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Abstract

The purpose of this study was to determine the system-wide consequences of deficiencies in two
essential micronutrients, vitamin C and E, on the proteome using zebrafish (Danio rerio) as one of
the few vertebrate models that similar to humans cannot synthesize vitamin C. We describe a
label-free proteomics workflow to detect changes in protein abundance estimates dependent on
vitamin regimes. We used ion mobility-enhanced data-independent tandem mass spectrometry to
determine differential regulation of proteins in response to low dietary levels of vitamin C with or
without vitamin E. The detection limit of the method was as low as 20 amol and the dynamic
range was 5 orders of magnitude for the protein level estimates. Based on the quantitative changes
obtained, we built a network of protein interactions that reflects the whole organism’s response to
vitamin C deficiency. The proteomics-driven study revealed that in vitamin E deficient fish,
vitamin C deficiency is associated with induction of stress response, astrogliosis, and a shift from
glycolysis to glutaminolysis as an alternative mechanism to satisfy cellular energy requirements.
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INTRODUCTION

The purpose of this study was to determine the consequences of deficiencies in dietary
antioxidants, vitamin C and E, on the zebrafish proteome composition. The combination of
deficiencies was used as this dietary manipulation is known to cause severe abnormalities!-2.
Protein abundance estimates were obtained by label-free accurate quantification based on
data-independent (MSE) acquisition. Functional interpretation of the systems-wide proteome
responses revealed the biomolecular networks affected by vitamins C and E deficiency.

In zebrafish, the lack of vitamin E potentiates vitamin C deficiency and causes degenerative
myopathy3. The classical roles of Vitamin C (ascorbic acid, AA) are in maintaining redox
homeostasis*8 and facilitating the recycling of vitamin E”-€. More recently, vitamin C has
been identified as essential cofactor for multiple enzymes involved in the hydroxylation of
procollagen®10 and several dioxygenases that are involved in maintaining endothelial
function with relevance to atherosclerosis'! and sepsis?:13, Inadequate vitamin C levels,
potentially leading to hypovitaminosis, remain widespread health concerns in humans
affecting particularly underprivileged populations. Recent research indicates that smoking!#
and Western diets rich in fat and cholesterol'® exacerbate vitamin C deficiency.

In most animals, vitamin C is synthesized in the liver or kidneys and transferred to tissues
via circulation'817. Humans are not capable of synthesizing ascorbic acid due to the lack of
the functional gene for L-gulonolactone oxidase!®19. For studying the effect of vitamin C
deficiency, the most widely used animal model is the guinea pig that similarly to humans
cannot synthesize vitamin C20. The gulonolactone oxidase knock-out (Gulo™~) mouse is an
established transgenic animal model for deciphering the physiological roles of vitamin
C21.22_ gimilarly to humans, zebrafish also cannot synthesize vitamin C23-28, A first report
using MS-based metabolomics to study the effect of vitamin C deficiency in zebrafish
revealed that vitamin C deficiency affects the purine metabolism?°. A classical antioxidant
function of vitamin C entails the recycling of the tocopheroxyl radical that is generated
when vitamin E (a-tocopherol, a-T) functions as a peroxyl radical, chain-breaking
antioxidant30:31, In order to evaluate the interrelating roles of vitamin C and E we used a 2 x
2 design in the present study resulting in four dietary groups, namely vitamin E and C
adequate (E+C+), vitamin E and C inadequate (E—C-), vitamin C adequate but inadequate
in vitamin E (E-C+) and vitamin C inadequate but adequate in vitamin E (E+C-). We
subsequently applied a label-free comparative proteomics approach for examining the
systems-wide consequences of the different vitamin regimes in adult zebrafish.

In a typical “bottom up” shotgun experiment, a protein mixture is proteolytically digested
with a protease, such as trypsin, to create peptides for further analysis. To both qualitatively
and quantitatively analyze a complex mixture of peptides, liquid chromatography in
combination with tandem mass spectrometry (LC-MS/MS) has become the predominantly
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used technique 32-34, The peptides are chromatographically separated using reversed-phase
(RP) chromatography and subsequently subjected to collision-induced dissociation (CID) in
a tandem mass spectrometer. The product ion spectra are searched against protein sequence
databases to identify the peptides. Unlike comparative isotope-coded labeling methods (e.g.
ICAT or iTRAQ), label-free mass spectrometry-based quantitative proteomic approaches are
based on the fact that in electrospray ionization (ESI) the peak signal intensity is linearly
proportional to the concentration of a peptide (over an approximate range of 5-5000
fmol)3%:36. Currently two acquisition techniques have been technically realized and applied
for detecting and quantifying peptides, namely data-dependent acquisitions (DDA) and data
independent acquisitions (DIA).

Data-dependent acquisitions are based on tracking of precursor ion intensities on-the-go3’.
The peptide precursor ions that fulfill pre-selected features are sequentially subjected to
MS/MS during the time course of the chromatography. Proteolytic digests in proteomics-
type workflow are often complex and even when using ultra-performance liquid
chromatography (UPLC) at every moment multiple peptides coelute. In DDA techniques,
survey scan and MS/MS scans are used sequentially and compete for duty cycle time.
Therefore, both the number of the most intense peaks subjected to MS/MS analysis and the
timespan of a survey scan need to be optimized in order to acquire accurate mass
information for the peptide precursor ions and to assure information-rich fragment ion
spectra38:39, Albeit somewhat dependent on the mass spectrometry platform used, a possible
caveat of DDAs is that a substantial portion of the acquisition cycle is spent acquiring
fragment ion spectra; therefore, the intensities of the peptide ions are measured inaccurately
and, consequently, are less suited for estimating peptide abundances3®.

Data-independent acquisition (DIA) techniques perform parallel fragmentation of precursor
ions meaning that all peptide precursors are fragmented simultaneously regardless of their
characteristics. For proteomic-type applications, currently most DIAs are realized by
coupling nanoUPLC systems to high resolution quadrupole time-of-flight (Q-TOF) mass
spectrometers. This combination of equipment takes advantage of the high peak and
separation capacity of UPLCs and the measurement of precursor and product ions with
accurate mass. In the DIA mode, the Q-TOF mass spectrometer conducts a low energy MS
scan providing access to precursor ion mass and intensity data for quantitation and an
elevated energy scan to obtain product ion information. A critical post acquisition step of the
DIA technique is the alignment of the fragment ions with the respective precursor ion. DIA-
based acquisitions enable quantification based on the peptide ion intensities. The estimation
of protein abundance is based on the observation that the average signal intensity of the
three most intense tryptic peptides relates to the protein abundance level regardless of
protein size?0. The estimation of protein levels (moles of each identified protein) is based on
using an internal protein standard (spiked in at a defined amount).

Recently, a commercially available hybrid high resolution ion mobility quadrupole time-of-
flight (IM-Q-TOF) mass spectrometry system that enables the acquisition of ion mobility-
enhanced DIA (aka IM-MSF) data has become available*!. In this instrument configuration,
ions are separated according to their velocity with which they transverse the traveling wave
ion mobility device. Parameters that affect the ion’s mobility are its charge, size and
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shape*2. In ion mobility-enhanced MSE acquisitions, ions are separated according to their
mobility and then dependent on the energy regime applied in the transfer region directly
passed on to the TOF analyzer or collisionally dissociated and the resulting fragment ions
are measured in the TOF analyzer. In the IM-MSE mode fragment ions are drift time-aligned
with their precursors. An often touted advantage of ion mobility-enhanced MSE acquisitions
is the orthogonal separation space gained additionally to the chromatographic separation of
the peptides prior to collision induced dissociation leading to spectral decongestion,
improved peptide detection and dynamic range, all leading cooperatively to more protein
identifications®3.

To investigate the consequences on protein networks of the combination of vitamin E and C
deficiency in zebrafish, we profiled the changes in protein abundances. The observed
proteome changes were then statistically evaluated and functionally annotated. The protein
expression data were used for constructing a protein interaction network. Subnetworks were
extracted that comprised proteins related to stress response, glycolysis and TCA cycles. The
observed changes in protein abundances for zebrafish deficient in vitamins E and C suggest
a metabolic switch from glycolysis to glutaminolysis as a means of alternative energy
production.

MATERIALS AND METHODS

Chemicals

Dithiolthreitol (DTT) and iodoacetamide were purchased from Bio-Rad (Hercules, CA).
MS-grade water, acetonitrile and formic acid (99%) were obtained from EMD Chemicals
(Gibbstown, NJ). Sequencing-grade trypsin, resuspension buffer and protease MAX solution
were purchased from Promega (Madison, WI). [Glul]-fibrinopeptide B ([Glul]-Fib) and
Saccharomyces cerevisiae enolase digest were obtained from Waters (Milford, MA). PBS
solution was purchased from Fisher (Fair Lawn, NJ).

Fish Husbandry

Housing of the wild-type tropical 5D strain zebrafish was carried out in the Sinnhuber
Aguatic Research Laboratory at Oregon State University, Corvallis, Oregon. The study was
performed according to protocols approved by the Institutional Animal Care and Use
Committee (IACUC)*4.

Feeding Experiment

The experiment was designed to allow analyzing changes to the proteome upon vitamin C
supplementation of fish that were vitamin E adequate or deficient. To do that, fish were fed
with predefined diets as previously described??. Briefly, at 42 day of age, 40 fish were
divided in two groups and fed diets low in vitamin C (C—, 50 mg AA/kg diet, added as Stay-
C®, DSM Nutritional Products, Parsippany, NJ) with vitamin E at sufficient levels (E+, 178
pumol RRR-a-tocopherol/kg diet) or deficient levels (E-, 22 pmol RRR-a-tocopherol/kg
diet). Thus, two vitamin groups were created: E+C- and E-C- with 20 fish in each group.
Induction of vitamin C deficiency continued for 56 days, after which half of the fish
population in each group was harvested. The diet of remaining fish was altered to have a
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high amount of vitamin C (C+, 350 mg AA/kg diet, added as Stay-C®), thus creating
another two vitamin groups: E+C+ and E-C+. After an additional 21 days, the fish were
harvested. Thus, four groups with 10 fish in each were created, each having different
vitamins levels that varied with supplementation: E+C+, E-C+, E+C- and E-C-
(Supporting Information, Figure S1). Vitamin E and C concentrations have been
published?®.

Protein Extraction and Digestion

Each sample consisted of one whole flash-frozen fish. Whole flash-frozen fish was
individually ground under liquid nitrogen using a mortar and pestle. The pipetting scheme
used for preparing the protein extracts and digests for each sample is provided in the
Supporting Information, Table S1. While still dry, the fish powder was transferred to a
microcentrifuge tube and weighed (Supporting Information, Table S1, column 2). A PBS
solution with ProteaseMAX (0.04%) was added to the micro tubes for the extraction of
proteins; assuming the density as 1 mg/mL, its volume was adjusted to 6 times the fish
weight, (Supporting Information, Table S1, column 5). The tubes containing the fish powder
suspensions were submitted to three freeze-thaw cycles that included flash-freezing in liquid
nitrogen for 2 minutes, thawing for 5 minutes, and sonicating for 15 minutes. After lysis,
tubes were centrifuged at 4 °C for 10 minutes at 15,000 relative centrifugal force (rcf) and
the supernatants were transferred to new microcentrifuge tubes (1.3 mL) while solid residue
was discarded. The sample preparation workflow is shown in Supporting Information,
Figure S2.

The concentration of proteins in each sample was determined by a photometric (Bradford)
assay (Supporting Information, Table S1, column 6). Proteins in each sample were digested
according to the manufacturer’s protocol (Promega Inc.). The pipetting scheme for preparing
the digest of each sample is outlined in Supplementary Information, Table S1, columns 7,8,
and 9. Briefly, a volume of solution containing 50 pg of proteins was taken to 93.5 pL with a
freshly prepared 50 mM NH4HCOs3. Next, 1 uL 0.5 M DTT (in Millipore water) was added
to each vial and solutions were incubated at 56 °C for 20 min. Then, 2.7 uL 0.55 M
iodoacetamide (in 50 mM NH4HCO3) was added and solutions were incubated at room
temperature in the dark for 15 minutes. For protein digestion, 1 yL 1% ProteaseMAX
Surfactant in (in 50 mM NH4HCO3) and 1.8 uL of trypsin (1 pug/uL in 50 mM acetic acid)
were added. Solutions were incubated at 37 °C for 3 hours. The final volume of each
solution of digested proteins was 100 uL. Solutions were centrifuged at 12,000 rcf for 10
seconds and trifluoroacetic acid (TFA) was added at a final concentration of 0.5%. After
snap-freezing in liquid nitrogen, samples were stored at —20 °C until analyzed. At the end,
we conducted LC-IM-MSE analyses of 8, 10, 10, and 9 samples of groups E+C+, E-C+, E
+C- and E-C-, respectively (Supplementary information, Table S1).

Liquid Chromatography - Mass Spectrometry

The analysis of all samples was performed using a Synapt G2 hybrid quadrupole time-of-
flight mass spectrometer (Waters, Milford, MA) controlled by MassLynx 4.2 software
(Waters). The sample peptide solution (9 pL) was mixed with 1 pL internal standard
(Saccharomyces cerevisiae enolase digest, 1 pmol/uL). With 1 pL injection volume the
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amount of the internal standard per injection on column was 100 fmol. Peptides were
separated with a nanoAcquity Ultra Performance LC system (Waters, Milford, MA)
equipped with 100 um x 100 mm BEH130 C18 column with a particle size of 1.7 um
(Waters, Milford, MA). The mobile phase A consisted of 0.1% formic acid in water, and B
consisted of 0.1% formic acid in acetonitrile. Each sample was first retained on a trapping
column and then washed using 99.5% A for 3 min at a flow rate 5 yL/min. Peptides were
separated using a 120-min gradient (3—40% B for 90 min, 40-90% for 2 min, 90% B for 1
min, 90-3% B for 2 min and 3% B for 25 min) and then electrosprayed into the mass
spectrometer, fitted with a nanoSpray source, at a flow rate of 400 nL/min. External
calibration of the TOF analyzer was performed using Nal solution over the range of m/z 50
to 2000. The instrument operated in positive VV-mode over the calibration range. Mass
spectra were acquired in the MSE mode alternating between a low energy scan (6 eV) to
acquire peptide precursor data and a high energy scan (ramping from 27 to 50 eV) to acquire
fragmentation data. The capillary voltage was 2.5 kV and the source temperature was 40 °C.
Scan time was 1.25 s. The instrument settings are listed in Table S2 (Supporting
Information). An auxiliary pump delivered a [Glul]-Fib solution as an external calibrant
(lock-mass) with a concentration of 500 fmol/pL at a rate of 0.2 uL/min. For lock mass
acquisition a low energy scan was acquired for 0.75 s every 60 s throughout a run.

Peak Detection

Elevated energy mass spectra were extracted, charge state deconvoluted, deisotoped and
lock-mass corrected with [Glul]-Fib (MH* m/z 785.8426). All ion mobility-MSE samples
were analyzed using IdentityE by ProteinLynx Global Server (PLGS) version 2.5 (Waters
Corporation, Milford, MA). The following processing parameters and their respective
settings were used: chromatographic peak width and MS TOF resolution, automatic; low
energy threshold, 100 counts; elevated energy threshold, 10 counts; intensity threshold, 750
counts.

Protein Database Search

Waters’ Identity® was configured to search Danio rerio protein database (26812 entries)
with the digestion enzyme trypsin. The database was modified by adding the yeast enolase
sequence (ENO1_YEAST, accession number P00924, Uniprot) that was spiked in as
internal standard to facilitate label-free quantification. ldentityF searched the protein
database with a fragment ion mass tolerance of 0.025 Da and a parent ion tolerance of
0.0100 Da. The iodoacetamide derivative of cysteine and the oxidation of methionine were
specified as variable modifications of amino acids in IdentityE.

Protein Identification, Quantification and Validation

Scaffold (version 3.3.1, Proteome Software Inc., Portland, OR) was used to validate MSE-
based peptide and protein identifications. Peptide probabilities were assigned by the Peptide
Prophet algorithm#°. Protein probabilities were assigned by the Protein Prophet

algorithm 46. Proteins that contained similar peptides and could not be differentiated based
on MS/MS analysis alone were grouped to satisfy the principles of parsimony. The peptide
and protein probabilities were adjusted to allow the best quantification of proteins and
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keeping the false identification rates at low levels. For each sample, the numbers of peptides
assigned with high confidence are compiled in Table S3 (Supplementary Information). In
addition, Supplementary Information Table S5 - Excel file - “Motorykin SI
Protein_sequence_coverage” compiles proteins identified, unique peptides assigned per
protein and protein sequence coverage. This information was directly obtained from
Scaffold.

The average of intensity of the three most intense peptides of each protein was normalized to
that of the internal standard with an assigned amount of 100 fmol. Proteins could not be
quantified if they ambiguously shared peptides that cannot be uniquely attributed to one
protein. Ultimately the information about group name, sample name, protein ID and
quantitative values for proteins was acquired from Scaffold and exported to spreadsheets.
The data were then imported into Perseus (http://www.perseus-framework.org/) and
statistically analyzed. Perseus was developed by the Max Planck Institute of Biochemistry,
Martinsried, Germany, and designed to perform all downstream bioinformatics and statistics
on proteomics output tables.

Western Blot

Three samples were randomly selected from each group. Samples were prepared for
Western Blot analyses by diluting with sample buffer (5% mercaptoethanol in Laemmli
buffer, Bio-Rad, Hercules, CA) to a concentration of 1 mg/mL of protein. For SDS-PAGE
analysis 20 pg (20pL) of proteins were loaded into a pre-casted 10% gel (Bio-Rad). After
electrotransfer to a nitrocellulose (NC) membrane (Bio-Rad), the latter was blocked
overnight in 5% non-fat milk in TBS-T (10 mM Tris, pH 8, 150 mM NaCl, 0.05% Tween).
The NC paper was blotted for 1 h with antibodies (Thermo, Rockford, IL) against pyruvate
kinase M2 (Pkm2), glutamate dehydrogenase (Glud1) and glial fibrillary acidic protein
(Gfap). A horseradish peroxidase-labeled anti-goat and anti-rabbit IgG (Bio-Rad) and an
enhanced chemoluminescence kit (SuperSignal West Pico Chemiluminescent Substrate,
Thermo) were used to detect signals on a film (Kodak, Rochester, NY). The molecular mass
of a protein was estimated using a protein molecular standard (Bio-Rad).

Network Construction

To construct the vitamin C deficiency network, protein IDs were uploaded to STRING,
Search Tool for the Retrieval of Interacting Genes (www.string-db.org) 47. The data found
on protein interactions and the scores information was extracted. The protein network was
constructed based on protein interactions using Cytoscape 2.8.2 (The Cytoscape
Consortium). The latter is an open source platform for complex network analysis and
visualization?8.

RESULTS AND DISCUSSION

Overall Design and Strategy Applied for the Label-free Quantitative Proteomic Study

The goal of this study was to investigate the consequences of vitamin E and C deficiency on
the zebrafish proteome. The analysis and validation of quantitative bottom-up shotgun
proteomics datasets depends critically on the optimal combination of data processing
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software tools, because each commercially available software package can perform only a
few steps of the data analysis pipeline (Figure 1). Here we implemented MassLynx and
PLGS for peak extraction, alignment and database search; Scaffold for spectra validation
and protein quantitation; Perseus for statistical analysis; STRING and Cytoscape for protein
interactions analysis and network construction, respectively.

Effects on Body Weight and Growth Rate

The experimental design of the feeding study afforded that zebrafish of the E+C- and E-C-
groups were harvested after 98 days and the E-C+ and E+C+ groups were sacrificed after
119 days. We therefore expected that the different groups will result in different median fish
body weights. Indeed, as shown in the Supporting Information, Figure S3A, the median fish
weights were lower for E+C- and E-C- groups compared with E-C+ and E+C+ groups.
The ANOVA test between all 4 groups did not show significant results, but the median body
weights were significantly different between the E+C+ and E-C- groups (p-value=0.006, t-
test). Also, not totally unexpected, the growth rate (median body mass/age) of fish adequate
in both vitamins (E+C+ group) was approximately 3-times higher compared to the group
deficient in both vitamins (E-C- group). Vitamin C deficiency seemed to have a more
drastic effect on the growth rate compared to inadequate vitamin E levels (Supporting
Information, Figure S3B).

Optimization of Sample Preparation and Analytical Workflow for the Comparative “Bottom
up” Proteomics Study

To account for differences in fish body weights we normalized the total protein
concentration, which resulted in solutions with equal total concentration of proteins
independent of fish weights, age, and vitamin supplementation. The total protein
concentration in each sample was verified to confirm the validity of the sample preparation
technique and for further use. The median total concentration of proteins for all samples was
2.382 mg/mL with first quartile 2.258 mg/mL and third quartile 2.478 mg/mL. As was
expected from the sample preparation that accounted for the differences in fish weights, the
total concentration of proteins were distributed in a narrow range (Supporting Information,
Figure S4). After lysis, insoluble pellets that remained in the microcentrifuge tubes were
discarded. The supernatant was used for protein digestion.

Due to the complexity of the whole fish protein extracts we optimized the LC conditions to
increase the number of peptides detected 4°. For optimization, a protein extract was run
using different LC gradients and the number of eluted peptides was compared. By changing
the mobile phase composition over time, the gradient was optimized after each run to make
the elution of peptides even across a chromatogram and to reduce the coelution of peptides.
The gradients were named as “Gradient 17, “Gradient 2”, “Gradient 3” and “Gradient 4”.
The gradient profiles and respective chromatograms are presented in the Supporting
Information, Figure S5. Using Venn diagrams, a comparison of the number of eluted
peptides for each gradient is presented in the Supporting Information, Figure S6. “Gradient
4” resulted in the highest number of peptides detected and was used for all following LC-
IM-MSE analyses.
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Data Analysis Strategy Used for Obtaining Protein Abundance Estimates

Label-free approaches are liable to technical variability, such as LC retention time drift,
nanospray instability and sample matrix effects. Therefore, to overcome these caveats label-
free approaches depend on the use of an internal standard and the application of proper
mathematical tools for data processing. Log transformation of data is commonly used to
make the distribution of protein abundances more Gaussian, with subsequent application of
parametric statistical tests, which have higher statistical power after data transformation®C,

In this study, a digest of enolase from Saccharomyces cerevisiae was used as an internal
standard. The same volume of the internal standard was added to each sample, making its
concentration equal across samples. Data was acquired, deisotoped, peak aligned and
exported to Scaffold for quantitative analysis. The quantification of proteins was done by
normalization of the protein abundances to the internal standard. For the total of 2956
quantitative values obtained, a graph of protein amounts of the identified proteins from all
samples against protein ranks was created (Figure 2). The value for the detection limit was
extracted as the lowest amount of a protein that was calculated by Scaffold. The detection
limit of this method was as low as 20 amol (Heat shock protein 8, sample E+C+#5), while
the highest detected concentration was 2.3 pmol (Myosin light chain, sample E-C+#8). The
dynamic range of estimates of protein amounts was calculated to be ca. 5 orders of
magnitude.

Next, data were exported to Perseus and log, transformed. To estimate the biological
variation between fish samples, the coefficient of determination, R2, was calculated based on
the protein estimates between biological replicates. As an example, Supporting Information,
Figure S7 shows the correlation plot between the biological replicates E-C+ #9 and E-C+
#8 resulting in a R? value of 0.654. Additional correlation plots for the E-C+ group are
shown in Supporting Information, Figure S8. As expected, variation between samples was
observed. The correlation of protein amounts between different fish (within one feeding
group) was found to be stronger in samples containing higher numbers of proteins.

Proteome Changes Linked to Vitamin C Deficiency

To investigate the proteome changes caused by vitamin C deficiency in vitamin E-adequate
fish we evaluated the fold changes of the protein estimates obtained for the E+C+ versus the
E+C- group. For quantitative analysis, peptide identifications were accepted if they could be
established at a greater than 95% probability. Protein identifications were accepted if they
could be established at greater than 99.0% probability and contained at least 2 identified
peptides. The quantitative values calculated for the comparison of groups C+ vs. C— (both
sufficient in vitamin E) were based on 8134 spectra with peptide FDR 0.1% and 203 protein
with protein FDR 2.0%. Next, internal standard and contaminants were removed and
quantitation filter applied. All proteins that were not detected at least 2 times across a group
were filtered out. This conservative approach resulted in 119 proteins. Among them, 61%
were up-regulated in vitamin C-deficient fish (72 of 119). A change in concentration of 2-
fold or more was observed for 28% of the proteins in this group.
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The same quantitative analysis was done to investigate the proteome changes caused by
vitamin C deficiency in vitamin E deficient fish. For quantitative analysis peptide
identifications were accepted if they could be established at a greater than 50% probability.
Protein identifications were accepted if they could be established at greater than 99.9%
probability and contained at least 2 identified peptides. The quantitative values calculated
for the comparison of the C+ vs C— group (both deficient in vitamin E) were based on 11308
spectra with peptide FDR 0.2% and 221 protein with protein FDR 2.3%. Again, internal
standard and contaminants were removed and quantitation filter applied. This resulted in a
list of 112 proteins (Supplementary Table S3). Among them, 52% were up-regulated in
vitamin C-deficient fish (58 of 112). A change in concentration of 2-fold or more was
observed for 29% of the proteins.

Figure 3A shows a volcano plot for the distribution of p-values versus fold-changes
calculated for the proteins that were assigned for the comparison of the E+C+ vs. E+C-
groups (E+C+/E+C- transition). A negative logarithm of the p-values and the logarithm of
the ratio between amount of proteins from E+C+ and E+C- groups are displayed on the y-
and x-axes, respectively. Dashed lines show a cut-off of 2-fold change and a p-value
threshold of 0.05 to define differential regulation of proteins between groups. Four proteins,
namely type Il cytokeratin, alpha tropomyosin, myosin heavy polypeptide 6 and fatty acid
binding protein 6, showed a significant change upon vitamin C deficiency in vitamin E
adequate fish and all were upregulated. Regulation of alpha tropomyosin by a-tocopherol
aligns well with previously published data °2.

In the Figure 3B the volcano plot is shown for evaluating differential regulation of proteins
in group E-C+ vs. group E-C- (E-C+/E-C- transition). We found that three proteins were
down-regulated (pyruvate kinase M2b, fatty acid binding protein 11a and peptidyl-prolyl
cis-trans isomerase) and six up-regulated (glial fibrillary acidic protein, ventricular myosin
heavy chain, glutamate dehydrogenase 1, heat shock protein 90kDa alpha, LOC100002040
protein and novel myaosin family protein CH211-158M24.10-001) as a consequence of
vitamin C deficiency in vitamin E deficient fish.

A side-by-side comparison of the two volcano plots reveals the permissive role of vitamin E
in the effect of vitamin C deficiency on the fish. In the vitamin E deficient fish the additional
lack of vitamin C causes changes in expression levels of proteins responsible for energy
metabolism, namely pyruvate kinase and glutamate dehydrogenase, along with other marker
proteins. In order to obtain functional insight into proteins and pathways that are affected by
vitamin C deficiency we functionally annotated the combined proteomic data sets of the E
—C- and E-C+ groups using the Gene Ontology (GO) classification (Supporting
Information, Table S4).

The Responsive Protein Interaction Network of Vitamin C Deficiency

A protein interaction network was constructed to provide a comprehensive visualization of
the proteins identified, their abundance estimates as well as differential regulation caused by
vitamin C deficiency in fish low on vitamin E (Supporting Information, Figure S9). In the
network each node represents a protein found in either group E-C+ or E-C-. The change in
protein amounts between vitamin C adequate and deficient fish is color coded: green nodes
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represent proteins that increased their amounts, red represent those that decreased, and grey
nodes show proteins that were not quantified. The size of a node represents an average of the
protein abundance estimates in the E-C— group. The width of a line connecting proteins
represents the strength of proteins interaction, as extracted from STRING. Figure 4 provides
a closer look at sub-networks that encompassed proteins that were differentially regulated in
response to vitamin E and C deficiency. Upregulated proteins were members of the
subnetworks representing glutaminolysis, TCA cycle, and stress response.

Biological Inferences of Altered Protein Expressions in Vitamin E and C Deficient

Zebrafish

The interaction network highlights the modulation of several proteins involved in two
interconnected metabolic pathways, the glycolysis and TCA cycle (Figure 5). Proteins are
shown as upregulated (green arrow up), downregulated (red arrow down), unquantified
(gray arrow), and not detected (no arrow) with their respective numerical fold changes
(Supporting Information, Table S4). Proteins that showed a statistically significant fold
change are marked with an asterisk.

Upon vitamin C deficiency in groups low on vitamin E, glycolytic enzymes were
downregulated. The last step in the glycolysis pathway involves a transfer of the phosphate
group from phosphoenolpyruvate to ADP, producing a molecule of pyruvate and a molecule
of ATP. This step is catalyzed by pyruvate kinase (PK), which was significantly
downregulated in vitamin E and C-deficient fish (p-value=0.009, t-test for log transformed
data). In humans and other mammals, four isoforms of pyruvate kinase are expressed: the L
and R isoforms are found in liver and red blood cells, the M1 isoform is expressed in most
adult tissues, and the M2 isoform, a splice variant of M1 and which is the predominant form
found in proliferating cells and tumor cells 52:53, In the current study only pyruvate kinase
M2 was detected, but not M1 nor L/R. Western Blot analysis confirmed the presence and
change of pyruvate kinase M2 (data not shown). Under the conditions of suppressed
glycolysis there will be less production of energy (ATP) and reducing power (NADH), the
main products of the cycle. We may therefore speculate that in vitamin E and C-deficient
fish compensatory mechanisms for the production of energy are activated. Kirkwood et al.
studied vitamin C deficient zebrafish at the metabolome level and reported activation of the
purine nucleotide cycle as possible compensatory mechanism to satisfy intracellular ATP
requirements?®,

After conversion of glutamine to glutamate, glutamate dehydrogenase catalyzes the
production of a-ketoglutarate, which subsequently enters the TCA cycle. The conversion of
glutamine to lactate is commonly referred as glutaminolysis °#°°. Our quantitative
proteomic study indicates that several proteins that play key roles in glutaminolysis are
elevated in vitamin E and C-deficient fish (E-C- group). Our data sets show a significant
increase in levels of glutamate dehydrogenase (Glud1b) under vitamin E and C deficiency
compared with E deficiency alone (p-value=0.046, t-test for log transformed data). The
change in this protein was confirmed with Western Blot (data not shown). Malate
dehydrogenase and lactate dehydrogenase, enzymes involved in glutaminolysis, were
increased as well. The elevation of several key enzymes involved in glutaminolysis supports
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the notion that vitamins E and C deficiency promotes a metabolic phenotype in which
glutaminolytic pathways are activated for alternative energy production (ATP) and reducing
power (NADPH) in cells under conditions of suppressed glycolysis.

In addition, our quantitative proteomics screens revealed that Glial fibrillary acidic protein
(Gfap) was significantly elevated (27 times) in fish deficient in both vitamins (p-
value=0.002, t-test for log transformed data), while there was no significant difference in
Gfap expression between E+C+ and E-C+ groups consistent with the notion that vitamin E
seems to exhibit a permissive role in governing the proteome biology of adult zebrafish. The
adverse effect of deficiency of both vitamins has been reported before 2. The identification
of Gfap was based on a conservative probability for protein identification of at least 85%
and at least 2 unique peptides with peptide identification probability of at least 50%. The
similarity between zebrafish and human Gfap (GFAP_HUMAN, entry P14136 in Uniprot) is
65% as calculated by Blast search. Despite the good homology of the human and zebrafish
protein the human antibody used in the Western blot analyses showed non-specific binding
and Western blots were not conclusive. Gfap is a recognized marker of neurologic injury
and trauma and is released during astrogliosis in higher vertebrates 56-58,

CONCLUSIONS

We applied a label-free comparative proteomics approach for examining the systems-wide
consequences of insufficient levels of two essential micronutrients, vitamins E and C, in
adult zebrafish. The experimental design adopted allowed the study of vitamin C deficiency
at the whole organism level. Using a label-free quantitative proteomic workflow it was
possible to assess for the first time changes in the vertebrate proteome upon vitamin C
deficiency. The label-free quantitative bottom-up strategy with LC-lon Mobility-MSE is a
powerful approach to determine protein abundance estimates in zebrafish. We report
sensitivity of the method as low as 20 amol and a dynamic range of 5 orders of magnitude
for protein level estimates. Our results indicate the modulation of expression of proteins
involved in stress response and metabolic pathways associated with energy production. Our
findings suggest that severe vitamin C deficiency potentiated by vitamin E deficiency causes
the suppression of glycolysis and the activation of glutaminolysis as an alternative way to
fulfill cellular energy requirements. Glial fibrillary acidic protein (Gfap) showed a
significant overexpression in fish low in both vitamins C and E, proving that severe vitamin
C deficiency in combination with low vitamin E status causes injury of the central nervous
system.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Data analysis workflow for label-free quantitative proteomics using LC-IMS-MSE acquisitions. We implemented MassLynx and
PLGS for peak extraction, alignment and database search, Scaffold for spectra validation and protein quantitation, Perseus for
statistical analysis, and STRING and Cytoscape for protein interactions analysis and network construction.
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Figure2.
Dynamic range of the method based on protein abundance estimates. The plot has the predicted S-shape and the quantitative

dynamic range covers 5 orders of magnitude based on 2956 data points derived from LC-IM-MSE data of all 37 samples. The
value for the detection limit was identified as the lowest amount of a protein calculated by Scaffold software. The detection limit
of this method was as low as 20 amol (Heat shock protein 8, sample E+C+#5), while the highest detected amount was 2.3 pmol
(Myosin light chain, sample E-C+#8).
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Volcano plot representation of protein abundance changes caused by vitamin C deficiency.
Side-by-side comparison of the volcano plots of protein abundance changes reveals the permissive role of vitamin E in vitamin
C deficient fish. In the group low in vitamin E the lack of vitamin C causes changes in proteins associated with pathways of
energy metabolism (pyruvate kinase and glutamate dehydrogenase) and other protein with roles in stress response.
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Figure4.
Protein-protein interaction network visualization of sub-networks that contain proteins that showed changes in expression levels

upon vitamin C deficiency in the vitamin E deficient state.

In the network each node represents a protein found in either group E-C+ or E-C~-. The change in protein amounts between
vitamin C adequate and deficient fish is color coded: green nodes represent proteins that increased their amounts, red represent
those that decreased, grey nodes show proteins that were not quantified. The size of a node represents an average of the protein
abundance estimates in the E+C- group. The width of a line connecting proteins represents the strength of proteins interaction,
as extracted from STRING software. Subnetworks of proteins involved in glycolysis and the TCA cycle are highlighted as well

as proteins associated with stress response.
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Schematic of the metabolic pathways that were associated with proteins that showed changes in abundance estimates as a
consequence of vitamin C deficiency.
To analyze the consequences of vitamin C deficiency, quantitative data was combined with metabolic pathways linked to energy
production, namely glycolysis, TCA cycle and glutaminolysis. Proteins that were upregulated are indicated by a green arrow up,
downregulated proteins are marked with a red arrow down, detected but not quantified proteins are marked with a double arrow
in gray, and not detected proteins are unmarked. Proteins are labeled with their respective numerical fold-changes observed for
vitamin C deficiency (in the vitamin E deficient group). Proteins that showed a statistically significant fold change are marked
with an asterisk.
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