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Abstract
Metabolomics is a powerful multi-parameter tool for evaluating phenotypic traits associated with
disease processes. We have used 1H NMR metabolome profiling to characterize metabolic
aberrations in a yeast model of Huntington's disease that are attributable to the mutant huntingtin
protein's gain-of-toxic-function effects. A group of 11 metabolites (alanine, acetate, galactose,
glutamine, glycerol, histidine, proline, succinate, threonine, trehalose, and valine) exhibited
significant concentration changes in yeast expressing the N-terminal fragment of a mutant human
huntingtin gene. Correspondence analysis was used to compare results from our yeast model to data
reported from transgenic mice expressing a mutant huntingtin gene fragment and Huntington's
disease patients. This technique enabled us to identify a variety of both model specific (pertaining
to a single species) and conserved (observed in multiple species) biomarkers related to mutant
huntingtin's toxicity. Among the 59 metabolites identified, four compounds (alanine, glutamine,
glycerol, and valine) changed significantly in concentration in all three Huntington's disease systems.
We propose that alanine, glutamine, glycerol, and valine should be considered as promising
biomarkers for evaluating new Huntington's disease therapies, as well as providing unique insight
into the mechanisms associated with mutant huntingtin toxicity.
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Introduction
Huntington's disease (HD) is a progressive neurodegenerative disorder arising from a CAG
trinucleotide repeat expansion mutation in the huntingtin (Htt) gene.1, 2 Individuals carrying
mutant forms of huntingtin (mHtt) encoding for ≥35 glutamine repeats are at risk of developing
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HD. The number of polyglutamine-encoding CAG repeats in mHtt strongly influences the age
of disease onset, symptom severity, and rate of HD progression.3 Unfortunately, the
mechanisms by which mHtt and its aggregation-prone protein product causes HD have not yet
been determined.4 This lack of information has hampered the establishment of disease-specific
biochemical markers for gauging the toxic effects of mutant huntingtin, which has impeded
efforts to develop chemical methods for monitoring HD progression.

Several cellular and animal HD models have been constructed to help elucidate the mechanisms
responsible for the toxicity of the mutant huntingtin protein including monkeys,5 mice,6-8

zebrafish,9-11 fruit flies,12-15 nematodes,16-19 mammalian cells,20-22 and yeast.23-25 Each of
these systems has provided important new insights regarding the cellular dysfunctions arising
from mHtt expression and several of these models have served as screening platforms for HD
drug discovery.20, 26-30 Among these models, the yeast Saccharomyces cerevisiae has proven
to be exceptionally informative with respect to HD processes due to its ability to recapitulate
many of the cellular and molecular features of the disease.24 Expression of the N-terminal
portion of mHtt in yeast is sufficient to cause the rapid onset of characteristic huntingtin
aggregation25 and cell death.23 The ability of this organism to recapitulate many of the defining
phenotypic features of mutant huntingtin is quite remarkable given the fact that yeast lack
Htt orthologs.31 Consequently, the yeast model is a valuable tool for understanding the unique
gain-of-toxic function properties attributable to mHtt and for probing the cellular mechanisms
of HD.

We used S. cerevisiae expressing mHtt for the purpose of characterizing metabolic biomarkers
associated with mutant huntingtin's toxicity. This is the first report in which a non-mammalian
transgenic model has been used to critically evaluate perturbations in primary metabolites that
stem from mutant huntingtin's toxicity. In addition, we have conducted a systematic review of
published metabolomics studies performed on transgenic mice expressing mHtt and humans
with HD in order to identify conserved metabolic features that are disrupted by mutant
huntingtin. The data obtained from human and mouse studies were qualitatively compared to
results generated from our yeast model, and this has provided new insight regarding the
metabolic disturbances that are attributable to mutant huntingtin's gain-of-toxic-function
effects. This information is anticipated to enhance our understanding of mutant huntingtin's
impact on biochemical processes in cells and improve strategies for selecting HD biomarkers.

Experimental Procedures
Yeast strains and media

Construction and maintenance of the HD yeast model has been previously described by our
group.32 Briefly, S. cerevisiae strains designated “103Q” and “25Q” were prepared that
expressed the N-terminal fragment of human Htt followed by CAG codon repeats encoding
for 103 and 25 glutamine (Q) repeats, respectively. The Htt fragments were fused to enhanced
green fluorescent protein (EGFP) reporters (C-terminus) and the constructs were placed under
the control of GAL1 promoters. The 103Q and 25Q strains were maintained on uracil-free
(plasmid selective marker) synthetic complex media (SC) supplemented with yeast nitrogen
base (without amino acids, Sigma-Aldrich), yeast drop-out supplement (with histidine and
methionine, Sigma-Aldrich), 0.5% (w/v) ammonium sulfate, and 2% (w/v) glucose. Compared
to the 25Q yeast, the 103Q yeast exhibited distinctive phenotypic traits attributable to
expression of the human mHtt fragment. These features included the characteristic aggregation
of the EGFP-labeled mutant huntingtin in 103Q yeast, as well as their significantly reduced
viability when cultured under conditions that were permissive for mHtt-expression (Supporting
Information, Figure 1).
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Metabolomic analysis of 103Q and 25Q yeast
Yeast were grown using a two-stage (I and II) culture process. Stage I cultures were grown in
250 mL wide-mouth Erlenmeyer flasks containing 50 mL SC media supplemented with 2%
glucose and placed on a rotary shaker/incubator (140 rpm, 30 °C) for 24 h. Stage II cultures
were prepared by centrifuging stage I cultures (3,000×g, 5 min), decanting the supernatant,
and suspending the cell pellet in 50 mL SC media supplemented with 2% galactose to induce
Htt gene fragment expression. Stage II cultures were then incubated with shaking for 16.5 h
(140 rpm, 30 °C). Next, stage II cultures were centrifuged (3,000×g, 5 min), the supernatant
decanted, and the cell pellet immediately suspended in 50 mL methanol (25 °C) and vortexed
vigorously. This entire process was carefully monitored to ensure that precisely 20 ± 5 min
reproducibly elapsed from the time cultures were removed from the incubator to the moment
cells were placed in methanol.

Following 3 h of extraction at 25 °C, cell suspensions were centrifuged (3,000×g, 5 min) and
the methanol was immediately decanted. The resulting extracts were evaporated in vacuo and
the remaining organic residues were weighed and stored in 5 dram vials at -20 °C until NMR
analysis. Samples were prepared for NMR by adding to each vial a 666 μL aliquot of a solution
containing deuterium oxide (D2O, 99.9% D) with 0.2% w/v sodium azide (bacterial growth
inhibitor), 10 mM imidazole (pH indicator), and 0.5 mM 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS). The DSS standard is used by our data analysis software (Chenomx NMR
Suite v 5.0, described below) as a chemical shift reference, an internal standard for
quantification, and chemical shape indicator to assess the shim quality and predict line widths
for each analyte. No additional sample clean-up was performed prior to NMR analysis. 1H
NMR spectra were collected on a 500 MHz Varian VNMRS-500 spectrometer with a triple
resonance probe at 20 °C. Data collection parameters were as follows: number of scans = 64,
relaxation delay = 1 s, pulse width = 2.9 μs, acquisition time = 4 s, spectral width = 6200 Hz,
temperature = 20.0 °C, spinning = 20 Hz, data points = 24,876; no steady-state scans were
collected and no solvent suppression was used.

Metabolomics data analysis
All 1H NMR FIDs were imported into Chenomx NMR Suite v 5.0 (Chenomx, Inc.) for
processing and binning. Each spectrum (0–6 ppm region) was divided into 0.005 ppm bins and
the regions containing the residual water (4.750–4.900 ppm) and methanol (3.335–3.350 ppm)
signals were removed from further analysis. For the purpose of this investigation, we have
focused our attention on the 0–6 ppm portions of the 1H NMR spectra because our preliminary
analyses showed that no significant changes occurred in the downfield portions of the full
spectra (up to 12 ppm).

Prior to statistical analyses, all Fourier-transformed 1H NMR data sets were normalized by
expressing the peak intensities in each bin as a percentage of the total area under the curve for
the 0–6 ppm region of the spectrum. Data sets were analyzed by principal components analysis
(PCA) with XLSTAT (Addinsoft, Inc.). PCA is a data reduction technique that transforms data
via a linear combination to uncorrelated orthogonal variables (principal components), allowing
sources of variation in the data to be categorized.33 Individual metabolites were manually
identified using the Chenomx NMR Suite (Supporting Information, Table 1) and then
quantified by comparison to the internal DSS standard. Additional experiments using 2D NMR
techniques (1H-1H TOCSY, 1H-13C HSQC, and 1H-13C HMBC) and spiking of samples with
authentic standards were used to verify each metabolite identified in this study (data not
shown). Spectral regions representing galactitol (3.660–3.695, and 3.945–3.985 ppm) and
acetate (1.900-1.960 ppm) were removed from the principal components analysis because these
compounds were present in large and highly variable quantities that were unduly influential in
terms of their effects on each sample's profile. Instead, these metabolites were manually
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annotated and quantified for statistical evaluation. Two-tailed, parametric z-tests were
performed using XLSTAT.

Systematic review and comparison of published HD metabolic profiles
A systematic review of the literature was conducted to identify published data from model
systems and humans that described metabolic changes associated with mutant huntingtin
toxicity. We utilized the PubMed database (United States National Library of Medicine,
National Institutes of Health) to perform a comprehensive search for articles published prior
to August of 2009. A broad set of search criteria were utilized, which included pairing the
search terms “Huntington's disease,” “Huntington's chorea,” “Huntington disease,”
“Huntingtons,” and “Huntington” in combination with “biomarker,” “metabolite,”
“metabolic,” “metabolomics,” “metabonomics,” “metabolism,” “MRI,” “magenetic resonance
imaging,” “mass spectrometry,” “neurochemical,” “NMR,” “nuclear magnetic resonance,” and
“spectroscopy.”

Only studies in which mHtt expression was determined to be responsible for inducing HD in
humans or an HD-like condition in model organisms were retained for analysis. We excluded
work employing non-mHtt-based systems (e.g., 3-nitropropionic acid induced neuronal
toxicity) since it is uncertain the degree to which these approaches mimic HD pathogenesis.
34 The resulting reference set was independently reviewed by two individuals (PMJ and RHC)
and studies were retained for analysis if 1) one or more primary metabolites were identified
and 2) methods for assessing changes in the concentrations of the metabolites were described.
The complete list of metabolic changes observed in these studies is provided in Supporting
Information Table 2.

The amassed data were quantitatively assessed using correspondence analysis (CA).35-37 This
method provides a means for analyzing qualitative data in a graphical format. Weighted profile
values are calculated for tabular (row-column) data and the relative similarities between
weighted profile points are described in terms of their χ2 distances. Prior to performing CA,
the data (Supporting Information Table 2) were reformatted into a contingency table that was
suitable for testing (Supporting Information, Table 3). For the purpose of this investigation,
we structured our data set to reflect the number of times each metabolite's concentration was
reported to have changed significantly in yeast, mice, and humans in response to mutant
huntingtin toxicity. CA was performed and visualized using XLSTAT.

Results
1H NMR determination of 103Q and 25Q yeast intracellular metabolites

Analysis of the 1H NMR spectra generated from 103Q and 25Q yeast strains was undertaken
using the Chenomx NMR Suite v 5.0 library of primary metabolites. This facilitated the
detection of 29 compounds whose identities were confirmed by comparisons with 1D
(Supporting Information, Table 1) and 2D NMR data generated from authentic standards. Even
with no sample cleanup prior to 1H NMR analysis, we observed excellent signal detection,
which enabled us to confidently assign proton resonances that were subject to considerable
signal overlap (Figure 1). We identified biomolecules representing a wide range of
metabolically and chemically distinct classes including amino acids (4-aminobutyrate, alanine,
arginine, asparagine, aspartate, glutamate, glutamine, histidine, isoleucine, leucine,
methionine, phenylalanine, proline, threonine, tryptophan, tyrosine, and valine), a nucleoside
(adenosine), a cofactor (NAD+), and osmolytes (glycerol, trehalose), as well as metabolites
associated with energy metabolism (ATP, acetate, formate, galactose, propylene glycol,
succinate) and stress response (glutathione). Galactitol was also identified, but its definitive
biochemical role(s) in yeast is not well defined.
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Expression of mHtt alters the metabolome of 103Q yeast
We tested the application of principal components analysis (PCA) as a multivariate statistical
method for reducing the dimensionality of the metabolomics data. It was anticipated that this
would enable us to identify changes in the metabolic profiles of HD yeast attributable to mutant
huntingtin's toxicity. Examination of the 1H NMR data by PCA revealed well-defined clusters
for the metabolite profiles of 103Q and 25Q yeast (Figure 2). Remarkably, these data represent
an accumulation of 61 replicates per strain, which were collected by three individuals
(performed by PJM, RMM, LMS using the protocol described in the experimental procedures
section) from 17 independent experiments carried out over a non-consecutive 17 week period.
The notable clustering of these data, despite the relatively challenging conditions used for this
experiment, demonstrates the robustness and reproducibility of our metabolomics approach.

Inspection of the loadings plot from the F1 axis (Figure 3) revealed several regions in the 1H
NMR spectra that substantially contributed to the metabolic differences between yeast
expressing normal versus mutant Htt fragments. In view of the fact that the sole difference
between 25Q and 103Q yeast was the number of CAG repeats present in their respective Htt
gene fragments, this enabled us to use the loadings plot data to search for metabolic changes
that were attributable to mutant huntingtin's toxicity. These data assisted us in identifying 11
metabolites that exhibited substantial variations in their respective concentrations between the
two yeast strains (Figure 3). The significantly altered metabolites included alanine, galactose,
glutamine, glycerol, threonine, and valine, which were more abundant in 103Q yeast, while
acetate, histidine, proline, succinate, and trehalose were markedly decreased (note: although
acetate levels significantly decreased in 103Q yeast (Figure 4), they were removed from PCA
analysis (Figure 3) due to their disproportionate and overwhelming influence during our initial
statistical analysis). Using a quantitative method based on an internal DSS standard,38 we
proceeded to determine the concentrations for each of the 11 metabolites in the 25Q and 103Q
samples (Figure 4). No attempt was made to ascertain the recoveries for the 11 substances;
therefore, our data do not represent their absolute cellular concentrations in yeast. However,
our recovery efficiencies can be assumed to be equivalent because all of the sample extractions
were carried out under identical conditions. Therefore, we were able to determine the relative
percent change in the quantity of each primary metabolite. Using this approach, we showed
that the relative concentrations of the 11 metabolites identified from the F1 loadings plot were
significantly (two-tailed parametric z-test, α = 0.05) altered in yeast expressing a human
mHtt fragment (Figure 4).

Although we had ascribed the changes in the relative concentrations of primary metabolites to
the toxic effect of mutant huntingtin, we could not rule out the possibility that some or all of
the variation we observed might be reflective of a generalized ‘toxic’ response in yeast.
Therefore, we explored the impact of several small molecule toxins on the yeast metabolome.
The compounds potassium cyanide (inhibits complex IV of the mitochondrial electron
transport chain), amphotericin B (forms pores in cellular membranes leading to the release of
electrolytes), and cycloheximide (inhibits ribosomal protein biosynthesis) were screened
against 25Q yeast at concentrations that caused decreases in cell proliferation equivalent to the
∼30% reduction in 103Q versus 25Q cell growth following galactose-induced expression of
the mHtt fragment (Supporting Information, Figure 2). Examination of the 1H NMR data by
PCA revealed that each of the toxins caused restructuring of the yeast metabolome in a manner
that was distinct from the 103Q yeast profile (Supporting Information, Figure 2). Moreover,
the individual metabolites (along with their respective changes in concentrations) that
contributed to the toxin-induced metabolic profiles were different from those distinguishing
103Q versus 25Q yeast (data not shown). This supported the conclusion that changes in the
yeast metabolome induced by mHtt fragment expression are reflective of a specific gain-of-
toxic function response stemming from mutant huntingtin's toxicity.
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Comparison of conserved HD metabolic features in humans, mice, and yeast
We rationalized that a multispecies comparison of metabolomics datasets would facilitate the
identification of primary metabolites that are candidate conserved biomarkers for mutant
huntingtin's gain-of-toxic function properties. Identifying these biomarkers is important since
huntingtin's effects in humans are speculated to result from a combination of both loss-of-
function and gain-of-toxic-function properties.1, 39 We conducted a systematic review of
published studies documenting the metabolic changes exhibited in HD patients40-43 and
transgenic mice expressing mHtt43-47 in order to 1) identify which cellular metabolites were
present in the mouse model and humans with HD and 2) determine which of these metabolites
changed in response to disease. We selected correspondence analysis (CA), a descriptive
multivariate statistical technique that is used for creating maps depicting the underlying
relationships among categories of tabularized data, as a statistical tool for this study. This
technique enabled us to directly compare results from our HD yeast model with data obtained
from metabolomics experiments performed in mice and humans. In this case, CA was used to
probe for primary metabolites whose concentration changes in yeast, mice, and humans were
indicative of a generalized metabolic response to mHtt toxicity.

The metabolic changes reported in mice and humans were combined with results derived from
HD yeast and the data were arranged in a contingency table identifying 1) the frequency with
which each metabolite's concentration was reported to have changed significantly and 2) the
specific biological system in which metabolic changes occurred (Supporting Information,
Table 3). Examination of the multispecies dataset by CA resulted in the separation of the
variables into two categories (organism and metabolite) along the principal axes, which
accounted for all of the variation (inertia) in the data set (Figure 5). The CA plot revealed that
the overall metabolic patterns of yeast, mice, and humans were distinguishable from one
another. Interestingly, the metabolomes of mice and humans were clearly separated from yeast
along the first principal (F1) axis; however, the profiles of yeast and mice were distinct from
humans in the second principal (F2) dimension. Further inspection of the CA plot revealed that
several metabolites responded similarly in two or more HD systems, which suggested that these
metabolites could be potential biomarkers for toxicity associated with mHtt expression.
Therefore, we focused our attention on examining the relationships among these metabolites
in reference to their source organisms.

Examination of the CA plot revealed that the four metabolites, alanine, glutamine, glycerol
and valine exhibited similar changes in model organisms and humans expressing mHtt (Figure
5). The occurrence of these four metabolites in the CA plot in a region that was central to both
the F1 (separating mice and humans) and F2 (separating mice and yeast) dimensions indicates
that alanine, glutamine, glycerol and valine might be important multispecies biomarkers for
gauging mutant huntingtin's gain-of-toxic effects. Other notable trends that were observed in
the CA plot included the co-localization of creatine, glutamate, lactate, malonate, N-
acetylaspartate, and urea with mice and humans in the F1 dimension. This indicates that these
six metabolites behaved similarly in both mammalian systems. We also noted that succinate
and acetate clustered in the F2 dimension of the CA plot with mice and yeast, which indicated
that these metabolites responded similarly in the two model organisms. Besides alanine,
glutamine, glycerol and valine, no additional metabolites were observed that were unique solely
to yeast and humans.

Discussion
Metabolomics is concerned with determining the identities, concentrations, and distributions
of small molecules in living systems with the presumption that the resulting metabolic profiles
are reflective of an organism's physiological status. Therefore, perturbation to an organism's
biological processes should result in distinct changes to its steady-state metabolome, making
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metabolomics a powerful multi-parameter profiling technique that is well suited for identifying
disease-dependent metabolic aberrations.48-51 We have applied a metabolomics approach for
discerning the unique gain-of-toxic function effects attributable to mutant huntingtin's toxicity
in a HD yeast model and we have compared these results with the metabolic restructuring that
occurs in human HD patients and transgenic mice.

Using our yeast model to map metabolites that exhibited significant shifts in their relative
intracellular concentrations showed that disruptions are detected in the steady-state
concentrations of small molecules whose metabolic pathways are seemingly independent
(Figure 6). For example, the biochemically distinct compounds trehalose, proline, glutamine,
galactose, and acetate exhibited large changes in their respective concentrations following
mHtt expression. However, if these metabolites are considered in terms of their major cellular
roles – energy storage/generation (acetate, galactose and trehalose) and maintenance of
intracellular nitrogen pools (glutamine and proline) – then potential links among these small
molecules begin to emerge. Consequently, metabolomics can be used to provide evidence for
errant or disrupted regulatory processes that are involved in HD-related cell death. However,
caution should be used in applying this form of interpretation to these findings since inferences
based simply on assigning gross biochemical roles to individual metabolites can be deceptive
of their true functions within complex metabolic networks.52

Several conserved metabolic changes have been observed that are shared among HD yeast,
mice, and humans (Figure 7), and this has revealed what we believe represents a core set of
phenotypic (metabolic) markers related to mHtt expression. The metabolites alanine,
glutamine, glycerol, and valine show substantial promise as biomarkers for gauging mutant
huntingtin's gain-of-toxic function effects. It is anticipated that metabolomics and other ‘-
omics’-based strategies will have important applications that may be applied to discerning the
cellular mechanisms of HD. However, at the present time, it is not immediately apparent how
altered levels of alanine, glutamine, glycerol, and valine are linked to mutant huntingtin's
toxicity. Further experiments will be needed to probe the relationships among cellular pathways
that are impacted by mutant huntingtin.

Despite the passing of nearly two decades since the genetic basis of HD was defined,53 no
clinically-approved therapeutic agents have been developed that allay the toxicity component
of this disorder.54 We foresee that one exciting potential application of our multispecies
approach to investigating mutant huntingtin's toxicity is this method's capacity for sifting
through large biomarker sets so that metabolic perturbations arising from the disruption of
conserved biological features can be identified. These pathways are anticipated to provide
focused insight into the biochemical networks that may be involved in HD and respond
positively to therapeutic modulation. Currently, our lab is exploring several of these pathways
as part of a comprehensive effort to develop novel therapeutic approaches for treating the
underlying toxicity component of mutant huntingtin. We expect that our efforts toward this
endeavor will be reported in due course.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative 1H NMR spectra (δH 0–6 ppm) of A) 25Q and B) 103Q HD yeast extracts
acquired at 500 MHz in D2O with 0.2% w/v sodium azide, 10 mM imidazole, and 0.5 mM
DSS.
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Figure 2.
PCA scores plot of 1H NMR data for 25Q (□) and 103Q (Δ) yeast. Data points represents single
experimental replicates (n = 61 for each strain). The data were obtained from 17 different
experiments performed on different days and show notable consistency. Substantial
differentiation between the 25Q and 103Q yeast metabolomes is reflected in the distinct
clustering among replicates of the two HD yeast strains.
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Figure 3.
Loadings plot of the F1 axis from the PCA of 25Q and 103Q yeast metabolomes. The loadings
plot was used to identify sources of variability that contributed to the differentiation between
25Q and 103Q yeast. Regions of high variability that corresponded to decreased (phased
upward) or increased (phased downward) concentrations of primary metabolites in 103Q yeast
are labeled. Modeled spectral data for each metabolite (and DSS standard) are stacked above
the loadings plot for reference.
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Figure 4.
Changes in the relative concentrations of metabolites identified by PCA of 25Q and 103Q
yeast. The sample concentrations of the metabolites were determined by quantifying the
intregrals attributed to each of the non-exchangable proton resonances in all 25Q and 103Q
samples and expressing them relative to an internal DSS standard. Data are expressed as the
percent change in metabolite concentration in 103Q yeast relative to control 25Q yeast. A two-
tailed, parametric z-test (α = 0.05) was used to determine the significance of the change in
relative concentrations for each metabolite (n = 61). Bars represent the mean relative metabolite
concentration and standard deviations. All values were significantly different from zero with
P ≤ 0.0001 except for galactose (P = 0.0018) and threonine (P = 0.0096).
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Figure 5.
Asymmetric plot from CA of metabolic changes reported for cells in which mHtt expression
occurs. For CA, column profiles represent the different biological systems (humans, mice,
yeast), while row profiles represent the metabolites identified as having undergone significant
changes. Metabolites that were reported from a single HD model occupy coordinates that
superimpose upon the source organism. For clarity, these metabolites have been removed from
this diagram, but they can be found in Supporting Information, Table 3.
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Figure 6.
Map illustrating the biochemical linkages among the primary metabolites identified in HD
yeast. Only the most predominant metabolic pathways are shown for simplicity. Metabolites
shown in bold underwent significant concentration changes in 25Q versus 103Q yeast. Arrows
represent individual metabolic (enzymatic) steps required for biotransformation (note –
italicized metabolites were not observed in yeast extracts, but represent known and important
metabolic links).
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Figure 7.
Venn diagram illustrating similarities among the metabolomes of humans, mice, and yeast
expressing mHtt. Pairs of integers represent the number of metabolites identified within a given
organism or set of organisms (first integer) versus the number of biomolecules that are reported
to undergo significant concentration changes (second integer). Among the eight metabolites
that are reported from all three HD systems, four (alanine, glutamine, glycerol, and valine)
undergo significant shifts in concentrations following mutant huntingtin expression. The
metabolites listed in the diagram are those found significantly altered in the three pair-wise
comparisons (clockwise from left side: yeast and mice, mice and humans, and yeast and
humans). A complete list of all metabolites is provided in Supporting Information, Table 2.
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