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A.  Personal Statement 
The main research interests of my laboratory radiate from the following central question: how do eukaryotic 
organisms regulate the synthesis and transport of polar glycerolipids such that functional membranes and 
organelles are produced? We approach this problem using unicellular eukaryotes as biochemical and genetic 
model organisms. Chlorella and Chlamydomonas are unicellular green algae that serve as photosynthetic 
model systems for problems of industrial and biotechnological relevance, and the fungi Saccharomyces 
cerevisiae, Neurospora crassa, and Candida albicans serve as models to study lipid metabolism in the 
context of fungal pathogenesis and regulation of interorganelle lipid transport in cells. This latter topic is the 
subject of the current proposal, and follows from my previous work exploring the topic of interorganelle lipid 
transport, first in plants, and later in yeast and mammalian cells. 
 
The major focus of our lipid transport work, the subject of the current proposal, is on the intracellular 
transport and metabolism of lysophospholipids. I am in a strong position to direct the investigation this topic, 
given my training and previous contributions to the field, and my establishment of an active and productive 
laboratory as an independent investigator at the University of Nebraska - Lincoln.   My previous work 
demonstrated that the plasma-membrane localized P4-ATPases Dnf1p and Dnf2p of yeast are high-capacity 
transporters of lysophospholipids into the yeast cell, and identified yeast Ale1p as the major lysophospholipid 
acyltransferase isoform responsible for metabolism of exogenous, imported phospholipids.  This pathway of 
exogenous lysolipid transport and metabolism is conserved from yeast to man, and our intent now is to use 
the biochemical and cell biological tools we have developed to explore the transport of lysophospholipids in 
eukaryotic cells, about which almost nothing is known.  The conceptual framework for these studies was 
developed with NIH and ACS support of my postdoctoral work, and I am now directing a post-doctoral 
researcher and a technician in moving this work forward.  I believe we present a compelling case for 
continued NIH and ACS support of these studies, as evidenced by the preliminary data and proposal for 
future work presented in this proposal. 
 
B.  Positions and Honors  
 
Positions and Employment 
1998  Research Intern, Monsanto Company, St. Louis, Missouri  
1999-2000 Research Technician in the laboratory of Dr. Roy Morris, Department of Biochemistry, 

University of Missouri, Columbia, Missouri 
2000-2004 Plant Science Fellowship, Michigan State University 
2004-2012 Postdoctoral Research Associate in the laboratory of Dr. Dennis Voelker, Department of 

Medicine, National Jewish Health, Denver, Colorado 
2012-Present Assistant Professor, School of Biological Sciences, University of Nebraska-Lincoln, Lincoln, 

Nebraska 
 
  



Honors  
2004 Anton Lang Award for Research Excellence, Michigan State University-Department of Energy 

(MSU-DOE) Plant Research Laboratory, Michigan State University 
2004 Outstanding Graduate Student Award, Department of Biochemistry and Molecular Biology, 

Michigan State University 
2005-2008 National Institutes of Health Ruth L. Kirchstein National Research Service Award (NRSA) 

Postdoctoral Fellowship 
2008-2011 American Cancer Society Great West Postdoctoral Fellowship 
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D.  Research Support 
Faculty Seed Award, University of Nebraska-Lincoln (UNL)  Riekhof (PI)   01/01/2013-
12/31/2014 
Development of a New Method for Genetic Mapping in Chlamydomonas reinhardtii  
This project aimed to develop a new, Illumina based method for bulked segregant analysis and quantitative 
trait locus mapping in the green algal model system Chlamydomonas reinhardtii, to facilitate rapid genetic 
mapping of mutations or natural genetic variants in this biomedically relevant unicellular eukaryotic model 
organism. 
Role: PI 
 
Interdisciplinary Research Award, UNL Office of Research  John Delong (PI)  
 01/01/2013-06/31/2014 
An Interdisciplinary Investigation of Causes and Consequences of the Temperature-size Rule 
This project aims to develop metabolic and regulatory models of cell size in response to growth temperature, 
using Tetrahymena thermophila as a model system. The Riekhof laboratory contributions include analysis of 
fatty acid content and composition and preparation of samples for RNAseq-based transcriptomic analysis. 
Role: Co-PI 
 
UNL College of Arts and Sciences Laboratory Startup Funds Riekhof (PI)   05/01/2012-
12/31/2016 
The Collage of Arts and Sciences has provided a generous startup package for my research laboratory, 
including support for a technician and postdoctoral researcher and purchase of equipment and laboratory 
supplies. This funding broadly supports the work outlined in the personal statement and emphasizes the 
commitment of the College to my success as a new investigator. 
Role: PI 
 
National Science Foundation EPSCoR RII Track I Award Heriberto Cerutti (PI)  01/01/2013-
9/30/2016 
Algal Biology Research Infrastructure Grant 
This research infrastructure improvement (RII) award was granted to UNL for the development of algal 
biology and biotechnology resources. The Riekhof laboratory contributions focus on the molecular 
mechanisms of lipid synthesis and storage in green algae, especially in the context of the industrially relevant 
alga Chlorella sorokininiana, for which we and other funded investigators at UNL have generated high-quality 
genome and transcriptome resources. We are currently developing metabolic models of carbon partitioning 
and lipid storage in this organism and are developing genetic and genome engineering tools to rationally 
modify metabolic pathways in this organism. 
Role: Co-PI 
 
Nebraska Center for Energy Sciences Research  Riekhof (PI) and Concetta DiRusso (Co-PI)  01/01/2015-
6/31/2016 
Mechanisms of action of activators of algal biomass production and lipid accumulation 
This project entails studies on the use of small molecule enhancers of lipid and biomass production in algal 
biotechnology systems, with the goal of enhancing the economic feasibility of algal biotechnology solutions 
for waste water treatment coupled to bioproduct synthesis. 
 
  



OTHER RESEARCH SUPPORT 
 
CURRENT 
 
National Science Foundation EPSCoR RII Track I Award Heriberto Cerutti (PI)   
01/01/2013-9/30/2016.  $276,000 (of ~5,600,000 total over 6 years) 
Algal Biology Research Infrastructure Grant 
This research infrastructure improvement (RII) award was granted to UNL for the development of algal 
biology and biotechnology resources. The Riekhof laboratory contributions focus on the molecular 
mechanisms of lipid synthesis and storage in green algae, especially in the context of the industrially relevant 
alga Chlorella sorokininiana, for which we and other funded investigators at UNL have generated high-quality 
genome and transcriptome resources. We are currently developing metabolic models of carbon partitioning 
and lipid storage in this organism and are developing genetic and genome engineering tools to rationally 
modify metabolic pathways in this organism. 
Role: Co-PI 
 
UNL College of Arts and Sciences Laboratory Startup Funds Riekhof (PI)   05/01/2012-
12/31/2016 $400,000 
The Collage of Arts and Sciences has provided a generous startup package for my research laboratory, 
including support for a technician and postdoctoral researcher and purchase of equipment and laboratory 
supplies. This funding broadly supports the work outlined in the personal statement and emphasizes the 
commitment of the College to my success as a new investigator. 
Role: PI 
 
 
Nebraska Center for Energy Sciences Research, Cycle 9. Riekhof (PI) and Concetta DiRusso (Co-PI)  
01/01/2015-6/31/2016, $30,000 
Mechanisms of action of activators of algal biomass production and lipid accumulation 
This project entails studies on the use of small molecule enhancers of lipid and biomass production in algal 
biotechnology systems, with the goal of enhancing the economic feasibility of algal biotechnology solutions 
for waste water treatment coupled to bioproduct synthesis. 
 
PENDING 
 
Nebraska Center for Energy Sciences Research, Cycle 10.  Paul Black (PI) 01/01/2016-12/31/2017 
$150,000 
Biochemical Analysis of Microalgae for Enhanced Oil Synthesis and Biomass in a Waste Water System 
This project entails the development of algal strains with altered and industrially useful traits through iterative 
rounds of mutagenesis and selection. 
 
 
OVERLAP 
 
No significant overlap with current or pending proposals is anticipated  



PROJECT TITLE: INTERORGANELLE PHOSPHOLIPID TRAFFICKING IN EUKARYOTIC CELLS 
 
 
SCIENTIFIC ABSTRACT 
 
Lysophospholipids are abundant in human tissues, and act as metabolic intermediates in the synthesis of 
membrane lipids and signaling molecules.  We have previously defined the transporters and acyltransferases 
that mediate the internalization and metabolism of lysophosphatidylcholine in yeast and mammalian cells.  
We now propose to use the yeast Saccharomyces cerevisiae as a gene discovery and biochemical platform 
to dissect the interorgaenelle lipid transport pathways that connect lysophosphatidylcholine internalization 
and metabolism.  First, we will refine two complementary assays to quantify the rate and flux of 
lysophosphatidylcholine between the plasma membrane and endoplasmic reticulum, which is essential for 
cells to use exogenous lysophospholipids as precursors for membrane biogenesis.  Second, we will conduct 
genetic screens for yeast strains with defects in lysophosphatidylcholine transport, and characterize these 
mutants with the biochemical and cell biological tools developed in the first series of experiments.   
 
LAY ABSTRACT 
 
The boundary of the cell, and the boundaries of the compartments within the cell (organelles), are defined by 
membranes composed of lipid molecules.  In addition to their role in membrane structure, lipids are also a 
source of signaling molecules that regulate cell growth and migration, processes that are dysregulated in 
cancer cells.  The synthesis, transport, and metabolism of lipid molecules is thus an important aspect of the 
biology of cancer cells, though historically these fundamental cell biological processes have been difficult to 
study.  We have devised a system using a simple model cell, baker’s yeast, to understand a fundamental 
cellular process that is often altered in cancer cells.  The product of this line of research will be new 
knowledge about these processes that are often altered in cancer cells.  This new knowledge may lead to 
new insights about how to target lipid metabolism and trafficking with novel drugs to treat certain types of 
cancer, most notably breast, colon, and ovarian cancers.  



A. SPECIFIC AIMS 
 
Lysophospholipids (lyso-PL) constitute a major class of polar lipids in serum and interstitial fluids (1, 2), 
however our understanding of the functions, metabolic transformations, uptake by tissues, and molecular 
mechanisms of action of these molecules remains incomplete. Lyso-PL and enzymes such as autotaxin, a 
secreted lysophospholipase, have been implicated as biomarkers of cancer progression in many studies (3) 
suggesting that uptake or extracellular metabolism of these molecules is altered or dysfunctional in cancer 
cells. Serum lyso-PC has also been demonstrated to serve as a potentially significant precursor of 
membrane phospholipid biosynthesis after uptake into a number of tissues and tumor types (4-6) and may 
represent an unappreciated pathway of net phospholipid biosynthesis for rapid membrane biogenesis in 
cancer cells. Given this brief introduction, this proposal is designed to achieve the following Specific Aims: 
 
 1. Develop and refine methods to assay and quantify the uptake and transport of lyso-
phosphatidylcholine from the plasma membrane to the endoplasmic reticulum. 
 2. Identify genes and proteins required for the transport of lyso-phosphatidylcholine from the 
plasma membrane to the endoplasmic reticulum. 
 
Successful achievement of these Aims will provide important new information regarding the biochemistry and 
cell biology of lyso-PL trafficking and metabolism in eukaryotic cells.  Given the incomplete state of our 
understanding of these processes, and their relevance to the development and progression of cancer, this 
work is well within the domain of projects funded by the American Cancer Society, such as my previous 
ACS-funded work on interoganelle phospholipid transport, which led to the development of this current line of 
investigation. 
 
B. BACKGROUND AND SIGNIFICANCE 
 
Phospholipids are made via several different biosynthetic routes in eukaryotic cells.  Figure 1 shows one of 
the pathways of phosphatidylcholine (PC) assembly in the ER of yeast, a model eukaryote that has been 

instrumental in the identification of genes encoding lipid 
metabolic enzymes.  The fatty acid esterified at the sn-2 
position of glycerol in PC can be hydrolyzed by 
phospholipases A2 and re-esterified with a different acyl 
chain by lyso-phospholipid acyltransferases.  This cycle of 
deacylation and re-esterification is known as the 
phospholipid remodeling pathway, or Lands’ pathway, in 
honor of its discoverer (7).   
 The enzymatic activities of the phospholipid 
remodeling cycle have been known for decades, and have 
been thoroughly investigated due to the central role they 
play in multiple lipid metabolic pathways. The hydrolytic side 
of the cycle, which is catalyzed by phospholipases A2, has 
historically been a major focus of research on inflammation 
due to its role in the release of arachidonic acid, the 
precursor of pro-inflammatory oxylipin compounds such as 
leukotrienes, thromboxanes, and prostaglandins (8). The 
biochemical activities of the acyltransferase side of the 
remodeling cycle have likewise been known for many years, 
but the identities of the genes encoding these activities have 
only recently been identified, due in part to ACS support of 
previously funded research carried out by the author of this 
proposal. 
 Specifically, we have demonstrated that yeast use 
the P-type ATPase transporters Dnf1p and Dnf2p in concert 

with their shared non-catalytic subunit Lem3p to take up lyso-PE and lyso-PC from the growth medium (9).  
The transport process is presumed to occur via a “flippase” mechanism, in which the lyso-lipid is adsorbed to 
the outer leaflet of the PM, and then the polar-head group is “flipped” to the cytosolic leaflet. Subsequent to 

Figure 1: Current model of transport and 
metabolism of lyso-phospholipids and 
related molecules by yeast cells.  Import at 
the plasma membrane is mediated by P-type 
ATPases Dnf1p and Dnf2p, in complex with 
their localization factor Lem3p.  An 
uncharacterized transport pathway delivers the 
internalized compounds to the ER, which is the 
site of the Ale1p acyltranferase. 



flippase-mediated internalization, lyso-phospholipids are transported by unknown mechanisms to the ER, 
where they are esterified to their diacyl form and used for membrane biogenesis as shown in Figs. 1 and 2 
above.  Esterification is catalyzed by an acyl-CoA dependent membrane-bound O-acyltransferase, Ale1p, 
which our group identified and characterized (10). This enzyme bears a di-lysine motif characteristic of ER 
retention sequences, and Ale1p activity was shown to co-localize with known ER marker enzymes. These 
studies, along with work from other groups, gave rise to the model of lyso-phospholipid uptake and acylation 
in yeast presented in Fig. 1. Implicit in this model is the importance of interorganelle transport of lyso-PC 
from the PM to the ER, and it is this transport pathway that we propose to elucidate via experiments outlined 
in this proposal. 
 Identification of the yeast Ale1p enzyme was translated into collaborative studies on the homologous 
human and Drosophila enzymes.  This work was enabled by discoveries made in yeast, and led to the 
identification of specific roles for the four human Ale1p homologs in regulation of the production of 
inflammatory mediators by neutrophils (11). Gene-knockouts of the lyso-PC-specific fly homologs of Ale1p 
led to the discovery of a role for these enzymes in germ cell migration (12), a process which has many 
similarities to metastatic cell migration in higher organisms (13). As has already been achieved for the lyso-
PL acyltransferases, we now propose to identify and characterize the molecular determinants of lyso-PC 
transport from PM to ER, using yeast as a discovery platform. Figure 2 and the accompanying legend give 
further specifics on the relevance of this topic to cancer biology. 

 
 
C. PRELIMINARY STUDIES 
 
Preliminary unpublished data has been included as appropriate in the discussions of the rationale and 
feasibility of our approaches, detailed below.   
 
D. RESEARCH DESIGN AND METHODS 
 
Specific Aim 1. Develop and refine new methods to assay and quantify the transport of lyso-
phosphatidylcholine from the plasma membrane to the endoplasmic reticulum. 
 
Rationale: Previous studies in S. cerevisiae have demonstrated that 1. lyso-PC is actively transported into 
the cell, primarily by a P-type ATPase complex consisting of Dnf2p and Lem3p at the PM, and 2. lyso-PC is 
esterified to form PC by the enzyme Ale1p at the ER (10, 14).  These two processes are coupled, and this 
fact strongly implies that vectorial transport of lyso-PC from PM to ER is necessary for acylation of lyso-PC to 
PC.  Given the membrane-disrupting and cytotoxic nature of free lyso-PL, it is unlikely that lyso-PC 
monomers are present in substantial concentrations in the cell.  This leads to the proposition that the free 
diffusion of lyso-PC from PM to ER is an unlikely mechanism for the transport of this compound, and that a 
specific transport pathway is involved in ferrying lyso-PC from the PM to the ER.  In order to study this 

Figure 2. Possible roles of lysophosphatidylcholine 
(lyso-PC) transport and metabolism in the context of 
cancer.  Extracellular lyso-PC (lyso-PCex) can be imported 
by P-type ATP-ases at the PM, transferred to the ER by 
unknown mechanisms, and acylated by mammalian 
homologs of the Ale1p acyltransferase (e.g. MBOAT 1 or 
5).  This results in net synthesis of phosphatidylcholine 
(PC) for membrane biogenesis.  Lyso-PC can also be 
converted to lysophosphatidic acid by the secreted 
lysophospholipase D, autotaxin (ATX). Extracellular lyso-
PA (lyso-PAex) acts as a ligand for lyso-PA receptors (LPA-
R) on the surface of cancer cells, and activation of these 
receptors leads to proliferation and migration of these cells.  
The work outlined below will provide mechanistic 
information regarding the vectorial transport of lyso-PC 
from PM to ER in eukaryotic cells, which is likely to play a 
role in regulating the amount of lyso-PC in serum and in the 
extracellular space.  



process in detail, quantitative assays must be developed and refined to follow the rate and net flux of lyso-PC 
transport through this pathway. 
 
Hypothesis: A regulated, kinetically tractable, vectorial transport pathway facilitates the inter-organelle 
transport of lyso-PC. The rate and net flux of this lyso-PC transport pathway will be quantifiable with 
appropriately chosen experimental conditions. 
 
Experimental approaches:  Two complementary experimental approaches are detailed below to directly 
assay the rate and flux of lyso-PC transport between the PM and ER, and to identify the subcellular 
compartments through which lyso-PC transits en route to the ER. One of these approaches makes use of 
radiochemical assays using 14C- or 3H-lyso-PC to follow transport via biochemical assays, while the other 
makes use of fluorescent lyso-phospholipid derivatives to follow transport by means of microscopic 
visualization. The first approach exploits the topological organization of the transporters and lipid metabolic 
enzymes in eukaryotic cells. The substrate of a lipid metabolic enzyme is often synthesized in a membrane 
other than the one in which it resides, thus necessitating transport of the lipid to the site of its further 
metabolism.  If conditions can be manipulated such that the labeled substrate is introduced in the lipid-
donating compartment, the enzymatic transformation then becomes a reporter of that particular transport-
dependent metabolic process. 

Transport-dependent metabolic transformations (see Fig. 3 above) have been successfully exploited as 
reporters of inter-organelle lipid transfer processes in several experimental systems. This is the case for 
enzymes such as phosphatidylserine (PS) decarboxylase (15) and sphingomyelin synthase (16), as these 
enzymes require the transfer of their substrate from the site of its synthesis to the compartment in which they 
reside.  In the case of the mitochondrial isoform of PS decarboxylase, PS must be imported into the 
mitochondrion from the site of its synthesis in the ER. The transport process can thus be followed 
quantitatively by measuring the transport-dependent decarboxylation of PS.  Likewise, the sphingomyelin 
synthase enzyme in the Golgi complex of mammalian cells relies on the transport of its substrate, ceramide, 
to the Golgi compartment, where the conversion of this precursor can be followed as a direct measurement 
of its transport (16, 17). These quantitative biochemical assays of lipid transfer have been successfully used 
as reporters in forward genetic screens for mutant strains or cell lines with defects in the corresponding lipid 
transport process. Similar approaches will be explored in the genetic and genomic experiments proposed 
under the auspices of Specific Aim 2, as described below. 
 
Radiochemical assays: In the context of PM to ER traffic of lyso-PC, we will exploit the transport-dependent 
transformation of extracellular lyso-PC into intracellular PC (Fig. 3).  This process is dependent on the Ale1p 
lyso-PL acyltransferase.  Cultures of yeast cells will be pulsed with radiolabeled lyso-PC, washed to remove 
un-incorporated label, and then the transport process stopped by lipid extraction of aliquots of cells at 
appropriate time points during the chase period. Accumulation of label in PC will be followed after lipid 
extraction, thin-layer chromatography, and quantification of conversion to PC via phosphorimaging.  This 
method is essentially an in vivo extension of the in vitro enzyme assay that we developed for the initial 
biochemical characterization of Ale1p and its human and fly homologs (11, 12, 14).  Our previously published 
data on lyso-PE uptake and metabolism (18) coupled with preliminary data (not shown) provide evidence that 
this method for measuring the rate of lyso-PC transport will be robust, reproducible, and extremely useful for 

Figure 3: Transport dependent metabolic reactions in eukaryotic lipid 
synthesis. Established examples of the approach include: 1. 
phosphatidylserine (PS) transport to the site of its decarboxylation to form 
phosphatidyl-ethanolamine (PE) by PS decarboxylase (PSD) in the 
mitochondrion and 2: ceramide (Cer) transport to the site of its conversion to 
sphingomyelin (SM) by sphingomyelin synthase (SMS) in the Golgi.  We 
propose to use a similar scheme to study extracellular lyso-
phosphatidylcholine (lyso-PC) transport to the site of its esterification by 
Ale1p in the ER.  Briefly, radiolabeled lyso-PC will be incubated with yeast, 
and the incorporation of label into phosphatidylcholine (PC) used as a marker 
of transport-dependent acylation of lyso-PC by the Ale1p acyltransferase. 



characterizing yeast gene-knockout mutants with trafficking defects, which are to be isolated and 
characterized in the genetic screens described below for Specific Aim 2. 
 
We will conduct these experiments with varying total concentrations of lyso-PC to assess the saturability of 
the transport pathway, and determine the effect of external lyso-PC concentration on the rate and total flux of 
lyso-PC through the pathway.  One potentially confounding factor that we anticipate is hydrolytic degradation 
of lyso-PC by intracellular lysophospholipases, which would act as a competing pathway of lyso-PC 
metabolism.  We will detect and quantify hydrolytic degradation of lyso-PC by employing a double-label 
strategy as previously outlined in our studies on lysophosphatidyl-ethanolamine (lyso-PE) uptake and 
acylation (18).  Briefly, we will synthesize both 14C-choline and 3H-fatty acid containing lyso-PC species, and 
mix them to generate a doubly-labeled pool of the molecule of defined 3H/14C ratio.  By measuring the total 
3H/14C ratio in the PC pool after incubation, we will be able to determine whether appreciable hydrolysis 
occurs.  This was not the case in our previously published studies on lyso-PE uptake and acylation, however 
this potential problem could be circumvented by conducting these studies in yeast strains containing a 
deletions of PLB2, encoding the major isoform of lyso-PL hydrolyzing phospholipase B activity (19). 
 
Routine use of these approaches is contingent on availability of high specific-activity radioactive lyso-PC 
labeled on either the fatty acid or choline moieties.  The author has previously developed a straightforward, 
cost-effective method for the enzymatic synthesis of choline-labeled lyso-PC (14).  This method makes use 
of radioactive choline chloride and CDP-diglyceride as precursors, with high-efficiency conversion to PC 
being catalyzed by a bacterial PC synthase enzyme expressed and purified from E. coli (20).  The 
radiolabelled PC thus derived is then quantitatively converted to its lyso-form by a commercially available 
phospholipase A2 enzyme from honeybee venom.  The acyl-chain of the synthetic radiolabeled lyso-PC can 
be chosen by using the appropriate CDP-DAG molecular species as precursors, and we will synthesize and 
measure the uptake and transport rates of lyso-PC molecules bearing palmitate, oleate, stearate, and 
linoleate as the acyl constituent, as these are likely to be among the major molecular species present in 
human tissues (21).  The labeled compounds will be diluted to an appropriate specific activity depending on 
the experimental conditions using the corresponding unlabeled lyso-PC molecular species, all of which are 
available from Avanti Polar Lipids (Alabaster, AL.) 
 
Fluorescent lyso-PC transport assays. In addition to following the transport and acylation kinetics of these 
radiolabeled lyso-PC molecular species, we will also make use of a new fluorescent BODIPY derivative of 
lyso-PC, called TopFluor-lyso-PC (Avanti) as a marker of lyso-PC uptake and metabolism.  This fluorescent 
lyso-PC derivative is taken up by the same transporters as unlabeled lyso-PC molecular species in yeast 
(Naik and Riekhof, unpublished data).  We anticipate that the compound is then trafficked along a similar 
route before accumulation in the ER and acylation to form TopFluor-PC.  Our initial studies provide evidence 
that TopFluor-lyso-PC indeed accumulates in the perinuclear ER, and also accumulates in ER-associated 
lipid droplets as judged by overlap with an Erg6p-RFP marker of this organelle.  The fluorescent properties of 
the TopFluor reagent also make it an ideal candidate for use in genome wide microscopy-based visual 
screens for yeast mutants affecting the transport, subcellular accumulation, and proper localization of this 
compound.  Initial work will be focused on defining the uptake and acylation kinetics of TopFluor-lyso-PC, 
and as such these experiments will be similar to studies described above for the radioactive methods to 
follow lyso-PC transport.  While understanding the kinetics of transport and esterification of this fluorescent 
phospholipid will be of interest and will be quantified, the real value of using this fluorescent derivative will 
derive not from kinetic studies, but from fluorescent microscopic examination of the compartments in which it 
accumulates.  Specific Aim 2 below proposes genetic screens aimed at the identification of mutants with 
defects in lyso-PC transport, and we anticipate that such mutants will show altered subcellular accumulation 
of the TopFluor lyso-PC compound.  This will form the basis for a powerful visual screen for lyso-PC 
transport mutants using whole-genome yeast knockout collections. 
 
Specific Aim 1- lyso-PC transport assay summary:  In order to measure the rate and quantify the flux of lyso-
PC transport, we will refine and expand upon current protocols to follow the uptake and metabolism of 
radioactively and fluorescently labeled lyso-PC.  The biochemical and microscopic assays thus developed 
will allow for the characterization of defects in mutant yeast strains isolated through genetic screens 
proposed under Specific Aim 2. 
 



Specific Aim 2. Identify genes and proteins required for the transport of lyso-phosphatidylcholine 
from the plasma membrane to the endoplasmic reticulum. 
 
Rationale: Interorganelle lipid trafficking is often facilitated by non-vesicular mechanisms (i.e. transfer of 
phospholipid monomers) at zones of apposition between lipid-donor and lipid-acceptor membranes (22), and 
by vesicular routes, such as transit through the secretory or endosomal pathways.  These lipid trafficking 
pathways are dependent on the proper function of structural and regulatory proteins in the compartments of 
origin and destination.  When appropriate conditions are chosen, simple assays based on the growth 
properties of yeast can be developed to identify genetic lesions giving rise to defects in lipid transport.   
 
Hypothesis: Specific proteins mediate the transport of lyso-PC and chemically similar compounds from the 
plasma membrane to the ER.  The identification of yeast genes whose products are required for lyso-PC 
trafficking will provide a starting point for the elucidation of the molecular mechanisms by which lyso-PC is 
transported from PM to ER. 
 
Approaches to test hypothesis:  We have devised several complementary screening methods to be used for 
the isolation of yeast knockout strains exhibiting defects in the trafficking of lyso-PC.  These methods are are 
expected to identify distinct sets of genes with a significant overlap between screening methods.  These 
chemical-genomic screens will make use of either haploid or homozygous diploid non-essential gene-
deletion collections (23, 24), as well as a regulatable-essential gene collection (25), all of which are in routine 
use in the PI’s laboratory. This type of genetic screen allows for a single worker to rapidly (2-3 days per 
replicate) assess the growth-phenotype of ~4800 viable deletion mutants and ~800 titratable essential genes.  

These methods are straightforward and have been used 
extensively by the PI, e.g. in the discovery of the Ale1p encoding 
gene ALE1 (10), and in preliminary screens described below. 
 
Screening method 1: Putative lyso-PC trafficking defective 
mutants identified as alkylphosphocholine resistant strains.  The 
first approach exploits the profound sensitivity of yeast to the 
alkyl-phosphocholine class of anti-neoplastic agents, such as 
miltefosine.  Alkyl-phosphocholines are lyso-PC mimetics and 
are transported into the cell via the same P-type ATPases as 
lyso-PC itself (9).  The potential utility of these compounds as 
indicators of lyso-PC trafficking derives from the fact that the 
cytotoxic effects of some of these drugs, e.g. 
hexadecylphosphocholine (miltefosine) are dependent on their 
transport to the ER, where they inhibit phosphatidylcholine 
synthesis and cause cessation of cell growth (26).  We predict 

that mutants with disrupted trafficking of lyso-PC will be 
resistant to the effects of these drugs, since the 
concentration of the compound in the ER will be diminished. 
A pilot study has been carried out using a haploid non-
essential gene knockout collection to isolate strains that are 
resistant to 4 µg/ml miltefosine.  Approximately 30 strains 
out of ~4800 were resistant to this compound, and the genes 
deleted in these strains were highly enriched for those 
encoding membrane proteins involved in certain trafficking 
and docking reactions of retrograde Golgi sorting and 
endosomal vesicle sorting pathways. A subset of these 
knockout strains and their growth phenotype are presented 
in Fig. 6. Several mutant strains were chosen for lyso-PC 
labeling under conditions similar to those proposed for the 
experiments under Specific Aim 1.  Using a single end-point 
continuous labeling assay, we found that the pool of free 
lyso-PC in the cell after 1 h incubation is roughly twice that 
of the wild-type strain, suggesting that several miltefosine 

Figure 6: Results of preliminary screening 
for miltefosine resistant mutants in the 
yeast knockout collection.  Strains were 
replica-printed from frozen glycerol stocks in 
96-well dishes to agar plates containing 4 
µg/ml miltefosine.  Strains that showed 
substantial growth after 2 days in this condition 
were chosen for further experiments.  The 
figure on the left shows serial dilutions of yeast 
bearing deletions of the indicated gene, which 
were printed onto plates with and without 
miltefosine.  The wild-type parental strain 
(BY4742) is indicated at the top.  Sets of genes 
with similar functional classifications are 
grouped together, as indicated. Membrane 
proteins and proteins involved in vesicle 
transport are significantly over-represented in 
this gene set. 



resistant mutant strains also show a specific delay in the transport of lyso-PC to the site of Ale1p.  
 
The chemical-genomic dissection of edelfosine (a different APC family member) resistance in yeast has 
recently been explored in a similar fashion as that described above for miltefosine (27, 28).  These 
investigators identified approximately 300 yeast strains with varying levels of resistance to edelfosine.  The 
use of a fluorescent edelfosine analog demonstrated that this compound accumulates in the perinuclear ER, 
which is consistent with our preliminary data on accumulation of Top-Fluor lyso-PC (Fig. 9.) 
 
Screening method 2: Mislocalization of TopFluor lyso-PC. The second forward-genetic screen for strains 
disrupted in lyso-PC trafficking will make use of a new fluorescent phospholipid derivative, TopFluor-lyso-PC, 
which is a derivative of BODIPY-FL.  Fluorescent lipids of this type are often taken up and sorted in a similar 
manner to the non-fluorescent, natural compounds they are meant to mimic, and preliminary data shows that 
TopFluor lyso-PC is taken up by the same transport proteins as acyl- and alkyl-lyso-PC derivatives described 
above.  Preliminary results regarding the transport of TopFluor lyso-PC to acceptor organelles are provided 
in Fig. 9.  Using an AMG Evos epifluorescence microscope purchased with laboratory startup funds, we have 
now demonstrated that TopFluor lyso-PC is rapidly transported to intracellular structures consistent with 
perinuclear ER and lipid droplets. Investigations of the ultimate destination of TopFluor lyso-PC are currently 
being pursued using a targeted subset of fluorescently labeled ER proteins as co-localization markers.  

 
The mutant collections described above will be used for high-throughput image acquisition with a fluoresence 
microscopy system in use in the authors laboratory.  The AMG Evos FL system consists of an inverted 
epifluorescence microscope in which traditional eyepieces are replaced by a 15 inch LCD screen.  Light 
cubes for excitation and emission are based on LED technology, leading to a very robust system for image 
acquisition from 50-100  samples per day.  We will optimize the fluorescence parameters and choice of light-
cubes such that organelles can be resolved and localization foci for TopFluor lyso-PC identified in each strain 
of our knockout collections.  For example, FM-464 can be used to image the vacuole, and a MitoTracker fluor 
can be used to visualize mitochondria at the same time as BODIPY-FL signal is followed to assess the fate 
of TopFluor-lyso-PC, allowing for rapid determination of lyso-PC localization phenotype.   We will make use 
of a long-working distance 60X objective to conduct these visual assays at high-throughput in 96-well 
microtiter plates.  We will ultimately characterize each putative transport-defective strain using the 
radiochemical and fluorescence-based assays developed under the auspices of Specific Aim 1, and thus 
determine the nature of the specific transport defect in each strain. 
 
F. STATEMENT OF CANCER RELEVANCE 
 
This work will generate new knowledge regarding the transport and metabolism of a lipid molecule called 
lyso-PC. Lyso-PC has at least two functions of direct relevance to cancer cell biology: 1. it can be taken up 
by cells and converted to phosphatidylcholine (PC), a molecule that cancer cells need for membrane 
synthesis and growth, and 2. it can be converted to another molecule called lyso-phosphatidic acid (lyso-PA) 
by a protein molecule that is secreted by certain cancer cell types.  This protein, referred to as “autotaxin,” is 
often produced by aggressive tumor types, such as those of the breast, colon, and skin (melanomas.)  In 
other words, aggressive cancer cells make autotaxin, which uses lyso-PC to produce lyso-PA in the area 
surrounding the cell.  Lyso-PA is a potent activator of certain receptors on the surface of these cancer cells, 
and acts to promote rapid cell division and cell migration (metastasis) in these aggressive tumor types. 
 
We will use a well-studied model system (yeast cells) to perform basic cell biological and biochemical studies 
on the uptake and transport of lyso-PC from outside the cell to compartments on the inside of the cell.  At the 
cellular level, execution of these functions is likely to be similar between yeast and man, thus our studies will 
have direct implications for understanding the functions of these molecules and metabolic processes in both 
normal tissues and cancer cells.  Initial genetic screens in yeast have identified genes that have human 
versions (orthologs) and are misregulated in cancer cells.  We anticipate partnering with other investigators 
at UNL and UNMC to investivgate the functions of the animal orthologs of these genes in the development 
and progression of cancer.  
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BUDGET 
 
Personnel:  Salary for a postdoctoral associate is requested, 38,000/year 
 
Materials and Supplies:  Consumables, radiochemicals, and molecular biology reagents are estimated at 
~$1000/month or $12,000/year 
 
Equipment: No additional equipment needs are anticipated 
 
Travel and other direct costs: These expenses will be borne out of laboratory startup funds  
 
Total budget request: $50,000  
 
BUDGET JUSTIFICATION 
 
Salary for a post-doctoral scientist, Dr. Surabhi Naik, is requested.  Dr. Naik received her training in yeast 
genetics and biology as part of a well regarded fungal biology group at Jawarhalal Nehru University in New 
Delhi, and has worked in the Riekhof lab for just over 2 years.  She has generated much of the preliminary 
data for this work, and is well positioned to carry this work forward 
 
Supplies to carry out this work include consumables (petri dishes, microtiter plates, etc), radiochemicals, and 
fluorescent probes necessary for biochemical and genetic studies.  Past experience suggests that a supply 
budget of ~$1000 per person-month is adequate to carry this work forward. 
 
Additional expenses will be borne out of laboratory startup funds. 
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