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Abstract: Tryptophan plays an important role in vertebrate metabolism as not only a building block of proteins, but also
as a precursor of serotonin, melatonin, niacin and kynurenines, which influence immune tolerance. Here we use an animal
paradigm and quantitative serum proteomics to model tryptophan deficiency. We applied bidirectional H,'***0 labeling to
serum proteins from chickens fed either a tryptophan-deficient or- adequate diet and used the plant protein RuBisCO as an
internal standard. The proteins were trypsin digested and processed by 2-dimensional liquid chromatography electrospray
jonization tandem mass spectrometry (2D LC ESI MS?). The resulting mass spectra were analyzed using the SEQUEST
algorithm and the ProteinMapper program to identify proteins that had increased or decreased expression. We identified
4161 proteins labeled bidirectionally, of which 46 were increased and 90 decreased (~3%). Using Ingenuity Pathways
Analysis (IPA) software, we found that a tryptophan nutritional deficiency may affect not only the immune and neuro-
logical systems, but our modeling also suggests that it may be important in cancer, optic atrophy and cardiomyopathy.
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INTRODUCTION

Tryptophan is one of the nine essential amino acids that
cannot be synthesized de novo and must be present in human
diets. Poultry, fish, soybeans and red meats are excellent
sources of dietary tryptophan. Human tryptophan deficiency
still occurs in countries where malnutrition is due to scarcity
and tryptophan-related diseases result from deficiencies.
However, first world countries, where food excess is seen as
a problem, may now also be experiencing the effects of die-
tary tryptophan both in old age diseases such as Alzheimer’s
and in behavior. Tryptophan is also an essential amino acid
for production and companion animals and has been linked
to some economic and behavioral problems. Tryptophan is
important as one of the limiting amino acids in protein me-
tabolism and is critical as a metabolic intermediate. Trypto-
phan deficiency is known to affect the immune and neuro-
logical systems.

Tryptophan is a precursor of serotonin and melatonin.
Serotonin is a monoamine neurotransmitter involved in a
number of behavioral and psychological processes including
appetite and mood. Obesity, a growing problem in the US
may be linked to serotonin, which regulates not only appetite
but also influences the selection of major food constituents
[1]. Low brain serotonin is associated with aggressive behav-
ior and tryptophan has some therapeutic effect in pathologi-
cally aggressive patients [2]. Tryptophan also seems to have
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an antidepressant effect in mild-to-moderate clinical depres-
sion [3]. Serotonin is converted to melatonin via 5-HTN-
acetylase and 5-hydroxyindol O-methyltransferase. Mela-
tonin production is regulated by light and is involved in the
regulation of circadian rhythms. Reduced melatonin may
also be a contributing factor to the increased cancer risk of
night shift workers [4]. Furthermore, tryptophan as a precur-
sor of both serotonin and melatonin, reduces sleep latency
and promotes feelings of drowsiness and fatigue [5]. Con-
versely, increased serum tryptophan enhances the intoxica-
tion effects of both barbiturates and alcohol [6]. Tryptophan
is also a precursor of vitamin B3 (niacin) and its deficiency
in combination with low dietary niacin causes pellagra, a
disease commonly found in malnourished populations. Tryp-
tophan is also important to immunity directly. Kynurenines,
which are important in immune tolerance [7], are also de-
rived from tryptophan via indolamine 2,3-dioxygenase
(IDO). IDO production of kynurenines inhibits T-cell prolif-
eration and T-cell antigen priming as well as inducing CD8+
T-cell anergy and apoptosis of T-helper 1 cells, all contribut-
ing to immune tolerance [8, 9]. Kynurenine molecules also
reduce the symptoms of autoimmune diseases such as colitis,
experimental autoimmune encephalomyelitis, autoimmune
diabetes and experimental asthma [10-12].

Here we describe for the first time a bidirectional quanti-
tative isotope labeling (H,'?'®0) proteomics approach com-
bined with a novel internal standard (RuBisCO) to describe
biomarkers in serum of tryptophan sufficiency/deficiency.
Serum is ideal for proteomics because it can contain proteins
expressed anywhere in the body and is easily sampled. '*O
labeling is a simple and convenient stable isotope labeling
strategy requiring only the presence of H,'*0 and no other
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reagents, additional labeling, or purification steps. Peptides
are labeled at their C-termini during enzymatic digestion
through the enzyme-catalyzed incorporation of oxygen [13].
Holxévever, 0 labeling efficiency is limited by the purity of
H,"0.

Although mice and pigs are commonly used as animal
models for amino acid nutrition studies, we have used the
chicken. Chickens, as our de facto avian biomedical model
occupy a unique and informative evolutionary niche [14].
Chickens are economically important and with extremely
well-regulated nutrition about which much is known. We
identified 136 proteins to be differentially expressed in tryp-
tophan deficiency. These proteins all have potential, either
by themselves or in groups, as biomarkers for human and
animal tryptophan deficiency. Furthermore, we used our
dataset as a basis for systems biology modeling. This compu-
tational modeling suggests molecular perturbations due to
tryptophan deficiency are involved in not only autoimmune
and neurological disorders but also other disease processes.

MATERIALS AND METHODOLOGY
Chickens and Experimental Design

One hundred ninety six one-day-old RossxRoss-508 slow-
feathering male chicks (Aviagen North America, Huntsville,
AL, USA) vaccinated against Marek’s and Newcastle dis-
ease viruses (Merial Ltd, GA, USA) were randomly allo-
cated to 14 floor pens (0.9 x 1.2 m) and fed on tryptophan
adequate (2.1 mg/kg; 7 pens) or depleted (1.3 mg/kg; 7 pens)
diets fed ad libitum. Temperature was set for the birds to
achieve thermoneutrality throughout the study [15]. Ingredi-
ents used in the experimental diets were analyzed for amino
acids by HPLC after acid hydrolysis [16]. Upon analyses, the
nutrient matrix of the feed ingredients used was updated and
the test diet was then formulated using linear programming
that solved for energy, amino acids, mineral and vitamin
needs that satisfied optimal growth. At 20 days-of-age, blood
was collected into plain tubes; after transferring to the labo-
ratory, the clots were separated from serum by centrifugation
(12,200 x g; 10 min). Serum (100 pl) from each chicken was
collected and randomly allocated to one of three pools for
each treatment group. All six pools were then stored at —
80°C.

Depletion of Albumin and IgG from Serum

Depletion of albumin and IgG was done by immunopre-
cipitation using protein G-agarose beads. Protein G-agarose
beads (Fluka; 10 pl hydrated resin) were mixed with 1 ml
(57 mg/ml) anti-chicken albumin IgG (Accurate Chemical
and Scientific Corporation, Westbury, NY) and incubated for
2 hr at room temperature on a rocking platform. The beads
and bound anti-albumin IgG were pelleted by centrifugation
(12000 x g; 2 min) and resuspended in phosphate buffered
saline (PBS; 300 pl). To deplete serum albumin, 50 pl of this
solution was added to 200 pl serum and incubated on a rock-
ing platform (12 h; 4 °C) then centrifuged (12000 x g, 2 min,
4°C). The beads and bound albumin were pelleted by cen-
trifugation (12000 x g; 2 min; 4°C) and supernatants were
collected. To deplete IgG, 5 pl protein G-agarose beads were
added to each tube of supernatant. These suspensions were
first incubated on a rocking platform (4 h; 4°C) then centri-
fuged (12000 x g, 2 min, 4°C). Supernatants, depleted of
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albumin and IgG, were collected and serum proteins were
quantified using the 2-D Quant Kit (GE Healthcare, San
Francisco, USA).

Ribulose-1,5-Bisphosphate
(RuBisCO) Internal Standard

Carboxylase/Oxygenase

Internal standards allow for the normalization of data to
ensure accurate quantitative comparisons. Ideally, internal
standards should be easily distinguished from the experimen-
tal samples. This presents an obstacle for serum proteomics
considering the complexity of the serum proteome and se-
quence conservation among species. Here, we used the large
and small subunits (NCBI accession numbers P00870 and
CAB88737, respectively) of Spinacia oleracea (domestic
spinach) RuBisCO (Sigma-Aldrich, St. Louis, MO), a plant
enzyme involved in carbon fixation, as an internal standard.
Spinach RuBisCO has no sequence similarity to any verte-
brate gene except for an unknown mouse protein (AAH-
38257.1) [17]. However, AAH38257.1 does not BLAST to
the mouse, or any other vertebrate, genome sequence. We
believe that AAH38257.1 is an EST sequencing anomaly,
potentially due to contamination, or an error in the database.

80 Labeling Efficiency

Trypsin digestion catalyzes incorporation of two oxygen
molecules to the c-terminus of peptides derived during pro-
tein cleavage and this has been taken advantage of to intro-
duce a 4 Da change in mass for proteomics [13]. '*O labeling
is simple and convenient, requiring no reagents or additional
purification steps other than H,'*0. However, '*O labeling
efficiency is limited by the purity of H,'®0. To establish '*O
labeling efficiency in our hands, we trypsin-digested (mo-
lecular biology grade trypsin; Promega Corporation, Madi-
son, WI; 50:1 protein:trypsin {w/w}; 24 h; 37°C) a 1:1:1
molar mixture of BSA (Sigma-Aldrich), horse cytochrome C
(Sigma-Aldrich) and hen cgg lysozyme (Sigma-Aldrich) in
either H,'°O or H,'*0 (95% "0; Medical Isotopes, Inc. Pel-
ham, NH, USA). Trypsin digestion was stopped by addition
of acetic acid (2 pl). The resulting peptides were combined
in a 1:1 ratio and then analyzed by 1D LC ESI MS? (see be-
low). Mass spectrometry analysis of serum proteins requires
the maximal peptide coverage afforded in a “full scan” mode
(terminology used by the mass spectrometer manufacturer:
ThermoElectron Corporation; San Jose, CA, USA). How-
ever, protein quantification is aided by the much more de-
tailed information obtained when samples are run in a “zoom
scan” mode. To determine if quantitative analysis of a serum
proteome would be possible without compromising protein
coverage, the number of peptides from BSA, cytochrome ¢
and lysozyme were analyzed using both “full” and “zoom”
scan modes; this resulted in 338 and 78 quantifiable peptides
respectively. Thus, all mass spectrometry analysis was car-
ried out using full scan. We identified pairs of precursor ions
with a +4 amu difference (Fig. 1) and calculated '*O labeling
efficiency of 86% by comparing the number of heavy pep-
tides to the number of light peptides.

Serum Analysis Using RuBisCO Internal Standard and
0 Labeling

Because of the '*O inefficiency we did bidirectional la-
beling for the experiment itself (i.e. the trypsin adequate and
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inadequate samples were labeled in triplicate with '®O and
'°0 respectively and vice-versa). Two hundred pg of serum
protein and 100 pM of RuBisCO, were combined. Samples
were diluted in ammonium bicarbonate (0.1 M; 60 pl), re-
duced using dithiothreitol (5 mM; 5 min; 65°C) and alky-
lated using iodoacetamide (10 mM; 30 min; 30°C), all in
H,'°O or H,"®O as required. To remove H,'°0 all samples
were then frozen (-80°C;15 min) and lyophilized (Freezone
6, Labconco Corporation, Kansas City, MO, USA; 4 hr). The
proteins were then resuspended in H,'°O or H,'®O and tryp-
sin digested as above. Following digestion the tryptophan-
adequate and tryptophan-deficient samples labeled with
H,"®0 and H,'®0 respectively and vice versa were combined
1:1. This resulted in two triplicas: one containing H,'°O tryp-
tophan adequate and H,'®O tryptophan deficient peptides and
the other containing H,'*O tryptophan adequate and H,'°0
tryptophan deficient peptides. These mixtures were then ana-
lyzed by 2D LC ESI MS? (see below).
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Fig. (1). Example spectrum of two full-scan precursor ions sepa-
rated by 4 amu (2 x'®0 atoms) identified as the same peptide by
SEQUEST (peptide: ELDRDLK from protein XP_428275.1 PRE-
DICTED: similar to bassoon; bassoon (presynaptic cytomatrix pro-
tein).

Mass Spectrometry

Peptides were desalted using a peptide macrotrap
(Michrom Bioresources, Inc., Auburn, CA, USA) and eluted
in a 95% ACN, 0.01% TFA solution. Desalted peptides were
dried in a vacuum centrifuge (ThermoElectron) and resus-
pended in 20 pl of 0.1% formic acid. LC analysis was ac-
complished by SCX followed by RP LC coupled directly in
line with EST IT MS. Samples were loaded into a LC gradi-
ent ion exchange system containing a Thermo Separations
P4000 quaternary gradient pump (ThermoElectron) coupled
with a 0.32 x 100 mm BioBasic SCX column. A flow rate of
3 ul/min was used for both SCX and RP columns. A salt
gradient was applied in steps of 0, 10, 15, 20, 25, 30, 35, 40,
45, 50, 57, 64, 90 and 700 mM ammonium acetate in 5%
ACN, 0.1% formic acid and the resultant peptides loaded
directly into the sample loop of a 0.18 x 100 mm BioBasic
C18 RP LC column of a ProteomeX workstation (Thermo
Electron). The RP gradient used 0.1% formic acid in ACN
and increased the ACN concentration in a linear gradient
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from 5% to 30% in 30 min and then 30% to 65% in 9 min
followed by 95% for 5 min and 5% for 15 min. The spec-
trum collection time was 59 min for every SCX step. The
Deca LCQ IT mass spectrometer was configured to optimize
the duty cycle length with the quality of data acquired by
alternating between a single full MS scan followed by three
tandem MS scans on the three most intense precursor masses
(as determined by Xcalibur mass spectrometer software in
real time) from the full scan. The collision energy was nor-
malized to 35%. Dynamic mass exclusion windows were set
at 2 min and all of the spectra were measured with an overall
mass/charge (m/z) ratio range of 300-1700 Th.

Protein Identification

Tandem mass spectra were used to search a chicken-
specific protein database downloaded directly from the Na-
tional Center for Biotechnology Institute (NCBI; 07/29/04)
using TurboSEQUEST (Bioworks Browser 3.2; ThermoE-
lectron). Spinach RuBisCO small and large subunit protein
sequences were added to the chicken-specific database.
Trypsin digestion was applied in silico to the modified data-
base including mass changes due to cysteine carbami-
domethylation, methionine oxidation and peptide C-terminal
heavy oxygen (‘*0). Because albumin and IgG were de-
pleted, the masses of albumin and IgG peptides determined
by in silco digestion were eliminated from the search. The
peptide (MS precursor ion) mass tolerance was set to 1.5 Da
and the fragment ion (MS?) mass tolerance was set to 1.0 Da.
Peptide matches were considered genuine if they were >6
amino acids and consistent with described cross correlation
(Xcorr) 1.5, 2.0, 2.5 for +1, +2, +3 charged ions respectively
and AC, values of >0.1 [18].

Data Analysis and Modeling

For the 4161 proteins labeled bidirectionally, our Pro-
teinMapper PERL program [19] was used to calculate
>Xcorr for each protein. To compensate for labeling ineffi-
ciency, Xcorr for '®0 labeled proteins were normalized
with respect to '°0 labeled proteins, using RuBisCO as the
standard. Finally, XXcorr of tryptophan adequate peptides
was subtracted from that of tryptophan deficient peptides for
each protein. Data were averaged across triplicas and pro-
teins were grouped according to calculated confidence values
(0=0.05). Proteins were identified as increased or decreased
if the 95% confidence interval of the mean difference did not
cross zero (Table 1). Proteins that we identified as increased
or decreased were annotated using Gene Ontology (GO) for
biological process using GOanna available from AgBase
(www.agbase.msstate.edu) [20]. Biological process annota-
tions for these proteins were grouped into more generalized
categories using GOSlimViewer [20]. We used the Ingenuity
Pathways Analysis software (IPA; Ingenuity Systems, Inc.,
Redwood City, CA) to model specific physiological proc-
esses affected by tryptophan deficiency exactly as described
by the manufacturer (fold change > 2). However, IPA ac-
cepts only human, mouse or rat accession numbers. Before
using IPA for modeling, chicken accession numbers were
converted to their human orthologs. Accession numbers for
which GOanna did not identify a human orthologs were
manually converted to their human orthologs using NCBI's
BLASTp (E-value < 0.000001). We then did IPA-based
modeling using our orthologs data set and corresponding
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Table 1. Increased (A) and Decreased (B) Serum Proteins in Tryptophan Deficient, Relative to Control, Chickens (Mean Difference
YXcorr, +/- 95% Confidence Interval)

Accession # Protein Name Mean Difference |+ 95% Confidence| - 95% Confidence
XP_422653 Predicted similar to FERM, RhoGEF and pleckstrin domain 16.8 30.6 3.1
XP 424074 Predicted similar to KIAA0556 protein 13.9 20.0 7.9
XP 423829 Predicted similar to Mucolipin 1 13.7 20.7 6.8
XP 425314 Predicted similar to class I alpha chain 114 17.4 5.5
XP_416751 Predicted similar to Cystathionine beta-synthase 10.9 19.7 2.2
XP_418125 Predicted similar to Peroxisome proliferator-activated receptor 10.6 21.1 0.2
XP 421797 Predicted similar to chromosome 10 open reading frame 86 10.2 20.4 0.0
XP 418349 Predicted syndecan 2 9.0 15.5 2.5
XP 418063 Predicted similar to MGC68875 protein 8.5 16.8 0.2
XP_ 429161 Predicted similar to transient receptor potential cation channel 8.2 14.1 2.3
XP_421573 Predicted similar to hypothetical protein FLJ10839 8.0 16.1 0.0
XP 422832 Predicted similar to Hypothetical protein MGC57096 7.6 15.0 0.2
XP_ 415660 Predicted similar to hypothetical protein FLJ12735 7.6 15.1 0.0
XP 419236 Predicted similar to myosin binding protein-H 7.5 14.9 0.1
NP_989846 interleukin 17 receptor D 7.5 14.6 0.3
XP_ 414300 Predicted similar to Isoleucyl-tRNA synthetase, cytoplasmic 7.3 14.0 0.7
XP 413908 Predicted similar to Butyrate-induced transcript 1 7.3 11.8 29
A XP 416476 Predicted similar to Alpha-2-macroglobulin precursor 7.0 12.3 1.7
XP 419200 Predicted similar to Rb1-inducible coiled coil protein 1 7.0 135 0.4
XP_423934 Predicted similar to KIAA1201 protein 6.9 13.6 0.3
XP_429512 Predicted hypothetical protein XP_429512 6.9 12.7 1.0
NP_990687 pre-fibrinogen alpha subunit 6.9 12.8 1.0
XP 419934 Predicted hypothetical protein 6.7 13.1 0.3
XP 426034 Predicted similar to malin 6.6 12.5 0.8
XP 423230 Predicted similar to NEDD9 interacting protein 6.6 12.5 0.7
XP 424714 Predicted similar to Adipocyte-derived leucine aminopeptidase 6.5 11.8 1.2
XP_418200 Predicted similar to BTB (POZ) domain containing 2 6.4 11.8 1.0
XP_415810 Predicted similar to OVCA 1=candidate tumor suppressor 6.2 9.5 3.0
XP 425552 Predicted similar to claudin 14 5.8 10.6 1.0
XP_417095 Predicted similar to Regulatory factor X-associated protein 5.5 10.6 0.3
NP_989989 protein kinase, DNA-activated, catalytic polypeptide 5.4 10.7 0.1
XP 424926 Predicted similar to Dedicator of cytokinesis protein 8 53 9.0 1.6
NP_990320 fibrinogen, gamma chain 53 9.4 1.2
XP_ 424741 Predicted similar to BRCC3 53 79 2.6
XP 420282 Predicted hypothetical protein 5.2 10.1 0.3
XP 419076 Predicted similar to aryl hydrocarbon receptor repressor 5.1 8.5 1.7
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(Table 1) contd....

Accession # Protein Name Mean Difference |+ 95% Confidence| - 95% Confidence
XP_ 425578 Predicted similar to regucalcin 5.0 9.9 0.2
XP_427998 Predicted similar to MGC68944 protein 5.0 7.3 2.7
XP 420228 Predicted similar to Transmembrane protein 32 4.7 9.4 0.0
XP 418472 Predicted similar to SCO-spondin 4.7 8.4 1.0
A XP 415429 Predicted similar to dopamine beta-monooxygenase 4.5 8.9 0.1
XP_417744 Predicted similar to connective tissue growth factor 4.5 8.4 0.5
NP_990635 lactotransferrin 4.1 8.1 0.1
XP_422721 Predicted leprecan-like 1 3.6 5.6 1.7
XP 426009 Predicted similar to phosphoinositide-3-kinase 3.6 6.4 0.8
XP 421402 Predicted similar to SERTA domain-containing protein 2 1.9 3.1 0.7
XP 421964 Predicted similar to FLJ00341 protein -5.5 -0.1 -10.9
XP_425624 Predicted similar to KIAA0564 protein -7.2 -2.3 -12.1
NP_998723 RBJ protein -7.6 -0.1 -15.0
XP 418334 Predicted similar to hypothetical protein MGC26979 -7.9 -2.0 -13.7
XP 416903 Predicted similar to FLJ45273 protein -7.9 -2.3 -13.6
XP 419165 Predicted similar to oxysterol-binding protein-like 1A -8.2 -2.1 -143
XP_420622 Predicted similar to Cetn2-prov protein -8.2 -0.4 -16.1
XP_413751 Predicted similar to Death-associated kinase 2 -8.4 -2.3 -14.5
XP 415827 Predicted similar to myosin 18A isoform a -8.5 -2.7 -14.2
XP 415494 Predicted similar to WD repeat domain 34 -8.5 -1.4 -15.6
XP_ 423401 Predicted similar to immunoglobulin-like receptor CHIR-B3 -8.5 -1.3 -15.7
XP 418463 Predicted similar to DEP domain containing 6 -8.5 2.2 -14.8
XP_ 418406 Predicted similar to pyrroline-5-carboxylate reductase-like -8.5 -0.9 -16.1
B XP 417641 Predicted similar to procollagen-lysine 5-dioxygenase -8.6 -0.7 -16.5
XP 415687 Predicted similar to Solute carrier family 16, member 6 -8.7 -2.3 -15.0
XP 416810 Predicted similar to G protein-coupled receptor 64 -9.0 -0.9 -17.0
XP_426541 Predicted similar to PDZ domain containing 8 -9.1 -3.0 -15.2
XP_422171 Predicted similar to Upp2 protein -9.6 -1.5 -17.6
XP_418425 Predicted similar to collagen, type XXII, alpha 1 -9.6 -0.5 -18.8
XP 429490 Predicted hypothetical protein XP_429490 -9.7 -0.8 -18.7
XP 421216 Predicted similar to likely ortholog of mouse aquarius -9.8 -2.2 -17.5
XP 418347 Predicted similar to Ubiquinol-cytochrome C reductase -10.0 -2.1 -17.9
NP_990363 insulin-like growth factor 1 receptor -10.0 -5.6 -14.5
XP_425701 Predicted similar to junctophilin type 2 -10.1 -1.1 -19.1
XP 425333 Predicted similar to Nuclear pore complex protein Nup214 -10.2 23 -18.0
XP 418403 Predicted similar to Zinc finger transcription factor Trps1 -10.2 -1.6 -18.8
NP_990202 interleukin 6 signal transducer (gp130, oncostatin M receptor) -10.3 -0.1 -20.4
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Accession #

Protein Name

Mean Difference

+95% Confidence

- 95% Confidence

XP 416648 Predicted similar to CDNA sequence BC043118 -10.4 -0.4 -20.3
NP_989620 heat shock protein 90kDa beta (Grp94), member 1 -10.6 -2.6 -18.5
XP 425422 Predicted similar to Rad50-interacting protein 1 -10.9 -1.0 -20.8
XP 420796 Predicted similar to Serine/threonine kinase 32B -10.9 -2.3 -19.6
XP 417425 Predicted similar to Transcription elongation factor A protein 2 -11.0 -2.6 -19.5
XP_421550 Predicted similar to Inhibitor of nuclear factor kappa-B kinase -11.2 -1.8 -20.5
XP_420673 Predicted alpha-actinin associated LIM protein smooth muscle -11.3 -0.1 =225
XP_419807 Predicted similar to Glutaminyl-tRNA synthase-like 1 -11.3 -5.8 -16.8
NP 989473 vav 2 oncogene -11.4 -1.3 -21.6
XP 417016 Predicted similar to KIAA1008; mitotic control protein dis3 -11.5 -2.6 -20.3
XP 423363 Predicted similar to FGF receptor activating protein 1 isoform -11.5 -2.6 -20.4
XP_422766 Predicted similar to prekininogen -11.6 -1.7 -21.5
NP_990049 Cbp/p300-interacting transactivator, 4 -11.7 -4.4 -18.9
XP 420895 Predicted similar to phosphoglucomutase 2 -11.7 -2.3 -21.2
XP 425637 Predicted similar to G protein-coupled receptor -11.8 -1.2 -22.3
XP_ 417908 Predicted similar to Beta-secretase 1 -11.8 -0.9 -22.7
XP_413989 Predicted similar to Toll-like receptor 21 -11.8 -2.7 -20.9
XP_413715 Predicted similar to casein kinase 1, gamma 1 -12.0 -4.6 -19.4
B XP 414226 Predicted hypothetical protein XP_414226 -12.2 -1.7 -22.8
XP 414309 Predicted similar to hypothetical protein MGC2776 -12.3 -3.1 -21.5
XP 418470 Predicted similar to Zinc finger protein 84 -12.4 -1.1 -23.6
XP 416373 Predicted similar to Importin 8 (Imp8) (Ran-binding protein 8) -12.6 -3.9 2213
XP_429428 Predicted hypothetical protein XP_429428 -12.9 -2.0 -23.7
XP_426470 Predicted similar to C-Serrate-2 -12.9 -0.4 -25.4
XP 413743 Predicted similar to RIKEN ¢cDNA C630028N24 gene -13.0 -1.8 -24.1
NP 990542 growth differentiation factor 3 -13.0 -3.4 -22.6
XP 420177 Predicted similar to Phosphorylase B kinase alpha regulatory -13.2 23 -24.1
XP_422805 Predicted similar to Egfl3 protein -13.3 -1.2 -25.3
XP_415410 Predicted similar to calmodulin regulated spectrin-associated -13.4 -5.2 -21.6
NP_990396 paired box gene 7 -13.5 -5.4 -21.6
XP 430467 Predicted hypothetical protein XP_430467 -13.8 -2.5 -25.1
NP_989714 ferritoid -13.8 -1.1 -26.5
XP_413746 Predicted similar to pDJA1 chaperone -14.1 -2.3 -25.8
XP_424894 Predicted similar to endosome-associated FY VE-domain -14.1 -1.4 -26.8
XP 426177 Predicted similar to G protein-coupled receptor family C group -14.1 -0.7 -27.6
XP 428111 Predicted similar to c-Maf-inducing protein C-mip isoform -14.3 -1.5 -27.2
XP 421753 Predicted similar to Survival of motor neuron-related splicing -14.4 -1.4 -27.4
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(Table 1) contd....

Accession # Protein Name Mean Difference |+ 95% Confidence| - 95% Confidence
XP_ 424678 Predicted similar to chromosome 10 open reading frame 88 -14.4 -1.6 -27.2
XP_429256 Predicted hypothetical protein XP_429256 -14.9 -0.8 -29.0
XP 428859 Predicted similar to keratin associated protein 18-4 -15.0 2.4 -27.5
XP 425286 Predicted similar to 2210403N09Rik protein -15.0 -2.0 -28.1
NP_996865 vesicular acetylcholine transporter -15.2 0.0 -30.3
XP_426521 Predicted similar to KIAA0335 -15.2 -2.0 -28.4
XP_422735 Predicted similar to proteasome 26S non-ATPase subunit 1 -15.2 -1.5 -28.9
XP_424160 Predicted hypothetical protein -15.5 -6.1 -25.0
XP 422362 Predicted similar to collagen, type XXIV, alpha 1 -15.6 -3.0 -28.2
XP_426680 Predicted similar to procollagen C-endopeptidase enhancer 2 -16.0 -2.2 -29.8
XP_422745 Predicted similar to solute carrier family 12, member 9 -16.1 -2.0 -30.1
XP_ 417685 Predicted similar to Lysyl oxidase homolog 2 -16.6 -3.6 -29.5
B XP 422711 Predicted similar to optic atrophy 1 isoform 7 -16.9 -1.2 -32.6
XP 414729 Predicted similar to RRN3 -17.7 -7.7 -27.8
XP 414389 Predicted similar to Transcriptional adapter 3-like -17.8 -0.5 -35.0
XP_423549 Predicted similar to ADAM 12 -18.0 -5.9 -30.2
XP 429787 Predicted hypothetical protein XP_429787 -19.0 -1.5 -36.6
XP 421325 Predicted similar to putative NADH dehydrogenasel beta -19.1 -3.5 -34.7
XP 425727 Predicted similar to Protein C20o0rf175 -19.2 -2.6 -35.9
XP 420346 Predicted similar to hypertension-related calcium-regulated -21.2 -0.6 -41.8
XP 416764 Predicted similar to hypothetical protein FLJ22843 -21.4 -4.8 -38.0
XP 417465 Predicted similar to Bactericidal permeability-increasing -24.6 -1.1 -48.0
XP_426269 Predicted similar to four and a half LIM domains 1 protein -26.4 -4.7 -48.1
XP_415685 Predicted similar to regulator of G protein signaling RGS9-1 -28.8 -1.1 -56.4
XP 416618 Predicted similar to hypothetical protein MGC15606 -30.7 -15.1 -46.4
XP 416042 Predicted similar to Mr 93 K protein -131.7 -41.1 -222.3

expression values. Each accession number was mapped to its
corresponding gene object in the Ingenuity Pathways
Knowledge Base (IPKB). These genes were overlaid onto a
global molecular network developed from information con-
tained in the IPKB. Networks were then algorithmically gen-
erated based on their connectivity.

RESULTS AND DISCUSSION
Protein Identification

To compensate for '*O labeling inefficiency, we labeled
bidirectionally: triplicate tryptophan-adequate serum was
labeled with '°O while tryptophan-deficient serum was la-
beled with '®O and vice versa. We identified 4161 proteins
represented by peptides labeled in both directions (i.e. by
definition all were identified by at least two peptides). Fur-

ther analysis was limited to these proteins only. Relative to
the tryptophan-sufficient group, 46 proteins had increased
and 90 decreased expression in the serum from tryptophan
deficient chickens (Table 1). This represents ~3% of the pro-
teins analyzed.

GO Annotation

We were able to GO-annotate 50% of the differentially
expressed proteins. Application of the generic GO slim to the
data resulted in 14 functional categories (Fig. 2). The major-
ity of these categories, including processes such as transport
and cell communication, showed overall down-regulation.
Amino acid and derivative metabolism was the only category
with overall up-regulation. Although GO slims are used to
group the very detailed GO biological process annotations
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14

4 -
Biological Process #

-6 1 1 transport 8 nucleotide metabolism
2 cell communication 9 catabolism
3 macromolecule metabolism 10 cell differentiation

-8 1 4  physiological process 11 cell motility

1 5 cell death 12  electron transport
6 development 13 response to stimulus
-10 - 7 metabolism 14 amino acid and derivative

metabolism

Fig. (2). All increased and decreased proteins were GO-annotated by biological process and then grouped into more general categories using
a generic GO slim [21] available via GOSlimViewer at AgBase (www.agbase.msstate.edu) [20, 22] The number of proteins decreased in a
given GO slim category was subtracted from the number of proteins that had increased to determine the net regulatory effect. Notably, the
only category in which protein expression has increased overall is amino acid and derivative metabolism; possibly as a compensatory

mechanism.

into more general categories, these generalized categories
often provide only limited information. For instance, overall
down-regulation of transport does not provide specific in-
formation about how the transport proteins interact with
other molecules or their roles in specific physiological proc-
esses and diseases.

IPA Modeling

We next modeled our differentially expressed proteins
using [PA. TPA allows us to identify whether the differen-
tially expressed proteins cluster into common pathways. Our
differentially expressed proteins mapped to 4 networks (Fig.
3). These four major networks (designated A-D; Fig. 3A-D)
had 34-37% coverage in our dataset of differentially regu-
lated proteins. Coverage of these networks in our entire data-
set of identified proteins, although probably much greater,
was not determined because our focus was on biomarkers.
These networks include expected physiological processes
such as autoimmunity and neurological disorders but they
also described cancer, optic atrophy and cardiomyopathy.
Each of these four networks is focused around 1-3 central
hub proteins that reflect the general functions affected within
each network and we will discuss each in detail.

The Four Major Networks

NETWORK A (Fig. 3A) is centered on transforming
growth factor beta 1 (TGFBI1). TGFBI is involved in in-
flammation and numerous autoimmune disorders as well as
tumorigenesis and metastasis of many types of cancer [23,
24]. The link between inflammation and cancer is well
known [25] and so this is perhaps not surprising. This first

network pathway model suggests tryptophan deficiency is
involved in autoimmune, dermatological, connective tissue
disorders and cancer. We found increased expression of con-
nective tissue growth factor (CTGF). Increased CTGF ex-
pression is associated with increased inflammation in rheu-
matoid arthritis and in response to allografts [26, 27]. We
also found markers of Ehlers-Danlos Syndromes (EDSs) I, II
and VI (decreased PLOD1 and decreased COL5A1) [28, 29].
EDSs, caused by mutations in the PLOD1 and COL5A1
genes, are characterized by loose-jointedness, easily bruised
or stretchable skin and scoliosis [30]. The immune system
and cancer formation are linked through the immune re-
sponse to cancer and here we found evidence of a specific
mechanism of potential cancer immune escape. HSP90B1, a
tumor rejection protein that elicits immune response by acti-
vation of dendritic cells and cytotoxic T-cells [31], is de-
creased. This network also suggests a direct role for trypto-
phan deficiency in cancer. Specifically, SDC2, which pro-
motes activity, growth, proliferation, morphology and adhe-
sion of colon cancer cell lines [32] was increased. In con-
trast, however, PSMD1 and TRPS1 were decreased. In-
creased PSMD1 and TRPS1 is associated with breast cancer
[33, 34] and decreased TRPSI also prevents apoptosis of
prostate cancer cells [35], decreased PSMD1 and TRPS1 in
our dataset may represent compensatory mechanisms for the
increase in SDC2.

In contrast to NETWORK A, NETWORK B (Fig. 3B) has
three major hubs: Tata box-binding protein (TBP), tumor
suppressor protein p53 (TP53) and Spl transcription factor
(SP1) (Fig. 3B). TBP is a transcription factor associated with
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the neurological disorders spinocerebellar ataxia 17 and
Huntington's disease. P53, located in the cell nucleus, is one
of the major cell cycle checkpoint regulators in cancer biol-
ogy [36]; decreased P53 promotes apoptosis and cell cycle
arrest [37]. P53 is also involved in non-neoplastic diseases
such as amyotrophic lateral sclerosis (ALS, Lou Gehrig's
disease) and Huntington's disease. SP1 promotes apoptosis,
cell cycle regulation and again is involved in Huntington's
disease cell signaling.

The other proteins that we identified within Network B
again support a role for tryptophan in cancer. Decreased ex-
pression of three of these proteins suggests a pro-cancer
state: Sarcoplasmic-endoplasmic reticulum calcium ATPase
3 (ATP2A3), which controls intracellular calcium homeosta-
sis and decreases in colon cancer [38]; transcription factor
TADA3L, necessary for P53-mediated apoptosis [39]; and
IGFIR, which is over-expressed in malignant tissues and is
anti-apoptotic [40]. In contrast, death-associated protein
kinase 2 (DAPK?2) was decreased and the anti-apoptotic pro-
tein PPARBP was increased. Centrin-2 (CETN2), required
for centriole duplication during cell division [41], was de-
creased; improper centriole duplication correlates with ag-
gressive tumors [42]. Retinoblastoma 1 coiled-coil 1 (RBI1-
CCl1) was increased and RB1CCI positively regulates the
tumor suppressor protein retinoblastoma 1 and is frequently
over-expressed in breast cancer [43]. Together DAPK2,
CETN2 and RB1CC1 may be signs of cellular responses to
pro-neoplastic signals.

In addition to cancer, we identified differential expres-
sion of several proteins, outside of the hubs, involved in
Alzheimer's disease. Dopamine beta-hydroxylase (DBH),
responsible for conversion of dopamine to norepinephrine,
was increased and supports previous work showing that ex-
cess dietary tryptophan decreases norepinephrine in blood
plasma [44]. DBH also blocks selective serotonin reuptake
inhibitors (SSRI) thus decreasing the concentration of sero-
tonin, a tryptophan derivative, in the hippocampus [45].
PPARBP was also increased. Increased hippocampal con-
centrations of both DBH and PPARBP mRNA in peripheral
blood leukocytes have been associated with Alzheimer's dis-
ease symptoms [46, 47]. Beta-secretase 1 and casein kinase 1
gamma were decreased in tryptophan deficiency. Beta-
secretase | is an enzyme responsible for the proteolytic proc-
essing of the amyloid precursor protein [38] into beta-
amyloid peptides, which form the fibrillar plaques character-
istic of Alzheimer's disease [48]. Although little is known
about the function of casein kinase-1 (CK-1)-y, it belongs to
the same family as CK-1-8 and over-expression of CK-1-8
promotes hyperphosphorylation of tau in Alzheimer’s dis-
ease pathology [49].

Tryptophan plays a role in the regulation of toxicity re-
sponses and circadian rhythms [50]. Aryl hydrocarbon recep-
tor repressor (AhRR), a nuclear protein that represses aryl
hydrocarbon receptor (AhR) activity through competitive
binding, was increased. AhR mediates the effects of envi-
ronmental toxicants such as dioxin by inducing transcription
of proteins involved in apoptosis and cell cycle regulation
[51], it induces transcription of genes including cytochrome
p450, family 1, subfamily A, polypeptide 1 (CYP1A1) [52].
However, AhR responds not only to xenobiotic compounds,
but also to endogenous aromatic molecules including the
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photoproducts of tryptophan [53]. AhR may also regulate
light-dependent circadian rhythms through the binding of
tryptophan photoproducts [S0]. Our data further implicate
tryptophan in the regulation of the sleep wake cycle, a proc-
ess in which it plays a key role as the precursor of melatonin.

While we were modeling the affects of AhRR using IPA,
we found an error: AhRR is annotated in the IPKB as a
synonym of CYP1AL; but CYP1ALI is not annotated in IPKB
as a synonym of AhRR. These proteins not synonymous:
AhRR carries the human genome nomenclature committee
identi-
fication number (HGNCID#) 346, whereas CYP1A1 carries
HGNCID# 25 [54]. AhRR in conjunction with AhR regulate
the expression of CYP1A1 [55]. Further, when AhRR and
CYP1A1 are mapped interchangeably using IPA, each as a
part of the same dataset, they map to different networks and
this further reflects their differences.

NETWORK C (Fig. 3C) is centered on interleukin 6 (IL-
6) and interferon (IFN) y (Fig. 3C). IL-6 and INF y are cyto-
kines involved in immunity and cancer. Again, the other
proteins in NETWORK C affect cancer, autoimmunity and
neurotransmission and provide a link with NETWORK A.
Favoring cancer, TGFBl-induced anti-apoptotic factor 1
(TIAF1) was decreased and phosphoinositide-3-kinase regu-
latory subunit 4 (PIK3R4), which is anti-apoptotic and over-
expressed during early tumor development [56], was in-
creased.

NETWORK C also suggests increased antigen presenta-
tion and autoimmunity: major histocompatibility antigen
class (MHC) I, the molecule responsible for antigen presen-
tation to CD8+ T-killer cells, was increased along with Adi-
pocyte-derived leucine aminopeptidase precursor (ARTS1)
and regulatory factor X-associated protein (RFXAP).
ARTSI promotes endogenous antigen presentation via MHC
I [57]. RFXAP is a transcription factor that increases MCH
IT [58] expression (MHC II presents antigens to CD4+ T-
helper cells and T-regulatory cells). ARTSI also increases
shedding of the IL-6 receptor (IL-6R) [57] and increased
concentrations of soluble IL-6R are associated with chronic
inflammatory and autoimmune disorders including rheuma-
toid arthritis, asthma and colitis [59]. In addition, we found
decreased VAV2 expression, which is responsible for de-
creased killing of cytotoxic T cells, resulting in increased
immune response [60] and this could promote autoimmunity.
The protein called “protein kinase, DNA-activated, catalytic
polypeptide” (PRKDC) was decreased and this is also con-
sistent with increased immune responsiveness [61].

Again, we identified a link with NETWORKS A and B via
monoamine transporters. Vesicular acetylcholine transporter
solute carrier family 18, member 3 (SLC18A3) belongs to
the vesicular amine transporter family that also includes the
monoamine transporters SLC18A1 and SLC18A2. SLC18A3
was decreased and this decrease could reflect its involvement
in monoamine transport as it would in the mouse [62]. How-
ever, acetylcholine transport may also be affected by trypto-
phan deficiency as a part of the neurological disruptions
identified in network B and increased expression of SLC-
18A3 is associated with Alzheimer's disease [63].

NETWORK D (Fig. 3D), like NETWORK C, has two ma-
jor hub proteins: tumor necrosis factor (TNF) and conserved
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helix-loop-helix ubiquitous kinase (CHUK). TNF is a cyto-
kine involved in multiple signaling pathways related to apop-
tosis and immune response. CHUK is a member of the NFkB
signaling pathway. CHUK was decreased in our data set and
decreases in CHUK cause apoptosis and reduced immune
response through the NFkB signaling pathway [64]. This is
inconsistent with most of our modeling. However, CHUK
can also act independently of NFkB and in this case CHUK
decreases cause hyperproliferation and incomplete differen-
tiation [65], both consistent with inflammation and cancer.
Down-regulation of nucleoporin 214kDa (NUP214), identi-
fied here, causes impaired cell cycle regulation and is associ-
ated with acute myeloid leukemia [66].

Within NETWORK D we found differential expression
of other proteins responsible for increased T cell immune
response and inflammation. Disintegrin and metalloprotease
domain 12 (ADAMI12) were decreased, potentially increas-
ing inflammation [67]. Jagged 2, IL-6ST and nuclear factor
of activated T cells 5 (NFATS) were also decreased and sug-
gest decreased negative selection and cell death of thymo-
cytes again potentially increasing autoimmunity [68, 69].
Lower NFATS5 and IL-6ST levels favor the production of
CD4+ and CD8+ T cells (the latter through the activation of
Notchl) [70, 71]. Decreased IL-6ST also causes increased
growth and infiltration of T cells and accumulation of mem-
ory T cells [68, 72] and increases chronic inflammation of
the synovial joint, metaplasia of cartilage tissues and auto-
immune arthritis [73, 74]. Consequently, soluble IL-6ST is
suggested for treating rheumatoid arthritis, asthma, Crohn's
disease and inflammatory colon cancer [75]. Again, several
proteins in network D can affect non-immune/cancer disor-
ders. IL6-ST acts as the signal transducer not only for IL-6
but also for other proteins. Through its binding of oncostatin
M, IL-6ST plays a role in cardiac remodeling and repair and
decreased IL-6ST is a marker of dilated cardiomyopathy [76,
77]. We also found decreased FHL1 and increased ADAM-
12; over-expression of both is associated with cardiomyopa-
thy [78, 79].

CONCLUSION

We have used bi-directional '*'®0 labeling, and the plant
protein RuBisCO as an internal standard, to do serum pro-
teomics on a chicken model of tryptophan deficiency. This
method allowed us to maximize our pool of potential bio-
markers. Overall, we found that dietary tryptophan status is
involved in not only the expected physiological processes
such as immune tolerance, circadian rhythm and neurologi-
cal function, but may also be associated with apoptosis, cell
cycle regulation and toxicity response as well as derma-
tological, ophthalmic and cardiovascular diseases.
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