-NTA Superflow resin (Qiagen) gravity-flow 

column pre-equilibrated with NHA-DDM buffer (300 mM NaCl, 20 mM HEPES, 20 mM imidazole, 

5 mM MgCl₂, 0.025% DDM, pH 7.4). Aher washing, the proteins were eluted with NHB-DDM 

buffer (NHA-DDM with containing 500 mM imidazole). Eluted proteins were desalted using a 30 

kDa MWCO concentrator (MilliporeSigma) with NHA-DDM. The His6-tag was removed by 

overnight TEV protease diges1on at 4 °C. The cleaved protein was passed again through Ni-NTA 

resin (Qiagen) gravity-flow column to separate the cleaved tag and tag-less protein. The 
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flowthrough was collected and concentrated using a 10 kDa MWCO (Molecular Weight Cut-off) 

concentrator (MilliporeSigma).  

For the Large BiT (LgBiT)-KRAS construct, the KRAS gene (residues 1–188, UniProt P01116-2) was 

cloned into pACEBac1 (Geneva Biotech) with the following architecture: sequence His6–SSG–

HRV3C–GG–LgBiT–GSGGGSGT–TEV–S–KRAS. The Small BiT (SmBiT)-KRAS construct was 

generated similarly with the sequence of His6–SSG–HRV3C–GG–VTGYRLFEEIL–GSGGGSGT–TEV–

S–KRAS, where VTGYRLFEEIL corresponds to the SmBiT pep1de sequence. Expression and 

purifica1on of both constructs followed the same procedure described for full-length RAS 

proteins, except the His6-tag was not cleaved.  

For use as a control in the NanoBiT assay, the LgBiT and SmBiT pep1de sequences were cloned 

into a pET28 vector to generate a control construct in which LgBiT was gene1cally fused to SmBiT 

in the presence of a flexible linker with the sequence of Strep II-LgBiT-TEV-GG-SmBiT. The plasmid 

was expressed in E. coli Rose9a 2 (DE3) cells cultured in LB medium supplemented with 50 μg/mL 

kanamycin. Protein expression was induced with 0.5 mM IPTG when cultures reached an OD₆₀₀ 

of 0.6–0.8, followed by overnight incuba1on at 18 °C. Cells were harvested by centrifuga1on at 

5,000 × g, and resul1ng pellets were stored at −80 °C un1l further use. Thawed cells were 

resuspended in buffer A (50 mM Tris, 150 mM NaCl, pH 7.4) and lysed and clarified as described 

above. The clarified lysate was loaded onto a Strep Tag affinity column (4 mL bed volume, 

prepared in-house with Strep-Tac1n Sepharose resin, iba) equilibrated in equilibrated with 

buffer A. Bound protein was eluted with buffer B (buffer A with 3 mM desthiobio1n) and 

concentrated using a 10 kDa MWCO centrifugal filter (Millipore). All protein solu1ons were 

supplemented with 20% (w/v) glycerol, flash-frozen, and stored at −80 °C. 

GTP loading of RAS proteins. Purified KRAS, NRAS, LgBiT-KRAS, and SmBiT-KRAS were all loaded 

with GTP following the established protocol.3 Proteins were incubated with 30- to 50-fold molar 

excess of GTP in the presence of 10 mM EDTA for 3 hours at 4 °C. The reac1on mixture was then 

supplemented with 10 mM MgCl2 and incubated for 30 minutes at 4 °C. Excess nucleo1de, MgCl2, 

and EDTA were removed using a Micro Bio-Spin 6 desal1ng column (Bio-Rad). All proteins were 

GTP-loaded prior to prepara1on of proteoliposome and NanoBiT assay. 
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Prepara0on of RAS proteins containing proteolipsomes. Proteoliposomes containing KRAS, 

NRAS, LgBiT-KRAS and SmBiT-KRAS were prepared following a previously reported protocol with 

minor modifica1ons.4  Lipid stocks (Avan1 Polar Lipids) in chloroform were dried under the stream 

of nitrogen and washed with pentane (Sigma Aldrich) by adding ~2 mL of pentane into the HPLC 

sample vial (Agilent). Dried lipid stocks were placed in a vacuum chamber overnight to form thin 

lipid films. Lipid films were rehydrated in 1mL of water to a final concentra1on of 20 mM. For 

POPC liposomes, rehydrated POPC lipid stocks were diluted with RAS proteins lysis buffer (300 

mM NaCl, 20mM HEPES, 5mM MgCl2, pH 7.4) to reach final lipid concentra1on of 10 mM. For 

liposomes containing mixed lipids, lipid stocks were mixed to achieve the desired molar ra1os 

prior to the ini1al drying process using nitrogen stream. For example, POPC liposome containing 

10% POPE would have 2 mM POPE and 18 mM POPC before being diluted to 10 mM final lipid 

concentra1on. The mixture of rehydrated lipid with the lysis buffer was extruded through a 50 

nm polycarbonate membrane (Cy1va) with mul1ple passes, or un1l the solu1on appeared 

translucent, to produce large unilamellar vesicles (LUV). To solubilize the LUVs, DDM was added 

at twice the cri1cal micelle concentra1on (CMC) to the extruded lipid, and the lipid-detergent 

mixture was rotated at 4 °C for 2 hours or more. 10 µM of GTP-loaded KRAS or NRAS protein was 

then added to the lipid-detergent mixture to reach final protein-to-lipid molar ra1o of 1:500. For 

the proteoliposome containing NanoBiT fused RAS proteins, the mixture of final concentra1on of 

5uM LgBiT-KRAS and 5uM SmBiT-KRAS was added. The resul1ng protein-lipid mixture was diluted 

with the lysis buffer to a final lipid concentra1on of 5 mM and incubated for 1 hour at 4 °C under 

rota1on to allow incorpora1on of the protein into the lipid phase. Aher the incuba1on for 

proteins to be incorporated into liposomes, detergent removal was achieved by adding washed 

Bio-Beads (Bio-Rad) and rota1ng the mixture for 1 hour at 4 °C. The resul1ng proteoliposomes 

were carefully collected to avoid Bio-Beads contamina1on and subsequently extruded through a 

100 nm membrane (Cy1va) to generate uniform unilamellar vesicles. To remove residual 

detergent and salts, the proteoliposomes were dialyzed overnight at 4 °C against 1 L of 200 mM 

ammonium acetate (pH 7.4) using a 10 kDa MWCO dialysis membrane (Thermo Scien1fic).  

NanoBiT assay.  SmBiT and LgBiT fused KRAS were incorporated into solubilized lipids at a 

protein-to-lipid molar ra1o of GTP-SmBiT-KRAS: GTP-LgBiT-KRAS: lipid 1:1:2000, with a combined 
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GTP-SmBiT KRAS and GTP-LgBiT KRAS concentra1on of 10 µM. Forma1on of GTP-SmBiT KRAS and 

GTP-LgBiT KRAS incorporated liposome was achieved by overnight dialysis at 4 °C against 1 L of 

200 mM ammonium acetate (pH 7.4) using a 10 kDa MWCO dialysis membrane (Thermo 

Scien1fic). For luminescence measurements, proteoliposomes were diluted to a final protein 

concentra1on of 0.25 µM in the presence of 5 µM coelenterazine 400a (Nanolight Technologies) 

and incubated for 1 minute at desired temperature before recording. The temperatures of 25, 30, 

32, 34, 36, 37, 38, and 40 °C were used for GTP loaded KRAS in POPC, 20% POPS, and 5% POPA 

liposomes, and temperatures of 25, 30, 34, and 37 °C were used for the control. Luminescence 

emission between 470 ± 20 nm was monitored. 

Na0ve mass spectrometry (MS). All Na1ve MS data were collected on an Exac1ve Plus with an 

Extended Mass Range Orbitrap mass spectrometer (Thermo Scien1fic). Proteoliposome samples 

containing total protein concentra1on of 10 µM were dialyzed against 200 mM ammonium 

acetate and were analyzed. Na1ve MS data acquisi1on was operated under the specified tuning 

parameters (Table S1-S2). For experiments without liposomes, detergent solubilized proteins 

were buffer exchanged into 200 mM ammonium acetate with 0.025% DDM in a centrifugal 

desal1ng column (Micro Bio-Spin 6, Bio-Rad) and analyzed using na1ve MS under the specified 

tuning parameters in Table S3. Expected post-transla1onal modifica1ons (PTMs) for KRAS and 

NRAS are provided in Table S4. KRAS proteins with and without liposome are fully modified and 

loaded with GTP. NRAS proteins with and without liposome are either fully modified or in the 

absence of palmitoyla1on. Theore1cal and measured masses for KRAS and NRAS proteins shown 

in this manuscript are provided in Table S5. Variable temperature nano electrospray ioniza1on 

experiments were performed as previously described.5  To confirm that RAS oligomer equilibrium 

was reached, we monitored the monomer-to-dimer ra1o during incuba1on at a fixed 

temperature for 1–10 min and found no significant differences between 1 and 10 min incuba1on 

1mes across all temperatures examined (Figure S10). All data were collected in triplicate. 

Na0ve MS data analysis. Na1ve MS data were deconvoluted using UniDec.6 The signal intensi1es 

of monomeric RAS (m) and dimeric RAS (d) were converted into monomer molar frac1on and 

dimer molar frac1on for a given temperature, using equa1ons 1 and 2, respec1vely.  
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𝑀𝑜𝑛𝑜𝑚𝑒𝑟	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟	𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛	(𝑚) =
𝑀

𝑀 + 𝐷 Equa+on 1 

𝐷𝑖𝑚𝑒𝑟	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟	𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛	(𝑑) =
𝐷

𝑀 + 𝐷 Equa+on 1 

The interac1on between RAS monomers and dimers is dependent on the equilibrium associa1on 

constant (KA). KA value was calculated with m and d calculated from equa1ons 1 and 2, 

respec1vely, using the van’t Hoff equa1on described in equa1on 3.  

𝐾! =
𝑑 × 𝑡𝑜𝑡𝑎𝑙	𝑝𝑟𝑜𝑡𝑒𝑖𝑛	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

(𝑚 × 𝑡𝑜𝑡𝑎𝑙	𝑝𝑟𝑜𝑡𝑒𝑖𝑛	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)"	 
Equa+on 3 

Van’t Hoff analysis7 was used to determine thermodynamic parameters, enthalpy (ΔH) and 

entropy (ΔS), based on equa1on:  

𝑙𝑛𝐾! = −
∆𝐻
𝑅𝑇 +

∆𝑆
𝑅  Equa+on 4 
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Supplementary Figures 

Figure S1. A-D) Deconvoluted mass spectra of KRAS in POPC liposomes at temperatures ranging 

from 25 to 40 °C. 
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Figure S2. Deconvoluted mass spectra of KRAS with the presence of DDM at temperatures of (A) 

25 °C and (B) 38 °C.  
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Figure S3. Deconvoluted mass spectra of KRAS in 5% POPA liposome at temperatures of (A) 25 °C 

and (B) 38 °C.   
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Figure S4. Deconvoluted mass spectra of KRAS in 10% POPE liposome at temperatures of (A) 25 °C 

and (B) 38 °C. 
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Figure S5. Deconvoluted mass spectra of KRAS in 20% POPS liposome at temperatures of (A) 25 °C 

and (B) 38 °C. 
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Figure S6. van’t Hoff plots of KRAS dimeriza1on on (A) POPC and (B) 20% POPS liposomes. 
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Figure S7. Deconvoluted mass spectra of (A) monomer and (B) dimer farnesylated and 
palmitoylated NRAS in POPC liposomes collected at 25° C. 
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Figure S8. Deconvoluted mass spectra of NRAS in POPC liposomes at temperatures of (A) 25 °C 

and (B) 38 °C. 
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Figure S9. Deconvoluted mass spectra of NRAS in 10% POPE liposomes collected at temperatures 

of (A) 25 °C and (B) 38 °C. 
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Figure S10. Deconvoluted mass spectra of NRAS in 20% POPS liposomes at temperatures of (A) 

25 °C and (B) 38 °C. 
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Figure S11. A-D) Raw mass spectra of KRAS in POPC liposome at temperatures ranging from 25 to 

40 °C, collected aher one minute (A-D) and ten-minute (I-L) incuba1on at each temperature. 

Deconvoluted mass spectra for A-D and I-L are provided in E-H and M-P, respec1vely.  
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Table S1. MS parameters for KRAS in various liposome compositions. 
 

Parameters POPC 5% POPA 10% POPE 20% POPS 
m/z range 2310 - 7000 2310-7000 2310-7000 2310 - 7000 
Resolu,on 17500 17500 17500 17500 

In-source CID (V) 70 65 65 30 
HCD energy (eV) 40 25 25 40 

Capillary temperature (°C) 200 200 200 200 
Spray voltage (kV) 1.1-1.5 1.1-1.5 1.1-1.5 1.1-1.5 

Source DC offset (V) 25 25 25 25 
Inject flatapole DC (V) 15.5 15.5 15.5 15.5 
Inter flatapole lens (V) 7 7 7 9 
Bent flatapole DC (V) 6 8.5 8.5 3 

Transfer mul,pole DC (V) 5 2.9 2.9 5 
C-Trap entrance lens tune 

offset (V) 
6 6.5 6.5 4 

UHV pressure (mbar) 4.01 × 10-10 3.98 × 10-10 3.98 × 10-10 4.50 × 10-10 
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Table S2. MS parameters for NRAS in various liposome compositions. 
 

Parameters POPC 10% POPE 20% POPS 
m/z range 2310-3750 2310-7000 2310-7000 
Resolu,on 17,500 17,500 17,500 

In-source CID (V) 60 95 80 
In-Source CE (eV) 70 70 100 

Source temperature (°C) 200 200 200 
Capillary voltage (kV) 1.5 1.6 1.5 
Source DC offset (V) 20 25 25 

Inject flatapole DC (V) 15.5 16.5 16.5 
Inter flatapole lens (V) 8 9 9.5 
Bent flatapole DC (V) 14.7 10 6.5 

Transfer mul,pole DC (V) 8 5 5 
C-Trap entrance lens 

tune offset (V) 
2 4 4 

UHV pressure (mbar) 4.19 × 10-10 4.09 × 10-10 5.56 × 10-10 
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Table S3. MS parameters for KRAS and NRAS in detergent. 
 

 

  

Parameters Value 
m/z range 1600-6000 
Resolu,on 17,500 

In-source CID (V) 30 - 40 
In-Source CE (eV) 40 - 60 

Source temperature (°C) 200 
Capillary voltage (kV) 1.1 - 1.5 
Source DC offset (V) 25 - 35 

Inject flatapole DC (V) 15 - 18 
Inter flatapole lens (V) 9 - 12 
Bent flatapole DC (V) 0 - 5 

Transfer mul,pole DC (V) 0 - 4 
C-Trap entrance lens 

tune offset (V) 
0 - 2 

UHV pressure (mbar) 4 -5 × 10-10 
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Table S4. Expected post-translational modifications (PTMs) and mass differences (Δ Dalton) as 
compared to the unmodified protein. 

Protein PTM Δ Dalton 

KRAS-GTP 
S-Farnesylation (Farn) 204 

Methylation (met) 14 
CAAX Cleavage -343 

NRAS-GTP 

S-Farnesylation (Farn) 204 
Palmitoylation (Palm) 238 

Methylation (met) 14 
CAAX Cleavage -343 
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Table S5. Theoretical and observed masses for the RAS proteins. 

Protein Theore+cal 
Mass (Da) 

Observed 
Mass (Da) Δ Dalton 

KRAS ● Farn ● met (GTP ●Mg2+) * 21987 21989 1.8 
NRAS ● Farn ● met (GTP ●Mg2+) * 21820 21819 0.79 

NRAS ● Farn ● Palm ● met (GTP ●Mg2+) * 22058 22057 0.79 
*Theore1cal masses have the CAAX cleavages applied.  
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