
STRUCTURAL ANALYSIS AND CONFORMATIONAL DYNAMICS OF 

THE YEAST ISOPRENYLCYSTEINE CARBOXYL 

METHYLTRANSFERASE, STE14 

by 

Anna C. Ratliff 

 

A Dissertation 

Submitted to the Faculty of Purdue University 

In Partial Fulfillment of the Requirements for the degree of 

 

Doctor of Philosophy 

 

 

Department of Chemistry 

West Lafayette, Indiana 

December 2019 

  



 

 

2 

THE PURDUE UNIVERSITY GRADUATE SCHOOL 

STATEMENT OF COMMITTEE APPROVAL 

Dr. Christine A. Hrycyna, Chair 

Department of Chemistry 

Dr. Chittaranjan Das 

Department of Chemistry 

Dr. Cynthia V. Stauffacher 

Department of Biological Sciences 

Dr. Angeline M. Lyon 

Department of Chemistry 

 

 

Approved by: 

Dr.  Christine A. Hrycyna 

 

 



 

 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

For Graham and my family 

 



 

 

4 

ACKNOWLEDGMENTS 

 

 

 
There are many people I need to thank for their support, love, and understanding over the 

past five years. First, I need to recognize my family: Chris Ratliff, Elaine Ratliff, Kate Ratliff, and 

Carol Norgaard. Mom, thank you for always being available to talk to during the day. You were 

always there to help me with a problem or put a smile on my face. Dad, thank you for teaching me 

how to anticipate so successfully. I have always been impressed by your hard work and dedication 

to what you do, and I have continually wanted to have your work ethic. I appreciate the opportunity 

that both my parents gave me to have a great education and excel at York High School, Lawrence 

University, and Purdue University. Kate, thank you for always calling me on the way home from 

work and making me laugh. You and Alby were always there to teach me how to be an adult and 

the necessity of work-life balance. Grandma, thank you for your support my whole life. You and 

Grandpa have taught and shown me that hard work and kindness can take you a long way in life. 

My childhood would have been so much different if you had not lived eight blocks away and I 

would not have had it any other way. 

Second, I would like to thank my biggest supporter and fiancé, Graham Jones and his 

family. Graham, I do not think I can thank you enough in this acknowledgment. The amount of 

times you have calmed me down when I was stressed, listened to presentations about biochemistry, 

and loved me not matter what, is amazing. You always gave me confidence when I did not feel 

smart enough or prepared. Je t’aime, Graham. On to our next adventures.   

Third, I would like to thank my advisor, Dr. Christine Hrycyna. Thank you for your 

mentorship as a scientist, teacher, professional and friend. You taught me to be confident in myself 

and that women in science have no limits to their accomplishments as scientists, faculty and 

administrators. I truly wish the best for you, Alan, Oliver, Oscar and, of course, Eddie.  Also, thank 

you to my thesis committee and Purdue University professors for all your advice over the past few 

years. Specifically, I need to thank Dr. Angeline Lyon for guidance towards my projects, allowing 

me to travel to Argonne National Laboratory and being an incredible person in which to confide. 

Additionally, thank you to Dr. Nick Noinaj and Runrun Wu for helping me with many biophysical 

techniques and all the advice on membrane protein purifications.  



 

 

5 

Finally, I would like to thank the Hrycyna lab, current and previous members. Everyone 

has helped me grow as a person and a scientist. I appreciate all the constructive criticism I was 

given because it helped to push me beyond what I thought I could do. Karen Olsen, thank you for 

your patience with teaching me about our research on Ste14p. Your precision toward your lab 

work and encouragement was always appreciated. Liz Garland-Kuntz, I cannot thank you enough. 

I have never met someone so intelligent, hardworking, and detail oriented as you. Thank you for 

teaching me new techniques, spending hours helping with my work before your own and, at the 

same time, being a great friend. I love talking to you and I am going to miss you so much. Ari 

Cardillo, I am so happy to have you as my desk mate since we are always on the same page with 

each other. Thank you for reading me the news, being a determined scientist, and one of my best 

friends at Purdue. I am so lucky to have met you and to have you and Zu as neighbors. Best of 

luck with where life takes you and I know we will always be friends. Sahej Bains, thank you for 

all the hard work you put into our manuscript and being my favorite person to talk to in lab. You 

always were willing to get coffee (or chai) and have a fun time when we both needed it. You are 

going to be the best M.D. Ph.D and I will always be here for you. Carly Schnoebelen, thank you 

for being an unofficial Hrycyna lab member. I have no idea how I would have managed being a 

teaching assistant without you for three years. You and Piper were the best running buddies, got 

me through my OP and were always the ones I wanted to go on adventures with in Indiana. I 

especially need to thank my undergraduate researcher, Alex Piroozi. You were always willing to 

help no matter the task or the amount of time it would take. You would always put a smile on my 

face even if I was stressed. You ended up not just becoming a knowledgeable researcher, but also 

a great friend. I wish the best to you and your future endeavors wherever they may take him. Lastly, 

Chelsea, Jason, Elias, Allison, Patty, and all other members, thank you for all the good times, bad 

times, laughs and complaining. I know you all will be successful and intelligent as scientists or 

with whatever you choose to pursue in your lives. Keep getting those gold stars.  

  



 

 

6 

TABLE OF CONTENTS 

LIST OF TABLES ........................................................................................................................ 10 

LIST OF FIGURES ...................................................................................................................... 11 

LIST OF ABBREVIATIONS ....................................................................................................... 13 

ABSTRACT .................................................................................................................................. 17 

 INTRODUCTION: A BIOLOGICAL UNDERSTANDING OF THE 

INTERGRAL MEMBRANE PROTEIN, ISOPRENYLCYSTEINE CARBOXYL 

METHYLTRANSFERASE (ICMT) ............................................................................................ 20 

 CaaX Proteins and Processing .......................................................................................... 20 

 S-Isoprenylation ......................................................................................................... 20 

 Endoproteolysis ......................................................................................................... 21 

 Methyl Esterification ................................................................................................. 23 

 Diseases Associated with CaaX Proteins .......................................................................... 23 

 Characterization of Human Icmt and the Yeast Homolog, Ste14 ..................................... 25 

 General Characteristics, Localization, and Two-Dimensional Topology ................. 25 

 Hypothesized Kinetic Mechanism of Icmt ................................................................ 27 

 Structural Analysis of Co-factor and Substrate Binding Sites of Icmt ............................. 28 

 Icmts are Putative Metalloenzymes with Zinc Dependence ...................................... 28 

 First Icmt Structural Model in Eukaryotic Organism ................................................ 28 

 First Icmt Structural Model in Prokaryotic Organism ............................................... 29 

 Biochemical Analysis of Icmt Residues Important for Binding ................................ 30 

 Substrate Specificity .................................................................................................. 32 

 Inhibition of CaaX Proteins .............................................................................................. 33 

 Challenges of Ras Inhibition ..................................................................................... 33 

 Inhibition of Protein S-Isoprenylation ....................................................................... 34 

 Inhibition of Endoproteolysis .................................................................................... 34 

 Inhibition of Methyl Esterification ............................................................................ 35 

 References ......................................................................................................................... 42 

 OPTIMIZATION OF EXPRESSION AND PURIFICATION OF HIS-STE14 

UTILIZING THE BACULOVIRUS EXPRESSION SYSTEM .................................................. 57 



 

 

7 

 Introduction ....................................................................................................................... 57 

 Materials and Methods ...................................................................................................... 58 

 Materials .................................................................................................................... 58 

 Yeast Strains, Transformation, and Yeast Crude Membrane Preparations ............... 59 

 Expression and Membrane Preparation of His-Ste14 from Insect Cell Lines ........... 60 

 In vitro Methyltransferase Vapor Diffusion Assay of Yeast and Insect Cell Crude 

Membranes ............................................................................................................................ 61 

 SDS-PAGE Staining and Immunoblot Analysis ....................................................... 61 

 Purification of His-Ste14 ........................................................................................... 62 

 Results and Discussion ..................................................................................................... 63 

 Expression in Yeast vs Insect Cells Lines ................................................................. 63 

 Optimization of Size Exclusion Chromatography of His-Ste14 ................................ 64 

 Detergent Screening of Pure His-Ste14 ..................................................................... 65 

 Future Directions .............................................................................................................. 67 

 References ......................................................................................................................... 79 

 ASSESSMENT OF STE14 CO-FACTOR BINDING DYNAMICS USING 

ELECTRON PARAMAGNETIC RESONANCE (EPR) SPECTROSCOPY ............................. 82 

 Introduction ....................................................................................................................... 82 

 Materials and Methods ...................................................................................................... 84 

 Materials .................................................................................................................... 84 

 Cloning ...................................................................................................................... 85 

 Yeast Strains, Transformation, and Crude Membrane Preparations ......................... 86 

 In vitro Methyltransferase Vapor Diffusion Assay of Crude Membranes ................ 87 

 Purification of His-Ste14 and His-Ste14 Mutants ..................................................... 87 

 Purification of His-Ste14 and His-Ste14 Mutants with the Addition of MTSL Spin 

Label  ................................................................................................................................... 88 

 SDS-PAGE Staining and Immunoblot Analysis ....................................................... 89 

 In vitro Methyltransferase Vapor Diffusion Assay of Pure His-Ste14 and Mutants . 90 

 EPR Spectroscopy Conditions ................................................................................... 90 

 TEMPO Standard Curve ......................................................................................... 91 

 Results and Discussion ..................................................................................................... 91 



 

 

8 

 Future Directions .............................................................................................................. 93 

 References ....................................................................................................................... 111 

 PRELIMINARY STRUCTURAL ANALYSIS OF HIS-STE14 UTILIZING 

VARIOUS BIOPHYSICAL TECHNIQUES ............................................................................. 113 

 Introduction ..................................................................................................................... 113 

 Materials and Methods .................................................................................................... 114 

 Materials .................................................................................................................. 114 

 Expression and Membrane Preparation of His-Ste14 from Insect Cell Lines ......... 115 

 In vitro Methyltransferase Vapor Diffusion Assay of Yeast and Insect Cell Crude 

Membranes .......................................................................................................................... 116 

 SDS-PAGE Staining and Immunoblot Analysis ..................................................... 116 

 Purification of His-Ste14 ......................................................................................... 117 

 Incorporation of His-Ste14 into Nanodiscs ............................................................. 118 

 Negative Stain EM Sample Preparation and Imaging ............................................. 118 

 Cryo-EM Sample Preparation and Imaging ............................................................ 119 

 Introduction of His-Ste14 into Nanodiscs ............................................................... 119 

 Negative Staining with His-Ste14 Incorporated into Nanodiscs ........................... 120 

 Preliminary Cryo-EM Data Analysis .................................................................... 121 

 Future Directions ............................................................................................................ 121 

 References ....................................................................................................................... 125 

 CHARACTERIZATION OF THE OLIGOMERIC STATE OF STE14 AND THE 

GXXXG DIMERIZATION MOTIF........................................................................................... 129 

 Introduction ..................................................................................................................... 129 

 Materials and Methods .................................................................................................... 131 

 Materials .................................................................................................................. 131 

 Expression and Membrane Preparation of His-Ste14 from Insect Cell Lines ......... 131 

 In vitro Methyltransferase Vapor Diffusion Assay of Yeast and Insect Cell Crude 

Membranes .......................................................................................................................... 132 

 SDS-PAGE Staining and Immunoblot Analysis ..................................................... 132 

 Purification of His-Ste14 ......................................................................................... 133 

 SEC-MALS-SAXS data collection and analysis ..................................................... 134 



 

 

9 

 Results and Discussion ................................................................................................... 135 

 Future Directions ............................................................................................................ 136 

 References ....................................................................................................................... 142 

APPENDIX A ............................................................................................................................. 145 

APPENDIX B ............................................................................................................................. 148 

VITA ........................................................................................................................................... 150 

PUBLICATIONS ........................................................................................................................ 151 

  



 

 

10 

LIST OF TABLES 

Table 2.1 Characteristics of detergents used in this study ............................................................ 68 

Table 2.2 Percent (w/v) of detergents used for purification. ........................................................ 69 

Table 3.1 Oligonucleotides used in this study to generate STE14 mutants .................................. 95 

Table 3.2 S. cerevisiae plasmids used in this study ...................................................................... 97 

Table 3.3 Specific methyltransferase activities of His-Ste14-TA mutants from crude membranes 

tested in this study ....................................................................................................................... 100 

Table 3.4 Specific methyltransferase activities of purified His-Ste14-TA mutants tested in this 

study ............................................................................................................................................ 105 

Table 5.1 SAXS structural parameters of His-Ste14 .................................................................. 140 

 

  



 

 

11 

LIST OF FIGURES 

Figure 1.1 The CaaX processing pathway .................................................................................... 37 

Figure 1.2 Topology map of Saccharomyces cerevisiae Icmt (Ste14). ........................................ 38 

Figure 1.3 Sequence alignment of Icmt orthologs. ....................................................................... 39 

Figure 1.4 Sequentially ordered bi-bi reaction mechanism unique to the Icmt family................. 40 

Figure 1.5 Crystal structures of Methanosarcina acetivorans Icmt (Ma-Icmt) and Tribolium 

castaneum Icmt (beetle) ................................................................................................................ 41 

Figure 2.1 Expression of His-Ste14 extracted from yeast and insect cell lines by immunoblotting.

....................................................................................................................................................... 70 

Figure 2.2 Purification of His-Ste14 purified in various buffers. ................................................. 71 

Figure 2.3 Purification of His-Ste14 with DDM detergent at pH 7.2 and 6.0. ............................. 72 

Figure 2.4 Purification of His-Ste14 with LMNG detergent at pH 7.2. ....................................... 73 

Figure 2.5 Purification of His-Ste14 with C12E7 detergent at pH 7.2. ........................................ 74 

Figure 2.6 Purification of His-Ste14 with DMNG detergent at pH 7.2. ....................................... 75 

Figure 2.7 Purification of His-Ste14 with C8E4 detergent at pH 7.2. .......................................... 76 

Figure 2.8 Purification of His-Ste14 with LDAO detergent at pH 7.2. ........................................ 77 

Figure 2.9 In vitro vapor diffusion methyltransferase activity assay of His-Ste14 solubilized in 

various detergents at pH 7.2.......................................................................................................... 78 

Figure 3.1 Expression levels of His-Ste14-TA and single cysteine mutants. ............................... 99 

Figure 3.2 In vitro vapor diffusion methyltransferase activity assay of 46 non-conserved cytosolic 

His-Ste14-TA single cysteine mutants in crude membranes. ..................................................... 102 

Figure 3.3 Expression levels and purity of purified His-Ste14-TA and single cysteine mutants.

..................................................................................................................................................... 103 

Figure 3.4 Purity of His-Ste14-TA and single cysteine mutants. ............................................... 104 

Figure 3.5 In vitro vapor diffusion methyltransferase activity assay of nineteen purified non-

conserved cytosolic His-Ste14-TA single cysteine mutants. ...................................................... 106 

Figure 3.6 Heat map of single cysteine mutants in crude membranes ........................................ 107 

Figure 3.7 EPR spectral analysis of purified His-Ste14-V212C-TA. ......................................... 108 

Figure 3.8 EPR spectral analysis of purified His-Ste14-K231C-TA. ......................................... 109 

Figure 3.9 TEMPO standard curve. ............................................................................................ 110 



 

 

12 

Figure 4.1 Confirmation of His-Ste14 incorporated into MSP 1E3D1 nanodiscs. ..................... 122 

Figure 4.2 Unadjusted micrograph field views of His-Ste14 in nanodiscs using negative staining 

EM............................................................................................................................................... 123 

Figure 4.3 Unadjusted micrograph field views of His-Ste14 in nanodiscs using negative cryo-EM.

..................................................................................................................................................... 124 

Figure 5.1 Topology of Saccharomyces cerevisiae Icmt, Ste14. ................................................ 137 

Figure 5.2 Sequence alignment of Icmt orthologs. ..................................................................... 138 

Figure 5.3 Characterization of Ste14 via SEC-MALS-SAXS confirms dimerization state. ...... 139 

Figure 5.4 Predicted structural model of Ste14 dimerization. .................................................... 141 

  



 

 

13 

LIST OF ABBREVIATIONS 

AEBSF 4-(2-Aminoethyl)benzensulfonyl fluoride hydrochloride 

AFC  N-acetyl-S-farnesyl-L-cysteine 

AGGC  N-acetyl-S-geranylgeranyl-L-cysteine 

Ag-Icmt Anopheles gambiae Isoprenylcysteine carboxyl methyltransferase 

ABCG2 ATP binding cassette subfamily G member 2 

BFC  Biotin-S-farnesyl-L-cysteine 

BMH  Bis-maleimidohexane 

BMOE  Bis-maleimidoethane 

BS3  Bi(sulfosuccinimidly)suberate 

C8E4  Tetraethylene glycol monododecyl ether 

C12E7  Heptaethylene glycol monododecyl ether 

CA  Carbonic anhydrase 

Cdc42  Cell division cycle 42 

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 

CHAPSO 3-[(3-cholamidopropyl)dimethylammonio]-2 hydroxyl-1-propanesulfonate 

CIP   Calf intestinal alkaline phosphatase 

CMC  Critical micelle concentration 

Cryo-EM single particle cryogenic electron microscopy 

CW  Continuous-wave 

DDM  N-Dodecyl-β-D-maltopyranoside 

DEER  Double electron-electron resonance 

DI  Double integral 

Dmax  Dimensional maximum 

DMNG 2,2-dioctylpropane-1,3-bis-β-D-maltopyranoside, Decyl maltose neopentyl glycol 

DTT  Dithiothreitol 

ECL  Enhanced chemiluminescence 

EDTA  Ethylenediaminetetraacetic acid 

EM  Electron microscopy 

EPR  Electron paramagnetic resonance 



 

 

14 

ER  Endoplasmic reticulum 

FPP  Farnesyl pyrophosphate 

FTA  S-farnesyl thioacetic acid 

FTase  Farnesyltransferase 

FTIs  Farnesyltransferase inhibitors 

FTA  S-farnesyl-thioacetic acid 

FTP  S-farnesyl thiopropionic acid 

FTS  S-farnesyl thiosalicylic acid 

GGTP  Geranylgeranyl pyrophosphate 

GGTase I  Geranylgeranyltransferase I 

GGTase II Geranylgeranyltransferase II 

GGTase III Geranylgeranyltransferase III 

GGTIs  Geranylgeranyltransferase I inhibitors 

GpA  Glycophorin A 

High Five Trichoplusia ni 

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 

hIcmt  Human Isoprenylcysteine carboxyl methyltransferase 

His-Ste14 His10-myc3N-Ste14 

His-hIcmt His10-myc3N-hIcmt 

HRP  Horseradish peroxidase 

IC50  Inhibitory concentration 50% 

Icmt  Isoprenylcysteine carboxyl methyltransferase 

IgG  Immunoglobulin G 

kDa  Kilodalton 

LB  Luria-Bertani 

LB-AMP Luria-Bertani + ampicillin 

LDAO  Lauryldimethylamine-N-oxide 

LMNG  2,2-didecylpropane-1,3-bis-β-D-maltopyranoside, Lauryl maltose neopentyl glycol 

Ma-Icmt Methanosarcina acetivorans Isoprenylcysteine carboxyl methyltransferase 

MALS  Multi-angle light scattering 

mAU  Milli absorbance unit 



 

 

15 

MEFs  Mouse embryonic fibroblast 

MSPs  Membrane scaffolding proteins 

MTSL  1-oxyl-2,2,5,5-tetrametylpyrroline-3-methyl)-methanethiosulfonate 

MWCO Molecular weight cutoff 

NMR  Nuclear magnetic resonance 

OD  Optical density 

OG  N-octyl-β-D-glucopyranoside 

OTG  N-octyl-β-D-thioglucopyranoside 

PAGE  Polyacrylamide gel electrophoresis 

PBS  Phosphate-buffered saline 

PBST  Phosphate-buffered saline with Tween-20 

PCR  Polymerase chain reaction 

PDAC  Pancreatic ductal adenocarcinomas 

PGK  Phosphoglycerate kinase promoter 

P(r)  Pair-distance distributions 

p.s.i  Pounds per square inch 

RabGGTase Rab geranylgeranyl transferase 

Rce1  Ras converting enzyme 1 

Rg  Radius of gyration 

S. cerevisiae Saccharomyces cerevisiae 

SAH  S-adenosyl-L-homocysteine 

SAM  S-adenosyl-L-methionine 

[14C]-SAM S-adenosyl-L-[methyl-14C] methionine 

SAXS  Small angle light scattering 

SC-URA Synthetic complete medium without uracil 

S.D.  Standard deviation 

SDS  Sodium dodecyl sulfate 

SDSL  Sight-directed spin labeling 

SEC  Size exclusion chromatography 

Sf9  Spondoptera frugiperda 

TA  Triple A 



 

 

16 

TCA  Trichloroacetic acid 

TEM  Transmission electron microscope 

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxyl 

TM  Transmembrane 

UV  Ultraviolet 

v/v  Volume per volume 

WT  Wild-type 

Wt  Weight 

wt/v  Weight per volume 

YPD  Yeast peptone dextrose medium 

  



 

 

17 

ABSTRACT 

CaaX proteins are involved in many key cellular processes such as proliferation, 

differentiation, trafficking, and gene expression. CaaX proteins have four specific C-terminal 

amino acids designated as a CaaX motif, where the “C” is a cysteine, “a” are aliphatic residues, 

and “X” represents one of several amino acids. Proteins with this motif undergo three post-

translational modifications: isoprenylation of the cysteine residue, endoproteolysis of the –aaX 

residues and methylation of the isoprenylated cysteine, which is necessary for their localization in 

the cell and function. Due to involvement of CaaX proteins in many critical signaling pathways, 

mutations in CaaX proteins can result in a wide variety of disorders and carcinomas. Most notably, 

mutants in the KRAS gene are associated with 90% of pancreatic cancers and 30% of all cancers. 

Isoprenylcysteine carboxyl methyltransferase (Icmt), an integral membrane protein in the 

endoplasmic reticulum, is the only known protein responsible for the post-translational α-carboxyl 

methylesterification of the C-terminus of CaaX proteins. Cells with Icmt deficiency causes the 

small G-protein, K-ras, to be mislocalized and decreases downstream signaling of K-ras. Thus, our 

goal is to better understand the structure and methylation mechanism of Icmt in order to inhibit 

mutant K-ras in oncogenic cells and aid in the creation of a chemotherapeutic for pancreatic cancer.  

Icmt studies have focused on the founding member of the Icmt family, Ste14. Ste14 is 

expressed in Saccharomyces cerevisiae (S. cerevisiae) and shares high homology with the human 

Icmt (hIcmt), which has yet to be functionally purified. Specifically, hIcmt and Ste14 share 63% 

similarity and 41% identity, mostly within the C-termini of the proteins. First, we optimized 

expression and purification of Ste14 in order to generate a larger yield of protein, which is 

necessary for many biophysical techniques. Infection of Sf9 cells with a baculovirus expressing 

an N-terminally 10-His-tagged and 3-myc-tagged Ste14 (His-Ste14), increased protein expression 

between four and five-fold compared to our yeast model and used significantly less starting 

materials. We also performed a detergent screen for the purification of His-Ste14 from insect cell 

expression. We concluded that n-Dodecyl-β-D-maltopyranoside (DDM), lauryl maltose neopentyl 

glycol (LMNG), and heptaethylene glycol monododecyl ether (C12E7) were detergents that 

stabilize His-Ste14 for further biophysical techniques. Additionally, we found 1xEQ buffer at pH 

6.0 resulted in the most homogenous His-Ste14 sample. 
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Second, we sought to elucidate the SAM binding/ SAH release mechanism of His-Ste14 

by utilizing a combinatorial method of site-directed spin labeling and electron paramagnetic 

resonance (EPR) spectroscopy analysis. We used SDSL-EPR to determine the conformational 

dynamics of His-Ste14 with and without SAM. EPR is an attractive method to study 

conformational changes of proteins as it is done in solution and requires relatively small amounts 

of protein. We generated a library of 46 non-conserved single cysteine mutants introduced into 

cysteine-less His-Ste14 (His-Ste14-TA). The cysteine residues engineered into His-Ste14-TA were 

in the cytosolic portion of the protein to ensure efficient labeling and were tested for 

methyltransferase activity levels. From crude membranes, only nineteen mutants retained activity 

levels of ≥50% of His-Ste14-TA, which were then purified and tested for methyltransferase 

activity levels. Eight purified mutants were selected as candidates for EPR with activity levels of 

≥50% of His-Ste14-TA. Once optimized, we introduced a nitroxide spin label, 1-oxyl-2,2,5,5-

tetrametylpyrroline-3-methyl)-methanethiosulfonate (MTSL), to several of the purified single 

cysteine mutants. Then, we evaluated protein dynamics during the methylation reaction by 

monitoring mobility of the MTSL-labelled residue upon addition of SAM. Overall, our structural 

and biochemical analyses will be used to ascertain the structural dynamics associated with SAM 

binding of this unique methyltransferase. 

Additionally, we were able to incorporate His-Ste14 in nanodiscs. Nanodiscs mimic the 

membrane of a cell and are a more native-like environment that detergent micelles or liposomes. 

Since nanodiscs are conducive to many biophysical techniques, unlike detergents, we have begun 

preliminary studies to better understand the structure of Ste14. Techniques we have begun to 

pursue are negative stain electron microscopy (EM), single particle cryo-electron microscopy 

(cryo-EM), and X-ray crystallography.  

Finally, we previously showed Ste14 functions as a dimer or higher order oligomer. Ste14 

is comprised of six transmembrane (TM) domains in which TM1 contains a putative dimerization 

motif, G31XXXG35XXXG39, where G is a glycine amino acid residue and X is a subset of 

hydrophobic amino acids. Using cysteine-scanning mutagenesis, we characterized TM1 cysteine 

mutants for their effects on protein expression, activity, and stability. We determined residues S27, 

Y28, L30, G31, G35, and G39 are critical for maintaining activity levels. Additionally, residues 

M25, T26, Y28, F41, P42, and Q43 were found to form strong dimers through the addition of 

sulfhydryl specific cross-linkers and immunoblot analysis.  Recently, the purification of dimeric 
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Ste14 from aggregated protein components via size exclusion chromatography (SEC) was 

improved for further experimentation. The purified, monodispersed, His-Ste14 underwent size 

exclusion chromatography (SEC), multi-angle light scattering (MALS) and small-angle X-ray 

scattering (SAXS) to confirm the dimerization state of Ste14. Together, we have used many 

biochemical and biophysical methods to gain insight about the structure, function, and mechanism 

of Ste14. Ultimately, our studies will be utilized to design more potent therapeutics to minimize 

K-Ras signaling in cancer cells. 
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 INTRODUCTION: A BIOLOGICAL UNDERSTANDING 

OF THE INTERGRAL MEMBRANE PROTEIN, 

ISOPRENYLCYSTEINE CARBOXYL METHYLTRANSFERASE 

(ICMT) 

 CaaX Proteins and Processing 

Many proteins undergo covalent modifications after translation, which significantly 

changes the chemical characteristics of the protein.1 Common examples of such modifications 

include: lipidation, phosphorylation, ubiquitination, and methylation. CaaX protein processing is 

a series of sequential post-translational modifications that are essential for CaaX protein function 

because the hydrophobic modifications properly localize the proteins to the plasma or organelle 

membranes.2-7 CaaX proteins have four specific C-terminal amino acids designated as a CaaX 

motif, where the “C” is a cysteine, “a” are aliphatic residues, and “X” represents one of several 

amino acids.3,8 Although these proteins were first discovered in fungi, the family of known CaaX 

proteins expanded to include the γ subunits of heterotrimeric GTP-binding proteins (heterotrimeric 

G proteins), small GTPases, nuclear lamins, yeast a-factor mating pheromone, protein kinases, 

phosphatases, and phosphodiesterases.9-13 CaaX proteins are ubiquitously expressed and involved 

in regulatory functions such as cell growth, migration, protein trafficking, and many other 

biological processes.4,14-17 Currently, there are approximately 300 known eukaryotic CaaX 

proteins, where over the past decades, the Ras superfamily is the most well studied and best 

characterized.4,14,18 The Ras superfamily consists of the Rho, Ras, and Rab protein families. 

 

 S-Isoprenylation  

The first step of CaaX processing is the irreversible addition of a 15-carbon farnesyl group 

or 20-carbon geranylgeranyl group to the cysteine residue of the CaaX protein with a thioester 

linkage (Figure 1.1).19-21 The X amino acid dictates the type of lipidation that occurs. If the X 

residue is alanine, serine, methionine, or glutamine, a farnesyl isoprenoid is usually attached by 

the cytosolic enzyme farnesyltransferase (FTase), whereas if the X residue is leucine or 

phenylalanine, a geranylgeranyl isoprenoid is attached by geranylgeranyl transferase I (GGTase-

I).4,19-25 Due to their CaaX box sequences, Ras GTPases, lamin B, and Rheb proteins are 

farnesylated, while Rac and Rho proteins are geranylgeranylated.4,19 The addition of a lipid group 
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is necessary for the subsequent two steps of CaaX processing to occur, leading to proper 

localization of the substrate to membranes in the cell.4,14,18,23,26-28  The third type of prenylation 

enzyme is Rab geranylgeranyl transferase (RabGGTase) or geranylgeranyltransferase II (GGTase-

II), which recognizes and lipidates non-CaaX sequences. Although less defined, GGTase-II has 

been shown to modify proteins containing two cystine residues (XXCC, XCCX. CCXX, CCXXX, 

or XCXC).29 Very recently, a fourth prenylation enzyme was discovered, gernylgeranyltransferase 

III (GGTase-III).30 This enzyme was found to geranylgeranylate FBXL2, an F-box protein 

necessary for the assembly of an active SCF ubiquitin ligase complex. Interestingly, FBXL2 

contains a C-terminal CaaX box, previously believed to be prenylated by GGTase-I. Currently, a 

new topic of interest is to determine additional ubiquitin ligases or other enzymes being modified 

by GGTase-III. 

 The CaaX prenylation proteins, FTase and GGTase-I have similar structural components 

composed of α/β‐heterodimers. Both enzymes share a similar α-subunit, which is encoded by the 

same gene, FNTA.28 However, these enzymes differ more significantly in their β-subunits with 

only 30% sequence similarity.31-33 The β-subunits are necessary for lipid and substrate binding, 

which accounts for their preference of specific protein substrates. The ordered reaction mechanism 

is comprised of two steps: FTase or GGTase binds to a farnesyl pyrophosphate (FPP) or 

geranylgeranyl pyrophosphate (GGPP), respectively, followed by binding to the CaaX 

protein.28,31,34 The prenylation reaction is fast, but the release of the lipidated CaaX protein is the 

rate-limiting step of the reaction.35,36 Additionally, Zn2+ is needed to coordinate the cysteine thiol 

within the CaaX motif of the substrate, which lowers the pKa of the thiol. The lower pKa causes  

the metal ion to activate the substrate for nucleophilic attack.20,24,28,37,38 X-ray crystal structures of 

various FTases and GGTases have been determined, which have been essential for characterization 

of these enzymes.39,40 

 

 Endoproteolysis 

Lipidation of CaaX proteins allows for their localization to the membrane of the 

endoplasmic reticulum (ER) due to the addition of a prenyl group that favors the hydrophobic 

environment of the ER. At the ER membrane, the second post-translational modification occurs as 

an endoproteolysis reaction (Figure 1.1).41 In mammals, the Ras converting enzyme 1 (Rce1) is 

the integral membrane protein that cleaves the terminal -aaX peptides from CaaX proteins. 
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Previous researchers have suggested that the cleavage of the -aaX motif is necessary for 

intracellular trafficking and coordination of the CaaX protein with the methyltransferase 

responsible for the last modification of CaaX processing.15,42-44 

In yeast, there are two functionally redundant homologs of this proteolytic protein, Rce1 

and Ste24. Ste24 is located both in the ER and in the nuclear envelope.41,45,46 In addition to CaaX 

protein proteolysis, Ste24 performs an additional cleavage to the substrate a-factor, a yeast peptide 

mating pheromone. This second cleavage step removes the first seven amino acids from the N-

terminus of the protein and after several more steps, releases the pheromone from the cell and 

signals for the initiation of mating with an α-cell.45,47-49 Due to its short peptide sequence, a-factor 

is commonly used as a model substrate for studying the isoprenylation pathway.50  

The mammalian homolog of Ste24, ZMPSTE24, plays an important role in prelamin A 

maturation to lamin A.41,49,51 Nuclear lamins are intermediate filament proteins that form mesh-

like structures underlying the nuclear envelop, providing an environment near the nuclear 

membrane for organization of transcription factors, nuclear pore complexes, and 

heterochromatin.52,53 ZMPSte24 cleaves the -aaX motif from CaaX proteins, but also performs an 

additional N-terminal cleavage on prelamin A maturation, which results in the removal of the 

whole lipidated C-terminal tail. Interestingly, ZMPSTE24 and Ste24 can each perform both 

cleavage reactions on a-factor and prelamin A.54,55 Human ZMPSTE24 shoews 36% identity and 

62% similarity to Ste24 of Saccharomyces cerevisiae.56 

Interestingly, X-ray crystallography of Ste24 and ZMPSTE24 identified a unique structure 

in both enzymes, that has not been seen in any other membrane protein; a large, hollow, barrel-

shaped chamber formed within seven transmembrane alpha-helices.57,58 This rare chamber-like 

structure is predicted to be large enough to accommodate a ~10kDa protein or ~450 molecules of 

water.56 First, it is predicted that the CaaX motif of the substrate enters this chamber for the first 

cleavage step. After endoproteolysis, the substrate may completely or partially leave the chamber 

using one of the side portals for methylation by Icmt. Later, the CaaX protein must position itself 

in the chamber again for the second cleavage reaction. Currently, this two-step mechanism remains 

unclear, particularly how ZMPSTE24 binds the substrate for each cleavage step. 
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 Methyl Esterification 

The third step of the CaaX processing pathway is the methyl esterification of the exposed 

α-carboxylate group of the C-terminal cysteine residue following endoproteolysis (Figure 1.1).19 

Regardless of the type of prenylation (farnesylation or geranylgeranylation), the methyl 

esterification is performed by the ER integral membrane protein, isoprenylcysteine carboxyl 

methyltransferase (Icmt), before the substrate is localized to the plasma or organelle membrane for 

proper signaling.4,7,14,18,59-61 Currently, there are several proposed roles of the methylation 

modification. First, the methyl group is believed to cap the hydrophilic, negatively charged amino 

acid moiety, making the CaaX protein more hydrophobic and more favorable to associate with the 

membrane.62 Second, the addition of the methyl group serves as a recognition site for protein-

protein interactions in the CaaX proteins signal transduction pathways, including examples like 

lamin B interactions at the nuclear envelop and K-Ras with microtubules.15,62-67 Finally, 

methylation may protect the protein from any additional proteolytic cleavages at the C-terminus 

by covering the charge of the exposed cysteine carboxylic acid.68 

The mating pheromones from the jelly fungi, Tremella brasiliensis and Tremella 

mesenteric, were the first proteins shown to contain an isoprenylated and methylated C-terminal 

cysteine residue.12,13,70 Later, Michaelis et al. identified the first isoprenylcysteine carboxyl 

methyltransferase gene in budding yeast, STE14.44 Clarke et al. found that membrane extracts of 

sterile S. cerevisiae, which lacked STE14, also lacked farnesyl cysteine C-terminal carboxyl 

methyltransferase activity typically found in yeast a-cells and α-cells.43 Interestingly, other sterile 

strains of S. cerevisiae lacking STE6 and STE16 retained carboxyl methyltransferase activity.43 By 

performing genetic analysis on Δste14 yeast strains, the first Icmt protein was identified in 

Saccharomyces cerevisiae as Ste14.43 Later, Icmt was found to be ubiquitously expressed in 

eukaryotes and all mammalian Icmt homologs contain highly conserved sequences.43,44,59 The Icmt 

family is of interest due to the discover of its substrates, more notably H-Ras, which were found 

to be methylated and farnesylated in its mature form.69-73 To date, Ste14 is used as a model system 

to better characterize human Icmt (hIcmt) and the Icmt family of proteins.  

 Diseases Associated with CaaX Proteins 

CaaX proteins are involved in many essential signaling pathways including cell 

proliferation, trafficking, gene expression, and differentiation.4,9-11,14,15 Since many of these 
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processes promote cell growth and division, mutations in CaaX proteins and alterations in their 

regulation can result in many different diseases and disorders including malaria, Alzheimer’s 

disease, various cancers, Hutchinson-Gilford Progeria Syndrome (HGPS) and amyotrophic lateral 

sclerosis.74-80 The Ras super family is the most studied family of CaaX proteins because of their 

roles in all human cancers. 3,81-84 Specific single point mutations in RAS genes causes the growth 

of carcinomas and metastasis.85,86 81 Additionally, if CaaX proteins do not undergo all three post-

translational modifications of CaaX processing, they accumulate in the cell, which can lead to 

other health problems like kidney disorders.87  

Ras proteins (K-Ras4A, K-Ras4B, H-Ras, and N-Ras) are categorized as small GTPases 

that are involved in transmitting signals within cells.88-90 All isoforms of Ras are ubiquitously 

expressed across eukaryotic species and partake in many signaling pathways, including the 

mitogen-activated protein kinase pathway (MAPK) and phosphoinositide-3 kinase (PI3K) 

pathways.6,91,92 Active Ras is bound to GTP, but can be deactivated by GTPase-activating proteins 

(GAPs). GAPs hydrolyze GTP to GDP, causing a conformational change in Ras preventing 

downstream signaling. Ras can be reactivated by, guanine nucleotide exchange factors (GEFs), 

which remove GDP and replace it with GTP in this same region of the protein, known as switch 1 

and switch 2.88,93-96  

Approximately 30% of all human cancers contain a mutation in the RAS gene, which results 

in reduced hydrolysis of GTP to GDP.81,84,97-100 Since GTP is not removed, Ras becomes 

constitutively active and leads to oncogenic transformation. In all Ras isoforms, 99.2% of 

oncogenic mutations occur at codons 12, 13, and 61.81,101 KRAS was shown to be the most 

frequently mutated isoform; it is mutated in 95% of pancreatic ductal adenocarcinomas (PDAC) 

and 30% of all cancers.81,102,103 In pancreatic cancer, the most common KRAS mutations occurs at 

codon 12, where the glycine residue is typically mutated to valine or aspartic acid, G12V and 

G12D, respectively.104 Currently there is no cure for pancreatic cancer and the 5-year survival rate 

is ~7%. As a result of this poor prognosis, CaaX processing proteins are being utilized as potential 

targets to inhibit oncogenic K-Ras by mislocalizing the protein and preventing downstream 

effector signaling. A full analysis of CaaX protein inhibitors will be discussed in length in section  
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 Characterization of Human Icmt and the Yeast Homolog, Ste14 

 General Characteristics, Localization, and Two-Dimensional Topology 

The Icmt family of enzymes is the only known class of membrane-associated 

methyltransferases. These enzymes do not contain any of the main four motifs characteristically 

found in soluble methyltransferases. As a result, the Icmt family members form the class VI 

methyltransferases.63 Interestingly, in a primarily hydrophobic environment, Icmt has the ability 

to accommodate both a hydrophilic co-factor, S-adenosyl-L-methionine (SAM), as a methyl donor 

and a lipophilic methyl acceptor. 

To date, one of the most characterized members of the Icmt family is its founding member 

Ste14, found in S. cerevisiae. Ste14 was functionally purified and reconstituted in detergent for 

further characterization, while hIcmt has yet to be purified actively.105 hIcmt and Ste14 share 63% 

similarity and 41% identity, mostly within the C-termini of the proteins. Most importantly, when 

expressed in yeast in a Δste14 deletion strain, hIcmt was able to resume the sterile phenotype and 

methyltransferase activity, suggesting a similar catalytic mechanism of the two enzymes.59  

Ste14, the 26kDa integral membrane protein, was found localized to the ER membrane 

with six transmembrane (TM) spans and one unique helical hairpin between TM5 and TM6. 

(Figure 1.2).60,68,106-108 . Determination of the Ste14 sequence and production of a hydropathy plot 

helped determine the membrane spanning regions of Ste14 .59,60,106 A protease protection assay 

was first used to show Ste14 with its N- and C- termini facing the cytosolic side of the ER, along 

with most of the soluble loops.60 Similar topology results were confirmed with hIcmt in live cells 

with a fluorescent probe selectively placed on the N- and C- termini.108  

To better understand the function, mechanism, and structure of Ste14, the amino acid 

sequence was compared to known methyltransferases and matched most closely with the C-

terminal end of two phospholipid methyltransferases, Pem1p and Pem2p.106 Shortly after, Romano 

et al. determined that the sequence of Ste14 was highly conserved with ten gene products including 

three sterol reductases and seven open reading frames of unknown bacterial enzymes.106 In 2011, 

Court et al. aligned the sequences of Icmt from fifteen different species and identified 42 amino 

acids that were identical and 35 amino acids that had similar characteristics (Figure 1.2).56 The C-

termini had the most conserved residues among the fifteen species and confirmed the potential 

importance of several conserved motifs. Amongst all these species was the consensus motif, 

RHPxY-30 hydrophobic-EE, where 30 hydrophobic residues were surrounded by regions A 
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(RHPxY) and B (EE) (Figure 1.2).106 In Ste14, the RHPxY-30 hydrophobic-EE motif spans from 

amino acid 161 to 217. This hydrophobic stretch, called the helical hairpin motif, was shown to be 

embedded in the ER membrane and was necessary for methyltransferase activity (Figure 1.2).106 

To understand the role of the amino acids in this tripartite conserved motif, site-directed 

mutagenesis was performed on the two glutamic acid resides in region B, E213D and E214D. Both 

residues were essential for enzyme function.106 Other residues were mutated in this study and lost 

significant activity compared to wild-type Ste14 as well, including G31E, L81F, G132R, S148F, 

P173L, and L217S. Logue and Olsen performed an alanine scan of all the conserved residues in 

Ste14 via site-directed mutagenesis.109,110 Within the RHPxY-30 hydrophobic-EE motif, 31 

mutants completely lost activity.109 Additionally, the forty-four conserved, cytosolic residues that 

comprise Ste14 were mutated to alanine in crude membranes and resulted in 29 mutants retaining 

10% or less activity compared to wild-type.110 Mutant activities were not rescued when the 

conserved residues were mutated to amino acids similar to wild-type. For example, tyrosine resides 

were also mutated to phenylalanine. These studies indicated that the conserved residues amongst 

Icmts are important for proper function.  

 Further mutational analysis of Icmts from Methanosarcina acetivorans (Ma-Icmt), 

Saccharomyces cerevisiae (Ste14), and Anopheles gambiae (Ag-Icmt) confirmed the findings from 

Romano et al. and identified other residues and motifs conserved for proper structure and 

function.63,64,105,106,111 Sequence alignment of these Icmt orthlogs was performed to accurately 

compare residues and motifs of interest (Figure 1.3). One conserved motif was the repeating 

GXXXG of the GXXXG-like motif found near the N-terminal end of all Icmts. The “G” represents 

a glycine residue or another small amino acid like serine or alanine, and an “X” motif which can 

be one of variety of amino acids, but are typically hydrophobic in order to span the membrane, 

including valine, leucine, and isoleucine.112-114 The GXXXG motif has been shown to be important 

in the dimerization of several membrane proteins including glycophorin A (GpA), ATP binding 

cassette subfamily G member 2 (ABCG2), yeast ATP synthase, human carbonic 

anhydrase (CA), Helicobacter pylori vacuolating toxin, and yeast α-factor receptor.115-

122  Interestingly, the GXXXG motif is a highly conserved pattern of amino acids and commonly 

found in integral membrane proteins that form dimers.112 In the GXXXG repeating motif, the 

spacing of the glycine residues allows the amino acids to be positioned on the same face of the 

helix and provide a flat surface to permit the close packing of TM1 of two Icmt 
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proteins.113,114,123 Additionally, it has been shown that the residues surrounding each glycine, such 

as serine, threonine, and tyrosine, are also important for dimerization due to the formation of 

potential intramolecular hydrogen bonds.116 Moreover, leucine, valine, and isoleucine residues can 

form van der Waals interactions, which can further stabilize the protein dimer.116  

Ste14 contains a GXXXG-like sequence, 27SYILGILLGIFVG39 (Figure 1.2).68,107,111,124 

Therefore, Ste14 was proposed to be a naturally occurring dimer or higher order oligomer.124 

Griggs et al. supported this hypothesis by showing that Ste14 was a dimer or oligomer in the 

presence of the crosslinker, bis(sulfosuccinimidyl)suberate (BS3), in crude membranes and when 

purified.124 Additionally, Griggs et al. performed dominant- negative activity assay experiments 

with wildtype Ste14 and two mutants with negligible enzymatic activity.124 When purified and 

reconstituted His-Ste14 in lipids was expressed with untagged Ste14, methyltransferase activity 

levels were higher than activity with reconstituted His-Ste14 alone.124 When catalytic mutants 

were purified and reconstituted in lipids, little to no activity was detected. Yet, activity levels 

increased when untagged Ste14 and the mutants were expressed together.124 Together, these 

experiments provided evidence that the interaction between Ste14 monomers were important for 

methyltransferase function.124 Less is known about the GXXXG-like motif in TM3 of hIcmt, 

70ACFLGFVFG78, but Diver al et. (2018) predicted it stabilizes a similar GXXXG-like motif in 

TM1.108 In chapter 5 of this dissertation, we further characterize the GXXXG-like motif in TM1 

and how it affects the dimerization of Ste14. 

 

 Hypothesized Kinetic Mechanism of Icmt 

The kinetics of the Icmt family are still relatively unknown. Early studies identified the 

Icmt catalyzes the methylation of CaaX proteins through a bi-bi reaction mechanism, not shared 

by any other type of methyltransferase (Figure 1.4).125,126 It was proposed that SAM binds to Icmt 

first, causing a large conformational change, followed the prenylated substrate as the methyl 

acceptor. After the reaction occurs, the fully processed CaaX protein is released, followed by the 

reaction product S-adenosyl-L-homocysteine (SAH). Both products display product inhibition 

with Icmt.125,127 Shi et al. first performed these kinetic studies with rod outer segment (ROS) 

isoprenylated protein methyltransferase.125 Subsequently,  Baron et al. supported these claims with 

kinetic experiments using recombinant hIcmt.126 However, photoreactive substrate analogs were 
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slow to bind to both hIcmt and Ste14 in reactions lacking SAM.128 Therefore, more kinetic analyses 

need to be performed on Icmts and their unique methylation reaction in the membrane. 

 Structural Analysis of Co-factor and Substrate Binding Sites of Icmt 

 Icmts are Putative Metalloenzymes with Zinc Dependence 

All mammalian Icmts were demonstrated to be metalloenzymes.105,129,130 Metalloenzymes 

are biologically necessary for cell survival by playing critical roles in oxygen transport, signal 

transduction, and many other processes. Purified Ste14 was shown to be inhibited by 1, 10-

phenanthroline and 2-carboxyl-2’-hydroxy-5’-sulfoformazylbenzene (Zincon), metal chelators 

specific for inhibition of only zinc (Zn2+) or zinc and copper, respectively.105,129 Interestingly, 

Ste14 was unaffected by water-soluble chelators, which suggested that the more hydrophilic 

chelators could not enter the hydrophobic environment of the protein and ultimately prevented 

access to the metal ion.105 When hydrophobic cholesterol groups were added to the metal chelator 

nitrolotriacetic acid (NTA) via a lysine linker (cholesterol-Lys-NTA), the inhibitor became more 

potent, further suggesting that the metal ion in Icmt was buried in a hydrophobic region of the 

protein and was essential for correct structure assembly or catalytic activity.130 Although, the three 

endogenous cysteine residues (C99, C121, C126) were predicted to interact with Zn2+, the activity 

and expression of Ste14 was unaffected in vitro and in vivo, when the cysteine residues were 

mutated to alanine or serine.130 Therefore, the cysteine residues were not necessary for metal 

coordination or methyltransferase activity. To date, residues interacting with the divalent zinc 

cation remains unknown.  

 

 First Icmt Structural Model in Eukaryotic Organism 

In 2018, Diver et al. solved the crystal structure for the red flour beetle Icmt, Tribolium 

castaneum (Figure 1.5B, PDB: 5VG9).132 This structure contains eight transmembrane domains 

and a short cytosolic cap helix. Importantly, this was the first eukaryotic Icmt to be crystallized, 

with ~59% identity and ~76% similarity with hIcmt. The 2.4Å structure was co-crystallized with 

a monobody inhibitor based on a randomized fibronectin protein domain and N-acetyl-S-

geranylgeranyl-L-cysteine (AGGC). They proposed that the ER membrane dips at the C-terminus 

of the protein, to allow for SAM and the CaaX substrate to enter the active site, while remaining 

in their energetically preferred environment. Diver et al. (2018) proposed a methylation 
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mechanism based on their model.132 First, the negatively charged, nucleophilic carboxy group of 

the exposed, isoprenylated cysteine coordinates with two arginine residues R173 and  R246, 

located on TM6 and TM8, respectively. The connector between TM6 and TM7 and the C-terminal 

cap region are predicted to act as a hinge region controlled by two residues, G181 and S193, to 

mediate SAM binding and release. The hinge closes around SAM positioning the co-factor for the 

methylation reaction and formed several hydrogen bonds to stabilize the transition state at F184, 

Y212, and Q185. Yet, these bonds are considered controversial because the bond with Y212 was 

5Å long (typical a hydrogen bond does not exceed 3.5Å). 

 Diver et al. (2018) also predicted the prenylated CaaX protein enters a deep cavity formed 

by TM4, TM5, TM7, and TM8. This cavity connects the co-factor binding site to the membrane 

where the substrate could enter, bringing the methyl donor and acceptor together. Additionally, 

the cavity is ~22Å long by 6Å wide, making Icmt large enough to accommodate farnesylated, 

geranylgeranylated, or double geranylgeranylated substrates. The access tunnel is lined with 

aromatic residues, allowing the hydrophobic prenylation group to enter the beetle Icmt. When the 

aromatic residues were mutated activity levels decreased compared to WT, suggesting an 

importance in substrate binding. However, in the X-ray crystal structure, the electron density in 

the cavity was at a very low resolution and could not be identified with certainty.  

In addition, zinc was never modeled in the beetle Icmt structure, even though it has been 

suggested to be a metalloenzyme (discussed above). Several mutations were also made to the 

protein in order to be crystallized, and the roles of the residues of the lipidated substrate that 

interact with Icmt were not clearly elucidated. More importantly, there were no insights about the 

dynamics of Icmt, necessary to fully understand this unique methylation reaction. 

 

 First Icmt Structural Model in Prokaryotic Organism 

Yang et al. crystallized the first Icmt from an Archaea, Methanosarcina acetivorans Icmt 

(Ma-Icmt) (Figure 1.5A, PDB: 4A2N).63 Ma-Icmt is an ortholog of the eukaryotic Icmt and showed 

high sequence conservation at the C-terminus. In addition, Ma-Icmt can methylate the substrate, 

N-acetyl-S-farnesyl-L-cysteine (AFC). The crystal structure of Ma-Icmt in complex with SAH was 

determined at resolution of 3.4Å. A tunnel for prenylated substrates to enter the catalytic site of 

Ma-Icmt was proposed, but the Icmt ortholog was never crystallized with a substrate or substrate 

mimic. Since proteins are not prenylated in prokaryotes, Ma-Icmt has no known substrates. Yet, 
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this first structural model was helpful for predicting important regions for catalytic and structural 

motifs.  

Ma-Icmt shares only 14% sequence homology with hIcmt and only ~40% with Ste14. 

Amino acid similarity was only found within the C-terminal end of Ma-Icmt with other enzymes 

in the Icmt family. Interestingly, this region of the protein is proposed to interact with the co-factor, 

SAM, since SAH co-crystallized in this region of the enzyme. When Ma-Icmt was superimposed 

on Ste14 using the program SWISS-MODEL Version 8.05, only C-terminal residues 115-239 of 

Ste14 were aligned, which includes the region A, region B, and the helix-turn-helix motif described 

in section 1.3.1.  

The 3D model, along with the analysis of Ma-Icmt by Yang et al. has helped predict the 

roles of various Ste14 residues believed to be necessary for SAM binding.63 In Ste14, Y167, S174, 

and Y175, interact with the carboxylate group of SAH. In addition, H172 and E213 formed 

hydrogen bonds with the carboxylate group and amino group of SAH, respectively. The models 

identified H159 as interacting with the adenine ring of SAH, whereas Y225 and Y228 interacts 

with water molecules that mediate contact with the adenine ring. Logue found all of these residues 

lost activity when mutated to alanine.109 Ste14 residues A143, L161, V162, and L217 are 

conserved, nonpolar residues, also predicted to orient the adenine ring of SAM correctly in the 

binding site. Other residues are predicted to be important for stabilizing the protein: (1) L161 

stabilized F221 with hydrophobic interactions and (2) R171 and E214 both stabilized H172 to 

interact with SAH. Site-directed mutagenesis of these residues led to enzyme inactivation. P173 

was involved in stabilizing TM5 of Ste14 and is conserved in all Icmt enzymes. When this proline 

was mutated to alanine, all activity was lost, suggesting this residue may be necessary for the 

structural integrity of the protein. Although these studies aided in the understanding of SAM/SAH 

binding, the Ma-Icmt structure only has conserved homology with eukaryotic Icmts in the C-

terminus and therefore, less was known about the N-terminal end of the protein.  

 

 Biochemical Analysis of Icmt Residues Important for Binding 

To obtain a better understanding of important regions in the enzyme, Diver et al. (2014) 

analyzed the amino acid sequence of the Icmt ortholog from Anopheles gambiae, Ag-Icmt.111 By 

utilizing the EMBL-EBI EMBOSS Stretcher Global Alignment tool, Ag-Icmt had ~41% percent 

identity and 82% similarity with Ste14 and ~49% identity and ~67% similarity to hIcmt. Ag-Icmt 
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has higher sequence conservation with hIcmt since both of these Icmts have eight transmembrane 

segments. Diver et al. (2014) performed methyltransferase activity assays utilizing biotin-S-

farnesyl-L-cysteine (BFC) as the methyl acceptor, SAM as the methyl donor, and GFP labelled 

Icmt enzymes (wild-type and mutants).111 Through site-directed mutagenesis of 137 residues (out 

of 283) of Ag-Icmt and measurement of methyltransferase activity retained, 62 mutants observed 

reduced or undetectable catalytic activity. Specifically, all the residues in the proposed SAM 

binding motif identified by Yang et al., lost significant activity when mutated to alanine, except 

for the residue equivalent to the Ste14 H159.63 Also, this model supports that E213 and E214 in 

Ste14 form hydrogen bonds with SAH. The negative charge of each of these residues are predicted 

to stabilize histidine 172. The hydrophobic residues equivalent to Ste14 residues F80, I81, and L82 

in Ag-Icmt were identified to be necessary for wild-type activity levels, however, their role is not 

fully understood.111  

Additionally, this study wanted to identify which residues are important for CaaX protein 

binding since there is higher N-terminal conservation of residues in Ag-Icmt to hIcmt. The percent 

activity compared to wild-type Ag-Icmt mutants significantly decreased in the following mutants: 

L62A, Y64A, F179A, T185A, Q186A, W203A, F205A (Ste14 amino acid sites).111 All these 

residues reside in transmembrane domains of Icmt, are highly conserved amongst Icmt family 

members. Diver et al. (2014) concluded that these mutations had lower affinity than wild type for 

SAM due to their increased Km values. Activity assays were performed on these mutants with 

increasing amounts of SAM and BFC as a substrate. Inhibition by BFC was observed. Thus, the 

isoprenylated substrate, but not SAM, inhibits these mutants, suggesting that inhibition is 

independent of SAM concentration and the mutations are preventing substrate binding. They also 

hypothesize that R173 and R246 in Ste14 aid in substrate binding due to their loss of 

methyltransferase activity when mutated. Although Diver et al. (2014) had many insights on SAM 

and substrate binding in Ag-Icmt, their percent activity levels for several of their mutants were 

significantly different than those found by Funk (2017) in Ste14. For example, Diver et al. (2014) 

found T185A, Q186A and W203A had methyltransferase activity levels between 5-30% of wild-

type, yet Funk (2017) found the activity levels to be 68%, 90%, and 98%, respectively.131 Due to 

the conflicting views about the activity of Icmt mutants, new biochemical techniques are needed 

in order to reveal more information on the exact amino acids participating in substrate recognition. 
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 Substrate Specificity 

It is important to note that the Icmt enzyme can recognize a vast number of CaaX protein 

substrates, which can be farnesylated or geranylgeranylated.62,133,134 Several studies have probed 

for substrate specificity of the Icmt family. First in 1990, Stephenson et al. developed and used the 

peptide LARYKC coordinated with a farnesyl or geranylgeranyl group to study the substrate 

specificity of Icmt in rat liver microsomal membranes.134 The LARYKC sequence originated from 

the C-terminus of Ras from Drosophila.134 The peptide alone did not act as a substrate, but both 

farnesylated and geranylgeranylated substrates could be modified. Additionally, S-farnesyl-

LARYKC was found to inhibit methylation of bovine ROS proteins with nearly identical Km and 

Vmax values.134 Thus, their studies confirmed that prenylation must occur for Icmt to recognize the 

CaaX protein.  

As discussed earlier, Stephenson et al. and Clarke et al. demonstrated that the CaaX protein 

substrate must be prenylated for recognition by Icmt.19,134,135 Specifically, they found that only the 

first isoprene group was necessary for this process.19,134,135 Later, Tan et al. demonstrated that a 

sulfoxide derivative of AFC was a poor substrate of Icmt. Thus, the sulfur heteroatom of the 

substrate was necessary for the methylation reaction with Icmt to proceed.135 Another poor 

substrate of Icmt was an AFC homocysteine analog, suggesting the distance between the carboxyl 

and sulfur functional groups dictated substrates of Icmt. This hypothesis was supported by activity 

assays performed with S-farnesyl-thioacetic acid (FTA) and S-farnesyl thiopropionic acid (FTP), 

where retained activity, but FTA did not.135 Both molecules are identical except FTA has a shorter 

carbon backbone between its sulfur and carboxyl group.  

Further investigations revealed that bovine, rat, mosquito and yeast Icmts methylate N-

acetyl-S-farnesyl-L-cysteine (AFC) and N-acetyl-S-geranylgeranyl-L-cysteine (AGGC), as well 

as derivates of each including biotin-S-farnesyl-L-cysteine (BFC).44,127,135-137 AFC and AGGC are 

identical molecules that only differ in the number of isoprene groups in their lipid portion, three 

or four isoprene groups, respectively. Several non-peptide-based substrates were also identified 

including FTP and S-geranylgeranyl thiopropionic acid (GGTP) -triazole compounds.105,133 

Anderson et al. examined substrate specificity of Ste14 in crude membranes, as well as, purified 

protein in detergent followed by functional reconstitution in lipids.105 Ste14 recognized both AFC 

and AGGC with equal turnover rates and demonstrated that Ste14 does not prefer one substrate 
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over the other. In terms of stereochemistry, the D isomer of AFC is a slightly poorer substrate than 

the L-isomer, with a Km of ~70µM opposed to ~20µM.  

Additionally, Funk (2017) observed differences in substrate specificity of single Ste14 

mutants. Activity assays were performed with 76 conserved His-Ste14 residues mutated to alanine 

or glycine in crude membrane extracts. It was shown that N-terminal and TM1 alanine mutants 

preferred the AGGC substrate over AFC, unlike wild-type Ste14.131 Other regions of Ste14 also 

had varying preferences of AFC and AGGC. Thus, further studies are needed to understand the 

substrate, isoprenoid binding pocket of this unique enzyme.  

 Inhibition of CaaX Proteins 

 Challenges of Ras Inhibition 

Mutations in CaaX proteins can lead to deregulation or changes in cell proliferation, cell 

migration, protein trafficking, and assembly of the nuclear envelope.4,9-11,14,15 CaaX proteins have 

been linked to many diseases, but the most studied is the relationship between the Ras superfamily 

and cancer.80 One of the most severe types of cancer involves mutations in the KRAS isoform; it 

is mutated in 95% of pancreatic ductal adenocarcinomas (PDAC) and 30% of all cancers.81,102,103 

PDAC has been predicted to surpass breast and colorectal cancer to become the second most 

common cause of cancer-related deaths, partially due to the failure to create successful drugs and 

treatments after years of drug design.138 Importantly, K-Ras knockdown in mouse models with 

lung adenocarcinoma or pancreatic cancer caused tumor regression and knockdown in humans 

showed various results.139-141 When drug design began, Ras was the primary target. However, 

despite decades of effort, Ras has yet to be inhibited by a clinical drug and was even termed 

“undruggable” for a period of time. Ras has been an elusive target due to its lack of a druggable 

binding pocket, picomolar affinities to GTP/GDP, and the inability to target specific Ras 

isoforms.142,143 Currently, there are five main strategies to inhibit Ras: (1) Disruption of the 

regulator or effector interactions, (2) Inhibit association to the plasma membrane, (3) Inhibition of 

downstream effectors, (4) Inhibition of synthetic lethal interactions, and (5) Inhibition of 

metabolism.144 A plethora of research has focused on  the second strategy by inhibiting the three 

CaaX processing enzymes as potential targets for development of Ras inhibitors for the treatment 

of Ras driven cancers. 
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 Inhibition of Protein S-Isoprenylation 

Prenylation was the first CaaX processing step to be targeted to inhibit oncogenic Ras. The 

addition of a prenyl group is essential for plasma membrane association of the protein, thus the 

development of farnesyl transferase inhibitors (FTIs) could be used to delocalize oncogenic Ras 

and prevent its continuous function.14 Development of FTIs were determined through structure-

based analysis of the enzyme and several high throughput methods.25 Pre-clinical trials appeared 

promising in vitro and in in vivo mouse models.145-147 Thus, some FTIs made it to human clinical 

trials, most notably tipifarnib and lonafarnib.148 However, FTIs had no survival advantages for 

patients with advanced solid cancers or acute myeloid leukemia (AML).149-152 Overall, FTIs were 

not successful because these inhibitors only affected the isoform H-Ras, while N-Ras, K-Ras4A, 

and K-Ras4B were still prenylated by GGTase-I.153,154 When geranylgeranylated, the CaaX 

proteins still undergo proteolysis and methylation by the subsequent CaaX processing enzymes 

and leads to normal signaling.153,154  

Very recently there has been a resurgence to design FTIs and geranylgeranyl transferase 

inhibitors (GGTIs). In 2019, Sun et al. designed a guanidyl-based bivalent peptidomimetic, FTI-

227, that disrupts the interaction between K-Ras and FTase or GGTase to prevent its subsequent 

interactions with c-Raf.155 Although these drugs look promising for treatment, they have not 

undergone clinical trials. Therefore, due to the strong need for a chemotherapeutic to target K-Ras, 

the next two steps of CaaX processing were proposed as alternative chemotherapeutic targets. 

 

 Inhibition of Endoproteolysis 

Rce1 was the next enzyme in CaaX processing to gain higher interest as a drug target for 

Ras-driven cancers. First, Bergo et al. found that deletion of Rce1 would be beneficial to inhibit 

Ras signaling.156 Mice with a Cre-mediated excision of Rce1 (Rce1Δ/ Δ) eliminated the 

endoproteolytic cleavage and methylation of Ras. The Rce1 deletion within cells caused partial 

mislocalization of K-Ras and H-Ras proteins.156 Additionally, the conditional lack of Rce1 

expression in skin carcinoma cells that expressed activated H-Ras retarded cell growth, limited 

Ras-induced transformation, and sensitized tumor cell to FTIs like lonafarnib.156 Although 

promising, the Rce1 deficiency had only modest effects on cancerous Ras transformation. Many 

drugs were designed to inhibit Rce1 based on its substrates.157,158 Unfortunately, these inhibitors 

had high enzymatic degradation and low cell permeability, making them poor choices for clinical 



 

 

35 

trials. To fix this problem, Schlitzer et al. designed non-peptidic, non-prenylic inhibitors.159 To 

date, the most potent compound is an 8-hydroxyquinoline-based inhibitor, NSC1011.160 However, 

as Rce1 became more characterized, it was found to cause severe detrimental effects when 

inhibited. Bergo et al. found that Rce1 deficiency led to the acceleration of K-Ras induced 

myeloproliferative disease in oncogenic K-Ras driven hematopoietic cells.161 Additionally, 

inhibition of this enzyme was shown to promote the development of lethal cardiomyopathy in 

mice.162 Finally, studies found that the accumulation of isoprenylated proteins that could not 

complete CaaX processing, lead to symptoms similar to progeroid disorders, including muscle 

weakness and bone fractures.55,163,164  

 

 Inhibition of Methyl Esterification 

Finally, Icmt was examined as a chemotherapeutic target to inhibit the CaaX processing 

pathway. Since mammalian genomes only encode for one Icmt family member and Icmt is in a 

unique class of methyltransferases that lacks homology to other protein methyltransferases, it is a 

more specific drug target than Rce1.59 Bergo et al. used genetic mouse studies to show that Icmt 

contributes to K-Ras localization to the plasma membrane and function.165,166 In addition, 

inactivation of Icmt in fibroblasts with constitutively active K-Ras demonstrated a decrease in 

cellular growth, K-Ras and B-Raf oncogenic transformation, and methylation of Ras.165 

Additionally, Lau et al. created Icmt loss-of-function isogenic cell lines through CRISPR/Cas9 

genome editing.167 Ras-transformed human mammary epithelial cells (HME1) and human cancer 

cell lines with naturally occurring mutant K-Ras (MiaPaca-2 and MDA-MB-231) were used to 

demonstrate the role of Icmt in Ras-driven cancers both in vivo and in vitro.167 Lack of Icmt 

abolished tumor initiation of all isoforms of mutant Ras, not just K-Ras4B, and tumor maintenance 

in all cell lines. However, there have been some conflicting results. In 2008, Wahlstrom et al. 

found that inactivating Icmt in mice ameliorates K-Ras induced myeloproliferative disease and 

Court et al. found deficiencies in Icmt exacerbates K-Ras-driven pancreatic neoplasia via Notch 

suppression.168,169  

Icmt inhibitors fall into three classes: (1) substrate analogs, (2) natural products, and (3) 

synthetic compounds. The reaction product, SAH, was first examined as an inhibitor. It inhibited 

the methyl esterification reaction with Icmt, but showed no specificity, since they act as non-

selective inhibitors of all methyltransferases, limiting their potential as a chemotherapeutic.125 
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Then, some of the first synthesized inhibitors mimicked CaaX protein substrates including the 

minimal substrates AFC, AGGC, FTA, and GGTA, along with variations of these substrate 

backbones.170-172 Specifically, the Hrycyna and Gibbs laboratories designed the AFC minimal 

substrates that all contained a lipid group, sulfur heteroatom, cysteine amino acid, and N-terminus 

of a peptide.62,171 Other groups determined additional characteristics necessary for these inhibitors. 

Clarke et al. found that the isoprene length does not change the strength of inhibition, as long as 

the first isoprene group was present.19 Tan et al. showed that the replacement of the sulfur moiety 

with oxygen or selenium made for poor substrates.135 All these inhibitors competed with 

prenylated Ras in the binding pocket and decreased activation of the MAPK pathway, some of 

which showed effects in the low micromolar range.172,173 Common modifications made to these 

compounds were the addition of bulky hydrophobic groups and modified amide regions. 

Second, in 2008, natural extracts were determined as inhibitors via high-throughput 

screenings. Most prominently, two derivatives from a Verongida sponge, Pseudoceratina sp., 

known as spermatinamine and aplysamine 6 were found to have IC50 values of 1.9µM and 14µM 

respectively.174,175 Additionally, three natural compounds from the plant Hovea parvicalyx 

inhibited Icmt with IC50 values ranging between 17µM and 30µM.176  

Finally, nonpeptide-based, synthetic derivatives have been designed to inhibit Icmt as well. 

Most notably is cysmethynil, which was discovered by high-throughput screening from a library 

of ~10,000 compounds. Cysmethynil has an IC50 value of 2.4µM and was shown to decrease Ras 

localization and down-stream signaling.177,178 Although it demonstrated good antitumor efficacy 

in several human cell lines, this Icmt inhibitor had low water solubility and poor affinity for the 

plasma membrane.179 Thus, it was a poor candidate for clinical use. Modifications were later made 

to cysmethynil, which led to a more potent and bioavailable inhibitor, compound 8.12. In PC3 

prostate and HepG2 liver cancer cells, this compound induced autophagy, cell death, attenuated 

tumor growth, and abolished anchorage-independent colony formation.173 Moreover, there has 

been a resurgence of the compound Salirasib (farnesyl thiosalicylic acid, FTS) as an inhibitor of 

Icmt. It has undergone clinical trials for pancreatic, colon, lung, and breast cancer, and more 

recently, a new antimalarial agent.180,181 Overall, rational design of better inhibitors has been 

hampered by a lack of ICMT structural information. Therefore, the focus of this dissertation is to 

better understand the structural and conformational dynamics of the yeast isoprenylcysteine 

carboxyl methyltransferase, Ste14.
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Figure 1.1 The CaaX processing pathway.144 

The C-terminal CaaX motif is recognized by the farnesyltransferase (FTase) or 

gernaylgeranyltransferase (GGTase-I) in the cytosol of the cell. These enzymes covalently add a 

farnesyl or geranylgeranyl isoprenoid group to the cysteine residue, increasing the hydrophobicity 

of the protein and facilitating association to the membrane of the endoplasmic reticulum (ER). 

Next, the Ras converting enzyme 1 (Rce1) or Ste24 cleaves off the three C-terminal amino acids, 

which is followed by the methyl esterification of the exposed carboxyl group of the cysteine 

residue by isoprenylcysteine carboxyl methyltransferase (Icmt). These three modifications are 

necessary for the CaaX protein to become associated to the plasma or nuclear membrane and have 

proper downstream signaling. The Ras superfamily undergoes CaaX processing, but H-Ras, N-

Ras, and K-Ras4A undergo an additional palmitoylation step at a different cysteine residue, 

executed by the Golgi-associated palmitoyl acyltransferases (PATs). Acyl-protein thioesterases 

(APTs) can reverse this process in the Golgi. K-Ras4B skips this step due to its polybasic sequence 

(the beginning ten residues from the end of the C-terminus). PDEδ recognizes the farnesyl or 

geranylgeranyl group of Ras and transports the protein from the cytosol to the recycling endosome 

or the Golgi, from which it is shuttled to the plasma membrane. Me, Methyl. From: Papke, B. & 

Der, C. J. Drugging RAS: Know the enemy. Science 355, 1158-1163, 

doi:10.1126/science.aam7622 (2017). Reprinted with permission from AAAS.  
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Figure 1.2 Topology map of Saccharomyces cerevisiae Icmt (Ste14).  

Similar residues across fifteen species of Icmts are in red and identical residues are blue. The 

GXXXG-like motif and tripartite motif (comprised of regions A and B surrounding 30 

hydrophobic residues/ the helical hairpin motif) are identified by dashed boxes. The most 

conserved region is the C-terminus of Ste14, where SAM is predicted to bind. The topology map 

of Ste14 was previously mapped by Romano et al. and showed the enzyme has six transmembrane 

domains with the N- and C- termini exposed to the cytosol.106 Adapted from: Court, H., Hahne, 

K., Philips, M. R. & Hrycyna, C. A. Biochemical and Biological Functions of Isoprenylcysteine 

Carboxyl Methyltransferase. Enzymes, Vol 30: Protein Prenylation, Pt B 30, 71-90, 

doi:10.1016/b978-0-12-415922-8.00004-5 (2011). 
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Figure 1.3 Sequence alignment of Icmt orthologs. 

Sequence alignment of human Icmt (hIcmt; 284 residues), Saccharomyces cerevisiae Icmt (Ste14; 

239 residues), Tribolium castaneum Icmt (beetle, 281 residues), Anopheles gambiae Icmt (Ag-

Icmt; 283 residues), and the prokaryotic enzyme from Methanosarcina acetivorans (Ma-Icmt; 194 

residues). UniProt accession numbers for the Icmt ortholog sequences are as follows: O60725, 

P32584, D6WJ77, Q8TMG0, and Q7PXA7, respectively. Alignment was made using Clustal 

Omega and Jalview 2.10.5. Colored boxes denote residues with similar properties: glycine is 

orange, acidic amino acids are purple, proline is yellow, nonpolar amino acids are light blue, 

histidine and tyrosine are turquoise, basic amino acids are red, and remaining polar, neutrally 

charged amino acids are green. The red dashed box surrounds the GXXXG motif in Ste14. 
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Figure 1.4 Sequentially ordered bi-bi reaction mechanism unique to the Icmt family. 

In the methyl esterification reaction, Icmt uses the hydrophilic co-factor, S-adenosyl-L-methionine 

(SAM), as a methyl donor and a lipophilic CaaX protein as the methyl acceptor.125,126 (A) SAM is 

depicted as a dark green star, S-adenosyl-L-homocysteine (SAH) is depicted as a light green star, 

AFC is depicted as a darker yellow hexagon, and AFC(OMe) is depicted as a light yellow hexagon. 

(B) First, SAM binds to Icmt followed by the prenylated CaaX protein. After the reaction proceeds, 

the fully processed CaaX protein is released, followed by the reaction product S-adenosyl-L-

homocysteine (SAH). N-acetyl-S-farnesyl-L-cysteine (AFC) is a minimal substrate and represents 

a lipophilic CaaX protein in this kinetic mechanism. Created by biorender.com. 
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Figure 1.5 Crystal structures of Methanosarcina acetivorans Icmt (Ma-Icmt) and Tribolium 

castaneum Icmt (beetle).63,132 

PDB accession numbers 4A2N and 5VG9, respectively. Both Icmt structures include the co-factor 

reaction product, S-adenosyl-L-homocysteine (SAH) binding site and predict an access tunnel for 

the hydrophobic substrate. (A) In Ma-Icmt, the tripartite motif (comprised of regions A and B 

surrounding 30 hydrophobic residues/ the helical hairpin motif) where SAM/SAH are predicted to 

interact with Icmt is yellow and the helix-turn-helix motif is green. The remainder of the protein 

is pink. SAH shown in red sticks. Additionally, the crystal structure proposes a lipid substrate 

access tunnel recognizing prenylated proteins within the hydrophobic pocket. A cyan, 10 carbon 

lipid (in stick formation) demonstrates where the prenylated CaaX protein substrate is predicted 

enter the active site. (B) In the beetle Icmt crystal structure, the first three alpha helices are teal, 

the core helices are pink, the GXXXG motifs are dark blue, and the helix-turn-helix motif that acts 

as part of the substrate access tunnel is green. Additionally, the predicted SAM/SAH binding site 

which includes the hinge region and region A and B of the tripartite motif, is yellow. SAH is shown 

as red sticks. Images created with The PyMOL Molecular Graphics System, Version 1.2r3pre, 

Schrödinger, LLC. 
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 OPTIMIZATION OF EXPRESSION AND 

PURIFICATION OF HIS-STE14 UTILIZING THE BACULOVIRUS 

EXPRESSION SYSTEM 

 Introduction 

To better understand the structure and function of His-Ste14, we choose to use various 

biochemical and biophysical techniques because we needed an efficient way to express the enzyme. 

Techniques used later in this dissertation like electron paramagnetic resonance (EPR) spectroscopy 

(chapter 3) and single particle cryo-electron microscopy (cryo-EM) (chapter 4), require high 

concentrations of pure and homogeneous protein. Thus, it was essential to test different expression 

systems to produce large yields of His-Ste14. We expressed His10-myc3N-Ste14 (His-Ste14) in 

yeast, Saccharomyces cerevisiae (S. cerevisiae), and two insect cell lines, Spondoptera frugiperda 

(Sf9s) and Trichoplusia ni (High Fives). Yeast is advantageous because it is less expensive and 

easy to handle.1,2 On the other hand, insect cells are more costly and more sensitive to their 

environment, yet they can produce higher yields of protein.  

Additionally, membrane proteins are challenging to work with and difficult to extract and 

purify from crude membrane preparations, therefore purification protocols required optimization 

to retain structural integrity and function of the protein. Detergents are amphiphilic molecules that 

auto-assemble into micelles above the critical micelle concentration (CMC). Above the CMC, the 

detergent solubilizes membrane proteins forming a hydrophobic lipid bilayer around the protein, 

creating protein-detergent complexes of a particular size.3,4 Purification of membrane proteins in 

detergent allows the protein to become water soluble. However, even if the protein is solubilized, 

it cannot always be isolated from the membrane in a stable state or in its correct native structure. 

Thus, it becomes imperative to find which detergent best stabilizes the protein through a detergent 

screening process. To accomplish this goal, it was necessary to understand the physiochemical 

characteristics of different detergents. For example, membrane proteins are usually solubilized 

with mild, nonionic, or zwitterionic detergents rather than ionic detergents, which can cause 

denaturation. Anderson et al. performed an extensive screen on His-Ste14 with a panel of 

detergents and found n-dodecyl-β-D-maltopyranoside (DDM) had optimal solubilization and 

retention of His-Ste14 activity.5 Although a variety of nonionic detergents (DDM, TritonX-100, 

TritonX-114, TritonX-305, TritonX-605, Tween 80, Brij 35, Brij 58, n-octyl-β-D-glucopyranoside 
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(OG), n-octyl-β-D-thioglucopyranoside (OTG)) and several zwitterionic detergents (3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 3-[(3-

cholamidopropyl)dimethylammonio]-2 hydroxyl-1-propanesulfonate (CHAPSO)) were used to 

solubilize His-Ste14 in this previous study, we purified His-Ste14 in additional detergents more 

commonly used to purify membrane proteins for biophysical techniques. Anderson et al. tested a 

variety of TritonX and Tween, yet preparations of these industrial grade detergents are often 

heterogeneous in the composition of their polyoxyethylene chains.6 Thus, TritonX and Tween 

detergents may not always be sufficient for protein stabilization and future technique like EPR 

spectroscopy, cryo-EM, and X-ray crystallography. Some of the more common detergents used 

for membrane protein purification and further functional and structural studies are the alkyl 

glycosides.7 Therefore, we solubilized His-Ste14 with other alkyl glycosides including decyl 

maltose neopentyl glycol (DMNG) and lauryl maltose neopentyl glycol (LMNG). A complete 

summary of detergents used in this study can be found in Table 3.1. Finally, buffer components 

and pH can also have an effect on the purification of proteins.8 Hence, several buffer systems at 

pH values 7.2 and 6.0 were used to purify His-Ste14 from crude membranes. In addition, three 

types of buffers were also used to purify His-Ste14: (1) a phosphate buffer (1xEQ buffer), (2) a 

HEPES buffer, and (3) a Tris-HCl buffer only at pH 7.2. Together, this data was used to determine 

the best conditions to purify membrane protein, His-Ste14. 

 Materials and Methods 

 Materials 

Yeast parent strain (SM1188) was a gift from Dr. Susan Michaelis (Johns Hopkins School 

of Medicine, MD). Yeast strain 2 URA3 PPGK-His10-myc3N-STE14 (CH2704) was previously 

produced by Hrycyna lab members. Sf9 cells, High Five cells, and ES 921 media were purchased 

from Expression Systems (Davis, CA). The monoclonal α-myc IgG, the polyclonal goat-α-rabbit 

IgG HRP conjugate and the polyclonal goat-α-mouse IgG HRP conjugate were purchased from 

Invitrogen Life Sciences (Carlsbad, CA). GeneJET Plasmid Miniprep Kit and Enhanced 

chemiluminescence (ECL) and pFastBac vectors were purchased from ThermoFisher (Waltham, 

MA). BigDye® Terminator v3.1 was obtained from Applied Biosystems (Foster City, CA) through 

the Purdue University Genomics Facility. S-adenosyl-L-methionine was purchased from Sigma 

Aldrich (St. Louis, MO). GeneGnome XRQ was purchased from Syngene (Fredrick, MD). 4-(2-
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aminoehtyl)-benzenesulfonylfluoride hydrochloride (AEBSF), aprotinin, and dithiothreitol (DTT) 

were purchased from Gold Biotechnology (St. Louis, MO). Tetraethylene glycol monododecyl 

ether (C8E4), heptaethylene glycol monododecyl ether (C12E7), n-Dodecyl-β-D-maltopyranoside 

(DDM), decyl maltose neopentyl glycol (DMNG), and lauryl maltose neopentyl glycol (LMNG) 

were purchased from Anatrace (Maumee, OH). The detergents maltose neopentyl glycol-3 (MNG-

3) and Lauryldimethylamine oxide (LDAO) were gifts from Dr. Nicholas Noinaj (Purdue 

University, IN). The substrate N-acetyl-S-farnesyl-L-cysteine (AFC) was purchased from Enzo 

Life Sciences (Farmingdale, NY). 14C-labeled S-adenosyl-L-methionine ([14C]-SAM) was 

purchased from Perkin Elmer (Waltham, MA). Nitrocellulose membrane (0.22 µm) and Superdex 

S200 column were purchased from GE Healthcare Life Sciences (Pittsburg, PA). Talon cobalt 

metal affinity resin was purchased from Clontech (Mountain View, CA). Amicon Ultra 30,000 

MWCO concentrators and centrifugal filter units (0.22 µm) GV Durapore® were purchased from 

Millipore Co. (Billerica, MA). Poly-Prep® chromatography columns were purchased from Bio-

Rad Laboratories (Hercules, CA). Biosafe II scintillation fluid was purchased from Research 

Products International (Mount Prospect, IL). All other materials and reagents were purchased from 

Fisher Scientific (Hampton, NH).  

 

 Yeast Strains, Transformation, and Yeast Crude Membrane Preparations 

The yeast STE14 plasmid was transformed into the Δste14 yeast strain SM1188, as 

previously described.9 The wild-type STE14 plasmid has the genotype: 2µ URA3 PPGK-His10-

myc3N-STE14. SM1188 was grown on yeast peptone dextrose (YDP) agarose plates and was 

cultured at 220rpm in YPD media overnight at 30°C. The next day, the culture was cut back 1:3 

with media and placed back in the 30°C shaking incubator. After an additional 2 hours, 500µL of 

the culture was centrifuged and the supernatant was removed. The pellet was resuspended with 

single stranded salmon testes DNA (0.1mg). 1µg of each plasmid DNA of interest was added, 

along with autoclaved plate mix (40.5% polyethylene glycol, 0.1M lithium acetate, 10mM Tris-

HCl, pH 7.5, 1mM ethylenediaminetetraacetic acid (EDTA), pH 8), and 50mM dithiothreitol 

(DTT). The resulting mixture incubated overnight at room temperature followed by a 10 min heat 

shock at 42°C. 100µL was plated onto synthetic complete medium without uracil (SC-URA) plates 

and allowed to grow for 48 hours at 30°C. 
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The transformed yeast cell cultures were grown in SC-URA to mid-log phase (OD600 3-5), 

pelleted by centrifugation at 4000 xg and stored at -80°C. Preparation of yeast crude membranes 

was completed as previously described with minor changes.5 Briefly, the yeast cell pellets 

overexpressing His-Ste14 were resuspended in lysis buffer (300 mM sorbitol, 100mM NaCl, 5mM 

MgCl2.6H2O, 10mM Tris-HCl, pH 7.5, and 2mM AEBSF) and was placed on ice to swell for 15 

mins. Pellets underwent rapid freeze-thaw cycles twice in liquid N2 and a 25°C water bath, 

respectively. Resuspended cell pellets were passed through a French press at 12,000 p.s.i. twice. 

The lysate was centrifuged at 500 xg for 10 mins at 4°C to remove any cell debris. The supernatant 

was collected, and the remaining membrane fraction was isolated through ultracentrifugation at 

100,000 xg for 1 hour at 4°C. After centrifugation, the supernatant was removed and the pellet was 

resuspended in 10 mM Tris-HCl, pH 7.5, aliquoted, and flash frozen in liquid N2. All aliquots were 

stored at -80°C until further experimentation. Total protein concentration was determined using 

the Bradford protein assay.10  

 

 Expression and Membrane Preparation of His-Ste14 from Insect Cell Lines  

A cDNA encoding S. cerevisiae Ste14 was subcloned into the pFastBac-Dual vector with 

the addition of ten histidine residues (His10-), and three myc tags with the sequence 5’ 

EQKLISEEDL 3’ (myc3-). The gene and vector sequence were confirmed with bidirectional dye-

terminator sequencing (BigDye® Terminator v3.1). Protein was expressed in baculovirus-infected 

Sf9 or High Five cells and harvested from ES 921 media with 1x pencillin-streptomycin at 48 h 

post-infection. Pelleted cells were flash frozen for membrane preparation. Briefly, the insect cell 

pellets were thawed and resuspended in ~20mL of lysis buffer per 20g of cell pellet harvested (50 

mM mannitol, 50 mM Tris-HCl, pH 7.5, 1% aprotinin, 1 mM AEBSF and 2mM DTT) and were 

rocked for 15 min at 4°C. Typically, 20g of cell pellet is equivalent to 750mL of cells harvested. 

The resuspended pellets were lysed via dounce homogenization and isolated through 

ultracentrifugation at 100,000 x g for 1 hour at 4°C. Following centrifugation, the membrane pellet 

was resuspended in buffer (300 mM mannitol, 50 mM Tris-HCl, pH 7.5, 1% aprotinin, 1 mM 

AEBSF and 1mM DTT, 10% glycerol), aliquoted, flash frozen in liquid nitrogen and stored at -

80°C. Total protein concentration was determined using the Bradford protein assay.10 
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 In vitro Methyltransferase Vapor Diffusion Assay of Yeast and Insect Cell Crude 

Membranes 

An in vitro methyltransferase vapor diffusion assay was performed as previously 

described.5,11,12 Briefly, reactions were prepared in a 100mM Tris-HCl, pH 7.5 buffer, containing 

crude membranes overexpressing His-Ste14 (CH2704) or His-Ste14 isolated from insect cell lines 

(5µg), AFC (200µM), and [14C]-SAM (20µM). The negative control reaction contained a yeast 

deletion strain of ste14 (CH2714, 5µg) and all other components described above. Samples were 

incubated for 30 mins at 30°C and then were stopped with 50 µL of 1 M NaOH/1% SDS (v/v). 

Each reaction (100µL) was spotted onto a filter and placed in the neck of a scintillation vial filled 

with Biosafe II scintillation fluid (10mL) and capped at room temperature. After three hours, the 

filters are removed and the vials were placed in a Packard Tri-Carb 1600CA liquid scintillation 

counter in order to detect the [14C]-methanol that diffused from filters into the scintillation fluid. 

All specific activities were characterized as pmol of methyl groups from [14C]-SAM transferred to 

the AFC substrate per minute of assay per mg of His-Ste14 (CH2704) or His-Ste14 isolated from 

insect cell lines. These activities were calculated after subtracting background counts from the 

average of the negative control samples. Each experiment had three reactions per sample and all 

experiments were performed in triplicate. 

 

 SDS-PAGE Staining and Immunoblot Analysis 

Crude membrane extracts overexpressing His-Ste14 (CH2704 or insect cell lines) (1µg) or 

purified His-Ste14 (CH2704 or insect cell lines) (0.1µg for immunoblot and 1.0µg for stained gels) 

were separated on a 10% SDS-PAGE. Gels were either incubated with Coomassie stain (0.25% 

(w/v) Coomassie Brilliant Blue R-250, 80% methanol and 20% acetic acid) or silver stain 

containing silver nitrate. Gels stained with Coomassie incubated overnight. The next day, gels 

were incubated with Destaining Solution (30% methanol, 10% acetic acid) followed by rinses with 

ddH2O. Once bands were visualized, the gel was incubated in Casting Solution (5% glycerol, 20% 

ethanol) and preserved in cellophane. Silver staining was performed as previously described.14 

Briefly, gels were incubated with Fixing Solution (40% ethanol, 8% acetic acid) overnight 

followed by a 10 min incubation with 50% Fixing Solution and ddH2O (20% ethanol, 4% acetic 

acid). Then, gels were incubated in ddH20 for 10mins, followed by a 10min incubation with 

0.025mM dithiothreitol (DTT). Next, gels were incubated with a 0.1% silver nitrate solution for 
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10mins, followed by an incubation in Developing Solution (50% formaldehyde, 1% (w/v) sodium 

carbonate) for several seconds until bands are visible. A 5% acetic acid solution stopped the 

development of bands and the gels were incubated in a 3% glycerol solution before incubating in 

Casting Solution (5% glycerol, 20% ethanol) and preserved in cellophane. 

For immunoblot analysis, gels were transferred to a nitrocellulose membrane (0.22 µm) 

and the nitrocellulose membrane was blocked in 20% (w/v) non-fat dry milk in phosphate-buffered 

saline (2.70 mM KCl, 137 mM NaCl, 4.00 mM Na2HPO4, 1.80 mM KH2PO4, pH 7.4) with 0.05% 

(v/v) Tween-20 (PBST) at room temperature for 3 hours. After three washes with PBST, the 

membranes were incubated with α-myc (1:10,000) antibody in 5% (w/v) non-fat dry milk in PBST 

at 4°C overnight. After an additional three washes with PBST, the membranes were incubated with 

goat α-mouse IgG-HRP (1:2,500) antibody in 5% (w/v) non-fat dry milk in PBST at room 

temperature for 1 hour. The membrane was washed three more times with PBST and visualized 

with enhanced chemiluminescence (ECL) on a GeneGnome XRQ.  

 

 Purification of His-Ste14 

Purification of His-Ste14 was performed as previously described.5 All detergents and 

percentages (w/v) utilized in this study can be found in Table 2.2. Briefly, the crude membranes 

overexpressing the protein of interest were solubilized in a solution of 0.02M imidazole, detergent 

(Table 2.2), and 1xEQ buffer (50mM Na2HPO4, 300 mM NaCl, pH 6.0 or 7.2) with the addition 

of 10% glycerol and 2mM AEBSF. Only purification preparations with DDM was at pH 6.0, all 

other detergents were at pH 7.2. For the solubilization reaction, crude membranes were at a final 

concentration of 5 mg/mL. The reaction was rocked at 4°C for 1 hr. The resulting mixture was 

centrifuged at 100,000 xg for 45 mins. The soluble fraction was incubated for 1 hour at 4°C with 

Talon® cobalt metal affinity beads equilibrated in 1xEQ buffer with the addition of 10% glycerol 

and 2mM AEBSF. 2mL of resin was used for every 50-75mg of His-Ste14 in crude membranes. 

After the protein was bound to the resin, the solution was centrifugated at 350 xg for 2 mins at 4°C 

and the remaining buffer was removed via aspiration. Next, the beads underwent four wash steps: 

1xEQ buffer was added to the resin and was allowed the rock at 4°C for 10 mins followed by 

centrifugation at 350 x g for 2 min before aspiration of excess buffer. The resin was washed twice 

with buffer A (1xEQ buffer with the addition of  detergent [Table 2.2] and 40mM imidazole), once 

with buffer B (1xEQ buffer with the addition of detergent [Table 2.2], 500mM KCl, and 40mM 
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imidazole), and once with buffer C (1xEQ buffer with the addition of detergent [Table 2.2], 

500mM KCl, and 40mM imidazole). After the final wash, buffer C was not aspirated, but instead 

and loaded onto a Poly-Prep® chromatography column. His-Ste14 was eluted from the cobalt resin 

with elution buffer (detergent [Table 2.2], 1M imidazole, and 2mM AEBSF). Collected protein 

was concentrated at 5000 xg in a 30,000 MWCO concentrator at 4°C until the final volume was 

~1mL. Concentrated protein was filtered in centrifugal filter units (0.22 µm) GV Durapore® by 

centrifuging at 12,000 xg for 2 mins at 4°C. Once filtered, the His-Ste14 mutants were applied to 

a Superdex S200 column pre-equilibrated with filtered 1xEQ buffer (with the addition of detergent 

(Table 2.2) and 2mM DTT) at 4°C and spectra was collected at 280nm. Fractions containing 

purified protein were pooled, concentrated to a volume under 500µL in a new 30,000 MWCO 

concentrator, and aliquoted. Samples were flash frozen in liquid nitrogen and stored at -80°C until 

further experimentation. Pure protein concentration was determined using an Amido Black protein 

assay.13 For experiments utilizing 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer and Tris-HCl buffer, all other conditions are the same as stated above except for the 

substitution of 1xEQ buffer at pH 7.2. 

 Results and Discussion 

 Expression in Yeast vs Insect Cells Lines 

His-Ste14 was expressed in yeast, Saccharomyces cerevisiae (S. cerevisiae), and two insect 

cell lines (Sf9s and High Fives). Crude membranes were isolated and equal concentrations of total 

protein was run on an SDS-PAGE and band intensity was quantified using ImageJ (Figure 2.1). 

Crude membranes isolated from S. cerevisiae had the lowest expression of His-Ste14, followed by 

High Five cells, and Sf9 cells. Sf9 cells consistently had between 4 and 5-fold higher His-Ste14 

crude membrane expression than yeast and 2-fold higher than High Five cells (Figure 2.1B). All 

cell lines produced catalytically active protein (data not shown). Due to the high expression levels 

of His-Ste14 in Sf9 cells, this expression system was used for all other experiments in this chapter. 

Immunoblot analysis was performed in triplicate. 

The quantification method of His-Ste14 expression in various organisms we used could be 

improved. Since some of the immunoblot bands appeared blown out or at their maximum capacity 

of illumination, it is necessary to repeat the immunoblot analysis at various concentrations of crude 
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membranes. Thus, we can determine the ratios of expression of Ste14 in yeast compared to insect 

cells more accurately.  

 

 Optimization of Size Exclusion Chromatography of His-Ste14 

Since large quantities of His-Ste14 could be produced, we needed to optimize the 

purification process, including the type of buffer and pH. First, three buffers were assessed for the 

purification of His-Ste14 via affinity chromatography and size exclusion chromatography (SEC): 

a phosphate buffer (1xEQ, 50mM Na2HPO4, 300mM NaCl, pH 7.2), a HEPES buffer (20mM 

HEPES, 50mM NaCl, pH 7.2), and a Tris-HCl buffer (25mM Tris-HCl, 150mM NaCl, pH 7.2) 

(Figure 2.2A). The purification process was identical apart from the buffer composition; DDM 

was the detergent used for solubilization (Table 2.2, Figure 2.2B). In the past, phosphate buffer 

was most commonly used to purify His-Ste14, however, this buffer is unfavorable for some 

biophysical techniques.15 Thus, HEPES and Tris-HCl were selected for potential purification 

buffers. Specifically, HEPES was a buffer of interest because it was used to successfully purify 

active His-Ste24.15,16 It is important to note that His-Ste14 acts as a dimer and therefore we aim to 

purify the enzyme in that oligomeric state.21 

The phosphate buffer (Figure 2.2, blue) eluted His-Ste14 earlier than the other buffers at 

~7-10mL. The sharp peak at 7mL appears to be very close to the void volume due to samples 

aggregating. The smaller peak at ~14-15mL is predicted to be the monomeric form of His-Ste14. 

The HEPES buffer produced a much broader peak compared to the phosphate buffer, eluted protein 

is between ~9-14mL (Figure 2.2, green). Similarly, the Tris-HCl buffer (Figure 2.2, purple) has 

several very broad peaks, similar to that of HEPES. This could indicate a slight break down in the 

protein, since all other buffer components remained the same. Although HEPES and Tris-HCl 

buffers reduce the aggregation of His-Ste14, the SEC peaks in these buffers are extremely broad 

and do not result in a homogenous sample.17,18 It is important to note that we cannot determine the 

molecular weights of the SEC peaks with standards because His-Ste14 is purified in detergent, 

which can alter its elution volume compared to soluble proteins. Multi-angle light scattering 

(MALS) was used to determine molecular weight of these peaks (see Chapter 5 and Publications).   

pH was also an important factor for the purification of His-Ste14. All previous purification 

had been performed at a biological pH of 7.2. However, biological pH is not always the optimal 

pH when working with an in vitro system, especially with detergent involvement.19 Altering pH 
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of the buffer solution for a membrane protein purification can lower the amount of aggregation in 

the sample. During these experiments, His-Ste14 was purified in 1xEQ buffer and DDM detergent, 

pH 6.0. Under these conditions, there was a dramatic change in the SEC chromatograph (Figure 

2.3A). Only one sharp peak eluted at ~13mL, which is far from the void volume. Fractions were 

collected and concentrated from the peak of interested and the methyltransferase activity of the 

sample was tested (Figure 2.3B). His-Ste14 purified at pH 6.0 had 96.5% ± 9.9 activity compared 

to His-Ste14 purified at pH 7.2, performed in triplicate (± S.D.). Immunoblots and Coomassie 

stained SDS-PAGE confirmed normal expression levels and purity compared to purified His-Ste14 

pH 7.2, respectively (Figure 2.3C & D). Due to these results, all size exclusion chromatography 

(SEC), multi-angle light scattering (MALS), and small angle light scattering (SAXS) experiments 

performed in the “Appendix” and “Publication” sections of this dissertation, were performed at 

pH 6.0. 

 

 Detergent Screening of Pure His-Ste14 

Previously, DDM was the detergent most commonly used to purify His-Ste14 due to its 

mild nature and its lower CMC, making it easier to perform buffer exchanges by dialysis or gel 

filtration (Table 2.1).7 However, as previously mentioned, DDM forms very large micelles 

resulting in large protein-detergent complexes, which is unfavorable for most biophysical 

experiments.7 Mild detergents are defined as having a neutral charge (rather than zwitterionic or 

charged), a large head group, and a long alkyl tail (12 carbons is considered long, while 8 is 

considered short).7. We solubilized His-Ste14 with six different detergent, then evaluated their 

protein expression levels, purity, and methyltransferase activity. LMNG and C12E7 were the only 

other detergents tested that successfully purified His-Ste14 stably and actively (Figure 2.5, Figure 

2.6, respectively). All experiments discussed in section 2.3.3 were purified in 1xEQ buffer at pH 

7.2. It is important to note that these experiments were performed before we found that pH 6.0 is 

more optimal to purify His-Ste14. 

LMNG was used to purify His-Ste14 as described in the methods via SEC. Two major 

peaks were seen when evaluating the 280nm spectra; one peak from ~8-14mL and one at ~15-

16mL (Figure 2.4). LMNG is an amphipathic molecule that has been found to have higher 

membrane protein stabilization efficacy than DDM.20 Interestingly the LMNG molecule is 

comprised of two branched DDM head groups, a particularly rigid structure (Figure 2.4B). The 
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larger of the eluted peaks was the majority of the His-Ste14 sample, while the smaller had a much 

small quantity of the protein. Immunoblots and silver stained SDS-PAGE confirmed normal 

expression levels and purity compared to His-Ste14 purified in DDM, respectively (Figure 2.4C 

& D). We predict that the peak at ~15-16mL is monomeric His-Ste14, where the peak from ~8-

14mL is the dimer. His-Ste14 does not seem to be aggregating because there is no protein in the 

void volume. Although solubilization with LMNG results in a broad SEC peak, it may be worth 

investigating the use of this detergent in 1xEQ buffer at pH 6.0. LMNG may be a useful detergent 

for any future structural analysis like X-ray crystallography and cryo-EM. 

Although C12E7 typically stabilizes β-barrel transmembrane proteins, the linear, neutral 

detergent successfully extracted His-Ste14 from the membrane followed by purification with 

affinity chromatography and SEC (Figure 2.5A). Two major peaks were identified with SEC, one 

eluted at ~8-12mL and the second eluted at ~14-15mL. The chromatograph appears identical to 

His-Ste14 purified with DDM in 1xEQ buffer at pH 7.2, which was previously found to be the 

most stable conditions to purify His-Ste14 (Figure 2.3).5 Similarly, we believe that the sharp peak 

at ~8mL was near the void volume, which could be due to sample aggregation. The smaller peak 

starting at ~14mL was predicted to be the monomeric form of His-Ste14. C12E7 is one of the longest 

detergents synthesized in the polyoxyethylene family (Figure 2.5B). The longer chain and neutral 

charge of this detergent results in milder characteristics, making C12E7 a candidate for His-Ste14 

purification. Immunoblots and Coomassie stained SDS-PAGE confirmed normal expression levels 

and purity compared to His-Ste14 purified in DDM, respectively (Figure 2.5C & D). The sample 

predicted to be monomeric had an additional band during immunoblot analysis, which could be 

due to the protein being less stable as a monomer compared to its native dimeric state.21  

DMNG was unsuccessful for the active purification of His-Ste14. DMNG has similar 

structural and biochemical characteristics with LMNG, except for shorter hydrophobic alkyl 

chains (Figure 2.6A). His-Ste14 was successfully extracted from the membrane during 

solubilization due to its similar expression levels and purity compared to His-Ste14 purified in 

DDM (Figure 2.6B & C). However, since the activity of His-Ste14 in DMNG was not conserved, 

the protein was never purified via SEC (Figure 2.9). Interestingly, Diver et al. (2018) utilized 

DMNG in a Tris-HCl buffer (pH 7.5) to purify beetle Icmt for X-ray crystallography.22 Potentially, 

the increased protein size of beetle Icmt (the addition of two alpha helices) could cause a stability 

preference to another detergent.  
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C8E4 is one of the smallest detergents in the polyoxyethylene family (Figure 2.7A). C8E4 

has been shown to successfully purify and crystalize many proteins including β-barrel outer 

membrane proteins from Gram negative bacteria as well as other membrane proteins.23,24 However, 

due to its shorter carbon chain, it is more harsh than C12E7 and has more similar properties to the 

detergent n-octyl-β-D-glucopyranoside (OG). Anderson et al. already discovered that OG was 

ineffective for purifying His-Ste14.5 This could account for the slight degradation of His-Ste14 

visualized with immunoblot analysis and Coomassie staining of SDS-PAGE, as well as the 

inactivity of His-Ste14 in C8E4 experiments (Figure 2.7B & C, Figure 2.9).  

It is not surprising that LDAO, the only zwitterionic detergent tested, was not successful 

in actively purifying His-Ste14 (Figure 2.7A). It is a relatively harsh detergent and only ~20% of 

membrane proteins are resistant to denaturing effects of this detergent.25 In addition, LDAO is 

more harsh than OG, which has already been shown to be ineffective for purifying His-Ste14.5 

Although immunoblotting and Coomassie stained SDS-PAGE show equal expression and purity 

to that of His-Ste14 purified in DDM, the protein did not remain activity (Figure 2.8, Figure 2.9).  

 Future Directions 

Now that we have established an efficient method to produce and purify His-Ste14, future 

experiments would benefit from expression His-Ste14 from the baculovirus expression system. 

The most advantageous mutant to create would be the His-Ste14-TA baculovirus followed by other 

His-Ste14-TA singe cysteine mutants needed for experiments discussed in chapter 3.   

Additionally, it would be advantageous to purify His-Ste14 in HEPES (20mM HEPES, 

50mM NaCl), and Tris-HCl buffer (25mM Tris-HCl, 150mM NaCl) at pH 6.0. Since we found the 

best chromatograph spectra of pure His-Ste14 at pH 6.0 in 1xEQ buffer, it would be advantageous 

to purify His-Ste14 at pH 6.0 in HEPES or Tris-HCl as well. Also, it would be advantageous to 

observe the effects of pH 6.0 buffer on each of the detergents tested above. All of these experiments 

could be performed to further optimize the purification of His-Ste14 and His-Ste14 mutants in 

future experiments.  
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Table 2.1 Characteristics of detergents used in this study3,26,27 

Detergent CMC (mM) CMC (wt%) Micelle Size (kDa) Characteristics 

N-Dodecyl-β-D-maltopyranoside (DDM) 0.17 0.0087% 65-70 Non-ionic 

Lauryl maltose neopentyl glycol (LMNG) 0.010 0.0010% 91 Non-ionic 

Heptaethylene glycol monododecyl ether (C12E7) 0.090 0.0048% -----* Non-ionic 

Decyl maltose neopentyl glycol (DMNG) 0.024 0.0020% -----* Non-ionic 

Lauryldimethylamine-N-oxide (LDAO) 1.0-2.0 0.023% 21.5 Zwitterionic 

Tetraethylene glycol monododecyl ether (C8E4) 8.0 0.10% -----* Non-ionic 

*Micelle size has not been determined for this detergent 
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Table 2.2 Percent (w/v) of detergents used for purification. 

 

 

 

 

 

*Solubilization and purification of His-Ste14 with designated detergents did not result in active protein after elution from the Talon® 

cobalt metal affinity resin and was therefore never analyzed via SEC. 

Detergent 
Solubilization 

% (w/v) 

Buffer A 

% (w/v) 

Buffer B 

% (w/v) 

Buffer C 

% (w/v) 

Elution 

% (w/v) 

FPLC 

% (w/v) 

N-Dodecyl-β-D-maltopyranoside (DDM) 1% 1% 1% 0.1% 0.1% 0.05% 

Lauryl maltose neopentyl glycol (LMNG) 1% 1% 1% 0.1% 0.1% 0.05% 

Heptaethylene glycol monododecyl ether (C12E7) 1% 1% 1% 0.1% 0.1% 0.04% 

Decyl maltose neopentyl glycol (DMNG) 1% 1% 1% 0.1% 0.1% N/A* 

Lauryldimethylamine-N-oxide (LDAO) 1% 0.1% 0.1% 0.05% 0.05% N/A* 

Tetraethylene glycol monododecyl ether (C8E4) 1% 1% 1% 0.6% 0.6% N/A* 
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Figure 2.1 Expression of His-Ste14 extracted from yeast and insect cell lines by immunoblotting. 

(A) Protein samples (1µg) were run on a 10% SDS-PAGE followed by immunoblot analysis with 

α-myc (1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were visualized with ECL. 

Two examples are shown. (B) ImageJ 1.x was used to quantify the intensity of each band and was 

used to create a ratio between each expression system compared to the expression levels in yeast.28 
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Figure 2.2 Purification of His-Ste14 purified in various buffers. 

(A) Size exclusion chromatography (SEC) analysis of His-Ste14 purified in DDM at pH 7.2 in 

phosphate buffer (1xEQ, 50mM Na2HPO4, 300mM NaCl), HEPES buffer (20mM HEPES, 50mM 

NaCl), and Tris buffer (25mM Tris-HCl, 150mM NaCl), depicted in blue, green, and purple, 

respectively. (B) Structure of single DDM molecule. 
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Figure 2.3 Purification of His-Ste14 with DDM detergent at pH 7.2 and 6.0. 

(A) Size exclusion chromatography (SEC) analysis of His-Ste14 purified in 1xEQ buffer and DDM 

at pH 7.2 (blue) or pH 6.0 (pink). (B) In vitro vapor diffusion methyltransferase activity assay of 

His-Ste14 after SEC purification at pH 7.2 and 6.0. Each experiment had three samples per 

condition and each experiment was performed in triplicate ± S.D. (C) Expression levels of purified 

His-Ste14 indicated by immunoblotting: protein samples (0.1µg) were run on a 10% SDS-PAGE 

followed by immunoblot analysis with α-myc (1:10,000) and goat α-mouse IgG-HRP (1:2,500). 

Immunoblots were visualized with ECL. (D) Determination of purity of protein samples via 

Coomassie on 10% SDS-PAGE. (C & D) Samples in each lane were as followed: Lane 1 – Purified 

His-Ste14 in DDM pH 7 and Lane 2 – Purified His-Ste14 in DDM pH 6. 
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Figure 2.4 Purification of His-Ste14 with LMNG detergent at pH 7.2. 

(A) Size exclusion chromatography (SEC) analysis of His-Ste14 solubilized in LMNG. (B) 

Structure of single LMNG molecule, demonstrating that the structure is comprised of two DDM 

molecules. (C) Expression levels of purified His-Ste14 indicated by immunoblotting: protein 

samples (0.1µg) were run on a 10% SDS-PAGE followed by immunoblot analysis with α-myc 

(1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were visualized with ECL. (D) 

Determination of purity of protein samples via silver staining on 10% SDS-PAGE. (C & D) 

Samples in each lane were as followed: Lane 1 – Purified His-Ste14 solubilized in DDM (positive 

control), Lane 2 – Purified His-Ste14 solubilized in LMNG after elution from Talon® cobalt metal 

affinity resin, Lane 3 - Purified His-Ste14 in LMNG, peak that eluted at ~8-14mL, and Lane 4 - 

Purified His-Ste14 solubilized in LMNG, peak that eluted at ~15-16mL. 
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Figure 2.5 Purification of His-Ste14 with C12E7 detergent at pH 7.2. 

(A) Size exclusion chromatography (SEC) analysis of His-Ste14 solubilized in C12E7. (B) Structure 

of single C12E7 molecule. (C) Expression levels of purified His-Ste14 indicated by immunoblotting: 

protein samples (0.1µg) were run on a 10% SDS-PAGE followed by immunoblot analysis with α-

myc (1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were visualized with ECL. 

(D) Determination of purity of protein samples via Coomassie staining on 10% SDS-PAGE. (C & 

D) Samples in each lane were as followed: Lane 1 – Purified His-Ste14 solubilized in DDM 

(positive control), Lane 2 – Purified His-Ste14 solubilized in C12E7 after elution from Talon® 

cobalt metal affinity resin, Lane 3 - Purified His-Ste14 in C12E7, peak that eluted from ~14-15mL, 

and Lane 4 - Purified His-Ste14 solubilized in LMNG, peak that eluted from ~8-12mL. 
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Figure 2.6 Purification of His-Ste14 with DMNG detergent at pH 7.2. 

A) Structure of single DMNG molecule. (B) Expression levels of purified His-Ste14 indicated by 

immunoblotting: protein samples (0.1µg) were run on a 10% SDS-PAGE followed by immunoblot 

analysis with α-myc (1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were 

visualized with ECL. (C) Determination of purity of protein samples via Coomassie staining on 

10% SDS-PAGE. (B & C) Samples in each lane were as followed: Lane 1 – Purified His-Ste14 

solubilized in DDM (positive control) and Lane 2 – Purified His-Ste14 solubilized in DMNG after 

elution from Talon® cobalt metal affinity resin. 
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Figure 2.7 Purification of His-Ste14 with C8E4 detergent at pH 7.2. 

A) Structure of single C8E4 molecule. (B) Expression levels of purified His-Ste14 indicated by 

immunoblotting: protein samples (0.1µg) were run on a 10% SDS-PAGE followed by immunoblot 

analysis with α-myc (1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were 

visualized with ECL. (C) Determination of purity of protein samples via Coomassie staining on 

10% SDS-PAGE. (B & C) Samples in each lane were as followed: Lane 1 – Purified His-Ste14 

solubilized in DDM (positive control) and Lane 2 – Purified His-Ste14 solubilized in C8E4 after 

elution from Talon® cobalt metal affinity resin. 
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Figure 2.8 Purification of His-Ste14 with LDAO detergent at pH 7.2. 

A) Structure of single LDAO molecule. (B) Expression levels of purified His-Ste14 indicated by 

immunoblotting: protein samples (0.1µg) were run on a 10% SDS-PAGE followed by immunoblot 

analysis with α-myc (1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were 

visualized with ECL. (C) Determination of purity of protein samples via Coomassie staining on 

10% SDS-PAGE. (B & C) Samples in each lane were as followed: Lane 1 – Purified His-Ste14 

solubilized in DDM (positive control) and Lane 2 – Purified His-Ste14 solubilized in LDAO after 

elution from Talon® cobalt metal affinity resin 
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Figure 2.9 In vitro vapor diffusion methyltransferase activity assay of His-Ste14 solubilized in 

various detergents at pH 7.2. 

All specific activities were characterized as pmol of methyl groups from [14C]-SAM transferred to 

the AFC substrate per minute of assay per mg of purified His-Ste14. These activities were 

calculated after subtracting out background counts from the average of the negative control 

samples (ddH2O added to buffer in place of pure protein). Percent activity compared to His-Ste14 

purified in DDM was calculated for each purification experiment with a different detergent. Each 

experiment was performed in triplicate ± S.D. (****, p ≤ 0.0001; based on one-way ANOVA 

followed by Dunnett’s multiple comparisons test vs. His-Ste14 purified in DDM). 
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 ASSESSMENT OF STE14 CO-FACTOR BINDING 

DYNAMICS USING ELECTRON PARAMAGNETIC RESONANCE 

(EPR) SPECTROSCOPY 

 Introduction 

To date, few molecular details are known about the mechanism of Ste14 except that it must 

accommodate chemically diverse methyl donor and acceptor molecules: the hydrophilic co-factor 

S-adenosyl-L-methionine (SAM) and a lipophilic isoprenylated CaaX protein substrate, 

respectively.  Ultimately, it is important to understand in mechanistic detail how such an enzyme 

mediates catalysis at the membrane/cytosol interface. The goal of this research is to understand the 

structure-function relationships of co-factor and substrate recognition by the Ste14 enzyme and to 

elucidate the structural dynamics of the SAM binding and S-adenosyl-L-homocysteine (SAH) 

release mechanism.   

As mammalian Icmts have proven difficult to actively purify, we used Ste14 as our model 

enzyme. Ste14 was discovered in Saccharomyces cerevisiae and shares 63% similarity and 41% 

identity with human Icmt (hIcmt).1,2 Additionally, hIcmt and Ste14 are believed to function under 

the same mechanism because hIcmt expressed in yeast complements a ste14Δ deletion.2 Currently, 

the two crystal structures of Icmts from Methanosarcina acetivorans (Ma-Icmt) and Tribolium 

castaneum (beetle Icmt) predict SAM binding to the portion of the protein made up by the C-

terminal region of the protein.3,4 Specifically, in Ste14, this binding is proposed to occur between 

residues 115 and 239, mostly in the cytosolic regions. As there is no access port for the co-factor 

to enter in the folded structure, we hypothesize that conformational changes must occur between 

residues 115 and 239 in order for SAM to bind, exchange its methyl group to produce SAH, and 

complete the reaction.3,4 Based on the beetle Icmt crystal structure model from Diver et al. (2018), 

Loop 4 and the C-terminal tail of Ste14 may act as a hinge region that can open and close to allow 

SAM to enter or to let SAH be released back into the cytosol.3 However, this mechanism has yet 

to be proven because of the limitations of crystal structure models. During X-ray crystallography, 

the protein is frozen in one conformation, producing only static images.  

Another common technique used to study protein dynamics is nuclear magnetic resonance 

(NMR) spectroscopy, which measures the interactions of nuclei in a magnetic field. However, 

NMR structural studies on membrane proteins are challenging with micelle complexes that cause 
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increasing spectral linewidth.5 Thus, we propose to use sight-directed spin labeling (SDSL) and 

electron paramagnetic electron (EPR) spectroscopy to evaluate structural rearrangements of the C-

terminal and cytosolic loops upon co-factor binding. Additionally, EPR has better sensitivity and 

the sample does not need to be as concentrated than NMR.6 

EPR spectroscopy is used to understand protein dynamics and the distances of their 

conformational changes. EPR spectroscopy measures the absorption of microwave radiation 

corresponding to the energy splitting of unpaired electrons in a magnetic field. The simplest EPR 

system, which was performed in this chapter, consists of a single unpaired electron spin residing 

in a molecular orbital placed in a fixed microwave frequency, but a varying magnetic field. The 

EPR transition occurs when the energy separation between the two electron spin states matches 

the constant microwave energy, which is known as resonance.6,7 Unfortunately, most biological 

systems do not have unpaired electrons. Thus, site-directed spin labeling (SDSL) is used to 

introduce a cysteine residue into a cysteine-less protein.8-10 Then, a nitroxide probe is introduced 

into a biological sample by forming a covalent disulfide bond with the sulfhydryl group of the 

newly introduced cysteine. The degree of mobility of the spin label in the magnetic field, which 

can result from side chain rotations, local backbone fluctuations and protein tumbling, reflects the 

environment of the spin label side chain.10,11  Sharp peaks are indicative of free, unrestricted spin 

label, whereas broad peaks are characteristic of an immobilized or buried probe.12 In this way, 

SDSL-EPR can be used to understand if residues of Ste14 are free moving or buried inside the 

protein before and after SAM binding. 

To assess the dynamics of His-Ste14, the nitroxide spin label probe (1-oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl)-methanethiosulfonate) or MTSL was attached to a single cysteine 

residue positioned in defined regions within Loop 4 and the C-terminus. Mutants were 

incorporated into cytosolic amino acids because residues within the intermembrane region would 

be inaccessible to MTSL. The three endogenous cysteine residues (C99, C121, and C126) were 

mutated to alanine, resulting in His-Ste14 “Triple A”. These three residues caused little reduction 

to the methyltransferase activity levels of wild-type Ste14 despite being located within the 

membrane in transmembrane (TM) domains 3 and 4.2 Site-directed mutagenesis was then used to 

introduce cysteine residues at points of interest within the cytosolic loops of Ste14 followed by 

their purification and linkage with MTSL. The pure labeled protein was tested for activity and 

monitored by EPR for SAM-induced changes in mobility of the spin labelled side chain. EPR 
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spectra that varied indicated that a large conformation change was occurring at the site of the 

cysteine mutant, while no changes in the EPR spectra indicated that the cysteine underwent 

minimal or no changes in its environment. Two mutations were assessed with this technique, His-

V212C-TA and His-K231C-TA. Thus, we determined a successful technique to better understand 

the mechanism of Ste14 and the Icmt family.  

 Materials and Methods 

 Materials 

All oligonucleotides were designed by Hrycyna Lab members and purchased from 

Integrated DNA Technologies (IDT) (Coralville, IA). GoTaq® Green Polymerase Master Mix, 

LigaFast™ Rapid DNA Ligation System, and Wizard® SV Gel and PCR Clean-up System were 

purchased from Promega (Madison, WI). All restriction enzymes and calf intestinal alkaline 

phosphatase (CIP) were purchased from New England Biolabs (Beverly, MA). DH5α chemically 

competent E. coli cells, the monoclonal α-myc IgG, the polyclonal goat-α-rabbit IgG HRP 

conjugate and the polyclonal goat-α-mouse IgG HRP conjugate were purchased from Invitrogen 

Life Sciences (Carlsbad, CA). GeneJET Plasmid Miniprep Kit and Enhanced chemiluminescence 

(ECL) were purchased from ThermoFisher (Waltham, MA). BigDye® Terminator v3.1 was 

obtained from Applied Biosystems (Foster City, CA) through the Purdue University Genomics 

Facility. Single stranded salmon testes DNA, 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), and 

S-adenosyl-L-methionine were purchased from Sigma Aldrich (St. Louis, MO). Yeast parent 

strains SM1058 and SM1188 and the α-Ste14 antibody were gifts from Dr. Susan Michaelis (Johns 

Hopkins School of Medicine, MD). GeneGnome XRQ was purchased from Syngene (Fredrick, 

MD). 4-(2-aminoehtyl)-benzenesulfonylfluoride hydrochloride (AEBSF) and dithiothreitol (DTT) 

were purchased from Gold Biotechnology (St. Louis, MO). N-Dodecyl-β-D-maltopyranoside 

(DDM) was purchased from Anatrace (Maumee, OH). The substrate N-acetyl-S-farnesyl-L-

cysteine (AFC) was purchased from Enzo Life Sciences (Farmingdale, NY). Radioactively 

labelled S-adenosyl-L-methionine ([14C]-SAM) was purchased from Perkin Elmer (Waltham, MA). 

Nitrocellulose membrane (0.22 µm) and Superdex S200 column were purchased from GE 

Healthcare Life Sciences (Pittsburg, PA). Talon® cobalt metal affinity resin was purchased from 

Clontech (Mountain View, CA). Amicon Ultra 30,000 MWCO concentrators and centrifugal filter 

units (0.22 µm) GV Durapore® were purchased from Millipore Co. (Billerica, MA). Poly-Prep® 
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chromatography columns were purchased from Bio-Rad Laboratories (Hercules, CA). 1-oxyl-

2,2,5,5-tetrametylpyrroline-3-methyl)-methanethiosulfonate (MTSL) was purchased from 

Cayman Chemical Company (Ann Arbor, MI). Biosafe II scintillation fluid was purchased from 

Research Products International (Mount Prospect, IL). All other materials and reagents were 

purchased from Fisher Scientific (Hampton, NH).  

 

 Cloning 

The pCHH10m3N-STE14-TA plasmid was created by mutating the three endogenous 

cysteine (C99, C121, C126) into alanine. Thus, this plasmid was termed Ste14 “Triple A” (TA). 

Each His10-myc3-Ste14-TA mutant (Table 3.1) used in the following experiments were generated 

using site-directed mutagenesis via overlap extension polymerase chain reaction (PCR). Briefly, 

forward and reverse oligonucleotides were designed to insert a single point mutation into STE14. 

The previously created wild-type DNA plasmid template, pCHH10m3N-STE14, was used for two-

step PCR along with mutant primers and primers flanking STE14 termed SVEC.2 DNA was 

purified with Wizard® SV Gel and PCR Clean-up System and results were confirmed by a 1% 

agarose gel stained with ethidium bromide via electrophoresis. PCR products were combined and 

underwent a second round of PCR, creating the final, chimeric DNA products. Again, the DNA 

was purified with Wizard® SV Gel and PCR Clean-up System and results were confirmed by gel 

electrophoresis. The final PCR product and DNA template (pCHH10m3N) were digested with 

restriction enzymes XmaI and SacII in order to have complimentary ends. Additionally, calf 

intestinal alkaline phosphatase (CIP) was added to the vector digest to catalyze the 

dephosphorylation of the 5’ and 3’ ends of the DNA to prevent the religation of linearized plasmid 

DNA. The expression vector contained the URA3 gene and a phosphoglycerate kinase promoter 

(PPGK) in order for uracil production as a selection marker and for protein overexpression, 

respectively.2 Both digestion reactions were confirmed on an agarose gel, excised, and purified 

with Wizard® SV Gel and PCR Clean-up System. The products were ligated together using the 

LigaFast™ Rapid DNA Ligation System and transformed into DH5α chemically competent E. coli 

cells by following a standard heat shock transformation protocol (NEB). Cells were plated onto 

Luria-Bertani (LB) agar plates with ampicillin (100 µg/mL, LB-AMP) and grown at 37°C for 16-

18 hours. Colonies that grew successfully were grown in tubes shaking at 220 RPM containing 

LB-AMP media at 37°C for 16-18 hours. Cells were pelleted and DNA was isolated with the 
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GeneJET Plasmid Miniprep Kit. The DNA sequence of each miniprep was confirmed with 

bidirectional dye-terminator sequencing (BigDye® Terminator v3.1) Results were confirmed 

using ApE – A plasmid Editor software.   

 

 Yeast Strains, Transformation, and Crude Membrane Preparations 

STE14 plasmids (Table 3.2) were transformed into the Δste14 yeast strain SM1188, as 

previously described.13 All STE14 plasmids have the genotype: 2µ URA3 PPGK-His10-myc3N-

STE14-mutant. SM1188 was grown on yeast peptone dextrose (YPD) agarose plates and then each 

yeast strain was cultured at 220rpm in YPD overnight at 30°C. The next day, the culture was 

diluted 1:3 with YPD media and placed back in the 30°C shaking incubator. After an additional 2 

hours, 500µL of the culture was centrifuged and the supernatant was removed for every 

transformation reaction. The pellets were resuspended with single stranded salmon testes DNA 

(0.1mg). 1µg of each plasmid DNA of interest was added, along with autoclaved plate mix (40.5% 

polyethylene glycol, 0.1M lithium acetate, 10mM Tris-HCl, pH 7.5, 1mM 

ethylenediaminetetraacetic acid (EDTA), pH 8), and dithiothreitol (DTT). The resulting mixture 

incubated overnight at room temperature followed by a 10 min heat shock at 42°C. 100µL of each 

reaction was plated onto SC-URA plates and allowed to grow for 48 hours at 30°C. 

Transformed yeast cells cultures were grown in SC-URA to mid-log phase (OD600 3-5), 

pelleted by centrifugation at 4000 xg and stored at -80°C. Preparation of crude membranes was 

completed as previously described with minor changes.2 Briefly, the yeast cell pellets 

overexpressing His-Ste14 or mutants were resuspended in lysis buffer (300 mM sorbitol, 100mM 

NaCl, 5mM MgCl2.6H2O, 10mM Tris-HCl, pH 7.5, and 2mM AEBSF) and was placed on ice to 

swell for 15 mins. Pellets underwent rapid freeze-thaw cycles twice in liquid N2 and a 25°C water 

bath, respectively. Thawed pellets were passed through a French press at 12,000 p.s.i, twice. The 

lysate was centrifuged at 500 xg for 10 mins at 4°C to remove any cell debris. The supernatant 

was collected, and the remaining membrane fraction was isolated through ultracentrifugation at 

100,000 xg for 1 hour at 4°C. After centrifugation, the supernatant was removed and the pellet was 

resuspended in 10 mM Tris-HCl, pH 7.5, aliquoted, and flash frozen in liquid N2. All aliquots were 

stored at -80°C until further experimentation. Total protein concentration was determined using 

the Bradford protein assay.14  
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 In vitro Methyltransferase Vapor Diffusion Assay of Crude Membranes 

An in vitro methyltransferase vapor diffusion assay was performed as previously 

described.2,15,16 Briefly, reactions were prepared in a 100mM Tris-HCl, pH 7.5 buffer, containing 

crude membranes overexpressing His-Ste14-TA (CH2803) or His-Ste14-TA mutants (5µg), AFC 

(200µM), and [14C]-SAM (20µM). The negative control reaction contained a yeast deletion strain 

of ste14Δ (CH2714, 5µg), and all other components just described. Samples were incubated for 30 

mins at 30°C and then were stopped with 50 µL of 1 M NaOH/1% SDS (v/v). Each reaction 

(100µL) was spotted onto a filter and placed in the neck of a scintillation vial filled with Biosafe 

II scintillation fluid (10mL) and capped at room temperature. After three hours, the filters were 

removed, and the vials were placed in a Packard Tri-Carb 1600CA liquid scintillation counter in 

order to detect the [14C]-methanol that diffused from filters into the scintillation fluid. All specific 

activities were characterized as pmol of methyl groups from [14C]-SAM transferred to the AFC 

substrate per minute of assay per mg of His-Ste14-TA (CH2803) or His-Ste14 mutant protein. 

These activities were calculated after subtracting background counts from the average of the 

negative control samples. Each experiment had three reactions per sample and all experiments 

were performed in triplicate. 

 

 Purification of His-Ste14 and His-Ste14 Mutants 

Purification of His-Ste14-TA or His-Ste14-TA single cysteine mutants was performed as 

previously described.2 Briefly, the crude membranes overexpressing the protein of interest were 

solubilized in a solution of 0.02M imidazole, 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM), 

and 1xEQ buffer (50mM Na2HPO4, 0.3M NaCl, pH 6.0) with the addition of 10% glycerol and 

2mM AEBSF. For the solubilization reaction, crude membranes were at a final concentration of 5 

mg/mL. The reaction was rocked at 4°C for 1 hour. The resulting mixture was centrifuged at 

100,000 xg for 45 mins. The soluble fraction was incubated for 1 hour at 4°C with Talon® cobalt 

metal affinity beads equilibrated in 1xEQ buffer (pH 6.0) with the addition of 10% glycerol and 

2mM AEBSF. After the protein was incorporated with the resin, the solution was centrifugated at 

350 xg for 2 mins at 4°C and the remaining buffer was removed via aspiration. Next, the beads 

underwent four wash steps: buffer was added to the resin and was allowed the rock at 4°C for 10 

mins followed by centrifugation at 350 x g for 2 min before aspiration of excess buffer. The resin 

was washed twice with buffer A (1xEQ buffer, pH 6.0, with the addition of 1% DDM (w/v) and 
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40mM imidazole), once with buffer B (1xEQ buffer, pH 6.0, with the addition of 1% DDM (w/v), 

500mM KCl, and 40mM imidazole), and once with buffer C (1xEQ buffer, pH 6.0, with the 

addition of 0.1% DDM (w/v), 500mM KCl, and 40mM imidazole). After the final wash, buffer C 

was not aspirated off and loaded onto a Poly-Prep® chromatography column. His-Ste14-TA or 

His-Ste14-TA mutants were eluted from the cobalt resin with elution buffer, pH 6.0 (0.1% DDM, 

1M imidazole, and 2mM AEBSF). Collected protein was concentrated at 5000 xg in a 30,000 

MWCO concentrator for ~40 mins at 4°C. The concentrated protein was aliquoted, flash frozen, 

and stored at -80°C until further experimentation. Pure protein concentration was determined using 

an Amido Black protein assay.17 

 

 Purification of His-Ste14 and His-Ste14 Mutants with the Addition of MTSL Spin 

Label 

Purification of His-Ste14-TA single cysteine mutants were performed as previously 

described.2 Briefly, the crude membranes previously isolated were solubilized in a solution of 

0.02M imidazole, 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM), and 1xEQ buffer (50mM 

Na2HPO4, 0.3M NaCl, pH 6.0) with the addition of 10% glycerol and 2mM AEBSF. For the 

solubilization reaction, crude membranes were at a final concentration of 5 mg/mL. The reaction 

was rocked at 4°C for 1 hour. The resulting mixture was centrifuged at 100,000 xg for 45 mins. 

The soluble fraction was incubated for 1 hour at 4°C with Talon® cobalt metal affinity beads 

equilibrated in 1xEQ buffer (pH 6.0) with the addition of 10% glycerol and 2mM AEBSF. After 

the protein was incorporated with the resin, the solution was centrifugated at 350 xg for 2 mins at 

4°C and the remaining buffer was removed via aspiration. Next, the beads underwent four wash 

steps: buffer was added to the resin and was allowed the rock at 4°C for 10 mins followed by 

centrifugation at 350 x g for 2 min before aspiration of excess buffer. The resin was washed twice 

with buffer A (1xEQ buffer, pH 6.0, with the addition of 1% DDM (w/v) and 40mM imidazole), 

once with buffer B (1xEQ buffer, pH 6.0, with the addition of 1% DDM (w/v), 500mM KCl, and 

40mM imidazole), and once with buffer C (1xEQ buffer, pH 6.0, with the addition of 0.1% DDM 

(w/v), 500mM KCl, and 40mM imidazole). After the final wash, dithiothreitol (DTT) was added 

at a concentration of three times the estimated protein concentration for 30 mins at 4°C. DTT is 

necessary to reduce the single cysteine residue in order to successfully attach the (1-Oxyl-2,2,5,5-

tetramethyl Δ3-pyrroline-3-methyl) Methanesulfonothioate (MTSL) spin label. MTSL was added 
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at a ten-fold higher concentration than the estimated protein concentration and incubated for 4 

hours at 4°C. Then, the solution underwent centrifugation at 350 x g for 2 min and loaded onto a 

Poly-Prep® chromatography column. The resin was washed with 50 bed volumes of 1xEQ buffer 

(pH 6.0) with the addition of 0.1% DDM and 40mM imidazole. Then, the His-Ste14-TA mutant 

was eluted from the cobalt resin with elution buffer, pH 6.0 (0.1% DDM, 1M imidazole, and 2mM 

AEBSF). Collected protein was concentrated at 5000 xg in a 30,000 MWCO concentrator at 4°C 

until the volume was under 700µL. A buffer exchange was performed by adding 1mL of new 1x 

EQ buffer, pH 6.0 (20mM imidazole, 0.01% DDM, and 2mM AEBSF) followed by centrifugation 

at 5000 xg in the same 30,000 MWCO concentrator at 4°C until the volume was under 1mL. 

Overall, the buffer exchange reduced the concentration of imidazole in the buffer containing 

MTSL-incorporated protein. Concentrated protein was filtered in centrifugal filter units (0.22 µm) 

GV Durapore® by centrifuging at 12,000 xg for 2 mins at 4°C. Once filtered, the His-Ste14-TA 

mutants were applied to a Superdex S200 column pre-equilibrated with filtered 1xEQ buffer, pH 

6.0 (with the addition of 0.05% DDM and 2mM DTT) at 4°C and spectra was collected at 280nm. 

Fractions containing purified protein were pooled, concentrated in a new 30,000 MWCO 

concentrator, and aliquoted. Samples were flash frozen in liquid nitrogen and stored at -80°C until 

further experimentation. Pure protein concentration was determined using an Amido Black protein 

assay.17 

 

 SDS-PAGE Staining and Immunoblot Analysis 

Crude membrane extracts overexpressing His-Ste14-TA (CH2803) (1µg), His-Ste14-TA 

mutants (1µg), or purified His-Ste14-TA mutants (0.1µg for immunoblot and 1.0µg for Coomassie 

stain) were eluted on a 10% SDS-PAGE. Gels were either incubated with Coomassie stain (0.25% 

(w/v) Coomassie Brilliant Blue R-250, 80% methanol and 20% acetic acid) or transferred to a 

nitrocellulose membrane (0.22 µm). For immunoblotting, the nitrocellulose membrane was 

blocked in 20% (w/v) non-fat dry milk in phosphate-buffered saline (2.70 mM KCl, 137 mM NaCl, 

4.00 mM Na2HPO4, 1.80 mM KH2PO4, pH 7.4) with 0.05% (v/v) Tween-20 (PBST) at room 

temperature for 3 hours. After three washes with PBST, the membranes were incubated with α-

myc (1:10,000) antibody in 5% (w/v) non-fat dry milk in PBST at 4°C overnight. After an 

additional three washes with PBST, the membranes were incubated with goat α-mouse IgG-HRP 

(1:2,500) antibody in 5% (w/v) non-fat dry milk in PBST at room temperature for 1 hour. The 
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membranes were washed three more times with PBST and visualized with enhanced 

chemiluminescence (ECL) on a GeneGnome XRQ. Gels stained with Coomassie (0.25% (w/v) 

Coomassie Brilliant Blue R-250, 80% methanol and 20% acetic acid) were incubated overnight. 

The next day, the gels were incubated with Destaining Solution (30% methanol, 10% acetic acid) 

followed by rinses with ddH2O. Once bands were visualized, the gels were incubated in Casting 

Solution (5% glycerol, 20% ethanol) and preserved in cellophane.   

 

 In vitro Methyltransferase Vapor Diffusion Assay of Pure His-Ste14 and Mutants 

His-Ste14-TA single cysteine mutants purified with and without MTSL were tested for 

methyltransferase activity levels with the same protocol. Briefly, the purified protein was diluted 

1:5 in 1xEQ buffer with 0.05% DDM. Purified protein was combined with AFC (100µM) and 

[14C]-SAM (20µM) in 1xEQ buffer (pH 6.0) with 0.05% DDM. The negative control reaction 

contained ddH20 instead of purified protein. Samples were incubated for 30 mins at 30°C and then 

were stopped with 50 µL of 1 M NaOH/1% SDS (v/v). Each reaction (100µL) was spotted onto a 

filter and placed in the neck of a scintillation vial filled with Biosafe II scintillation fluid (10mL) 

and capped at room temperature. After three hours, the filters are removed, and the vials were 

placed in a Packard Tri-Carb 1600CA liquid scintillation counter in order to detect the [14C]-

methanol that diffused from filters into the scintillation fluid. All specific activities were 

characterized as pmol of methyl groups from [14C]-SAM transferred to the AFC substrate per 

minute of assay per mg of purified His-Ste14-TA mutant protein. These activities were calculated 

after subtracting background counts from the average of the negative control samples. Each 

experiment had three reactions per sample and all experiments were performed in triplicate. 

 

 EPR Spectroscopy Conditions  

Purified His-Ste14-TA single cysteine mutations (100μM) were inserted into glass 

capillary tubes (30μL). The plugged capillary tube was placed into a Wilmad thin wall quartz EPR 

sample tube and placed into the ER4119HS cavity of the Bruker EMX EPR spectrometer. 

Continuous-wave (CW) spectra were obtained at 20mW power, 100 kHz modulation frequency, 5 

G field modulation amplitude, 100 G sweep width, 100 receiver gain and ten scans at room 

temperature using the WinEPR Acquisition software. The same procedure was repeated with the 

addition of 5µL SAM (5mM) to 25µL purified His-Ste14-TA single cysteine mutation (100μM). 
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 TEMPO Standard Curve 

2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) was diluted to 15µM, 50µM, 100µM, and 

150µM in the 1xEQ buffer (with the addition of 0.05% DDM) and were inserted into glass 

capillary tubes (30μL). The plugged capillary tube was placed into a Wilmad thin wall quartz EPR 

sample tube and placed into the ER4119HS cavity of the Bruker EMX EPR spectrometer. 

Continuous-wave (CW) spectra were obtained at 20mW power, 100 kHz modulation frequency, 5 

G field modulation amplitude, 100 G sweep width, 100 receiver gain and ten scans at room 

temperature using the WinEPR Acquisition software. A standard curve was generated by 

calculating the double integral (DI) of each spectrum versus the concentration of the TEMPO and 

was used to determine the concentration of MTSL in each sample (Figure 3.8). The DI was 

determined with the WinEPR Acquisition software. The concentration of protein in each sample 

(determined by the Amido Black assay) was divided by the concentration of MTSL of that sample 

from the standard curve to determine the efficiency of protein labeling with spin label probe. 

 Results and Discussion  

Our EPR spectroscopy experiments required active protein with a single cysteine residue 

in the cytosolic portion of the protein. Therefore, a library of all 46 non-conserved residues of His-

Ste14-TA were mutated to cysteine using primers in Table 3.1 and transformed into S. cerevisiae 

(Table 3.2). Only non-conserved residues had been mutated since conserved residues are essential 

for enzymatic activity.18,19 Crude membranes were extracted from yeast, assessed for protein 

expression levels, and methyltransferase activity assays were performed in triplicate (Figure 3.1, 

Table 3.3). All mutants had relatively similar expression levels compared to His-Ste14-TA except 

His-K154C-TA and His-I210C-TA. Both mutants had activity levels less than 10% compared to 

His-Ste14-TA, indicating that these mutants were detrimental for protein expression and folding. 

His-Ste14-TA mutant crude membranes that retained activity levels of ≥50% compared to His-

Ste14-TA crude membranes were solubilized in DDM and purified (Figure 3.2, Table 3.3). 

Cysteine mutants that had a marked decrease in enzymatic activity were not pursued further. 

Nineteen mutants in crude membranes maintained high enough activity levels to proceed to the 

purification step: His-Ste14-Y134C-TA, His- Ste14-T135C-TA, His-Ste14-I138C-TA, His-Ste14-

H141C-TA, His-Ste14-H145C-TA, His-Ste14-V160C-TA, His-Ste14-T164C-TA, His-Ste14-

S170C-TA, His-Ste14-S207C-TA, His-Ste14-R211C-TA, His-Ste14-V212C-TA, His-Ste14-
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K215C-TA, His-Ste14-A223C-TA, His-Ste14-E227C-TA, His-Ste14-N230C-TA, His-Ste14-

K231C-TA, His-Ste14-G233C-TA, Ste14-V234C-TA, and Ste14-I238C-TA. Interestingly, His-

H141C-TA and His-S222C-TA both had percent activities greater than 100% of His-Ste14-TA. 

All nineteen His-Ste14-TA mutants that retained activity were purified and evaluated for 

purity and protein expression (Figure 3.3, Figure 3.4). Nine purified His-Ste14-TA mutants 

retained activity levels of ≥50% compared to purified His-Ste14-TA. Thus, our primary candidates 

for EPR spectroscopy: His-Ste14-T135C-TA, His-Ste14-I138C-TA, His-Ste14-H141C-TA, His-

Ste14-T164C-TA, His-Ste14-V212C-TA, His-Ste14-K215C-TA, His-Ste14-A223C-TA, His-

Ste14-G233C-TA, and His-Ste14-V234C-TA (Figure 3.5, Table 3.4). Heat maps of His-Ste14-TA 

cysteine mutants in crude membranes and purified were used to select the first residues to label 

with MTSL (Figure 3.6). 

His-Ste14-V212C-TA and His-Ste14-K231C-TA were the first mutants selected to be 

purified with MTSL. We chose mutants in the C-terminal tail of His-Ste14-TA because Loop 4 is 

predicted to act as a hinge and we wanted to understand the lesser studied structural changes in the 

C-terminus.3 Both mutants were pure and active after the purification process (data not shown). 

EPR spectra for each mutant was collected in the presence or absence of saturation concentrations 

of SAM (5 mM) (Figure 3.7, Figure 3.8). When SAM was added to the His-Ste14-V212C-TA 

mutant, small changes in EPR spectra could be detected, especially in the wings of the spectra. 

The mobility of the probe at V212C may be lowered slightly during SAM binding, causing a small 

broadening of the peaks. EPR spectroscopy has high sensitivity to structural changes in protein, 

thus, this spectrum could be indicative of the movement of one alpha helix. In contrast, when SAM 

was added to the His-K231C-TA sample, the EPR spectral line became noticeably broader 

compared to the sample without the cofactor. Broadening of EPR spectra is indicative of the MTSL 

probe becoming buried and tumbling rate of the lone electron slowing. We predict that when SAM 

is not bound, K231 is in the cytosol, not acting with the active site. Upon addition of SAM, the 

enzyme must undergo a conformational change where K231 is now in closer proximity to itself or 

SAM. More EPR spectroscopy data must be collected in order to construct an informed model of 

SAM binding to Ste14. 

The efficiency of labeling was determined by comparing the concentration of label bound 

to the protein (calculated by taking the double integral of the spectrum) to a standard curve of 

TEMPO (Figure 3.9). The last point of the double integral is equal to the area of the EPR absorption 
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and has a linear dependence with respect to the modulation amplitude and concentration of 

sample.20 TEMPO is identical to MTSL except it does not contain the thiosulfonate ester functional 

groups necessary to form a covalent bond with a cysteine residue. At concentrations of TEMPO 

ranging between 15 – 150µM, EPR spectra were taken and the double integral of each spectra were 

taken. A linear regression line was determined when the concentration of the TEMPO was plotted 

against the double integral. The same value (the double integral) was determined for both His-

V212C-TA and His-K231C-TA spectra and the concentration of spin label was calculated, ~75µM 

and ~55µM, respectively. Then the actual concentration of the protein in each sample was divided 

by the amount of spin-label, therefore determining the labeling efficiency of the MTSL probe to 

the introduced cysteine residue. His-V212C-TA had an average of 40.5% labeling efficiency, 

while His-K231C-TA had an average of 67.5% labeling efficiency. Although the labeling to -His-

V212C-TA was quiet low, this could be due the its location in the C-terminal loop. The mutation 

at V212 could be too close to the membrane and partially obstructed by the detergent micelle 

surrounding the protein, making it difficult for the MTSL spin-label to bind. On the other hand, 

the K231C mutation in the C-terminus of Ste14 is not at the end of any transmembrane domains 

and was most likely not being affected by detergent molecules. Thus, it is not surprising that His-

K231C-TA has a higher average binding efficiency than His-V212C-TA.  

 Future Directions 

The next step for this project is to attach MTSL to other Ste14-TA single cysteine mutants 

that retained activity similar to His-Ste14-TA and evaluate its EPR spectra with and without SAM. 

Now that the purification process and MTSL incorporation process has been proven successful, 

further data collection is required. Table 3.4 summarizes which purified His-Ste14-TA single 

cysteine mutants retained methyltransferase activity and would be optimal to evaluate next via 

EPR spectroscopy. Based on the binding efficiency of His-V212C-TA and His-K231C-TA, it 

would be advantageous to select a mutation further from the membrane spanning regions of the 

enzyme to ensure higher binding efficiency with MTSL and a great chance of environmental 

changes.  

Additionally, a library of double cysteine mutations in Loop 4 and the C-terminus could be 

created for double electron-electron resonance (DEER) spectroscopy. In combination with site-

directed mutagenesis, DEER is a powerful biophysical technique that can obtain distance 
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measurements up to 80Å between the two cysteine residues by measuring the dipolar coupling 

between two unpaired electron spins.21,22 This is one of the only biophysical methods that can 

detect a large conformation change in an active protein, as well as, give quantifiable information 

about the distance between specific regions. Based on Yang et al., residues S146 and V160 in His-

Ste14 are predicted to be only 6.4Å apart, however conformational changes are predicted to occur 

during SAM binding.4 As discussed earlier, it is hypothesized that Loop 4 unfolds or acts as a 

hinge to allow SAM access to the binding site. We could examine the conformational dynamics 

by making distance measurements of cysteine mutants located in Loop 4 and/or the C-terminal 

loop upon SAM binding to better understand the importance of this region for function and its role 

in the dynamics of the catalytic process. 
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Table 3.1 Oligonucleotides used in this study to generate STE14 mutants 

Name Oligonucleotide (5’ – 3’) 

SVEC FWD* CAAGGGGGTGGTTTAGTTTAG 

SVEC REV* CAACTGTTGGGAAAGGCGATC 

Y134C FWD CTGGGACAATGTACCAGAACTATTGCTATG 

T135C FWD GGACAATATTGCAGAACTATTG 

T137C FWD CAATATACCAGATGTATTGCTATG 

I138C FWD CAATATACCAGAACTTGTGCTATGCATAC 

A139C FWD CCAGAACTATTTGTATGCATACTGCGGGA 

H141C FWD CTATTGCTATGTGTACTGCGGG 

T142C FWD GCTATGCATTGTGCGGGACATTC 

G144C FWD CATACTGCGTGTCATTCCTTTTC 

H145C FWD CATACTGCGGGATGTTCCTTTTCTC 

S146C FWD GCGGGACATTGCTTTTCTCATATTG 

S148C FWD CATTCCTTTTGTCATATTGTG 

I150C FWD CTTTTCTCATTGTGTGAAGACC 

K152C FWD CATATTGTGTGTACCAAGAAG 

T153C FWD CATATTGTGAAGTGCAAGAAGGAG 

K154C FWD GTGAAGACCTGTAAGGAGTCC 

E156C FWD GACCAAGAAGTGTTCCGATCATG 

S157C FWD CCAAGAAGGAGTGCGATCATGTTTTAGTG 

D158C FWD GAAGGAGTCCTGTCATGTTTTAG 

V160C FWD CCGATCATTGTTTAGTG 

K163C FWD GTTTTAGTGTGTACTGGC 

T164C FWD GTGAAATGTGGCGTTTAC 

S168C FWD GGCGTTTACTGCTGGTCAAG 

W169C FWD GTTTACTCCTGCTCAAGACATCC 

S170C FWD GTTTACTCCTGGTGTAGACATCCA 

S174C FWD GACATCCATGTTATCTTG 

S207C FWD GGAAATTTTTCTGTGATAGAATTCG 

D208C FWD GGAAATTTTTCAGTTGTAGAATTCGTGTG 

I210C FWD CAGTGATAGATGTCGTGTGGAAG 

R211C FWD GATAGAATTTGTGTGGAAGAAAAATATTTG 

V212C FWD GATAGAATTCGTTGCGAAGAAAAATATTTG 

K215C FWD GTGGAAGAATGTTATTTGATAG 

Y216C FWD GAAGAAAAATGTTTGATAGAG 

E219C FWD GAAAAATATTTGATATGCTTCTTTAGCGCG 

S222C FWD GAGTTCTTTTGCGCGGAATACATA 

A223C FWD GTTCTTTAGCTGCGAATA 

E224C FWD CTTTAGCGCGTGCTACATAGAATAC 
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Table 3.1 continued 

 

 

 

 

 

 

 

 

 

*SVEC primers align within the pCHH10m3N vector. SVEC FWD aligned with the forward 200 

base pairs upstream of STE14 and SVEC REV aligned with the 182 base pairs downstream of 

STE14. 

  

I226C FWD GCGCGGAATACTGCGAATACAAG 

E227C FWD GCGGAATACATATGTTACAAG 

N230C FWD CCAACCTTGCACTTGTATTC 

K231C FWD TACAAGAATTGCGTTGGTG 

V232C FWD CAAGAATAAGTGTGGTGTCGG 

K231C FWD TACAAGAATTGCGTTGGT 

G233C FWD GAATAAGGTTTGTGTCGGAATA 

V234C FWD GAATAAGGTTGGTTGCGGAATACC 

I236C FWD GTTGGTGTCGGATGCCCTTTTATATAACCGC 

F238C FWD GTCGGAATACCTTGTATATAACCGCGGTGG 

I239C FWD GGAATACCTTTTTGCTAACCGCGGTGG 



 

97 

Table 3.2 S. cerevisiae plasmids used in this study 

Name Genotype 

SM10581 Mata trp1 leu2 ura3 his4 can1 

SM11881 Ste14-4::TRP1, isogenic to SM1058 

CH27042 2 URA3 PPGK-His10-myc3N-STE14 

CH2714 2 URA3 PPGK 

CH2803 2 URA3 PPGK-His10-myc3N-STE14-TA 

CH3152 2 URA3 PPGK-His10-myc3N-STE14-TA-Y134C 

CH3150 2 URA3 PPGK-His10-myc3N-STE14-TA-T135C 

CH3151 2 URA3 PPGK-His10-myc3N-STE14-TA-T137C 

CH3153 2 URA3 PPGK-His10-myc3N-STE14-TA-I138C 

CH3146 2 URA3 PPGK-His10-myc3N-STE14-TA-A139C 

CH3108 2 URA3 PPGK-His10-myc3N-STE14-TA-H141C 

CH3109 2 URA3 PPGK-His10-myc3N-STE14-TA-T142C 

CH3103 2 URA3 PPGK-His10-myc3N-STE14-TA-G144C 

CH3104 2 URA3 PPGK-His10-myc3N-STE14-TA-H145C 

CH3105 2 URA3 PPGK-His10-myc3N-STE14-TA-S146C 

CH3106 2 URA3 PPGK-His10-myc3N-STE14-TA-S148C 

CH3092 2 URA3 PPGK-His10-myc3N-STE14-TA-I150C 

CH3163 2 URA3 PPGK-His10-myc3N-STE14-TA-K152C 

CH3093 2 URA3 PPGK-His10-myc3N-STE14-TA-T153C 

CH3149 2 URA3 PPGK-His10-myc3N-STE14-TA-K154C 

CH3164 2 URA3 PPGK-His10-myc3N-STE14-TA-E156C 

CH2804 2 URA3 PPGK-His10-myc3N-STE14-TA-S157C 

CH3165 2 URA3 PPGK-His10-myc3N-STE14-TA-D158C 

CH3065 2 URA3 PPGK-His10-myc3N-STE14-TA-V160C 

CH3166 2 URA3 PPGK-His10-myc3N-STE14-TA-K163C 

CH3066 2 URA3 PPGK-His10-myc3N-STE14-TA-T164C 

CH3110 2 URA3 PPGK-His10-myc3N-STE14-TA-S168C 

CH3111 2 URA3 PPGK-His10-myc3N-STE14-TA-W169C 

CH3167 2 URA3 PPGK-His10-myc3N-STE14-TA-S174C 

CH3107 2 URA3 PPGK-His10-myc3N-STE14-TA-S207C 

CH3147 2 URA3 PPGK-His10-myc3N-STE14-TA-D208C 

CH3270 2 URA3 PPGK-His10-myc3N-STE14-TA-I210C 

CH3145 2 URA3 PPGK-His10-myc3N-STE14-TA-R211C 

CH3154 2 URA3 PPGK-His10-myc3N-STE14-TA-V212C 

CH3168 2 URA3 PPGK-His10-myc3N-STE14-TA-K215C 

CH3271 2 URA3 PPGK-His10-myc3N-STE14-TA-Y216C 
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Table 3.2 continued 

CH3144 2 URA3 PPGK-His10-myc3N-STE14-TA-E219C 

CH3272 2 URA3 PPGK-His10-myc3N-STE14-TA-S222C 

CH3067 2 URA3 PPGK-His10-myc3N-STE14-TA-A223C 

CH3273 2 URA3 PPGK-His10-myc3N-STE14-TA-E224C 

CH3155 2 URA3 PPGK-His10-myc3N-STE14-TA-I226C 

CH3274 2 URA3 PPGK-His10-myc3N-STE14-TA-E227C 

CH3077 2 URA3 PPGK-His10-myc3N-STE14-TA-N230C 

CH3094 2 URA3 PPGK-His10-myc3N-STE14-TA-K231C 

CH3275 2 URA3 PPGK-His10-myc3N-STE14-TA-V232C 

CH3068 2 URA3 PPGK-His10-myc3N-STE14-TA-G233C 

CH3276 2 URA3 PPGK-His10-myc3N-STE14-TA-V234C 

CH3277 2 URA3 PPGK-His10-myc3N-STE14-TA-I236C 

CH3278 2 URA3 PPGK-His10-myc3N-STE14-TA-F238C 

CH3279 2 URA3 PPGK-His10-myc3N-STE14-TA-I239C 

All strains are isogenic to SM1188 and has the following characteristics located at the N-

terminus of the gene: PGK-phosphoglycerate kinase promoter (PPKG), ten histidine residues 

(His10-), and three myc tags with the sequence 5’ EQKLISEEDL 3’ (myc3-). 

 



 

99 

 

Figure 3.1 Expression levels of His-Ste14-TA and single cysteine mutants. 

Indicated by immunoblotting, expression levels from all mutants were similar to that of His-Ste14-

TA. Protein samples (1µg) were run on a 10% SDS-PAGE followed by immunoblot analysis with 

α-myc (1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were visualized with ECL. 

His-Ste14-TA from crude membranes was the positive control located in the first lane of each gel. 
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Table 3.3 Specific methyltransferase activities of His-Ste14-TA mutants from crude membranes 

tested in this study 

His-Ste14 mutant Activity (% of His-Ste14-TA) 

Triple A (TA) 100 

His-Ste14-Y134C-TA 59.6 ± 8.3 

His-Ste14-T135C-TA 91.7 ± 14.9 

His-Ste14-T137C-TA 18.0 ± 6.2 

His-Ste14-I138C-TA 77.6 ± 7.8 

His-Ste14-A139C-TA 2.9 ± 3.0 

His-Ste14-H141C-TA 125.2 ± 17.0 

His-Ste14-T142C-TA 8.4 ± 6.0 

His-Ste14-G144C-TA 5.4 ± 4.3 

His-Ste14-H145C-TA 44.2 ± 1.4 

His-Ste14-S146C-TA 38.8 ± 6.2 

His-Ste14-S148C-TA 3.6 ± 3.6 

His-Ste14-I150C-TA 14.3 ± 1.8 

His-Ste14-K152C-TA 14.7 ± 1.9 

His-Ste14-T153C-TA 39.6 ± 8.6 

His-Ste14-K154C-TA 5.9 ± 2.1 

His-Ste14-E156C-TA 3.3 ± 3.6 

His-Ste14-S157C-TA 29.6 ± 6.0 

His-Ste14-D158C-TA 24.7 ± 1.1 

His-Ste14-V160C-TA 58.6 ± 10.1 

His-Ste14-K163C-TA 28.7 ± 2.6 

His-Ste14-T164C-TA 76.3 ± 7.9 

His-Ste14-S168C-TA 15.4 ± 4.5 

His-Ste14-W169C-TA 12.4 ± 7.1 

His-Ste14-S170C-TA 42.6 ± 5.4 

His-Ste14-S174C-TA 10.4 ± 0.9 

His-Ste14-S207C-TA 63.9 ± 7.9 

His-Ste14-D208C-TA 11.0 ± 7.7 

His-Ste14-I210C-TA 0.0 ± 0.0 

His-Ste14-R211C-TA 49.7 ± 5.9 

His-Ste14-V212C-TA 51.9 ± 6.5 

His-Ste14-K215C-TA 80.0 ± 1.0 

His-Ste14-Y216C-TA 17.5 ± 3.1 

His-Ste14-E219C-TA 27.3 ± 5.4 

His-Ste14-S222C-TA 29.2 ± 2.2 

His-Ste14-A223C-TA 89.3 ± 15.9 

His-Ste14-E224C-TA 0.9 ± 0.1 

His-Ste14-I226C-TA 23.9 ± 6.6 
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Table 3.3 continued 

His-Ste14-E227C-TA 112.7 ± 5.2 

His-Ste14-N230C-TA 70.9 ± 6.2 

His-Ste14-K231C-TA 46.7 ± 11.6 

His-Ste14-V232C-TA 13.1 ± 6.0 

His-Ste14-G233C-TA 79.1 ± 8.4 

His-Ste14-V234C-TA 62.1 ± 10.9 

His-Ste14-I236C-TA 11.0 ± 8.1 

His-Ste14-F238C-TA 7.5 ± 1.8 

His-Ste14-I239C-TA 40.8 ± 2.8 
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Figure 3.2 In vitro vapor diffusion methyltransferase activity assay of 46 non-conserved cytosolic His-Ste14-TA single cysteine 

mutants in crude membranes.  

All specific activities were characterized as pmol of methyl groups from [14C]-SAM transferred to the AFC substrate per minute of assay 

per mg of His-Ste14-TA (CH2803) or His-Ste14 mutant protein. These activities were calculated after subtracting the background counts 

from the average of the negative control samples. Percent activity compared to His-Ste14-TA was calculated for each mutant. Each 

experiment had three reactions per sample and all experiments were performed in triplicate ± S.D. (****, p ≤ 0.0001; ***, p ≤ 0.001; 

**, p ≤ 0.01; *, p ≤ 0.1; based on one-way ANOVA followed by Dunnett’s multiple comparisons test vs. His-Ste14). 
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Figure 3.3 Expression levels and purity of purified His-Ste14-TA and single cysteine mutants. 

Indicated by immunoblotting, expression levels from all mutants were similar to that of purified 

His-Ste14-TA. Protein samples (0.1µg) were run on a 10% SDS-PAGE followed by immunoblot 

analysis with α-myc (1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were 

visualized with ECL. Purified His-Ste14-TA was the positive control located in the first lane of 

each gel. 
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Figure 3.4 Purity of His-Ste14-TA and single cysteine mutants. 

Pure protein samples (2µg) were run on a 10% SDS-PAGE and visualized with Coomassie (0.25% 

(w/v) Coomassie Brilliant Blue R-250, 80% methanol and 20% acetic acid). Purified His-Ste14-

TA was the positive control located in the first lane of each gel. 
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Table 3.4 Specific methyltransferase activities of purified His-Ste14-TA mutants tested in this 

study 

His-Ste14 mutant Activity (% of His-Ste14-TA) 

Triple A (TA) 100 

His-Ste14-Y134C-TA 2.3 ± 0.4 

His-Ste14-T135C-TA 60.4 ± 1.5 

His-Ste14-I138C-TA 59.7 ± 3.6 

His-Ste14-H141C-TA 217.6 ± 0.8 

His-Ste14-H145C-TA 2.9 ± 0.2 

His-Ste14-V160C-TA 11.4 ± 0.2 

His-Ste14-T164C-TA 90.0 ± 14.1 

His-Ste14-S170C-TA 28.0 ± 2.5 

His-Ste14-S207C-TA 12.3 ± 0.2 

His-Ste14-R211C-TA 41.4 ± 2.5 

His-Ste14-V212C-TA 117.4 ± 2.5 

His-Ste14-K215C-TA 88.6 ± 4.1 

His-Ste14-A223C-TA 104.3 ± 1.8 

His-Ste14-E227C-TA 48.8 ± 1.6 

His-Ste14-N230C-TA 26.7 ± 1.6 

His-Ste14-K231C-TA 62.4 ± 1.8 

His-Ste14-G233C-TA 3.0 ± 0.3 

His-Ste14-V234C-TA 1.3 ± 0.4 

His-Ste14-I239C-TA 7.7 ± 0.6 
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Figure 3.5 In vitro vapor diffusion methyltransferase activity assay of nineteen purified non-

conserved cytosolic His-Ste14-TA single cysteine mutants. 

All specific activities were characterized as pmol of methyl groups from [14C]-SAM transferred to 

the AFC substrate per minute of assay per mg of purified His-Ste14-TA (CH2803) or purified His-

Ste14 mutant protein. These activities were calculated after subtracting the background counts 

from the average of the negative control samples. Percent activity compared to purified His-Ste14-

TA was calculated for each mutant. Each experiment had three reactions per sample and all 

experiments were performed in triplicate ± S.D. (****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; 

based on one-way ANOVA followed by Dunnett’s multiple comparisons test vs. His-Ste14). 
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Figure 3.6 Heat map of single cysteine mutants in crude membranes  

(A) and purified in DDM (B) of all non-conserved residues of His-Ste14-TA in Loop 4 and the C-

terminus. Mutants that retained ≥50% methyltransferase activity levels were candidate for EPR 

spectroscopy. Specific activities of His-Ste14-TA mutants were calculated as a percent compared 

to His-Ste14-TA. [14C]-SAM was used as the methyl donor and AFC was the methyl acceptor. 

Color code: blue- 0-25% His-Ste14-TA; green- 25-50% His-Ste14-TA; yellow- 50-75% His-

Ste14-TA; red- 75-100% His-Ste14-TA; pink- over 100% His-Ste14-TA. 

A 

B 
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Figure 3.7 EPR spectral analysis of purified His-Ste14-V212C-TA. 

Purified His-Ste14-V212C-TA (red, 75µM) in 1xEQ buffer (50mM Na2HPO4, 0.3M NaCl, 2mM 

DTT, 0.05% DDM, pH 6.0) was added to glass capillary tube and inserted into a narrow quartz 

EPR tube. Spectra were collected as described in the methods section 3.2.9 at room temperature. 

Another sample of purified His-Ste14-V212C-TA (red, 75µM) in 1xEQ buffer (50mM Na2HPO4, 

0.3M NaCl, 2mM DTT, 0.05% DDM, pH 6.0) was incubated with 5mM SAM followed by 

immediate data collection identical to the enzyme without substrate.  
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Figure 3.8 EPR spectral analysis of purified His-Ste14-K231C-TA. 

Purified His-Ste14-K231C-TA (red, 55µM) in 1xEQ buffer (50mM Na2HPO4, 0.3M NaCl, 2mM 

DTT, 0.05% DDM, pH 6.0) was added to glass capillary tube and inserted into a narrow quartz 

EPR tube. Spectra were collected as described in the methods section 3.2.9 at room temperature. 

Another sample of purified His-Ste14-K231C-TA (red, 55µM) in 1xEQ buffer (50mM Na2HPO4, 

0.3M NaCl, 2mM DTT, 0.05% DDM, pH 6.0) was incubated with 5mM SAM followed by 

immediate data collection identical to the enzyme without substrate.  
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Figure 3.9 TEMPO standard curve. 

Free TEMPO at varying concentrations in 1xEQ buffer (50mM Na2HPO4, 0.3M NaCl, pH 6.0 with 

the addition of 2mM DTT and 0.05%DDM) was added to glass capillary tubes and inserted into a 

narrow quartz EPR tube. Spectra were collected as described in the methods section 3.2.10 at room 

temperature. The difference in the second integral of the EPR data was determined for each 

concentration of TEMPO and a best-fit linear regression line was determined. 
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 PRELIMINARY STRUCTURAL ANALYSIS OF HIS-

STE14 UTILIZING VARIOUS BIOPHYSICAL TECHNIQUES 

 Introduction 

The Icmt family is the only known class of membrane-associated methyltransferases and 

does not contain any of the four motifs characteristically found in soluble methyltransferases. As 

a result, the Icmt family members make up the class VI methyltransferases.1 Interestingly, in a 

primarily hydrophobic environment, Icmt has the ability to accommodate both a hydrophilic co-

factor, S-adenosyl-L-methionine (SAM), as a methyl donor and a lipophilic methyl acceptor. There 

is a gap in the knowledge about the structure and mechanism of Icmt activity. Therefore, we study 

the yeast homolog, Saccharomyces cerevisiae Icmt, Ste14, to bridge these gaps. Our model system, 

His10-myc3N-Ste14 (His-Ste14), has been altered to include ten histidine residues (His10-), and 

three myc tags (myc3-) at the N-terminus of the enzyme in order to simplify the purification process 

and immunoblot analysis. Although there are two current crystal structures of Icmt from 

Methanosarcina acetivorans (Ma-Icmt) and Tribolium castaneum (beetle Icmt), the structure of 

Ste14 is still unclear and could provide more insights about this unique class of 

methyltransferase.1,2 

In order to gain structural insight of this enzyme, we pursued initial studies, including 

negative stain electron microscopy (EM) and single particle electron microscopy (cryo-EM). 

However, to obtain useful information from these techniques, it was advantageous to incorporate 

His-Ste14 into nanodiscs rather than detergents to improve stability of the protein and quality of 

structures.3,4 Nanodiscs consist of an aggregation of 120-160 lipids arranged in a bilayer held 

together by amphipathic proteins known as membrane scaffolding proteins (MSPs), and closely 

resembles a detergent micelle in structure.5-8 Specifically, we used MSP 1E3D1, which has a height 

of 4.5-5.6nm and a diameter of 9.7-12.9nm when self-assembled into a helical protein belt because 

Ste14 is predicted to have a diameter of ~9.5-10nm in its native dimeric state.7,9,10 During the 

protein purification process, the protein of interest is first solubilized using a mild detergent. Then, 

lipids and nanodiscs are incubated with the protein and the detergent is removed, leaving the 

targeted membrane protein enclosed within the nanodisc assembly.7 Nanodiscs are especially 

advantageous because they mimic a native-state condition and allow greater protein stability.9 

Overall, this method is ideal for the extraction of transmembrane proteins from crude membranes. 
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However, this method requires an optimized purification protocol, specifically which detergent is 

used for solubilization in combination with nanodiscs. The evaluation of purified His-Ste14 in 

various detergents was provided in Chapter 2. 

Once in a stable, native-like state, purified His-Ste14 was observed through negative stain 

EM, followed by cryo-EM. Negative stain EM is an advantageous technique because negative 

stain reconstructions can determine up to ~18Å resolution structures of the purified protein and act 

as a screening process to verify sample quality before proceeding to cryo-EM for a high resolution 

structure.11-14  

With single particle analysis, a molecular model of a protein (including membrane proteins) 

can be constructed at atomic resolution by using rapid freezing such that the sample is stabilized 

in vitreous ice.15-17 Additionally, compared to negative stain EM, cryo-EM offers the advantage of 

the images being less likely to contain stain artifacts and often yields a higher resolution model. 

Previously, only 3D constructions of larger proteins and complexes could be determined with this 

technique. Yet, recently the structures of smaller proteins have also been  modelled, including a 

homodimer composed of two 30kDa proteins.18,19 Other small proteins successfully reconstructed 

with cryo-EM also include isocitrate dehydrogenase and hemoglobin at 93kDa and 64kDa, 

respectively.19,20 

 Materials and Methods 

 Materials 

Sf9 cells, High Five cells, and ES 921 media were purchased from Expression Systems 

(Davis, CA). The monoclonal α-myc IgG and the polyclonal goat-α-rabbit IgG HRP conjugate 

were purchased from Invitrogen Life Sciences (Carlsbad, CA). Enhanced chemiluminescence 

(ECL), pFastBac vectors, FEI Tecnai G2 20 - 200kV filament scanning microscope, Titan 80-300 

kV environmental transmission electron microscope, and FEI Talos F200C transmission electron 

microscope were purchased from ThermoFisher (Waltham, MA). BigDye® Terminator v3.1 was 

obtained from Applied Biosystems (Foster City, CA) through the Purdue University Genomics 

Facility. GeneGnome XRQ was purchased from Syngene (Fredrick, MD). 4-(2-aminoehtyl)-

benzenesulfonylfluoride hydrochloride (AEBSF), aprotinin, and dithiothreitol (DTT) were 

purchased from Gold Biotechnology (St. Louis, MO). E. coli polar lipid extract was purchased 

from Avanti (Alabaster, AL). Membrane scaffold protein 1E3D1 was purchased from Sigma 
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Aldrich (St. Louis, MO). The substrate N-acetyl-S-farnesyl-L-cysteine (AFC) was purchased from 

Enzo Life Sciences (Farmingdale, NY). 14C-labelled S-adenosyl-L-methionine ([14C]-SAM) was 

purchased from Perkin Elmer (Waltham, MA). N-Dodecyl-β-D-maltopyranoside (DDM) was 

purchased from Anatrace (Maumee, OH). Nitrocellulose membrane (0.22 µm) and Superdex S200 

column were purchased from GE Healthcare Life Sciences (Pittsburg, PA). Talon cobalt metal 

affinity resin was purchased from Clontech (Mountain View, CA). Amicon Ultra 30,000 MWCO 

concentrators and centrifugal filter units (0.22 µm) GV Durapore® were purchased from Millipore 

Co. (Billerica, MA). Poly-Prep® chromatography columns were purchased from Bio-Rad 

Laboratories (Hercules, CA). Biosafe II scintillation fluid and Bio-Beads™ SM-2 resin were 

purchased from Research Products International (Mount Prospect, IL). Carbon coated 400-mesh 

copper grids and uranyl formate were purchased from Electron Microscopy Sciences (Hatfield, 

PA). The US1000 2K x 2K CCD camera was a product from Gatan (Pleasanton, CA). All other 

materials and reagents were purchased from Fisher Scientific (Hampton, NH).  

 

 Expression and Membrane Preparation of His-Ste14 from Insect Cell Lines  

cDNA encoding S. cerevisiae Ste14 was subcloned into the pFastBac-Dual vector with the 

addition of ten histidine residues (His10-), and three myc tags with the sequence 5’ EQKLISEEDL 

3’ (myc3-). The gene and vector sequence were confirmed with bidirectional dye-terminator 

sequencing (BigDye® Terminator v3.1). Protein was expressed in baculovirus-infected Sf9 or 

High Five cells and harvested from ES 921 media with 1x pencillin-streptomycin at 48 h post-

infection. Pelleted cells were flash frozen for membrane preparation. Briefly, the insect cell pellets 

were thawed and resuspended in ~20mL of lysis buffer per 20g of cell pellet harvested (50 mM 

mannitol, 50 mM Tris-HCl, pH 7.5, 1% aprotinin, 1 mM AEBSF and 2mM DTT) and were rocked 

for 15 min at 4°C. Typically, 20g of cell pellet is equivalent to 750mL of cells harvested. The 

resuspended pellets were lysed via dounce homogenization and isolated through 

ultracentrifugation at 100,000 x g for 1 hour at 4°C. Following centrifugation, the membrane pellet 

was resuspended in buffer (300 mM mannitol, 50 mM Tris-HCl, pH 7.5, 1% aprotinin, 1 mM 

AEBSF and 1mM DTT, 10% glycerol), aliquoted, flash frozen in liquid nitrogen and stored at -

80°C. Total protein concentration was determined using the Bradford protein assay.21 
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 In vitro Methyltransferase Vapor Diffusion Assay of Yeast and Insect Cell Crude 

Membranes 

An in vitro methyltransferase vapor diffusion assay was performed as previously 

described.22-24 Briefly, reactions were prepared in a 100mM Tris-HCl, pH 7.5 buffer, containing 

crude membranes overexpressing His-Ste14 (CH2704) or His-Ste14 isolated from insect cell lines 

(5µg), AFC (200µM), and [14C]-SAM (20µM). The negative control reaction contained a yeast 

deletion strain of ste14Δ (CH2714, 5µg), and all other components just described. Samples were 

incubated for 30 mins at 30°C and then were stopped with 50 µL of 1 M NaOH/1% SDS (v/v). 

Each reaction (100µL) was spotted onto a filter and placed in the neck of a scintillation vial filled 

with Biosafe II scintillation fluid (10mL) and capped at room temperature. After three hours, the 

filters were removed, and the vials were placed in a Packard Tri-Carb 1600CA liquid scintillation 

counter in order to detect the [14C]-methanol that diffused from filters into the scintillation fluid. 

All specific activities were characterized as pmol of methyl groups from [14C]-SAM transferred to 

the AFC substrate per minute of assay per mg of His-Ste14-TA (CH2803) or His-Ste14 mutant 

protein. These activities were calculated after subtracting background counts from the average of 

the negative control samples. Each experiment had three reactions per sample and all experiments 

were performed in triplicate. 

 

 SDS-PAGE Staining and Immunoblot Analysis 

Crude membrane extracts overexpressing His-Ste14 from Sf9 cells (1µg) or purified His-

Ste14 from Sf9 cells (0.1µg for immunoblot and 1.0µg for Coomassie stain) were separated on a 

10% SDS-PAGE. Gels incubated with Coomassie stain (0.25% (w/v) Coomassie Brilliant Blue R-

250, 80% methanol and 20% acetic acid) overnight, then incubated with Destaining Solution (30% 

methanol, 10% acetic acid) until all excess dye was removed. Once bands were visualized, the gel 

was rinsed in ddH2O, and then incubated in Casting Solution (5% glycerol, 20% ethanol) and 

preserved in cellophane. For immunoblot analysis, gels were transferred to a nitrocellulose 

membrane (0.22 µm) and the nitrocellulose membrane was blocked in 20% (w/v) non-fat dry milk 

in phosphate-buffered saline (2.70 mM KCl, 137 mM NaCl, 4.00 mM Na2HPO4, 1.80 mM 

KH2PO4, pH 7.4) with 0.05% (v/v) Tween-20 (PBST) at room temperature for 3 hours. After three 

washes with PBST, the membranes were incubated with α-myc (1:10,000) antibody in 5% (w/v) 

non-fat dry milk in PBST at 4°C overnight. After an additional three washes with PBST, the 
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membranes were incubated with goat α-mouse IgG-HRP (1:2,500) antibody in 5% (w/v) non-fat 

dry milk in PBST at room temperature for 1 hour. The membrane was washed three more times 

with PBST and visualized with enhanced chemiluminescence (ECL) on a GeneGnome XRQ.  

 

 Purification of His-Ste14 

Purification of His-Ste14 was performed as previously described.22 Briefly, the crude 

membranes overexpressing the protein of interest were solubilized in a solution of 0.02M 

imidazole, 1% DDM, and  (2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, pH 

6.0 with the addition of 10% glycerol and 2mM AEBSF. For the solubilization reaction, crude 

membranes were at a final concentration of 5 mg/mL. The reaction was rocked at 4°C for 1 hr. 

The resulting mixture was centrifuged at 100,000 xg for 45 mins. The soluble fraction was 

incubated for 1 hour at 4°C with Talon® cobalt metal affinity beads equilibrated in HEPES buffer 

with the addition of 10% glycerol and 2mM AEBSF. After the protein was incorporated with the 

resin, the solution was centrifugated at 350 xg for 2 mins at 4°C and the remaining buffer was 

removed via aspiration. Next, the beads underwent four wash steps: HEPES buffer (pH 6.0) was 

added to the resin and was allowed the rock at 4°C for 10 mins followed by centrifugation at 350 

x g for 2 min before aspiration of excess buffer. The resin was washed twice with buffer A (HEPES 

buffer, pH 6.0, with the addition of  1% DDM and 40mM imidazole), once with buffer B (HEPES 

buffer, pH 6.0, with the addition of 1% DDM, 500mM KCl, and 40mM imidazole), and once with 

buffer C (HEPES buffer, pH 6.0 with the addition of 0.1% DDM, 500mM KCl, and 40mM 

imidazole). After the final wash, buffer C was not aspirated, but instead and loaded onto a Poly-

Prep® chromatography column. His-Ste14 was eluted from the cobalt resin with elution buffer, 

pH 6.0 (0.1% DDM, 1M imidazole, and 2mM AEBSF).  

Collected protein was concentrated at 5000 xg in a 30,000 MWCO concentrator at 4°C 

until the final volume was ~1mL. Concentrated protein was filtered in centrifugal filter units (0.22 

µm) GV Durapore® by centrifuging at 12,000 xg for 2 mins at 4°C. Once filtered, the His-Ste14 

sample was applied to a Superdex S200 column pre-equilibrated with filtered Tris-HCl buffer 

(25mM Tris-HCl, a 50mM NaCl, pH 6.0) with the addition of 0.05% DDM and 2mM DTT at 4°C 

and spectra was collected at 280nm. Fractions containing purified protein were pooled, 

concentrated to a volume under 300µL in a new 30,000 MWCO concentrator and immediately 

incorporated into nanodiscs. 
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 Incorporation of His-Ste14 into Nanodiscs 

E. coli polar lipid extract (15mM) was dissolved in Tris-HCl buffer (1.5% DDM, 100µM 

NaCl, and 20mM Tris-HCl pH 6.0). Lipids were added to purify His-Ste14 (~300µM, section 4.2.5) 

at a 1:1 ratio and solubilized together for 10 minutes on ice. During this time, Bio-Beads™ SM-2 

resin was washed three times with Tris-HCl buffer (1.5% DDM, 100µM NaCl, and 20mM Tris-

HCl pH 6.0) at a 1:1 ratio. MSP 1E3D1 nanodiscs were added to the lipid, protein mixture at a 

1:2:2 ratio respectively in Tris-HCl buffer (1.5% DDM, 100µM NaCl, and 20mM Tris-HCl pH 

6.0). Bio-Beads™ SM-2 resin was added to the solution in order to remove excess detergent from 

the sample. The solution was rocked overnight at 4°C. Next, Talon® cobalt metal affinity beads 

were washed three times with Tris-HCl buffer (1.5% DDM, 100µM NaCl, and 20mM Tris-HCl 

pH 6.0). The His-Ste14, nanodisc, and lipid solution was removed from the Bio-Beads™ SM-2 

resin and added to the cobalt resin for 1 hour at 4°C. The resin was washed three times with Tris-

HCl buffer (1.5% DDM, 100µM NaCl, and 20mM Tris-HCl pH 6.0) by centrifugation at 8000 xg. 

His-Ste14 was eluted off the resin with Tris-HCl buffer containing 400mM imidazole. All eluted 

protein was pooled and concentrated at 5000 xg in a 30,000 MWCO concentrator at 4°C until the 

final volume was ~300 µL. Concentrated protein was filtered in centrifugal filter units (0.22 µm) 

GV Durapore® by centrifuging at 12,000 xg for 2 mins at 4°C. Once filtered, the His-Ste14 sample 

was applied to a Superdex S200 column pre-equilibrated with filtered Tris-HCl buffer (25mM 

Tris-HCl, a50mM NaCl, pH 6.0) with the addition of 0.05% DDM and 2mM DTT at 4°C and 

spectra were collected at 280nm. Again, fractions containing purified protein were pooled, 

concentrated to a volume under 300µL in a new 30,000 MWCO concentrator. Samples were either 

diluted to concertation needed for negative stain EM, cryo-EM, or flash frozen in liquid nitrogen 

and stored at -80°C. Pure protein concentration was determined using an Amido Black protein 

assay.25 

 

 Negative Stain EM Sample Preparation and Imaging 

Purified His-Ste14 (3 µL at 0.05 mg/mL) was applied to glow-discharged carbon coated 

400-mesh copper grids and stained with 0.75% uranyl formate.26 Samples were imaged with a FEI 

Tecnai G2 T20, 200 kV LaB6 filament scanning transmission electron microscope (TEM) operated 

at 200 kV. Micrographs were collected with a US1000 2K x 2K CCD camera, using a 1 second 
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exposure time, and an intended defocus range of -1.19 to -1.6 µm. The magnification was 71,000, 

resulting in a sampling of 1.56 Å/pixel at the protein level. 

 

 Cryo-EM Sample Preparation and Imaging 

Purified His-Ste14 (3 µL at 0.8 mg/mL) was applied to glow-discharged carbon coated 

400-mesh copper grids and vitrified using a Vitrobot.26 Samples were imaged with a FEI Talos 

F200C transmission electron microscope (TEM) with Ceta 4K x 4K camera and K2 summit direct 

electron detector for initial screening. Titan 80-300 kV environmental transmission electron 

microscope (TEM) operated at 300 kV was used to obtain higher resolution images. Micrographs 

were collected using a Falcon 3EC direct electron detector, 3.2 second exposure time, and an 

intended defocus range of 1.5 to 2.5 µm. The magnification was 81,000, resulting in a sampling of 

0.54 Å/pixel at the protein level and dose of 53.67 e-/ Å2. 

 

 Introduction of His-Ste14 into Nanodiscs 

Initial negative stain EM images of purified His-Ste14 in DDM were taken with 

unsuccessful results (data not shown). 1xEQ and HEPES buffer, pH 6.0 were used for the 

preliminary analysis. Both buffers resulted in low protein homogeneity and little contrast between 

sample and carbon background. Therefore, a new approach was needed to obtain structural 

analysis of His-Ste14. As discussed earlier, the nanodisc system allows for the stabilization of 

membrane proteins in a stable and monodisperse state.27 Thus, we successfully incorporated His-

Ste14 into MSP 1E3D1 nanodiscs (Figure 4.1). Size exclusion chromatography (SEC) was used 

to purify His-Ste14 and remove any excess nanodiscs in the buffer solution after solubilization 

(Figure 4.1A). Fractions collected between ~12mL and 17mL were identified as His-Ste14, while 

~25mL to ~27mL was empty nanodiscs (Figure 4.1B-D). After SEC fractions were pooled and 

concentrated, the methyltransferase activity was examined compared to previously purified His-

Ste14 in DDM without being incorporated in nanodiscs (Figure 4.1B). Compared to the positive 

control, His-Ste14 in nanodiscs retained 88.3% activity. There was no statistical difference in the 

methyltransferase activity levels based on one-way ANOVA followed by Dunnett’s multiple 

comparisons test vs. His-Ste14 control. The small percent of activity that was lost could be due to 

the overnight incubation with the nanodiscs at 4°C. His-Ste14 is unstable, even at cool temperature, 

and may have broken down during that necessary protocol step. Immunoblot and Coomassie stain 
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analysis confirmed His-Ste14 incorporation into nanodiscs (Figure 4.1 C & D). Nanodiscs do not 

have myc-tags and will not appear on any immunoblots but will appear in Coomassie stains. Wash 

steps during the purification process indicated nanodiscs were present on the Coomassie stain 

(~30kDa) but were not present on the immunoblot. During the wash steps, excess nanodiscs were 

successfully being removed from the buffer. In the Coomassie, the fractions from SEC exhibited 

two bands, His-Ste14 (~35kDa) and nanodiscs (~30kDa), indicating that His-Ste14 is incorporated 

into the nanodisc system. While in the immunoblot, only one band we visualized at ~35kDa, 

indicating His-Ste14 presence. Both gels had two controls: (1) a purified His-Ste14 control that 

was purified in DDM and (2) empty nanodiscs. The control bands align with the nanodiscs and 

pure His-Ste14 in our final sample, confirming our results.   

 

 Negative Staining with His-Ste14 Incorporated into Nanodiscs 

In negative stain EM, His-Ste14 incorporated into nanodiscs was adsorbed onto the surface 

of an EM grid that had undergone glow-discharge. The top layer of the grid was comprised of a 

thin layer of carbon, a hydrophobic surface. Glow-discharge is used to negatively charge the 

carbon grid so polar substances (purified His-Ste14) will adhere to the surface. Based on Ohi et 

al., the His-Ste14 (0.05mg/mL) was quickly enveloped with uranyl formate (0.75%), an electron-

dense stain.28 The addition of the stain created a high contrast between the background (stained) 

and the protein (unstained) due to His-Ste14 being less electron dense than the uranyl formate 

background.26 After the sample was washed with ddH2O and dried, the grid was imaged with the 

FEI Tecnai G2 T20, transmission electron microscope (TEM) (Figure 4.2). Distinguishable 

particles were seen in all images similar in size to MSP 1E3D1 nanodiscs. Although the particles 

could be empty nanodiscs, we believe His-Ste14 is still embedded inside the scaffolding protein 

based on the Coomassie stained SDS-PAGE, immunoblot, and methyltransferase activity assay 

described in section 4.3.1. His-Ste14 is a small membrane protein that we believe is mostly within 

membrane and therefore, would not alter the dimensions of an empty nanodisc.29,30 Preliminary 

analysis of the data sets needs to be performed to determine dominant 2D class averages for each 

set of particles. 
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 Preliminary Cryo-EM Data Analysis 

One attempt at cryo-EM was attempted with His-Ste14 incorporated into nanodisc (Figure 

4.3). During the screening processes, micrographs contained particles in the ice at approximately 

the expected size (has a height of 4.5-5.6nm and a diameter of 9.7-12.9nm). Unfortunately, when 

higher resolution images were obtained, the ice appeared to have melted and 2D reconstructions 

were not possible. We must repeat this experiment under the exact same conditions to potential 

obtain critical information about the structure of His-Ste14. These promising results provide 

evidence that particles are observable and that it could be possible to do a full data collection and 

possible reconstruction. 

 Future Directions  

Cryo-EM was attempted due to a promising initial Talos screening. Unfortunately, samples 

assessed on the Titan transmission electron microscope melted prior to data collection (Figure 4.3). 

This could occur during grid freezing, transfer from forceps to storage box, grid dripping, or upon 

transfer of the clipped grid to the autoloader Thus, it would be advantageous to repeat the same 

experiment as described above. This is an extremely promising field of study and should be 

pursued. Additionally, the His-Ste14 negative stain EM could undergo 2D class averaging for each 

set of particles (Figure 4.2). The goal of this technique is to determine the density of an object 

from a set of 2D projections obtained from a set of low-dose cryo-EM images of individual 

macromolecules.31-33 Our collected data would be processed with RELION 3.1 and raw 

micrographs would be CTF-corrected. Although the resolution of negative stain EM structures are 

low, it would provide better insight on the basic structure and oligomeric state of His-Ste14. 

There are also other purification conditions worth troubleshooting to aid in the production 

of better-quality images for negative staining EM and cryo-EM. His-Ste14 could undergo 

purification with a lower salt concentration, solubilization with detergents like C12E7 or LMNG, 

or the utilization of affinity grids, antibodies, or graphene grids.34-38 All of these conditions have 

improved the quality of protein structures previously published. 
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Figure 4.1 

Confirmation of His-Ste14 incorporated into MSP 1E3D1 nanodiscs. 

(A) Size exclusion chromatography (SEC) analysis of His-Ste14 after solubilization with MSP 

1E3D1 nanodiscs. (B) In vitro vapor diffusion methyltransferase activity assay of His-Ste14 after 

SEC purification in nanodiscs. All specific activities were characterized as pmol of methyl groups 

from [14C]-SAM transferred to the AFC substrate per minute of assay per mg of purified His-Ste14. 

These activities were calculated after subtracting out background counts from the average of the 

negative control samples (ddH2O added to buffer in place of pure protein). Percent activity 

compared to His-Ste14 purified in DDM at pH 6.0 (not in nanodiscs) was calculated. Each 

experiment had three samples per condition ± S.D. No significant difference between the two 

values based on a ratio paired T-test comparison of His-Ste14 in nanodiscs vs. His-Ste14 control. 

(C) Expression levels of purified His-Ste14 in nanodiscs indicated by immunoblotting: protein 

samples (0.1µg) were run on a 10% SDS-PAGE followed by immunoblot analysis with α-myc 

(1:10,000) and goat α-mouse IgG-HRP (1:2,500). Immunoblots were visualized with ECL. (D) 

Determination of purity of protein samples via Coomassie staining on 10% SDS-PAGE. (C & D) 

Samples in each lane were as followed: Lane 1 – Purified His-Ste14 solubilized in DDM (positive 

control), Lane 2 and 3 – Buffer from wash steps of Talon® cobalt metal affinity resin after 

nanodisc solubilization, Lane 4 - Purified His-Ste14 in nanodiscs, peak that eluted at ~12-15mL, 

and Lane 5 – Empty nanodiscs. 
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Figure 4.2 Unadjusted micrograph field views of His-Ste14 in nanodiscs using negative staining 

EM. 

(A-D) Different field views of His-Ste14, indicating consistence in size and shape. Scale bars were 

50nm and added using Gatan Inc., version 2.31.734.0  
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Figure 4.3 Unadjusted micrograph field views of His-Ste14 in nanodiscs using negative cryo-

EM. 

 Images were taken with the FEI Talos F200C transmission electron microscope and Falcon 3EC 

direct electron detector. Homogenous particles with good contrast were observed. Thank you to 

Prof. Nicolas Noinaj’s laboratory for aiding in cryo-EM data collection. 
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 CHARACTERIZATION OF THE OLIGOMERIC STATE 

OF STE14 AND THE GXXXG DIMERIZATION MOTIF 

 Introduction 

Griggs et al previously reported that Ste14 functions as a dimer or higher order oligomer 

using biochemical co-immunoprecipitation and dominant- negative activity experiments.1 Ste14 

possesses a tandem S27XXXG31XXXG35XXXG39 motif located in transmembrane domain one 

(TM1) (Figure 5.1). This repeating GXXXG motif was determined to be important for the 

dimerization of several membrane proteins, the first being glycophorin A (GpA).2,3 Since the 

discovery of this repeating GxxxG sequence, other integral membrane proteins with the 

dimerization motif have been identified including, ATP binding cassette subfamily G member 2 

(ABCG2), yeast ATP synthase, human carbonic anhydrase (CA), Helicobacter pylori vacuolating 

toxin, and yeast α-factor receptor.4-9 Senes et al. used genetic and evolutionary studies to determine 

that the GxxxG motif was commonly found in transmembrane domain sequences, suggesting that 

the sequence had evolved as a necessary motif.10  

The chemical characteristics of the glycine residues in the GxxxG motif are essential for 

dimerization formation. The glycine amino acid side chain is composed of one hydrogen atom, 

making the residue small and nonpolar. Since the glycine residues in the repeating GxxxG motif 

are every four amino acids, they are positioned on the same face of their transmembrane alpha 

helix tertiary structure. Due to the small amino acid side chain, the glycine’s create a flat surface 

on the alpha helix, which permits the close packing of two GxxxG motifs to form a dimer in the 

membrane. Additionally, it has been shown that the residues surrounding each glycine, such as 

serine, threonine, and tyrosine, are also important for dimerization due to the formation of potential 

intramolecular hydrogen bonds.11 Moreover, leucine, valine, and isoleucine residues can form van 

der Waals interactions, which can further stabilize the protein dimer 11 

We predict Ste14 dimerizes through TM1 at the N-terminal end of two monomers of the 

enzymes. Overall, there are no crystal structures or three-dimensional models of Ste14 or hIcmt 

due to the difficulty of purifying and crystallizing integral membrane proteins. Currently, two Icmt 

crystal structure models exist: an archaea Icmt orthlog, Methanosarcina acetivorans (Ma-Icmt), 

and a eukaryotic Icmt, Tribolium castaneum Icmt (beetle-Icmt).12,13 Sequence alignment analysis 

showed that the dimerization motif is present in eukaryotes domain but not in the archaea, Ma-
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Icmt (Figure 5.2). Although a useful original model, the Ma-Icmt crystal structure shares low 

sequence identity and similarity to hIcmt, ~32% and ~50%, respectively. Specifically, only 

residues in the C-terminal half of the enzyme were conserved. This model was not ideal because 

the enzyme has two fewer helices than Ste14 and does not include the proposed dimerization 

motif.12 The beetle Icmt sequence shares 58% identity and 72% similarity with hIcmt and both 

proteins contain eight transmembrane domains.13 Crystal structure of beetle Icmt revealed a 

monomer.13 In this enzyme, a GxxxG motif can be found in TM1 and TM3.13 Long et al. predicted 

the two GxxxG stabilize each other rather than form a dimer.13 TM3 of beetle Icmt corresponds to 

TM1 of Ste14, while TM1 of beetle Icmt does not exist in Ste14.13  

Previously, our lab assessed the effects of changing the amino acid residues of His-Ste14 

comprising the GXXXG motif on protein dimerization, expression, activity, and folding (see 

publications). First, wild-type His-Ste14 and cysteine-less, triple alanine mutant, His-Ste14-TA, 

were expressed in Saccharomyces cerevisiae (S. cerevisiae) and we demonstrated their ability to 

form homodimers following the addition of glutaraldehyde. Additionally, we performed cysteine 

scanning mutagenesis on residues in TM1, which were used to determine which amino acids are 

in close enough proximity to promote in dimerization. Briefly, sulfhydryl-specific crosslinkers of 

varying-length, Bis-maleimidoethane (BMOE) and Bis-maleimidohexane (BMH), were used to 

investigate the ability of each amino acid in TM1 to form a dimer. Cross-linking with the 

sulfhydryl reactive 13 Å cross-linker, BMH, revealed that cysteine mutants on that same side of 

the alpha helix in TM1 formed strong dimers as observed in immunoblot analysis. Similar results 

were obtained with the shorter 8 Å cross-linker, BMOE. Together, these results indicate that the 

residues on the same side of the alpha helix formed by TM1, contribute to the dimer formation of 

His-Ste14 as shown in helical wheel projections. Finally, these results were confirmed with tryptic 

digestion experiments followed by immunoblot analysis. During tryptic digestion, typsin cleaves 

protein at lysine and arginine amino acids. We found that His-Ste14 and His-Ste14-TA have the 

same cleavage pattern when visualized by immunoblot. If the His-Ste14-TA cysteine mutant is 

misfolded due to the introduction of the cysteine residue in TM1, the cleavage sites may be altered. 

Several mutants had altered cleavage patterns including all the glycine residues in the GxxxG 

repeating motif (His-G31C-TA, His-G35C-TA, His-G39C-TA), as well as His-S27C-TA, His-

Y28C-TA, and His-L30C-TA. Therefore, we believe these residues are important for protein 

folding and potentially for dimerization. 
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Here, a combination of size-exclusion chromatography, multi-angle light scattering and 

small-angle X-ray scattering (SEC-MALS-SAXS) experiments were used to determine the 

oligomeric state of His-Ste14. These biophysical experiments corroborate the biochemical finding 

that His-Ste14 forms a dimer. 

 Materials and Methods 

 Materials 

Sf9 cells and ES 921 media were purchased from Expression Systems (Davis, CA). The 

monoclonal α-myc IgG and the polyclonal goat-α-rabbit IgG HRP conjugate were purchased from 

Invitrogen Life Sciences (Carlsbad, CA). Enhanced chemiluminescence (ECL), The pFastBac-

Dual vector was purchased from ThermoFisher (Waltham, MA). BigDye® Terminator v3.1 was 

obtained from Applied Biosystems (Foster City, CA) through the Purdue University Genomics 

Facility. 4-(2-aminoehtyl)-benzenesulfonylfluoride hydrochloride (AEBSF), aprotinin, and 

dithiothreitol (DTT) were purchased from Gold Biotechnology (St. Louis, MO). The substrate N-

acetyl-S-farnesyl-L-cysteine (AFC) was purchased from Enzo Life Sciences (Farmingdale, NY). 

14C-labelled S-adenosyl-L-methionine ([14C]-SAM) was purchased from Perkin Elmer (Waltham, 

MA). N-Dodecyl-β-D-maltopyranoside (DDM) was purchased from Anatrace (Maumee, OH). 

Nitrocellulose membrane (0.22 µm) and Superdex S200 column were purchased from GE 

Healthcare Life Sciences (Pittsburg, PA). Talon® cobalt metal affinity resin was purchased from 

Clontech (Mountain View, CA). Amicon Ultra 30,000 MWCO concentrators and centrifugal filter 

units (0.22 µm) GV Durapore® were purchased from Millipore Co. (Billerica, MA). Poly-Prep® 

chromatography columns were purchased from Bio-Rad Laboratories (Hercules, CA). Biosafe II 

scintillation fluid and Bio-Beads™ SM-2 resin were purchased from Research Products 

International (Mount Prospect, IL). All other materials and reagents were purchased from Fisher 

Scientific (Hampton, NH).  

 

 Expression and Membrane Preparation of His-Ste14 from Insect Cell Lines  

cDNA encoding S. cerevisiae His-Ste14 was subcloned into the pFastBac-Dual vector with 

the addition of ten histidine residues (His10-), and three myc tags with the sequence 5’ 

EQKLISEEDL 3’ (myc3-). The gene and vector sequence were confirmed with bidirectional dye-

terminator sequencing (BigDye® Terminator v3.1). Protein was expressed in baculovirus-infected 
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Sf9 and harvested from ES 921 media with 1x pencillin-streptomycin at 48 h post-infection. 

Pelleted cells were flash frozen for crude membrane preparation. Briefly, the insect cell pellets 

were thawed and resuspended in ~20mL of lysis buffer per 20g of cell pellet harvested (50 mM 

mannitol, 50 mM Tris-HCl, pH 7.5, 1% aprotinin, 1 mM AEBSF and 2mM DTT) and were rocked 

for 15 min at 4°C. Typically, 20g of cell pellet is equivalent to 750mL of cells harvested. The 

resuspended pellets were lysed via dounce homogenization and isolated via ultracentrifugation at 

100,000 x g for 1 hour at 4°C. Following centrifugation, the membrane pellet was resuspended in 

~2mL buffer (300 mM mannitol, 50 mM Tris-HCl, pH 7.5, 1% aprotinin, 1 mM AEBSF and 1mM 

DTT, 10% glycerol), aliquoted, flash frozen in liquid nitrogen and stored at -80°C. Total protein 

concentration was determined using the Bradford protein assay.14  

 

 In vitro Methyltransferase Vapor Diffusion Assay of Yeast and Insect Cell Crude 

Membranes 

An in vitro methyltransferase vapor diffusion assay was performed as previously 

described.15 Briefly, reactions were prepared in a 100mM Tris-HCl, pH 7.5 buffer, containing 

crude membranes overexpressing His-Ste14 (CH2704) or His-Ste14 isolated from insect cell lines 

(5µg), AFC (200µM), and [14C]-SAM (20µM). The negative control reaction contained His-Ste14 

(CH2714, 5µg), a yeast deletion strain of ste14Δ, and all other components described above. 

Samples were incubated for 30 mins at 30°C and then were stopped with 50 µL of 1 M NaOH/1% 

SDS (v/v). Each reaction (100µL) was spotted onto a filter and placed in the neck of a scintillation 

vial filled with Biosafe II scintillation fluid (10mL) and capped at room temperature. After three 

hours, the filters are thrown out and the vials were placed in a Packard Tri-Carb 1600CA liquid 

scintillation counter in order to detect the [14C]-methyl that diffused off the filters. All specific 

activities were characterized as pmol of methyl groups from [14C]-SAM transferred to the AFC 

substrate per minute of assay per mg of His-Ste14 (CH2704) or His-Ste14 isolated from insect cell 

lines. These activities were calculated after subtracting out background counts from the average of 

the negative control samples. Each experiment was performed in triplicate. 

 

 SDS-PAGE Staining and Immunoblot Analysis 

Crude membrane extracts overexpressing His-Ste14 from Sf9 cells (1µg) or purified His-

Ste14 from Sf9 cells (0.1µg for immunoblot and 1.0µg for Coomassie stain) were separated on a 
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10% SDS-PAGE. Gels incubated with Coomassie stain (0.25% (w/v) Coomassie Brilliant Blue R-

250, 80% methanol and 20% acetic acid) overnight, then incubated with Destaining Solution (30% 

methanol, 10% acetic acid) until all excess dye was removed. Once bands were visualized, the gel 

was rinsed in ddH2O, and then incubated in Casting Solution (5% glycerol, 20% ethanol) and 

preserved in cellophane. For immunoblot analysis, gels were transferred to a nitrocellulose 

membrane (0.22 µm) and the nitrocellulose membrane was blocked in 20% (w/v) non-fat dry milk 

in phosphate-buffered saline (2.70 mM KCl, 137 mM NaCl, 4.00 mM Na2HPO4, 1.80 mM 

KH2PO4, pH 7.4) with 0.05% (v/v) Tween-20 (PBST) at room temperature for 3 hours. After three 

washes with PBST, the membranes were incubated with α-myc (1:10,000) antibody in 5% (w/v) 

non-fat dry milk in PBST at 4°C overnight. After an additional three washes with PBST, the 

membranes were incubated with goat α-mouse IgG-HRP (1:2,500) antibody in 5% (w/v) non-fat 

dry milk in PBST at room temperature for 1 hour. The membrane was washed three more times 

with PBST and visualized with enhanced chemiluminescence (ECL) on a GeneGnome XRQ.  

 

 Purification of His-Ste14 

Purification of His-Ste14 was performed as previously described.15 Briefly, the crude 

membranes overexpressing the protein of interest were solubilized in a solution of 0.02M 

imidazole, 1% DDM, 1xEQ buffer (50mM Na2HPO4, 300 mM NaCl, pH 6.0) with the addition of 

10% glycerol and 2mM AEBSF. It is essential for the pH to be 6.0 or else protein will aggregate 

(see chapter 2). For the solubilization reaction, crude membranes were at a final concentration of 

5 mg/mL. The reaction was rocked at 4°C for 1 hr. The resulting mixture was centrifuged at 

100,000 xg for 45 mins. The soluble fraction was incubated for 1 hour at 4°C with Talon® cobalt 

metal affinity beads equilibrated in 1xEQ buffer (pH 6.0) with the addition of 10% glycerol and 

2mM AEBSF. After the protein was bound to the resin, the solution was centrifugated at 350 xg 

for 2 mins at 4°C and the remaining buffer was removed via aspiration. Next, the beads underwent 

four wash steps: 1xEQ buffer (pH 6.0) buffer was added to the resin and was allowed the rock at 

4°C for 10 mins followed by centrifugation at 350 x g for 2 min before aspiration of excess buffer. 

The resin was washed twice with buffer A (1xEQ buffer (pH 6.0) with the addition of  1% DDM 

and 40mM imidazole), once with buffer B (1xEQ buffer (pH 6.0) with the addition of 1% DDM, 

500mM KCl, and 40mM imidazole), and once with buffer C (1xEQ buffer (pH 6.0) with the 

addition of 0.1% DDM, 500mM KCl, and 40mM imidazole). After the final wash, buffer C was 
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not aspirated, but instead and loaded onto a Poly-Prep® chromatography column. His-Ste14 was 

eluted from the cobalt resin with elution buffer (1xEQ buffer (pH 6.0), 0.1% DDM, 1M imidazole, 

and 2mM AEBSF).  

Collected protein was concentrated at 5000 xg in a 30,000 MWCO concentrator at 4°C 

until the final volume was ~1mL. Concentrated protein was filtered in centrifugal filter units (0.22 

µm) GV Durapore® by centrifuging at 12,000 xg for 2 mins at 4°C. Once filtered, the His-Ste14 

sample was applied to a Superdex S200 column pre-equilibrated with filtered 1xEQ buffer (50mM 

Na2HPO4, 0.3 M NaCl buffer, pH 6.0) with the addition of 0.05% DDM and 2mM DTT at 4°C 

and spectra was collected at 280nm. Fractions containing purified protein were pooled, 

concentrated to a volume under 300µL in a new 30,000 MWCO concentrator, immediately flash 

frozen, and stored at -80°C. Pure protein concentration was determined using an Amido Black 

protein assay. 

 SEC-MALS-SAXS data collection and analysis 

SEC-MALS-SAXS experiments were performed at beamline 18-ID (BioCAT) of the 

advanced photon source (APS) at Argonne National Laboratory using a Pilatus3 1M detector (160 

µm x 75 µm) and a 12 KeV X-ray with 1.033 wavelength and ~3.5 m sample-to-detector distance. 

All protein was purified in a buffer comprised of 50mM Na2HPO4, 0.3M NaCl, 2mM DTT, and 

0.05% DDM, pH 6 and concentrated to ~5.0 mg/mL at 300µL. To avoid aggregation, samples 

should never exceed 7.0 mg/mL at 300µL. The purified protein samples were loaded on the SEC 

column with an exclusion limit of 2.5 MDa (WTC-030S5, Wyatt Technologies), which was 

followed by a UV detector, a multi-angle light scattering (MALS) detector, a dynamic light 

scattering (DLS) detector (DAWN Helios II, Wyatt Technologies), a differential refractive index 

detector (Optilab T-rEX, Wyatt Technologies) and finally the SAXS flow cell. 0.5 s exposures 

were acquired every 3 s at a flow rate of 0.8mL/min. The exposures either flanking or on either 

side of the elution peak were averaged to generate a buffer file that was subtracted from the 

exposures corresponding to selected regions of the elution peak to get the I(q) vs q SAXS curves. 

Data analysis was performed using the ATSAS package.17 PRIMUS from the ATSAS program 

suite was used to perform buffer subtraction, Guinier approximation based forward scattering (I0) 

analysis, and radius of gyration (Rg) determination.18 Scattering curves were further analyzed using 

GNOM and RAW for the calculation of I0, Rg, distance distribution P(r), maximum dimension 
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(Dmax).
18,19 Molecular weights were calculated from the MALS data using the ASTRA software 

(Wyatt Technologies).  Plots were generated from buffer subtracted averaged data and plotted 

using GraphPad Prism v.7.0. 

 Results and Discussion  

Size exclusion chromatography (SEC) was used to identify the oligomeric state and 

homogeneity of His-Ste14. The fractions corresponding to the largest peak (and percentage of His-

Ste14) was collected and analyzed with MALS and SAXS (Figure 5.3). The largest peak 

automatically proceeds to MALS and SAXS without manual manipulation. Additionally, it is 

important to understand that this is the second time the sample undergoes SEC. SEC must be 

performed in the initial purification process before SEC-MALS-SAXS experiments are performed 

at Argonne National Laboratory to remove potential contaminants. In the UV trace, the largest 

percent of His-Ste14 elutes ~16 mins. Other peaks of lesser heights can be seen at other elution 

times, yet several of them are excess DDM micelles. DDM micelles can absorb UV light at 280nm. 

Next, multi-angle light scattering occurred when laser light was passed through the purified 

His-Ste14 sample. The oscillating electric field from the light induced an oscillating dipole within 

the His-Ste14 sample. This oscillating dipole re-radiated the light and the intensity of that light is 

dependent on the magnitude of the dipole induced by His-Ste14. The MALS detector can measure 

the intensity of the scattered light of the His-Ste14 sample at specific SEC elution times. The 

largest peak for light scattering was also detected at ~16mins, aligning with the UV spectra (Figure 

5.3A). Light scattering and UV spectra will absorb at the same time if protein is in the sample. 

With the ATSUS program, the MALS data was used to calculate the molecular weight of His-

Ste14 (at ~16mins) to be 67.26kDa ± 2.811.17 His-Ste14 is predicted to have a molecular weight 

of ~35kDa and ~70kDa for monomer and dimer, respectively (Figure 5.3A). Therefore, our His-

Ste14 samples are most likely in a native dimeric conformation. 

Immediately following MALS, SAXS was performed by measuring the intensity and 

scattering angle of an X-ray after passing through the His-Ste14 sample from the ~16min elution. 

The raw scattering data of His-Ste14 was used to better understand its structural characteristics 

(Figure 5.3B). Guinier analysis, ln(l) (beam intensity) vs. q2 (scattering angle), at low values of q, 

was performed. The Guinier plot was consistent with the absence of aggregates and was also used 

to determine the radius of gyration (Rg) to be 37.6 ± 0.303 (Figure 5.3C, Table 5.1). The linearity 
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of the relationship between ln(l) and q2 indicates that purified His-Ste14 is not aggregated. Pair-

distance distributions, P(r), with maximum intramolecular distances (Dmax) shown for His-Ste14, 

indicates an oligomeric state due to the two distinct peaks.16 The Dmax was determined to be 104Å 

(Figure 5.3D, Table 5.1). The Dmax calculated with MALS was consistent with the dimensional 

maximum vector length in our three-dimensional His-Ste14 dimeric model (~100kDa) utilizing 

Pymol and GalaxyWEB.20 

 Future Directions  

To confirm that His-Ste14 functions as a dimer, it would be interesting to create mutations 

in the enzyme in order to isolate the His-Ste14 monomer. One or more mutations could be made 

in the GXXXG repeating motif to break the interactions between two His-Ste14 enzymes, followed 

by analysis with SEC-MALS-SAXS (Appendix A). Alternatively, truncations of TM1 may be 

interesting to analyze as well. Although it would not be function, we would be able to compare the 

dimeric SEC-MALS-SAXS data to monomer SEC-MALS-SAXS data. As discussed in Chapter 

four, His-Ste14 can be incorporated into nanodiscs. Analyzing His-Ste14 with SEC-MALS-SAXS 

in a more native and stable environment may be an interesting continuation of this research.  
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Figure 5.1 Topology of Saccharomyces cerevisiae Icmt, Ste14. 

Ste14 contains a motif of interest for dimerization, SXXXGXXXGXXXG, consisting of residues 

27 to 39. The glycine and serine residues allow for helix-helix interaction between monomer Ste14 

protein to form hydrogen bonds without causing steric hindrance. Light blue residues represent the 

glycine or serine amino acids in the repeating GXXXG motif, while purple residues represent the 

“X” amino acids. Pink residues indicate the remainder of the TM1 residues in Ste14, residues 25 

to 43, utilized in experiments described under Publications. 
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Figure 5.2 Sequence alignment of Icmt orthologs. 

Sequence alignment of human Icmt (hIcmt; 284 residues), Saccharomyces cerevisiae Icmt (Ste14; 

239 residues), Tribolium castaneum Icmt (beetle, 281 residues), the Icmt found in Anopheles 

gambiae (Ag-Icmt; 283 residues), and the prokaryotic enzyme from Methanosarcina acetivorans 

(Ma-Icmt; 194 residues). UniProt accession numbers for the Icmt ortholog sequences are as 

follows:  O60725, P32584, D6WJ77, Q8TMG0, and Q7PXA7, respectively. Alignment was made 

using Clusteral Omega and Jalview 2.10.5.,21,22 Colored boxes denote residues with similar 

properties: glycine is orange, acidic amino acids are purple, proline is yellow, nonpolar amino 

acids are light blue, histine and tyrosine are turquoise, basic amino acids are red, and remaining 

polar, neutrally charged amino acids are green. The red dashed box surrounds the GXXXG motif 

in Ste14. 
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Figure 5.3 Characterization of Ste14 via SEC-MALS-SAXS confirms dimerization state. 

(A) SEC-MALS indicated one molecular weight for purified Ste14. Extrapolated averaged 

molecular weights estimate a molecular mass of 67.26kDa ± 2.811 and confirms the homodimeric 

nature of Ste14 (~70kDa). (B) Log beam initially (l) vs scattering angle magnitude (q), after buffer 

subtraction. (C) Guinier plot of low q values, ln(l) vs. q2, with radius of gyration (Rg) and y-

intercept (I0). Fitting of the blue line to the data is represented by residuals at the top of the plot. 

Rg was determined to be 37.6 ± 0.303. (D) P(r) plot with maximum interparticle distance (Dmax) 

of ~104Å.  
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Table 5.1 SAXS structural parameters of His-Ste14 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

Pure Ste14 

Guinier analysis 

I(0) (cm-1) 7.32e-10-5 ± 3.97e-10-7 

Rg (Å) 37.6 ± 0.303 

q min (Å -1) 0.0122 

q range (Å -1) 0.0122 - 0.0278 

r2 (linear fit) 0.9284 

P(r) analysis 

I(0) (cm-1) 7.94e-10-5 ± 6.96e-10-7 

Rg (Å) 52.3 

Dmax (Å) 104 

Porod Volume (Å-3) 52,100 

q range (Å -1) 0.0122 - 0.0313 



 

 

141 

 

 

 

 

 

 

 

 

Figure 5.4 Predicted structural model of Ste14 dimerization. 

TM1 residues of two Ste14 molecules are shown in pink and purple. The glycine residues (cyan) 

comprising the repeating GXXXG motif in TM1 create a groove for the close packing of another 

transmembrane helix. Tyrosine 28 (yellow) and proline 42 (green) may stabilize the dimerization 

interaction by contacting and holding the other helix in place. A 3D homology alignment was 

generated with I-TASSER using the beetle Icmt (5V7P) as a structural template for Ste14.23-25 

PyMol was used to generate the model. Point of contact were determined with GalaxyWEB.20 
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APPENDIX A 

Characterization of His-Ste14 mutant Y28C-TA via SEC-MALS-SAXS confirms 

dimerization state. SEC-MALS-SAXS experiments were performed at beamline 18-ID (BioCAT) 

of the advanced photon source (APS) at Argonne National Laboratory using a Pilatus3 1M detector 

(160 µm x 75 µm) and a 12 KeV X-ray with 1.033 wavelength and ~3.5 m sample-to-detector 

distance. All protein was purified in a buffer comprised of 50mM Na2HPO4, 0.3M NaCl, 2mM 

dithiothreitol (DTT), and 0.05% DDM, pH 6. The purified protein samples were loaded on the 

SEC column with an exclusion limit of 2.5 MDa (WTC-030S5, Wyatt Technologies), which was 

followed by a UV detector, a multi-angle light scattering (MALS) detector, a dynamic light 

scattering (DLS) detector (DAWN Helios II, Wyatt Technologies), a differential refractive index 

detector (Optilab T-rEX, Wyatt Technologies) and finally the SAXS flow cell. 0.5 s exposures 

were acquired every 3 s at a flow rate of 0.8mL/min. The exposures either flanking or on either 

side of the elution peak were averaged to generate a buffer file that was subtracted from the 

exposures corresponding to selected regions of the elution peak to get the I(q) vs q SAXS curves. 

Data analysis was performed using the ATSAS package (Franke, D., Petoukhov, M., Konarev, P., 

Panjkovich, A., Tuukkanen, A., Mertens, H., Kikhney, A., Hajizadeh, N., Franklin, J., Jeffries, C. 

(2017) ATSAS 2.8: a comprehensive data analysis suite for small-angle scattering from 

macromolecular solutions. J. Appl. Crystallogr. 50, 1212-1225). 

PRIMUS from the ATSAS program suite was used to perform buffer subtraction, Guinier 

approximation based forward scattering (I0) analysis, and radius of gyration (Rg) determination 

(Konarev, P. V., Volkov, V. V., Sokolova, A. V., Koch, M. H. J., and Svergun, D. I. (2003) 

PRIMUS: a Windows PC -based system for small -angle scattering data analysis. J. Appl. 

Crystallogr. 36, 1277 -1282). Scattering curves were further analyzed using GNOM (51) for the 

calculation of I0, Rg, distance distribution P(r), maximum dimension (Dmax). Molecular weights 

were calculated from the MALS data using the ASTRA software (Wyatt Technologies).  Plots 

were generated from buffer subtracted averaged data and plotted using GraphPad Prism v.7.0. 

SEC-MALS indicated one molecular weight for purified His-Y28C-TA. Extrapolated 

averaged molecular weights estimate a molecular mass of 70.0 kDa and confirms the homodimeric 

nature of this mutant. Wild-type His-Ste14 is ~70kDa as a homodimer, thus the mutation of 

tyrosine to cysteine does not break the higher order oligomer into a monomer. Log beam initially 
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(l) vs scattering angle magnitude (q) was plotted after buffer subtraction, which was termed “Raw 

Scattering Data”. Then, the Guinier plot was created at low q values, ln(l) vs. q2, with radius of 

gyration (Rg) and y-intercept (I0). Fitting of the pink line to the data is represented by residuals at 

the top of the plot. The Rg was determined to be 37.1 ± 0.262. The linearity of the relationship 

between ln(l) and q2 indicates that purified Ste14 is not aggregated. Pair-distance distributions, 

P(r), with maximum intramolecular distances (Dmax) shown for Ste14, indicates a dimeric state due 

to the two distinct peaks.P(r) plot with maximum interparticle distance (Dmax) of ~104Å. 
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Pure His-Y28C-TA 

Guinier analysis 

I(0) (cm-1) 0.0229 ± 8.429e10-5 

Rg (Å) 37.0649 ± 0.2621 

q min (Å -1) 0.00653 

q range (Å -1) 0.00653 - 0.03235 

r2 (linear fit) 0.9780 

P(r) analysis 

I(0) (cm-1) 0.0233 

Rg (Å) 40.7337 ± 0.6930 

Dmax (Å) ~110 

q range (Å -1) 0.0043 - 0.03522 
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APPENDIX B 

A preliminary X-ray crystallography experiment was performed with the following 

protocol. Briefly, the crude membranes previously isolated were solubilized in a solution of 0.02M 

imidazole, 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM), and 4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (20mM HEPES, 50mM NaCl, pH 7.2) with the 

addition of  2mM 4-(2-Aminoethyl)benzensulfonyl fluoride hydrochloride  (AEBSF). For the 

solubilization reaction, crude membranes were at a final concentration of 5 mg/mL. The reaction 

was rocked at 4°C for 1 hour. The resulting mixture was centrifuged at 100,000 xg for 45 mins. 

The soluble fraction was incubated for 1 hour at 4°C with Talon® cobalt metal affinity beads 

equilibrated in HEPES buffer with the addition of 2mM AEBSF. After the protein was 

incorporated with the resin, the solution was centrifugated at 350 xg for 2 mins at 4°C and the 

remaining buffer was removed via aspiration. Next, the beads underwent four wash steps: buffer 

was added to the resin and was allowed the rock at 4°C for 10 mins followed by centrifugation at 

350 x g for 2 min before aspiration of excess buffer. The resin was washed twice with buffer A 

(HEPES buffer with the addition of 1% DDM (w/v) and 40mM imidazole), once with buffer B 

(HEPES buffer with the addition of 1% DDM (w/v), 500mM KCl, and 40mM imidazole), and 

once with buffer C (HEPES buffer with the addition of 0.1% DDM (w/v), 500mM KCl, and 40mM 

imidazole). The solution underwent centrifugation at 350 x g for 2 min and loaded onto a Poly-

Prep® chromatography column. Then, the His-Ste14 was eluted from the cobalt resin with elution 

buffer (0.1% DDM, 1M imidazole, and 2mM AEBSF). Collected protein was concentrated at 5000 

xg in a 30,000 molecular weight cutoff (MWCO) concentrator at 4°C until the volume was under 

1mL. Concentrated protein was filtered in centrifugal filter units (0.22 µm) GV Durapore® by 

centrifuging at 12,000 xg for 2 mins at 4°C. Once filtered, the His-Ste14 was applied to a Superdex 

S200 column pre-equilibrated with HEPES buffer (with the addition of 0.05% DDM and 2mM 

Dithiothreitol (DTT)) at 4°C and spectra was collected at 280nm. Fractions containing purified 

protein were pooled, concentrated in a new 30,000 MWCO concentrator until the volume was 

under 200µL. S-adenosyl-L-homocysteine (SAH) was added to the concentrated protein at a 1:2 

ratio.  

Broad crystallization screening was performed using hanging drop method on a Mosquito 

LCP crystallization robot (TTP Labtech) with commercially available crystallization screens. 



 

 

149 

100ng were spotted for each well of the tray under high humidity and stored a 4°C for 

crystallization to occur. The trays selected for this screening was: Index, MCSG1, MCSG2, 

MCSG3, MCSG4, MemFac, MemGold, MemSt/Sys, and TOP96. Although there was crystal 

development in all of the trays, no protein was observed within crystals. This could be due to a 

higher salt concentration and would be interesting to repeat at a lower concentration. Additionally, 

these experiments were not performed with His-Ste14 incorporated into nanodiscs. The next 

logical experiment would be following the above protocol with His-Ste14 within the nanodisc 

complex. 
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