
 
 

 

 

 

 

 

ABSTRACT 

PHYLOGENETIC ANALYSIS, MODELING AND EXPERIMENTAL  

STUDIES OF THE SACCHAROMYCES CEREVISIAE  

PALMITOYLATED PROTEIN KINASE  

GENE, ENV7 

By 

Stephanie M. Cocca 

May 2014 

 Env7 is a vacuole membrane-localized protein kinase that is orthologous to the 

human serine/threonine protein kinase, STK16.   It is evolutionarily well-conserved 

throughout Eukarya, and it has one ortholog in Bacteria.  Phylogenetic analyses of 

sequences homologous to Env7 revealed clades that are inconsistent with established 

eukaryotic phylogeny, suggesting that both horizontal and vertical gene transmission are 

responsible for their conservation.  Conserved amino acid residues and motifs that are 

potentially important to Env7’s catalytic activity, localization, and interactions with other 

proteins were also identified and assessed.  Additionally, one such conserved motif‒the 

glycine-rich loop‒was mutated in an effort to affect ATP binding in Env7.  The 

phenotype resulting from this mutation was a slightly increased number of mutant cells 

exhibiting multi-lobed vacuoles under normal conditions.  
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CHAPTER 1 

INTRODUCTION 

Why Study Cellular Trafficking?  Human Lysosomal Storage and Neurodegenerative 

Diseases 

 

Nearly one in every 4000-7500 newborns worldwide is diagnosed with a 

lysosomal storage disease, often accompanied by meager odds for survival past childhood 

and a high likelihood of pain and suffering (Meikle et al., 1999; Poorthuis et al., 1999; 

Pinto et al., 2004; Poupetová et al., 2010).  The lysosome is an acidic organelle in animal 

cells, and one of its major functions is to degrade cellular debris and other waste 

materials in order to keep the cell functioning properly.  Lysosomal storage diseases arise 

from genetic mutations that either result in lysosomal malfunction or that cause materials 

typically destined for the lysosome to never reach the correct target (Ballabio and 

Gieselmann, 2009).  As a result, cellular materials and wastes that are normally broken 

down in the lysosome accumulate in the cell, leading to tissue damage and even organ 

failure.   

 Lysosome-related diseases are certainly not limited to the young; many adult-

onset neurodegenerative diseases have also been linked to lysosomal trafficking 

dysfunction.  Recent research has revealed that autophagy‒the lysosomal degradation of 

cellular contents in living cells‒is impaired in the neuronal cells of individuals suffering 

from Huntington’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and 

Parkinson’s disease (reviewed in Wong and Cuervo, 2010).  For example, in 
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Alzheimer’s-afflicted neurons, autophagic vesicles containing β-amyloid peptides fail to 

fuse with the lysosome, and this malfunction leads to the toxic buildup and aggregation 

of the peptides outside of the neuron (reviewed in Nixon et al., 2008; reviewed in 

Ułamek-Kozioł et al., 2013).  Many other neurodegenerative lysosomal storage diseases 

follow a similar pattern of unsuccessful heterotypic fusion at the lysosome followed by 

harmful‒and often lethal‒accumulation of cellular materials in the brain (reviewed in 

Platt et al., 2012). 

 In addition to errors in cellular trafficking involving the lysosome, 

neurodegenerative diseases have been associated with abnormal fragmentation of the 

Golgi apparatus in mammalian neuronal cells.  These dynamic organelles, composed of 

stacked membrane-bound sacs, are responsible for modifying, sorting, and preparing 

proteins for secretion (Cooper and Hausman, 2004).  During mitosis, the Golgi 

disassemble and migrate into the daughter cell, but if this fragmentation fails to occur 

mitosis does not proceed (Robbins and Gonatas, 1964; reviewed in Warren, 1993; 

Sutterlin et al., 2002).  The Golgi seem to play a particularly important role in neurons; 

when they fragment in these non-replicating cells, apoptosis soon follows (Nakagomi et 

al., 2008).  This relationship between Golgi fragmentation and neuronal cell death has 

been observed in several neurodegenerative diseases, including ALS, Alzheimer’s and 

Parkinson’s (Gonatas et al., 2006; Fujita et al., 2006). 

Lysosomal storage diseases and neurodegenerative diseases are serious problems 

worldwide, and the cellular origins of these illnesses have proven difficult to study in 

humans directly.  The dawn of molecular genetics in the mid-20
th

 century offered 

innumerable new directions in study of such diseases, but scientists had to find a model 
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organism that was genetically suitable, inexpensive, and ethically acceptable for their 

research.  A popular microscopic organism soon became a useful tool for this research:  

Saccharomyces cerevisiae. 

Saccharomyces cerevisiae: A Model Organism for the Study of Human Disease 

 S. cerevisiae is a unicellular budding yeast‒commonly called baker’s yeast‒that 

emerged as a species no more than 20 million years ago (Taylor and Berbee, 2006; 

Scannell et al., 2007; Caudy et al., 2013).  Found ubiquitously in the environment, S. 

cerevisiae is a facultative anaerobe that humans have been utilizing for food production 

for more than 5000 years (Landry et al., 2006).  Despite its evolutionary antiquity, S. 

cerevisiae has only been associated with the study of human disease since the latter part 

of the 20
th

 century.  In addition to its quick reproductive cycle, highly efficient mitotic 

recombination, and easily-controlled growth and proliferative processes, S. cerevisiae is 

an economic alternative to more-complicated eukaryotic models (Mager and Winderickx, 

2005).  Its genome, the first of the eukaryotes to be fully sequenced, was published in 

1996 (Goffeau et al., 1996).  About 40% of S. cerevisiae genes have orthologs‒genes 

found in different species as a result of vertical transmission from a common ancestor‒ in 

the Homo sapiens genome (Botstein et al., 1997; Karathia et al. 2011).  This suggests that 

the conserved genes may perform similar functions in the two species.  These 

characteristics make S. cerevisiae an indispensable tool for lysosomal storage and 

neurodegenerative disease research. 

S. cerevisiae’s vacuole is functionally analogous to the mammalian lysosome, and 

it exhibits cell cycle-associated fragmentation similar to the mitotic disassembly of the 

Golgi in mammalian cells (Wiemken et al., 1979; reviewed in Scott and Klionsky, 1998; 
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Shorter and Warren, 2002: Gieselmann and Braulke, 2009; reviewed in Li and Kane, 

2009).  Like the lysosome, the vacuole is also the terminus for many cellular trafficking 

pathways (Figure 1) (Conibear and Stevens, 1998; Luzio et al., 2007).  Volumes of 

research since the 1970s have been testament to S. cerevisiae’s applicability to human 

medical research, particularly in the area of cellular trafficking disorders (Wiemken et al., 

1979; Bryant and Stevens, 1998; Kucharczyk and Rytka, 2001; Gieselmann and Braulke, 

2009; reviewed in Li and Kane, 2009).   

Discovery of the Late Endosome and Vacuole Interface Genes 

Research of human lysosomal storage and neurodegenerative diseases has 

demonstrated the necessity of proper cellular trafficking to the lysosome and the 

importance of the Golgi apparatus.  Scientists have utilized S. cerevisiae to detect 

possible genetic factors for impaired cellular trafficking, and many genetic and mutagenic 

analyses aimed at isolating yeast mutants defective in various aspects of cellular 

trafficking have been successfully carried out (Jones, 1977; Banta et al., 1988; Robinson 

et al., 1988; Raymond et al., 1992).  Two such studies were recently completed by our 

laboratory.  Using novel immunodetection screens, S. cerevisiae mutants defective in 

processing a late endosome-dependent pathway cargo called pro-carboxypeptidase Y 

(proCPY) were isolated (Takahashi et al., 2008; Ricarte et al., 2011).  In one set of 

deletion mutants‒named late endosome and vacuole interface (env) mutants‒proCPY 

accumulated inside the cells (Ricarte et al., 2011).  Because no proCPY was found 

outside of unlysed cells, this phenotype suggested that the cellular trafficking defect must 

have occurred between the late endosome and the vacuole.  Any problem at an earlier 

point in the endosome-dependent pathway would cause proCPY to be secreted as a  
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FIGURE 1.  Five major cellular trafficking pathways in S. cerevisiae.  The endosome-

independent  pathway (blue arrows and cargo) takes cargo via AP-3-coated vesicles 

directly from the Golgi to the vacuole.  The endocytic pathway (orange arrows and 

cargo) begins with the binding of extracellular molecules to the cell membrane’s surface.  

The cargo is then endocytosed into vesicles called early endosomes, which merge with 

vesicles from the endosome-dependent pathway to form the late endosomes.  The late 

endosomes ultimately bring their cargo to the vacuole.  The endosome-dependent 

pathway (purple arrows and cargo) begins with the translation/folding of proteins in the 

rough endoplasmic reticulum (ER).  These proteins are budded off from the rough ER in 

vesicles that travel through the Golgi forming new vesicles.  These Golgi vesicles fuse 

with the endocytic vesicles to form the late endosomes.  Again, these vesicles ultimately 

deliver their cargo to the vacuole.  The secretory pathway (dark red arrows and cargo) 

begins similarly to endosome-dependent pathway; however the Golgi vesicles form 

secretory vesicles which are targeted to the plasma membrane. There they fuse with the 

cell membrane and release their contents into the extracellular environment.  Finally, the 

autophagic pathway (green arrows and cargo) is a way for the cell to recycle its own 

material during times of stress.  Cellular contents are enveloped in the autophagosome, 

which brings its cargo to the vacuole for degradation.  (Conibear and Stevens, 1998) 
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default cellular mechanism.  Four of the ENV genes uncovered‒ENV7, ENV9, ENV10, 

and ENV11‒ were previously uncharacterized, so our lab has focused on these genes.  

Along with traditional laboratory exploration, further understanding of the ENV genes 

will require the study of similar, evolutionarily-related genes‒referred to generally as 

homologs.   

ENV7 

 ENV7 (Gene locus: YPL236C) is primary focus of this study.  It encodes an active 

364-amino acid protein kinase (Env7) that localizes to the vacuolar membrane (Huh et 

al., 2003; Manandhar et al., 2013).  Palmitoylation of its N-terminal triple cysteine motif 

(C13C14C15) is required for proper function and localization of Env7 to the vacuolar 

membrane, and divalent magnesium (Mg
2+

) is essential for its catalytic activity 

(Manandhar et al., 2013).  Under non-stressful conditions env7Δ cells do not exhibit a 

defect in vacuole morphology, but when env7Δ cells are exposed to a hypertonic 

environment the vacuoles do not stay fragmented after one hour as those in wild-type 

cells do (Ricarte et al., 2011; Manandhar et al., 2013).  A similar phenotype was observed 

in budding cells; vacuoles in env7Δ cells remained prominent during the budding process, 

unlike those of wild-type cells which fragmented (Manandhar et al., 2013).  This suggests 

that Env7 is involved with the negative regulation of vacuole membrane fusion during 

hyperosmotic stress and vacuole biogenesis.  Although it can autophosphorylate, in vivo 

phosphorylation of Env7 is dependent on Yeast Casein Kinase 3 (Yck3), a vacuole 

membrane kinase also involved in vacuole size regulation (LaGrassa and Ungermann, 

2005; Manandhar and Gharakhanian, 2013).  No phylogenetic analysis concentrated on 

ENV7 has been conducted before this study, but Serine/Threonine Kinase 16 (STK16) 
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was suggested as a human homolog for ENV7 in multiple instances (Ligos et al., 1998; 

Stairs et al., 1998; Eswaran et al., 2008).     

STK16 

 Human STK16, a 305-amino acid serine/threonine protein kinase homologous to 

ENV7 in S. cerevisiae, has had an interesting research history.  Between 1998 and 2000, 

five different groups spanning the globe converged on the gene nearly simultaneously, 

with each unfortunately giving it a different name in their own publication.  STK16 ended 

up with five aliases: Kinase Related to Cerevisiae and Thaliana (KRCT), Protein Kinase 

expressed in day 12 fetal Liver (PKL12), Embryo-Derived Protein Kinase (EDPK), 

Myristoylated and Palmitoylated Serine/threonine Kinase (MPSK1), and Transforming 

growth factor-beta (TGF-) Stimulated Factor (TSF-1) (Stairs et al., 1998; Ligos et al., 

1998; Kurioka et al., 1998; Berson et al., 1999; Ohta et al., 2000).  Eventually, to 

eliminate the ambiguity, the HUGO Gene Nomenclature Committee bestowed a single 

preferred name ‒STK16‒ upon the gene.   

 Although research of STK16 intensified at the turn of the millennium, publications 

focusing specifically on the gene have recently dwindled because of the gene product’s 

elusive function(s).  Explorations into STK16’s cellular role have proposed that it is a 

serine/threonine kinase that localizes to the Golgi and is N-terminally myristoylated and 

palmitoylated, but studies regarding the function of the Stk16 protein have not yielded 

repeatable results (Berson et al., 1999; Guinea et al., 2006; Eswaran et al., 2008).  STK16 

was even suggested to play a role in cancer angiogenesis through involvement in 

transcriptional upregulation of Vascular Endothelial Growth Factor (VEGF), but this 

supposed function has not been addressed since a single publication in 2006 (Guinea et 
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al., 2006).  The only two studied STK16 homologs in fungi ‒ENV7 in S. cerevisiae and 

ppk3 in Schizosaccharomyces pombe‒ are nonessential (Bimbó et al., 2005; Ricarte et al., 

2011).  Our lab has undertaken an extensive characterization of ENV7 in order to uncover 

more about its role in S. cerevisiae and potential functions for STK16 in humans. 

Eukaryotic Protein Kinases: Divisions and Subdomains 

Almost two decades ago, pioneering protein kinase researchers Steven Hanks and 

Tony Hunter aligned eukaryotic protein kinase domains and identified sequence regions 

that were more than 95% conserved (Hanks and Hunter, 1995).  They divided these well-

aligned portions into two divisions and twelve subdomains, creating a framework of 

conserved primary sequence elements in the eukaryotic protein kinase domain.  Hanks 

and Hunter reasoned that these conserved regions must be important to kinase activity, 

and extensive study since then has confirmed their supposition.   

The first major division of the eukaryotic protein kinase domain separates the 

protein into two lobes:  the N-lobe and the C-lobe.  The N-lobe (NH2-terminal lobe) 

primarily functions to position and bind the nucleotide, which in most cases is adenosine 

triphosphate (ATP).  The larger C-lobe (COOH-terminal lobe) is involved with substrate-

binding and transfer of the γ-phosphate from ATP.  Structurally, the N-lobe is composed 

of mostly antiparallel β-sheets, and the C-lobe is mainly comprised of α-helices 

(Bossemeyer et al., 1994; Hanks and Hunter, 1995).  The twelve eukaryotic protein 

kinase subdomains span the N- and C-lobes; subdomains I-V are part of the N-lobe, and 

subdomains VIA-XI are located in the C-lobe (Hanks and Hunter, 1995).  Their functions 

and important residues are summarized in Table 1. 
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TABLE 1.  Summary of Eukaryotic Protein Kinase Subdomains 

Lobe Subdomain Important Residues Function(s) 

N 

   

I 
GxGxxG – glycine-rich 

loop 

Forms flexible lid that folds over ATP, creating a 

hydrophobic binding pocket; interacts with α- and β-

phosphates of ATP 

   

II K – invariant lysine 

Secures/positions ATP; forms salt bridge with 

conserved glutamic acid in subdomain III; interacts 

with α- and β-phosphates of ATP 

   

III 
E – invariant glutamic 

acid 

Forms αC-helix; forms salt bridge with conserved 

lysine in subdomain II; contributes to kinase stability 

during ATP binding 

   
IV 

HxN – nearly invariant 

residues 

Anchors αC-helix to C-lobe; stabilizes protein kinase 

in active configuration 

   
V 

No observed invariant 

residues 
Connects N- and C-lobes 

C 

   
VIA 

No observed invariant 

residues 
Support of active kinase configuration 

   

VIB 
HRDxxxxN – catalytic 

loop 

Conserved aspartic acid is the catalytic base; chelation 

of Mg
2+

 ion by conserved asparagine, allowing correct 

positioning of ATP γ-phosphate for transfer; 

asparagine also stabilizes catalytic loop 

   

VII 

DFG – Mg
2+

-

positioning loop; 

activation N-terminal 

anchor 

Chelation of primary activating Mg
2+

 ion, allowing 

correct positioning of ATP γ-phosphate for transfer 

   

VIII 

APE – nearly invariant 

alanine-proline-

glutamic acid; 

activation segment C-

terminal anchor 

Peptide substrate recognition; stabilization of C-lobe 

through glutamic acid salt bridge formation with 

arginine in subdomain XI; target for phosphorylation  

for kinase activation 

   
IX 

D – invariant aspartic 

acid 

Stabilization of catalytic loop; F-helix stabilization of 

entire C-lobe 

   
X 

No observed invariant 

residues 
Least conserved of the subdomains 

   
XI 

R – nearly invariant 

arginine 

Forms stabilizing salt bridge with conserved glutamic 

acid in subdomain VIII 

Note: Information in this table was taken from:  Hanks and Hunter, 1995; Taylor et al., 

2004: Kannan et al., 2008. 
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The Current Placement of ENV7 in the Eukaryotic Protein Kinase Superfamily 

 STK16 and ENV7 are both classified as members of the NAK serine/threonine 

kinase family‒a family that does not fit into a typical eukaryotic protein kinase group.  

The NAK kinase family, named after Numb-Associated Kinase in Drosophila 

melanogaster, is a poorly-defined collection of eukaryotic protein kinases.  Its origins can 

be traced to a nearly twenty-year-old publication that briefly mentions the abnormal 

patterning of glycines in the glycine-rich loop of D. melanogaster Nak and three other 

similar kinases from Caenorhabditis elegans and S. cerevisiae (Chien et al., 1998).  The 

glycine-rich loop in subdomain I is essential for catalysis in eukaryotic serine/threonine 

kinases.  Through stearic interactions and hydrogen bonds it enfolds the ATP molecule 

and buffers it from exposure to solvent (Taylor et al., 1993; reviewed in Bossemeyer, 

1994).  The glycine-rich loop has a consensus sequence of GxGxxG, where “x” denotes 

any amino acid (Hanks and Hunter, 1995).  The first two glycines in most glycine-rich 

loops participate in phosphoryl transfer, and the third glycine contributes to the 

conformational flexibility of the loop, making it the most spatially variable part of the 

catalytic core (Hemmer et al., 1997; Grant et al., 1998).  This NAK disordered glycine-

rich loop pattern‒xxxGGx instead of GxGxxG‒is the only identical sequence feature 

shared by all of the known NAK kinases (Figure 5b); even so, the Polo-like Kinases also 

have two consecutive glycines in their glycine-rich loop (Hanks and Hunter, 1995).   

The NAK kinase family has grown to include four well-known, albeit diverse, 

sequences from H. sapiens: AP2-Associated Kinase 1 (AAK1), Cyclin-G Associated 

Kinase (GAK), BMP-2 inducible Kinase (BMP2K), and Serine/Threonine Kinase 16 

(STK16) (Manning et al., 2002).  Additionally, four kinases in S. cerevisiae ‒Actin-
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Regulating Kinase 1 (ARK1), p53-Regulating Kinase 1 (PRK1), Ark family Kinase-Like 

protein 1 (AKL1), and ENV7‒ are also thought to belong to this family (Cope et al., 

1999).  All of the human and yeast NAK kinases except for Env7 and STK16 have been 

shown to play a role in endocytosis, and their individual functions, for the most part, are 

not redundant (Cope et al., 1999; Greener et al., 2000; Zeng et al., 2001; Conner and 

Schmid, 2002; Henry et al., 2003; Smythe and Ayscough, 2003; Takahashi et al., 2008).   

Major Aims of this Study 

 The three core goals of this report concentrate chiefly on ENV7.  First, it was 

imperative to determine/augment information about ENV7’s evolutionarily relationships 

with other protein kinases and to evaluate its position as a NAK kinase.  Moreover, this 

study sought to identify evolutionarily conserved and/or potentially important amino acid 

residues in Env7 in order to guide future creation of env7 mutants.  Finally, phenotypes 

of cells expressing an HA-tagged env7 mutant harboring valine in place of a conserved 

glycine residue in the kinase’s glycine-rich loop (Env7G40V-HA) were explored 

experimentally.  It was hypothesized that the glycine-to-valine substitution would alter 

the binding of ATP in the kinase cleft, leading to either increased or decreased kinase 

function.  Although this study focused predominantly on phylogenetic and 

bioinformatical analyses of ENV7, some of these analyses were also performed on ENV9, 

ENV10, and ENV11 to expand upon the already growing body of knowledge about these 

genes.  The information presented in this work may be incorporated into future 

experimentation and discovery in the field of cellular trafficking and human disease. 
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CHAPTER 2 

MATERIALS AND METHODS 

Protein Sequence Selection for Phylogenetic Analyses 

 The Basic Local Alignment Search Tool (BLAST), sponsored by the National 

Center for Biotechnology Information (NCBI) was used to find similar protein sequences 

to the query polypeptides: Env7, Env9, Env10, and Env11 (Altschul et al., 1990).  The 

default database, which contains non-redundant sequences from GenBank coding DNA 

sequence (CDS) translations, the Protein Data Bank (PDB), SwissProt, the Protein 

Information Resource (PIR), and the Protein Research Foundation (PRF) was chosen for 

each standard protein BLAST (blastp).  A BLOSUM62 scoring matrix was used with 

compositional score matrix adjustment, a word size of 3, a gap existence cost of 11, and a 

gap extension cost of 1 (Yu et al., 2003; Yu and Altschul, 2005; Altschul et al., 2005).  

Sequence filtering and masking were not selected.   

 Results obtained from each blastp search were filtered by e-value and percent 

query coverage; sequences with expectation values (e-values) above 1.0 x 10.0
-10

 or 

query coverage below 60% were discarded.  The remaining protein sequences were 

subjected to a reciprocal blastp to find potential orthologs of the original query sequence.  

This procedure was executed by using each protein sequence found by the initial blastp as 

a new individual query, with S. cerevisiae chosen as the target organism, for the 

reciprocal blastp.  Sequences that showed the original S. cerevisiae query sequence 

(Env7, Env9, Env10, or Env11) as the top result of the reciprocal blastp, within the e-
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value and query coverage parameters used for the first blastp, were selected as potential 

orthologs.  If more than one sequence was found in the initial blastp query, both were 

subjected to reciprocal blastp.  If both sequences differed in sequence identity to the 

reciprocal blastp query by less than one percent (while adhering to aforementioned the e-

value and query coverage standards), they were considered possible paralogs. 

Multiple Sequence Alignment 

 Multiple sequence alignments were generated using various algorithms in the 

Geneious
®
 Pro 5.6.4 interface (Biomatters Ltd.).  Each set of protein sequences was 

aligned many times with different multiple sequence alignment algorithms, and the 

algorithm that produced the best alignment of conserved elements (e.g. kinase domains, 

active sites, hydrophobic regions, etc.) was selected for manual editing.  Manual editing 

of the multiple sequence alignments entailed visually scanning the alignments and 

moving residues in such a way that they were better aligned using the Geneious
®
 Pro 

alignment viewer/editor.  A detailed list of the algorithm, settings, and reference for each 

selected multiple sequence alignment included in this study can be found in Table 8 in 

Appendix A. 

Determination of Evolutionary Models 

 Appropriate evolutionary models were determined for each aligned dataset using 

the maximum likelihood model selection function of the Molecular Evolutionary 

 Genetics Analysis 5 (MEGA5) software suite (Tamura et al., 2011).  A MEGA-

formatted multiple protein sequence alignment was used as the input for each 

evolutionary model selection process.  Neighbor-joining guide trees were constructed 

with a moderate branch swap filter and inclusion of all sites in the alignment.  The model 
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with the lowest Bayesian Information Criterion (BIC) score was selected as the best to 

describe the amino acid substitution patterns present in the input multiple sequence 

alignment.  The number of parameters was also taken into consideration; so models ‒

even those with the lowest BIC score‒ that required amino acid frequencies to be 

specified were not considered for selection.  The top evolutionary models for the multiple 

sequence alignments in this study are listed in Table 9 in Appendix A. 

Maximum Likelihood Tree Estimation 

 Maximum likelihood analyses were performed on protein multiple sequence 

alignments using the PhyML 2.1.0 program in the Geneious Program interface 

(Biomatters Ltd.) (Guindon and Gascuel, 2003).   Parameters were set based on the 

appropriate evolutionary model determined by the MEGA5 model selection process, as 

seen in Table 9 Appendix A.  Nearest Neighbor Interchange (NNI) with no optimization 

was used for the tree topology search.  The final maximum likelihood trees were viewed 

with the Geneious
®

 Pro 5.6.4 interface (Biomatters Ltd.). 

Bayesian Tree Estimation 

 Each Bayesian analysis was performed using the MrBayes program in the 

Geneious
®
 Pro 5.6.4 interface (Biomatters Ltd.) (Huelsenbeck and Ronquist, 2001).  The 

maximum likelihood trees generated by PhyML were used as the inputs for each analysis, 

and the settings chosen for each run are detailed in Table 10 in Appendix A.  The average 

standard deviation of split frequencies (ASDSF) for each Bayesian analysis can also be 

found in Table 10 in Appendix A.  None of the tree generated by Bayesian analysis had 

an ASDSF greater than 0.04, so it is reasonable to assume that the clade support values 

between the multiple chains in each analysis are fairly similar.  The trees in this study 
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display clade credibility values of less than 90% as dotted lines and those with 90% or 

greater as solid lines. 

Synteny Analysis 

 The Genome Evolution Analysis (GEvo) online server program 

(http://genomevolution.org/CoGe//GEvo.pl) was used to determine syntenic regions 

around genes of interest (Lyons and Freeling, 2008).  Accession numbers for each gene 

and its homologs were inputted into the sequence submission page, and the blastz (large 

regions) algorithm, with default parameters, was used to search for homologous regions 

between the chromosomal locations of each sequence.  Sequences were inputted in order 

of species relationship to Saccharomyces cerevisiae; therefore the most closely related 

species (e.g. Candida glabrata, Zygosaccharomyces rouxii, Naumovozyma sp.) were 

analyzed first.  Screenshots of the results were manipulated with Adobe Photoshop CS5. 

Tests for Evolutionary Selection 

 Four programs from the Datamonkey webserver (http://www.datamonkey.org/), 

which is hosted by the University of California, San Diego, were utilized for selection 

analyses (Kosakovsky et al., 2006; Delport et al., 2010).  Single Likelihood Ancestor 

Counting (SLAC), Fixed Effects Likelihood (FEL), and Fast Unbiased Bayesian 

AppRoximation (FUBAR) were used for determination of diversifying or purifying 

selection (Kosakovsky et al., 2006; Murrell et al., 2013).  To see if and which amino acid 

residues in the alignment were subject to change or conservation, PRoperty Informed 

Model of Evolution (PRIME) was used (Kosakovsky et al., 2006; Murrell et al., 2013).  

Inputs consisted of the translation-aligned nucleotide sequences for SLAC, FEL, and 

FUBAR; for the PRIME analysis protein sequence multiple sequence alignments were 

http://genomevolution.org/CoGe/GEvo.pl
http://www.datamonkey.org/
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inputted.  Significance levels for all the likelihood ratio tests (LRTs) for the analyses 

were set at p<0.05.  Conant-Stadler amino acids properties ‒chemical composition, 

polarity, volume, isoelectric point, and hydropathy‒ were chosen to be addressed by the 

PRIME program (Conant et al., 2007).   

Generation and Manipulation of Tertiary Protein Structures 

 Three-dimensional renderings of tertiary protein structures were generated in 

silico by the iTASSER server provided by the Zhang Lab at the University of Michigan 

(Zhang, 2008; Roy et al., 2010).  Fasta-formatted protein sequences were submitted to the 

online server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), and the resulting 

Protein DataBase (PDB) files were viewed and manipulated (i.e. color adjustments, 

labeling, etc.) for presentation using ICM Browser Pro 3.7-2b student software (MolSoft 

L.L.C.).   The estimated accuracy for the Env7 tertiary protein model was determined by 

three scores: a root-mean-square deviation (RMSD), a template-modeling score (TM-

score), and a confidence score (C-score).  The RMSD for Env7 was 8.4 ± 4.5Å, and the 

TM-score was 0.61 ± 0.14. The C-score, which can range from -5 to 2, was -0.82.  Higher 

numbers for TM-scores and C-scores are desirable, while a lower RMSD is better (Zhang 

and Skolnick, 2004; Zhang, 2008; Roy et al., 2010).   

Phosphorylation Site Prediction 

 Nine different methods were used to find amino acid residues in Env7 that 

possess good potential for phosphorylation.   These methods and their respective 

references/sources are listed in Table 11 in Appendix A.  Default settings were chosen for 

each prediction method, and, when possible, S. cerevisiae was specified as the target 

organism.  If a putative phosphorylation site was only predicted by a single program, it 

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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was precluded from further analysis.  The resulting proposed phosphorylation sites were 

fashioned into a table and visually manipulated with Adobe Photoshop CS5 ver. 12.1 

x64.   

Yeast and Bacterial Strains 

 The Saccharomyces cerevisiae BY4742 background strain and env7Δ null mutant 

strain were obtained from a MAT-α haploid deletion library donated by Dr. Gregory 

Payne (UCLA).  Chemically competent DH5α Escherichia coli cells for site-directed 

mutagenesis were purchased from Invitrogen (Life Technologies; Carlsbad, CA).  Table 

2 defines the genotypes of these yeast and bacterial strains. 

Competent Yeast Cells 

 Competent yeast cells for transfection were prepared using the Zymo Frozen EZ 

Yeast Transformation II Kit (Zymo Research; Irvine, CA).  BY4742 env7Δ cells in YPD 

were grown in a 30
o
C shaker until mid-log phase (O.D.600 = 0.8-1.0).  The cells were then 

pelleted by centrifugation at 500 x g for 4 minutes and resuspended in 10ml EZ1 solution.  

The centrifugation was repeated, and the cells were ultimately resuspended in 1ml EZ2 

solution.  The competent env7Δ cells were stored at -80
o
C. 

Media and Reagents 

 Yeast strains were mainly grown in two types of medium: yeast extract-peptone-

dextrose (YPD) and synthetic minimal medium without uracil (SM-ura). However, many 

more types of media were used for growth experiments.  Appendix B provides a full list 

of the media and reagents used in this study. 
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TABLE 2.  Microbiological Strains Used in this Study 

Saccharomyces cerevisiae 

Strain Genotype Source 

ENV7-HA  

(Env7-HA) 

MATα his3Δ leu2Δ ura3Δ lys2Δ ENV7 3xHA Dr. Surya 

Manandhar 

env7g38cg41cg44c 

(Env7C13-15S-HA)  

MATα his3Δ leu2Δ ura3Δ lys2Δ 

env7g38cg41cg44c 3xHA 

Dr. Surya 

Manandhar 

env7g119t  

(Env7G40V-HA) 

MATα his3Δ leu2Δ ura3Δ lys2Δ env7g119t 

3xHA 

This study 

env7Δ MATα his3Δ leu2Δ ura3Δ lys2Δ 

env7Δ::KANMX4 

Dr. Gregory 

Payne, UCLA 

Escherichia coli 

Strain Genotype Source 

DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 

recA1 endA1 hsdR17 (rK–, mK+) phoA 

supE44 λ– thi-1 gyrA96 relA1 

Invitrogen (Life 

Technologies; 

Carlsbad, CA) 

Note: All S. cerevisiae strains used were from the BY4742 background.  The titles 

listed below the first three S. cerevisiae strain names are the corresponding gene 

product names.  

 

 

TABLE 3.  Primers Used for Site-Directed Mutagenesis 

Mutant Primers 

Primer Name Sequence (5’→ 3’) Source 

env7G40VForward CGACTACTTGGAGAAGGTGTAATGTCCT

TTGTGTATTTG 
This study 

env7G40VReverse CAAATACACAAAGGACATTACACCTTCT

CCAAGTAGTCG 
This study 

Non-Mutant Primers 

Primer Name Sequence (5’→ 3’) Source 

Primer 1 Forward 
AGTTCTTAGATGCTTTCTTTTTCT  

Dr. Surya 

Manandhar 

Primer 2 Reverse 
GAACGTCATATGGATAGGATCCTG 

Dr. Surya 

Manandhar 

Primer 15 Forward GGAGTTTACAAGACTCTATTAATC Dr. Surya 

Manandhar 
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Plasmids and Primers 

 Dr. Surya Manandhar supplied the pSMG17 2-micron plasmid vector containing 

C-terminally HA-tagged ENV7 that was used as a template for site-directed mutagenesis.  

Figure 15 shows this plasmid with the mutagenized env7g119t gene.  Another plasmid, 

pWS479 + RCE1-HA, was used as the recipient 2μ vector of the mutagenized env7g119t 

gene (Plummer et al., 2006).  Mutant primers for site-directed mutagenesis were created 

using the PrimerX program (http://www.bioinformatics.org/primerx/cgi-bin/DNA_1.cgi) 

and then ordered from Eurofins MWG Operon (Huntsville, AL).  Primers specific to the 

pSMG17 + ENV7-HA vector for the site-directed mutagenesis were also kindly provided 

by Dr. Surya Manandhar.  A detailed list of all primers used in this study is displayed in 

Table 3.  Point mutations are underlined and italicized in the mutant primer sequences. 

Site-Directed Mutagenesis 

 Three separate PCR reactions were performed in order to carry out the desired 

site-directed mutagenesis of ENV7 to env7g119t.  The entire process is outlined in Figure 

14.  The Eppendorf Gradient Mastercycler settings are described in Table 4.  The reaction 

mixtures for PCR I and II consisted of 2.0μl DNA template (pSMG17+ENV7-HA), 1.25μl 

of each appropriate primer, 1.0μl dNTPs, 10.0μl 5x Phusion polymerase buffer, 34.0μl 

sterile water, and 0.5μl Phusion polymerase.  The reaction mixture for PCR III included 

2.0μl gel-purified PCR I DNA product, 2.0μl gel-purified PCR II DNA product, 1.0μl 

dNTPs, 10.0μl 5x Phusion polymerase buffer, 32.0μl sterile water, and 0.5μl Phusion 

polymerase.  After 8 repetitions of cycles 2-4, the machine was stopped and primers #1 

and #2 were added to the mix.  The machine was restarted at step 1 and cycles 2-4 were 

http://www.bioinformatics.org/primerx/cgi-bin/DNA_1.cgi
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then repeated 27 times.  All reagents and enzymes were purchased from Sigma-Aldrich 

(St. Louis, MO). 

Gel Purification of PCR I, II and III Products from Agarose Gel 

 To isolate PCR I and II products for use in PCR III, the results of the first two 

PCR rounds were run on a 1% agarose gel, identified by size, and removed from the gel.  

The same process was repeated for the PCR III DNA product, the mutagenized 

env7g119t fragment. 

 36.0ml deionized water, 4.0ml 5x TBE, 0.4g type II agarose, and 4.0μl ethidium 

bromide were combined and cast to make the 1% agarose gel.  Once the gel solidified, 

50μl of each PCR sample (run in triplicate) was mixed with 8μl 6x blue loading dye and 

pipetted into the wells.  0.3μl of 1Kb Plus DNA Ladder (Life Technologies; Carlsbad, 

CA) was also loaded as a size reference.  The gel was run at 100 volts for 30 minutes.   

 Bands of appropriate size were cut from the gel with a razor blade.  The PCR I 

band showed around 1Kb; the PCR III band was near 0.2Kb, and the PCR III band was 

expected at 1.2Kb (Figure 14).  The Zymoclean
™

 Gel DNA Recovery Kit (Zymo 

Research; Irvine, CA) was used to extract the DNA fragments from the gel polymer and 

purify them.  The purified DNA fragments were each resuspended in 15μl of sterile water 

and stored in -20
o
C.   

Restriction Enzyme Site Analysis 

 To linearize the pWS479 + RCE1-HA recipient vector and allow env7g119t PCR 

III product to homologously recombine in the place of RCE1, thereby gaining the triple 

HA tag at its C-terminus, the plasmid was cut with a restriction enzyme.  The restriction 

digest consisted of 1.0μl SphI-HF restriction enzyme, 2.0μl pWS479 + RCE1-HA, 4.0μl 
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TABLE 4.  Thermocycler Settings for PCR I, II and III 

PCR I and II 

Step Temperature (
o
C) Time (seconds) 

1 98.0 300 

2 98.0 50 

3 68.0 30 

4 72.0 60 

---------------------------------------Repeat steps 2-4 35x.--------------------------------------- 

5 72.0 600 

6 4.0 HOLD 

PCR III 

Step Temperature (
o
C) Time (seconds) 

1 98.0 120 

2 98.0 50 

3 62.5 30 

4 72.0 60 

Repeat steps 2-4 8x. 

------------Then stop the machine and add 1.25μl of each appropriate primer.------------ 

Start the machine over at step 1, then run steps 2-4 27x. 

5 72.0 600 

6 4.0 HOLD 

 

 

TABLE 5.  Thermocycler Settings for Colony PCR 

Step Temperature (
o
C) Time (seconds) 

1 98.0 120 

2 98.0 50 

3 72.0 30 

4 72.0 60 

---------------------------------------Repeat steps 2-4 35x.--------------------------------------- 

5 72.0 600 

6 4.0 HOLD 
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NEB 10x Reaction Buffer #4, and 33.0μl sterile water.   The restriction enzyme and NEB 

10x Reaction Buffer #4 were acquired from New England Biolabs, Inc. (Ipswich, MA).  

The digest incubated overnight in 37
o
C.   

 To check the band sizes of the cut pWS479 + RCE1-HA plasmid, all 40μl of the 

digest results (plus 8μl loading dye) were run on a 1% agarose gel at 100 volts for 30 

minutes.  0.3μl of 1Kb Plus DNA Ladder (Life Technologies; Carlsbad, CA) was again 

run as a size reference. The appropriate band (~8 Kb), representing the linearized vector 

with most of RCE1 excised, was cut from the gel and purified with the Zymoclean
™

 Gel 

DNA Recovery Kit (Zymo Research; Irvine, CA).    

Transformation of env7Δ Cells 

 In order for point-mutated env7g119t to homologously recombine in the place of 

RCE1 in the pWS479 vector, env7Δ cells were transformed with the env7g119t DNA 

fragments from PCR III and the linearized pWS479 plasmid.  1.5ml of mid-log phase 

liquid YPD env7Δ culture was centrifuged at 15,000 x g for 15 seconds.  The pellet was 

resuspended in 100.0μl YPD, and 4.0μl 10mg/ml salmon sperm DNA ‒carrier ssDNA‒

(Life Technologies; Carlsbad, CA) was added along with 2.0μl linearized pWS479 and 

6.0μl PCR III product.  The mixture was vortexed well, and then 500.0μl PLATE mixture 

was added.  After more thorough vortexing, 20μl of 1.0M DTT was added.  Again, the 

mixture was vortexed well.  The transformation mixture was left to incubate at room 

temperature overnight. 

 After the overnight incubation, the cells were heat-shocked at 37
o
C for 15 minutes 

in a heating block.  Then the cells were pelleted at 15,000 x g for 30 seconds, and all but 

100.0μl of supernatant was aspirated.  The transformed cells were plated on SM-ura and 
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incubated for 2 days in 30
o
C.  Only cells containing circular (closed) plasmids were 

expected to grow on the SM-ura medium. 

Colony PCR 

 To quickly determine which transformed colonies had plasmids with the env7 

insert (though not necessarily the g119t point mutation), colony PCR was performed on 

select colonies from the transformation.  24 discrete colonies from the transformation 

plates were chosen and placed into microfuge tubes containing 5μl of 0.02M NaOH.  The 

cells were resuspended in each tube and boiled (100
o
C) for 10 minutes in a heating block.  

The tubes were briefly centrifuged at 15,000 x g to bring down any condensation.   

 PCR was used to amplify any DNA specific to the env7 insert present in the cells.  

Each PCR reaction tube contained 0.625μl each of primers 1 and 2, 2.0μl DNA from the 

transformed cells (from a single colony), 0.25μl Phusion Polymerase, 5.0μl 5x Phusion 

Buffer GC, 0.5μl dNTPs, and 16.0μl sterile water.  The detailed PCR settings for this 

analysis can be seen in Table 5. 

 If the env7 insert in the pWS479 plasmid was present in a colony of cells, the 

PCR reaction should yield a ~1.19Kb fragment specific to the insert.  To check this, all 

25.0μl of each PCR reaction was run on a 1% agarose gel as described previously for the 

site-directed mutagenesis.  Colonies that showed the correct band size after the 30 minute 

run were selected for further analysis, and the 1.19Kb bands were removed from the gel 

and purified using the Zymoclean
™

 Gel DNA Recovery Kit (Zymo Research; Irvine, 

CA).   
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Yeast DNA Extraction 

 The pSMG17+env7G40V-HA plasmids must be isolated in order to determine if 

the correct point mutation is in the gene.  To obtain these vectors, the Zymoprep
™

 Yeast 

Plasmid Miniprep II Kit (Zymo Research; Irvine, CA) was used on the colonies that 

exhibited the correct band size after colony PCR.  Purified pSMG17+env7G40V-HA 

plasmid was eluted to a final volume of 10.0μl with the kit. 

Amplification of Mutagenized Plasmid in DH5α E. coli Cells 

 A relatively high concentration of DNA is necessary for accurate nucleotide 

sequencing of a sample, so DH5α E. coli cells were transformed with the DNA extracted 

from the positive colony PCR cells to amplify the pSMG17+env7G40V-HA plasmids.  

3.0μl of purified plasmid from the yeast cells were added to 250.0μl competent DH5α E. 

coli cells.  Sterile water was used in place of the plasmid for the negative control, and 

pUC18 (Agilent; Santa Clara, CA) was used for the positive control.  The cells were then 

incubated on ice for 10 minutes followed by heat shock in a 42
o
C heating block for 30 

seconds.  After a 2-minute incubation on ice, 250.0μl of room temperature liquid TYE 

was added to the cells.  The cells were incubated for 1 hour in 37
o
C on a rotating 

platform.  After the incubation, 100.0μl of each transformation mixture was plated onto 

pre-warmed TYE+ampicillin plates.  The plates were incubated in 37
o
C overnight.      

 6.0ml of TYE+ampicillin was inoculated a single colony that grew on the 

TYE+ampicillin transformation plates from each representative yeast colony.  These 

cultures were grown to log phase in the 37
o
C shaker incubator.  The Zyppy

™
 Plasmid 

Midiprep Kit (Zymo Research; Irvine, CA) was then used to extract and purify the 

pSMG17+env7G40V-HA plasmid DNA from the bacterial cells.  The protocol form the kit 
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was followed in every respect except for the final elution.  150.0μl sterile water was used 

to elute the DNA instead of 150.0μl of Zyppy Elution Buffer.   

Sequencing of Point-Mutated Plasmids 

 Purified, mutagenized pSMG17+env7G40V-HA plasmid DNA samples suspended 

in sterile water and primers 1, 2 and 15 were sent to the Macrogen Corporation (Seoul, 

South Korea) for DNA sequencing.  Results returned from Macrogen were aligned and 

visually scanned for the g119t point mutation or any abnormalities in the DNA sequence. 

FM4-64 Staining and Microscopy 

 Cells were grown to log phase (O.D.600 = 0.8-1.0) in SM-ura, and 2.0ml of each 

culture was centrifuged at 5000 x g for 5 minutes.  The supernatants were aspirated, and 

the pellets were resuspended in 50.0μl YPD and 15.0μl FM4-64 stock solution.  The 

samples were then incubated on a rotating platform in 30
o
C for 90 minutes.  After the 

incubation, the cells were centrifuged at 5000 x g for 5 minutes.  Each sample was 

washed 4 times with 1.0ml fresh YPD.  On the fourth wash, each 1.0ml sample was split 

into 2 tubes of 500.0μl.  The cells were centrifuged again at 5000 x g for 5 minutes, and 

the pellets were resuspended in either 1.0ml YPD or 1.0ml 0.5M NaCl YPD.  The 

samples were incubated in 30
o
C for 1 hour.  When the incubation was complete, the 

samples were centrifuged at 5000 x g for 5 minutes, and the pellets were suspended in 2 

parts fresh YPD.   

 4μl of each sample were pipetted onto concanavalin A-coated glass microscope 

slides and viewed at 1000x using differential interference (DIC) microscopy and 

fluorescent microscopy via a green excitation filter.  At least 400 non-budding cells were 
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scored based on their prominent or multi-lobed vacuolar morphology, as illustrated in 

Figure 17b.  Images were manipulated using Adobe Photoshop CS5 ver. 12.1 x64.  

 Liquid Growth Assays 

 To see any growth defects or advantages were produced by the G40V mutation or 

the C13-15S mutation, liquid growth tests were performed in triplicate using the Synergy 

H1 plate reader (BioTek, Winooski, VT). The O.D.600 of log phase liquid cell cultures 

(Env7-HA, Env7G40V-HA, and Env7C13-15S-HA) were standardized to 0.02 in 200μl of 

appropriate medium in a sterile Falcon Microtest
™

 96-well, flat-bottom, polystyrene 

microplate with a lid (BD Biosciences, San Jose, CA). The cultures were grown for 30 

hours in the plate reader at 30
o
C with orbital agitation every 15 minutes. O.D.600 readings 

were taken automatically every 30 minutes by the Gen5 data analysis program (BioTek, 

Winooski, VT).  A triplicate blank was also run for each medium to ensure that there was 

no contamination of the plate or medium.   

 Statistical analyses were performed to determine if differences in growth in liquid 

culture were significant.  The point during the growth of the cultures that was used as the 

milestone for the hypotheses was mid-log phase (the time at which the culture had the 

fastest rate of growth).  A one-sided t-test, calculated by hand, was used to determine if 

differences were significant for each set of hypotheses.  The 90%, 95%, or 98% 

confidence interval with 2 degrees of freedom was used when referencing the t-critical 

values table. 

Solid Growth Assays 

 To if see any fitness advantages or defects were affected by the G40V mutation or 

the C13-15S mutation, solid growth tests were performed using dilutions of YPD liquid 
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culture.  Liquid cultures of Env7-HA, Env7G40V-HA, and Env7C13-15S-HA cells were 

grown in SM-ura to O.D.600 ≈ 1.0.  These cultures were then diluted to O.D.600 = 0.1 in 

500μl fresh YPD.  The cells were pelleted at low speed and resuspended in 500μl YPD.  

To obtain a serial dilution of cells, 20μl of this initial culture were removed and added to 

180μl YPD.  These steps were repeated twice more to yield 1:1, 1:10, 1:100, and 1:1000 

diluted cultures containing about 15,000, 1,500, 150, and 15 cells, respectively. 5μl of 

each strain’s culture for each dilution were spotted onto a solid medium and left to dry on 

a room temperature countertop for 1 hour.  Once the liquid culture spots had dried onto 

the media, the plates were inverted and incubated for up to 12 days in either 30
o
C or 

37
o
C. 

Subcellular Fractionation 

 Liquid cell cultures were grown to O.D.600 ≈ 1.0 in SM-ura and pelleted. The 

supernatant was discarded, and the pellet was resuspended in 1ml of DTT solution. The 

cells were incubated for 10 minutes in the 30
o
C water bath and then centrifuged at 

4600xg for 4 minutes at 4
o
C. The supernatant was discarded, and the pellet was 

resuspended in 500μl of spheroplasting buffer and 10μl of Zymolyase (Zymogen). The 

cells were incubated in the 30
o
C water bath for 20 minutes, followed by centrifugation at 

1500xg for 3 minutes in 4
o
C. The supernatant was again discarded, and the pellet was 

resuspended in 1ml of lysis buffer and 4μl of DEAE-Dextran solution. Next, the cells 

were incubated on ice for 5 minutes, then in the 30
o
C water bath for 2 minutes. The cells 

were centrifuged at 400xg for 10 minutes in 4
o
C, and the supernatant collected was 

labeled the “S0.4” fraction. 50μl of this fraction were set aside, and the rest of the 

supernatant was then centrifuged at 13,000xg for 15 minutes in 4
o
C. The resulting 
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supernatant was labeled the “S13” fraction, and the pellet was labeled “P13”. The P13 

fraction was resuspended in 100μl lysis buffer. 

Protein Quantification 

 The DC
™

 Protein Assay kit (Bio-Rad, Hercules, CA) was used for protein 

quantification.  100μl of each bovine serum albumin (BSA) standard was prepared as 

shown in Table 15 in Appendix B.   5μl of each sample or standard were pipetted into 

appropriate wells of a sterile Falcon Microtest
™

 96-well microplate (BD Biosciences, San 

Jose, CA).  Then 200μl of Bio-Rad DC
™

 Protein Assay Reagent B were pipetted into 

each well containing sample or standard, followed by 25μl of Bio-Rad DC
™

 Protein 

Assay Reagent A.  The solutions were incubated at room temperature for 10 minutes to 

allow any color change to occur.  The 96-well plate was then then transferred to the 

SynergyH
1
 microplate reader (BioTek, Winooski, VT), and the absorbance at 750 nm for 

each well was measured and recorded using Gen5 data analysis software (BioTek, 

Winooski, VT).  Standard concentrations versus their respective absorbances were 

graphed in Microsoft Excel, and linear regression was conducted to generate a function 

describing the relationship between absorbance and protein concentration.  This function 

was applied to the sample absorbances to obtain the total protein concentration for each 

subcellular fraction.  Standard and sample readings were performed in triplicate. 

SDS-PAGE and Western Blotting 

 A large, 1.5mm thick 7.5% SDS-PAGE gel was cast (see Table 16 in Appendix B 

for gel preparation) and loaded onto a vertical gel rig to set for 1.5 hours.  5μl of 6x SDS-

PAGE sample buffer were combined with 25μl of each S0.4, S13, and P13 subcellular 

fraction to make a final protein concentration of 1.667μg/μl.  The samples in buffer were 
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boiled for10 minutes and briefly centrifuged to collect any condensation.  The entire 30μl 

of sample + buffer were loaded into the wells of the large gel.  10μl of Precision Plus 

WesternC Protein Ladder (Bio-Rad, Hercules, CA) were also added to a lane to provide 

reference protein sizes. The gel was run for 15 minutes at 170 volts so the samples could 

clear the stacking portion of the gel, and then the voltage was increased to 190 volts for 

an additional 3 hours and 45 minutes while the samples traveled through the resolving 

part of the gel.  

 After the SDS-PAGE run was complete, the gel was removed from the glass 

plates and soaked in Western blot transfer buffer. A nitrocellulose membrane and filter 

papers were also soaked in the transfer buffer.  The wetted components of the blot were 

stacked with the filter papers sandwiching the gel (closer to cathode) and the 

nitrocellulose (closer to anode) on the Bio-Rad TransBlot Semidry transfer cell (Bio-Rad, 

Hercules, CA).  After thoroughly soaking the stack with transfer buffer and using a test 

tube to smooth out any bubbles, the transfer cell was run at a constant amperage of 0.1 

for 60 minutes. 

 To develop the Western blot, the nitrocellulose was blocked for 30 minutes in 

30ml 5% TTBSM on a rocking platform at room temperature.  Then 5μl of primary 

antibody (anti-HA mouse monoclonal antibody; Cell Signaling Technologies, Beverly, 

MA) were added to the nitrocellulose in 5% TTBSM.  This was incubated overnight (~18 

hours) on the rocking platform at 4
o
C.  After the overnight incubation, unbound primary 

antibody was washed off by incubating the nitrocellulose with 20ml TBS for 10 minutes, 

then 20ml TTBS for 10 minutes, and finally 20ml more of TBS for 10 minutes – all on 

the rocking platform at room temperature.  4μl of secondary antibody (immunopure goat 
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anti-mouse IgG peroxidase conjugate, prepared by M. Seranilla) was thoroughly mixed 

with 30ml 5% TTBSM and added to the nitrocellulose membrane.  This was incubated 

for 2 hours on the rocking platform at room temperature.  Excess secondary antibody was 

removed by the same washing procedure described for the primary antibody.  

Chemiluminescent reagents (15ml SuperSignal West Pico luminol/enhancer and 15ml 

SuperSignal West Pico stable peroxide – Thermo Fisher Scientific, Rockford, IL) were 

added to the washed nitrocellulose membrane, and this was covered in foil to protect 

from light and incubated for 15 minutes on the rocking platform at room temperature.  

The nitrocellulose membrane was developed onto Kodak film and visualized using a 

Kodak M35A X-OMAT film processor. 

 The SDS-PAGE and Western blotting protocol for the phosphorylation upshift 

assay was essentially the same as the one for the subcellular fractionation samples 

described above.  The major differences arise in the casting/running of the gel and the 

amount of sample added to the gel.  A small, 0.5mm thick 7.5% SDS-PAGE gel was cast 

in an upright Bio-Rad gel rig and set for 1 hour.  Samples from the phosphorylation 

upshift assay were combined with 6x SDS sample buffer to a final protein concentration 

of 2.0μg/μl.  18μl of sample + buffer were loaded into each well, along with 6μl of 

Precision Plus WesternC Protein Ladder (Bio-Rad, Hercules, CA).  The gel was run at 

120 volts for 10 minutes, then 140 volts for 1 hour.  The protein transfer from gel to 

nitrocellulose was run at 0.06 amps for 1 hour. 

Phosphorylation Upshift Assay 

 The appropriate cell fraction was suspended in 100.0μl fresh lysis buffer.  Then 

15.0μl ATP-regenerating system, 15.0μl 10x fusion reaction buffer, 0.66μl 2.5mM 
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coenzyme A, and 19.34μl 0% ficoll were added to the sample.  For the negative control, 

19.34μl more ficoll were added in the place of the ATP-regenerating system to another 

100.0μl sample in lysis buffer.  These solutions were incubated in 30
o
C for 1 hour.  After 

the incubation period, the samples were centrifuged at 14,000 x g in 4
o
C for 15 minutes.  

The supernatants were carefully aspirated, and the pellets were resuspended in 30.00μl 1x 

SDS-PAGE sample buffer and vortexed for a short time to mix thoroughly.  The samples 

were boiled for 10 minutes in a heating block and briefly centrifuged at 500 x g to collect 

condensation. 
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CHAPTER 3 

RESULTS 

Evolutionary Conservation of ENV7 

The Conservation Pattern of Env7 Orthologs Contradicts Established Monophyly  

 The ENV7 gene is conserved throughout Eukarya and in one bacterial species 

(Methylotenera mobilis).  Reciprocal blastp, multiple sequence alignments, and 

phylogenetic tree generation revealed that STK16, along with many other eukaryotic 

sequences and the bacterial sequence, is an ortholog of Env7 (Figures 2 and 3).   

However, results from these analyses indicate that the pattern of conservation of Env7 

and its orthologs is not consistent with established relationships among organisms. 

 Env7 orthologs were found in four major fungal phyla: Chytridiomycota, 

Zygomycota, Basidiomycota, and Ascomycota.  The phylogenetic tree shown in Figure 2 

was rooted on the sequence from Batrachochytrium dendrobatidis 

(BATDEDRAFT_33346), a chytrid fungus that is basal in the fungi phylogenomic tree 

(Förster et al., 1990; Hedges, 2002; Hibbett et al., 2007; Ebersberger et al., 2012). 

Surprisingly, Env7 orthologs representing the largest phylum, Ascomycota, did not form 

a clade (posterior probability = 0.99) (Figure 2).  Using a variety of genetic elements for 

phylogenetic analyses, Ascomycota has been repeatedly shown to be a monophyletic 

group of organisms (Lutzoni et al., 2004; James et al., 2006; Ebersberger et al., 2012).  

For Env7 and its fungal orthologs to deviate from this cladistic grouping, other 

evolutionary methods besides vertical gene transmission likely occurred.  Lateral gene 
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transfer could explain why the phylogenetic tree in Figure 2 does not reflect Ascomycota 

as a single clade.  Additionally, the positioning of the sequence from 

Saccharomycetaceae family member Komagataella pastoris (XP_002491616) could be a 

result of incomplete lineage sorting.     

 The same departure from recognized relationships was apparent in the 

phylogenetic tree of Env7 and its orthologs from Bacteria and Eukaryota.  Fungi and 

metazoans are each monophyletic, but the only true clade reflected among Env7 and its 

orthologs was that of the land plants and green algae (posterior probability = 0.96; Figure 

3) (Wainright et al., 1993; Hibbett et al., 2007; Dunn et al., 2008).  One unexpected result 

of the Bayesian analysis was the proximity of the Methylotenera mobilis bacterial 

sequence (Mmol_0176) to Env7.  Although the branch length of Mmol_0176 suggests 

that it is very divergent from Env7, the topology of the tree shows that it is closely related 

to Env7 among the sequences chosen for the tree (product of posterior probabilities = 

0.92; Figure 3).  Orthologs for Env7 could not be found in any other sequenced bacterial 

species.  M. mobilis is only distantly related to a core group of Betaproteobacteria and has 

an average of only 32.95% of its proteins in common with its closest Methylophilaceae 

relatives (Kalyuzhnaya et al., 2006; Lapidus et al., 2011).  More importantly, it has many 

distinctive gene islands in its genome that are products of horizontal gene transfer 

(Lapidus et al., 2011).  Although the Mmol_0176 gene is not part of these gene islands, it 

is located in a very small section of genome between two islands predicted to be the 

result of DNA transfer from a phage and a plasmid insert (Lapidus et al., 2011).  

However, there are no conserved syntenic blocks between ENV7 and Mmol_0176 regions 

in the two genomes (Results not shown).  M. mobilis is a motile, aerobic freshwater 
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FIGURE 2. A Bayesian phylogenetic tree depicting Env7 and its fungal homologs.  A 

MAFFT multiple sequence alignment of the Env7 sequence and 114 of its representative 

fungal homologs (orthologs and paralogs) was subjected to Bayesian analysis to produce 

a phylogenetic tree.  The tree was rooted on the basal chytrid fungus, Batrachochytrium 

dendrobatidis (Förster et al., 1990).   Dotted branches represent clades with less than 

90% posterior probability.  Some posterior probability values are shown for specific 

nodes.  The scale bar depicts the branch length on the tree that signifies 0.6 amino acid 

substitutions per site.  Symbols after sequence names signify a particular characteristic of 

the protein sequence, described in the key.  Clades are color-coded by the phylum (all 

capital letters) or subphylum of its constituent species.  Sequences belonging to 

Saccharomycetaceae family organisms are highlighted in red-orange. 
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sediment dweller that prefers a temperature of 30
o
C and a pH of 7.5, so it is possible that 

it and S. cerevisiae could have shared the same environment at some point in their 

evolutionary histories, allowing horizontal gene transfer to occur.  

 The presence of three Env7 paralogs in an early-diverging fungus, Mucor 

circinelloides (HMPREF1544_04705, HMPREF1544_01328, and 

HMPREF1544_05109), was another interesting discovery.  These sequences are clearly 

not positioned basally to the fungal sequences on the tree (Figure 3).  As no evidence of 

genome duplication for M. circinelloides exists, these paralogs might have been 

duplicated specifically within this species, acquired via lateral gene transfer, or a 

combination of both (Hedges, 2002).   

The N-Terminal Consecutive Cysteine Motif is Well-Conserved in Most Fungal and 

Metazoan Orthologs of Env7 

 

 The short, N-terminal pre-kinase domain portion of the multiple sequence 

alignment of Env7 and its orthologs was poorly aligned (results not shown).  Generally, 

only orthologs within the same family had very similar N-terminal elements upstream of 

their kinase domains, suggesting that this region confers organism-specific functions.  

For this reason, the codons in this part of the protein were not used in the selection 

analyses described later in this chapter and illustrated in Figure 25 of Appendix C.  The 

most apparent similarities in this region of the aligned sequences were multiple cysteine 

residues.  These conserved cysteine residues are significant because studies have shown 

that they are necessary for palmitoylation of Env7 and its human ortholog, STK16 

(Berson et al., 1999; Roth et al., 2006; Manandhar et al., 2013).  The addition of palmitic 

acid to a terminal region of a protein can anchor the protein in a membrane (Linder, 

2007).  Palmitoylation is the only known reversible fatty acid modification of proteins, 
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and its regulatable dynamic nature plays a large role in intracellular trafficking and 

signaling (Dunphy and Linder, 1998; Smotrys and Linder, 2004; Rocks et al., 2005).   

Studies from our lab have indicated that Env7 is a vacuolar membrane protein, and when 

the N-terminal palmitoylation of the cysteine residues is compromised the kinase 

becomes cytosolic and non-functional (Manandhar et al., 2013). 

At least two cysteine residues, no more than three amino acids apart, were 

conserved in most of the fungal and metazoan sequences (Figures 2 and 3).  The absence 

of these residues in the bacterial ortholog is understandable due to the lack of 

endomembranes in prokaryotes, but the dearth of these palmitoylatable cysteine residues 

in plants is not so easily explained.  Recent studies into the specificities of plant 

palmitoylation have uncovered novel sequence and structural signatures necessary for the 

addition of palmitate molecules to proteins (Hemsley et al., 2013); however, none of 

these features are present in the viridiplantae orthologs of Env7 (Figure 3).  All but one 

(Micromonas pusilla MICPUCDRAFT_34378) of these plant orthologs contains a 

glycine directly after the initiator methionine residue, so it is probable that they are 

myristoylated.  Addition of a myristoyl group would tether them to membranes, though 

not in a reversible fashion such as in palmitoylation.  It is also conceivable that the 

viridiplantae orthologs of Env7 are less dynamically regulated by fatty acid addition than 

homologs in fungi, metazoan, and protists.   

 The chordates had either CVC or CIC conserved on their N-termini, while the 

fungal sequences tended to have CxxC.  Env7 and its orthologs in Torulaspora 

delbrueckii, Z. rouxii, and Naumovozyma dairenensis were the only sequences with three 

or more consecutive cysteines in this region.  Not enough is currently known about the  
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FIGURE 3.  A Bayesian phylogenetic tree depicting homologs of Env7 from Eukarya 

and Bacteria.  A multiple sequence alignment of the Env7 sequence and 67 of its 

representative homologs (orthologs and paralogs) was subjected to Bayesian analysis to 

produce a phylogenetic tree.  The tree was rooted on the Methylotenera mobilis bacterial 

sequence (Munoz et al., 2007).  Dotted branches represent clades with less than 90% 

posterior probability.  Some posterior probability values are shown for specific nodes.  

The scale bar depicts the branch length on the tree that signifies 0.4 amino acid 

substitutions per site.  Symbols after sequence names signify a particular characteristic of 

the protein sequence, described in the key.  Clades are color-coded depending on the 

phylum or group of its constituent species.   
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localization of the other Env7/STK16 orthologs, so whether or not the sequences that do 

not contain conserved N-terminal cysteines are membrane-associated has yet to be 

determined. 

Many Closely-Related Orthologs of Env7 Do Not Share the Disordered Glycines in the 

Glycine-Rich Loop that are Characteristic of NAK Kinases 

 

 The conserved subdomain I glycine-rich loop pattern in the vast majority of 

eukaryotic protein kinases is GxGxxG; however, in Env7, STK16, and the established 

NAK kinases, the glycine-rich loop pattern is xxxGGx (Figure 6b) (Hanks and Hunter, 

1995; Chien et al., 1998; Eswaran et al., 2008).  The two consecutive glycine residues in 

STK16 were proposed to make the loop much more flexible, although the consequence of 

increased flexibility, be it greater reluctance to bind or release ATP or constitutive kinase 

activity, has not been demonstrated (Eswaran et al., 2008). 

 Surprisingly, almost all of the orthologous sequences from S. cerevisiae’s fellow 

Saccharomycetaceae family members do not have a double glycine motif in their glycine-

rich loops (Figure 2).  The longer branch lengths of the Saccharomycetaceae sequences 

suggest that their rates of evolution may be faster than those of other sequences in other 

groups.  This observation could explain why the Saccharomycetaceae sequences exhibit 

varying conservation the motifs represented in Figures 2 and 3.  Among the eukaryotic 

and bacterial orthologs, absence of the disordered glycine motif does not seem to follow 

any pattern (Figure 3).   

No Discernable Pattern of Divergent Activation Segment APE Motifs Exists Among 

Env7 and its Orthologs 

 

 Env7 and a few of its orthologs do not contain the classic alanine-proline-

glutamic acid (APE) motif at the C-terminal anchor of their activation segment; instead, 
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the alanine in the first position of the motif is substituted with proline, serine, threonine, 

or even cysteine (Figures 2 and 3; data not shown).  There was no pattern of these alanine 

substitutions evident among the clades represented in the Bayesian trees, and, considering 

that the activation segment is one of the most structurally-variable parts of a eukaryotic 

protein kinase, this could reflect precise substrate binding specificities of the kinases at 

the organismal level (reviewed in Nolen et al., 2004).   

The Activation Segment Anchor DLG Motif is Conserved in Nearly All 

Saccharomycotina, Pezizomycotina, Hexapoda and Vertebrata Env7 Orthologs 

 

 Most eukaryotic protein kinases have a DFG motif anchoring the N-terminus of 

their activation loop (Taylor and Kornev, 2011), but Env7 and almost all of its orthologs 

in Saccharomycotina, Pezizomycotina, Hexapoda and Vertebrata contain a leucine 

residue in place of the phenylalanine (Figures 2 and 3).  The phenylalanine residue is 

thought to play a role in regulation of kinase activity, and its presence in Viridiplantae, 

Protist, and non-Hexapoda invertebrate sequences suggests that it might be part of their 

catalyitic regulation as well.   

The Canonical HxN Motif is Absent in Env7 and Most of its Fungal Orthologs  

 One feature that sets most eukaryotic protein kinases apart from eukaryotic-like 

protein kinases is a conserved HxN motif in the αC-β4 loop that anchors the αC-helix to 

the C-lobe, stabilizing the active kinase (Kannan et al., 2006).  However, some kinases, 

most notably the human AGC Serine/threonine Protein Kinase Family, lack this motif, 

and it is thought that their regulation of the αC-helix and conformational stability is 

achieved through interaction of the kinase core with the C-tail (Kannan et al., 2008).  

Env7 and most of its fungal homologs do not have the conserved HxN motif; instead 

many of them, including Env7, have an SxY motif (S94-Y96) (Figures 2 and 3).  This is 
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not unheard of, as the human Map Kinase Kinase-1 (MEK1) also shares this residue 

pattern (Kannan et al., 2008).  Env7 and other eukaryotic protein kinases that do not have 

the classic HxN motif may secure their αC-helix via intramolecular mechanisms that are 

still unknown. 

No Detectable Syntenic Conservation Exists Near ENV7 Beyond its Very Close Fungal 

Orthologs 

 

 The Comparative Genomics (CoGe) web-tool, Genome Evolution Analysis 

(GEvo), was used to look for synteny in the chromosomal regions around ENV7 (Lyons 

et al., 2008).  Default settings for the blastz search algorithm were selected, and the 

adjacent regions (100kb upstream and downstream) of ENV7’s orthologs, along with 

those of ENV7, were submitted for analysis (Schwartz et al., 2003).  Results of the 

analyses revealed a lack of conserved gene contiguity outside of the subphylum, 

Saccharomycotina (Figure 4). 

The strongest syntenic linkages between chromosomal regions around ENV7 and 

its orthologs were found in members of the Saccharomycetaceae family. Ashbya gossypii 

ATCC 10895, Ashbya gossypii FDAG1, Eremothecium cymbalariae DBVPG#7215, 

Lachancea thermotolerans CBS 6340, and N. dairenensis CBS 421 shared the highest 

numbers of conserved chromosomal blocks with S. cerevisiae. Zygosaccharomyces rouxii 

CBS 732 also exhibited a large amount of synteny with S. cerevisiae around ENV7; 

however the conserved portions of the Z. rouxii chromosome were inverted in respect to 

those of S. cerevisiae. No major gene rearrangements (i.e. more than 2-3) or gene 

duplications were evident in the syntenic alignments of the chromosomal region regions 

of these species. 
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 The lack of synteny in fungal clades outside of Saccharomycetaceae suggests two 

possible scenarios. The first is that recombination rates in those particular fungal 

organisms were high enough to eliminate conserved gene order and proximity around the 

ENV7 ortholog. The second is that the immense amount of time that passed between 

speciation events of the available sequenced fungal genomes is adequate to eliminate 

synteny outside of the subphylum Saccharomycotina. The approximate time of 

Saccharomycotina’s emergence as a clade is rough; estimations vary from 400-1000 

million years ago (Taylor and Berbee, 2006).  However, more specific divergences 

between organisms have been calculated. For example, approximately 500 million years 

have passed since Schizosaccharomyces pombe, a member of subphylum 

Taphrinomycotina, and S. cerevisiae diverged (Sipiczki, 2000; Rhind et al., 2011). And, 

in spite of the strong sequence similarity of ENV7 to even mammalian orthologs, syntenic 

conservation is limited to the Saccharomycotina. 

 Additionally, the guanine and cytosine (GC) usage in the wobble codon was 

examined using GEvo, and it was found to vary quite a bit among Env7 and its orthologs, 

especially the protists and single-celled eukaryotes (data not shown).  Even closely 

related organisms, like S. cerevisiae and T. delbrueckii had different biases at the wobble 

codon position; S. cerevisiae ENV7 favored adenine and thymine (AT: 64.95%; GC: 

35.07%), while the T. delbrueckii ortholog used AT and GC almost equally in the wobble 

position (AT: 48.79%; GC: 51.21%).  Wobble codon bias is important to analyze because 

it can provide a clue to the type of gene transmission that occurred for a set of homologs.  

If the wobble GC preference was found to be the same for two genes in distantly-related 
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FIGURE 4.  Genomic synteny is limited to ENV7 and its close fungal orthologs.  All 

orthologs of ENV7 were subjected to syntenic analysis using the GEvo program, hosted 

on http://genomevolution.org/CoGe/.  The results are listed above on the right.  Each 

rectangle section has a top and bottom panel; the bottom panel is ENV7 and 100 

kilobases (Kb) upstream/downstream, and the top panel is the ortholog and 100Kb 

upstream/downstream. The small green and purple blocks are coding sequences, with 

purple blocks indicating syntenically conserved genes.  Pink wedges connecting the top 

and bottom panel genes represent conserved syntenic blocks between the genomes.  On 

the right, a portion of a maximum likelihood phylogenetic tree (shown small, at the 

bottom left) is matched to the GEvo results.   
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organisms‒like humans and yeast‒while the rest of the flanking genes in one of the 

organisms showed a vastly different wobble codon bias, it would suggest that horizontal 

transfer had occurred.  Unfortunately, there is no real pattern in wobble codon bias 

among ENV7 and its orthologs, so no inferences about horizontal gene transfer can be 

made (results not shown). 

Individual Kinase Subdomain Analyses of Env7 Revealed Conserved Features and  

Evidence of Purifying Selection 

 

For the study of Env7’s protein features, two multiple sequence alignments-the 

fungal alignment of 114 sequences orthologous to Env7 and the alignment of the kinase 

domains of 67 Env7 orthologs from the Bacteria and Eukaryota-were assessed.  From 

these multiple sequence alignments, well-conserved residues were uncovered and 

evolutionary selection analyses were executed using the Datamonkey webserver and the 

HyPhy program package (Kosakovsky et al., 2005; Pond et al., 2005; Delport et al., 

2010).  The specific methods used for examining evolutionary selection were Fixed 

Effects Likelihood (FEL), Fast Unconstrained Bayesian Approximation (FUBAR), Single 

Likelihood Ancestor Counting (SLAC), and Property Informed Models of Evolution 

(PRIME) (Kosakovsky et al. 2005; Murrell et al. 2013).  FEL, FUBAR, and SLAC are 

each different methods for detecting positive, negative, or neutral evolution among 

aligned amino acid codons.  PRIME, which employs the same algorithms as FEL and 

SLAC, specifically looks for conserved amino acid properties among codon inputs.  

Using the eukaryotic protein kinase subdomains as a framework, sections of aligned 

codon sequences from the two domains of life were inputted into the four programs.  The 

results are shown in Figure 25 in Appendix C.   
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 Overall, negative, or purifying selection was responsible for the conservation of 

many amino acids in the alignment of 67 orthologous sequences and Env7 (Figure 25 in 

Appendix C).  This means that any deleterious nucleotide substitutions were most likely 

eliminated over the course of evolution of the sequences.  No positive selection was 

detected by any of the programs. 

The Relationship of ENV7 to the NAK Kinase Family Members 

 The NAK Kinase Family’s existence relies almost entirely on the kinase domain 

sequence similarity of its members.  All of the NAK kinase sequences contain a well-

conserved N-terminal serine/threonine kinase domain, sometimes followed by up to 

~1000 amino acids; however, Env7, STK16, and their orthologs only have the kinase 

domain with relatively few flanking amino acids (Figure 5a).  It is the conserved kinase 

domain that provides the sequence similarity among the members of the NAK Kinase 

family.  The C-terminal portions of the NAK Kinase sequences vary significantly in 

length and composition.  These areas generally have low sequence identity to the same 

regions of their respective orthologs.  In fact, blastp searches for orthology analyses with 

a strict lower limit of 70% query coverage (instead of 60%) yielded interesting results.  

Orthologs for S. cerevisiae Prk1 were only found in the genera Millerozyma (Pichia), 

Kazachstania, Kluyveromyces, Naumovozyma, and Saccharomyces.  Ark1-like 

sequences were only present in Naumovozyma and Saccharomyces, and Akl1 matches 

were found only in Candida glabrata and Saccharomyces.  Taken together, Ark1 and 

Akl1 did not have any orthologs that aligned to their complete sequences ‒kinase domain 

and large downstream sequence region‒ outside of Saccharomycetaceae, but Prk1,
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though mostly conserved in Saccharomycetaceae, had one complete ortholog in 

Debaryomycetaceae.  The human NAK kinases were a little more broadly distributed; 

GAK was limited to metazoans, and AAK1 was found in complete form in osteichthyes 

only.  BMP2K was not conserved in full outside of Sarcopterygii (results not shown)   

 Despite the lack of complete sequence conservation, the NAK kinases do form a 

distinct clade, with specific subfamilies spanning Eukarya (Figure 6).  The Ark/Prk 

Subfamily of sequences clustered most closely with AAK1 and BMP2K sequences, while 

GAK/Auxillin and STK16/Env7 orthologs remained as their own more evolutionarily 

separated groups (Figure 6).  The STK16/Env7 clade was the only one that included 

plant, protist, and bacterial sequences, and the relatively long branch lengths of some of 

the sequences in the group suggest a rapid mutation rate and possible functional 

divergence (Figure 6).   

   It is difficult to trace the evolution of the separate NAK Kinase subfamilies with 

respect to each other because there is no immediate relative.  No orthology or paralogy 

exists between the subfamilies; though the kinase domains by themselves are similar 

within the NAK Kinase family.   Paralogy definitely exists within protein subfamilies, 

suggesting possible neo- or sub-functionalization (Figure 6) (Zeng and Cai 1999; Byrne 

and Wolfe, 2005).  Even more peculiar, the non-kinase portions of the NAK Kinases 

display little resemblance to each other among subfamilies, so their C-terminal 

attachment to the conserved kinase domain is not the product of one or two gene fusion 

events.   
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FIGURE 6.  An unrooted Bayesian phylogenetic tree of select NAK family protein 

sequences.  Sequence names consist of genus abbreviation, species, and gene name/locus.  

Dotted lines represent clades with less than 90% posterior probability, and the square 

symbol denotes sequences belonging to a single species, making them likely paralogs.  

The scale bar represents the number of amino acid changes per site. 
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Important Sequence and Structural Aspects of Env7 

Well-Conserved Residues in Env7 are Appropriate to Form Salt Bridges Characteristic of 

Active Eukaryotic Protein Kinases 

 

 Intact salt bridges have been shown to be extremely important for protein kinase 

catalytic activity because they maintain protein kinase stability and protect parts of the 

catalytic loop from the destabilizing influence of solvents (Yang et al., 2012).  Env7 

contains four well-conserved residues that could form such salt bridges: lysine 69, 

glutamic acid 85, glutamic acid 269, and arginine 349 (Figure 25 in Appendix C).   These 

residues are highly conserved via purifying selection in almost all of Env7’s orthologs 

(Figure 25 in Appendix C); so mutations of these residues are likely to greatly affect 

kinase activity.  A study from our lab found that when glutamic acid 269 is mutated to 

alanine, Env7 becomes completely unstable and lacks kinase activity; however, mutations 

substituting aspartic acid or serine for the glutamic acid do not render Env7 unstable or  

non-functional (Manandhar et al., 2013).  Point mutations associated with the conserved 

glutamic acid 269-arginine 349 (Env7 numbering) salt bridge in human protein kinases 

result in disease (Torkamani et al., 2008).  . 

 Two extremely well-conserved STK16 residues, corresponding to lysine 69 and 

glutamic acid 85 in Env7, were shown to form a salt bridge in the crystalline structure 

(Eswaran et al., 2008).  The residues are close enough on the in silico Env7 structure to 

form a bridge as well (Figure 9), and it has been shown that in cAMP-dependent protein 

kinase catalytic subunit alpha (PKACα) and many other protein kinases, the existence of 

this salt bridge between the N- and C-lobes is critical for a catalytically active kinase 

(Kornev et al., 2006; Taylor and Kornev, 2011).  Therefore, mutation of either of these
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FIGURE 8.  Three-dimensional rendering of conserved features in Env7.  Nine important 

structural components in Env7p are illustrated above in CPK representation.  Residues 

that are not part of these features are shown in the ribbon representation.  Colors of each 

feature coordinate with those displayed in Figure 7.   
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residues to an uncharged and/or smaller amino acid could abolish kinase activity in Env7.  

Studies in our lab have shown that the Env7K69M mutant protein is a stable, functional 

kinase, suggesting that this second salt bridge may not be essential Env7 function 

(Manandhar et al., 2013).   

Env7’s Catalytic Spine, Regulatory Spine, Magnesium-Positioning Loop, and Activation 

Segment are Composed of Conserved Residues 

 

 The catalytic spine (C-spine) is a spatially-conserved structure in protein kinases 

that facilitates docking of the adenine ring of ATP (Kornev, 2008).  It does this by 

forming a backbone between the N and C lobes that is only completed by the direct 

binding of the adenine ring.   Based on pairwise protein sequence alignment with human 

PKACα, Env7p has eight residues‒valine 44, alanine 67, leucine 127, isoleucine 221, 

leucine 222, phenylalanine 223, threonine 291, and leucine 295–that make up its catalytic 

spine (Figure 10).  This suggests that valine 44 and alanine 67, both in the N-lobe, 

directly bind the adenine ring during catalysis.  Both residues are highly conserved in 

fungi, and alanine 67 is particularly well-conserved throughout most of Env7’s orthologs.  

Leucine 127 is well-conserved in most of Env7’s orthologs (Figure 25 in Appendix C).  

Interestingly, the rest of the proposed C-spine residues in Env7 are not well-conserved in 

many of Env7’s orthologs, but studies have shown that sequence position-specific 

conservation of an amino acid is not as important as the spatial, three-dimensional 

conservation of an amino acid in the C-spine (Kornev, 2008; Kornev and Taylor, 2010).  

The two N-lobe components of the C-spine (V44 and A67) must be conserved as specific 

amino acids most likely because they are the only ones that interact with the ATP 

molecule directly (Kornev, 2008).  Though the PRIME analysis did not detect any  
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FIGURE 10. Three-dimensional rendering of Env7 featuring the catalytic and regulatory 

spines.  A) Full views of Env7p with C-spine residues (yellow) and R-spine residues 

(red) highlighted by space-filling model representation.  B) A closer view of the 

conserved C- and R-spine residues shows that they do form spine-like structures that 

connect different parts of Env7.  The C-spine residues only form a complete spine when 

the ring of an ATP molecule binds the protein during catalysis.  The R-spine controls the 

catalytic activity of the kinase, and most eukaryotic protein kinases contain a 

phenylalanine residue that acts like a switch to determine if the kinase will be active 

(Taylor et al., 2012).  Env7 and its orthologs have a leucine (234 in Env7) in place of this 

phenylalanine. 

FIGURE 9. Three-dimensional rendering of Env7 featuring the putative conserved salt 

bridges.  A) Full view of Env7, with conserved structurally-stabilizing salt bridges 

highlighted in translucent color space-filling model.  B) The putative salt bridge between 

lysine 69 (red) and glutamic acid 85 (green) connects the N- and C-lobes in catalytically 

active protein kinases.  C) The putative salt bridge between glutamic acid 269 (orange) 

and arginine 349 (yellow).  The ball and stick models of the residues are visible through 

the space-filling representation. 
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conserved amino acid properties at these two positions‒possibly because there was not 

enough variation between amino acids at these positions in the alignment‒mutation of 

these residues to drastically different amino acids could alter the catalytic activity of 

Env7 by affecting the binding of the ring portion of ATP (Figure 25 in Appendix C).   

 Another important structure conserved in active protein kinases is called the 

regulatory spine (R-spine).  This arrangement of five conserved hydrophobic amino acids 

creates a link between the N and C-lobes, and without this rigid constraint the kinase 

loses its catalytic activity (Johnson et al., 2001; Huse and Kuriyan, 2002; Taylor and 

Kornev, 2011).  In Env7, the residues that make up the R-spine, again based on pairwise 

similarity to PKA, are: isoleucine 86, isoleucine 101, histidine 213 (part of the HRD 

motif), leucine 234, and aspartic acid 284 (Figure 10).  Env7, as well as its many 

orthologs, has a distinct variation; leucine 234‒in the DLG motif of the activation 

segment‒is actually phenylalanine in almost all other protein kinases (Figure 25 in 

Appendix C) (Taylor and Kornev, 2011).  The importance of this difference is that the 

phenylalanine has been proposed to be a catalytic switch for protein kinases (Taylor and 

Kornev, 2011).    

 Subdomains VIB and VII contain residues that chelate Mg
2+

 ions in order to 

properly position the γ-phosphate of ATP for phosphoryl transfer (Hanks and Hunter, 

1995).  Env7 has two well-conserved residues in these subdomains–aspartic acid 233 and 

asparagine 220–that align with the Mg
2+

-coordinating residues on PKA (Figure 26 in 

Appendix C).  As seen in Figure 25 in Appendix C, there is evidence of purifying 

selection at these residues as well. 
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Spanning subdomains VII and VIII, the activation segment is a major 

characteristic that distinguishes eukaryotic protein kinases from eukaryotic-like protein 

kinases, and it is controlled by phosphorylation of residues within it (Taylor, 2012).  Only 

residues towards the N- and C-terminal anchors‒DFG and PPE in Env7, respectively‒are 

well conserved (Figure 25 in Appendix C).  This paucity of strongly conserved residues 

may reflect a genus- or species-specific nature catalytic regulation via phosphorylation of 

the activation segment. Additionally, the activation segment of Env7 and most of its 

orthologs is also unusual in that, instead of a simple helical turn, their activation segments 

seem to contain a full alpha helix towards their C-terminus (Figure 8) (Scheeff and 

Bourne, 2005; Eswaran et al., 2008).  The significance of this extended activation 

segment in Env7 orthologs may be associated with regulation of kinase activity. 

The Unique Subdomain VIA Insert in Env7 

 A feature exclusive to Env7 and most of its fungal orthologs was revealed after 

evaluating the various multiple sequence alignments generated in this study.  An insert 

from aspartic acid162 through glycine 207 in Env7, predicted to consist of coils, turns, 

and a small helix, became apparent (Figure 11a).  This insert is highly variable even 

among closely related Saccharomycetaceae Family orthologs (Figure 11b).  Only 

glutamic acid 197 in Env7 is well-aligned with identical or similar residues in the other 

sequences, and no clear conservation of hydrophobic properties exists in the alignment of 

these inserts either (Figure 11b).  Interestingly, there seems to be an acidic di-leucine 

sorting signal conserved in the unique subdomain VIA insert of Env7 and some of its 

Saccharomycetaceae orthologs (Figure 11b).  This sorting signal, which has a consensus 

sequence of [D/E]XXXL[L/I/V],  has been shown to interact with the delta subunit of the  



55 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 11.  Three-dimensional rendering of Env7 featuring the subdomain VIA insert.  

A) Space-filling models with the subdomain VIA insert highlighted in orange.  The N-

lobe is dark grey, and the C-lobe is shaded light grey.  B) Wrapped multiple sequence 

alignment of insert regions from various Env7 orthologs in Saccharomycetaceae family.  

The well-conserved glutamic acid is outlined in orange.  Darker grey shading in the 

alignment indicates greater similarity among the highlighted residues. 
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AP-3 clathrin-associated protein complex (Vowels and Payne, 1998; Darsow et al., 

1998).   

Proposed Phosphorylation Sites in Env7 

 The activity of almost all eukaryotic protein kinases is regulated in some way by 

phosphorylation of serine, threonine, and/or tyrosine residues within the kinase itself 

(reviewed in Rubenstein and Schmidt, 2007).  In general, if at least one residue in the 

activation segment is not phosphorylated, the kinase cannot complete the R-spine 

configuration and is not activated (Johnson et al., 1996; Yang et al., 2011; Taylor et al., 

2012).  However, other phosphorylatable residues outside of the activation may also 

provide multiple layers of regulation by phosphorylation (Prowse et al., 2001; reviewed 

in Nolen et al., 2004).  Env7 has been shown to be phosphorylated in vivo and in vitro 

(Manandhar et al., 2013; Manandhar and Gharakhanian, 2013).  Using a well-rounded 

group of computational methods (listed and described in in Table 11 of Appendix A), 

Env7 was analyzed in silico to determine which residues are most likely to be  

phosphorylated.  When evaluating the most likely candidate for phosphorylation, residue 

conservation was also taken into consideration, even though some phosphorylated 

residues are expected to be unique based on the nature of substrate binding. 

 Figure 12 shows the positive hits for phosphorylation for each phosphorylatable 

residue in Env7 along with the percentage conservation of that residue in an alignment of  

151 of Env7’s orthologs.  Serines dominate the list of potential phosphorylation targets in 

Env7.  Six residues ‒serine 126, threonine 194, threonine 217, serine 238, serine 280, and 

serine 331‒ stand out with the most positive predictions by the algorithms.  Among these 

residues, only serine 238 is within the activation segment.  This residue is also not well- 
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FIGURE 12.  Prediction of putatively phosphorylated residues in Env7.  Nine 

phosphorylation prediction programs, listed at the left, were used to determine possible 

phosphorylation sites on Env7p.  Percent conservation, indicated by the bar graphs above 

the residues, is based on multiple sequence alignment of Env7p and 151 of its orthologs 

(eukaryotic and bacterial).  For the Predikin program, darkly shaded blue boxes represent 

sites chosen by the SDR method, and lightly shaded blue boxes represent sites chosen by 

the KDS or PANTHER methods, which are less refined.  Residues in the activation 

segment are in bold, and residues that are not part of the kinase domain are italicized.
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conserved, even among close orthologs, but conservation of residues in the activation 

segment is not extremely important because is it very often unique in each organism 

(Taylor et al., 2013).  Threonine 194 falls within the subdomain VIA insert region that is 

unique to Env7 and a few of its close orthologs in Saccharomycetaceae, so 

phosphorylation of this residue could be involved with protein-protein interactions or 

localization.  Serine 217 is in the catalytic loop at the base of the ATP-binding cleft.  

Serine 331 is in the GHI subdomain, but it is unclear how phosphorylation of these 

residues could affect Env7 activation or function.  These findings are consistent with 

experiments in our lab that have shown that at least the C-terminal fragment of Env7 is 

phosphorylated (S. Manandhar, unpublished results).  The rest of the residues are not in 

any definable area of Env7, so as of now the role of their potential for phosphorylation is 

also unknown. 

Env7’s Disordered Glycine-rich Loop 

 The first and second glycines in Env7 (G37 and G39) are the most highly 

conserved in almost all eukaryotic protein kinases, and their mutation to different amino 

acid residues in other eukaryotic kinases alters catalytic activity (Hemmer et al., 1997; 

Davies et al., 2002).  The third glycine (G40) is more variable (reviewed in Bossemeyer, 

1994).  This pattern of conservation was not observed in Env7 orthologs; seven of the 

nine residues in the glycine-rich loop are conserved in Env7 orthologs (Figure 25 in 

Appendix C).  Negative selection seems to be responsible for the preservation of these 

glycine-rich loop residues, which form the consensus sequence LGEGGxSxV (Figure 25 

in Appendix C).  Conservation of amino acid volume is a major trend in the glycine-rich 

loop region‒a possible consequence of its role in ATP-binding.  The glycine-rich loop  
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FIGURE 13.  Three-dimensional rendering of Env7 featuring the glycine-rich loop.  The 

loop is highlighted in color, with the three conserved glycines in various shades of blue 

and the rest of the residues in yellow.  A) and B)  A view of the whole protein as a space-

filling model shows that the glycine-rich loop is positioned above the ATP-binding cleft, 

between the N- and C-lobes. C) A closer view of the glycine-rich loop, with the dot 

envelope representation emphasizing its specific residues. 
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must be flexible enough to fold over ATP as it binds in the catalytic cleft, and glycine is 

known to confer flexibility to protein structure (Figure 13) (Hanks and Hunter, 1995; Yan 

and Sun, 1997).  Over the course of evolution, larger amino acid substitutions in this 

region may have been disadvantageous because they interfered with ATP binding in the 

catalytic cleft.   

Experimental Assessment of the Significance of Glycine 40 in the Glycine-Rich Loop 

 According to the few publications that mention the NAK kinase family, ENV7’s 

membership is based upon the conservation of two consecutive glycines in its glycine-

rich loop, but the significance of these glycines has not been determined for the NAK 

kinases (Chien et al., 1998; Eswaran et al., 2008).  The glycine-rich loop in a eukaryotic 

protein kinase is responsible for positioning and binding the ATP molecule during 

catalysis, and many studies have shown that point mutations of residues, particularly the 

glycine triad, this loop can affect kinase activity and cause disease (Odawara et al., 1989;  

reviewed in Bossemeyer, et al., 1994; Hemmer et al., 1997; Chan et al., 2002; Davies et 

al., 2002; Rajagopalan et al., 2002; Yuen et al., 2002; Ikenoue et al., 2004).  In Env7, 

glycine 40 corresponds to the last of the three conserved glycines and, more specifically, 

the second of the consecutive glycines which NAK kinases have in common (Figure 6b).  

To probe the significance of this last conserved glycine, an HA-tagged point mutant ‒

Env7G40V-HA‒ was created and expressed in the env7Δ background to ensure that no 

endogenous Env7 would be present in the cells.  Glycine 40 was chosen to be mutated 

specifically to valine because it is a bigger amino acid that could create stearic 

interference with ATP binding.  It is estimated that 99% of eukaryotic protein kinases 

have a small amino acid, such as glycine, alanine, or serine, in this position (Hemmer et  
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 FIGURE 14.  Site-directed mutagenesis protocol used in this study.  Agarose gel checks 

of the three sets of PCR are shown above as well. 
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FIGURE 16.  Discovery and confirmation of mutant S. cerevisiae cell line used in this 

study.  A) 1% agarose gel of colony PCR products from yeast cells transfected with 

potentially point-mutated ENV7 DNA showed some colonies containing appropriately-

sized DNA fragments.  Colonies 14, 16, 19 and 22 were chosen to be sequenced to 

determine if the g119t (G40V) mutation was truly present in the DNA sequences. B) 

DNA sequencing (Macrogen, Korea) confirmed the presence of the correct mutation, 

shown circled in red on the alignment of DNA contigs provided by the sequencing 

company.  Colony 16 cells were used for all subsequent experiments.   

A

. 

B

. 

FIGURE 15.  The 2μ vector, pSMG17 + env7G40V-HA, generated by and used in this 

study.  The URA3 gene (encodes uracil) and the ampC gene (confers ampicillin 

resistance through β-lactamase production) were used as selective markers.  The yeast 

PGK promoter sequence upstream of env7G40V-HA controlled the transcription of the 

mutant gene, ensuring that multiple copies of the mutant product would be generated.  

Restriction digestion cut sites for restriction enzymes used in this study are indicated on 

the outside of the plasmid ring. 
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al., 1997).  Additionally, a mutation of the third glycine of the ordered (non-NAK-like) 

glycine-rich loop to valine in human insulin receptor kinase was linked to insulin 

resistance due to reduced kinase activity (Odowara et al., 1989). 

 The two S. cerevisiae control strains expressing mutagenized and/or tagged 

versions of ENV7 in the env7Δ background used in this study were Env7-HA and 

Env7C13-15S-HA.  Env7-HA was chosen as a positive control because it is simply wild-

type ENV7 with a triple HA tag fused to its C-terminus.  Most importantly, Env7-HA was 

demonstrated to be a functionally active kinase in vitro (Manandhar et al., 2013).  Also 

possessing a triple C-terminal HA-tag, the Env7C13-15S-HA-expressing mutant was used 

as a negative control because the triple cysteine (C13, C14, and C15) mutation to serines 

was found to inactivate the protein kinase (Manandhar et al., 2013).    

Generation of the Env7G40V-HA Mutant 

 The Env7G40V-HA mutant was generated by site-directed mutagenesis.  The 2μ 

pWS479+RCE1-HA plasmid, provided by Dr. Surya Manandhar, was used as the target 

vector for the mutagenized DNA (Plummer et al., 2006).  Figure 14 details the site-

directed mutagenesis process used to create a point mutation in ENV7 rendering guanine 

119 to thymine, effectively changing glycine 40 to valine in the gene product.  Then, by 

transforming env7Δ cells with the site-directed mutagenesis product and linearized 

pWS479+RCE1-HA 2μ vector, the mutagenized env7G40V gene was inserted into the 

vector in the place of HA-tagged RCE1, creating pSMG17+env7G40V-HA as shown in 

Figure 15.  The transformed cells were streaked onto SM-ura selective medium, and the 

colonies that grew in the absence of uracil were subjected to colony PCR.  Using primers 

1 and 2, which only bind to ENV7 and generate a 1.19Kb product, yeast colonies with 
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pSMG17 containing some sort of ENV7 gene (not necessarily mutagenized) were 

confirmed (Figure 16a).  DNA from confirmed colonies was extracted, and the plasmids 

were amplified in E. coli.  The mutagenesis was confirmed by DNA sequencing (Figure 

16b).  All three forms of ENV7 used in this report ‒Env7-HA, Env7C13-15S-HA, and 

Env7G40V-HA‒ were overexpressed by a yeast PGK promoter in the 2μ vector in the 

env7Δ background.  The two control plasmids were kindly provided by Dr. Surya 

Manandhar. 

Analysis of Vacuole Morphology in Env7-HA, Env7G40V-HA, and Env7C13-15S-HA-

Expressing Cells 

 

 Previous studies in our lab have shown that Env7 negatively regulates vacuole 

fusion (Manandhar et al., 2013).  More specifically, when env7Δ mutant cells are 

subjected to hypertonic conditions, their vacuoles initially fragment like those in WT 

cells; however, unlike WT cells, after 60 minutes of hypertonic treatment the vacuoles in 

the env7Δ cells are no longer multi-lobed.   Most of them contain 1-5 rounded vacuoles 

and are considered to have a prominent vacuole phenotype, as shown in Figure 17b.  

These results suggested that Env7 ‒though not involved with initial vacuole  

fragmentation‒ could be functioning to maintain the fragmentation of the vacuoles in 

hypertonically stressed cells (Manandhar et al., 2013). 

To determine if the Env7G40V-HA mutant cells exhibited deviant vacuole 

phenotypes compared to those of Env7-HA and Env7C13-15S-HA cells, log phase cells in 

YPD were stained for 45 minutes with FM4-64.  FM4-64 is a fluorescent, styryl dye 

commonly used for labeling membranes because its hydrocarbon tail intercalates between 

the lipids in the plasma membrane upon addition to liquid cell culture.  This causes the 

lipophilic dye to enter the endocytic pathway, terminating at the vacuolar membrane 
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(Vida and Emr, 1995).  After the staining period, the cells were washed four times with 

fresh YPD, and then chased for 90 minutes to allow the dye to fully migrate to the 

vacuole.  The stained cells were pelleted and resuspended in either YPD or 0.5M NaCl 

YPD and allowed to incubate for 60 more minutes on a rotating platform at 30
o
C before 

viewing with the DIC/fluorescent microscope.  The cells were scored as having either 

prominent or multi-lobed phenotypes (Figure 17). 

After Chi-square analyses were performed on the results, it became evident that 

the vacuoles in Env7G40V-HA mutant cells were significantly different from those of 

Env7-HA cells in YPD (p<0.0005) (Table 6).   The mutant cells displayed more multi-

lobed vacuoles than the Env7-HA cells (Figure 18a).  Additionally in YPD, the vacuoles 

of the Env7G40V-HA mutant cells were significantly different from Env7C13-15S-HA 

vacuoles (p<0.05).  The Env7G40V-HA mutant cells again showed a greater percentage of 

multi-lobed vacuoles (Figure 18a).   

 In 0.5M NaCl YPD, the Env7G40V-HA mutant cell vacuoles were not 

significantly different from those in Env7-HA cells.  Both strains had a nearly even mix 

of prominent and multi-lobed vacuole phenotypes, although the Env7G40V-HA cells 

showed about 10% more prominent vacuoles than Env7-HA (Figure 18b).    The 

difference in phenotypes between Env7G40V-HA and Env7C13-15S-HA vacuole 

phenotypes in 0.5M NaCl YPD was also significant (p<0.0005).  The Env7C13-15S-HA 

cells had nearly the same amount of prominent vacuoles as they did without additional 

salt in the medium (Figure 18a-b).   This last result is important because it is supported by 

similar analyses done in our lab which showed that mutants lacking functional Env7 did 

not maintain many multi-lobed vacuoles 60 minutes after hypertonic treatment 
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(Manandhar et al., 2013; S. Manandhar and E. Calle, unpublished results).  The 

Env7G40V-HA cells seem to show a much less extreme vacuole phenotype than Env7C13-

15S-HA in high salt conditions, suggesting that the G40V mutation does not abolish the 

normal function of Env7 in the cell.  However, the subtle dissimilarities in vacuole 

phenotypes between this mutation and non-mutated Env7 in YPD may imply that the 

G40V alteration has some effect on the protein and its function(s), perhaps different from 

a loss-of-function mutation. 

 Four other preliminary experiments using Env7G40V-HA expressing cells were 

conducted: solid media growth analysis, liquid media growth analysis, subcellular 

localization assay, and phosphorylation assay.  The results of these experiments can be 

found in Appendix C. 
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FIGURE 17.  FM4-64 staining and microscopy of Env7-HA, Env7G40V-HA, and 

Env7C13-15S-HA cells.  A) Log phase cells stained with FM4-64 were incubated in YPD 

or 0.5M NaCl YPD on a rotating platform (30
o
C) for 60 minutes then viewed under 

DIC/fluorescence microscopy at 1000x.  B) Examples of vacuole phenotypes scored in 

Env7-HA, Env7G40V-HA, and Env7C13-15S-HA S. cerevisiae cells.  Cells were 

considered to have prominent vacuoles if they exhibited 1-5 round FM4-64 staining 

patterns.  Vacuoles counted as multi-lobed contained more than 5 rounded FM4-64 

staining patterns.   

A. 

B. 
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Strain Prominent Multi-lobed Total 

Env7-HA 509.00   7.00 516.00 

Env7G40V-HA 422.00 48.00 470.00 

Env7C13-15S-HA 462.00 27.00 489.00 

Strain Prominent Multi-lobed Total 

Env7-HA 224.00 291.00 515.00 

Env7G40V-HA 241.00 217.00 458.00 

Env7C13-15S-HA 411.00   40.00 451.00 

TABLE 6.  Individual Vacuole Morphology Counts for Cells Grown in YPD 

TABLE 7.  Individual Vacuole Morphology Counts for Cells Grown in 0.5M NaCl YPD 

FIGURE 18.  Bar graphs displaying the percentages of the three vacuole morphologies 

observed in the Env7-HA, Env7G40V-HA, and Env7C13-15S-HA-expressing cells of S. 

cerevisiae incubated in 30
o
C.  Cells were grown in either A) YPD or B) 0.5M NaCl 

YPD.  Vacuole morphology of the cells was determined by staining them with FM4-64 

and then visualizing them under a fluorescent light microscope.  Cells were scored as 

having prominent (1-5) vacuoles or multi-lobed (more than 5) vacuoles.  Budding or dead 

yeast cells were not included in the analysis.  Chi-square tests were used to determine 

significance.  Bars with red stars above them represent significantly different percentages 

from the Env7-HA positive control. 

A. B. 
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CHAPTER 4 

ENV9, ENV10, AND ENV11 ANALYSES 

Phylogenetic Analysis of ENV9 

Characteristics of ENV9 and RDH12 

 ENV9 (Gene locus: YOR246C) is a putative oxidoreductase studied by our lab.  

Experiments conducted by Teli Hsueh (T. Hsueh, Master’s Thesis) showed that Env9 is 

localized to lipid droplets in the cell, and, although env9Δ cells internally accumulate 

proCPY like the other env null mutants do, they do not show altered vacuole 

acidification, lipid droplet morphology, or autophagy defects.  However, env9Δ mutants 

have a somewhat unique, vesiculated vacuolar phenotype and tend to be caffeine 

sensitive.  Additionally, topology predictions of Env9 suggested that it has one C-

terminal transmembrane domain which might allow it to be a tail-anchored protein.  Env9 

is 28.0% identical to its human ortholog, Retinol Dehydrogenase 12 (RHD12), which is 

recognized as an integral ER membrane protein with most of its polypeptide chain 

exposed to the cytoplasm (Lee et al., 2010).  Found mostly in retinal cells, it can 

oxidize/reduce retinoids and reduce toxic lipid peroxidation molecules to relatively 

harmless products (Belyaeva et al., 2005; Marchette et al., 2010). 

Conservation of Residues Associated with Human Disease 

 RDH12 has been linked to human diseases, and a few studies in particular have 

elucidated the point mutations in the gene that are associated with Leber Congenital  
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Amaurosis 13 and Retinitis Pigmentosa 53, both of which can lead to blindness (Janecke 

et al., 2004; Perrault et al., 2004; Thompson et al., 2005; Benayoun et al., 2009).  A 

pairwise alignment of Env9 and RDH12 revealed that many of the residues found 

mutated in diseased cells are conserved in Env9 (Figure 19).  Also, many more residues 

are well-conserved between the two proteins, denoted by gray or black shaded boxes in 

Figure 19.   

Env9 is Evolutionarily Conserved in Every Domain of Life 

 Reciprocal blastp searches using Env9 as the query revealed that the putative 

oxidoreductase has orthologs in Bacteria, Archaea, and Eukarya.  This was not surprising 

given that oxidoreductase sequences are commonly found in clades throughout 

eukaryotes and prokaryotes (Gibney et al., 2013).  After the Env9 orthologs were aligned 

and relationships were reconstructed, it became clear that Env9 was situated with the rest 

of the Ascomycetes, which formed a clade (Figure 20).  Interestingly, the sequences 

belonging to Ascomycota showed the most intra-clade divergence, with branches adding 

up to nearly 1.5 amino acid substitutions per site between its most divergent sequences 

(A. niger and C. lusitaniae).  Another unexpected result was that the bacterial and 

archaeal sequences seemed to be more closely related to the Metazoan sequences than the 

Fungi.  Moreover, three mosquito sequences ‒A. aegytpi, A. gambiae, and C. 

quinquefasciatus‒ were found to be more closely related to the human and chimp 

orthologs than those of the mouse and rat.  This, along with the unanticipated prokaryotic 

portion of the tree topology, could suggest horizontal transfer events.  However, several 

instances of homoplasy and splits with less than 90% clade credibility could undermine  
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FIGURE 20.  A Bayesian phylogenetic tree of Env9 and 77 of its orthologs.  The tree is 

rooted on the Bacillus megaterium sequence because Firmicutes have been suggested as a 

basal bacterial group (Munoz et al., 2011).  Sequence names consist of genus 

abbreviation, species, and gene name/locus.  Dotted lines represent clades with less than 

90% posterior probability, and the scale bar represents the number of amino acid changes 

per site.  Clade shading reflects sequence membership in larger groups of organisms.  

Groups written in all capital letters are three of the fungal phyla. 
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these inferences.  As additional data from orthologous genes become available, better 

supported relationships may be revealed. 

Phylogenetic Analysis of ENV10 

 ENV10 (Gene locus: YLR065C) is a non-essential gene uncovered by our lab 

during a genome-wide immunodetection assay of S. cerevisiae null mutants exhibiting 

defective proCPY processing (Ricarte et al., 2011).  Further studies in our lab by Lisa 

Oliveira have shown that Env10, predicted to be a transmembrane protein, localizes to 

the endoplasmic reticulum and that its null mutant is cold-sensitive.   Unlike the single 

mutants, the env9Δ/env10Δ double mutant showed drastic decreases in fitness under a 

variety of growth conditions, characteristic of a negative genetic interaction (Oliveira, 

Master’s Thesis).  The double mutant was sensitive to alkaline conditions, very low pH, 

and high salt treatment.  Although the function of Env10 is still unknown, our lab 

postulated that it might interact with the lipid droplet resident Env9 as the lipid droplets 

form from the endoplasmic reticulum. 

 Env10 has a domain of unknown function, denoted DUF788, spanning the 

majority of its 181 amino acid sequence (residues 1-172) that is conserved in many 

eukaryotes, including humans (InterPro entry: IPR008506).  DUFs are a substantial group 

of protein domains that are conserved but have no known function (Bateman et al., 2010).   

They make up about 20% of the domains defined in Pfam (Sanger Institute), and their 

numbers are growing rapidly.  The DUF788 domain has a set of specific residues that 

define it as a unique protein domain (Figure 21).  442 other proteins in Eukarya are 

known to possess the DUF788 domain, and only human Transmembrane Protein 208 
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(TMEM208) and S. pombe Meiotically Upregulated Gene 69 (Mug69) have been studied.  

mug69Δ vegetative cells in S. pombe are curved and inviable under standard growing 

conditions (Hayles et al., 2013).  Mug69 is ER-localized and is an integral membrane 

protein (Matsuyama et al., 2006).  A very recent study implicated human TMEM208 in 

autophagy and ER stress regulation (Zhao et al., 2013).  This was the first publication to 

address the DUF788-containing protein, and it also confirmed the presence of 3 

transmembrane domains in TMEM208.  Upon heat treatment, TMEM208 protein also 

formed SDS-resistant aggregates.  TMEM208 knockdown and silencing showed an 

increase in autophagy in human osteosarcoma and embryonic kidney cells, while 

overexpression of the gene resulted in decreased autophagy and ER stress (Zhao et al., 

2013).  While the ER localization of TMEM208 and Mug69 is related to what is known 

about Env10, it is important to remember that just because these proteins have a DUF788 

domain does not mean that they are orthologous to Env10.  Although TMEM208, for 

example, shares about 31% sequence identity with Env10, the identities only occur at the 

key residues that define the DUF788 domain, which comprises nearly 95% of each 

protein sequence.  The rest of the amino acid residues in TMEM208, as well as in Mug69 

(which shares only 22.3% sequence identity with Env10), do not align well with those in 

Env10 (data not shown).  Still, because the DUF788 region spans most of the length of 

these proteins, they may be functional counterparts in the different species. 

 Based on reciprocal blastp searches, orthologs of Env10 are not found outside of 

the Ascomycete order, Saccharomycetales.  All of the orthologs shown in Figure 22 

contain a DUF788 domain like Env10 and are also predicted to have 2-4 transmembrane 

domains (TMHMM).  However, the Ashbya gossypii and Eremothecium cymbalarie  
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FIGURE 21 . Hidden Markov Model (HMM) Logo illustration of conserved amino acid 

residues in the DUF788 domain.  The DUF788 HMM Logo profile (Schuster-Böckler et 

al., 2004) was generated and copied from Pfam (Sanger Institute, 

http://pfam.sanger.ac.uk//family/PF05620#tabview=tab4) and styled into the Figure 

above.  Each position is divided by pink lines, which represent possible amino acid 

inserts.  Dark pink represents the probability that at least one residue is inserted at the 

position, and light pink represents the probability that more than one amino acid is 

inserted there.  The bigger the pink area is, the higher the likelihood of the respective 

insertion event.  A larger letter indicates greater conservation of that particular amino 

acid residue in the DUF788 domain at that position.  Taller stacks of letters signify 

greater information content, or certainty, of the residues (and their sizes) shown in that 

position. 

http://pfam.sanger.ac.uk/family/PF05620%23tabview=tab4
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FIGURE 22.  An unrooted Bayesian phylogenetic tree of Env10 and 31 of its homologs.  

Dotted branches represent clades with less than 90% posterior probability.  The scale bar 

depicts the branch length on the tree that signifies 0.4 amino acid substitutions per site.  

Clades are color-coded depending on the family membership of its constituent species in 

the order, Saccharomycetales.  Sequences marked with a black square are most likely 

paralogous. 
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sequences are missing the C-terminal quarter of their DUF788 domain, almost directly 

after the last predicted transmembrane domain in each sequence.  The 

Saccharomycetaceae portion of the Bayesian phylogenetic tree is not well resolved, as is 

evident from the large polytomy present and clade credibility values below 90% (Figure  

22).  The aligned Saccharomycetaceae sequences have 39.9% average pairwise sequence 

identity, compared to 57.3% average sequence identity among aligned 

Debaryomycetaceae and Mitosporic Saccharomycetales sequences.  The Candida tenuis 

sequence is grouped more closely with the Scheffersomyces stipitis and Spathaspora 

passalidarum sequences than those of its fellow Mitosporic Saccharomycetales members.  

The link between these three organisms is their ability to ferment pentose sugars, though 

it is unclear what correlation, if any, this physiological ability has with orthologs of 

Env10 (Wohlbach et al., 2011).  Two possible paralogs in Candida albicans WO-1, 

CAWG 06150 and CAWG 01185, suggest an incidence of gene duplication and 

subsequent divergence, and this is not seen in any other organism represented in the tree 

(Figure 22).  Env10, as expected, was grouped with the other Saccharomyces species, 

with its closest ortholog belonging to Kazachstania africana. 

Phylogenetic Analysis of ENV11 

 ENV11 (Gene locus:  YGR071C), the last novel late endosome and vacuole 

mutants identified, has been studied by our lab and others.  While the env11Δ mutant is 

not sensitive to ionic stress or common drugs, like caffeine, it does accumulate higher 

levels of glycogen than wild-type cells and exhibits abnormally elongated buds during 

replication (Wilson et al., 2002; Watanabe et al., 2009; Ricarte et al., 2011).   

Additionally, the env11Δ cells contain fragmented vacuoles and exhibit internal 
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accumulation of pro-CPY (Ricarte et al., 2011).  Env11 localizes to the nucleus in 

specific quantities by unknown nuclear import mechanisms. 

 ENV11 is an ohnolog (paralog that arose from whole genome duplication) of 

another S. cerevisiae gene, Vacuole Import and Degradation 22 (VID22) (Brown et al., 

2002; Byrne et al., 2005).  Both of their gene products contain a BED-type zinc finger 

domain that functions mainly to bind DNA (Aravind 2000).  Much is known about 

Vid22; it is a glycosylated, integral plasma membrane protein, and it travels to the 

nucleus to interact with Telomere Binding Protein 1 (Tbf1) to repair DNA double-strand 

breaks (Brown et al., 2002; Bonetti et al., 2013).  Vid22 and Tbf1 work with histone-

modifying enzymes and chromatin remodeling proteins near the site of the DNA double-

strand break, to which they are both recruited (Bonetti et al., 2013).  Env11 becomes a 

player in the Vid22/Tbf1 relationship when the three proteins colocalize to promoter 

regions of endomembrane trafficking genes, including ENV9, among others (Krogan et 

al., 2006; Oliveira, Master’s Thesis; Preti et al., 2010).  Experiments with an 

env11Δ/vid22Δ double deletion mutant performed by our lab established the two genes’ 

importance in endomembrane trafficking; cells from this double mutant strain were 

abnormally large with fragmented vacuoles.   

 Multiple sequence alignment of Env11 and Vid22 protein sequences highlights 

some important conserved regions and residues.  As previously mentioned, both proteins 

share a conserved BED-type zinc finger domain towards their N-terminus.  Additionally, 

a stretch of amino acids in Vid22 proposed to create a membrane-spanning helix shares 

many identical residues with the part of Env11 with which it is aligned.  An interesting 

asparagine-rich region of Vid22 does not align with Env11 (results not shown).  Env11 is 
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missing most of the residues that make up this region of Vid22.  It has been shown that 

many yeast transcriptional regulators have asparagine-rich stretches, and these regions 

are essential for activation of transcription (Myers et al., 1998; Michelitsch and 

Weissman, 2000; Sim and Creamer, 2002; Titz et al., 2006).   

Another feature of Vid22 that is not generally present in Env11 is the abundance 

of both putative and experimentally-determined glycosylation sites.  Glycosylation is 

important for some proteins because the added carbohydrate moieties aid in protein 

folding and trafficking to the correct cellular membrane.  As an integral plasma 

membrane protein, Vid22 may move through the secretory pathway to reach its cellular 

destination, but because Env11 shares very few of the conserved glycosylation sites, it 

may not rely on carbohydrate addition for localization and/or function. 

 Env11 and Vid22 are not orthologous to any protein outside of the 

Saccharomycetaceae family (Figure 23).  This is consistent with their proposed functions 

as transcriptional regulators; groups limited to Fungi or subgroups of Fungi tend to be 

significantly enriched in nucleic acid binding and transcription factor activity (Gibney et 

al., 2013).  Interestingly, only the Saccharomyces Vid22 orthologs contained the 

asparagine-rich region that could be important in transcriptional regulation, and the VIN7 

8867 S. cerevisiae strain sequence did not even possess a complete zinc finger domain 

(Figure 23).  Most of the sequences on the Env11/Vid22 phylogenetic tree are either 

orthologous to Env11 or Vid22.  However, there are three exceptions: Kazachstania 

africana, Eremothecium cymbalariae, and Ashbya gossypii.  K. africana has two 

sequences, paralogous to each other, that both are co-orthologous to S. cerevisiae Vid22.  

These two sequences are only 25.7% identical to each other, and the KAFR 0A06130 
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sequence contains acidic stretch of residues towards its N-terminus that the other 

sequence does not possess.  This acidic stretch is unique to KAFR 0A06130, and it may 

impart differential regulation during transcription activation in K. africana.  E. 

cymbalariae and A. gossypii belong to the same genus (Eremothecium), but neither of 

them have both an Env11 ortholog and a Vid22 ortholog.  Using the reciprocal blastp 

technique, it was clear that the E. cymbalariae sequence was orthologous to Env11, and 

the A. gossypii sequence was orthologous to Vid22.  Unfortunately, further BLAST 

searches with the genera featured in the tree in Figure 23 excluded, failed to show any 

significant hits, even in other Saccharomycetaceae family members (data not shown).  

This suggests that perhaps the whole genome duplication that occurred in yeast100-150 

million years ago could be responsible for the presence of the paralogs, Env11 and 

Vid22, in some extant yeast clades (Kellis et al., 2004; Capra et al., 2010).  Genomic 

duplication events are usually followed by massive gene loss, so that might account for 

the many Saccharomycetaceae members that have neither Vid22 nor Env11.  This idea  

is supported by the large relative divergence of the E. cymbalariae and A. gossypii 

sequences from the rest of the sequences on the tree (Figure 23). 
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CHAPTER 5 

DISCUSSION 

A Combination of Vertical and Horizontal Gene Transfer is Likely Responsible for the 

Conservation of ENV7 Orthologs in Eukarya and Bacteria 

 

 An aim of most phylogenetic studies is reconstructing relationships among related 

sequences; however, when the topology of the obtained phylogenetic tree violates 

established monophyletic groups, modes of gene transmission other than vertical must be 

considered.  There are four major reasons why gene and species trees can differ (Galtier 

and Daubin, 2008).  The first has to do with tree-building errors, including sequence 

selection, multiple sequence alignment, and deviations from the selected evolutionary 

model.  Incomplete lineage sorting is another explanation for gene and species tree 

incongruence because neutral evolution can sometimes lead to gene divergence occurring 

before or after speciation events.  A third cause of gene and species tree dissimilarity is 

hidden paralogy, which has a greater influence when sequences are taken from 

incompletely sequenced genomes.  Horizontal gene transfer is the fourth source of gene 

and species tree topological discrepancies.  Though this form of gene transmission is 

most common in prokaryotes, it has been detected in S. cerevisiae and a growing number 

of other eukarya (Hall et al., 2005).    

Assuming there are no issues with the phylogenetic analyses in this study and 

considering that the sequences used were all from completely sequenced genomes, the 

two explanations remaining for the departure of the gene trees in Figures 2 and 3 from 
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accepted species trees are incomplete lineage sorting and horizontal gene transfer.  

Incomplete lineage sorting has been shown to be responsible for gene and species tree 

discrepancies in more closely-related organisms, mostly in phylogenomic trees consisting 

of long branches terminating in much shorter diverging branches (Degnan, 2006).  This 

could explain why the K. pastoris sequence (XP_002491616) is separated from the rest of 

the Saccharomycetaceae family by sequences from other Saccharomycotina families 

(posterior probability = 1.0) (Figure 2).  However, the placement of the Basidiomycotal 

sequences between two parts of the Ascomycota phylum might not be explained easily by 

incomplete lineage sorting.   

Horizontal gene transfer, particularly among single-celled eukaryotes, is not as 

uncommon as once thought.  Conjugation events between fungi and bacteria have been 

observed in laboratory settings, and more than 300 examples of horizontal gene transfer 

into fungi have been dually confirmed by individual research groups (Heinemann and 

Sprague, 1989; Inomata et al., 1994; Sawasaki et al., 1996; reviewed in Richards et al., 

2011).  In a few instances, horizontal gene transfer between different fungal species 

growing in proximity to each other has occurred through cytoplasmic interconnections 

(reviewed in Richards et al., 2011).  The estimated divergence of Ascomycota and 

Basidiomycota predates the emergence of Pezizomycotina by about 135 million years, so 

the Pezizomycotina clade should be found within the Ascomycotal clade (Blair, 2009).  

The phylogenetic tree in Figure 2 does not reflect this topology, so it may be possible that 

the Env7 sequences present in Basidiomycota and Pezizomycotina were initially acquired 

horizontally from a divergent Saccharomycotina member, such as Yarrowia lipolytica, 

that shared the same environmental niche.   
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Env7 orthologs are almost exclusively found in Eukarya, and the phylogenetic 

tree in Figure 3 demonstrates that methods of gene transmission other than vertical are 

likely responsible for its topology.  First, the lone bacterial ortholog (Mmol_0176) could 

either be the ancestor of all the Env7 orthologs or a result of horizontal gene transfer from 

a eukaryote.  Because Env7 orthologs were not identified in a wide range of fully 

sequenced bacterial genomes, the horizontal gene transfer explanation seems to be the 

more likely one.  If the bacterial sequence was truly ancestral to all of the eukaryotic 

ones, orthologs should have been found in more Methylotenera species as well as in more 

of the early-emerging fungi.  Additionally, a well-supported clade consisting of 

sequences from an early-diverging chytrid fungus (B. dendrobatidis), a sponge 

(Amphimedon queenslandica), a fresh-water polyp (Hydra vulgaris), and a sea anemone 

(Nematostella vectensis) suggest that horizontal gene transfer may have been at work 

(posterior probability = 0.98; Figure 3).  Finally, the early-diverging fungal sequences in 

Figure 3, belonging to Mucor circinelloides and B. dendrobatidis, were not basally 

situated in relation to the sequences from Ascomycota and Basidiomycota when the tree 

was rooted on the bacterial sequence.  This contradicts established species relationships 

and suggests that these organisms may have also acquired their sequences by means other 

than vertical gene transmission.  Based on results of this study, the ENV7 homologs may 

have been conserved via a combination vertical and horizontal gene transmission in 

Eukarya and Bacteria. 

The NAK Kinase Family is Still Not Well-Defined 

 Since the tenuous establishment of the NAK kinase family of eukaryotic protein 

kinases a little more than a decade ago, scant evidence besides similarity among the 
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kinase domains of its members has surfaced to substantiate its existence (Chien et al., 

1998; Eswaran et al., 2008).  This study showed that the sequence similarity among the 

NAK kinase subfamilies does exist, but there is little else to support the membership of 

the ENV7/STK16 clade as a part of the NAK kinase family.  Some studies have suggested 

that the disordered glycines in the glycine-rich loop are the sole requirement for NAK 

membership, but the Polo-like Kinases also have this double glycine motif (Eswaran et 

al., 2008).  There are no invariant residues unique to the NAK kinases, and even some of 

Env7’s orthologs do not possess the requisite disordered glycines (Figures 2 and 3).  The 

other NAK subfamilies‒GAK, BMP2K, AAK1, and Ark1/Prk1‒share similarities in 

function in addition to kinase sequence similarity.  However, Env7/STK16 subfamily 

members do not likely interact with cytoskeletal elements like the rest of the NAK 

subfamily members because their sequences are hardly longer than a single eukaryotic 

protein kinase domain.  Furthermore, alignment and maximum likelihood analysis of just 

the kinase domains of the NAKS still showed roughly the same topology as the tree of 

the full length sequences (Figure 6), suggesting that even the kinase domains of the 

Env7/STK16 clade members are divergent (Figure 27 in Appendix C).  Solved three-

dimensional structures for more of NAK Family members could elucidate important 

tertiary structural similarities in future, but as of this time the Env7/STK16 clade seems 

to be only loosely related to the rest of the NAK subfamilies. 

ENV7 Orthologs May Rely on Different Forms of Activation Segment Regulation 

The DFG motif in subdomain VII is the N-terminal anchor of the activation 

segment in nearly all eukaryotic protein kinases (Hanks and Hunter, 1995; Taylor and 

Kornev, 2011).  The phenylalanine residue is particularly important because it can 
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regulate the activity of the kinase.  When the R-group of the phenylalanine is facing 

towards the catalytic cleft, called “DFG-in”, the kinase is catalytically competent because 

the N- and C-lobes are securely positioned to bind the ATP molecule.  When the 

phenylalanine R-group is facing away from the catalytic cleft and is “DFG-out”, the two 

lobes become unstable because the R-spine has been disrupted.  This renders the kinase 

inactive (Taylor et al., 2012).  If Env7 and its orthologs in Saccharomycotina, 

Pezizomycotina, Hexapoda, and Vertebrata have a leucine residue instead of the 

phenylalanine, can the R-spine still be intact when the leucine is “DLG-in”?  Leucine and 

phenylalanine are both fairly large, with the major difference between them being that the 

phenylalanine has an aromatic benzyl group while leucine has an alkyl side chain.  

Studies from our lab have demonstrated that Env7 is a functional serine/threonine kinase, 

so even with leucine in place of phenylalanine the kinase can still be catalytically active 

(Manandhar et al., 2013).  Similar studies have demonstrated that STK16 is an active 

kinase, even with a DLG motif (Kurioka et al., 1998; Berson et al., 1999; Eswaran et al., 

2008).  What remains unclear is whether or not the leucine can act as a switch like 

phenylalanine, and, if not, that could mean that Env7 and its orthologs that rely on other 

methods of functional regulation. 

The Subdomain VIA Insert in Env7 May Play a Role in its Localization and/or 

Interaction with Other Proteins 

 

 The potential acidic di-leucine sorting signal in Env7’s subdomain VIA insert 

may allow it to be trafficked to the vacuole by the ALP pathway.  This sorting signal, 

which has the consensus sequence [D/E]xxxL[L/I/V],  has been shown to interact with 

the delta subunit of the AP-3 clathrin-associated protein complex (Vowels and Payne, 

1998; Darsow et al., 1998).  Embedded in vesicle membranes, the AP-3 complex guides 
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proteins from the Golgi to the vacuole via the ALP pathway (Figure 1) (Cowles et al., 

1997; Odorizzi et al., 1998).  The three-dimensional position of the subdomain VIA insert 

in Env7, on the side opposite of the likely ATP and substrate binding sites, implies that it 

is not involved with catalysis directly (Figure 11a).  STK16, a Golgi membrane protein, 

does not contain an exposed di-leucine signaling motif far from the catalytic site, which 

may be the reason why it is localized to the Golgi (Eswaran et al., 2008).   

Env7’s subdomain VIA insert sequence may also serve as an interaction interface 

with other proteins.  Structurally, Env7 is little more than a kinase core, with relatively 

few flanking N- and C-terminal residues.  This suggests that it could be part of a larger 

protein complex, perhaps as a regulatory element.  The conservation of the glutamic acid 

in the insert sequence is consistent with findings which have shown that charged residues 

are generally conserved at protein interaction surfaces (Figure 11b) (Zhao et al., 2011).  

Plus, despite the fact that nearly all of Env7’s fungal orthologs have an insert in this area 

of the protein, the residues that comprise the inserts vary greatly throughout the fungi 

(Figure 11b; results not shown).  Such unique stretches of residues could mean that the 

inserts serve specialized functions that are conserved at the family or species level. 

  The specific protein subunit that the di-leucine sorting signal interacts with in S. 

cerevisiae is called AP-3 complex subunit delta (Apl5) (Cowles et al., 1997).  When Apl5 

is deleted, a defect in vacuolar fragmentation under salt stress similar to what our lab has 

observed in env7Δ cells is seen (Michaillat and Mayer, 2013; Manandhar et al., 2013).  It 

was proposed that adaptor proteins, like Apl5, might even bind to the vacuolar membrane 

and affect its curvature, but this has yet to be experimentally verified (Michaillat and 

Mayer, 2013).  This could explain why some experiments from our lab showed that, in 
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addition to normal localization to the vacuolar membrane, overexpressed GFP-tagged 

Env7 localized to punctate formations in the Golgi (Manandhar et al., 2013).  If copious 

amounts of Env7 protein were to be trafficked to the vacuole by AP-3 coated vesicles, 

and assuming a limited number of Env7 molecules can interact with the AP-3 delta 

subunits on a single given AP-3 coated vesicle, then the leftover Env7 molecules would 

likely remain in the late Golgi until they could be ushered to the vacuole somehow.  

Additionally, many of Env7’s orthologs that lack the subdomain VIA insert, including 

human STK16 and S. pombe Ppk3, localize to the Golgi (Ligos et al., 1998; Bimbó et al., 

2005).  This further supports the idea that Env7’s subdomain VIA insert may be 

responsible for its vacuolar localization and protein interaction.  

Many mammalian proteins related to lysosomal storage diseases, such as 

Niemann-Pick Type C disease, Batten Disease, and mucolipidosis type IV, are targeted to 

the lysosome by di-leucine signaling motifs, and disease occurs when these proteins are 

not properly trafficked to their destination (Watari et al., 1998; Storch et al., 2004; Berger 

et al., 2005; Vergarajauregui and Puertollano, 2006; Berger et al., 2007).  These types of 

lysosomal storage diseases are characterized by accumulation of late endosomes and 

other vesicles in the cell and the subsequent damage caused by this buildup (reviewed in 

Platt et al., 2012).  Studies from our lab have shown the proCPY accumulates in the S. 

cerevisiae env7Δ cells due to a trafficking defect between the late endosome and the 

vacuole (Ricarte et al., 2011), and it would be interesting to determine if deletion of the 

potential di-leucine signaling motif in subdomain VIA could cause a similar phenotype.  

Furthermore, some lysosomal storage disease-associated proteins have homologs in S. 

cerevisiae, and it may be worthwhile to compare the phenotypic effects of deletion or 
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mutation of ENV7 to phenotypes observed when the lysosomal storage disease homologs 

are deleted (Pearce et al., 1999; Berger et al., 2005). 

The Vacuolar Morphology of the Env7G40V-HA Mutant is Slightly Aberrant 

 An unexpected finding of this study was that the Env7G40V-HA cells exhibited 

slightly more multi-lobed vacuoles in YPD than Env7-HA and Env7C13-15S-HA in YPD 

(Figure 18).  However, when under hyperosmotic stress, the Env7G40V-HA cells’ 

vacuoles were not significantly different from those of Env7-HA.  Because the G40V 

mutation is in the ATP-binding region of the kinase, this phenotypic outcome could be 

the result of Env7G40V-HA’s constitutive activity or simple failure to phosphorylate its 

substrate(s).  This mutant kinase form may bind ATP too tightly or fail to release ADP 

appropriately after the catalytic event.  It is unlikely that the G40V mutation prevents ATP 

binding altogether, because in many experimental instances in this study, Env7G40V-HA 

and Env7-HA phenotypes are not different from one another (Figures 28-30 in Appendix 

C).  Therefore the kinase should be active in some way. 

It is possible that the G40V mutation elicited multi-lobed vacuoles in the absence 

of salt stress due to constitutive Env7G40V-HA activity.  The kinase-dead Env7C13-15S-

HA mutant showed prominent vacuoles like Env7-HA in YPD, so that may mean that the 

Env7G40V-HA mutant was not inactive but maybe inappropriately active.  Instead of 

requiring salt treatment to induce the multi-lobed vacuoles through some unknown 

signaling cascade involving Env7, the G40V mutation itself was sufficient to cause the a 

weaker version of the multi-lobed stress phenotype.  Unfortunately, until Env7’s in vivo 

substrates are identified, the precise effect of the G40V mutation on vacuole morphology 

will remain undisclosed.   
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  Clues to Env7’s role in vacuole morphology and the Env7G40V-HA mutant’s 

multi-lobed vacuoles in standard YPD medium may lie once again in the relationships 

between ENV7/Env7 and other genes/proteins.  ENV7 has a negative genetic interaction 

with Phosphatidic Acid phosphoHydrolase (PAH1), which is a yeast homolog of 

mammalian lipin (Santos-Rosa et al., 2005; Costanzo et al., 2010).  Pah1 plays a role in 

vacuole homeostasis and vacuolar fusion events.  In cells lacking Pah1, the vacuoles 

appear deformed and fragmented (Sasser et al., 2012).  Additionally, deletion of both 

ENV7 and a transcription factor called Mbf and Sbf Associated 2 (MSA2) causes 

decreased vegetative growth (Sharifpoor et al., 2012).  MSA2 also negatively genetically 

interacts with YCK3, which in turn, as our lab has discovered for ENV7, negatively 

regulates vacuolar fusion during hyperosmotic stress (Lagrassa and Ungermann 2005; 

Manandhar et al., 2013).  Perhaps Yck3/Env7 and Pah1 could be cogs in compensatory 

pathways governing vacuole membrane equilibrium during salt stress, as is often the case 

with negatively genetically interacting genes.   

 Golgi fragmentation in mammalian neuronal cells has been observed in 

neurodegenerative diseases, and studies have suggested that this disassembly may be a 

stress response that triggers cell death (Gonatas et al., 2006; Nakagomi et al., 2008).  

Further research is needed to elucidate the mechanisms of Golgi fragmentation in disease, 

but perhaps Golgi-localized STK16, as a ortholog of Env7, plays a role in Golgi stress 

fragmentation, just as Env7 does in vacuolar membrane homeostasis during stress.    

Promising Target Residues for Further Point Mutation in ENV7 

 A main goal of this study was to elucidate potential amino acid targets in Env7 for 

further experimentation.  These residues are listed in Table 26 in Appendix D.  Many of 
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the residues in the table may be involved in catalytic activity, substrate binding, and/or 

localization.  Other residues are simply very well-conserved throughout Env7’s 

orthologs, suggesting that they could be important.  Although our lab has already 

initiated/completed experimentation on some of these residues, there are many questions 

about ENV7 that are still unanswered.  Hopefully, future manipulation and analysis of 

these residues will yield information about Env7’s substrates, its precise role in the 

regulation of vacuolar fusion, and the cellular events/other proteins that dictate its 

expression and activity in yeast cells.  The broader aim of discovering and organizing this 

type of information about Env7 is to connect it to lysosomal storage disorders in 

mammalian cells.  If our lab is able to accomplish this, Env7 will become one more tool 

in the search for cures for these serious diseases.   
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APPENDIX B 

DETAILED LISTS OF MEDIA AND REAGENTS USED IN THIS STUDY 
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TABLE 12.  Saccharomyces cerevisiae Media Used throughout this Study. 
Medium Constituent/Amount per 100ml Sources 

YPD 

Yeast extract – 1.00g Difco Laboratories, USA 

Bacto
™

-peptone – 2.00g Difco Laboratories, USA 

40% dextrose solution – 5.00ml Sigma-Aldrich, St. Louis, MO 

SM-uracil 

Yeast nitrogen base without amino acids – 0.67g Difco Laboratories, USA 

20 mg/L Histidine solution – 200.00μl Sigma-Aldrich, St. Louis, MO 

60 mg/L Leucine solution – 1.00ml Sigma-Aldrich, St. Louis, MO 

30 mg/L Lysine solution – 300.00μl Sigma-Aldrich, St. Louis, MO 

Sodium hydroxide – half a small pellet Sigma-Aldrich, St. Louis, MO 

40% dextrose solution – 5.00ml Sigma-Aldrich, St. Louis, MO 

Nitrogen-limited 

Yeast nitrogen base without amino acids and 

ammonium sulfate – 0.17g 
Difco Laboratories, USA 

40% dextrose solution – 27.75μl Sigma-Aldrich, St. Louis, MO 

Sodium sulfate – 0.50g Sigma-Aldrich, St. Louis, MO 

Ammonium sulfate – 62.50mg Sigma-Aldrich, St. Louis, MO 

Nitrogen-

starvation 

Yeast nitrogen base without amino acids and 

ammonium sulfate – 0.17g 
Difco Laboratories, USA 

40% dextrose solution – 27.75μl Sigma-Aldrich, St. Louis, MO 

Sodium sulfate – 0.50g Sigma-Aldrich, St. Louis, MO 

YPD 0.5/1.5M 

NaCl 

Same as YPD 2% dextrose except:  

Sodium chloride –  Sigma-Aldrich, St. Louis, MO 

2.93g/8.78g  

YPD 1M 

Sorbitol 

Same as YPD 2% dextrose except:  

Sorbitol – 18.22g Sigma-Aldrich, St. Louis, MO 

YPD 10mM 

CuSO4 

Same as YPD 2% dextrose except:  

Copper (II) sulfate pentahydrate – 1.25g Sigma-Aldrich, St. Louis, MO 

YPD 10mM 

MnCl2 

Same as YPD 2% dextrose except:  

Manganese (II) chloride tetrahydrate ‒1.00g Sigma-Aldrich, St. Louis, MO 

YPD  

1%/10%/15% 

Dextrose 

Same as YP (YPD without dextrose) except:  

40% dextrose solution -  Sigma-Aldrich, St. Louis, MO 

2.50ml/25.00ml/37.50ml  

YPD  

0.2% Dextrose  

2% Glycerol 

Same as YP (YPD without dextrose) except:  

40% dextrose solution – 500.00μl Sigma-Aldrich, St. Louis, MO 

Glycerol – 2.00ml Sigma-Aldrich, St. Louis, MO 

Notes: After autoclavable components were combined, deionized water was used to fill to 

100ml or the appropriate volume based on final dextrose concentration. The media listed 

above also contained agar (1.50g/100ml) when used as solid media plates (Difco 

Laboratories, USA). 
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TABLE 13.  Escherichia coli Media Used for Site-Directed Mutagenesis and Plasmid 

preps. 
Medium Constituent/Amount per 100ml Sources 

TYE  

(LB) 

Bacto
™

-tryptone – 1.00g Difco Laboratories, USA 

Yeast extract – 0.50g Difco Laboratories, USA 

Sodium chloride – 1.00g Sigma-Aldrich, St. Louis, MO 

TYE (LB) + 

Ampicillin 

Same as TYE (LB) except:  

Ampicillin – 10.00mg Sigma-Aldrich, St. Louis, MO 

Notes: After autoclavable components were combined, deionized water was used to fill to 

100ml. The media listed above also contained agar (1.50g/100ml) when used as solid 

media plates. (Difco Laboratories, USA) 

   

   

TABLE 14. Subcellular Fractionation Buffers and Solutions. 

 Solution/Buffer Component Amount 

Lysis Buffer 

4M Sorbitol      2.50ml 

1M Potassium Acetate       2.50ml 

0.5M EDTA  500.00μl 

1M Hepes-Potassium hydroxide (pH 6.8)      1.00ml 

200 mM PMSF    50.00μl 

10 μg/ml Aprotinin in DMSO      5.00μl 

5 mg/ml Pepstatin A in ethanol    10.00μl 

1M DTT      5.00μl 

DTT Solution 

1M DTT    50.00μl 

1M Tris (pH 9.4)  500.00μl 

Sterile water      4.45ml 

DEAE-Dextran 

Solution 

10 mg/ml DEAE-Dextran    40.00μl 

0% Ficoll  960.00μl 

Spheroplasting 

Buffer 

0.2x YPD      8.00ml 

1M Monopotassium phosphate buffer (pH 7.5)  500.00μl 

4M Sorbitol      1.50ml 

Note: All chemicals were acquired from Sigma-Aldrich (St. Louis, MO). 

 

 

 

TABLE 15.  Preparation of BSA Standards for Protein Quantification 

Standard Preparation Final BSA Concentration 
1 0.00μl 2 mg/ml BSA + 100.00μl sterile water 0.00 mg/ml 
2 12.50μl 2

 
mg/ml BSA + 87.50μl sterile water 0.25

 
mg/ml 

3 25.00μl 2 mg/ml BSA + 75.00μl sterile water 0.50
 
mg/ml 

4 50.00μl 2 mg/ml BSA + 50.00μl sterile water 1.00
 
mg/ml 

5 75.00μl 2 mg/ml BSA + 25.00μl sterile water 1.25
 
mg/ml 

6 100.00μl 2 mg/ml BSA + 0.00μl sterile water 2.00
 
mg/ml 

Note: Concentrated BSA was acquired from Sigma-Aldrich (St. Louis, MO). 
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TABLE 16.  Preparation of Large and Small 7.5% SDS-PAGE Gels 

 

Stacking Gel Component Amount (Lg/Sm) 

30% Protogel (37.5:1 Acrylamide to Bisacrylamide Stabilized Solution)     1.31ml/657.00μl 

4x Protogel Stacking Buffer    2.52ml/1.26ml 

Deionized water    6.16ml/3.08ml 

10% Ammonium Persulfate  105.00μl/50.00μl 

Tetramethylethylenediamine (TEMED)    12.00μl/5.00μl 

Notes: Isopropanol was poured on top to even-out resolving gel.  Gel set for 1 hour.  

Stacking gel was poured on top of solidified resolving gel.  After insertion of the comb, 

the gel set for 30 minutes.  Protogel materials were from National Diagnostics (Atlanta, 

GA); all other materials were purchased from Sigma-Aldrich (St. Louis, MO). 

 

 

 

TABLE 17.  6x SDS-PAGE Sample Buffer (6x Laemmli Buffer) 
Component Amount Required for 10.00ml 

Sodium dodecyl sulfate (SDS) 1.20g 

Bromophenol Blue 6.00mg 

100% Glycerol  4.70ml 

0.5M Tris (pH 6.8) 1.20ml 

Deionized water 2.10ml 

Dithiothreitol (DTT) 0.93g 

Note: All chemicals were acquired from Sigma-Aldrich (St. Louis, MO). 

 

 

 

TABLE 18.  5x SDS-PAGE Running Buffer 
Component Amount Required for 500.00ml 

Trizma base                7.20g 

Glycine              34.56g 

Sodium dodecyl sulfate (SDS)                2.40g 

Deionized water Fill to 500.00ml 

Notes: 5x SDS-PAGE running buffer was diluted prior to the running of the gel to 1x with 

deionized water. All chemicals were acquired from Sigma-Aldrich (St. Louis, MO). 

 

 

 

Resolving Gel Component Amount (Lg/Sm) 

30% Protogel (37.5:1 Acrylamide to Bisacrylamide Stabilized Solution)   10.00ml/2.47ml 

4x Protogel Resolving Buffer  10.00ml/2.47ml 

Deionized water  20.00ml/4.95ml 

10% Ammonium Persulfate  405.00μl/100.00μl 

Tetramethylethylenediamine (TEMED)    45.00μl/10.00μl 
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TABLE 19.  Western Transfer Buffer 
Component Amount Required to Make 1.00L 

Trizma base               5.82g 

Glycine               2.93g 

Methanol           200.00ml 

Deionized water Fill to 800.00ml 

Note: All chemicals were acquired from Sigma-Aldrich (St. Louis, MO). 

 

 

TABLE 20.  Tris-Buffered Saline (TBS) 
Component Amount Required to Make 500.00ml 

1.0M Tris-HCl   25.00ml 

3.0M NaCl   25.00ml 

Deionized water 450.00μl 

Note: All chemicals were acquired from Sigma-Aldrich (St. Louis, MO). 

 

 

TABLE 21.  TWEEN
®
20 + Tris-Buffered Saline (TTBS) 

Component Amount Required to Make 500.00ml 

1.0M Tris-HCl   25.00ml 

3.0M NaCl   25.00ml 

TWEEN
®
20 (Polyoxyethylenesorbitan monolaurate) 250.00μl 

Deionized water 449.75μl 

Note: All chemicals were acquired from Sigma-Aldrich (St. Louis, MO). 

 

 

TABLE 22.  TTBS + Milk (5% TTBSM) 
Component Amount Required to Make 100.00ml 

TTBS 100.00ml 

Dry milk     5.00g 

Note: All chemicals were acquired from Sigma-Aldrich (St. Louis, MO). 

 

 

TABLE 23.  5x Tris-Borate-EDTA 
Component Amount Required to Make 500.00ml 

Trizma base              27.00g 

Boric acid              13.75g 

0.5M EDTA              10.00ml 

Deionized water Fill to 500.00ml 

Note: All chemicals were acquired from Sigma-Aldrich (St. Louis, MO). 
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TABLE 24.  Poly-Lithium-Acetate-Tris-EDTA (PLATE) Mixture 
Component Amount Required to Make ~100.00ml 

45% Polyethylene glycol (PEG) 8000 90.00ml 

1M Lithium acetate 10.00ml 

1M Tris (pH 7.5)   1.00ml 

0.5M EDTA   0.20ml 

Note: Mixture was filter-sterilized.  All chemicals were acquired from Sigma-Aldrich (St. 

Louis, MO). 

 

 

TABLE 25.   Phosphorylation Upshift Assay Reagents 
10x Reaction Buffer 

Component Amount Required to Make 12.00ml 

3M Potassium chloride     6.00ml 

1M Manganese chloride   60.00μl 

1M Magnesium chloride   60.00μl 

4M Sorbitol 600.00μl 

1M Pipes/Potassium hydroxide solution (pH 8.6) 120.00μl 

Sterile water     5.16ml 

10x ATP-Regenerating System 

Component Total Concentration  

ATP     5.00mM 

Creatine kinase     1.00mg/ml 

Creatine phosphate 400.00mM 

Pipes (pH 6.8)   10.00mM 

Sorbitol 200.00mM 

0% Ficoll 

Component Amount Required to Make 50.00ml 

4M Sorbitol   2.50ml 

1M Pipes/potassium hydroxide (pH 8.6)   0.50ml 

Sterile water 47.00ml 

200mM ATP Solution 

Component Amount 

ATP     1.65g 

Sterile water   15.00ml 

Potassium hydroxide (pH 7.0) 600.00μl 

Note: 10x Reaction Buffer and 0% Ficoll were filter-sterilized.  All chemicals were 

acquired from Sigma-Aldrich (St. Louis, MO). 
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APPENDIX C 

ADDITIONAL FIGURES 
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FIGURE 28.  Preliminary growth curves for Env7-HA, Env7G40V-HA, and Env7C13-15S-

HA –expressing strains in various liquid media reveal minor differences in growth 

pattern.  Liquid cultures (200μl) of the three strains were grown for 30 hours in 30
o
C, 

with orbital agitation every 15 minutes.  Growth (O.D.600) was measured every 30 

minutes.  A) SM-ura.  B) 1% dextrose YPD.  C) 2% dextrose YPD.  D) 10% dextrose 

YPD.  E) 15% dextrose YPD.  F) 0.5M  NaCl YPD (2% dextrose). 
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FIGURE 29.  Preliminary fitness analysis of WT-HA, Env7G40V-HA, and  

Env7C13-15S-HA expressing cells on various solid media does not show major growth 

differences.  Exactly 5μl of each dilution of liquid YPD culture were spotted onto each 

plate for each strain.  These dilutions – 1:1, 1:10, 1:100, and 1:1000 – contained about 

15,000, 1,500, 150, and 15 cells respectively.  All plates shown, with the exception of 

the YPD 10mM MnCl2 37
o
C plate, were grown in 30

o
C.  Incubation times varied from 

2 days to 12 days.  Unless otherwise specified, YPD media contained 2% dextrose. 
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FIGURE 30.  Preliminary analysis of subcellular localization and phosphorylation 

state of the Env7G40V-HA mutant protein.  A) Western blot of subcellular fractions 

probed for HA-tagged Env7.  Cells were subjected to subcellular fractionation and run 

on a large 7.5% SDS-PAGE gel.  B) Phosphorylation assay of the P13 fraction of 

subcellular lysates run on a 7.5% SDS-PAGE gel.  The P13 (vacuoles/ER/plasma 

membrane/mitochondria) fractions of the subcellular lysates for each strain were 

subjected to a phosphorylation assay and then Western blotted.  Like Env7-HA, the 

Env7G40V-HA mutant is able to autophosphorylate with (+) and without (-) added 

ATP-regenerating system, as evidenced by the double band in both lanes for the 

mutant.   

A. 

B. 
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TABLE  26.  Potential Target Amino Acid Residues in Env7 for Further Analysis 

Env7 Residue Conservation (Potential) Function Notes 

Cysteine 13   89.5% 
Attachment to the 

vacuole 
 Experimentally shown to be important 

for attachment to the vacuole membrane 

(Manandhar et al., 2013) 

 Env7C13-15S = kinase-dead (Manandhar 

et al., 2013) 

Cysteine 14   21.1% 
Attachment to the 

vacuole 

Cysteine 15   86.2% 
Attachment to the 

vacuole 

Leucine 36   94.7% ATP-binding 

 Homologous to PKA L49, which 

interacts hydrophobically with the 

adenine base (reviewed in Bossemeyer 

1994) 

Glycine 37   86.8% 

ATP-binding: Correct 

positioning and 

securing of ATP in the 

catalytic cleft 

 Homologous to PKA G50, which must 

be a small amino acid in order to make 

room for ribose ring in ATP (reviewed 

in Bossemeyer 1994) 

 G50 mutation to A or S leads to 

decreased PKA catalytic activity 

(Hemmer et al., 1997) 

 Considered to be the most catalytically 

important of the three glycine residues 

in the glycine-rich loop (Grant et al., 

1998) 

 B-raf G463E mutation found in human 

cancer leads to increased catalytic 

activity (Davies et al., 2002) 

 B-raf G463V mutation showed decreased 

catalytic activity (Ikenoue et al., 2004) 

Glycine 39   90.8% 

ATP-binding: Correct 

positioning and 

securing of ATP in the 

catalytic cleft 

 Homologous to G52 in PKA; G52S 

mutation in PKA affected ATP-binding 

and lowered rate of phosphoryl transfer 

(Grant et al., 1998) 

 Thought to help position backbone of 

S53 (possibly S42 in Env7) in order for it 

to make contact with γ-phosphate of 

ATP (Grant et al., 1998) 

Glycine 40   88.8% 

ATP-binding: Correct 

positioning and 

securing of ATP in the 

catalytic cleft 

 In serine/threonine kinases, this is the 

most variable of the three conserved 

glycines ( reviewed in Bossemeyer 

1994) 

 Mutation of glycine-rich loop third 

glycine to valine in insulin receptor 

tyrosine kinase linked to non-insulin 

dependent diabetes mellitus- most likely 

due to lowered catalytic activity  

(Odawara et al., 1989) 

 B-raf G468A mutation found in human 

colorectal cancer leads to dramatically 

increased catalytic activity Ikenoue et 

al., 2004) 

 G40V mutation in Env7 led to some 

phenotypic variances from WT (this 

study) 
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TABLE  26.  (Continued) 

Env7 Residue Conservation (Potential) Function Notes 

Serine 42   88.8% ATP-binding 

 Part of the glycine-rich loop that folds 

on top of gamma phosphate of ATP for 

catalysis  (Grant et al., 1998)  

 PKA S53P compromised catalytically 

(Aimes et al., 2000) 

 It is the backbone amide of S53 on PKA 

that is necessary for catalysis, not the 

side-chain.  (Aimes et al., 2000) 

 PKA S53K was not expressed easily in 

E. coli (Pflug et al. 2011) 

Valine 44   88.2% 
ATP-binding 

C-spine Residue 

 Homologous to PKA V57, which is part 

of the C-spine that contacts the adenine 

ring of ATP (Kornev et al., 2008) 

 Partakes in essential hydrophobic 

interaction with adenosine (reviewed in 

Bossemeyer 1994) 

Alanine 67   94.1% 
ATP-binding 

C-spine Residue 

 Homologous to PKA A70, which is part 

of the C-spine that contacts the adenine 

ring of ATP (Kornev et al. 2008) 

 Contributes to hydrophobic adenine ring 

binding pocket (Hanks and Hunter, 

1995) 

Lysine 69   98.0% 
Possible Salt Bridge-

forming Residue 

 K69R and K69M Env7 mutants both 

stable and able to autophosphorylate 

(Manandhar et al., 2013) 

Lysine 70   73.7% Unknown 
 K70R and K70M Env7 mutants both 

stable and able to autophosphorylate 

(Manandhar et al., 2013) 

Glutamic 

Acid 85 
  98.7% 

Possible Salt Bridge-

forming Residue 

 Homologous to PKA E91 

 Known to form a salt bridge with PKA 

K72 (Env7 K69) when in the active 

conformation (Taylor et al., 2012) 

Isoleucine 86   30.9% R-spine Residue 
 Conserved as isoleucine or valine in 

87.5% of Env7 orthologs 

Phenylalanine 

92 
  92.8% Unknown  Well-conserved among Env7 orthologs 

Isoleucine 

101 
  44.7% R-spine Residue 

 Conserved as leucine, isoleucine, or 

valine in 86.8% of Env7 orthologs 

Isoleucine 

117 
  54.0% ATP-binding 

 Possible “gatekeeper” residue based on 

alignment with PKA (M120) (Taylor and 

Kornev 2011);  could control access of 

ATP to activation site; smaller 

gatekeeper residue = larger ATP analog 

can bind (Zuccotto et al., 2009) 

 96.1% of residues at this position in the 

alignment are either isoleucine, leucine, 

or valine 

Proline 120   96.7% Unknown  Well-conserved among Env7 orthologs 

Glycine 125   90.1% Unknown  Well-conserved among Env7 orthologs 

Serine 126   26.3% Phosphorylation  Strongly predicted to be phosphorylated 

Leucine 127   92.1% C-spine Residue  Part of the C-spine 
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TABLE  26.  (Continued) 

Env7 Residue Conservation (Potential) Function Notes 

Histidine 161   97.4% 
Possible Linker 

Residue 

 Positioned immediately before the 

subdomain VIa insert that structurally 

sits at the back of the kinase 

 Could form an H-bond with D284 which 

links together Helices E, F, and the 

crossing loops in the catalytic region 

(Scheeff & Bourne, 2005) 

 The H-bond between the two residues 

described above is very visible on the in 

silico 3D Env7 structure (results not 

shown) 

 Extremely well-conserved among Env7 

orthologs 

Aspartic Acid 

185 
  20.4% Localization 

 Located in the subdomain VIA insert 

region 

 Could be part of an acidic di-leucine 

signaling motif that allows vacuolar 

localization via the ALP pathway 

(Vowels and Payne 1998; Darsow et al., 

1998). 

 Conserved as D or E in 42.8% of 

orthologs 

Glutamic 

Acid 186 
  45.4% Localization 

 Located in the subdomain VIA insert 

region 

 Could be part of an acidic di-leucine 

signaling motif that allows vacuolar 

localization via the ALP pathway 

(Vowels and Payne 1998; Darsow et al., 

1998). 

 Conserved as D or E in 52.0% of 

orthologs 

Leucine 190   67.1% Localization 

 Located in the subdomain VIA insert 

region 

 Could be part of an acidic di-leucine 

signaling motif that allows vacuolar 

localization via the ALP pathway 

(Vowels and Payne 1998; Darsow et al., 

1998). 

Threonine 

194 
  10.5% Phosphorylation 

 Located in the subdomain VIA insert 

region 

 Strongly predicted to be phosphorylated 

Histidine 213   95.4% R-spine Residue 
 Part of “HRD” motif and R-spine 

(Kornev et al. 2008); homologous to 

PKA Y164 

Arginine 214   82.2% ATP-binding 

 Homologous to PKA R165; part of 

universally conserved “HRD” motif; 

anchors ATP  γ-phosphate on PKA T197 

(Taylor et al. 2004) 
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TABLE  26.  (Continued) 

Env7 Residue Conservation (Potential) Function Notes 

Aspartic Acid 

215 
  94.7% 

Phosphorylation 

 

 Homologous to human AAK1 D176; 

AAK1 D176A mutation did not 

phosphorylate AP2 substrate (Conner 

and Schmid, 2003) 

 Pkr1p D158Y (homologous residue) = 

kinase dead (Zeng and Cai, 1999; Huang 

et al., 2003) 

 Homologous to PKA D166; serves as a 

catalytic base (Taylor et al., 1995) 

Threonine 

217 
  87.5% 

ATP-binding 

Phosphorylation 

 Homologous to K168 in PKA, which 

converges on γ-phosphate (along with 

S42 and D215 “HRD”) to phosphorylate 

substrate 

 Could H-bond with N220 in Env7p 3d in 

silico structure (just as N171 and K168 do 

in PKA) (Taylor et al., 2012) 

 Strongly predicted to be phosphorylated 

 The side-chain of the lysine that is 

conserved in all the other sequences and 

in PKA serves to stabilize the γ-

phosphate (Taylor et al., 2004) 

Asparagine 

220 
  96.1% 

ATP-binding 

Mg
2+

-binding 

 Part of catalytic loop; also coordinates 

with ATP and bound Mg
2+

; homologous 

residue N210A in PLK2 = kinase dead 

(Cizmecioglu et al., 2008)  

 H-bonds with T217 in Env7 3D in silico 

structure (just as N171 and K168 do in 

PKA) (Taylor et al., 2012) 

Isoleucine 

221 
  65.1% C-spine Residue 

 Conserved as either isoleucine or valine 

in 95.4% of Env7 orthologs 

Leucine 222   31.6% 
ATP-binding 

C-spine residue 

 Corresponding residue on PKA docks 

directly onto adenine ring; when 

homologous residue on PKA (L173) 

mutated to alanine catalytic activity is 

abolished 

 Conserved as a non-polar amino acid in 

98.0% of Env7 orthologs 

Phenylalanine 

223 
    9.2% C-spine Residue 

 Conserved as a non-polar amino acid in 

100.0% of Env7 orthologs 

Aspartic Acid 

233 
  96.7% 

ATP-binding 

Mg
2+

-binding 

 Homologous to PKA D184, which is 

known to bind the catalytic Mg
2+

 ion via 

side-chain oxygens; this Mg
2+

 ion 

chelates both β- and γ-phosphates of 

ATP  (Adams, 2001; Valiev et al. 2007) 

Leucine 234   75.7% R-spine Residue  

Serine 236   96.1% Unknown 

 Part of  the activation segment in Env7 

 Very well-conserved among Env7 

orthologs 

 Possibly phosphorylated 

Serine 238   21.1% Phosphorylation 
 Strongly predicted to be phosphorylated 

 Found in the activation segment 
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TABLE  26.  (Continued) 

Env7 Residue Conservation (Potential) Function Notes 

Threonine 

262 
  79.6% Phosphorylation 

 Conserved as either a serine or a 

threonine in 96.7% of Env7 orthologs 

Tyrosine 265   89.5% Phosphorylation 

 Homologous to STK16 Y198, which is an 

autophosphorylation site (Eswaran et al., 

2008) 

 Homologous to PKA Y204, which 

anchors the activation segment by 

working with PKA T201 (also conserved 

as T262 in Env7) to orient K168’s side 

chain (Moore et al., 2003; Yang et al. 

2005; Masterson et al., 2008) 

 Env7 has a threonine (217) residue 

aligned with PKA K168 (STK16 has a 

lysine there, as well.) 

 All of the Env7 orthologs have an amino 

acid with an aromatic benzene ring (Y, 

W, or F) conserved at this position. 

Proline 267     5.3% Unknown 

 Part of the “APE” motif 

 Conserved as alanine in 91.5% of Env7 

orthologs; the rest have serine, proline 

or cysteine. 

Proline 268 100.0% Invariant Residue  Part of the “APE” motif 

Glutamic 

Acid 269 
100.0% 

Kinase activity 

Possible Salt Bridge-

forming Residue 

Invariant Residue 

 Mutation to alanine in PKA (E208) 

abolished kinase activity without 

disrupting structure (Yang et al., 2012) 

 E202A in STK16 = kinase-dead (results 

not shown) (Eswaran et al., 2008) 

 E269S and E269D in Env7 = stable and 

able to autophosphorylate  (Manandhar 

et al., 2013) 

 E269A in Env7 completely unstable- 

proteasomally degraded, most likely 

because salt bridge could not be formed 

(Manandhar et al., 2013) 

Leucine 270   96.7% Unknown  Well-conserved in Env7 orthologs 

Serine 280     7.2% Phosphorylation  Strongly predicted to be phosphorylated 

Serine 281     4.6% Phosphorylation  Strongly predicted to be phosphorylated 

Aspartic Acid 

284 
100.0% 

R-spine Residue 

Invariant Residue 
 

Tryptophan 

286 
  99.3% Unknown 

 Extremely well-conserved among Env7 

orthologs 

Serine 287   98.0% Unknown 
 Extremely well-conserved among Env7 

orthologs 

Glycine 289 100.0% Invariant Residue  

Cysteine 290   98.7% Unknown 
 Extremely well-conserved among Env7 

orthologs 

Threonine 

291 
  65.8% C-spine Residue  

Tyrosine 293   94.1% Unknown  Well-conserved among Env7 orthologs 

Leucine 295   27.0% C-spine Residue  

Serine 300   84.9% Phosphorylation  Strongly predicted to be phosphorylated 
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TABLE  26.  (Continued) 

Env7 Residue Conservation (Potential) Function Notes 

Proline 301   98.7% Unknown 
 Extremely well-conserved in Env7 

orthologs 

Glutamic 

Acid 303 
  81.6% Unknown 

 Conserved as D or E in 97.4% of Env7 

orthologs 

Glycine 310   96.1% Unknown 
 Extremely well-conserved in Env7 

orthologs 

Serine 328   15.1% Phosphorylation  Strongly predicted to be phosphorylated 

Serine 331   83.6% Phosphorylation  Strongly predicted to be phosphorylated 

Arginine 349   97.4% 
Possible Salt Bridge-

forming Residue 

 Mutation to alanine in PDK (R280) 

abolished kinase activity without 

disrupting structure (Yang et al., 2012) 

 Interacts with universally conserved 

“APE” motif glutamic acid (Kornev et 

al., 2008) 

 Extremely well-conserved in Env7 

orthologs 

Proline 350   95.4% Unknown  Well-conserved among Env7 orthologs 

Threonine 

352 
    6.6% Phosphorylation  Strongly predicted to be phosphorylated 
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