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ABSTRACT

Mitochondrial diseases encompass a wide range of clinical phenotypes. The
etiology of these disorders is extremely complex; mitochondria are central to
energy metabolism and dysfunction can have a profound effect on global
metabolism. The original objective of this thesis was to use *H-NMR based
metabolomics to investigate the metabolic mechanisms of mitochondrial disease.
Metabolomics is the systematic study of metabolites and is a powerful approach
to understanding disease. In the clinical realm, metabolomics is useful for
identifying biomarkers of disease and for understanding disease mechanisms.
The metabolome is extremely sensitive to a number of factors, such as genetic
background, age, diet, gender and stress; it is therefore difficult to meaningfully
interpret results from human metabolomic data. For this reason, we chose to
employ two common laboratory models of mitochondrial disease: the nematode
Caenorhabditis elegans and the yeast Saccharomyces cerevisiae. These model
systems provide the opportunity to study mitochondrial disease in a well-defined
genetic background under controlled environmental conditions. Our findings
revealed that even in a highly-controlled experiment, an appreciable amount of
biological variability still exists. In the laboratory, C. elegans can be fed two
different strains of E. coli: OP50 for regular maintenance and HT115 for RNAI-
mediated gene suppression. We discovered that the nematode metabotype,
MtDNA copy humber, brood size and lifespan are significantly altered by diet. We
also investigated the metabolic consequences of Complex Il dysfunction in yeast,
as reflected in the extracellular metabolome or exometabolome. Metabolomic
studies are frequently used to identify a small number of key biomarkers that

discriminate individuals of different phenotypes. Our exometabolome data



revealed that the entire metabolome contributes to discrimination between
phenotypic classes. Amino acid metabolism, which is closely linked to energy
metabolism, was profoundly affected by mitochondrial dysfunction in both model
systems. | also investigated the pathogenic, molecular and metabolic
consequences of a human rabies infection following an aggressive and
controversial neuro-therapeutic treatment protocol, revealing a possible adverse

and fatal consequence of this procedure.
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CHAPTER 1

General Introduction



Introduction

Historically, infectious disease has been the leading cause of death worldwide;
epidemic infectious disease and inadequate nutrition remain major health
challenges in developing nations. The advent of modern medicine (primarily the
development of antibiotics), combined with improved hygiene practices, has
substantially reduced death due to infectious disease in industrialized nations
over the last century (Alberti 2001). Today, however, industrialized nations face a
new endemic health challenge: metabolic disease (German et al. 2005).
Common diseases including diabetes, atherosclerosis, and cancer have been
linked to metabolic imbalance (German et al. 2005; Wallace 2005; Gross et al.
2010); our evolving understanding of the role that deranged metabolism plays in
disease etiology has prompted us to view and treat modern health problems in a

new light.

Metabolomics, in the clinical realm, is the systematic study of metabolism and the
role it plays in disease; it is commonly applied to the identification of biomarkers
of disease. Although the term metabolomics and its development as a field of
study emerged around the turn of the millennium (Zhang et al. 2011), the concept
of relating metabolic biomarkers to disease has been in practice for several
decades. The glucose tolerance test, which measures the rate at which glucose
is cleared from the blood stream following ingestion of a standard dose, has been
employed as an indicator of diabetes for over sixty years (Schmidt 1950). The
recent evolution of the field of metabolomics has sparked global interest in the
wealth of information that is contained in the metabolome. In the past few years,

specific biomarkers have been linked to a variety of diseases, including prostate



cancer, pneumonia, and early prediction of preeclampsia (Sreekumar et al. 2009;
Slupsky et al. 2009; Kenny et al. 2010). This chapter introduces the concept of
metabolomics and discusses various features of the metabolome. A discussion of
the technological platform and statistical methods used in this thesis research is

also included.

Metabolomic studies are also useful for probing the underlying molecular
mechanisms of complex diseases. Mitochondria are the cellular organelles
responsible for aerobic respiration; energy metabolism is central to, and highly
integrated with global cellular metabolism. Mitochondrial dysfunction causes a
wide variety and severity of clinical phenotypes. This chapter also describes
mitochondria and the complex nature of mitochondrial disease. Finally, due to the
great complexity and variability of the metabolome, in particular the human
metabolome, it is often difficult to make meaningful interpretations from metabolic
data. Model systems offer greater control of both genetic and environmental
factors that affect the metabolome and are valuable for developing principles of
metabolism that may apply to more complex systems. Two model systems of
mitochondrial disease and their advantages for use in metabolomic studies are

also introduced.

Metabolomics

All biological systems contain four functional components: the genome, the
transcriptome, the proteome, and the metabolome (Figure 1-1) (Goodacre 2007).
The transcriptome reflects the expression of the genome; the proteome reflects
translation of the genome, including post-translational modifications. The

metabolome consists of the entire set of metabolites found within a given

3



biological system; metabolites are the (bio)chemicals that are reactants,
intermediates or products of enzyme-mediated reactions. As the four functional
biological components reflect each other's functional status, a great deal of
information can be extracted from their combined study (systems biology).
However, the metabolome is considered to be the functional level most directly
associated with phenotype, as the metabolome is the ultimate end product of
gene expression. Any stimulation or suppression of gene expression and protein
translation will respectively increase or decrease the levels of the metabolite
acted upon by that protein. Similarly, gene mutations or mis-expression of
proteins that act as signalling molecules can also affect the metabolic state.
Many diseases are in fact the result of deranged metabolism, being caused by
enzyme dysfunction, nutritional imbalance, or inadequate metabolic regulation
(German et al. 2005). Thus, the metabolome offers a great deal of information
that can be useful for the diagnosis, prognosis, and understanding of clinical

phenotypes.

Metabolomes and metabolites

The term metabolome can describe the chemical signature of a specific tissue,
organ system or of the entire organism depending on context. Both intracellular
(endo-) and extracellular (exo-) metabolomes exist (Kell et al. 2005; Dunn et al.
2005); they are studied as separate but complementary entities. Whereas
characterizing the endometabolome (metabolic fingerprinting) offers a snapshot
of active metabolism, studying the exometabolome (metabolic footprinting)
provides information about the consumption or expulsion of nutrients.

Exometabolomic studies are often used to gain insight about the intracellular



metabolic state when adequate cellular sample size is difficult to obtain (such as
in cell culture). When working with animal models, it is relatively easy to obtain
tissue samples of sufficient quantity for metabolomic analyses; it is often
extremely difficult to obtain the same from human patients. In the clinical setting,
metabolic footprinting of biofluids is routinely used for diagnostic purposes; this
can range from the completely non-invasive collection of urine to the highly
invasive collection of cerebrospinal fluid (CSF). Both metabolomic approaches

can be extremely useful depending on available resources and the hypothesis.

Metabolites are the low molecular weight molecules that are involved in
biochemical reactions (as reactants, intermediates, or products) (Dunn et al.
2005). Depending on the metabolite, the tissue location and its subcellular
localization, metabolite concentrations range from pM to mM (Wishart et al.
2009). Although metabolites are generally considered to be organic molecules,
inorganic molecules, such as metals also play an important role in metabolism.
Some metal ions are coordinated by enzymes (such as the mitochondrial
respiratory chain complexes) and also some metabolites (such as ATP)
(Mounicou et al. 2009). Although the definition of a metabolite seems fairly
straightforward, the exact divisions between metabolite and peptide, transcript or
DNA can be ambiguous (Dunn et al. 2011). For example, glutathione is a
tripeptide that functions as an important metabolite for protecting against
oxidative stress. Similarly, nucleotides compose both DNA (and RNA) and
energy metabolites (such as NADH and ATP). To date, almost eight thousand
metabolites have been identified in the human body. These include endogenous
metabolites, drugs, toxins and environmental pollutants, and food components

(Wishart et al. 2009).



Factors affecting metabolic state

The metabolome is extremely sensitive and highly dynamic. Whereas the
transcriptome and the proteome respond within minutes or hours to a particular
stress, the metabolome may respond within seconds and is an immediate
indicator of stimuli. Many factors affect the status of endogenous metabolites:
genetic background, diet, exercise, age, gender, stress, the diurnal cycle, and the
oestrus cycle (Bollard et al. 2001; Solanky et al. 2003; Holmes et al. 2008).
Endogenous metabolism is also affected by the presence of exogenous
metabolites (xenobiotics) including drugs, food additives, plant secondary
metabolites (such as caffeine), and pesticides (Holmes et al. 2008). Xenobiotics
are metabolized by the body and can also contribute to metabolic variation (Dunn
et al. 2011; Holmes et al. 2008). Lastly, the microbiome also impacts metabolism;
the microbiome includes all microorganisms inhabiting the human body
(Goodacre 2007). Although microbiomes exist throughout the human body, the
best characterized is the gut microbiome. Gut bacteria can metabolize host food
prior to nutrient absorption across the intestine; some of these products play
roles in diseases such as obesity, intestinal disease, cancer, and cardiovascular
disease (Holmes et al. 2008; Wang et al. 2011). The interactions between
endogenous metabolites, xenobiotics and the microbiome create a highly
complex metabolic network. As all of these factors are highly specific to each
individual, an appreciable amount of inter-individual (and intra-individual)
metabolic heterogeneity exists within healthy populations (Saude 2007; Zuppi et

al. 1998).



Applications

Metabolomic studies often focus on biomarker discovery and understanding
disease etiology; however, the field is applicable to a wide variety of interests.
Metabolomics has begun to play a popular role in the food industry. The chemical
composition of various wines has been identified in order to discriminate
molecules that are associated with characteristics such as vintage, origin and
quality (Cuadros-Inostroza et al. 2010; Ali et al. 2011). These studies are useful
for wine makers to optimize grape varieties and yeast strains used, and storage
conditions. Dutch researchers have gone one step further, studying the metabolic
conversion of dietary polyphenols, first by gut microorganisms and then by the
host (van Dorsten et al. 2010; van Duynhoven et al. 2011). In the horticulture
industry, metabolomics has been used to understand disease resistance (Bollina
et al. 2011) and stress responses (Shulaev et al. 2008) to optimize breeding
(Davies et al. 2010). Environmental scientists use metabolomics to assess soil
and water toxicity (Simpson and McKelvie 2009; Viant et al. 2006). These are a

just a few examples of the breadth of possible applications of metabolomics.

Instrumentation

A variety of instruments and techniques can be used for metabolite quantification.
Each offers unique advantages and metabolite specificity. The two most
commonly used platforms are NMR spectroscopy and mass spectrometry (MS).
However, various chromatographic techniques, Fourier-transform infrared and
Raman spectroscopies and assay kits can also be used for the similar purposes

(Fancy et al. 2006; Ellis and Goodacre 2006). For this thesis research, | chose to



use NMR spectroscopy for the advantages listed below as well as the availability

of local facilities and expertise.

NMR spectroscopy as a metabolomics platform

NMR spectroscopy offers a number of unique and invaluable advantages when
applied to metabolomic studies; these have been discussed in detail in a number
of reviews (Lindon et al. 2003; Dunn et al. 2005; Dunn et al. 2011). First, NMR is
commonly used to detect protons; the ubiquity of protons in metabolites means
that many can be detected simultaneously in one sample. Additionally, other
common nuclei, such as "*C, "N, and *'P are observable via NMR, yielding
opportunities for metabolic tracer studies. Specifically labelled metabolites can be
introduced and followed along biochemical pathways. Although both NMR and
MS can establish the degree of labelling of nuclei in a given molecule, NMR is
uniquely able to distinguish which atoms are labelled; this is highly advantageous
for flux studies. Second, NMR is quantitative and highly reproducible. Each
metabolite produces a highly-specific peak pattern, based on its composition and
coupling constants. Targeted profiling, quantitatively characterizing NMR spectra,
is easily achieved using databases that contain peak chemical shift and
J-coupling information. Chenomx NMR Suite Professional (Chenomx Inc.,
Edmonton, Canada) is one of the most widely used databases for characterizing
NMR spectra. Based on information stored in the database, Chenomx creates
mathematical models of unknown metabolites; internal standards are used to
quantify metabolites (Weljie et al. 2006). Contributing to the reproducibility of
NMR, unlike in MS, is the fact that samples do not physically interact with the

NMR spectrometer. When using MS, quality control samples must be periodically



analyzed (Sangster et al. 2006; Zelena et al. 2009); this is unnecessary to
maintain reproducibility with NMR spectroscopy. Third, almost any biofluid and
tissue can be analyzed with minimal preparation. Although removal of large
molecular weight molecules is often an included step (discussed in next
paragraph), sample preparation involves adding a chemical shift indicator (also
acts as concentration reference) and sometimes a pH buffer. Fourth, as samples
remain intact during acquisition, NMR spectroscopy is non-destructive. This
offers the potential to repeat the analysis of any given sample using another

platform.

Despite its many advantages, NMR fails to compare to MS in sensitivity.
Whereas MS can detect metabolites in the nanomolar concentration range,
micromolar concentrations must be present to be observed with NMR. Thus, in
samples where NMR can detect tens of metabolites, MS can detect hundreds or
even thousands (Dunn et al. 2011). Another more manageable disadvantage of
NMR is interference of large molecular weight molecules, such as proteins and
lipids. These molecules create broad peaks in NMR spectra (Figure 1-2), often
overlapping and reducing resolution of peaks of interest (Dunn et al. 2011). Also,
those metabolites that remain enzyme bound are not detectable. Thus, sample
preparation often involves removal of these large molecules. Removal of large
molecular weight molecules produces spectra with flat baselines and easily
identifiable metabolites, represented by narrow peaks (Figure 1-2). Although
filtration is a commonly used to preserve sample integrity, extractions produce

clean samples and release enzyme-bound metabolites.



Data Analysis

Metabolomic studies generate a substantial amount of data; as with any study,
when looking for changes in metabolite concentrations, statistical significance of
the data must be established to avoid making false discoveries. Univariate
methods (Student’s t-test, ANOVA etc.) can be useful in establishing significant
differences between individual metabolites of different groups. However,
univariate methods treat variables independently, making it is difficult to
determine correlations between variables; these correlations are important in
establishing a clear understanding of the underlying biological processes of a
given experiment. Often it is the combination of many metabolites that can
uncover clear biological differences between two (or more) biological
phenotypes. These combinations are often called metabolic signatures or
metabolic profiles. For this reason, it is standard procedure to apply multivariate

analytical methods to metabolomic studies.

The projection approach

There are several methods for modelling metabolomic data; however, the
projection approach is one of the most widely used methods by the metabolomics
community. Prior to understanding the projection approach, one must first
understand the basic structure of a data matrix (Figure 1-3). Every data matrix
can be represented by n observations (samples) and k variables (metabolites);
this is referred to as the X-matrix (Goodacre et al. 2004). Y-variables represent
responses (phenotype) and will be discussed later in this section. According to
the projection approach, if each variable occupied one dimensional space, then

the data matrix of k variables would represent a k-dimensional space. In order to
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understand and draw meaningful conclusions from the data, the projection
approach projects the k-dimensional space into a lower-dimensional space that
can be visualized. This is done in a manner that minimal information is lost and
meaningful interpretation of the data can be readily achieved. A simple example
of the projection approach plots 10 observation points in a three-dimensional
space, representing three variables x4, X2, and x; (Figure 1-4). The projection
approach mathematically projects the data onto lower dimensional hyper-planes
or latent variables (Eriksson et al. 2001). These latent variables express the data
in a linear combination of the original vectors (Shlens 2009). In this example, the
data are represented by two latent variables; thus, the three-dimensional data are
reduced and visualized in two dimensions. The same concept can be applied to

many observations in a multi-dimensional space.

Principal component analysis

Principal component analysis (PCA) is one example of how the projection
approach is applied to large data sets. In the above example, the latent variables
are referred to as principal components (PCs); the first principal component is the
line that best fits the data points in the least squares sense (standard deviation
from line to observation points is minimized) (Jewell 2000), and therefore
explains the direction of maximum variance in the multidimensional space. The
second and subsequent PCs represent the next mathematically orthogonal
direction of maximum variance that is not modelled in the former components
(Otto 1999). In this sense, PCA can be considered as a rotation of the original
k-dimensional axes onto a new variance dependent set of p-dimensional axes.

The number of effective PC dimensions is determined by the amount of
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cumulative explained variance (Otto 1999). PCA is an unsupervised approach;
that is, each metabolite variable is treated equally without a priori knowledge of
responses (phenotypes). Thus, any correlation between biological samples is
based purely on the ‘natural’ multivariate variance observed in the measured
biochemistry. Often this variance is sufficient to see clusters of biochemically
similar species; the associated model ‘loadings’, which reflect the importance of
each metabolite in each of the projected PC dimensions, can be interpreted to

give biological meaning to the correlations.

PCA approximates the data in the X-matrix using the product of two smaller
matrices: the score (T) matrix and the loading (P) matrix (Figure 1-5). The
T scores are the coordinate points of each observation along the PC. The
loadings (P) describe the magnitude and the manner (positive or negative
correlation) in which the variables contribute to the scores (Eriksson et al. 2001).
Observations that differ greatly in their variables will lie in opposite directions
along the principal component. Geometrically, the X-matrix consists of n rows
(observations) and k columns (variables); the T-matrix consists of n rows and
d columns (number of PCs); the P-matrix consists of d rows and k columns
(Figure 1-5). Mathematically, PCA deconstructs the X-matrix based on the

following linear relationship:
X=TP"+E

where E represents the matrix of unexplained variance by the model (Otto 1999).
Theoretically, in order to calculate the principal component scores, singular value
decomposition of XX (the correlation matrix of X) is performed (Shlens 2009);

however, in practice for large data sets, an iterative process known as non-linear
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iterative partial least squares (NIPALS) is generally used (Jewell 2000). A full
derivation of this algorithm is beyond the scope of this thesis. The result is a PCA

scores model:

T* = XP

PCi: tri=piiXe+piaXo+ ...+ PraXy

PCy:  t* =paiXs + P22Xo + ... + PanXn

Thus, for each PC score vector t;*, there is an associated loadings vector py,

which indicates the importance of each variable, x4 ,, on that component.

Projections to latent structures by means of partial least squares (PLS)

PCA is the most basic multivariate projection approach. As discussed above, it is
optimized to describe the ‘natural’ variance in the data. Often this projection is not
sufficient to examine less obvious differences in groups of biological samples. In
these cases, a projection method optimized for group (or class) separation is
more explanatory. An alternative to PCA is a type of projection method known as
Linear Discriminant Analysis (LDA). There are many available LDA (Broadhurst
and Kell 2006); however, they are all based on the same principle — to optimize
the projection based on minimizing within-class variance whilst also maximising
between-class variance (Figure 1-6). Thus, geometrically speaking, the
difference between PCA and LDA is that PCA is a rotation of the original x-axis
onto a new set of axes describing descending directions of maximum variance
whereas, LDA is a rotation onto a new set of axes describing descending

directions of maximum discrimination.
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The most common and effective LDA algorithm used by the metabolomics
community is projection to latent structures by means of partial least squares
regression (PLS-DA) (Eriksson et al. 2001). This process uses an iterative
algorithm (similar to NIPALS) to rotate and project the X-matrix into a lower
dimensional set of latent variables, P, (P-dimensional space) using an additional
regressor matrix, Y, containing the binary encoded class membership
information. In the simplest cases of a two class model, samples of ‘Class 1’ will
be encoded as a ‘1’ and samples of ‘Class 2’ will be encoded as a ‘0’ in the first
Y-variable; the second Y-variable would encode the reverse (Figure 1-7A). Thus,
mathematically the algorithm creates latent variables based on maximum
variance between the X and Y variables. In other words, a PLS model will try and
find the multidimensional direction in X-space that explains the maximum

multidimensional variance in the Y-space (Figure 1-7B).

Similar to PCA, PLS-DA also decomposes the X-variable matrix into smaller

score, loadings and error matrices (Figure 1-8):
X=TP"+E.

However, PLS also decomposes the Y matrix thus:
Y=TQ"+F

where T represents the latent projection scores, Q represents the Y-loadings, P
represents the X-loadings and E & F represents the unexplained variance in the
model in both the X and Y space. Where PCA is theoretically based on the
singular value decomposition of X'X, PLS is based on the singular value

decomposition of X'Y (the cross correlation matrix). Again, full derivation of the
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optimization algorithm is beyond the scope of this thesis (Wold et al. 2001). The
resulting PLS-DA scores matrix for the projection of X onto latent space, T,

(similarly explained as the PCA example) is:

T* = XP

And thus the prediction of classification, Y*, can be expressed as:

Y* = XPQ'

Or,

Y* = XB

where B represents the regression coefficients mapping X directly onto Y (Otto

1999; Jewell 2000).

Although PLS-DA is commonly used for metabolomic data modelling, it does
have limitations. First, PLS-DA only works well if the number of classes does not
exceed six (Eriksson et al. 2001). Second, class observations must be “tight”,
occupying a small portion of the X-space (Eriksson et al. 2001). However,
metabolic data are often extremely heterogeneous; it is very easy to over-
optimize PLS models built using heterogeneous data, where discrimination is
based on erroneous variation in the data (statistical noise) but which bears little
relation to ‘real’ biological deviation (Wold et al. 2001). Third, caution must be
exercised to only use the number of latent variables needed to explain biological
variation. By calculating too many latent variables (over-fitting), the model will fit
on noise, thus reducing its predictive power (Figure 1-9) (Eriksson et al. 2001).

Broadhurst and Kell (2006) have discussed this limitation and offer suggestions
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on how to avoid over-fitting; a discussion of model validity in the context of this
thesis will be presented in a later section. Fourth, PLS-DA (and PCA) assumes
data orthogonality, that is variables are considered to be entirely independent of
each other (Eriksson et al. 2001). Thus, PLS-DA cannot correlate the
mathematical model to biological relevance. Despite these limitations, PLS-DA
offers a means of visualizing and discriminating data and establishing

quantitative relationships among observations and variables.

Data pre-processing

As metabolite concentrations can range over four orders of magnitude (Wishart
et al. 2007; Wishart et al. 2009) (in this thesis, metabolite concentrations ranged
over two orders of magnitude), the metric differs substantially between variable
columns. In multivariate methods, such as PCA and PLS-DA, large differences in
both absolute concentrations and total range can distort the model (Otto 1999).
Scaling the data by multiplying it by a vector to give comparable variance to all
variable columns eliminates both types of distortion (Otto 1999; Eriksson et al.
2001). The most common method of scaling is to unit variance (i.e. dividing each
data point in a given variable by the total variance of that variable). In addition to
scaling, data are also translated along the coordinate origin to eliminate a
constant offset; this is referred to as mean centering. To achieve the mean
center, the mean value of each variable is subtracted from the data. These two
steps ensure that all variables are treated with a priori equal importance (Figure

1-10).

16



Model validation and significance

A valid model predicts much better than chance. Multivariate models in this thesis
were generated using the Simca-P+ (v12.0.1) software package (Umetrics,
Umed, Sweden); this software assesses PLS-DA model performance in two ways
(Eriksson et al. 2001). First, the model generates R? (goodness of fit; explained
variance) and Q? (goodness of prediction). Normal biological systems contain an
appreciable amount of variability and therefore, interpretation of these values is
often subjective. Although a Q? value of greater than 0.9 would be considered
excellent by any standards, a Q? value greater than 0.5 can be considered good
for biological data. To ensure the model is not fitting on noise (Figure 1-9), the
difference between R? and Q? must not be greater than 0.2. Second, validation
plots can be generated to determine the risk of the model being spurious. A
series of random permutations of the model are performed, where the Y-
observations are randomly generated while the X-matrix is left intact. Simca-P+
(v12.0.1) generates validation plots as seen in Figure 1-11; validation plots must
be generated for each class within the model. The horizontal axis of the plot
shows the correlation between the original and permutated y-variables. The
vertical axis displays the R and Q? values for each permutation. The original y-
variable is most correlated with itself, defining the highest theoretical point on the
plot (top right-hand corner). All R* and Q? values from randomly-generated
permutations are shown to the left of the original; R> and Q values are
represented by green triangles and blue squares, respectively. Two aspects are
used to indicate model validity, although these are somewhat subject to
interpretation. The first is that none of the randomly generated permutations,

either R? or Q?, out-perform the original (none of the points on the left are higher
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than the originals on the far right). The second is that the y-intercepts are below
the acceptable cut-offs of 0.4 and 0.05 for the R?> and Q? regression lines,
respectively. Figure 1-11A shows a validation plot derived from a model with valid
data; Figure 1-11B represents a validation plot for a model that is not valid. To
determine statistical significance between classes, a CV-ANOVA (Analysis of
variance testing of cross-validated predictive residues) test generates a P-value

for the model.
Data interpretation

Projection models decompose data into scores and loadings values; both can be
presented in plots to interpret the data. These plots can be one-, two-, or three-
dimensional and present any combination of the model’s latent variables. As the
first one or two latent variables explain most of the variance, they are most often
presented. Figure 1-12 presents an example of a score and of a loading plot. An
observation’s score value represents the point at which it is located along the
latent variable. Hence, observations that group close together on a score plot are
most similar to each other; those that are most different will lie on opposite ends
of the latent variable. Score plots provide an overview of the data, as well as
possible outliers. Outliers are defined as observations that do not fit the model
well; their existence may cause the model to find erroneous latent variables
(Eriksson et al. 2001). Loadings plots provide information about the correlation
between variables; cosines of the angles between loading vectors indicate
correlation (Otto 1999). Small angles indicate variables that are highly correlated
to each other in the establishment of the model. Uncorrelated variables are

orthogonal to each other. The size of the loading vector (the coordinate value)
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indicates its importance on the establishment of the model. Loadings near the
origin of the coordinate axis are unimportant to the establishment of the model
(Otto 1999). Loadings can be presented either independently, or if properly
scaled can be superimposed onto the score plot. This plot is called a biplot;
software programs such as Simca P+ (v12.0.1) automatically present loadings
plots in this way. Additional interpretation methods will be described as they are

presented throughout this thesis.

Mitochondria

Mitochondria are the cellular organelles responsible for generating energy in the
form of ATP. They convert the chemical energy of nutrients into energy that can
be used by the cell (Wallace 2010). The number of mitochondria in a cell can
range from a few hundred to hundreds of thousands, depending on cell type and

energy requirements (Scheffler 1999).

Physical characteristics

Mitochondria are very dynamic but often appear tubular in shape. Typical
mitochondria, in cells such as hepatocytes, are approximately 3-4 um in length
and 1 ym in diameter. Mitochondria have four distinct compartments: the outer
membrane, the intermembrane space, the inner membrane, and the matrix
(Figure 1-13). Convolutions of the inner membrane (cristae) maximize its surface

area for energy production (Scheffler 1999).

Mitochondrial DNA (mtDNA)

Circular mitochondrial DNA (mtDNA) resides in the mitochondrial matrix (Wallace

1982). In humans, mtDNA encodes 13 polypeptides that are subunits of the
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mitochondrial respiratory chain complexes. Complex Il is the only complex to be
entirely encoded by nuclear DNA; Complexes I, Ill, IV, and V have subunits
encoded by both nuclear and mitochondrial DNA. mtDNA also encodes the 12S
and 16S rRNAs and 22 tRNAs required for expression of its own genes (Wallace

2010).

Mitochondrial Respiratory Chain and Oxidative Phosphorylation

The mitochondrial respiratory chain (MRC) utilizes the energy stored in metabolic
reducing equivalents (NADH and succinate) to generate ATP. This is achieved by
coupling the transfer of electrons and subsequent reduction of molecular oxygen
to the vectorial movement of protons across the inner membrane, which re-enter
the matrix through ATP synthase, thus generating ATP. This process is known as

oxidative phosphorylation (OXPHOS).

The MRC consists of five complexes (Figure 1-14). Complex |, NADH-ubiquinone
oxidoreductase transfers two electrons from NADH to ubiquinone while pumping
four protons into the intermembrane space. Complex Il, succinate
dehydrogenase is both a MRC enzyme and a Kreb’s cycle enzyme. It oxidizes
succinate to fumarate, transferring two electrons to ubiquinone. Complex Il is the
only electron-transferring MRC complex that does not pump protons into the
intermembrane space. Ubiquinone is a lipid soluble molecule; the reduced
ubiquinol moves through the inner membrane to Complex Ill (ubiquinone-
cytochrome ¢ oxidoreductase), where the electrons are transferred to
cytochrome c. Complex Il also releases four protons into the intermembrane
space. Cytochrome c, carries one electron at a time to Complex IV (cytochrome ¢
oxidase), which reduces molecular oxygen to water. For every one-half molecule
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of oxygen reduced to water, two protons are pumped to the intermembrane
space. The vectorial transport of protons to the intermembrane space creates a
proton motive force, establishing both a pH gradient and an electrical potential
across the inner membrane. The inner membrane is impermeable to protons and
under normal conditions the only way they can re-enter the matrix is through

Complex V (ATP synthase), thus generating ATP (Garrett and Grisham 2010).

Mitochondrial Disease

Despite the primary role of the MRC being maintenance of cellular energy and
redox levels, it also influences a vast array of metabolic and cellular processes
(Wallace 1999; Scheffler 1999, 2000). The term mitochondrial disease originally
described clinical phenotypes arising from OXPHOS dysfunction (Smeitink et al.
2001); presently the term includes dysfunction of any mitochondrial enzyme or
RNA molecule (UMDF 2011c). Diagnosing mitochondrial dysfunction can be
extremely difficult as the clinical presentations are numerous. Mitochondrial
diseases are highly variable in age of onset, severity and tissue location. Several
factors contribute to disease pathology and variability, making treatment and

prognoses extremely difficult (Smeitink et al. 2001).

Genetic factors

The MRC is composed of about 85 proteins. With the exception of complex II,
which is solely nuclear-encoded, all MRC complexes contain both nuclear-
encoded and mitochondrial-encoded subunits. Disease phenotypes can arise
from mutations to either genome. Mitochondrial genetics differ from Mendelian
genetics, which govern the nuclear genome, in four distinct ways (Smeitink et al.

2001). First, mtDNA is exclusively maternally inherited. Second, mtDNA exists in
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polyplasmy, having many copies in each cell. Each human mitochondrion
contains between two and ten copies of DNA, with each cell containing between
one thousand and ten thousand copies. Third, mtDNA can be heteroplasmic, a
condition where both wild-type and mutated mtDNA co-exist. During mitosis,
mitochondria are randomly distributed between daughter cells, resulting in
varying degrees of both polyplasmy and heteroplasmy. Heteroplasmy plays a key
role in the fourth difference between mitochondrial and Mendelian genetics, the
threshold effect. For mtDNA mutations to exhibit a phenotypic effect, they must
result in a critical biochemical effect (Rossignol et al. 2003). A pathogenic
threshold can be achieved at any of the following levels: the percentage of wild
type mtDNA in a heteroplasmic situation, the transcription of the mtDNA, the
translation of the mRNAs, the function of the proteins or in other biochemical
processes. Mutations in tRNA genes can destabilize the tertiary tRNA structure,
thereby increasing their susceptibility to hydrolysis and aggravating the effects of
heteroplasmy (Chomyn et al. 2000). Enzyme function can be affected either by
changing the number of properly assembled enzyme complexes or the intrinsic
kinetic properties of the enzymes. Ultimately, a phenotypic change only arises
when any of the above disturbances affects mitochondrial energy metabolism or
ATP production (Rossignol et al. 2003). Whereas nuclear-derived mitochondrial
disorders are often apparent early in life, mtDNA mutations often cause delayed

symptom onset and are progressive (Wallace 1999).

Reactive oxygen species (ROS) and apoptosis

Mitochondria are a key site for both ROS production and the initiation of

apoptosis. Imbalances to either of these processes can lead to disease
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phenotypes. During electron transfer through the MRC, some electrons escape
and react with molecular oxygen, forming the superoxide anion, O,. During
normal respiration, up to 2% of molecular oxygen consumed is converted to Oy
(Orrenius et al. 2011). During periods of caloric abundance and low cellular
demand for ATP, the ATP synthase slows while electrons are continuously
pumped across the IMM and the membrane becomes hyperpolarized. Proton
pumping continues until the electrochemical gradient inhibits it and electron
transfer through the MRC. Electron carriers are maximally reduced and can
donate their electrons to molecular oxygen, thereby increasing ROS production
(Wallace 2005). Conversely, maintaining adequate levels of physical activity,

while preventing excess caloric intake prevents ROS production.

Once produced, the superoxide anion is converted via superoxide dismutase to
the relatively stable hydrogen peroxide (H.O2) molecule. Hydrogen peroxide can
be converted to water via glutathione peroxidase. Hydrogen peroxide can also
diffuse out of the mitochondrion into the cytosol. H,O, causes protein damage by
creating carbonyl groups and oxidizing thiols; it also oxidizes polyunsaturated
fatty acids, damaging phospholipids (Wallace 2005). Both the superoxide anion
and hydrogen peroxide can interact with Fe?* or Cu®* via Haber-Weiss and
Fenton reactions, thereby generating the highly reactive and toxic ‘OH radical
(Toninello et al. 2004). Superoxide anion-mediated oxidation of Fe-S proteins
results in both enzyme inactivation and simultaneous release of Fe? and H,O,;
this concomitant release of Fenton reaction substrates amplifies the production of
the "OH radical and cellular oxidative damage (Fridovich 1997). The "OH radical
can damage DNA, turning nuclear proto-oncogenes into functional oncogenes.

Cytosolic H,O, activates signalling cascades, promoting transcription and
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replication which may favor tumour generation. Mitochondrial DNA is particularly
vulnerable to oxidative damage for two key reasons (Orrenius et al. 2011). First,
mMtDNA is in close proximity to the MRC and Fe-S containing enzymes. Second,
unlike nDNA, mtDNA lacks protective histones. Oxidation accounts for 10-20
times higher levels of modified bases in mtDNA than in nDNA and may contribute

significantly to genomic instability that causes mitochondrial dysfunction.

In addition to causing cellular damage and promoting tumour formation,
mitochondria are also integrally involved in regulating apoptosis. Mitochondria-
induced apoptosis is mediated by the mitochondrial permeability transition pore
(mtPTP) (Wallace 2005). The inner membrane adenine nucleotide translocator
(ANT), the outer membrane porin, along with Bax, Bcl2 and cyclophilin D are
thought to compose the mtPTP. Opening of the mtPTP is stimulated by increased
mitochondrial calcium, oxidative stress or by decreases in the electrochemical
gradient, in ADP or in ATP. Upon mtPTP opening, the electrochemical gradient
collapses completely as ions equilibrate across the mitochondrial membranes. As
a result, mitochondrial contents move freely into the cytosol; death-promoting
proteins such as cytochrome c, apoptosis initiating factor (AlF), latent caspases,
and endonuclease G are among the mitochondrial contents. AIF and
endonuclease G degrade chromatin in the nucleus. Cytochrome c activates
cytosolic apoptotic protease activating factor-1 (Apaf-1); Apaf-1 cleaves
procaspase-9. Activated caspase-9 initiates cytosolic proteolysis. Normally,
cytochrome c¢ is bound to the inner mitochondrial membrane by electrostatic,
hydrophobic and hydrogen-bonding interactions to cardiolipin (Orrenius et al.
2011). Cardiolipin oxidation by ROS releases cytochrome ¢ during apoptosis (Ott

et al. 2002; Kagan et al. 2005).

24



Increased ROS production stimulated by OXPHOS dysfunction can either initiate
tumour promotion or apoptosis. Several cancers, including renal cell carcinoma,
pheochromocytoma, paraganglioma and prostate cancer are strongly associated
with ROS production (Wallace 2005). Increased ROS production and apoptotic
activity are thought to play an important role in neurodegenerative diseases, such
as Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), Parkinson’s disease

and Huntington’s disease (Wallace 2005).

Redox balance and metabolism

The MRC drives proton transport across the IMM using electrons from NADH and
succinate. In as many as 299 biochemical reactions, NAD" accepts electrons
during fuel oxidation (Wishart et al. 2007; Wishart et al. 2009). Succinate
dehydrogenase (SDH) functions in the Kreb's cycle and the MRC, converting
succinate to fumarate and transferring two electrons to ubiquinone. MRC
deficiency often causes an accumulation of NADH and succinate. NADH
accumulation inhibits a number of enzymes, including pyruvate dehydrogenase
(PDH), citrate synthase, isocitrate dehydrogenase, and a-ketoglutarate
dehydrogenase of the Kreb's cycle (Garrett and Grisham 2010). An increased
NADH/NAD" ratio would also dictate the inhibition of many other unregulated
redox reactions by means of decreased substrate availability. One common
hallmark feature of mitochondrial disease is lactic acidosis. Lactate
dehydrogenase reduces pyruvate to lactate while oxidizing NADH; blood
lactate/pyruvate ratios are examined in patients suspected of having

mitochondrial disease (UMDF 2011a). Thus, MRC dysfunction can lead to
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cellular redox imbalance, further reducing energy production while affecting many

biochemical processes.

Energy metabolism is central to global metabolism. During periods of excess fuel
intake, macromolecules that provide energy storage are synthesized. During
fasting, these molecules are catabolised to provide the ATP that is required to
maintain cellular/organismal function. Central to energy metabolism is
carbohydrate metabolism. Carbohydrates are oxidized via glycolysis to provide
substrates for fatty acid synthesis and the Kreb’s cycle; glucose can also be
oxidized via the pentose phosphate pathway (PPP), providing NADPH for
reductive biosynthesis and ribose-5-phosphate for nucleic acid synthesis.
Glycolysis and the Kreb’s cycle provide substrates for amino acid synthesis, and
conversely, amino acid carbon catabolic products can enter glycolysis and the
Kreb’s cycle (Garrett and Grisham 2010). As carbon and energy metabolism are
so closely linked to the metabolism of all macromolecule monomers, any

disturbance in the MRC can potentially affect numerous metabolic reactions.

Tissue specificity

The clinical presentations of mitochondrial disease are numerous and extremely
heterogeneous. As tissues vary greatly in their energy requirements, the organ
systems that are most sensitive to mitochondrial dysfunction are also those that
require the most energy. These organ systems, in decreasing order of energy
requirement are: the central nervous system, skeletal and cardiac muscle, the
renal system, the endocrine system, and the liver (Wallace et al. 2007). Almost
any organ system can be affected independently; however multiple organ
systems and or systemic phenotypes often present. It is recommended to
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clinicians that mitochondrial disease be suspected when three or more organ

systems are affected (UMDF 2011b).

Model Systems

As the metabolome is extremely sensitive to many pressures (discussed in
Chapter 2), performing meaningful metabolomic studies using human specimens
can be extremely difficult. Using model systems in metabolomic experiments
offers the advantage of being able to better control genetic background and
environmental conditions, therefore reducing metabolic variability. Two model
systems were used for this thesis research: the nematode

Caenorhabditis elegans and the baking yeast Saccharomyces cerevisiae.

Caenorhabditis elegans

C. elegans are free-living soil nematodes measuring approximately 1 mm in
length as adults. Being transparent, their digestive and reproductive structures
are easily identifiable under a dissecting microscope (Figure 1-15). From eggs,
these nematodes hatch and develop into adults through four larval stages, each
separated by a cuticle moult (Figure 1-16) (Wood 1988). If undesirable growth
and reproductive conditions are sensed during larval stage 1 (L1), the nematode
will enter an alternative larval stage, the dauer at the second moult. Dauers are
radially constricted with an internal oral orifice plug preventing food intake
(Cassada and Russell 1975; Hu 2007). Dauers are able to survive up to 24
weeks without eating; upon restoration of favourable environmental conditions,
the dauers enter larval stage 4 (L4) within 12 hours (Riddle 1988). Under
desirable growth conditions, the C. elegans life cycle is about 3 days, with

lifespan being about 3 weeks (Wood 1988).
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C. elegans offers four distinct advantages for metabolomic studies. First, their
genetic background is well-defined, being the first multicellular organism to be
completely genetically sequenced (Hodgkin 2005). Although C. elegans exists as
two sexes, hermaphrodite and male, sexual reproduction is primarily the result of
self-fertilization by the hermaphrodite. Thus, C. elegans are isogenic, creating
genetically identical populations. Second, the genetic background can be easily
manipulated. Transgenic animals can be created using microinjection; DNA is
injected into the distal arm of the gonad, where germ line nuclei are located
(Evans 2006). RNA-interference (RNAi)-mediated gene suppression can be
achieved either through micro-injection (Fire et al. 1998) or more easily through
feeding (Timmons et al. 2001). Third, culture conditions can be strictly defined
and controlled. C. elegans primarily feed on E. coli bacteria; however they can
also be axenically cultured for optimal environmental control. Fourth, the wild-
type C.elegans life cycle is about 3 days (Wood 1988), with adult
hermaphrodites producing about 300 offspring (data presented in Chapter 3).
Thus, cultures adequate for metabolomics studies are easily obtained. These
four advantages combined with the structural and functional similarity of the
nematode MRC to the human MRC makes C. elegans an ideal model system for

mitochondrial disease.

Saccharomyces cerevisiae

S. cerevisiae is a yeast species commonly used in laboratory studies. Similar to
C. elegans, S. cerevisiae offers the advantages of having a well-defined genetic
background and being easily cultured. Yeast are also highly conducive to

performing exometabolomic studies as they can be efficiently grown and
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separated from small volume liquid cultures. Metabolic footprinting of yeast has
been used for a number of purposes: to establish the aromatic effects of using
multiple yeast strains during wine fermentation (Howell et al. 2006); to produce
organic acids such as succinate, malate, pyruvate and lactate on an industrial
scale (Abbott et al. 2009); and to understand growth rate control (Castrillo et al.
2007). Research for this thesis used S. cerevisiae as a model of succinate
dehydrogenase dysfunction; the yeast enzyme is structurally and functionally

similar to the mammalian enzyme (Lemire and Oyedotun 2002).

Thesis Objective

As discussed in this chapter, the metabolome is extremely sensitive to a number
of pressures including gender, genetic background and lifestyle. Due to the
extreme heterogeneity of the human metabolome (Zuppi et al. 1998; Saude
2007), model systems are often used in metabolomic studies. Model systems
provide a well-defined genetic background and are grown under highly-controlled
conditions. | predicted that, by studying the two above named model systems,
greater experimental control over metabolic noise could be achieved, providing
more meaningful results. Chapter 2 will discuss the level of metabolic variation in
C. elegans fed two different diets and in complemented S. cerevisiae strains.
Chapter 3 will explore the biological effects that dietary E. coli strains have on
C. elegans. Two laboratory strains of E.coli are routinely used to feed
C. elegans; however the differential effects that these two strains have on the
nematode have not been previously explored. The effects that diet has on the
C. elegans metabolome, mitochondrial DNA copy number, lifespan and brood

size will be discussed.
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Mitochondrial disease is extremely complex, causing a wide variety of clinical
phenotypes. As mitochondria are the site of aerobic energy production and are
central to global metabolism, | hypothesized that an exploration into the
metabolic effects of mitochondrial dysfunction would provide insight to the
molecular mechanisms underlying disease. Chapter 4 will explore the metabolic
effects of mitochondrial Complex Il dysfunction as reflected in the S. cerevisiae

exometabolome.

Although the primary objective of this thesis research was to apply metabolomics
to gaining an understanding of the molecular mechanisms of mitochondrial
disease, | also had the opportunity to explore the effects of a rabies virus
infection and neuro-therapeutic protocol. My collaborators and | hypothesized
that the aggressiveness of this infection and its treatment would cause notable
pathological, molecular, and metabolic neurological consequences; chapter 5 will

highlight these.
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Figure 1-1. The four functional biological levels. Genes (genome) encode
mRNA (transcriptome), which translate proteins (proteome). The proteome
catalyzes biochemical reactions to transform metabolites (metabolome).
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Figure 1-2. The 0-4 ppm region of representative 1H-NMR spectra. The top
spectrum is from a sample that has been untreated. Broad peaks are from
protein and lipids, and overlay metabolites of interest. The bottom spectrum is
from a sample in which proteins have been removed. The baseline is flat and
narrow metabolite peaks are easily identifiable.
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Metabolite | Metabolite |Metabolite Metabolite | Metabolite | Response | Response
1 2 3 k-1 K 1 2
Sample 1
Sample 1
Sample 1
Sample n-2
Sample n-1
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Figure 1-3. A metabolomic data set. There are n observations (samples) and k
variables (metabolites, X-space; responses, Y-space) in a metabolomic data
matrix. Each square represents one data point. Adapted from Goodacre et al.
(2004).
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Figure 1-4. Projection model. Ten observations (circles) are plotted in three
dimensions; each dimension represents one variable. The projection model finds
two new latent variables (LVs). Adapted from Eriksson et al. (2001).
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Figure 1-5. Geometric representation of PCA matrices. Data (X-matrix) are
decomposed into the score (T) matrix, loadings (P) matrix and error (E) matrix. d,
number of principal components (latent variables); k, number of variables
(metabolites); n, number of observations (samples). Adapted from Otto (1999).

35



Mathematical
k Transformation

X ®H""'““ dxn

Mathematical
k X Transformation Y k

X O——— n —® | Y
O —— ~®

Figure 1-6. A visual representation of PCA and LDA. A, PCA mathematically
transforms the X-data with k variables and projects it along d latent variables. B,
LDA rotates projections from both the X- and Y-spaces to find the latent variables
that explain the maximum X-variation direction in the Y-space. Adapted from
Broadhurst and Kell (2006).
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Figure 1-7. PLS-DA. A, A binary set of Y-variables is created to classify different
groups of observations in the X-matrix. B, Two classes of observations are
represented (ovals) along two principal components. The principal components
measure the maximum variance between the two classes. PLS-DA measures the
maximum discriminative variance between the two classes. Panel A adapted
from Eriksson et al. (2001).
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Figure 1-8. Geometric representation of the X and Y data matrices in PLS.
The X and Y matrices are decomposed into score, loadings and error
(unexplained) variance matrices. T, latent projection scores; P, X-loadings; Q, Y-
loadings; E & F, unexplained variance in the model in both the X and Y space. d,
number of latent variables in each matrix; k, number of variables in each matrix;
n, number of observations. Adapted from Otto (1999).
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Figure 1-9. Effect of increasing the number of latent variables on model
goodness of fit and goodness of prediction. As the number of latent variables
increases, the explained variability approaches 100% (yielding a goodness of fit,
R?, value of 1). However, once all biological variance is explained, latent
variables model noise, thus reducing the predictive power of the model
(goodness of prediction Q? decreases).
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Figure 1-10. Data pre-processing. Prior to multi-variate data analysis, data are
pre-processed to ensure all variables are treated with a priori equal importance.
First, scaling reduces the effect of variables with large data ranges while
amplifying the effect of variables with small data ranges. Second, the mean value
of each variable is subtracted from each data point within that variable, thus
eliminating constant data offset. Adapted from Eriksson et al. (2001).
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Figure 1-11. Validation Plots. A, A validation plot representing a valid data set
within a PLS-DA model. Two features indicate that this plot is valid. First, the
original R? and Q? values (points on far right) are higher than all permutations (all
points to the left of originals). Second, the y-intercepts for the R?> and Q2
regression lines are not above 0.4 and 0.05, respectively. B, A validation plot
representing data that are not valid; several permutations out-perform the original

model.
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Figure 1-12. Score and loadings plots. A, Principal component (PC) scores are
plotted for 10 observations (dots). B, Loadings are plotted for 3 variables: x4, Xa,
and xs. Variables x; and x3 are orthogonal to each other and thus contribute to
model generation; variable x, is near the coordinate origin and has very little
influence on the model.
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Figure 1-13. Schematic diagram of a mitochondrion. Mitochondria have two
membranes separated by the inter-membrane space. The inner membrane
surrounds the matrix and contains several folds, called cristae to maximize
surface area for aerobic respiration.
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Figure 1-14. Mitochondrial respiratory chain. Complexes | — V are shown in
order from left to right. Black arrows, metabolic redox and phosphorylation
reactions; red arrows, proton path; blue arrows, electron path; Q, ubiquinone; Cyt
¢, cytochrome c. Adapted from Nelson and Cox (2005).
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Figure 1-15. Diagram of C. elegans hermaphrodite. A, Photograph of adult
with laid eggs. B, lllustration of adult with structures of the digestive and
reproductive systems labelled. Adapted from Hall and Altun (2008).
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Figure 1-16. The C. elegans lifecycle. Adult hermaphrodites self-fertilize and
lay eggs that continue to develop ex utero for about 9 hours before hatching.
Upon hatching, worms transition through four larval stages, each separated by a
cuticle moult, before entering adulthood. Under undesirable growth conditions,
larvae can enter the dauer stage at the L1/L2 molt; dauers can survive several
weeks and develop into L4 larvae upon sensing desirable growth conditions.
Adapted from Hall and Altun (2008).
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CHAPTER 2

'H-NMR-based metabolic profiling reveals inherent

biological variation in the yeast and nematode model systems.
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Introduction

The advent of metabolomics brought substantial promise for diagnosing and
understanding human disease. However, it quickly became apparent how diverse
and variable the metabolome of any given tissue or biofluid could be. A number
of intrinsic and extrinsic factors place pressure on the metabolome, leading to
biological variability. These factors include, but are not limited to, genetic
background, gender, age, lifestyle, microflora, environmental factors, and
exposure to xenobiotics (Holmes et al. 2008; Walsh et al. 2008; Crews et al.
2009; Lenz et al. 2003; Solanky et al. 2003; Saude et al. 2007). The degree of
metabolic variability is also dependent on sample origin. Urine is composed of
waste products from the entire body and is thus highly variable. Blood is much
less variable due to homeostatic control (Walsh et al. 2008). As the metabolome
is highly sensitive, it reflects current stresses placed on the biological system. As
these stressors fluctuate over time, so does the metabolome. Two separate
studies evaluated intra-individual variability in the human urine metabolome over
a period of time (Saude et al. 2007; Zuppi et al. 1998). Both studies revealed that
intra-individual variability can be as pronounced as inter-individual variability;

both levels of variability can lead to difficulties in data interpretation.

Technical or analytical variation can also contribute significantly to observed
metabolic variation. A typical metabolomic experiment involves sample collection,
extraction and/or processing, data acquisition, spectral processing, and
mathematical and statistical analysis (Parsons et al. 2009). An experiment using

model systems also includes media or food preparation and maintenance of
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culture conditions. Thus, in addition to biological variability, experimental

procedures offer several opportunities for variation to be introduced.

Relative standard deviation (RSD = standard deviation/mean *100%), or
coefficient of variance (CV), provides a means for characterizing variability. RSDs
can be applied to individual metabolites or to the entire data set. They are useful
in assessing and improving data, and acting as frames of reference when
developing new methodologies. RSDs are also particularly useful to provide
target values for new metabolomic researchers to aim for (Parsons et al. 2009).
When RSD values are evaluated from processing artificial samples, they can also
be useful for self-evaluation to ensure analytical integrity. This can help
distinguish the magnitude of actual biological variation from total observed

variation.

Metabolomic studies have been applied to a number of non-human model
systems in effort to gain control over factors contributing to metabolic variability.
In model systems, genetic background is defined and environmental conditions
can be controlled (Crews et al. 2009). Saude and colleagues analyzed urine from
twenty-five guinea pigs, grown under identical experimental conditions in a sterile
environment. The animals had similar genetic backgrounds. The study reported
similar, or even greater, biological variability (RSD values ~50-300%) to humans
(Saude et al. 2007). More recently, Parsons and colleagues determined RSD
values for a number of metabolomic datasets, spanning a variety of sample types
from mammals, fish, invertebrates and a cultured cell line. Inter-individual
biological variation ranged from 7.2%, for rat tissue extracts, to 58.4% for fish

plasma (Parsons et al. 2009). Metabolic analysis of Arabidopsis thaliana leaf
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extracts revealed remarkable biological variation in plant model systems, with an

average RSD of 40% (Fiehn et al. 2000).

In light of reports of inherent biological variation seen in model systems, we
examined metabolic variability arising from two commonly used laboratory model
systems: the nematode Caenorhabditis elegans, and the brewing yeast
Saccharomyces cerevisiae. In this study, we calculated RSD values for quantified
metabolites and report that an appreciable amount of biological variation exists.
This variability is also apparent between genetically comparable yeast strains.
Using multivariate statistical analysis, we are able to discriminate between the
metabotypes of two succinate dehydrogenase (SDH) knockout strains and the
two knockouts complemented with a plasmid carrying wild-type SDH genes; yet,
these strains form two phenotypically identical pairs. Our results demonstrate that
even “simple” model systems cultured under highly controller conditions exhibit

significant metabolic variation.

Materials and Methods

Worm strains and culture conditions

The C. elegans N2 (Bristol) wild-type strain was used. Worms were cultured on
either nematode growth media (NGM) plates seeded with E. coli OP50 or on
NGM containing 1 mM IPTG and 25 ug/ml carbenicillin and seeded with E. coli
HT115 (DE3) transformed with the L4440 vector (Lewis and Fleming 1995;
Fraser et al. 2000). Cultures were inoculated with synchronized L1 stage worms
and maintained at 20 °C as described (Reinke et al. 2010). Worms were
harvested, incubated in sterile water for 30 minutes to allow digestion of gut

bacteria, and washed three times (Grad et al. 2007). Worm pellets were
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suspended in 900 pul of sterile water and three 10 pl aliquots were removed to
quantify total protein. Seven biological replicates were collected for worms fed

E. coli OP50 and six were collected for worms fed E. coli HT115 L4440.

Yeast strains, media, and culture conditions

The S. cerevisiae knockout strains sdh3W1 (MH125, sdh3::TRP1) and sdh4W2
(MH125, sdh4::TRP1) have been described previously (Oyedotun and Lemire
1997; Oyedotun and Lemire 1999; Szeto et al. 2007). The yeast knockout strains
were transformed with either empty low-copy plasmids or plasmids containing the
corresponding wild-type SDH3 or SDH4 genes by lithium acetate-mediated
transformation (Gietz et al. 1992). Strains were plated on solid SD medium
containing cas amino acids (0.5% w/v) without tryptophan for plasmid retention.
Cells were grown for 36 hrs at 30 °C in 2 ml of YP medium containing 0.25%
glucose. This is a modified version of a medium previously used to examine acid
secretion (Szeto et al. 2007; de Kok et al. 1975). To eliminate potential variations
in the metabolite profiles arising from the growth medium composition, a single
batch of medium was used to culture all strains in this study. Following
completion of the incubation period, the optical densities (OD) of the cultures at
600 nm were determined. Cultures were centrifuged to pellet cells and the
clarified media were transferred to microcentrifuge tubes as described (Szeto et

al. 2010). Twelve biological replicates were collected for each strain.

Metabolite extraction

Worms were lysed on ice in trichloroacetic acid (TCA; 5% final concentration) by

sonication. Clarified post growth yeast media were also treated with TCA (5%
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final concentration) and incubated on ice for 30 minutes to precipitate protein.
Both worm and yeast samples were centrifuged at 14 000 x g for 15 minutes at
4 °C. Supernatants were recovered and pH neutralized with 5 M NaOH. Protein-
free lysates were re-clarified by centrifugation. All samples were flash frozen in

liquid nitrogen before lyophilization.
Sample preparation for NMR spectroscopy

Dry protein-free lysates were dissolved in 570 pl D,O (99.9%; Isotec Inc.,
Miamisburg, Ohio). 30 ul of 5 mM 2,2-dimethyl-2-sila 3,3,4,4,5,5-hexadeutero-
pentane sulphonic acid (DSS-dg, Chenomx Inc., Edmonton, Alberta) were added
as a chemical shift indicator and concentration standard for NMR analysis. The
pH was recorded for calibration purposes and samples were centrifuged at
14,000 x g for 3 min to remove particulate matter. 510 pl of supernatant were

transferred to 5 mm diameter NMR tubes for data collection.
"H NMR spectroscopy and NMR data processing

One-dimensional '"H NMR spectra were acquired on a 600 MHz Varian Inova
spectrometer (Varian Inc., Palo Alto, California) at 30 °C using a tnnoesy pulse
sequence (circa Vnmr 6.1B software, Varian Inc.). Parameters were consistent
with those previously described (Szeto et al. 2007, 2010; Reinke et al. 2010).
Chenomx NMR Suite Professional software v5.1 (Chenomx Inc., Edmonton,
Alberta) was used for metabolite identification and quantification. This software
uses pattern recognition and lineshape deconvolution to fit spectra based on
highly specific peak patterns (Weljie et al. 2006). The resonance linewidths are

input from the reference standard, DSS. The spectral patterns of many
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metabolites often contain more than one peak throughout the spectrum, forming
complex and distinctive sets of peaks. In addition, the spectral baseline often
varies across regions but fitting can be achieved by using only the top portion of
any peak as long as overall fit is consistent across all regions. As such, baseline
inconsistencies do not affect quantification accuracy. For additional consistency,
the same sets of peaks were always utilized for quantification of any one

metabolite.

Metabolite data analysis

Worm metabolic data were normalized to protein contents. Yeast metabolic data
were normalized to the mass of total dried protein-free lysate and to OD of the
culture. Relative standard deviation (standard deviation / mean x 100%) was
determined for each metabolite in each sample set. Box plots were generated as
previously described (Cann 2003; Massart et al. 2005). The Mann-Whitney test
was used to analyze whether the two worm metabolite RSD distributions differed
significantly (Corder and Foreman 2009). Multivariate statistical analyses were
performed using Simca P+ v12.0.1 software (Umetrics, Umea, Sweden)
(Eriksson et al. 2001). Data were not transformed but were scaled to unit
variance, dividing each variable by its standard deviation, and mean centered to
provide equal importance to all variables. Data were visualized using both the
unsupervised principal component analysis (PCA) and the supervised partial
least square discriminate analysis (PLS-DA). R? and Q? values were used to
assess the goodness of fit and prediction of the respective models. To examine
the possibility of spurious model generation, validations of each group within

each model were performed. The software randomly generated 999 permutations
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of y-variables (metabolites), while keeping x-variables (strain) intact, and
facilitated a comparison of the measures of fit (R? and Q?) from the generated
permutations to those of the original. Statistical significance of the differences
between groups in each model was determined using CV-ANOVA (analysis of

variance testing of cross-validated predictive residuals).
Results

Biological variation observed in the worm and yeast model systems

We determined the RSD values for each metabolite to quantify spectrum-wide
variability in the metabolomes (Table 2-1, Figure 2-1) of whole worm, protein-free
lysates and protein-free, exometabolome lysates of yeast. RSD values
demonstrate reproducibility in large data sets but also offer a frame of reference
when manipulating or developing new preparation methods for biological
samples (Parsons et al. 2009). C. elegans are routinely cultured on NGM plates
seeded with E. coli OP50. This strain is an uracil auxotroph and produces a thin
lawn on NGM plates, allowing for easier visualization of the worms (Brenner
1974). Alternatively, another laboratory E. coli strain HT115 (DE3) is used for
feeding-mediated gene suppression by RNA-interference (RNAI) (Kamath et al.
2001). HT115 is transformed with the empty vector L4440 as an RNAI control.
Using six samples of wild-type worms fed E. coli HT115 L4440, variance in whole
worm, protein-free lysates ranged from 17% to 46%, with an average RSD of
29%. Three metabolites glycerol, leucine and methionine had a coefficient of
variance greater than 40%. Using seven samples, variance in worm lysates from
wild-type worms fed E. coli OP50 ranged from 18% to 64%, with an average RSD
of 39%. Nine metabolites had a coefficient of variance greater than 40%: choline,
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fumarate, glucose, glutamate, glutamine, methionine, serine, tryptophan, and
valine. The RSD distributions of these two metabolomes were compared and are
significantly different (p<0.001). The average RSD of the yeast exometabolomes
were 12% for the complemented strains and 11% for the knockout strains.
Although the average RSD values were quite similar, there was greater variance
in the replicates of the complemented SDH4 strain, exhibiting a range of 5 to
35%. The most variable metabolites in the complemented SDH3 exometabolome
were asparagine, myo-inositol and nicotinate. Choline, asparagine, lactate and
myo-inositol were the most variable exometabolites of the complemented SDH4
metabolome. Choline was the most variable metabolite, with an RSD greater
than 35%. Myo-inositol was the only metabolite in the SDH3 knockout strain that
varied by more than 20% of the mean. However, a-ketoglutarate, choline, lactate,
and myo-inositol all exceeded 20% variation in the SDH4 knockout strain. In
addition, we did not observe any correlation between the RSD and the
concentration of metabolites quantified. The RSD values were not significantly
higher for metabolites that had either very small (<10 uM) or very large (>10mM)
concentrations (data not shown). These data are also represented as box plots
shown in Figure 2. The box plot yields a simple visual representation of the RSD
data sets. The lower, middle, and upper lines of the boxes represent the lower
quartile, median, and upper quartile of each RSD data set, respectively. The error
bars show the range of the data. The yeast exometabolomes were much less
variable than the whole-worm metabolome. Variance in the wild-type whole-worm

metabolome was altered by food source.

62



Multivariate analysis of yeast exometabolomes

We employed multivariate analysis to establish metabotype differences between
previously characterized yeast strains. The metabotypes of two knockout strains
(SDH3 KO and SDH4 KO) were compared to each other. This was also done
with the respective complemented strains (knockout strains with plasmid-borne
copies of the wild-type SDH3 and SDH4 genes, respectively). Partial least
squares discriminant analysis (PLS-DA) provided a supervised evaluation of the
variation between the two data sets examined (Figure 3). Each colour-coded dot
represents a replicate metabotype in the representative PLS-DA score plots. The
PLS-DA models indicated that the complemented strains could be discriminated
from each other (Figure 3A). A similar result was also obtained for the two
knockout strains examined (Figure 3B). PLS-DA yields an opportunity for
statistical analysis of the models. The PLS-DA model comparing the two
complemented strains resolved two components with R?X, R?Y, and Q2 values of
0.688, 0.872 and 0.8, respectively. The PLS-DA model comparing the two
knockout stains resolved three components with R?X, R%Y, and Q? values of
0.568, 0.98 and 0.913, respectively. CV-ANOVA tests were also performed on
each model. These resulted in the values p=1.69 x 10 for the complemented
strain model and p=5.67 x 10® for the knockout strain model. Validation plots
were also generated for each strain within each model from 999 random
permutations of the data using all components (Figure 4). Two criteria indicate
model validity. First, none of the permutations out-performed the original data set.
The points representing the original data (the blue and green dots at the far right
of the graph) are higher than the permutated data (all dots to the left of the

original). Second, the Y-intercepts for the R? regression line (green) and the Q?

63



regression line (blue) should be less than 0.4 and 0.05, respectively. Our data fit
these criteria with the exception that the R?Y-intercepts for the model comparing
the knockout strains are higher than 0.4. However, when the high R?> and Q?
values for both models, the visual separation seen between strains in each
model, the low CV-ANOVA p values, and the results of the validation
permutations are considered, we suggest that the models are valid. To ensure
that supervised evaluation did not falsely differentiate between the various yeast
strains, principal component analysis (PCA) was also performed (Figure 5). PCA
is unsupervised and treats each observation equally. Again, each colour-coded
dot represents a replicate metabotype. In both models, visual separation between
the strains in the score plots is evident. The PCA model comparing the two
complemented strains resolved two components with R?X and Q? values of 0.694
and 0.516, respectively. The model comparing the two knockout strains resolved

three components with RX and Q? values of 0.608 and 0.314, respectively.
Discussion

The metabolome is an extremely sensitive monitor of physiological state. As
such, metabolomic studies of human biofluids can show immense variability in
the concentration of an individual metabolite. Concentrations of metabolites in
human urine can vary by more than 200% of the mean (Saude et al. 2007). The
composition of cerebrospinal fluid (CSF) is well maintained under homeostatic
control, with RSD values ranging between 12 and 70% (Stoop et al. 2010). Model
systems are highly conducive to metabolomic studies as genetic background and
growth conditions can be well defined because genetic background and growth

conditions can be controlled. The metabotypes of model systems under such
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conditions should be less variable than those of their human counterparts. We
show that in genetically identical animals grown under carefully controlled
conditions, individual metabolite concentrations in C. elegans can vary by as
much as 64% (Figures 1 and 2, Table 1). The less complex unicellular model
system S. cerevisiae exhibited decreased biological variation in its
exometabolomes, with a maximum RSD of 36%. However, the range of variation
between the complemented strains differed. Whereas the complemented SDH3
strain had a RSD range of 15%, the complemented SDH4 strain had a RSD
range of 31%. The yeast knockout strains were more similar in their RSD ranges:
17% for SDH3 KO and 20% for SDH4 KO, respectively. The observation that
substantial biological variations exists in organisms, such as yeast, may not be a
surprising result considering clonal populations of E. coli have also been shown

to exhibit substantial phenotypic variation (Elowitz et al. 2002).

The greater variance in C. elegans than in S. cerevisiae may be attributed to four
factors. First, C. elegans are social feeders. Despite adequate food and space for
the whole population, local subpopulations may experience food limitation (de
Bono and Bargmann 1998). Second, C. elegans develop through four larval
stages before entering adulthood. Metabolic differences among the different
stages have been documented (O'Riordan and Burnell 1989, 1990; Braeckman
et al. 2009). The distribution of larval stages will vary somewhat between
cultures. Third, the worms were cultured on NGM plates seeded and grown
overnight with E. coli. Chemical composition will vary between plates and E. coli
lawns. Additionally, several plates of worms are needed to obtain a sufficient
number of worms on which to perform metabolic studies. For logistical reasons,

we did not evaluate the metabolic composition of either NGM media or of the
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E. coli. Fourth, intracellular metabolites were measured in worms and suboptimal
worm lysis could also contribute to variation between cultures. However, we have
optimized the sonication protocol to minimize incomplete lysis. The metabolic
complexity of C. elegans and the inherently more variable culture conditions it
demands likely account for most of the sample variation we detected. Our
present findings also show that biological variation can also be significantly
affected by diet. This observation highlights the metabolome's sensitivity to
external factors. A discussion of the differential pressures that E. coli dietary
strains exude on C. elegans metabolism will be presented in Chapter 3. Yeast
also exhibits an appreciable amount of biological variation despite being grown
under well-defined and controlled conditions. As all experiments were carried out
with great care and consistency, we propose that the variation in yeast samples

may be primarily due to stochastic gene expression (Raser and O'Shea 2005).

Technical or analytical variation is an important consideration in metabolomics
studies and can be a significant contributing factor to the observed metabolic
variation. Sources of this variation include instrumentation, sample preparation,
and NMR data analysis. In our studies, we examined the contributions of
technical variation to the observed variation using two approaches. First, we
manually fitted and quantified the DSS concentration reference peak in all of the
yeast exometabolite samples. DSS is added at a constant concentration to all
samples and variations in the quantified values are a reflection of the precision of
the NMR spectrometer. Since these spectra were collected at various times over
a number of days, variations in DSS peak values may reflect subtle changes in
the instrument that occur during operation. The average RSD value for the DSS

peaks from the spectral dataset was 2.1% (data not shown). The second
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approach involved quantifying the metabolite profile from a yeast exometabolite
sample prepared in triplicate, with the "H-NMR spectra from these samples being
collected over the course of three consecutive days. The average RSD value for
the metabolites quantified from these profiles was 3.8% with a range of 0.8 to
9.1% (data not shown) and these values are significantly lower than that
observed for any of the yeast exometabolite datasets. Our findings are consistent
with those in several past studies that indicate that technical variability is not a
significant contributing factor to the variation observed in the model systems
examined (Fiehn et al. 2000; Crews et al. 2009; Parsons et al. 2009). Our results
reaffirmed the conclusion by Parsons et al. that quantitation using 1D NMR offers
excellent analytical precision. In their comparative study of a number of analytical
approaches, 1D NMR generated data with the lowest RSD values (median RSD

of 3.1%) out of all the analytical approaches examined (Parsons et al. 2009).

We also examined whether biological variation occurs between yeast strains with
very similar genetic backgrounds. In previous studies, the complemented SDH
strains were considered phenotypically wild-type and identical (Szeto et al. 2007,
2010). However, multivariate analysis using PLS-DA discriminated between
these two strains (Figure 3A). A similar situation is also observed for the
comparison between the two knockout strains (Figure 3B). To rule out the
possibility of spurious model generation, PCA and model validations were
performed (Figures 4 and 5). The results suggest the models are valid. It has
been demonstrated previously that metabolic profiling can discriminate between
yeast mutants that are otherwise phenotypically indistinguishable (Allen et al.
2003; Szeto et al. 2010). The results presented in this study further substantiate

this notion. There may be several reasons why these pairs of yeast strains are
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metabolically different. In the case of the complemented SDH strains, there may
be subtle differences in the expression of the respective SDH subunits. Upstream
or downstream regulatory elements may not have been cloned into the
respective plasmids, affecting the plasmid-borne expression of the subunits.
Another factor could be plasmid copy number. The yeast strains were each
transformed with centromeric plasmids that are maintained at 1-2 copies per cell;
however, precise copy number is subject to stochastic variation as cells divide.
Increased heterogeneity of gene expression was observed in E. coli cells
carrying a plasmid-borne copy of the lac/ gene compared to expression from the
chromosomal copy (Elowitz et al. 2002). Subtle changes in the activity of an
enzyme can be amplified into larger changes in the metabotype, as we have
shown previously (Szeto et al. 2010). The observation that the metabotypes of
the knockout strains could also be discriminated is a surprising result considering
that both knockouts result in the complete absence of SDH (Oyedotun and
Lemire 1997; Oyedotun and Lemire 1999; Szeto et al. 2007). The different
metabotypes of the two knockouts suggest that the Sdh3p and Sdh4p subunits
may have additional roles beyond their presence in SDH. It was recently
demonstrated that the deletion of SDH3 results in transcriptional changes
associated with fatty acid and sterol metabolism despite being in glucose-
repressed conditions. This evidence suggests that nuclear gene signaling is
responsive to TCA cycle dysfunction even in situations when this pathway is

underutilized (Cimini et al. 2009).

In this study, we examined whether the biological variation observed in the
metabolomic studies of other organisms is also observed in simpler model

systems, such as yeast and nematodes. Both model systems reveal appreciable
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amounts of biological variation, with C. elegans showing greater metabolic
variance. The variation in C. elegans was also modulated by diet. We also
examined the biological variation between phenotypically identical yeast strains
and were able to discriminate between them by their metabotypes using
multivariate analysis. Our results highlight the sensitivity of the metabolome, even
in simpler model systems grown under controlled conditions, and the usefulness
of metabolic profiling to determine these subtle differences. They also emphasize

the importance of appropriate statistical analysis for interpreting data.

Limitations of Study

This study explores the amount of variance found in C. elegans and S. cerevisiae
metabolomes; variance was based on RSD values. This study poses a number of
limitations. First, univariate statistics were not performed to test whether RSD
values for individual metabolites were statistically different between classes.
Second, the RSD ranges for all classes of both model systems were presented
together in Figure 2-2. We do not intend to imply that the data should be
compared between model systems as they are derived from different
metabolomes. Third, the biological reasons and relevance for the differential
variability between compared groups is unknown and not explored. This issue
could only be explored if transcriptomic or metabolic tracer studies were

performed.
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Tables and Figures

Table 2-1. Summary of the metabolomic data sets used in this study.

Metabolite Dataset Metabolome No. of Average Range
type metabolites %RSD of

quantified %RSD

C. elegans on OP50 Intracellular 26 39 18 - 64

C. elegans on HT115 Intracellular 26 29 17 - 46
L4440

S. cerevisiae SDH3 WT Extracellular 33 12 9-24

S. cerevisiae SDH4 WT Extracellular 33 12 5-36

S. cerevisiae SDH3 KO Extracellular 33 8 4-21

S. cerevisiae SDH4 KO Extracellular 33 11 5-25
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Figure 2-1A. RSD values determined for the identified metabolites. Values
were determined from wild-type, whole worm, protein-free lysates from worms
fed E. coli HT115 L4440, grey (N=6), or fed E. coli OP50, white (N=7).
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Figure 2-1B. RSD values determined for the identified metabolites. Values
were determined from the exometabolome of the complemented SDH3, grey
(N=12), and SDH4, white (N=12) yeast strains.
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Figure 2-1C. RSD values determined for the identified metabolites. Values
were determined from the exometabolome of the knockout SDH3, grey (N=12),
and SDH4, white (N=12) yeast strains.
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Figure 2-2. Box plot of RSD values for metabolomic datasets described in
this study. Values for lower quartile, median and upper quartile are shown. Error
bars show the range of data. *, p< 0.001.
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Figure 2-3. Two component PLS-DA models of 'H NMR derived
exometabolome profiles of S. cerevisiae strains. PLS-DA score scatter plots
and validations were performed using SIMCA P + v12.0.1 software. A, PLS-DA
score plot for the complemented yeast strains. Black dots, SDH3; white dots,
SDH4. The model is characterized by the following parameters using 2
components: R?X;, 0.606, R?X,, 0.0819, R*X.um, 0.688, R?Y um, 0.872, Q%.um, 0.8.
N =12 for both strains, CV-ANOVA p=1.69 x 10®. B, PLS-DA score plot for the
yeast deletion strains. Black dots, SDH3 KO; white dots, SDH4 KO. The model is
characterized by the following parameters using 3 components: R?X;, 0.33, R?X,,
0.184, R®Xcum, 0.568, R*Y¢um, 0.98, Q%.m, 0.913. N=12 for both strains, CV-
ANOVA p=5.67 x 10°®. Each dot represents one yeast culture.
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Figure 2-4. Validation plots for the complemented and knockout strain
models. A, Validation model using 999 permutations across 2 components. B,
Validation model using 999 permutations across 3 components. The regression
line represents the correlation coefficient between the original and permuted Y-
variables against cumulative R? and Q2. Green, R2; blue, Q2.
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Figure 2-5. Two component PCA models of '"H NMR derived exometabolome
profiles of S. cerevisiae strains. PCA score scatter plots were performed using
SIMCA P +v12.0.1 software. A, PCA score plot for the complemented yeast
strains. Black dots, SDH3; white dots, SDH4. The model is characterized by the
following parameters using 2 components: R?X;, 0.609, R?X,, 0.0844, R®X.,m,
0.694, Q%.m, 0.516. N =12 for both strains. B, PCA score plot for the yeast
deletion strains. Black dots, SDH3 KO; white dots, SDH4 KO. The model is
characterized by the following parameters using 3 components: R*X;, 0.366,
R?X, 0.153, R*gym, 0.608, Q%ym, 0.314. N=12 for both strains. Each dot
represents one yeast culture.

77



References

Allen J, Davey HM, Broadhurst D, Heald JK, Rowland JJ, Oliver SG, Kell DB
(2003) High-throughput classification of yeast mutants for functional
genomics using metabolic footprinting. Nat Biotechnol 21 (6):692-696

Braeckman BP, Houthoofd K, Vanfleteren JR Intermediary Metabolism (February
16, 2009), WormBook, ed. The C. elegans Research Community,
WormBook, doi/10.1895/wormbook.1.146.1, http://www.wormbook.org

Brenner S (1974) The genetics of Caenorhabditis elegans. Genetics 77 (1):71-94

Cann AJ (2003) Maths from scratch for biologists. John Wiley & Sons,
Chichester, England

Cimini D, Patil K, Schiraldi C, Nielsen J (2009) Global transcriptional response of
Saccharomyces cerevisiae to the deletion of SDH3. BMC Syst Biol 3
(1):17

Corder G, Foreman D (2009) Nonparametric statistics for non-statisticians: a
step-by-step approach. John Wiley & Sons, Hoboken, New Jersey

Crews B, Wikoff WR, Patti GJ, Woo HK, Kalisiak E, Heideker J, Siuzdak G
(2009) Variability analysis of human plasma and cerebral spinal fluid
reveals statistical significance of changes in mass spectrometry-based
metabolomics data. Anal Chem 81 (20):8538-8544

de Bono M, Bargmann CI (1998) Natural variation in a neuropeptide Y receptor
homolog modifies social behavior and food response in C. elegans. Cell
94 (5):679-689

de Kok J, Muller JLM, Slater EC (1975) EPR studies on the respiratory chain of
wild-type Saccharomyces cerevisiae and mutants with a deficiency in
succinate dehydrogenase. Biochim Biophys Acta 387:441-450

Elowitz MB, Levine AJ, Siggia ED, Swain PS (2002) Stochastic gene expression
in a single cell. Science 297 (5584):1183-1186

Eriksson LJE, Kettaneh-Wold N, Trygg J, Wikstrom C, Wold S (2001) Multi- and
megavariate data analysis. Part 1. principles and applications. 2nd edn.
Umetrics academy, Umed, Sweden

Fiehn O, Kopka J, Dormann P, Altmann T, Trethewey RN, Willmitzer L (2000)
Metabolite profiling for plant functional genomics. Nat Biotechnol 18
(11):1157-1161

Fraser AG, Kamath RS, Zipperlen P, Martinez-Campos M, Sohrmann M,
Ahringer J (2000) Functional genomic analysis of C. elegans

78



chromosome | by systematic RNA interference. Nature 408 (6810):325-
330

Gietz D, St Jean A, Woods RA, Schiestl RH (1992) Improved method for high
efficiency transformation of intact yeast cells. Nucleic acids research 20
(6):1425

Grad LI, Sayles LC, Lemire BD (2007) Isolation and functional analysis of
mitochondria from the nematode Caenorhabditis elegans. In: Leister D,
Herrmann J (eds) Mitochondria: practical protocols. Humana Press,
Totowa, N.J., pp 51-66

Holmes E, Wilson ID, Nicholson JK (2008) Metabolic phenotyping in health and
disease. Cell 134 (5):714-717

Kamath RS, Martinez-Campos M, Zipperlen P, Fraser AG, Ahringer J (2001)
Effectiveness of specific RNA-mediated interference through ingested
double-stranded RNA in Caenorhabditis elegans. Genome Biol 2
(1):research0002.0001-0010

Lenz EM, Bright J, Wilson ID, Morgan SR, Nash AF (2003) A "H NMR-based
metabonomic study of urine and plasma samples obtained from healthy
human subjects. Journal of pharmaceutical and biomedical analysis 33
(5):1103-1115

Lewis JA, Fleming JT (1995) Basic culture methods. Methods Cell Biol 48:3-29

Massart D, Smeyers-Verbeke J, Capron X, Schlesier K (2005) Visual
presentation of data by means of box plots. LC-GC Eur 18 (4):215-218

O'Riordan VB, Burnell AM (1989) Intermediary metabolism in the dauer larva of
the nematode Caenorhabditis elegans - 1. Glycolysis, gluconeogenesis,
oxidative phosphorylation and the tricarboxylic acid cycle. Comp Biochem
Physiol Part B: Biochem Mol Biol 92 (2):233-238

O'Riordan VB, Burnell AM (1990) Intermediary metabolism in the dauer larva of
the nematode Caenorhabditis elegans - Il. The glyoxylate cycle and fatty-
acid oxidation. Comp Biochem Physiol Part B: Biochem Mol Biol 95
(1):125-130

Oyedotun KS, Lemire BD (1997) The carboxyl terminus of the Saccharomyces
cerevisiae succinate dehydrogenase membrane subunit, SDH4p, is
necessary for ubiquinone reduction and enzyme stability. J Biol Chem
272 (50):31382-31388

Oyedotun KS, Lemire BD (1999) The Saccharomyces cerevisiae succinate-

ubiquinone oxidoreductase. ldentification of Sdh3p amino acid residues
involved in ubiquinone binding. J Biol Chem 274 (34):23956-23962

79



Parsons HM, Ekman DR, Collette TW, Viant MR (2009) Spectral relative
standard deviation: a practical benchmark in metabolomics. Analyst 134
(3):478-485

Raser JM, O'Shea EK (2005) Noise in gene expression: origins, consequences,
and control. Science 309 (5743):2010-2013

Reinke SN, Hu X, Sykes BD, Lemire BD (2010) Caenorhabditis elegans diet
significantly affects metabolic profile, mitochondrial DNA levels, lifespan
and brood size. Mol Genet Metab 100 (3):274-282

Saude E, Adamko D, Rowe B, Marrie T, Sykes B (2007) Variation of metabolites
in normal human urine. Metabolomics 3 (4):439-451

Solanky KS, Bailey NJ, Beckwith-Hall BM, Davis A, Bingham S, Holmes E,
Nicholson JK, Cassidy A (2003) Application of biofluid 'H nuclear
magnetic resonance-based metabonomic techniques for the analysis of
the biochemical effects of dietary isoflavones on human plasma profile.
Anal Biochem 323 (2):197-204

Stoop MP, Coulier L, Rosenling T, Shi S, Smolinska AM, Buydens L, Ampt K,
Stingl C, Dane A, Muilwijk B, Luitwieler RL, Sillevis Smitt PA, Hintzen RQ,
Bischoff R, Wijmenga SS, Hankemeier T, van Gool AJ, Luider TM (2010)
Quantitative proteomics and metabolomics analysis of normal human
cerebrospinal fluid samples. Mol Cell Proteomics 9 (9):2063-2075

Szeto SS, Reinke SN, Sykes BD, Lemire BD (2007) Ubiquinone-binding site
mutations in the Saccharomyces cerevisiae succinate dehydrogenase
generate superoxide and lead to the accumulation of succinate. J Biol
Chem 282 (37):27518-27526

Szeto SS, Reinke SN, Sykes BD, Lemire BD (2010) Mutations in the
Saccharomyces cerevisiae succinate dehydrogenase result in distinct
metabolic phenotypes revealed through 'H NMR-based metabolic
footprinting. J Proteome Res 9 (12):6729-6739

Walsh MC, Nugent A, Brennan L, Gibney MJ (2008) Understanding the
metabolome — challenges for metabolomics. Nutrition Bulletin 33 (4):316-
323

Weljie AM, Newton J, Mercier P, Carlson E, Slupsky CM (2006) Targeted
profiling: quantitative analysis of "H-NMR metabolomics data. Anal Chem
78 (13):4430-4442

Zuppi C, Messana |, Forni F, Ferrari F, Rossi C, Giardina B (1998) Influence of
feeding on metabolite excretion evidenced by urine 'H NMR spectral
profiles: a comparison between subjects living in Rome and subjects
living at arctic latitudes (Svaldbard). Clinica chimica acta; international
journal of clinical chemistry 278 (1):75-79

80



CHAPTER 3

Caenorhabditis elegans diet significantly affects metabolic profile, mitochondrial
DNA levels, lifespan, and brood size.
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Introduction

Diet is a major contributor to health and chronic dietary imbalances play a key
role in global epidemics of disease (Zivkovic and German 2009). Recent
advances in metabolomics offer new approaches to evaluate health and
nutritional status. A cell’'s set of metabolites, its metabolome, is the ultimate end
product of gene expression and reflects the effects of gene mutation. The
metabolome is also extremely sensitive to factors such as gender, diet, exercise,
drug use, and environmental conditions. Individuals vary tremendously in the
types and intensities of stresses they experience, resulting in drastically variable
metabolic profiles. Metabolism also responds to rapidly changing conditions,
such as circadian rhythms and feeding patterns (Gu et al. 2007; Lenz et al. 2004;
Lenz et al. 2003; Walsh et al. 2006; Zuppi et al. 1998). As such, the metabolome
is in a constant dynamic state. The metabolome not only varies between
individuals but also within an individual over time (Saude 2007). Metabolomic
studies will offer novel insight into genetic and environmental impacts on health.
However, the complexity of cellular metabolism, combined with human genetic
and lifestyle variations have hampered the use of metabolic profiling for

understanding diet and disease conditions.

At the heart of aerobic metabolism is the mitochondrial respiratory chain (MRC),
which is central not only to energy metabolism but also to redox balance and the
metabolism of amino acids, nucleotides, and nitrogen. Mutations or deficiencies
in any of the MRC complexes can cause a wide variety of pathological conditions
affecting almost any tissue or organ system. The most severe consequences are

encephalomyopathies, cardiomyopathies and failure to thrive. Currently, there
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are no cures for mitochondrial disease and treatment options remain limited

(Smeitink et al. 2006).

As discussed in Chapter 1, the etiology of mitochondrial disease is extremely
complex. As a model system, the nematode, C. elegans offers advantages for
both mitochondrial and metabolomic studies. The MRC of the nematode closely
resembles that of humans in both structure and function. Several advantages of

using nematodes for metabolic studies have been highlighted in Chapter 1.

In an effort to better understand the pathology of mitochondrial disease, we
investigated how the metabolome was affected in a nematode model of
complex | dysfunction. Complex I, NADH:ubiquinone oxidoreductase, uses the
energy of NADH oxidation to translocate protons from the mitochondrial matrix to
the intermembrane space and contributes to the generation of the
electrochemical proton gradient used to drive ATP synthesis (Wallace 2005).
Complex | dysfunction is the most common form of mitochondrial disease
(Scaglia et al. 2004). In previous work, we characterized point mutations in the
nuo-1 gene (Grad and Lemire 2004; Grad et al. 2005; Grad and Lemire 2006;
DeCorby et al. 2007). The nuo-1 gene is the worm ortholog of the human
NDUFV1 gene and encodes the 51-kDa FMN-containing active site subunit of
complex | (Tsang et al. 2001). The nuo-1 A352V and A443F mutations produce
complex phenotypes with features that resemble human complex | mutations
(Grad and Lemire 2004). In order to better understand their complex phenotypes,

we performed metabolomic studies on these two mutants.

We used nuclear magnetic resonance (NMR) spectroscopy to simultaneously

and quantitatively analyze dozens of metabolites in wild type and in complex |
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mutants. We reproducibly found significant differences between mutant and wild
type metabolic profiles, suggesting widespread effects of complex | dysfunction
on cellular metabolism. To further explore the metabolic consequences of
complex | mutations, we chose to employ RNAIi against metabolic genes involved
in cellular redox balance. We chose lactate dehydrogenase (LDH), which
converts pyruvate to lactate in an NADH-dependent manner and mitochondrial
glycerol phosphate dehydrogenase (mGPDH), which is part of the glycerol
phosphate shuttle and utilizes the MRC to re-oxidize cytosolic NADH. Complex |
deficiencies impair NADH oxidation and we reasoned that RNAI directed against
alternative cellular pathways for NADH oxidation, such as LDH and mGPDH

should aggravate the metabolic consequences of the deficiencies.

C. elegans is routinely grown with the laboratory strain E. coli OP50 as the
primary food source (Brenner 1974). OP50 is a uracil auxotroph and only forms a
thin bacterial lawn on standard culture plates, allowing for easier visualization of
the animals. Another laboratory E. coli strain, HT115(DE3) is routinely employed
for RNAi studies. HT115 is RNase lll-deficient and has an isopropyl-R-D-
thiogalactopyranoside (IPTG)-inducible T7 RNA polymerase. HT115 is usually
transformed with the feeding vector L4440, which contains a multiple cloning site
flanked by T7 promoters (Kamath et al. 2001). Gene-specific DNA fragments are
cloned into the vector and double stranded RNA (dsRNA) can be produced by
IPTG induction. Upon comparison of worm metabolic profiles produced by OP50

and HT115(DE3) L4440 diets, we found the two were drastically different.

Despite the widespread use of both OP50 and HT115 diets, a critical evaluation

of the metabolic and phenotypic differences they produce is lacking. We
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compared the effects of the two E. coli diets on lifespan, fertility, mtDNA copy
number, and metabolic profile. Our results show diet can significantly affect all of
these. Surprisingly, we found that the metabolic effects produced by a dietary
change are as profound as those produced by mutations or by RNAI treatments.
The results of this study not only emphasize the caution that the C. elegans
research community must take when designing and controlling experiments, but

the global research community in general.
Materials and Methods
Strains

The following C. elegans worm strains were used: N2 (Bristol) wild-type; LB25,
nuo-1(uat) Il, unc-119(ed-3) lll, uaEx25[p016bA352V]; LB27, nuo-1(uai) I,
unc-119(ed-3) lll, uaEx27[p016bA443F] (Grad and Lemire 2004). The following
E. coli strains were used as food sources for culturing worms: OP50, E. coli B,
uracil auxotroph; HT115(DE3), F-, mcrA, mcrB, IN(rrnD-rrmE)1, lambda-,

rnc14::Tn10(DES3 lysogen: lacUV5 promoter-T7 polymerase).
Cultures for metabolic studies

Worms were cultured on solid nematode growth medium (NGM) seeded with E.
coli OP50 as described (Lewis and Fleming 1995) or on NGM containing 1 mM
IPTG and 25 pg ml” carbenicillin seeded with E. coli HT115(DE3) transformed
with either the empty vector L4440 or with one of the following MRC GeneService
clones: T25G3.4 (1-3B12) or F13D12.2 (lI-7P20) (Fraser et al. 2000). Cultures
were inoculated with synchronized L1 stage worms, grown at 20 °C and

harvested and washed with sterile water. Following a 30 minute incubation to
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allow worms to digest bacteria in their gut, three additional washes were
performed (Grad et al. 2007). To avoid caloric restriction, worms were monitored
to ensure they did not deplete the plates of E. coli. Worms on plates beginning to
starve were transferred to fresh plates. Cultures included worms of all stages

from different generations.
Protein precipitation and assays

Protein-free worm lysates were obtained by sonication of worms in 5% (w/v)
trichloroacetic acid on ice. Precipitated protein was recovered by centrifugation at
14,000 x g at 4 °C for 12 minutes and quantified (Grad et al. 2007). Supernatants
were adjusted to pH 7 with NaOH, clarified by centrifugation and lyophilized for

NMR analysis.
"H-NMR analysis

The entire, dried, protein-free lysate was dissolved in 570 yl D,O (99.9%; Isotec
Inc., Miamisburg, OH) and 30 ul of 5 mM DSS-ds (2,2-dimethyl-2-sila 3,3,4,4,5,5-
hexadeuteropentane sulfonic acid), used as a chemical shift indicator and
concentration standard (Chenomx Inc., Edmonton, AB). Particulate matter was
removed by centrifugation and the pH was recorded. 500 pl of the solution were
transferred to a 5 mm glass NMR tube. All spectra were acquired at 30 °C using
a 600 MHz Inova NMR spectrometer. The tnnoesy pulse sequence was used
(circa Vnmr 6.1B software, Varian Inc.) with an acquisition time of 4s,
preacquisition delay of 1s, mixing time of 0.1s, sweep width of 7200 Hz, and 256
transients (Saude et al. 2006). Spectra were analyzed using Chenomx NMR
Suite Professional software v5.0. All metabolite concentrations were normalized

to protein content.
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Multivariate data analysis

Metabolic data were visualized and analyzed using SIMCA P+ v12.0.1 software
(Umetrics, Umea, Sweden). The data were not transformed but were scaled to
unit variance and mean-centered. Principal component analysis (PCA) models
were created to provide an overview of the data and identify possible outliers.
Partial least square discriminant analysis (PLS-DA) models were then created
and each model was validated using permutation testing. Differences between
models were analyzed by a CV-ANOVA (analysis of variance testing of cross-

validated predictive residuals) test.
mtDNA copy humber

Total DNA was isolated from L1 worms digested in lysis buffer (0.2 M NacCl,
0.1 M Tris-HCI pH 8.3, 50 mM EDTA, 0.5% SDS) containing 100 pg ml”
proteinase K, extracted with phenol:.chloroform:isoamyl alcohol (25:24:1) and
precipitated with ethanol. DNA quantification was performed using a Rotorgene
3000 Cycler (Corbett Research, UK) in 12 pl reaction volumes containing 200 nM
of each primer and 3 pl of DNA template in 1X SYBR Green JumpStart Taq
ReadyMix (Sigma-Aldrich, St. Louis, MO). Reactions were initiated at 94 °C for
30 seconds, followed by 40 cycles of 94 °C for 15 seconds and 60 °C for 1
minute. Primers for mtDNA were for the ctb-1 gene, which encodes the
cytochrome b of complex lll and for nDNA, the atp-2 gene, which encodes the [3-
subunit of the ATP synthase complex were designed with Primer Express 2.0
software (Applied Biosystems, Foster City, CA). The primer sequences are:

for ctb-1, forward 5°-TGAAGCTGACCCTATAATGAGGC-3’ and

reverse 5-CCCTAAGACTTTATTTGGAATAGCAC-3’;

87



for atp-2, forward 5-GCAACGTTCAGAAATGCGCT-3’ and

reverse 5-TGTTTGAGCTGAGGCGGACT-3..
Standard curves for mtDNA and nDNA were generated using 10-fold serial
dilutions (10° to 107 copies) of DNA plasmids containing cloned ctb-1 or atp-2

genes.

Phenotypic analyses

All phenotypic analyses were performed at 20°C. In the lifespan experiments, the
L4 larval stage was considered day zero and culture plates contained 50 uM
5-fluoro-2'-deoxyuridine (FUdR) (Sigma-Aldrich, St. Louis, MO) to block the
embryonic development of progeny. Survival curves were generated using
GraphPad Prism 4 (GraphPad Software, La Jolla CA). The log-rank (Mantel-Cox)
and the Gehan-Breslow-Wilcoxon tests were used to evaluate differences in
survival between the two groups. Brood sizes were determined as previously
described (Grad and Lemire 2004). Total progeny (live plus unhatched) were

counted; unfertilized oocytes were not counted.
Results
Metabolic profile changes with diet

Metabolism in the wild-type worm is clearly affected by the food source. When
the metabolic profile of worms cultured on HT115, under RNAIi inducing
conditions, is compared to the profile obtained when cultured on OP50, the
concentrations of eleven of twenty nine identified metabolites changed
significantly (Figure 3-1). The amino acids aspartate, glutamate, and lysine were

all increased significantly in the HT115 metabolome. Other metabolites that
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increased in concentration were betaine, glucose, lactate, and o-phosphocholine.
Interestingly, formate, oxaloacetate, and propionate were only detectable in the
growth on HT115 but not on OP50. The only metabolite to decrease significantly
in concentration was acetate. Almost 1/3 of the metabolites analyzed change
significantly depending on diet. The metabolic significance of these changes is

unclear.
Multivariate data analysis of metabolic profiles

Data sets were not transformed but were mean-centered and scaled to unit
variance. PCA was used to identify outliers and to perform an initial inspection of
variation in the data set. PLS-DA was used to gain optimal separation between
the different diet groups and to perform statistical analysis. Figure 3-2A presents
the PLS-DA score scatter plot for the OP50 (stars) and HT115 L4440 (boxes)
data sets. In addition, the data sets for the RNAIi treatments against lactate
dehydrogenase (/dh-1; F13D12.2; triangles) and mitochondrial glycerol
phosphate dehydrogenase (MGPDH; T25G3.4; circles) are shown. The four data
sets are well separated from each other and are characterized by the following
parameters using the first six components: R?Xum, 0.912; R2Youm, 0.978: Q%cum,
0.915. These R? and Q? values indicate excellent fit and predictive ability,
respectively. Figure 3-2B shows model validation using 999 permutations and 6
components. The validation plots correspond with features, highlighted in
Chapter 1, that indicate model validity. First, none of the permutations outperform
the original (as all blue and green points on the left of the figure are lower than
the respective originals at the far right). Second, the Y-intercepts of the blue lines

(Q?) are well below zero. The Y-intercepts of the green lines (R?) are higher than
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optimal (0.4); however, this is likely due to the small sample size. These
validations indicate that all four classes are valid within the model. To distinguish
significant differences between the groups, a CV-ANOVA test was performed
(p=9.8 x 107), indicating that the difference between models in Figure 3-2 is

significant.

Diet-induced metabolic profile changes are not restricted to the wild-type strain.
We also created a PLS-DA model of three different worm strains fed either OP50
or HT115: wild-type and the two nuo-1 mutants LB25 and LB27 (Figure 3-3A).
Animals are scored only by diet: OP50 (circles) or HT115 L4440 (triangles). This
plot is characterized by the following parameters using the first three
components: R?Xoum, 0.724; R?Y oum, 0.891; Q?.,m, 0.81. Validation of the model is
shown in Figure 3-3B using 999 permutations across 3 components. The
features described above indicate validity of the model. A CV-ANOVA test (p=5.7
x 107) indicates the two groups are significantly different from each other. This
model indicates that metabolic profiles of genetically distinct strains correlate well
based solely on diet. The metabolic profiles of the wild-type, LB25, and LB27
cultured on OP50 are shown in Supplementary Figure 3-1. These profiles were
analyzed and validated using a PLS-DA model; they are significantly distinct from
each other (Supplementary Figure 3-2). The metabolic profiles of the strains fed
HT115 are shown in Supplementary Figure 3-3. Again, PLS-DA indicates the
worm strains have significantly different metabolic profiles (Supplementary Figure
3-4). In the validation plots, some of the permutations outperformed the original,
although this is likely due to the small sample sizes. These results show that the
metabolic profiles of wild-type, LB25 and LB27 animals are distinct regardless of

diet and that the profiles also change significantly with diet.
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mtDNA copy humber

The mtDNA and nDNA contents of wild-type worms grown on OP50 or on HT115
were determined. The ratio of mtDNA to nDNA was calculated; the ratio in wild
type worms cultured on OP50 was set to 1.0. Wild-type worms grown on HT115
have almost 1.4 times the mtDNA:nDNA ratio of those cultured on OP50 (Figure
3-4). A two-tailed unpaired Student’s f test indicates that the mtDNA:nDNA ratios

are significantly different (p=0.03).

Phenotypic analyses

Lifespan analysis and brood size are good indicators of animal fitness. Wild-type
worms fed HT115 (dashed) live significantly longer than those fed OP50 (solid;
Figure 3-5A). The median survival times are 12 and 13 days for OP50 and
HT115, respectively (Mantel Cox P<0.05; Gehan-Breslow-Wilcoxon P<0.001).
Brood size was evaluated for worms on each diet (Figure 3-5B). The average
brood sizes for wild-type worms fed OP50 (black) or HT115 (white) were 304 and
322, respectively. These values are not significantly different (p=0.163). We also
evaluated the brood size of a nuo-1 mutant (LB25). The average brood sizes
were 125 and 62 for nuo-1 animals fed OP50 (black) or HT115 (white),

respectively. These values are significantly different (p<0.05).

Discussion

Metabolomic studies offer considerable promise for understanding environmental
and genetic factors that contribute to health or disease. One such factor is diet.

How dietary components are converted into metabolites is affected by genetic
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makeup, diet, exercise, and stress (Gu et al. 2007; Lenz et al. 2003; Lenz et al.
2004; Walsh et al. 2006; Zuppi et al. 1998). We chose to use a C. elegans model
system in order to control and minimize the number of variables that might impact
the metabolic profile. C. elegans cultures are clonal, largely eliminating genetic
background as a variable. Environmental factors such as growth medium,

temperature, diet, and culture density can also be controlled.

Our results emphasize the sensitivity of the metabolome to diet. In replicate
experiments performed under carefully controlled conditions, we reproducibly
obtained similar metabolite concentrations. We were surprised to discover,
however, that the metabolic profiles of worms grown on OP50 and HT115
differed so markedly. C. elegans is typically grown on plates seeded with E. coli
OP50, an uracil auxotroph as the food source (Brenner 1974). However, when
performing RNAI experiments in which the dsRNA is delivered to the nematodes
by feeding, it is conventional to use E. coli HT115 carrying a cloned fragment of a
C. elegans gene to induce RNA interference. When using HT115, IPTG is added
to the medium to induce RNA transcription and carbenicillin is added to maintain
selection for the plasmid (Kamath et al. 2001; Kamath and Ahringer 2003). At
least one third of all the metabolites we quantified in the wild-type worm were
significantly changed in concentration between food sources. Multivariate
analysis confirms that the two diets do, in fact, produce distinct metabolic profiles
within the same worm strain. Furthermore, the two E. coli diets produce the
distinct metabolic profiles in genetically different strains, and the change in
metabolic profile is distinct enough to group strains by diet alone (Figure 3-3A).
We also note that the variation between diet-induced metabotypes is as marked

as the effects of mutations or RNAI treatments.
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The diet-specific metabolic profiles are clearly linked to changes in gene
expression. As our results show, diet can have a profound effect on mtDNA copy
number, but it is unclear whether diet-dependent metabolic changes are in
response to altered mtDNA levels or vice versa. Diet alteration is also sufficient to
significantly change phenotype. Lifespan was clearly affected by diet in the wild-
type worm. Diet change did not alter the brood size of the wild-type worm strain
but did alter that of the nuo-1 mutant LB25. The wild-type is healthy and may be
better able to compensate for any dietary changes. However, the nuo-1 strain,
being metabolically challenged may be incapable of fully compensating for the

dietary change.

There are a number of reasons why different strains of E. coli could so
dramatically affect worm metabolism, mtDNA copy number, and phenotype. First,
E. coli strains may have differing nutritional values because of their compositions
or because of their ease of ingestion and digestion. Strains that are difficult to
digest may impose caloric restriction on the worms. However, we note that the
growth rates and morphology of strains on OP50 and HT115 are quite similar,
suggesting a caloric restriction was not imposed. C. elegans can sense specific
amino acids, which act as signalling molecules to modulate a starvation
response; the levels of those signalling amino acids may differ between E. coli
strains (Kang and Avery 2009). Second, the two E. coli strains are genetically
different and will respond in a unique manner to the availability of nutrients from
the growth medium. The same growth medium may be permissive for one
bacterial strain but impose considerable metabolic stress on another. E. coli
strains also have significant metabolic heterogeneity (Maharjan and Ferenci

2005). Due to logistical difficulties, the metabolic profiles of the E. coli were not
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evaluated. Third, E. coli is not only a food source; it can also be pathogenic
(Darby 2005). Worms are susceptible to opportunistic bacterial gut colonization,
particularly as they age. Although our protocol removes bacteria from the worm
gut by extensive washing before metabolites are extracted, gut colonization could
produce long term effects on nutrient absorption or on stress and immune
responses. Fourth, the extent of social feeding may be affected by food source.
Fifth, the E. coli strains are grown on plates with different additives; the HT115
plates contain IPTG and carbenicillin to induce RNAIi. These additions may also
contribute to the altered metabolic profiles. We advise caution in comparing
metabolomic information collected from nematodes grown on different strains of
E. coli. Furthermore, it is likely that the phenotypes of well characterized
nematode strains may differ considerably between seemingly similar culture

conditions.

One way to more rigorously control diet is to grow the worms on an axenic
growth medium that contains all essential nutrients and eliminates the need for a
bacterial source of food (Szewczyk et al. 2003; Clegg et al. 2002). Axenic growth
medium has the added advantage of allowing substitutions with labelled
compounds for tracer studies. However, axenic growth medium is considerably
more complex and expensive to prepare than traditional NGM seeded with
E. coli. Growth with this type of medium also eliminates the possibility of utilizing

feeding-induced RNAI to investigate worm metabolism.

We believe our work is the first critical evaluation of the effects of OP50 and
HT115, as food sources, on nematodes. Our study demonstrates that changing

diets can have a profound effect on wild-type and mutant worm strains. It should
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serve as a reminder to the C. elegans community and to all researchers studying
nutrition and metabolism of the sensitivity of the metabolome and of phenotype to

diet.

Limitations of Study

To assess the metabolomic differences between worms fed different diets, both
univariate and multivariate statistical analyses were performed. We made two
primary assumptions in our interpretations of these analyses. First, univariate
statistical power was determined using the Student’s t test. This test assumes
that data is normally distributed; a greater sample size would have more
accurately indicated data distribution. Second, we assumed that the PLS-DA
model presented in Figure 3-3 did not fit on noise, based on R? and Q? values
and on validation testing. However, each class in this model included three
different worm strains; the amount of within-class variation is presumably more
substantial in this case than if each class represented a single worm strain. As
PLS-DA assumes that within-class variation is small compared to between-class
variation (see Chapter 1), the possibility exists that our model may have fitted on

noise.
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Figure 3-1. Comparison of metabolic profiles of wild-type worms fed OP50
and HT115(DE3) L4440. Metabolite concentrations were quantified using 'H-
NMR spectroscopy and normalized to total worm protein. For simplicity of
presentation, alanine, glucose, and glutamate concentrations have been divided
by 3, 2, and 2, respectively. Black bars, OP50 (N=7); white bars, HT115(DE3)
L4440 (N=6). * p<0.05; ** p<0.01; *** p<0.001 using a two-tailed unpaired
Student’s ¢ test.
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Figure 3-2A. PLS-DA score plot of 'H-NMR derived metabolic profiles of
wild-type C. elegans cultures fed with either OP50 or HT115(DE3) L4440.
The model is characterized by the following parameters: R?X;, 0.539, R?X,,
0.145, R*®X;um, 0.912, R®Y o, 0.978, Q% 0.915. Stars, worms fed OP50 (N=7);
boxes, worms fed HT115(DE3) L4440 (N=6); triangles, LDH RNAi knockdown
(N=5); circles, mGPDH RNAi knockdown (N=4). Each dot represents one
replicate worm culture. Ovals are added solely to draw attention to location of
each class and do not reflect any statistical relevance.
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Figure 3-2B. Validation plots for PLS-DA model of 'H-NMR derived
metabolic profiles of wild-type C. elegans cultures fed with either OP50 or
HT115(DE3) L4440. 999 permutations, across 6 components, were used for
each of the above diets. Green, R?; blue, Q°.
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Figure 3-3A. PLS-DA score plot of '"H-NMR derived metabolic profiles of
wild-type and two nuo-71 mutants fed with either OP50 or HT115(DE3) L4440.
The PLS-DA model is characterized by the following parameters: R?X;, 0.425,
R?X5, 0.115, RXeym, 0.724, R*Y ¢y, 0.891, Q°yym, 0.81. Circles, all worms fed
OP50 (N=15); triangles, all worms fed HT115 L4440 (N=17). Each dot represents
one replicate worm culture. Ovals are added solely to draw attention to location
of each class and do not reflect any statistical relevance.
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Figure 3-3B. Validation plots for PLS-DA model of 'H-NMR derived
metabolic profiles of wild-type and two nuo-1 mutants fed with either OP50
or HT115(DE3) L4440. 999 permutations, across 3 components, were performed
for each of the above diets. Green, R?; blue, Q.
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Figure 3-4. Mitochondrial DNA copy numbers. The mtDNA:nDNA ratio of wild-
type worms fed OP50 was set to 1.0. The OP50 and HT115(DE3) L4440 values
are averages of 6 samples plus 2 replicates, and 8 samples plus 2 replicates,
respectively. * p<0.05.
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Figure 3-5A. Phenotypic analyses, lifespan. Synchronized, wild type L4-stage
hermaphrodites were transferred to plates seeded with OP50 (n=184, solid) or
HT115(DE3) L4440 (n=143, dashed) and monitored for survival. Log-rank
(Mantel-Cox) analysis, p<0.05 and Gehan-Breslow-Wilcoxon analysis, p<0.001.
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Figure 3-5B. Phenotypic analyses, brood size. Brood sizes were measured for
L4-stage wild-type or LB25 hermaphrodites grown on OP50, black, or
HT115(DE3) L4440, white. N=23, 23, 9, and 6 for WT(OP50), WT(L4440),
LB25(0OP50), and LB25(L4440), respectively. * p<0.05.
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Introduction

Metabolomics offers great promise in understanding how metabolite levels affect
phenotype, as the metabolome is thought to be the most sensitive and functional
measure of cellular state (Fernie et al. 2004; Raamsdonk et al. 2001; Holmes et
al. 2008; Kell et al. 2005). Metabolic perturbations have been reported in several
disease states; these metabolic changes can be useful diagnostic and prognostic
biomarkers (Maclintyre et al. 2010; Brindle et al. 2002; Griffin and Shockcor 2004;
Kenny et al. 2010; Lanza et al. 2010; Jansson et al. 2009). Metabolic footprinting
examines the profile of extracellular metabolites, consumed from or excreted into
the media by cells; this is referred to as the exometabolome (Kell et al. 2005;
Allen et al. 2003; Mapelli et al. 2008). This innovative strategy exploits the notion
that changes in the exometabolome are a direct reflection of intracellular
metabolic state. Studying the exometabolome is efficient, non-invasive, and not
subject to the technical difficulties associated with isolating intracellular
metabolites (Kell et al. 2005; Allen et al. 2003). Metabolic footprinting has been
applied successfully in metabolic studies of bacteria, yeast, human cell culture,
and human waste products (Allen et al. 2003; Mas et al. 2007; Kaderbhai et al.

2003; Shaham et al. 2010; Slupsky et al. 2009).

Mitochondria and particularly the mitochondrial respiratory chain (MRC) play a
fundamental role in aerobic metabolism. Although the primary role of the MRC is
energy metabolism and the maintenance of redox balance and cellular energy
levels, MRC function also influences a multitude of metabolic pathways and
cellular processes not directly connected with energy metabolism (Wallace 1999;

Scheffler 1999, 2000; Wallace 2005). MRC dysfunction represents the most
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common group of inborn errors of metabolism (Thorburn 2004). The clinical
presentations are numerous, affecting almost any tissue or organ system and
being highly variable in the age of onset and severity (Smeitink et al. 2001). The
factors that contribute to this variability are poorly understood, making diagnosis,
prognosis, and treatment of mitochondrial disease very challenging, as discussed
in Chapter 1. A number of metabolites whose levels are linked to mitochondrial
disease have been identified but a consistent and reliable marker of MRC
dysfunction is lacking (Mancuso et al. 2009). To facilitate a better understanding
of the molecular etiology of mitochondrial diseases and define disease
signatures, a more systematic and comprehensive evaluation of the metabolic
alterations resulting from MRC dysfunction is needed (Shaham et al. 2010).
Recently, Shaham and colleagues addressed these issues by characterizing the
exometabolome of spent culture medium, using a cultured cell model of
mitochondria disease. Their work demonstrated that the metabolic footprint can
provide insight into the biochemical effects of mitochondrial disease; the also

identified a new potential biomarker (Shaham et al. 2010).

Succinate dehydrogenase (SDH), or complex I, is a critical enzyme functioning
in both the MRC and the tricarboxylic acid (TCA) cycle, forming a direct link
between these two essential metabolic processes (Ackrell et al. 1992; Hagerhall
1997; Hederstedt and Ohnishi 1992). SDH is a tetrameric, iron-sulfur flavoprotein
anchored in the mitochondrial inner membrane. It catalyzes the oxidation of
succinate to fumarate coupled to the reduction of the lipid soluble electron carrier
ubiquinone to ubiquinol. The enzyme is comprised of two domains; the catalytic
domain, formed by the SDHA and SDHB, where succinate oxidation occurs, and

the membrane anchor domain, consisting of SDHC and SDHD, the site of
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ubiquinone reduction (Lemire and Oyedotun 2002; Hederstedt and Ohnishi

1992).

As SDH participates in two fundamental metabolic pathways, its dysfunction can
manifest in a variety of disease phenotypes. Mutations in the SDHA gene,
encoding the flavoprotein subunit, can result in several clinical phenotypes,
including optic atrophy, ataxia, muscle weakness, myopathy, and Leigh
syndrome (an infantile-onset progressive neurodegenerative disorder) (Ackrell
2002; Bourgeron et al. 1995). Mutations in the four SDH genes have also been
linked to a variety of cancers including paraganglioma (benign vascularised
tumors of the head and neck), pheochromocytoma (tumors of the adrenal
medulla), renal cell carcinoma, and colorectal cancer (Rustin et al. 2002;
Burnichon et al. 2010; Sugimoto et al. 2000; Rustin and Rétig 2002; Baysal et al.

2001; Habano et al. 2003).

The yeast Saccharomyces cerevisiae SDH is structurally and functionally similar
to its mammalian counterpart, making it a suitable model for study (Mancuso et
al. 2009). The yeast SDH subunit-encoding genes are labelled SDH17-4,
respectively. In our previous work, we characterized yeast models of point
mutations in residues that are associated with tumor formation in humans (Bayley
et al. 2006; Schiavi et al. 2006; Neumann et al. 2004; Milunsky et al. 2001; Szeto
et al. 2007). We focussed our attention on residues lining the proximal
ubiquinone-binding (Qp) site of the membrane anchor domain. Residues from
both membrane anchor subunits contribute to the formation of the Q, site and are
frequently mutated in paragangliomas and pheochromocytomas (Bayley et al.

2005; Sun et al. 2005; Oyedotun and Lemire 2004). We modeled tumorigenic
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mutations in the conserved yeast residues, SDH3 Arg-47 and SDH4 Asp-88
(Oyedotun and Lemire 2004). SDH3 Arg-47 was mutated to Cys, Glu, and Lys
and SDH4 Asp-88 to Asn, Glu, and Lys (Szeto et al. 2007). These mutants
exhibited variable respiratory growth, which was indicative of mutation severity
(Szeto et al. 2007). They also resulted in the accumulation, and excretion, of
succinate. We hypothesized that mutation to SDH, a critical enzyme in energy
metabolism, should result in global alterations to metabolism and that these
changes should be reflected in the exometabolome. Profiling the metabolic
changes, resulting from SDH dysfunction, may also reveal additional pathways
that are dependent on SDH activity and facilitate a greater understanding of

underlying pathogenesis.

In this study, we used a 'H-NMR based metabolic footprinting approach to
examine the metabolic profiles of SDH3 and SDH4 mutants. We identified and
quantified 36 metabolites, including nucleic acid constituents, organic acids,
amino acids, and sugars. Our findings show that mutations to SDH result in
significant alterations in yeast metabolism, as reflected by changes in the
exometabolome. Using multivariate analysis, we were able to discriminate the
various yeast strains from each other on the basis of their metabolic phenotypes,
or metabotypes. These metabotypes were strongly correlated to mutant
respiratory growth vyields, identifying a relationship between these two
parameters. Our study demonstrates the usefulness of metabolic footprinting in
elucidating the biochemical details underlying complex diseases, such as
mitochondrial disease and provides insight into the metabolic perturbation

resulting from SDH dysfunction.
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Materials and Methods

Strains, media, and culture conditions

The S. cerevisiae strains sdh3W1 (MH125, sdh3::TRP1), sdh4W2 (MH125,
sdh4::TRP1) and the various site-directed mutants used in this study have been
described previously (Oyedotun and Lemire 1997; Oyedotun and Lemire 1999;
Szeto et al. 2007). Plasmids were introduced into the yeast strains by lithium
acetate-mediated transformation (Gietz et al. 1992). Strains were plated on solid
SD medium containing casamino acids (0.5% wt/vol) for plasmid retention and to
verify correct phenotypes. The cells were then grown for 36 hrs at 30 °C in 2mL

of YP medium containing 0.25% glucose.

Preparation of exometabolome samples

After completion of culture growth, 100 ul was removed and used to measure the
optical density at 600 nm. The remaining culture was centrifuged at 14 000 x g
for 2 min to pellet the cells and the clarified media were transferred to new
microfuge tubes. The samples were subjected to trichloroacetic acid precipitation
with a final concentration of 5% and incubated on ice for 30 min. The samples
were centrifuged at 14 000 x g for 15 min to pellet protein. The supernatants
were recovered, adjusted to pH 7.0 with 5M NaOH, flash frozen with liquid N, and
stored at -80 °C until they could be lyophilized for 2 days and stored dry at 4 °C.
The lyophilized samples were dissolved in 570 pyl DO (99.9%; lIsotec Inc.,
Miamisburg, Ohio) along with 30 pl of 5§ mM 2,2-dimethyl-2-sila 3,3,4,4,5,5-
hexadeutero-pentane sulphonic acid (DSS-ds, Chenomx Inc., Edmonton, Alberta)
as a chemical shift indicator and concentration standard for NMR analysis. The

pH was recorded for calibration purposes and samples were centrifuged at
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14,000 x g for 3 min to remove particulate matter. 510 pl of the supernatants

were then transferred to 5 mm diameter NMR tubes.
"H-NMR spectroscopy and NMR data processing

One-dimensional 'H-NMR spectra were acquired on a 600 MHz Varian Inova
spectrometer (Varian Inc., Palo Alto, California) at 30 °C using a tn noesy pulse
sequence (circa Vnmr 6.1B software, Varian Inc.). A pulse width of 7.95 us was
used. All spectra had an acquisition time of 4 s, a preacquisition delay of 1 s, a
mixing time of 0.1 s, a sweep width of 7200 Hz and 256 transients collected
(Szeto et al. 2007; Reinke et al. 2010). All spectra were Fourier transformed
without line broadening applied, referenced to the DSS-ds singlet at 0 ppm,
manually phased and baseline-corrected. Chenomx NMR Suite Professional
software v4.5 (Chenomx Inc., Edmonton, Alberta) was used for identification and
quantification of metabolites by computer-assisted manual fitting of selected

peaks.
Metabolite data analysis

Metabolic data were subjected to multivariate statistical analysis using Simca P+
v12.0.1 software (Umetrics, Umea, Sweden) (Eriksson et al. 2001). Data were
not transformed but were mean centered and scaled to unit variance. Data was
initially visualized using the unsupervised principal component analysis (PCA) to
note any outliers. Data were then treated with the supervised partial least square
discriminate analysis (PLS-DA) to gain optimal discrimination between groups. R?
and Q? values gave indication of model goodness of fit and prediction ability.

Validations of individual groups within each model were achieved by performing
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999 random permutations of y-variables (strain designation) while keeping x-
variables (metabolites) intact. The measures of fit (R* and Q% from the
permutations were compared with those of the original model. Additionally CV-
ANOVA (analysis of variance testing of cross-validated predictive residuals) tests
were performed to determine significant difference between groups in each
model. The Pearson product-moment correlation coefficient and level of

significance were determined as described (Cann 2003).
Results
Exometabolome alterations in SDH dysfunction

Our previous work characterizing tumorgenic mutations, modeled in the yeast
SDH, revealed elevated levels of succinate secreted into the media, a hallmark of
SDH dysfunction associated with oncogenesis (Szeto et al. 2007). We
hypothesized that mutations to SDH would cause additional perturbations to
global metabolism and that these would also be reflected in changes to the
exometabolome. To investigate our hypothesis, we employed a 'H-NMR
metabolic footprinting approach to examine the exometabolomes of yeast strains
containing SDH3 and SDH4 mutations. These mutations, in order of decreasing
respiratory capacity, are SDH3 Arg47Lys, Arg47Cys and Arg47Glu and SDH4
Asp88GIlu, Asp88Asn and Asp88Lys (Table 4-1). The respective knock-out
strains, transformed with either the corresponding wild-type genes or with empty
vector, were also examined. The respiratory capacity of each strain was
determined previously using two approaches: growth on solid glycerol-containing
medium and growth yield in galactose-containing liquid medium. Glycerol is a

non-fermentable carbon source; oxidation of glycerol requires aerobic respiration.
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Galactose is a fermentable carbon source and is consumed during an initial
fermentative growth phase. Upon exhaustion of galactose S. cerevisiae exhibit a
diauxic shift to a subsequent respiratory phase (Oyedotun and Lemire 1999,
2001; Oyedotun et al. 2004). We determined the spectral profiles of the acid-
soluble extracellular metabolites in the spent culture media of the various SDH3
and SDH4 strains using 'H-NMR (Figure 4-1). A metabolite profile of the fresh
culture media was also established. A total of 36 were identified using this
approach ranging from amino acids, organic acids, nucleotides, and sugars,
demonstrating the wealth of biochemical information that can be extracted using

this approach.

We compared the metabolite concentrations of the media before and after growth
to determine which metabolites were consumed or excreted by the yeast strains
during the culturing time. As shown in Figure 4-2, the absolute concentrations of
many of the quantified metabolites changed significantly (P<0.05), reflecting their
net consumption or excretion by the yeast cells. The overall trends in the
changes in metabolite concentration were consistent between both SDH3 and
SDH4 sets of yeast strains. Two metabolites, glucose and niacinamide, were
completely consumed during the incubation time as they were present in the
original culture media but absent after growth of the yeast strains. Of the
nutrients consumed, the majority were amino acids (alanine, arginine,
asparagine, aspartate, leucine, methionine, phenylalanine, proline, serine,
threonine, tryptophan, and tyrosine), but betaine, lactate, and uracil were also
consumed. We detected a variety of metabolites that were excreted into the
medium, these included butyrate, fumarate, succinate, nicotinate, and significant

quantities of acetate. Some metabolites were altered in all five strains, while
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others were only altered in a certain subset of the strains; these latter changes
correlated with respiratory capacity. For example, glycerol was significantly
depleted by only wild-type and respiratory-competent strains, consistent with
previous results that respiratory-deficient strains are unable to grow on glycerol
as a sole carbon source. In contrast, acetate was produced exclusively by

respiratory-deficient strains.

To facilitate a comparison of the metabotypes between strains, we normalized
the metabolite concentrations to the final optical densities achieved by the
culture. These normalized concentrations were compared to those of the
corresponding wild-type (Figure 4-3). All of the normalized metabolite
concentrations, except for fumarate and isobutyrate, followed a consistent
pattern, with their concentrations correlating with mutation severity. The
respiration-competent mutants SDH3 Arg47Lys, SDH4 Asp88Glu and SDH4
Asp88Asn had metabolite levels comparable to or slightly higher than wild-types.
Significantly higher concentrations were measured for the respiratory-deficient
strains. These results show that SDH dysfunction causes reproducible changes
in metabolism. These changes are reflected in the exometabolome and are

clearly dependent on mutation severity.

Multivariate data analysis

We used multivariate analysis to further analyze and interpret the metabotypes.
Principal component analysis (PCA) was used to inspect data variation and
identify possible outliers. PLS-DA was subsequently performed to obtain maximal
discrimination between profiles and for statistical analysis (Eriksson et al. 2001).

The resulting scatter plots reveal that strains can be discriminated based on their
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metabolic footprints; the replicate data sets for each strain cluster into
discernable groups (Figure 4-4). The groups were separated mainly along the
first component within each model. Model performance was assessed using the
R? and Q? values. The SDH3 model possessed goodness of fit values, R’X and
R?Y, of 0.96 and 0.759, while the SDH4 model had values of 0.907 and 0.692,
respectively. The Q? values were 0.663 and 0.593 for the SDH3 and SDH4
models, respectively. These values indicate that the models possess excellent fit
and that the data is predictive. Model validations were performed using 999
permutations and five principle components for the SDH3 model (Supplementary
Figure 4-1) and four principle components for the SDH4 model (Supplementary
Figure 4-2). Two aspects of the validation plots indicate model validity: no
permutations outperform the original data and the Y-intercepts for the R? and Q?
permutation regression lines are below 0.4 and 0.05, respectively. The validation
plots for all of data sets, with the exception of the SDH4 Asp88Glu mutant,
satisfied both criteria and indicate that these models are valid. The validation plot
for SDH4 Asp88GIlu mutant had one permutation outperform the original data but
satisfied all of the other criteria. To examine statistical significance between the
groups, CV-ANOVA tests were performed and resulted in scores of P = 4.16 x
102 for the SDH3 strains and P = 2.19 x 10 for the SDH4 strains, indicating

that the differences between the groups within each model are highly significant.

Variable importance on the projection (VIP) plots reveal that a large portion of the
identified metabolites contributes to discriminating the strains (Figure 4-5, A
and B). A VIP score of higher than 1 indicates that the metabolite has an
important influence on the separation between strains, for any given component

(Eriksson et al. 2001). At least two-thirds of the metabolites contribute greatly to
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strain separation along component one; this pattern is unusual but demonstrates
the importance of evaluating the entire metabolic profile rather than a few key
metabolites. Interestingly, the most discriminating metabolites differed between
the SDH3 and SDH4 models. For example, acetate ranked as the most important
metabolite in the SDH4 model but its contribution to the SDH3 model was lower.
Consistent with the VIP plots, the biplots reveal that the majority of the
metabolites are responsible for the clustering of the groups (Figure 4-5, C and D).
Biplots display the X-variable weights superimposed onto the scores, in this case
metabolites weights are superimposed onto strain classification scores. Squares
are on the plots represent strain and triangles represent individual metabolites.
Proximity to the center of the plot is proportional to the variable weight on
discrimination. The more distal a variable is from the center, the higher its weight
in model discrimination. That is, the spatial proximity of a certain metabolite to a
strain reflects its increased relative concentration compared with that of other
strains. These biplots show that the respiration deficient mutants and knock-out

strains are enriched in the majority of the metabolites identified.

Correlation between metabotype and growth yield

PLS-DA of the data sets revealed a noticeable trend. The component 1 score
appeared to correlate with mutant severity. That is, the wild-type strains are on
one side of the scatter plots, the knock-out strains are on the other, and the
mutants are in between the two extremes with their positions in order of
respiratory capacity (Figure 4-4). For the SDH3 strains, the Arg4d7Lys data set
clustered near the wild-type while the Arg4d7Cys and Arg47Glu data sets

clustered near the knock-out. The Argd47Lys mutant is respiratory-competent,
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while Arg47Cys and Arg47Glu are impaired (Table 4-1). For the SDH4 strains,
the Asp88GIu and Asp88Asn data sets were clustered closer to the wild-type
while the Asp88Lys data set clustered closer to the knock-out. For the SDH4
strains, Asp88GIu and Asp88Asn are respiratory-competent and Asp88Lys is
respiratory-impaired (Table 4-1). We examined the relationship between strain
metabotypes and their growth phenotypes. The biplot score, for each strain, was
plotted against its previously determined growth yield using a galactose growth
assay (Figure 4-6). We determined the Pearson product-momentum coefficient
for the SDH3 strains (P<0.02) and SDH4 strains (P<0.05). These results indicate

a strong correlation between exometabolome and respiratory-competence.

Discussion

Metabolic footprinting is an innovative method for characterizing a cell’s or
organism’s metabolic status, gaining intracellular metabolic information in a
non-invasive manner. Such studies would be potentially very useful in the clinical
setting. Exometabolome studies have been successfully performed in a number
of model systems including bacteria, yeast, and cultured human cells (Kell et al.
2005; Allen et al. 2003; Kaderbhai et al. 2003; Shaham et al. 2010). In this work,
we used high resolution "H-NMR spectroscopy and multivariate data analysis to
examine mitochondrial dysfunction in the yeast model. We focused on the
metabolic effects of single amino acid substitutions in the membrane domain of
SDH, a key enzyme in the MRC and TCA cycle. We characterized the
exometabolomes of these mutants, identifying a number of biochemically

relevant molecules (Figure 4-1).
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Our results show that single point mutations, in SDH, cause drastic alterations to
the cellular metabolic state, which are reflected in the exometabolome (Figure
4-2 and 4-3). The magnitudes of the perturbations correlate with mutation
severity, with larger changes exhibited by mutants with reduced respiratory-
competence (Figure 4-3). More modest exometabolome alterations were
observed for respiration-competent mutants. PLS-DA revealed that individual
strains could be discriminated from each other (Figure 4-4). Further analysis of
the PLS-DA models, using VIP plots and biplots, showed that at least two-thirds
of the metabolites were important in this discrimination (Figure 4-5). Although
highly unusual, this pattern highlights the importance of evaluating a more
comprehensive metabolic profile, rather than a few key metabolites. We suggest
that metabolic footprinting may be a robust method for discriminating between
mutants that are otherwise phenotypically indistinguishable (Allen et al. 2003).
The most severely impaired mutants, SDH3 Arg47Glu and SDH4 Asp88Lys,
were easily discriminated from their respective knockout strains by their
metabotypes (Figure 4-3), even though the mutants and knockout strains exhibit
similar growth phenotypes on fermentable and nonfermentable carbon sources
(Table 4-1). Unlike the knockout strains, these severely respiratory-impaired
enzymes retain residual SDH activity when examined in vitro (Szeto et al. 2007).
These low levels of activity may be sufficient to account for the observable
metabolic differences between these yeast strains. Our results also show a
strong correlation between mutant metabotypes and their respiratory competence
(Figure 4-6). Metabotypes can therefore provide functional information on how
phenotypes are governed or determined by metabolites (Fernie et al. 2004).

Additionally, our results also suggest that characterization of metabotypes may
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offer a rapid means of gaining insight into the phenotypes of a new mutation

(Figure 4-7).

Metabolic analyses of these SDH mutants also provide insight into the effects of
SDH dysfunction on cellular metabolism. The most obvious metabolic change is
the presence of large quantities of extracellular acetate found in the most
dysfunctional mutant strains (Figure 4-2). Acetogenesis is thought to be a direct
consequence of TCA cycle impairment and has been observed in SDH, fumarase
and malate dehydrogenase mutants (Romano and Kolter 2005). Upon glucose
depletion, yeast cells undergo a diauxic shift to respiration utilizing ethanol
(Krukeberg and Dickinson 2004). Acetyl-CoA is synthesized from ethanol, via the
pyruvate dehydrogenase bypass pathway, in the cytosol (Boubekeur et al. 1999).
Import into the mitochondria is carried out by the carnitine acetyltransferase
system (Kispal et al. 1991; Kispal et al. 1993; Pronk et al. 1994). TCA cycle
dysfunction will lead to a build-up of Acetyl-CoA in the mitochondrial matrix.
S. cerevisiae is unable to transport acetyl-CoA out of the mitochondria and it is
converted to acetate by acetyl-CoA hydrolase (Buu et al. 2003). Acetate, in its
protonated form, can leave the matrix through passive diffusion. Alternatively, an
unknown mitochondrial carrier or exchanger may participate in acetate export
(Boubekeur et al. 1999; Wolfe 2005; Riviere et al. 2009). Excess acetate is likely
excreted from the cell by various monocarboxylate transporters (Casal et al.
2008; Paiva et al. 2004). Interestingly, extracellular acetate levels are a better
predictor of SDH dysfunction in these mutants than the succinate to fumarate
ratio. In our previous work, all of the SDH mutants had elevated succinate to
fumarate ratios compared to the wild-type (Table 4-1). However, these ratios do

not correlate with mutation severity. That acetate excretion was only observed for
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the most severe mutations suggest that the respiration-competent mutant have
sufficient SDH activity to metabolize acetate via the TCA cycle; interestingly,
these same mutants also excrete succinate (Szeto et al. 2007; Pollard et al.

2005).

Amino acid concentrations varied greatly between strains. Amino acids,
particularly asparagine, serine, and threonine were taken up from the medium by
all strains (Figure 4-2). Then normalized to cell growth, we noted that amino
acids were not utilized as readily in SDH-deficient strains as in the wild-type
strains. Two reasons may explain this observation. First, the mutant strains likely
have decreased protein synthesis. Second, amino acids may be used as an
energy source upon ethanol depletion but the TCA cycle impairment of the SDH
mutants may limit these pathways. Amino acids can provide both carbon and
nitrogen sources, except the branched chain and aromatic amino acids, which
can only serve as a nitrogen source in yeast (Dickinson 2004; Hazelwood et al.

2008).

Metabolic profiling is emerging as a powerful tool for elucidating the molecular
etiologies underlying complex human diseases. In this study, we examined
metabolic consequences, of various levels of SDH dysfunction, in the
exometabolome. Our findings suggest metabolic footprinting may offer unique
advantages in understanding the severity of mutations. Other mitochondrial and
metabolic disease models should also be amenable to a metabolomic approach,

which may provide additional insight into the pathogenesis of complex diseases.
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Limitations of Study

There are three limitations of this study. First, we normalized metabolic data to
growth (as reflected by OD); however this may not be the best method. Future
metabolomic studies involving yeast should explore other possible methods for
normalizing data. Second, we did not present univariate statistical analyses of the
data collected in this study. While multivariate analysis presents a holistic model
of the data, univariate analysis can also provide valuable information. Third, we
measured 36 of the thousands of possible metabolites that are present in yeast.
Although we were able to explore the effects of SDH dysfunction on nitrogen and
energy metabolism, we were unable to determine what the effects were on other

areas of metabolism (such as lipid metabolism).

123



Tables and Figures

Table 4-1

SDH mutants used in this study and their phenotypic properties @

Strain Growth on Growth yield Succinate:Fumarate °
minimal on galactose
glycerol medium °
medium
SDH3WT + 100 % 60 £ 10
SDH3 - 35+4 % 190 + 30
Arg47Cys
SDH3 - 12+1% 170 + 20
Arg47Glu
SDH3 + 70+6 % 210+ 30
Argd7Lys
SDH3 KO - 12+1% 190 + 20
SDH4 WT + 100 % 80+ 10
SDH4 + 72+9% 180 + 20
Asp88Asn
SDH4 + 8027 % 150 + 40
Asp88Glu
SDH4 - 10£1% 170 + 30
Asp88Lys
SDH4 KO - 10+£1% 150 + 20

@Reference is Szeto et al. (2007).

®Values represent the percentage growths of the yeast strains compared to their
respective wild-type controls.

¢ From this study.
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Figure 4-1. "H-NMR spectra of spent culture media. The aliphatic regions of
representative spectra are shown. Key metabolites are labelled. BCAA, branched
chain amino acids. A, SDH 3 wild-type; B, ASDH3.
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Figure 4-2A. Ratio of metabolites in post-growth to pre-growth medium.
Amino acids from SDH3 strains. Post-growth metabolite concentrations were
normalized to the mass of dry protein-free lysates and compared to mass-
normalized pre-growth media concentrations. Metabolite concentrations were not
normalized to cell culture densities. Yellow, WT; red, Arg47Lys; green Arg47Cys;
black, Arg47Glu; blue, KO.




Fold Change from Fresh Media

o-Ketoglutarate

Acetate/5
Adenosine

Betaine

LI

Butyrate
Choline

Formate

L

Fumarate

Glycerol

Inosine
owT

BR—>K
BR->C
ER-SE
BKO

Isobutyrate
Lactate

myo-Inositol

Nicotinate
Pyroglutamate

Succinate

Uracil

0.25 0.5 1 2 4 8

-“

A 2

Uptake Release

Figure 4-2B. Ratio of metabolites in post-growth to pre-growth medium.
Non-amino acid metabolites from SDH3 strains. Post-growth metabolite
concentrations were normalized to the mass of dry protein-free lysates and
compared to mass-normalized pre-growth media concentrations. Metabolite
concentrations were not normalized to cell culture densities. Yellow, WT; red,
Arg47Lys; green Arg47Cys; black, Arg47Glu; blue, KO.
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Figure 4-2C. Ratio of metabolites in post-growth to pre-growth medium.
Amino acids from SDH4 strains. Post-growth metabolite concentrations were
normalized to the mass of dry protein-free lysates and compared to mass-
normalized pre-growth media concentrations. Metabolite concentrations were not
culture densities. Yellow, WT; red, Asp88Glu;
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Figure 4-2D. Ratio of metabolites in post-growth to pre-growth medium.
Non-amino acids from SDH4 strains. Post-growth metabolite concentrations were
normalized to the mass of dry protein-free lysates and compared to mass-
normalized pre-growth media concentrations. Metabolite concentrations were not
normalized to cell culture densities. Yellow, WT; red, Asp88Glu; green,
Asp88Asn; black Asp88Lys; blue, KO.
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Figure 4-3A. Growth-normalized comparison of metabolites in spent
medium. Amino acids in post-growth media of SDH3 mutants. Metabolites were
quantified and normalized to the mass of dry protein-free lysates and to cell
culture densities. Yellow, WT; red, Arg47Lys; green, Arg47Cys; black, Arg47Glu;
blue, KO.

130



o-Ketoglutarate
Adenosine

Betaine

Butyrate

Choline

Formate

Fumarate
Glycerol

Inosine

Isobutyrate G0 aWT
B R—->K
Lactate — BRSC
]
Myo-nositol | "RE
—“ B KO

Nicotinate

I
Pyroglutamate _,!
— IV

Succinate
Uracil
0.5 1 2 4

Fold Change from WT

Figure 4-3B. Growth-normalized comparison of metabolites in spent
medium. Non-amino acids in post-growth media of SDH3 mutants. Metabolites
were quantified and normalized to the mass of dry protein-free lysates and to cell
culture densities. Yellow, WT; red, Arg47Lys; green, Arg47Cys; black, Arg47Glu;
blue, KO.
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Figure 4-3C. Growth-normalized comparison of metabolites in spent
medium. Amino acids in post-growth media of SDH4 mutants. Metabolites were
quantified and normalized to the mass of dry protein-free lysates and to cell
culture densities. Yellow, WT; red, Asp88Glu; green, Asp88Asn; black,
Asp88Lys; blue, KO.
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Figure 4-3D. Growth-normalized comparison of metabolites in spent
medium. Non-amino acid metabolites in post-growth media of SDH4 mutants.
Metabolites were quantified and normalized to the mass of dry protein-free
lysates and to cell culture densities. Yellow, WT; red, Asp88Glu; green,
Asp88Asn; black, Asp88Lys; blue, KO.
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Figure 4-4. PLS-DA model plots of exometabolome profiles. A, SDH3 mutant
strains. Yellow, WT; Arg47Lys; green, Arg47Cys; black, Arg47Glu; blue, KO. The
model is characterized by the following parameters using 5 components: R?X,
0.873; R®Xz, 0.0524; R*X¢um, 0.96; R*Y¢ym, 0.759; Q%m, 0.663. N = 12 for all
strains, CV-ANOVA P = 4.16 x 10°. B, SDH4 mutant strains. Yellow, WT; red,
Asp88Glu; green, Asp88Asn; black, Asp88Lys; blue, KO. The model is
characterized by the following parameters using 4 components: R?X;, 0.833;
R?X5, 0.0401; R*Xcym, 0.907; R?Yum, 0.692; Q%m, 0.593. N = 12 for all strains,
CV-ANOVA P =2.19 x 10?%. Ovals are added solely to draw attention to location
of each class and do not reflect any statistical relevance.
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Figure 4-5 A and B. VIP Plots. Variable importance of projection plots for
exometabolites along component 1. A, SDH3 PLS-DA model. B, SDH4 PLS-DA

model.
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Figure 4-5 C and D. Biplots using PLS-DA components 1 and 2. C, SDH3
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Introduction

Rabies is one of the most historically feared diseases, with disease symptoms
being described as early as the second century BC (Adamson 1977; Jackson
2007a). Rabies virus infection is a zoonotic disease spread through bite or saliva
contact from an infected animal and remains common in developing countries.
About 50,000 deaths are reported annually worldwide (World Health Organization
2005). While dogs are the primary reservoir for rabies in developing countries,
rabies in North America continues to exist in wildlife. Between 1924 and 2007, 24
human rabies cases were reported in Canada. Seven cases were reported after
1970; 6 of these were transmitted from bats (Parker et al. 2003; Varughese

2000).

Rabies virus is a prototypic infection of the nervous system in which the virus
selectively infects neurons, using retrograde axonal transport to traffic within the
nervous system (Jackson 2008). Upon entry into the CNS neurons, infection
becomes rapidly widespread along the neuroanatomical pathways, eventually
spreading to peripheral neural networks (Jackson 2007b). The amount of time
between initial infection and symptom onset, the incubation period, is typically
between 3 and 13 weeks; however, incubation periods have been reported to be
as short as a few days and longer than a year (Smith et al. 1991; Jackson
2007b). Early symptoms usually include localized pain at the wound site, fever,
anxiety, malaise, fatigue, and irritability (Warrell 1976; Dupont and Earle 1965;
Hattwick et al. 1974). These symptoms develop into one of two clinical forms of
the disease: classical or paralytic rabies. Classical rabies, also called furious

rabies, presents in approximately 80% of patients. It is characterized by
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hyperexcitability, agitation, hallucinations, aggressiveness, and hypersalivation.
Many patients also exhibit hydrophobia, the hallmark of rabies, brought on by
spasms of the diaphragm and neck muscles on attempt to swallow; hydrophobia
is unique to rabies infection. Paralytic, or dumb, rabies is characterized by
muscle weakness and is often misdiagnosed. In either clinical presentation,

death invariably results within about 14 days of symptom onset (Jackson 2007a).

Recovery from clinical rabies is rare although post-exposure prophylaxis and
vaccination remain highly effective means to preventing disease onset
(Hemachudha et al. 2006b). These measures include proper wound cleansing
and both passive and active immunization (Manning et al. 2008). In 2005,
Willoughby and colleagues reported the recovery of a 15-year old girl from
clinical rabies. (Willoughby et al. 2005). The patient was treated with ketamine, a
non-competitive antagonist of N-methyl-D-aspartate (NMDA) receptors, to protect
against excitotoxicity. Ketamine had been previously shown to reduce rabies
virus replication in rat cells (Tsiang et al. 1991). The anti-viral drugs ribavirin and
amantadine were also administered; amantadine provides additional protection
against excitotoxicity (Willoughby et al. 2005; Kornhuber et al. 1994). The patient
was found to be clear of transmissible rabies about four weeks after symptom
onset. She was released from hospital about one month later with neurological
deficits that improved over time (Hu et al. 2007). This intensive treatment
regimen was named the Milwaukee Protocol. Due to its original success, the
Milwaukee Protocol offered optimism towards the efforts in effectively treating
rabies. The protocol has been repeatedly attempted around the world. Three
additional recoveries have been reported (The Milwaukee Protocol version 3.1),

but not published, while several failures have been well documented
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(Hemachudha et al. 2006a; Schmiedel et al. 2007; McDermid et al. 2008; Rubin

et al. 2009; Hunter et al. 2010; Maier et al. 2010).

In this study, we report the outcome and pathogenic features of a patient who
developed clinical rabies and was unsuccessfully treated with the Milwaukee
Protocol. Molecular and histological analyses of autopsied brain tissue revealed
evidence of rabies virus, neuronal loss and extensive inflammation. We used
'H-NMR spectroscopy to establish metabolic profiles of excised brain tissue and
serial cerebrospinal fluid (CSF) samples. Metabolomic profiling revealed
discordant metabolite detection and abundance between the brain and CSF.
Metabolic analysis of brain specimens supported our molecular and histological
findings; analysis of CSF supported previous clinical findings from patients
treated with the same therapeutic approach. As widespread inflammation is not
typical of rabies infection, we suggest that the present patient developed the
devastating neurological immune reconstitution inflammatory syndrome (neuro-

IRIS), which was likely initiated by the use of specific therapeutic agents.

Materials and Methods

Tissue samples

Brain tissue at autopsy and serial cerebrospinal fluid (CSF) specimens (n=3,
weeks 1, 4 and 12 post-admission to hospital) were collected from a patient
diagnosed with rabies encephalitis (McDermid et al. 2008). For non-rabies
controls, brain tissues (total, n=5; median age: 63 yr; sepsis (n=1), myocardial
infarction (n=1), HIV/AIDS (n=2), cancer/leukemia (n=1)) and cerebrospinal

fluid (CSF) were used from the Laboratory for Neurological Infection and
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Immunity, University of Alberta (Vergote et al. 2006). These studies were
approved by the University of Alberta Ethics Committee (Health Ethics Board

PRO2291).

Neuropathological analyses

Formalin-fixed and paraffin-embedded brain sections were immune-labelled
overnight with antibodies to a rabies virus-encoded nucleocapsid protein and
human CD3, CD8, and CD68 with subsequent labelling by a biotin-conjugated
anti-rabbit secondary IgG antibody (1/500 dilution; Vector Biotechnologies Inc),
developed using 3,3’-diaminobenzidine (DAB) (Vector Biotechnologies Inc)

and counterstained with hematoxylin (Jackson 1991).

Real-time RT PCR

Human brain, including 3 discrete samples from frontal cerebral cortex,
subcortical white matter and basal ganglia from the rabies and non-rabies
patients were homogenized and total RNA was purified from which cDNA was
prepared. Semi-quantitative real-time PCR was performed (Power et al. 2003).
All PCR primers generated amplicons, which were normalized to GAPDH
mRNA levels and expressed as relative fold change (RFC) compared with

controls (mean +SEM), as previously reported (Noorbakhsh et al. 2010).

Brain deep sequencing

cDNA from frontal subcortical white matter of the rabies and non-rabies
patients was subjected to massively parallel sequencing (Freeman et al. 2009).
Paired-end 75 nucleotide sequences were compared to existing databases

and annotated based on similarity. Gene ontology analyses were executed and
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significantly increased or diminished functional groups of genes were

compared.
"H-NMR based metabolomic analyses of brain and CSF

Brain tissue samples (cerebral cortex and white matter) from the rabies and a
non-rabies patient (male, 70 yr, sepsis) were homogenized and metabolites were
extracted with trichloroacetic acid, as described (Reinke et al. 2010). Serial
rabies CSF specimens were investigated and compared with multiple non-rabies
CSF specimens; absolute metabolite levels were averaged for the rabies and
non-rabies patients. CSF samples were filtered prior to NMR analysis. With the
exception that samples were not lyophilized, protein-free lysates were prepared

for and analyzed by 'H-NMR spectroscopy as described (Szeto et al. 2010).
Results
Clinical history

A 73-year old Caucasian male sustained a bat bite on his left shoulder but failed
to seek medical attention (McDermid et al. 2008). Six months later, he developed
severe, progressively worsening pain and weakness in his left arm. Generalized
weakness, left arm spasms, dysphagia and gasping breaths subsequently
followed. The patient became obtunded with autonomic instability. On
examination, he showed hypersalivation, opisthotonus, arm myoclonus and
generalized hyper-reflexia with preserved brainstem reflexes. Virologic and
serologic testing of nuchal skin, saliva and serum confirmed rabies virus
infection. Cranial MRI imaging revealed cerebral atrophy, as expected from an

elderly patient (Figure 5-1A and C). Treatment commenced 15 days after
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symptom onset (3 days after diagnosis). The patient was treated with rabies
immune globulin and with a neuro-therapeutic regimen (the Milwaukee Protocol),
including ketamine, midazolam and propofol, together with ribavirin and
amantadine (The Milwaukee Protocol version 3.1). Intubation and ventilation
were instituted (Willoughby et al. 2005). Despite receiving the above protocol (42
day duration), there was no neurological recovery and the protocol was
discontinued. Repeat cranial MRI, using both FLAIR and T2 imaging on clinical
illness day 68, revealed severe edema (Figure 5-1B and D). CSF contained
elevated protein levels and lympocytosis. The patient remained unresponsive
and failed to demonstrate brainstem reflexes; clinical care was subsequently

withdrawn.

Rabies virus detection and neuropathology

Neuronal loss was evident in various areas of the brain. Surviving neurons
contained Negri bodies (Figure 5-2A). Routine H&E staining of the leptomeninges
revealed fibrosis; a mononuclear inflammatory cell infiltrate was primarily
comprised of lymphocytes with occasional plasma cells and macrophages.
Rabies nucleocapsid protein immunoreactivity was detectable in cells resembling
neurons, particularly in the basal ganglia (Figure 5-2B). The majority of the
lymphocytes were CD3 immunoreactive (Figure 5-2C), with numerous CD8
immunopositive cells (Figure 5-2C, inset). Macrophage activation was highlighted
throughout the rabies brain with CD68 immunolabeling (Figure 5-2D).
Hypertrophied astrocytes were evident with H&E staining (Figure 5-2E).
Occasional mineralized pyramidal (ferruginated) neurons were also present

(Figure 5-2F).
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Molecular studies

Deep sequencing of the rabies-infected brain-derived RNA disclosed numerous
sequence tags corresponding to multiple regions within the rabies genome and
revealed that the viral strain infecting the present case was closely related to a
bat-derived virus, SHBRV-18 (data not shown). Comparison with the non-rabies
brain-derived cDNA revealed genes involved in immune response and
inflammation were highly induced in the rabies-infected brain (Figure 5-3A);
genes related to neuronal homeostasis and function were markedly suppressed
(Figure 5-3B). Relative transcript detection in the rabies brain compared with
non-rabies brain specimens using real time RT-PCR analyses revealed
increased HLA-DQA1, a cell surface receptor on antigen-presenting cells (Figure
5-3D), CD3¢ and CD8, T-cell receptor complexes (Figure 5-3E and F,
respectively), and MxA, an interferon-activated gene (Figure 5-3G). Conversely,
for the NMDA receptor subunit NR1, transcript levels were markedly reduced in
the rabies brain specimens (Figure 5-3H). Rabies virus RNA was detectable in all

examined brain regions but was highest in the basal ganglia (Figure 5-31).

Metabolomic studies

'"H-NMR spectra were derived from CSF and brain (cerebral cortex and white
matter) samples (Figure 5-4A). Representative spectra of cerebral cortex acid-
soluble metabolites display the y and  proton peaks of glutamine and N-acetyl-
aspartate (NAA), respectively (Figure 5-4A). Increased glutamine and absent
NAA were evident in the rabies-infected cerebral cortex. Urea and quinolate were
selectively present in the rabies-derived CSF, based on the average metabolite

concentrations of rabies-infected serial CSF samples compared to non-rabies
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CSF specimens. In contrast, acetate, myo-inositol, pyroglutamate, and succinate
were either lower or absent in rabies compared with non-rabies CSF samples
(Figure 5-4B). Brain metabolites, expressed relative to matched creatine levels,
revealed that rabies-infected cortex exhibited reduced NAA and gamma-butyric
acid (GABA) levels compared to the non-rabies cortical levels (Figure 5-4C). The
cortex from the rabies-infected patient also showed increased levels of lactate,
taurine, phosphoethanolamine, alanine, glutamine, leucine, phenylalanine,
serine, threonine, and valine, while acetate and aspartate were markedly
decreased (Figure 5-4C). The white matter of the rabies-infected brain (Figure 5-
4D) displayed lower acetate, aspartate, glutamate, myo-inositol, and NAA levels;
conversely, glutamine, lactate, and taurine levels were higher in the rabies white

matter (Figure 5-4D).

Discussion

Following its original success, the Milwaukee Protocol offered optimism towards
establishing an effective treatment against rabies infection. This protocol included
the use of ketamine, midazolam, propofol, ribavirin, and amantadine (The
Milwaukee Protocol version 3.1). Ketamine was the primary drug of choice for
three reasons: it is a dissociative anaesthetic, it has been shown to have anti-
viral properties specific to rabies in rat cortical neurons, and it potentially protects
against NMDA (N-methyl D-aspartate) receptor-mediated excitotoxicity (Lockhart
et al. 1992). Amantadine and ribavirin were instituted for their anti-viral properties
against the rabies virus (Superti et al. 1985; Jackson et al. 2003). Midazolam

offered further patient sedation, lowering metabolic demand and stimulating
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protective GABA receptors. Propofol has been shown to completely suppress

EEG activity in rabies patients (The Milwaukee Protocol version 3.1).

In the last few years, controversy over the efficacy of this therapy has been
mounted for three reasons. First, despite its original success, several failures of
the Milwaukee protocol have been well documented (Hemachudha et al. 2006a;
Schmiedel et al. 2007; McDermid et al. 2008; Rubin et al. 2009; Hunter et al.
2010; Maier et al. 2010). Second, the original surviving patient had anti-rabies
antibodies, despite never receiving prophylactic treatment. The rabies viral strain
was also not isolated in this case, and thus could have been attenuated in some
way. Therefore, it is unclear what role, if any, the Milwaukee Protocol played in
the patient’s survival (Jackson 2005). Third, the mechanism for ketamine
inhibiting rabies-virus genome transcription has never been established (Lockhart
et al. 1992). More recently, Weli and colleagues failed to establish any evidence
for rabies-induced excitotoxicity or protective effects of ketamine in neuronal cells
and adult mice (Weli et al. 2006). In 2010, Jackson and colleagues reported that
oxidative stress is responsible for neuronal injury during rabies infection (Jackson
et al. 2010). Despite its many failures and ongoing controversies, the Milwaukee
Protocol continues to be used to treat rabies infection. The present patient
exhibited classic features of ‘furious’ rabies and despite extensive interventions
aimed at limiting neural damage, succumbed after prolonged survival in intensive
care. Herein, we report the first high-throughput metagenomic and metabolomic
analyses of a rabies infection of the nervous system in the context of an intensive

therapeutic regimen.
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The present investigations revealed common features of a typical rabies
infection, including presence of rabies virus (proteins and nucleic acids), neuronal
loss, and Negri body presence. Rabies glycoprotein was immuno-detected in all
regions of the brain examined, which was complemented by widespread
detection of rabies virus-encoded RNA by both RT-PCR and deep sequencing.
The specific transcript abundance of MxA reflected the activation of host
response to viral infection. The extent of neuronal loss was revealed through
extensive astrogliosis and diminished RNA of the NMDA receptor subunit, NR1,
reflecting the predominant neuronal cellular tropism of the rabies virus. Thus, the
morphological and molecular aspects of the present case were complementary.
The pathological features of the present case were remarkable in that, unlike
typical human rabies infection (Perl and Good 1991), neuroinflammation was a
predominant feature. Evidence for neuroinflammation includes MRI imaging
(Figure 5-1) and immune-detection of lymphocytes (CD3 and CD8 receptors) and
macrophages (CD 68 receptor) (Figure 5-2), with supporting molecular analyses
(Figure  5-3) compared to non-rabies samples. Activation of
microglia/macrophages and lymphocyte infiltration were identified in all brain
regions based on specific transcript (HLA-DQA1, CD3 and CD8) abundance,
again congruent with matching neuro- and immunopathology studies (Figure 5-

3).

The availability of serial CSF and autopsied brain specimens prompted
investigation of the metabolic features underlying rabies, also allowing us to
verify our molecular observations (Figure 5-4). These studies revealed that CSF
and brain specimens contained substantially different profiles with several

metabolites exhibiting discordant detection and abundance between CSF and
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brain. For example, quinolate and urea were only detectable in CSF while
taurine, niacinamide, GABA, and NAA were selectively present in brain tissues.
Elevated CSF quinolate levels have been reported in rabies infections (The
Milwaukee Protocol version 3.1). Quinolate is an NMDA receptor agonist,
inducing excitotoxicity; ketamine has been found to inhibit this activity (Keilhoff et
al. 1991). This dichotomy in tissue profiles likely reflects differing origins of
metabolites; CSF is largely derived from choroid plexus and the ventricular
system, including the circumventricular organs, which are relatively devoid of a
blood-brain barrier and in close proximity to circulating blood. In contrast, brain
tissue, particularly white matter, is comparatively free of blood-derived molecules
but abundant in characteristic neural molecules, such as the neurotransmitter,
GABA and the neuronal metabolite NAA. Predictably, cortex and white matter
diverged in terms of relative abundance of individual metabolites. However,
lactate accumulation was consistently predominant in both anatomical regions,
possibly reflecting mitochondrial dysfunction. Mild lactic acidosis has been
previously reported during rabies infection (The Milwaukee Protocol version 3.1);
this may be attributed to ribavirin exhibiting variable toxicity towards mitochondria
(Fleischer et al. 2004). The cortex and white matter were also similarly more
concentrated in glutamine, an indication of astrogliosis in both tissues (Hanefeld
et al. 2005). Of particular interest was the robust induction of taurine in rabies
brain samples, pointing towards a host defense response, as taurine is
recognized as a potential cytoprotective molecule (Takahashi et al. 2003; Hagar
2004). Despite increased taurine, the present NMR studies recapitulated the
above molecular and pathological analyses in that neuronal loss, indicated by

diminished NAA, was a key feature of the present case. Reduced NAA levels, as
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revealed through magnetic resonance spectroscopy (MRS), have been reported
in other clinical rabies cases (The Milwaukee Protocol version 3.1); measuring
NAA levels using MRS during rabies infection would provide information about

neuronal loss during the disease and treatment course.

Despite a rigorous and prolonged neuroprotective therapeutic regimen
(Milwaukee Protocol), the current patient died with high viral burden in the brain,
widespread neuronal loss and remarkable lymphocyte infiltration. The persistent
viral load, chiefly in the basal ganglia, might have induced a specific
neuroinflammatory (CD8+ T cell) response in the same anatomical site, although
this finding is atypical in human rabies (Perl and Good 1991). The robust
pleocytosis at the time of the last CSF collection also suggested a concurrent
robust neuroinflammatory response, which was supported by the present
molecular and neuropathological studies. However, rabies is usually
neuropathologically bland (except for Negri bodies) (Jogai et al. 2000) and thus,
an alternative explanation for the present findings is a neurological immune
reconstitution syndrome (neurolRIS) (Legris et al. 2010; Johnson and Nath
2011). Neurological IRIS is a devastating inflammatory response that occurs
during the immune system recovery following treatment with anti-viral or immune-
suppressing drugs (McCarthy and Nath 2010). Even though the
pathophysiological mechanisms are not well understood, IRIS is well-described in
patients being treated for human immunodeficiency virus (HIV) infection and
multiple sclerosis (MS), as well as transplant recipients (McCarthy and Nath
2010). Several components of the present neuro-therapeutic protocol, including
ketamine (Wilson et al. 1971; Chang et al. 2005), midazolam (Freire-Garabal et

al. 1992) and propofol (Galley et al. 1998) are potentially immunosuppressive.
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IRIS is characterized by increased release and circulation of CD8+ cells within
one to two months of immune recovery (McCarthy and Nath 2010). Immune
staining and specific transcript quantitation revealed abundant presence of CD8+
T lymphocytes. Similar to previous reports of neurolRIS cases, this protocol was
ceased more than 20 days prior to the final CSF analysis before death
(McCombe et al. 2009). The cessation of the immunosuppressive therapeutic
protocol could permit activation of lymphocytes targeting rabies virus (RV)
antigens and their ensuing entry into the brain during immune restoration. Thus,
the use of intensive neuroprotective protocols should be considered carefully
before initiation, as the effects of the treatment protocol might complicate or

worsen the underlying disease process.

Limitations of Study

This study contains two major caveats. First, as discussed above, it may take
several hours for cells to die post-mortem and autopsies are not general
performed for several hours, during which anaerobic metabolism may still take
place. Despite this limitation, we did see robust metabolic differences between
the rabies-infected and matched control brains that correlate with pathological
findings. Second, we normalized brain metabolite concentrations to creatine
concentration; creatine metabolism is also likely altered post-mortem. Although
normalizing metabolite concentrations to excised tissue mass or protein content
would have been more suitable, these measurements were not taken due to the

extremely infectious nature of the rabies virus.
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Figures

Admission 2 months

Figure 5-1. Neuroimaging showing cranial MRI images. A, Flair imaging at
time of admission. B, Flair imaging at 2 months post admission. C, T2 imaging at
time of admission. D, T2 imaging at 2 months post admission.
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Figure 5-2. Neuropathological analyses. A, Negri body (arrow) in the pons,
stained with hematoxylin and eosin (H&E). B, Rabies nucleocapsid protein
immunoreactivity (arrows) in the basal ganglia; C, CD3-immunopositive
lymphocytes in white matter with CD8-immunoreactive lymphocytes (inset); D,
CD68-immunopositive macrophages and microglia in the basal ganglia; E,
Abundant hypertrophied astrocytes (arrows) in the white matter, stained with
H&E; F, Ferruginated neuron (arrow) in the cerebellum, stained with H&E.
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Figure 5-3 A and B. Host and viral gene expression in rabies and non-rabies
brains. Deep sequencing of brain white matter-derived cDNA showed up-
regulated genes (A) and down-regulated genes (B) in the rabies-infected brain
compared to non-rabies brains.
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Figure 5-3C-H. Host and viral gene expression in rabies and non-rabies brains.
Transcript levels were quantified, relative to GAPDH transcript abundance, in the
rabies-infect brain and compared to non-rabies brains. CTX, cerebral cortex;
WM, white matter; BG, basal ganglion. (C) HLA-DQA1. (D) CD3¢. (E) CD8. (F)
MxA. (G) NR1. (H) Rabies virus.
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Figure 5-4A. 'H-NMR derived metabolic profiles. 'H-NMR spectra were
obtained from cerebral cortex. Peaks from y and B protons are shown for
glutamine and NAA, respectively. Black line, spectrum; green line, glutamine;
blue line, NAA; red line, sum of quantified metabolites.
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Figure 5-4B. 'H-NMR derived metabolic profiles. Serial CSF specimens were
collected during rabies virus infection and the averages of individual metabolite
levels are shown, black, compared to an average of non-rabies (n=8) CSF
samples, white.
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Figure 5-4C. 'H-NMR derived metabolic profiles. Cerebral cortex samples (n=3)
were analyzed and averaged from the rabies-infected patient, black, and
compared to samples (n=3) from a non-rabies patient, white. Metabolite
concentrations were normalized to matched creatine concentration. Lactate
concentrations are divided by 6 for presentation purposes.
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Figure 5-4D. 'H-NMR derived metabolic profiles. White matter samples (n=3)
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compared to those of the non-rabies patient, white. Metabolite concentrations
were normalized to matched creatine concentration. Lactate concentrations are

divided by 6 for presentation purposes.
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General Discussion
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Overview

The original objective of this thesis research was to explore the molecular
mechanisms involved in mitochondrial disease using a metabolomics approach.
We postulated that, by investigating the metabolic effects of mitochondrial
dysfunction, we would gain a better understanding of disease pathogenesis. As
the metabolome is extremely sensitive to both genetic and environmental factors,
we chose to use two common laboratory models: the nematode C. elegans and
the yeast S. cerevisiae. By performing our studies on genetically well-defined
systems under highly-controlled growth conditions, we predicted that any
significant metabolic changes would be the result of disease state and not of
metabolic noise. Our results reveal, however, that an appreciable amount of
biological variability exists even within simple model systems. The extremely
sensitive nature of the metabolome to environmental changes such as diet was
also revealed. We discovered that dietary changes not only significantly alter
metabolism, but also mtDNA copy number and other phenotypic characteristics
in C. elegans. Indeed, these results highlight the importance of proper

metabolomic experimental design; this chapter will discuss these considerations.

As discussed in Chapter 1, mitochondrial disease etiology is extremely complex;
metabolism is only one of several factors involved in pathogenesis. Our results
highlight the difficulties of studying metabolism in such a complex system.
Despite these difficulties, a strong understanding of how metabolism is
compromised is essential for understanding and effectively treating mitochondrial
disease. One of the goals of the metabolomics community is to develop

personalized medicine strategies. Mitochondrial disease is a broad term that
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encompasses many disorders; in Chapter 3 we show that two mutants of the
same gene have both metabolic similarities and differences. These results
demonstrate the need for a personalized medicine approach when investigating
mitochondrial disease. In addition to studying mitochondrial disease, we also had
the opportunity to examine the pathological, molecular, and metabolic effects of a
rabies infection following an aggressive, and controversial therapeutic protocol;
our findings reveal a potential adverse and fatal consequence of this procedure.
This chapter also discusses future metabolomic and personalized medicine
approaches that could be applied to the advancement of treatments for

mitochondrial disorders and rabies.

Design of Experiment (DoE) Considerations

The results presented in Chapters 2 and 3 emphasize the necessity of careful
consideration during metabolomic experimental design. As discussed in
Chapter 2, measured metabolic variation is the product of both biological and
experimental/analytical variation. Analytical variation in our experiments was
assessed and found not to be a major contributor to measured variability; this
finding is consistent with previous studies on model systems (Crews et al. 2009;
Fiehn et al. 2000; Parsons et al. 2009). However, the possibility of introducing a
considerable amount of experimental variation always exists; if authors do not
report their methods, it is impossible for readers to determine data integrity. For
this reason, minimum reporting standards for metabolomics experiments have
been proposed by the Metabolomics Society (Griffin et al. 2007; van der Werf et
al. 2007). By the standards set forth in these reports, all metabolomics studies

should include a discussion of both factors specific to metabolomic experiments
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and general aspects that determine experimental outcome. Metabolomics-
specific considerations include details of metabolism quenching, metabolite
extraction, sample storage, and data normalization. General aspects affecting
experimental outcome include experimental design, biosource, growth
environment, and treatments during growth (van der Werf et al. 2007). Griffin and
colleagues (2007) expand their report to include considerations for mammalian
experiments. As there are numerous factors that affect experimental outcome
and degree of metabolic variation, design of experiment considerations should be

closely evaluated and reported in all metabolomics studies.

Chapter 3 revealed the complex nature of performing metabolomic studies on the
nematode C. elegans. Future metabolomic investigations using this system must
be carefully planned. Following our discovery of the impact that diet has on the
nematode metabolome, mtDNA copy number, and phenotype, we chose to
employ an axenic liquid culture medium (Clegg et al. 2002). However, this
medium utilized twelve different solutions, ten of which were prepared in lab.
Skim milk was also added as a food source; this was prepared from skim milk
powder. Media was prepared fresh prior to every use. As there were several
possible steps in which experimental error could be introduced, the data was
more variable than data obtained from standard NGM media seeded with E. coli;
we were unable to draw any meaningful conclusions from its use (data not
shown). The axenic media was also more difficult to work with as it was
susceptible to contamination. Indeed, there is no perfect solution for investigating
metabolism in C. elegans. Single metabolite tracer and flux studies must be
performed under axenic conditions to ensure that only worm metabolism is

measured. However, tracer studies that have a more general goal in mind (such
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as ubiquitous "°N labelling) would be exceedingly expensive if performed under
axenic conditions. Worm life cycle must also be carefully considered when
performing metabolomic studies. The nematode transitions through four larval
stages prior to becoming a gravid adult; metabolic differences in these stages
have been documented (O'Riordan and Burnell 1989, 1990; Braeckman et al.
2009). Thus, the metabolomes of mixed cultures will undoubtedly differ from
synchronized cultures. Although C. elegans is an excellent laboratory model
system, it poses a number of challenges for metabolomics studies; these
challenges and their correlation to hypothesis must be carefully considered

during the DoE process.

It is extremely important to design good ‘wet lab’ experiments; however it is
equally important to design good data modelling and statistical experiments. As
described in Chapter 1, PCA and PLS-DA are the most commonly used of many
data analysis methods in the metabolomics community. The caveat, however, is
that most of these researchers are also biologists. To quote Efron and Tibshirani
(1993): “Left to our own devices, ... we are all too good at picking out non-
existent patterns that happen to suit our purposes”; for those of us who are not
mathematicians, it is easy to ignorantly choose the data modelling and statistical
methods that best suit our needs. As discussed in Chapter 1, it is easy to
generate spurious models that appear to discriminate the data well. For this
reason, all authors reporting metabolomics data should familiarize themselves
with the various data analysis, validation, and reporting procedures. Broadhurst
and Kell (2006) and Goodacre and colleagues (2007) discuss the various data
analysis methods and describe how to avoid reporting false discoveries. By

becoming educated in this area and seeking advice of those familiar in this area,
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authors ensure that they design and report data models that best explain the data

instead of models that best explain scientific motivation.

Experimental design is the most important process in any metabolomics study.
Carefully considering each step of the biological, analytical, and mathematical
experiments and then reporting these considerations is essential for maintaining
a high level of integrity. In a field of study where a multitude of factors can affect
measured results, and several approaches can be taken to analyze and model

the results, maintaining integrity is of utmost importance.

Metabolomics and Personalized Medicine Approaches

Mitochondrial Disease

As previously mentioned, the results in Chapter 3 reveal the effects that diet has
on metabolism, as well as molecular and phenotypic characteristics. Although
these findings complicate our original research objective, they do emphasize the
magnitude of the effect that diet can have on overall health and its potentially
important role in treating mitochondrial disease. Several dietary interventions,
including macronutrient-specific diets and treatment with vitamins and cofactors,
have been used and studied in patients affected by mitochondrial disease (Schiff
et al. 2011). Although in isolated cases there have been anecdotal reports of
improvement, scientific evidence supporting a universal treatment is lacking. This
is not surprising, and should be expected, considering the complexity and
heterogeneity of mitochondrial disease pathogenesis and the sensitivity of the
metabolome. Future investigations into dietary intervention should be performed

both at a more basic level to explore how dietary compounds affect cellular
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metabolism, and at a more personalized level to determine how these treatment

options affect the patient as a whole.

At the basic research level, metabolic footprinting studies of cultured human cell
lines would provide a wealth of knowledge as to how different nutrients
ameliorate the unbalanced metabolic state. Tracer and flux studies could easily
be performed to delineate affected pathways. The results presented in Chapters
3 and 4 reveal that amino acid (nitrogen) metabolism is profoundly affected by
energy metabolism. The specific pathways involved and the pathological
consequences associated with their alteration need to be identified. As there are
countless mutations involved in mitochondrial dysfunction, many cell lines will
need to be established for this purpose. Although such a study would be
extremely resource-intensive, it would also provide invaluable information for
directing treatment of mitochondrial disease. Metabolic footprinting also provides
the advantage of being an efficient method for characterizing tens (or even
hundreds depending on analytical platform used) of metabolites simultaneously.
In metabolomic studies, especially in those that are hypothesis-driven, it is easy
to focus on a few ‘important’ metabolites. Our results in Chapter 4 contrarily
suggest that the entire metabolome (or what can be identified) is greater than the
sum of its individual components, as we were able to correlate metabotype to
growth yield phenotype. Thus, cell culture metabolic footprinting would afford an
excellent opportunity to explore the metabolome in both a holistic and pathway-

specific manner.

Due to the heterogeneity and extremely individual phenotypes associated with

mitochondrial impairment, personalized metabolomic and treatment approaches
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must be taken. Because dietary intervention is highly anecdotal, metabolic state
needs to be closely monitored during any treatment attempts; this can be
achieved through the analysis of biofluids, such as blood and urine. Regardless
of whether specific metabolic conclusions can be drawn, making qualitative
interpretations such as ‘more’ or ‘less’ metabolically-compromised (as compared
to the ‘normal’ metabolic state) may direct treatment options. A drawback to this
approach would be patients experiencing a placebo-effect, where the treatment-
associated metabolic state would not be reflective of patient improvement. In an
ideal research scenario, immortal cell lines would be generated from affected
tissue excised from patients; well-defined nutritional, pharmaceutical, and
metabolomic footprinting studies could then be performed, taking a truly
personalized approach to disease treatment. Although this approach would yield
the most meaningful results for patients, it would also be enormously cost, time,
and resource expensive, and thus not practically feasible. In addition, this
approach would only work well for easily-excised tissues such as skeletal
muscle. Dietary intervention could be integral in treating patients with
mitochondrial disease; even though it is presently performed in a trial-and-error
manner, metabolomic and personalized medicine studies afford the opportunity

to understand how diet can be used in the treatment of mitochondrial disease.

Rabies

Following the first successful treatment of clinical rabies, the Milwaukee Protocol
provided optimism towards treating this otherwise ubiquitously fatal disease.
However, as discussed in Chapter 6, the efficacy of this treatment option has

become highly controversial. An investigation must be performed to determine
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which component, if any, of the protocol is beneficial in the treatment of rabies. If
components of this protocol were found to be effective in treating clinical rabies, it
would be interesting to be able to predict patient outcome. The first survivor was
15 years old (Willoughby et al. 2005); another 5-year old patient survived the
rabies infection, only to pass away several days later due to complications (Rubin
et al. 2009). The ages of these survivors pose an interesting question: do neuro-
biology and neuro-chemistry change significantly with age? And, do these
changes play a role in disease and treatment outcome in younger people? From
a metabolomic point of view, it would be extremely interesting to evaluate brain
neuro-chemistry (as reflected in the brain metabolome) during different life
stages. However, this type of study poses significant logistical challenges. It is
difficult to obtain autopsy-derived brain tissue from a large enough population to
hold any statistical power. Further, autopsies are not performed immediately after
death; several hours or days may pass before tissue is excised. Complete
neuronal death may take several hours (Averback 1980); during this time
anaerobic metabolism may occur, affecting the measured metabolic profile.
Indeed, the present study poses the same caveat; however, we used a matched
control with similar autopsy time to reduce possible error. The profound
metabolomic differences that we observed are more indicative of the severe
pathological state in the rabies infection than of autopsy time. Despite these
obvious logistical difficulties, an investigation into age-related neuro-chemical
differences may provide valuable information for prognostic assessment and

treatment evolution.

The present study is of particular interest in that inflammation was abundant,

despite the fact that neuro-inflammation is not generally noted in clinical rabies
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(Perl and Good 1991). This phenomenon has also been recently reported in
another unsuccessful attempt of the Milwaukee Protocol (Aramburo et al. 2011).
As discussed in Chapter 5, a number of the agents used in the Milwaukee
Protocol are immunosuppressive; our results suggest that a severe consequence
of treatment, neurological immune reconstitution syndrome (neurolRIS), ensued.
Despite this potential and serious risk, the Milwaukee Protocol is the only
available treatment for clinical rabies. Thus, patients who are administered, and
then removed from, this treatment should be closely monitored for signs of
developing neurolRIS; however, there is no definitive diagnostic test for this
syndrome (Johnson and Nath 2010). In this study, we were able to quantify
twenty eight CSF metabolites using 'H-NMR spectroscopy. Using magnetic
resonance spectroscopy (MRS), the following metabolites are detectable in the
in vivo brain: alanine, choline, creatine, glucose, glutamate, glutamine, lactate,
myo-inositol, and N-acetylasparate (Soares and Law 2009). The potential for
these metabolites to be used as diagnostic markers of neurolRIS must be
assessed; this can be done in two ways. First, the metabolomic signatures of
CSF from neurolRIS patients and matched controls need to be defined. MRS of
the brain should also be conducted to determine if any quantifiable metabolites
change significantly during an inflammatory state. Second, an exometabolomic
study of cultured human neural cells with and without exposure to inflammatory
stimuli should be performed. This will provide a controlled environment free from
in vivo biological variability. Any metabolites that are excreted in high quantities
or completely consumed should be cross-referenced with CSF and brain
metabolomic data. In addition to MRS providing a potential diagnostic tool for

neurolRIS, it may also be used to monitor patient neurological health during
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rabies infection. N-acetylasparate (NAA) is a neuronal marker and detectable by
MRS (Soares and Law 2009); monitoring neuronal loss would indicate treatment

efficacy.

Our investigation of the present case revealed persistent viral load in the brain
despite aggressive treatment, as well as a potentially fatal side effect of
treatment. As controversy over the efficacy of the Milwaukee protocol persists,
treatment of clinical rabies must be attempted with great caution. However, the
metabolomic studies discussed above may provide an opportunity for
personalized and more effective treatment options of clinical rabies. An age-
specific brain metabolome and serial monitoring of brain NAA levels could lead to
greater prognostic accuracy. Establishing an inflammatory metabolic profile could
offer an immediate and definitive diagnosis of neurolRIS, thus allowing for timely
pharmaceutical intervention to occur. Although rabies remains almost
ubiquitously fatal, the ‘young’ field of metabolomics will aid in the advancement of

more effective treatments of this ancient disease.

Final Remarks

| once heard metabolomics studies be compared to fishing. Both pursuits often
involve blind, albeit educated, searches for something significant. The simple
truth, however, is that we will not catch fish if we do not go fishing. Metabolomics
is still primarily a discovery-driven science rather than a hypothesis-driven one.
Although this approach is unconventional, it is extremely useful for identifying
biomarkers of disease and providing a metabolic platform for future studies.
Despite the fact that most metabolic pathways have been elucidated for many

years, we are still relatively naive about the consequences of these pathways
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becoming unbalanced. Metabolomics is the final frontier of the ‘omics’ sciences.
Not only does it complete the systems biology platform but it also provides an
efficient and cost-effective ‘red-light or green-light’ approach for directing
research initiatives. Together with genomic, transcriptomic, and proteomic data,
metabolomics will continue to offer insight into the molecular mechanisms that
underlie disease. This holistic understanding will continue to foster the
development of personalized medicine strategies that will one day provide
definitive and effective approaches in diagnosing, predicting, and treating human

disease.
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Supplementary Figure 3-1. Metabolic profiles of various C. elegans strains
fed E. coli OP50. Metabolite concentrations were quantified using 'H-NMR
spectroscopy and normalized to total worm protein. Black, wild-type; white, LB25;
grey LB27. *, p < 0.05; **, p < 0.01, ***, p < 0.001.
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Supplementary Figure 3-2A. PLS-DA model of 'H-NMR derived metabolite
profiles of various C. elegans strains fed E. coli OP50. PLS-DA score plot.
Boxes, wild-type (N=7); circles, LB25 (N=5); stars, LB27 (N=3).
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Supplementary Figure 3-2B. PLS-DA model of 'H-NMR derived metabolite
profiles of various C. elegans strains fed E. coli OP50. Validation plots of 999
permutations.
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Supplementary Figure 3-3. Metabolic profiles of various C. elegans strains
fed E. coli HT115 L4440. Metabolite concentrations were quantified using
'H-NMR spectroscopy and normalized to total worm protein. Black, wild-type;
white, LB25; grey LB27. *, p < 0.05; **, p < 0.01, ***, p < 0.001.
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Supplementary Figure 3-4A. PLS-DA model of 'H-NMR derived metabolite

profiles of various C. elegans strains fed E. coli HT115 L4440. PLS-DA score
plot. Boxes, wild-type (N=6); circles, LB25 (N=5); stars, LB27 (N=6).
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Supplementary Figure 3-4B. PLS-DA model of 'H-NMR derived metabolite
profiles of various C. elegans strains fed E. coli HT115 L4440. Validation
plots of 999 permutations.

192



Wt P8 R->C . 2

=
N
=
22

5

R->E

Supplementary Figure 4-1. Validation plots for SDH3 model. 999
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APPENDIX B

A glycolytic burst drives glucose induction of global histone

acetylation by picNuA4 and SAGA.

R Magnus N Friss, Bob P Wu, Stacey N Reinke, Darren J Hockman,
Brian D Sykes, and Michael C Schultz

Department of Biochemistry, University of Alberta, Edmonton, Canada

A version of this chapter has been accepted for publication: Friis et al. 2009.
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Summary

Little is known about what enzyme complexes or mechanisms that control global
lysine acetylation in the amino-terminal tails of the histones. In yeast, it is well
established that signalling pathways activated by glucose can drive transcription
reprogramming (Zaman et al. 2008) and that almost 1400 genes are induced
when stationary phase cells are fed glucose (Liko et al. 2007). As acetyl-CoA is
an essential co-substrate for lysine acetylases, we predicted that glucose-
induced histone acetylation is mediated through a metabolic mechanism. To
determine if glucose-fed stationary phase cells produce precursors for
acetyl-CoA synthesis, we quantified acid-soluble intracellular yeast metabolites
using 'H-NMR spectroscopy. Representative glucose spectra, in one feeding
experiment, are shown in Figure B-1A. As expected the concentration of glucose
is very low in unfed cells and rises sharply after feeding (Figure B-1B; the upper
panel includes the reference signature peaks for glucose, the lower panel
displays the doublet peak of the proton of the a-anomeric carbon in cells).
Increases in ADP, ATP, acetate and ethanol concentrations accompany glucose
uptake (Figure B-1B). We conclude that feeding stationary phase cells glucose
results in new synthesis of ATP and acetate, the metabolites required for

acetyl-CoA production.
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Figure

Figure B-1. Metabolite profiles in unfed and glucose-fed SP cells. A, '"H-NMR
spectra of a glucose reference sample (top panel) and samples of metabolites
isolated from SP cells (bottom panel; only glucose peaks are shown). B,
Targeted quantitative profiling of cellular metabolite levels by 'H-NMR, before
and after glucose feeding. Identical volumes were analyzed from samples
prepared from the same number of cells and resuspended in the same final
volume. The results are the average of two independent experiments.
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APPENDIX C

Formate can differentiate between hyperhomocysteinemia due to impaired

remethylation and impaired transsulfuration.
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Summary

It is generally held that vitamin B4, (cobalamin) provides cofactors for only two
mammalian enzymes: methionine synthase, which catalyzes the remethylation of
homocysteine to methionine, and methylmalonyl-CoA mutase, which catalyzes
the conversion of methylmalonyl CoA to succinyl CoA. Given that the functions
of only a fraction of the 26,000 mammalian genes are fully understood, we
hypothesized that there might be additional, undiscovered, vitamin B4,-requiring
enzymes. We addressed this issue by feeding rats a vitamin Bj,-deficient diet
and subjecting their sera to proton nuclear magnetic resonance ('H-NMR)
metabolomic analysis. We observed an approximately 6-fold increase in formate
levels from 64 pM in control rats to 402 uM in vitamin B,-deficient rats (Table
C-1). This elevation could be attributed to impaired one-carbon metabolism, since
formate is assimilated into the one-carbon pool by incorporation into 10-formyl-
THF, via the enzyme 10-formyl-THF synthase. We also observed that
methylmalonate was only present in Bi,-deficient rats (Table C-1). As the
concentrations of three ketone bodies were significantly lower in the Bq,-deficient
rats (Table C-1), this observation might be due to the sequestration of some of
the hepatic coenzyme A pool as methylmalonyl-CoA, which may impair fatty acid
oxidation or ketogenesis. Although our investigations do not identify a novel By,-
dependent metabolic pathway, they do reveal that formate and methylmalonate
provide a novel window into cellular folate metabolism; these metabolites can be

used as biomarkers of deranged one-carbon metabolism.
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Table

Table C-1. Metabolites displaying more or less than twice the control
concentration in the serum of B, deficient rats, as measured by '"H-NMR
metabolomics analysis

Metabolite Concentration (uM)
Control Deficient Fold change
Methylmalonate ND 84.5 0
Formate 64.3 401.9 6.25
Acetoacetate 82.9 33.8 0.41
3-Hydroxybutyrate 289.9 99.3 0.34
Acetone 29.7 7.3 0.25
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