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Abstract

Cereal grains represent the main protein source for livestock, and humans in many
parts of the world. However, the low lysine content of these grains is a main limiting
factor for protein synthesis; hence lysine must be supplemented to the diet. Lysine
utilization in the body also includes degradation via lysine a-ketoglutarate reductase
(LKR), the first enzyme, and primary regulatory step in the catabolic pathway. The
control of lysine degradation is poorly understood and therefore the regulatory
parameters that influence LKR activity were the focus of this thesis.

The first hypothesis was that LKR activity was not confined to the liver. Extra-
hepatic tissues in both the pig and chicken were shown to catabolize lysine at significant
rates. Most notably, epithelial cells (IEC) of the intestine and muscle possessed the
catalytic machinery necessary to degrade lysine to saccharopine. The production of “Co,
from radioactively labeled lysine in liver, IEC and muscle mitochondria demonstrated
that the entire degradative pathway was present in these tissues.

LKR activity and sensitivity to inhibition was determined at times of significant
nutritional transition in the growing pig. Significant changes in LKR activity and lysine
oxidation in muscle mitochondria were observed in the first week of life, in contrast to
the stable activity of LKR in other tissues like the liver and IEC. LKR inhibition studies
suggested three periods of regulatory transition: birth to 1 week of life, pre-weaning to
weaning (7-14 days) and post weaning. Age-related regulation of LKR activity was
linked with major nutrition transitions, was tissue specific and most likely represented

major metabolic shifts within the animal.
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Broiler poults were fed lysine at 0.8% -1.6% (of the diet) for optimal protein
synthesis; there was no significant change in liver, kidney or IEC LKR activities. Birds
fed lysine below requirement demonstrated poor performance and higher plasma lysine
catabolite levels than control (100% requirement) birds, but LKR activity was not
decreased. Birds fed lysine above requirement had increased plasma lysine
concentrations, but lower lysine catabolite concentrations; and no increase in LKR
activity in liver, kidney or IEC compared to controls. These results demonstrate that
control of lysine degradation does not follow a simple dose-response mechanism in
growing broilers; LKR activity is not necessarily proportional to dietary lysine intake.

Activity of the second catalytic enzyme saccharopine dehydrogenase followed
Michaelis-Menten kinetics, whereas LKR was susceptible to substrate inhibition.
Substrate inhibition of LKR was age and tissue dependent, but was demonstrated in both
pig and poultry tissues. The function of a substrate-inhibited lysine-catabolic pathway
remains unclear, but may be important for maintaining the cellular levels of lysine and
tryptophan catabolites, particularly aminoadipate, ketoadipate and kynurenine and
kynurenate. Furthermore, the inhibitory effects of compounds like aminoadipate on LKR
activity were similarly affected by tissue, age and dietary level of lysine.

Lysine degradation was concluded to be:

1. at physiologically significant levels in extra-hepatic tissues (i.e. muscle, brain,
intestinal epithelium);
2. regulated in coordination with age and major nutritional transitions (i.e. birth and

weaning);
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3. regulated in coordination with dietary lysine intake, except at very deficient lysine
intake;

4. an apparently important and indispensable function in extra-hepatic tissues, which
is yet to be described.
Considering lysine to only be a substrate for protein synthesis is an archaic idea,

one that needs to be reformulated to include the potential contributions of lysine

catabolites to metabolism.
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1 Introduction

1.1 The Fundamental Problem: Lysine - The First limiting Amino Acid

The primary nutritional goal of the livestock industries, and in particular the
swine industry, is to increase the rate and efficiency of protein accretion. The ultimate
goal of any animal producer is to generate the optimal market weight animal in the
fastest, most cost efficient manner possible.

Feeding pigs for an optimal cost and rate of growth is a multivariate system,
encompassing factors such as genotype (110, 111, 181, 379), gender (164, 487, 494), age
(314, 492), environmental temperature (86, 87, 246, 480), dietary protein levels (165,
246, 270, 360), and nutrient bioavailability and digestibility (24, 25, 38, 41, 97, 201, 278,
283, 296, 396, 427, 449, 506). When considering the typical grain diet fed to growing
pigs, the chief factor regulating protein accretion is intake of the first limiting amino acid

— which is most often lysine (277, 457).

1.1.1 Lysine in Livestock Diets

For many years, pig diets were formulated to meet crude protein requirements,
rather than the requirements of specific amino acids (277). Subsequently there was much
research investigating the specific amino acid requirements of swine (83, 250, 251, 282,
427, 457, 493), the amino acid composition (and bioavailability) of different feedstuffs
(38, 39, 245, 255,277, 278, 339, 464) and the relatively wide availability of various

feedstuffs. The formulation of pig diets based upon amino acid requirements has become
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much more practical and accurate than formulation based on a crude protein basis. Cereal
grains (corn/maize, wheat, barley, oats) form the basis of most swine diets, typically
supplying approximately half of the dietary protein for (growing-finishing) pigs. Hence,
the amino acid composition of cereals is very important (277). Table 1.1 lists the most
limiting amino acids for growing pigs, in several of these grains. The low content of
lysine in cereal grains makes it the most important amino acid in swine nutrition.
Producers use complementing grain mixtures and protein feed, supplementation protocols
or a combination thereof, to meet the lysine requirements of their animals and thus ensure

that the diet is not a limiting factor for optimal protein synthesis.

Table 1.1 Limiting Amino Acids in Cereal Grains for Swine Diets

Limiting Amino Acids

Cereal Grain First Second Third
Barley Lysine Threonine Histidine
Corn Lysine and Tryptophan* Threonine
Oats Lysine Threonine ND**
Sorghum Lysine Threonine Tryptophan
Triticale Lysine Threonine ND

Wheat Lysine Threonine ND

Taken from Lewis (277); *co limiting (279), **not described.

Because lysine is the first limiting amino acid in these grains, (grower-finisher)
pig diets are formulated based on lysine content. After meeting the requirement of the
first limiting amino acid, the diet must be formulated to ensure requirement is met for the

2" and 3" limiting amino acids, typically threonine and tryptophan. Supplementation
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with synthetic threonine and tryptophan, to reduce protein supplements, is becoming
more affordable as the cost of producing these amino acids becomes more economical.

Amino acids that are absorbed in excess of the demands of protein synthesis
cannot be stored and are deaminated. The amino-nitrogen is released as urea and the
remaining carbon skeleton is metabolized via the citric acid cycle to yield energy. Excess
protein in the diet, or improper balances of amino acids lead to inefficient utilization of
dietary protein and amino acids for pig growth. Hence the concept of an ideal protein has
arisen to help define amino acid requirements that incorporate dynamic patterns of
maintenance, new tissue accretion, milk synthesis during lactation and tissue catabolism
(16,277, 278, 331). Using these patterns, diet formulations can incorporate amino acid
profiles that more closely approximate an animal’s actual requirement and thereby
decrease catabolism due to amino acid excess.

Feed costs account for approximately 60% of production costs (see Appendix
Figure 8.2 for a breakdown of production costs) (244), however supplementation with
synthetic amino acids accounts for only a small portion of this amount (~5%). However,
to meet the amino acid requirements for optimal performance in the absence of
supplementation, significant additions of protein supplements would have to occur,
increasing the cost of feed and thus increasing total production costs overall. Thus
formulation of pig diets by incorporating synthetic amino acids is both a cost efficient
and metabolically efficient means of meeting the amino acid and protein requirements for

optimal protein accretion.
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1.1.1.1 Economics of Lysine Supplementation in the Livestock Industry

Synthetic amino acids have been used as industrial feed sources for more than 40
years. Synthetically produced DL-Methionine was introduced in the late 1950’s for
application in the poultry industry. Production of L-Lysine by fermentation processes
started during the 1960°s in Japan (458). As technologies have improved, the cost of
producing synthetic amino acids has declined, permitting greater expansion of use of
synthetic amino acids in animal feed.

Today about 600,000MT of feed-grade L-Lysine-HCl is produced per year (458).
Utilization of synthetic lysine-HCL saves the equivalent of 18 million tons of soybean
meal — roughly equivalent to 15% of soybean meal production worldwide (4). The cost
of L-Lysine-HCl is approximately 1.85$-2.50% CDN/Kg (1.5$-2$ USD)" (458). In the
Canadian market, this represented more than $60 million in trade imports of L-Lysine-
HCI for supplementation to livestock feed in 2003 and 2004 (57) (Figure 1.1). The
province of Alberta’s share of this amounted to almost $9 million in 2004 (Figure 1.2).

Lysine imports have increased linearly since 1999; extrapolation of this trend
indicates that by 2006, Alberta will import more than $12 million worth of feed-grade
lysine. Nationally, this total will exceed $83 million. Clearly, research directed towards
reducing lysine requirements of animals, or improving efficiency of utilization has great
economic potential.

Several aspects of lysine utilization have previously been considered in such
research, including: 1) lysine content of feed sources, 2) digestibility and availability of

lysine from these sources, 3) lysine requirement for optimal protein accretion, and 4)

" Currency exchange as of January 28, 2005.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1.1 Canadian Imports of Lysine for Manufacture of Animal and Poultry

Feeds
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(Millions of Cdn $)
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Year
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Data presented as absolute dollars, no rounding; *values for 2004 were extrapolated from previous years

(57).

Figure 1.2 Alberta Imports of Lysine for Manufacture of Animal and Poultry Feeds
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factors that influence the preceding aspects of lysine utilization. However, the cellular
metabolism and utilization of lysine has not been extensively investigated in pigs. Major
advances have been made toward understanding the total requirement of lysine at
different stages of growth, but little information exists regarding the biochemical aspects
of porcine lysine metabolism.

A more complete elucidation of the biochemistry of lysine will provide the
understanding and knowledge required to improve utilization, reduce catabolism, or at

the very least, better manage supplementation of grain-based with synthetic lysine.

1.2 Biochemistry of Lysine Metabolism

Lysine, in addition to being the most limiting amino acid in pig diets, is also an
indispensable amino acid; thus it cannot be synthesized by the mammalian (or avian)
body and must be derived from dietary sources. Therefore the degradation of dietary
lysine really becomes the focal point of understanding its metabolism. This point is more
strongly emphasized when one considers that basal lysine degradation rates appear not to
change when the dietary intake falls below requirements for protein synthesis (313). In
this study by Moehn et al (313), pigs were initially offered a purified diet providing all
nutrients in excess of requirements to determine maximum protein deposition rates.
Following this period, pigs were allocated to treatment groups corresponding to lysine
intakes of 60, 70, 80, and 90% of estimated requirements for maximal protein deposition.
Lysine catabolism was determined either directly (oxidation) using a primed, constant
infusion of 1-14C-lysine or indirectly (disappearance) using the nitrogen balance method.
Lysine catabolism decreased with increasing growth potential, but quite surprisingly

lysine disappearance and lysine oxidation were independent of lysine intake, except for
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the lowest lysine intake level, where the rates were lower. Therefore, the pig does not
conserve lysine, by reducing lysine catabolism, even when the intake of lysine is limiting
protein synthesis. This is a paradox. The body is degrading an essential amino acid when
it is seemingly very limiting.

In mammals, the principal lysine catabolic pathway, known as the saccharopine or
a-aminoadipic acid semialdehyde pathway proceeds via a sequence of seven reactions,
the last of which feeds into the pathway for fatty acid catabolism (via crotonyl CoA) and
toward the citric acid cycle. The products of lysine catabolism are thus exclusively
ketogenic; i.e., under starvation conditions, lysine can be used for the synthesis of ketone
bodies, B-hydroxybutyrate and acetoacetate, but not for the net synthesis of glucose (99,
182, 292, 490). This is important when one considers the adaptive shift by the brain to
use ketone bodies as the primary metabolic fuel during starvation. The relative toxicity of
excess lysine or excess lysine catabolites in humans has been associated with severe
genetic diseases causing mental retardation and neuromotor conditions (99, 109, 392)
(further discussion in section 1.4.4). In other species however, excess lysine appears to be
tolerated to various degrees. Decreased performance by an unexplained arginine
antagonism in dogs fed excess (4%) lysine was noted by Latshaw and coworkers (271)
similar to the decreased growth at 3-4 times requirement observed in pigs (134, 136),
arginase was unaffected in these studies. Laying hens were able to tolerate 1% additional
lysine (above requirement) without any adverse effects (257), but chicks appeared to
have decreased performance when fed excess lysine well (276). Cognitive impairments

were not scored in any of these studies.
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These points, taken together, suggest that there may be metabolic reasons for
lysine catabolism during deficiency. Clearly there is a necessity for a more complete

understanding of lysine catabolism and the factors influencing the rate of catabolism.

1.2.1 Lysine Catabolic Enzymes

Enzymes of the saccharopine or a-aminoadipic acid pathway catalyze the
reactions in the principal route of lysine degradation (108). Unlike most amino acids, the
first step of lysine degradation is not deamination and transfer of the a-amino group to an
acceptor molecule like a-ketoglutarate. Lysine a-ketoglutarate reductase (LKR, EC
1.5.1.8), the first enzyme of the catabolic pathway (203) acts upon lysine in the presence
of a-ketoglutarate to form saccharopine (e-N-(L-glutaryl-2)-L-lysine). Saccharopine is
then cleaved to a-aminoadipic 6-semialdehyde and glutamic acid by saccharopine
dehydrogenase (SDH, EC 1.5.1.9). These two enzymes are collectively known as a-
aminoadipic acid semialdehyde synthase (AASS, ECs 1.5.1.7, 1.5.1.8, 1.5.1.9). Alpha-
aminoadipic 6-semialdehyde is converted to a-aminoadipic acid (AAA) by L-a-
aminoadipate-6-semialdehyde dehydrogenase (AASADh, EC 1.2.1.31) and then via the
catalytic action of a-aminoadipate aminotransferase (AADAT, EC 2.6.1.39), a-
ketoadipic acid (KAA) is produced. The alpha carboxyl group of lysine is removed via
the oxidative steps orchestrated by the a-ketoglutarate dehydrogenase complex. This
multiple enzyme complex includes a-ketoglutarate dehydrogenase (EC 1.2.4.2), of which
multiple copies are bound to dihydrolipoyllysine-residue succinyl transferase (EC
2.3.1.61), which also tightly binds dihydrolipoyl dehydrogenase (EC 1.8.1.4)(294, 362,

410). The catalytic actions of this complex result in the formation of glutaryl-CoA and
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carbon dioxide. Several additional reactions then lead into the citric acid cycle via
glutaconyl-Coa, trans-crotonyl-CoA, and finally acetyl-CoA. The unique and key steps in
the pathway are illustrated in Figure 1.3 (a more complete illustration of lysine metabolic

pathways (243) is shown in Figure 8.5).

1.2.2 The Saccharopine and Pipecolic Acid Pathways of Lysine Degradation

Early investigations examining the metabolism of lysine showed that lysine was
degraded to glutaric acid (42, 332, 381) and a-aminoadipic acid (43, 332), although the
metabolic route to arrive at these catabolites remained obscure (387). Work in the early

1950s showed that lysine could also be converted to glutamate (6, 311). These studies

Following page:
Figure 1.3 Lysine Catabolic Pathways

Lysine is degraded via two metabolic pathways, the main route of catabolism — the
saccharopine or a-aminoadipate semialdehyde pathway and the overflow pathway — the
pipecolic acid pathway. The enzymes, as shown in the figure are:

@ Lysine a-ketoglutarate reductase (EC 1.5.1.8);

@ Saccharopine dehydrogenase (EC 1.5.1.9);

O+ @ a-Aminoadipic acid semialdehyde (EC 1.5.1.10);

®L-Lysine oxidase (EC 1.4.3.14);

@ Spontaneous rearrangement;

® A'-Piperidine-2-carboxylate reductase (EC 1.5.1.21);

® L-Pipecolate dehydrogenase (EC 1.5.99.3);

@ Spontaneous rearrangement;

a-Aminoadipic acid semialdehyde dehydrogenase (EC 1.2.1.31);

® a-Aminoadipic acid aminotransferase (EC 2.6.1.39);

a-Ketoglutarate dehydrogenase complex also known as a-ketoadipate dehydrogenase
1. a-Ketoglutarate dehydrogenase (EC 1.2.4.2),
2. Dihydrolipoyllysine-residue succinyltransferase (EC 2.3.1.61),
3. Dihydrolipoyl dehydrogenase (EC 1.8.1.4)
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pointed toward the, as yet unknown saccharopine pathway. Rothstein and Miller (385-
387) built upon the work of Weissman and Schoenheimer (488) and concluded that
pipecolic acid was a major metabolite of lysine degradation in the rat. In the late 1960s,
several studies revealed saccharopine as a central and key intermediate in the degradation
of lysine (187-189, 204, 220). The secondary route of lysine degradation, via pipecolic
acid, is currently accepted as an overflow pathway, activated when the lysine load
overwhelms the capacity of LKR (99). This pathway is also recognized as having a
prominent role in the brain (374), although recent evidence suggests a major role for

LKR as well (354).

1.3 Structural and Sequence Components of the Bifunctional Protein

Many parameters of lysine degradation were revealed by research examining the
clinical manifestations of genetic defects of lysine-catabolic enzymes resulting in
hyperlysinemia (496, 499), however much remained unknown about the proteins
responsible for the catalytic activities of the initial steps. Two separate enzymes were
identified in rat liver, one with a reductase activity and the other a dehydrogenase activity
(337). Other investigations similarly identified the two activities, but after using a variety
of chromatographic methods, could not separate the activities of the two enzymes —
suggesting perhaps that the activities resided within a single polypeptide moiety (107,
155). Later, the activities of LKR and SDH were shown to reside on a single polypeptide
in baboon and bovine livers (100, 291, 292) and more recently in human cells (392). The
mouse has been shown to utilize both bifunctional and monofunctional lysine-degrading
enzymes; more specifically a bifunctional hepatic LKR/SDH enzyme and

monofunctional SDH have been localized (353). The bifunctional protein has been

11
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referred to as a-aminoadipic semialdehyde synthase (AASS) (292); the amino-terminal

portion has the LKR activity and the carboxy-terminal portion provides the SDH activity.

Structurally, the protein appears to be a homotetramer of bifunctional proteins, each

having a mass of 115 kDa (combined mass of 468 kDa) (292). Multiple alignments of

genomic gene sequences demonstrate similarities across several species (Figure 1.5, 8.3).

Figure 1.4 Amino Acid Sequence of the Human AASS Protein
31
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Selected features of Alpha-aminoadipic semialdehyde synthase Accession Number QOUDRS

(AASS _HUMAN). Mitochondrial precursor (LKR/SDH) {Includes: red highlight-mitochondrial target
sequence; green highlight-Lysine ketoglutarate reductase (EC 1.5.1.8); grey highlight-linker region with
possible phosphorylation sites (bold text); yellow highlight-Saccharopine dehydrogenase (EC 1.5.1.9)
(SDH)].

1.3.1 Mechanism of Catalytic Activity

A large body of research (168, 169, 430, 448, 518) in the plant sciences, largely

under the guidance of Gad Galili (Weizmann Institute of Science) has revealed much

about the role of lysine catabolism in plants. Described as “one of the most highly

regulated metabolic pathways in plants” (169), the saccharopine pathway has provided

illuminating ideas on mechanisms regulating catalytic activity of AASS and the various
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Figure 1.5 Sequence Alignment of AASS Proteins from Different Species
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roles of lysine in plants. A recently proposed plant model (169, 518) suggests that high
lysine levels initiate a Ca**-dependent intracellular signaling cascade that phosphorylates
the LKR/SDH enzyme (perhaps in the linker region) (Figure 1.4) and shifts LKR/SDH
enzyme activity from low to high. Sequence analysis suggests that the two enzyme
domains are joined by a linker region (448). This linker is likewise apparent in the
mouse, maize and C.elegans proteins (353). Thus in the non-phosphorylated stage, the
SDH domain presumably interacts with the LKR domain masking the LKR active site,
but upon phosphorylation, the two domains dissociate to reveal the LKR active site,
allowing for a higher level of activity. Analysis of the linker region has identified several
amino acids (serine, threonine, tyrosine) that would potentially be available for
phosphorylation (Figure 1.4). While plants and mammals share many similarities within
the scheme of lysine catabolism, this catalytic mechanism has not been confirmed in any
mammalian system. However, the presence of the phosphorylation sites in the linker
region does strongly suggest that such a mechanism may play a role in regulating
mammalian lysine degradation.

The bifunctional nature of the AASS (LKR/SDH) protein may be an
evolutionarily conserved attribute (99) for the purposes of substrate “channeling” — in
essence, a more efficient utilization of substrate (324, 362). Saccharopine then, is bound
by the AASS protein as an intermediate, and can be “held” until acted upon by the SDH
moiety in a sequential fashion. In this way, the “saccharopine pool” within the
mitochondrial milieu can be maintained, especially if this compound can provide
feedback regulation of LKR. Papes et al. (353) have similarly discussed the possibility

that protein phosphorylation may be a means of regulating the activity of the enzyme.
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Figure 1.6 Proposed Mechanism for the Lysine-Dependent Stimulation of LKR
Activity in Plants

C a2+

J
|

a-aminoadipate
semialdehyde

Inactive Active
LKR LKR

Proposed reaction mechanism of lysine a-ketoglutarate reductase activity. An increase in
available cellular lysine causes an increase in cellular Ca?* concentrations. This rise in
intracellular calcium presumably signals the phosphorylation of key amino acids in the
linker region between the LKR and SDH domains of the bifunctional protein. This
phosphorylation event causes a conformational shift that opens or reveals the catalytic
site of LKR. Colour code: LKR, blue oblong; SDH, green oblong; active site of LKR,
yellow sphere; linker region, red curved line; phosphorylated amino acid, bright green-
blue oblong with capital P.

1.3.2 Tissue Localization of the Lysine Degrading Enzymes

One of the well-established dogmas of amino acid biochemistry is that the
degradation of indispensable amino acids is primarily a hepatic event (27). While the
liver does appear to be the primary tissue of lysine degradation (374), this dogma has led
most researchers to focus on the hepatic compartment and neglect other tissues as
possibly important sites of degradation. However, the primary enzymes of the catabolic
pathway (LKR and SDH; AASS) have been described in various extra-hepatic tissues of

several mammalian species including rat (147), mouse (203), dog (175), rabbit (191), pig
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(147), sheep (145) and human (220) Table 1.2). Additionally, lysine catabolic enzymes
have been described in several avian tissues (190, 289, 485) and in rainbow trout (483).
Tissue distribution of LKR activity in rats was demonstrated primarily in liver, but
significant activity in kidney, pancreas, brain and heart was also noted (81). In human
tissues, the activity of LKR was localized to the liver, kidney, heart and skin (221), but in
different relative proportions to the rat (81). When comparing the capacity for lysine
oxidation (by the liver, as it was considered to be the major site of oxidation) to the intake
of lysine, it is clear that the capacity of the liver to oxidize lysine exceeds daily intake
(Table 1.3). However, this rate of oxidation ignores extra-hepatic contributions to the
total lysine oxidized. Recent work in 21 day old chicks has described LKR activity and
lysine oxidation in several tissues; of particular note, LKR activity was measured in
homogenates of breast muscle and intestine (289) (Table 1.4). These tissues have not
traditionally been considered sites of lysine degradation, but this work shows clearly that
extra-hepatic tissues account for significant lysine oxidation. These authors also showed,
using RT-PCR, that all tissues (except pancreas) showed positive signals for LKR/SDH
mRNA. In agreement, Northern blot analysis revealed that AASS RNA products were
present in a variety of human tissues, with the major portion residing in liver (392)
agreeing with earlier enzymatic data of Hutzler and Dancis (220, 221). Contrary to these
results, the mouse LKR/SDH gene was found only in liver and kidney (353), yet Manangi
(289) notes that work by several teams has shown that the rat has enzyme activity in the
liver (35, 204, 403), kidney (320, 321) and brain (374).

The presence of enzyme protein or mRNA, or the detection of enzyme activity in

vitro does not represent the in vivo situation. To gain access to the enzymic, the
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Table 1.2 Species Comparison of LKR and SDH Activities

Specific Activity of Enzymes

LKR SDH
Species (nmol/min/mg) (nmol/min/mg) reference
Human 443 4.70 (147)
Rat 4,77 5.03 (147)
Rat 2.71 2.77 (403)
Mouse 11.08 6.48 (353)
Pig 5.40 5.82 (147)
Cat 4.23 6.90 (147)
Dog 3.50 5.50 (147)
Ox 4.50 4,51 (147)
Sheep 5.33 5.43 (147)
Chicken 0.65 - (289)

Values derived from liver mitochondria protein in all references except chicken where data are presented as
umol/min/g tissue obtained from a 25% tissue homogenate.

Table 1.3 Capacity of Lysine Degradation by the Liver in Different Species

S . Estimated Lysine Lysine Degraded’ Capacity for Lysine Degradation
pecies Intake (g/day) (g / whole liver per day) as Percent of Intake®

Human® 2.78 41.39 1489
Rat’ 0.022 0.10 455
Pig* 16.00 18.94 118
Dog’ 3.72 4.07 109
'Data adapted from Table 5, Fellows and Lewis (147). Subjects do not match with those used to estimate
intake.

*Calculated from estimated mean requirement for 75 kg adult male (37 mg/kg/day x 75kg) (514).
’Calculated for a 300g rat at maintenance consuming a synthetic diet containing 1.1% lysine and feed
consumption of 20g/day (329).

“Calculated for a 120 kg pig fed a 0.52% lysine diet ad libitum and 3075 g feed consumption/day (331).
>Calculated for a 20 kg adult dog at maintenance consuming 400 g/day of a 0.93% lysine diet (413).
SCalculated as the potential amount of lysine that can be degraded by the liver in excess of lysine intake,
therefore in the human, the liver has capacity to degrade ~1500% of lysine intake.

Degradation refers to either flux or LKR activity, please see each reference for particular details.

experimenter very often manipulates environmental conditions that affect enzyme
regulation (e.g. pH, osmotic pressure, substrate concentration, etc). In other words, results
are frequently taken out of the context of the cellular environment. However, that being
said, the detection of gene transcription, protein and measured activity is strong evidence

that an enzyme is functioning in vivo. In swine, the liver has been considered to be the
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Table 1.4 Capacity of Chicken Tissues to Oxidize Lysine

Lysine a-Ketoglutarate Reductase Lysine Oxidation

umol/mine pmol/mine nmol/min*g  nmol/min.
Tissue g tissue tissue % of Total tissue tissue % of Total
Liver 0.65° 1.94 20.5 0.88° 2.63 16.7
Kidney 0.28% 0.31 3.3 0.43% 0.47 2.9
Pancreas  0.22% 0.13 1.4 0.45% 0.27 1.7
Heart 0.19° 0.19 2.0 0.51° 0.51 3.2
Brain 0.23% 0.21 2.2 0.53° 0.48 3.0
Lung 0.42%° 0.34 3.6 0.25% 0.20 1.2
Spleen 0.10° 0.01 0.1 0.20¢ 0.03 0.2
Muscle? 0.15° 3.15 33.3 0.47° 9.87 62.7
Intestine  0.58% 3.77 39.8 0.20¢ 1.28 8.1
SEM 0.14 0.07

'Data are taken from Manangi et al. 2005 (289). Values are means, n=10 of tissues isolated from 3-wk-old
chicks. Means in a column without a common superscript letter differ, P< 0.05. Lysine oxidation was based
upon [U-"C]L-lysine.

*Muscle refers to breast muscle.

prominent tissue of lysine degradation; extra-hepatic tissues have shown little or
negligible LKR/SDH activity (147). However, several groups have recently provided in
vivo data describing intestinal utilization of lysine. In vivo data (434-438, 468) from
several portal balance studies have suggested that the porcine small intestine contributes
significantly to the utilization of dietary essential amino acids, most notably lysine,
leucine, threonine and methionine. These reports estimated that the intestine utilized as
much as 30% of the available dietary intake of lysine. The complete fate of this utilized
lysine remains unclear, however, Stoll and colleagues (438) suggested that no more than
40% of the enterally utilized lysine was directed to protein synthesis by the intestine.
Thus the possibility of the remaining lysine being catabolized, presumably as an energy
source, is plausible. However, direct evidence to support the presence of lysine catabolic

enzymes in the mammalian intestine had not been demonstrated (501) at that time.
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1.3.3 Subcellular Localization of Lysine Degradation

The activities of both LKR and SDH have been localized to the mitochondria
(145, 337), specifically the mitochondrial matrix (35). However, LKR activity has been
reported in both mitochondrial and cytosolic fractions of mouse liver extracts (203).
Papes et al. (353) used two computational methods to predict the mitochondrial
localization of the mouse liver enzyme after examination of the protein sequence deduced
from a cDNA-LKR/SDH clone. They discussed the possibility that the “cytosolic
isoform” may be due to activity of the monofunctional SDH, but also state that the
method of protein purification did not permit resolution of this argument. Comparable
data on the localization of LKR/SDH in swine tissues could not be found in the literature.

Other enzymes involved in lysine degradation have similarly been found in both
the cytosol and mitochondria. Aminoadipate semialdehyde dehydrogenase
(aminoadipate semialdehyde = aminoadipate) was found in the cytoplasm using
subcellular fractionation techniques for both human (70) and rat liver (461). Indeed,
subcellular localization prediction, performed at the PSORT II (325, 326) server
(University of Tokyo), predicted a cytoplasmic localization for the mouse (Mus
musculus; SWISS-PROT accession #Q80WC9) (238) amino acid sequence. However, it
is unlikely that the a-aminoadipate semialdehyde generated in the mitochondria would be
transported to the cytoplasm for degradation by the cytosolic isoform. It is more likely
that a mitochondrial dehydrogenase, closely resembling the cytoplasmic enzyme
described above, mediates the conversion of the a-aminoadipate semialdehyde to a-
aminoadipate in a fashion similar to the cytoplasmic ornithine decarboxylase degradation

of lysine (358, 363). Such a protein has not yet been specifically identified. BLAST
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analysis of the mouse sequence (238) did not reveal any likely candidate proteins.
Oxidation of L-['*C]-lysine to *CO, by isolated washed hepatic mitochondria (204)
reinforces the hypothesis that lysine degradation via the saccharopine pathway is entirely
a mitochondrial event. Subcellular fractionation of organelles and additional washing of
mitochondria will remove any residual cytosolic enzymes capable of utilizing
aminoadipate semialdehyde. Therefore one must conclude that a dehydrogenase capable
of converting the semialdehyde to aminoadipate is resident in the mitochondria, but as of
yet remains unidentified.

Aminoadipate aminotransferase isoforms have been found in both the cytosolic
and mitochondrial fractions of human liver isolates (345). AADAT-I, the mitochondrial
isoform, was shown to convert a.-aminoadipate to a-ketoadipate, whereas AADAT-II,
the cytosolic isoform, was shown to convert a-ketoadipate produced by tryptophan
catabolism, to a-aminoadipate. This tryptophan-derived a-aminoadipate can then pass
through the mitochondrial membrane, via the oxodicarboxylate carrier (149) and be
reconverted to a-ketoadipate by AADAT-1. a-Ketoadipate is then oxidized by the a-
ketoglutarate dehydrogenase complex to produce glutaryl-CoA and CO;. This complex
has been localized to mitochondria in pig heart and kidney (376, 393, 508), mouse
skeletal muscle (51), rat liver and brain (228) and human brain (410) tissues.

The subcellular compartmentilaztion of enzymes often provides one means of
regulating flow of particular metabolites through related pathways (233, 345). Hence,
defining the organelle(s) in which the enzymes of lysine degradation reside and the

relative position of interacting pathways (e.g. tryptophan catabolism) should provide
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clues toward a clearer understanding of the regulation of the enzymes themselves and the

pathway as a whole.

1.4 Effects of Analogues, Catabolites & Metals on Lysine Catabolism

The pathway responsible for lysine degradation has many similarities across
species. Regulation of the pathway however, appears to be species dependent. In human
tissues, activity of LKR appears to be sensitive to a variety of metal ions, L-glutamate, L-
ornithine, L-homocitrulline, DL-pipecolic acid, cadaverine, L-lysylglycine, carbamy]l
phosphate and hydroxylamine(221). In the same study, human LKR accepted DL-
hydroxylysine, S-2-aminoethyl-L-cysteine or DL-a,g-diaminopimelic acid as alternative
substrates.

Experiments in rats have demonstrated that although the N-acetylated derivatives
of methionine and threonine were bioavailable and supported growth of the animal,
neither the a- nor the e-, monoacetylated derivative of lysine nor the a,e-diacetyl
derivative of lysine were effective in significantly promoting the growth of rats (40).
Many other derivatives of lysine have been assessed as potential substitutes for lysine
including e-N-methyl-L-lysine, e-N-dimethyl-L-lysine and e-N-trimethyl-L-lysine; these
compounds were not found to promote growth in mice (162). Finot et al (150)
categorized potential sources of lysine (27 a-N- and e-N-substituted derivatives of lysine
belonging to eight different classes: 1) natural dipeptides, 2) a-N-acyl-, 3) e-N-acyl-, 4)
g-N-a-amino acyl-, 5) e-N-omega-amino acyl-, 6) a-N-g-N-di-amino acyl-, 7) e-N-
acylglycyl- and 8) Schiff's bases) on the ability of tissue homogenates to hydrolyze the
test compounds to biologically active lysine. While several compounds were completely

(natural dipeptides: glycyl-lysine, alanyl-lysine, glutamyl-lysine, lysyl-alanine) or
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partially hydrolyzed (e-N-a-amino acyls: where a-amino group included glycyl,
phenylalanyl, glutamyl, and argininyl residues), none were as effective as L-lysine itself
for promoting growth.

In the context of swine, many compounds have been added to the diet to enhance
performance at some level. For example, metals have been added to the diets of pigs for
decades (20). In particular, a dietary excess of zinc has been added to prevent diarrhea,
improve immune function and enhance overall performance (469). The most important
question still remains: — Does the addition of these types of compounds affect the
metabolism or improve or reduce the utilization of lysine? Metals are widely accepted as
key components of many enzymatic reactions. Indeed, many aminopeptidases, enzymes
which cleave amino acids from the amino-terminus of proteins or peptides, are actually
zinc metalloenzymes (453), thus the levels of these metals can affect amino acid
metabolism. Supplementation with zinc is often greater than recommended (331),
although improvements in growth performance have not been consistently reported (73,
207, 397, 469). Similarly, tissue (Zn) levels were increased following zinc
supplementation (73, 397), however sometimes no effects were seen (469). The different
supplementation levels of zinc may account for these differences. Copper, added as Cu
sulphate (125 — 250 ppm), has also been shown to improve growth in pigs (13, 103, 135,
207), but no data on tissue levels was found. Interestingly, (hepatic) intracellular levels of
zinc did not change following supplementation of zinc (sulphate, 80 or 160 ppm) (469).
These authors also noted no change in tissue levels of zinc; other studies, which reported

increased tissue levels of zinc following supplementation, did not report intracellular
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levels. The effects of supplementing these metals on lysine metabolism or utilization
have not been reported in the literature and deserve further attention.

Van Kempen and colleagues (471) fed adipic acid, a structural analogue of a-
aminoadipic acid, in an effort to reduce lysine degradation and hence improve lysine
utilization, as proposed by Cerdan et al.(65) and van Kempen(470). Although animals
fed a nursery diet supplemented with adipic acid showed an 18% increase in plasma
lysine, no significant change in plasma aminoadipic acid was noted (P<0.10) although
there were numerical decreases. These promising results led to secondary experiments in
which the authors fed a low-lysine diet (70% of the NRC requirement (331))
supplemented with 1% adipic acid. When compared to controls (adequate lysine), or to
low lysine fed animals (no adipic acid supplement), the adipic acid-supplemented group
did not show any improvement in performance. In fact, these animals actually
demonstrated inferior performance to the non-supplemented group. Unfortunately, these
authors did not conduct any tissue metabolism research to help explain their results and
thus point the way for future research.

Taken together, these experiments highlight that while structural analogues may
closely resemble lysine, the biological activity may not be as comparable. Additionally,
those analogues that do not inhibit catabolic enzyme activity directly may exert their
influence at some other level. Therefore, additional research should focus on pathway
regulation across several tissues.

Certain steps of the lysine catabolic pathway are reversible and thus some
catabolites can be “synthesized”. Therefore, many studies have used pathway

intermediates and metabolically related compounds of lysine as potential catabolic
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inhibitors. Saccharopine was shown to competitively inhibit LKR activity in human liver
homogenate (221). Bovine liver LKR (ammonium sulphate purified and crude
homogenate) activity was similarly inhibited by saccharopine (8). Scislowski et al. (403)
noted a significant reduction in the conversion of labeled lysine to '*CO, in isolated rat
liver mitochondria when saccharopine was added to the incubation medium. In studies
using purified LKR from human placenta, Fjellestedt and Robinson (155) showed that
saccharopine was a competitive inhibitor with respect to a-ketoglutarate, non-
competitive with respect to lysine, and finally uncompetitive with respect to NADPH.
These authors further demonstrated that the enzyme was susceptible to substrate
inhibition by high concentrations (> ~5SmM) of a-ketoglutarate. Therefore, from these
last studies, it is apparent that all components of the reaction mechanism become
important in the potential product (and substrate) inhibition of LKR.

Lysine and saccharopine, both structurally similar to arginine and arginosuccinate
respectively, have been shown to inhibit enzymes of the urea cycle (7). Hence the effects
of the urea cycle intermediates on LKR activity are similarly possible. Citrulline was
found to moderately inhibit semi-purified LKR (8). A 20% reduction in activity at 10mM
citrulline was noted. The normal [citrulline] (concentration) in cells is estimated to be less
than 50 uM and plasma [citrulline] to be about 20uM. These are far below the [citrulline]
(concentration) required to elicit inhibition of LKR in vitro (8).

Homocitrulline, structurally very similar to lysine and a natural product of lysine
metabolism (171, 172, 262, 391), was not metabolized in the intact, perfused rat model.
In these studies the liver failed to concentrate the infused homocitrulline, suggesting that

homocitrulline was transported with difficulty either into or from the liver to the
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perfusate. Homoarginine, the subsequent metabolite of homocitrulline, can however, be
metabolized to urea and lysine via the catalytic action of ornithine transcarbamylase
(OTC) (61, 212, 390). Given that OTC is found in the pig intestine (114, 119), it is
possible that homocitrulline absorbed by the intestine (141) can be converted to
homoarginine and transported to the liver or kidney. Once in these tissues, homoarginine
can be acted upon by arginase and metabolized to lysine and urea (390). Furthermore,
both homocitrulline and homoarginine can be derived from (injected) lysine (391). While
homoarginine has been described as a non-metabolizable marker for measuring
endogenous amino acid flow in the gut (209, 319, 339), there have been reports of dietary
homoarginine having some benefits. Addition of 1.0% DL-homoarginine to a lysine-free
rat diet resulted in a limited growth response after a 6-12 day delay (431). In poultry,
ingested homoarginine was distributed throughout the body, but depressed feed intake
(10). In another study, dietary homoarginine did not improve feed intake or weight gain
above the unsupplemented diet provided to control chicks (12). Human liver LKR
(partially purified) activity was decreased by 49% in the presence of 3 mM
homocitrulline (221). Data for the inhibitory potential of homoarginine was not found.
These experiments demonstrate that lysine a-ketoglutarate reductase activity can
be affected by a wide variety of compounds. Unfortunately, similar experiments have not
been performed in a wide variety of species (rat, cow, human) or in all tissues of potential
interest. No data describing porcine LKR and SDH inhibition by any of these compounds

was found in the literature.
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1.4.1 Dietary Effects

One of the primary goals of lysine research in the livestock industry is to improve
the lysine utilization by the animal. One of the goals of the work described in this thesis
was to investigate how to better manage the lysine requirement of the animal.
Implementing dietary regimes encompassing a range of lysine concentrations provides
direct examination of the relationship between LKR/SDH activity and dietary levels of
lysine. Diets providing an excess of dietary lysine to rats have been shown to cause an
increase in LKR activity in rats (160, 219, 321). Muramatsu and colleagues (321)
showed that when dietary lysine levels exceeded the (apparent) lysine requirement for
protein synthesis in rats, hepatic LKR activity increased relatively quickly (within 1-2
days), and plateaued at ~10 days. Following this plateau, LKR activity appeared to
decrease in those animals being fed the highest level of lysine. The increase in activity
was similarly noted in kidney homogenates, but the activity of LKR did not decrease
after 10 days. In comparison, when rats were fed diets deficient in lysine (~ 90%
requirement), the activity of LKR was reduced to presumably basal levels after 2 days
(160). Unfortunately, the authors did not perform a crossover study to investigate how
long the LKR activity would remain at the low (basal) level if the diet was switched to
lysine-adequate or lysine-excess. Similarly, hepatic (10% homogenate) LKR activity
decreased significantly when rats were fed a lysine-free diet, and increased by more than
three-fold when fed a dietary excess of lysine (81). Rats fed protein-free diets did not
demonstrate a decrease in LKR activity compared to controls, however consumption of
graded wheat gluten diets showed that as the gluten concentration increased (and

presumably the availability of lysine) the activity of LKR increased. However at low
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levels of wheat gluten (10%), the activity of LKR was decreased below that seen in a
protein-free diet (81). This may be due in part to the faster absorption kinetics of
synthetic amino acids versus protein bound amino acids. The concentration of amino
acids, and thus lysine, entering the portal blood and the liver will more quickly reach
higher concentrations, high enough perhaps to elevate the LKR activity. That LKR
activity was more dependent on dietary lysine level rather than protein level or source
was likewise acknowledged by Muramatsu (321). Using a mouse model, Papes et al.
(353) demonstrated that both the enzyme activities and mRNA levels for LKR and SDH
(encoded by Mus-Lor/Sdh) increased when L-lysine was injected intraperitoneally.
Conversely, 48 hours after intraperitoneal injection of saccharopine, a 25% decrease in
LKR activity, but no decrease in mRNA levels was seen. Additionally, no change in SDH
activity was seen in these mice. If the saccharopine were acting as an inhibitor of LKR,
interacting at the binding site for lysine, it is plausible that saccharopine bound in this
fashion may be able to interfere with LKR activity, but not be available for SDH catalytic
activity. The authors reasoned that this decrease in LKR activity was the result of a post-
translational modification of the enzyme in vivo and not an in vitro effect. They cited
unpublished data from their laboratory referring to protein phosphorylation modulation of
LKR activity in maize and also similar effects seen in Arabidopsis (237). Thus
saccharopine may act simply as a competitive inhibitor of LKR for lysine, rather than
causing enzyme induction, which is in agreement with the early enzyme data of Hutzler
and Dancis (221).

During starvation experiments, the activities of both LKR and SDH were

increased approximately 50% in mice (353). This increase in activity was paralleled with
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an 80% increase in the Mus-Lor/Sdh mRNA levels. The catalytic activities of LKR and
SDH in mice thus appear to be influenced at the level of transcriptional regulation.
Similar increases in mRNA levels have been reported for other amino-acid degrading
enzymes during starvation (459). Lysine is a ketogenic amino acid and so its degradation
can provide carbon skeletons to fuel the citric acid cycle in situations of limited carbon
supply such as starvation. In this way, lysine degradation can be coupled to the energetic

balance of the cell and the organism.

1.4.2 Transport of Lysine

A broad range of transporters have evolved to facilitate the movement of amino
acids across the many membranes within different cell types depending upon the
physiological state. These transporters have been classified into distinct systems based
upon various criteria including substrate specificity and transport mechanism involved as
well as regulatory properties (for more complete discussions please see the following
reviews (46, 54, 80, 120, 156, 224, 249, 254, 263, 287, 290, 295, 301, 318, 425, 481)).

The transport of cationic amino acids was thought, for a long time, to occur via a
single transporter, system y+ (124). Today, through the use of new molecular and kinetic
approaches, several systems have been described detailing unique and distinct cationic
amino acid transporters with differences in structure, substrate specificity, mechanism,
distribution and regulation. These systems have been summarized in Table 1.3. In short,
cationic (lysine) transport is mediated by both sodium dependent and independent active
transport systems (for an in-depth discussion on cationic amino acid transporters, please

see especially Devés and Boyd (124).
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1.4.2.1 Systemy': the Na+-Independent Cationic Amino Acid Transporter

System y* was initially described, or at least the concept of the system was first
described, as the transporter for cationic amino acids (with a lesser affinity for neutral
amino acids in the presence of Na") during the early work of Christensen et al (76, 77) in
Ehrlich tumor cells and reticulocytes. These descriptions became the paradigm for
cationic amino acid transport and were extended to many other cells and tissues. More
recent evidence (472) has shown that some systems recognize both cationic and neutral
amino acids with high affinity whereas other systems recognize distinctly cationic amino
acids. These observations have led to the question of whether the observations of system
y', described carlier, reflect one transport system or the sum of two separate systems
(124). Originally, Christensen (75) noted that lysine transport was partially (60-70%)
inhibited by phenylalanine, compared to only 20% inhibition of phenylalanine uptake by
lysine. The authors referred to this “lysine accepting system” that could also recognize
neutral amino acids as a “positive-charge tolerant variant of the L system... system L".”
Later, a second system referred to as the “lysine-preferring agency”, named Ly+, had
been distinguished from the original “lysine-accepting agency (L") (79).” When lysine
transport was investigated in rabbit reticulocytes (76), Christensen described a saturable
process for lysine, arginine and ornithine that was different from the Ehrlich cells.
Unfortunately, instead of recognizing two distinct systems in Ehrlich cells and
reticulocytes, the observations were unified into one paradigm — system Ly" (78). It was

more than a decade later before evidence was presented describing a transport system in
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cultured human fibroblasts with marked selectivity toward cationic amino acids (491).
This was where system y~ was first used to indicate that the transport system was not used
exclusively for lysine transport, but also included arginine, ornithine and other cationic
analogs.

The proteins encoding system y " transporters have been named Cationic Amino
acid Transporters, or CAT for short. The first member of the CAT family, mCAT-1, was
identified as the receptor for murine ecotropic leukemia viruses (5). Similarities between
the receptor and certain permeases from Saccaromyces cerevisiae led to the discovery
that the virus receptor was actually a Na'-independent transporter of cationic amino acids
(198). The other CAT proteins (CAT-2A, CAT-2B & CAT-3) have been identified in
different mammalian species including humans (89, 90, 216, 478).

Characteristically, the CATs demonstrate concentration-dependent stimulation of
transport by substrate at the opposite side of the membrane — frans stimulation (198).
While CAT-1 has the most pronounced trans stimulation of the family of proteins, CAT-

2A is relatively insensitive to this type of simulation.

1.4.2.2 Systems B®" and b"": the Na'-Dependent & Na'-Independent Broad-Scope
Transporters

System B*" was originally described in mouse blastocysts and represents the only
sodium (and chloride) dependent transport system for cationic amino acids (473). The
transporter protein, ATB®", has a substrate specificity similar to system b**, but can also
accept small neutral amino acids such as L-alanine and L-serine. ATB®" belongs to a

family of sodium and chloride-dependent neurotransmitter transporters (416). The mouse
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homologue has been detected in the cecum and colon and transports a variety of nitric
oxide synthase (NOS) inhibitors (197). This may be important for regulating
bioavailability of these compounds to particular areas in the hindgut, including regions of
the enteric nervous system in this area. Work by Van Winkle and colleagues (472, 473)
further identified the transport capacity of a sodium-independent and broadscope
transporter that showed high affinity for leucine and lysine and accounted for the
majority of transport of these amino acids at low concentrations (1uM). This system was
designated system b%". This transporter, b AT preferentially utilizes cationic and bulky
neutral amino acids, that do not branch at the a-carbon or the B-C-atom (contrasting the
preferences of system B%"). The b** system has high affinity (Ky, in the pM range) in the
apical membrane of small intestinal and renal proximal tubule (S3 segment) epithelial
cells and a low affinity occurring predominantly in the S1/S2 segments of proximal
tubules (124). The b®"AT functional unit is a heteromer and functions as an obligatory

exchanger like y'L (88).

1.4.2.3 System y+L: The Cation-Modulated Broad-Scope Transporter

Devés and co-workers (125) identified a transport system in human erythrocytes
in which neutral amino acids (leucine) inhibited the influx of lysine (held at uM in these
particular studies) to 50% of the original rate. They went on to demonstrate that lysine
enters erythrocytes via two transport systems: 1) a high-affinity low capacity transporter,
which recognizes leucine and lysine similarly (y'L) and 2) a lower affinity, high capacity

transporter specific for the cationic amino acids (system y").
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Table 1.5 Mammalian Systems of Lysine Transport

System Protein Gene Tissue Expression

K, (lysine)

Notes

Neutral amino acid transporter: sodium-dependent

A ATA3 SCL38A4 Liver cell line(196)

Cationic-amino-acid transporters: sodium dependent

300uM for L-Arg,
no Lys done (196)

First report of a subtype of System A to transport
cationic amino acids

B** ATB™* SLC6A14 Blastocysts, Xenopus laevis
oocytes, fibroblasts (303)

140 uM (473)

~10-13.9 pM (125)

Blastocysts and possibly brush border membrane.
Broad specificity for neutral and cationic amino acids.
Accepts BCH.

Na-independent cationic / Na'-dependent neutral-
amino-acid exchanger. Electroneutral.

y'L y + LAT1 SLC7A7 Placenta, erythrocytes
y + LAT2 SLC7A6
Cationic-amino-acid transporters: sodium independent
% b" AT SLC7A9 Blastocysts, Xenopus laevis
oocytes, fibroblasts (303)
y' CAT-1 SCL7A1 All but liver (198)
CAT-2 SCL7A2
2A Liver, muscle, skin (352)
2B T cell, lung, testis,
macrophage
CAT-3 SCL7A3 Brain (352)

Pancreas, heart, skeletal (352)
CATA4 SCL7A4

muscle, placenta >>>brain,

lung, liver, kidney (352)

1001M (88)

70-250pM (198)

2A:2-5mM (198)
2B:38-380uM(198)
3:40-450uM (198)

4:?

Broad specificity cationic- and neutral amino acid
exchanger.

Cationic-amino-acid (and Na+-dependent neutral
amino acid) transport.

Variable degree of trans-stimulation.

CAT-2 also contains splice variants (42 amino acid
difference) CAT-2A and CAT-2B (89)

Transmembrane transport of lysine is catalyzed by three main systems and five subsystems.
Holotransporter formed upon association with the CD98 glycoprotein encoded by the gene SLC3A1;
**Holotransporter formed upon association with the rBAT glycoprotein encoded by the gene SLC3A2. BCH, a-aminoendobicyclo -[2,2,1]heptane-2-carboxylic

acid.
Table adapted from Table 1 (224).



1.4.2.4 Lysine Transport as a Regulator of Lysine Oxidation

Lysine a-ketoglutarate reductase and saccharopine dehydrogenase have, as
mentioned earlier, been localized to the mitochondrial matrix of the rat liver. The authors
suggested that transport of lysine into the matrix was a prerequisite for lysine catabolism
(35). Their arguments were based on findings in ornithine catabolism which
demonstrated a transport limitation (91, 302) into the mitochondrial matrix and also that
the ornithine degrading enzymes, ornithine transcarbamylase and ornithine
aminotransferase are localized to the mitochondrial matrix. Blemings et al. (35) listed
four factors in support of their transport regulation premise: i) The enzymes LKR and
SDH are localized to the mitochondrial matrix; ii) Fibroblasts from hyperlysinemic
patients had normal enzyme activities of LKR and SDH but demonstrated a 50%
decrease in the oxidation of lysine (350); iii) Uptake of ornithine, a cationic amino acid
like lysine, was a controlling feature of ornithine metabolism; iv) Transport rates of
lysine into mitochondrial matrices were not increased when the rats were fed a high
protein diet (60% casein), unlike the LKR and SDH activities, which were significantly
increased (36). Using a variety of calculations, Blemings et al. (35) (Table 3 therein)
showed that as dietary protein content increased, the amount of oxidized lysine increased
but did not differ from the amount (of lysine ) transported into the mitochondria.
However, the activities of LKR and SDH under these parameters, predicted a
significantly greater flux of lysine through the pathway, and hence a greater amount of
lysine oxidized. Therefore, the authors (35) concluded, that the oxidation of lysine was

limited by the amount of lysine being transported into the mitochondrion. These data
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suggest that lysine uptake into mitochondria may provide a regulatory limit on the
potential catabolism and subsequent oxidation of lysine.

While the importance of lysine transport as a significant regulator of lysine
catabolism is acknowledged, the studies were limited to the liver of the rat. The same
transport limitation may not be as prevalent in other tissues such as the kidney, muscle or
brain. Unlike rats, pigs and chickens as well as other organisms (trout) have been selected
for optimal performance parameters, including a high rate of protein synthesis. These
selection parameters may influence the impact of transport regulation on lysine
catabolism. Furthermore, growing animals have very different lysine requirements than
animals at maintenance and therefore, the transport limitation may be a function of age.
These questions indicate that while transport of lysine to the environment of the lysine
catabolic enzymes is important, there are many more questions about the interactions of

age, tissue and organism on this regulatory mechanism.

1.4.3 Hormonal Influences on Lysine Metabolism

Hormones, by affecting the turnover rates of key proteins through signal cascades
or direct interaction, can modulate cell differentiation and growth (118). Thus hormones
can direct the flux of particular substrates through metabolic pathways. De Feo (118)
reviewed the hormonal influences on human protein metabolism. Table 1.4 provides a
summary of the reviewed data on leucine, with an additional column for lysine.

These data indicate that different hormones play different roles in protein
synthesis and hence in the oxidation of amino acids. Relatively few studies have been

performed examining hormonal influences on lysine oxidation, a surprising deficiency,

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 1.6 Hormonal Effects on Whole-body Protein Synthesis and Breakdown and
the Rates of Leucine and Lysine Oxidation in Humans.

Hormone ' Protein . Amir.lo Acid Oxidat'ion
Synthesis Degradation Leucine Lysine
Adrenaline =! | ! ?
Androgens =/1 =/1 ) ?
Glucagon =/ =/1 T !
Glucocorticosteroids = 1 ) ?
IGF-1 J ! =/ ?
Insulin J ! =/ ?
Thyroid hormones ) 1 ) ?
Somatotropin ) J ? !
1Symbols : =, no change; 1, increase or up-regulation; |,decrease or down regulation.

given the nutritional importance of lysine. Glucagon, has been shown to increase
oxidation of leucine (118) and has been shown to similarly influence lysine oxidation.
Scislowski and colleagues (403) demonstrated that the activity of the first three enzymes
in the lysine oxidative pathway in rat liver mitochondria were increased 107%, 80% and
23% respectively by glucagon treatment (rats were killed 30 minutes following a single
injection of glucagon). In contrast, Hussein and Muller (219) injected glucagon twice
daily for three days and found a 40% decrease in LKR activity after 24 hours but normal
activity after 72 hours. After 168 hours (one week) the daily glucagon administration
caused a significant (150%) increase in LKR activity compared with control rats (219).
Others showed that glucagon stimulated LKR activity by 2-3 fold in both the adult rat
liver and brain (374). Somatotropin (growth hormone), used to increase protein synthesis
in the absence of dietary manipulation, reduced whole body lysine oxidation in female

rats by 40% (166). No research was found in the literature reporting the effects of the
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other hormones listed in Table 1.4 on lysine oxidation. Very clearly there is a need to

provide this information.

1.4.4 Aberrant Lysine Metabolism

Genetic-based aberrations and clinical problems in lysine catabolism have been

described and a concise review is available (99). Investigations examining the metabolic

loci, to explain clinical manifestations of hyperlysinemia, eventually led to the conclusion

that the saccharopine pathway was the main route of lysine degradation (108) and that the

pipecolic pathway was a secondary, overflow pathway (99). To date, defects of each of

the enzymes in the pathway have been linked to various disease states (Table 1.5). Of

note, there is a description of defective mitochondrial transport of lysine leading to

hyperlysinemia (350). A similar defect in an ornithine mitochondrial transporter has

likewise been described(56, 183,213, 227, 259, 349, 351).

Table 1.7 Abnormalities in Lysine Catabolism

Enzyme name Adverse Effects Associated with ~ Reference
Inborn Error
Lysine-ketoglutarate ~ Challenged mental development Hyperlysinemia (108, 467,
reductase (nil to severe), convulsions, poor growth, 496, 498)
anemia, muscular & ligament asthenia
Saccharopine Challenged mental development Saccharopinuria, (146)
dehydrogenase Hyperlysinemia
Aminoadipate- Degenerative neurological disease and Hyperpipecolatemia  (170)
semialdehyde hepatomega]y
dehydrogenase
Aminoadipic Challenged mental development a-Aminoadipic (153)
aminotransferase aciduria
Ketoadipic Challenged mental development, Ketoadipic aciduria (361, 371,
dehydrogenase psychomotor and speech retardation, 489, 495)
seizures, hypotonia, dysmorphic features
Glutaryl-CoA Neurodegeneration, psychomotor Glutaric aciduria (210, 258,
decarboxylase retardation 272, 443,
507)

Adapted from Dancis et al, 1976 (109).
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The aberrations in lysine catabolism illustrate that lysine is primarily catabolized
via the saccharopine pathway. That other animals are susceptible to similar inborn errors
of metabolism is presumed, although finding clinical examples in these animals would be
highly unlikely. Most of the defects in lysine catabolism lead to neural degeneration,
dysfunctional motor control and delayed development and growth; these phenotypes
would ultimately mark any domestic animal as substandard. Because domestic animals
with these defects demonstrate a low growth rate and abnormal behaviour they would be
culled or die before reaching market weight or breeding age. Research on lysine
catabolism would benefit from an animal model of genetic defects in lysine catabolism.
Domestic animals raised for meat would have a very low prevalence for any of the
defects due to intense selection pressure. Therefore “wild-type” or unselected populations
would present an increased chance of success. Simple urine testing for abnormal lysine or

lysine catabolite concentrations would be a diagnostic.

1.4.5 Functions of Lysine Other than Protein Synthesis

The majority of the research on nutrition of domestic animals relates primarily to
the goal of improved utilization of lysine for protein synthesis. However, several studies
elucidated alternate roles for lysine. One of the most important roles for lysine is the
synthesis of the mitochondrial fatty acid carrier carnitine. Lysine-HCI supplementation to
swine diets and to human populations consuming mainly grain-based diets has been
shown to reduce stress (419, 429). The possible link between lysine and

hypercholesterolemia is also very interesting.
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1.4.5.1 The Carnitine Connection

Carnitine (L-3-hydroxy-4-N,N,N-trimethylaminobutyrate), an essential metabolite
in intermediary metabolism, plays a number of significantly important roles. Most
prominent perhaps is the transport of long chain fatty acids from the cytosol into the
mitochondrial matrix, facilitating the process of 3-oxidation. Products of peroxisomal 3-
oxidation (acetyl-CoA) are also transferred to the mitochondria by carnitine-facilitated
transport for further catabolism in the Krebs’s cycle (for further details on mammalian
carnitine metabolism, the review by Vaz and Wanders (477) is recommended).

Lysine forms the backbone of carnitine and methionine provides the 4-N-methyl
groups (98, 214, 450). Carnitine synthesis begins when the e-amino group of protein-
bound lysine is trimethylated; this occurs as a post-translational event in particular
proteins such as calmodulin, myosin, actin, cytochrome ¢ and histones (477).
Methyltransferases (specific to the protein in which lysine is bound) catalyze the transfer
of a methyl group from S-adenosylmethionine (SAM) to the e-amino group of the
protein-bound lysine moiety. Following the formation of the trimethylated lysine, a series
of reactions proceed to generate carnitine (Appendix 8.2); the reactions in the pathway
have been extensively reviewed elsewhere (60, 375, 477). Dietary sources account for
approximate 75% of carnitine in omnivorous man, the remaining 25% being derived from
de novo synthesis from protein-bound lysine (477). In comparison, strict vegetarians
synthesize ~90% of carnitine de novo; thus most growing animals who are normally fed a
primarily vegetarian diet, would have to synthesize the vast majority of required
carnitine. The synthesis of carnitine from free lysine has been explored in different

models (11, 215, 451) and under “normal” conditions has been considered to be very
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small proportion of total lysine requirement, < 1% of the total lysine intake (451).
However, a lysine-deficient diet (126, 261, 451) or genetic or medical aberration (leading
to a requirement for total parenteral nutrition for example) eventually leads to decreased
levels of carnitine in several tissues of the body (31, 130, 447) (with the exception of the
liver). This decreased tissue carnitine concentration suggests that the synthesis of
carnitine is sensitive to dietary lysine intake. When lysine intake was deficient, release of
lysine from protein breakdown was conserved for required protein synthesis rather than
carnitine synthesis in extra-hepatic tissues. Furthermore, excess lysine has been shown to
actually decrease plasma carnitine but to increase the carnitine precursor trimethyllysine
(113). The authors suggested that in this scenario, the excess dietary lysine would spare
more endogenous lysine for carnitine synthesis, while maintaining protein synthesis.
Several studies have shown the beneficial effects of supplementing pig diets with
L-carnitine (30, 199, 200, 322, 348). Other studies have shown contrasting results. For
example, Cho et al (74) observed no appreciable improvement in the performance of
newly weaned pigs when 1000 mg/kg carnitine was supplefnented. Benefits from added
carnitine are most likely due to improved lipid oxidation and hence energy metabolism

by the animal as opposed to sparing of dietary lysine for protein synthesis.

1.4.5.2 Lysine and the Stress Response

The exact nature of the relationship between gastrointestinal and metabolic
function and stress remains unciear, yet it is known that stress can exacerbate
complications of either (423). Many housing and farming practices inherent to the
modern swine industry increase the stress levels of pigs. Restricted floor space,

regrouping, weaning, air quality, and transportation are among some of the several
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stressors that can lead to compromised endocrine and immune function in pigs; ultimately
detrimentally affecting growth, meat quality and the welfare of these animals (429).
Several lines of evidence are now pointing towards possible roles for lysine to counter
these various stressors.

Acting as an inhibitor of arginine uptake, lysine supplementation in excess of
requirement has been shown to limit nitric oxide (NO) overproduction in endotoxic shock
in rats (281). Similar scenarios have been documented in neonatal piglets (62). During
periods of stress, the requirement for L-arginine by inducible nitric oxide synthase
(iNOS) may exceed availability from intracellular depots and may depend upon the
extracellular availability of L-arginine. Regulation of iNOS then is dependent upon L-
arginine transport into the cell via CAT (y+) proteins (281). Because L-lysine is
transported by similar transport systems as arginine (Table 1.2) it may actively inhibit
extracellular arginine uptake.

A series of investigations have demonstrated plausible links among lysine and
several stress hormones. Chronically administered lysine in mice acted as a partial
agonist on central benzodiazepine receptors (71) resulting in an anticonvulsant effect that
diminished after ten days. Lysine imbalances have also been shown to affect central
neurotransmitter systems (norepinephrine and serotonin) (177, 420, 421) and brain areas
(the amygdala and the hypothalamic region) (420) that are implicated in regulation of
stress and anxiety.

Using restraint stress on rats (appendages wrapped in adhesive tape), Smriga and
colleagues showed that lysine administration could depress pathologies of stress,

including incidence of diarrhea (422) and fecal output (422). Following restraint stress in
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rats, plasma corticosterone was reduced using a mixture of lysine and arginine (424).
Following these experiments, Smriga and Torii (422) began to decipher the mechanism
by which lysine affected the stress response. Noting that aberrant serotonin (5-
hydroxytryptamine, SHT) responses were involved in stress-induced anxiety and
gastrointestinal disorders, and that the 5-HT}4 receptors were localized throughout the
intestine, these researchers thought an “interesting candidate™ to blunt these effects would
be lysine. Their results suggest that lysine may indeed be a partial 5-HT4 antagonist,
blocking the binding of 5-HT by almost 10%. Based on the results of the earlier work
implicating lysine and arginine in reducing stress responses, it was hypothesized that
fortifying a finishing-pig diet with lysine and arginine in the week preceding slaughter
would reduce the stress associated with transportation to market (429). The results
demonstrated that the fortified diet reduced plasma cortisol levels (8h) prior to and (8h)
following transportation. In addition, the pigs demonstrated a reduction in stress-induced
anxiety behaviour that translated into improved/safer handling of the animals. The
animals receiving the lysine-arginine fortified diet were larger (~1 kg) but this increase
was not significant. If additional supplementation of lysine and arginine in the week
preceding slaughter serves to improve animal welfare (via stress reduction), then this

practice would appear to be important for producers of domestic livestock to consider

1.4.5.3 Lysine and Hypercholesterolemia

Animal proteins such as casein are more hypercholesterolemic than soy protein or
other plant proteins (58, 442). This fact is readily apparent in rabbits fed low-fat,
cholesterol free, semi-purified diets (268). A series of studies by Carroll and co-workers

(59, 179, 180, 217, 266-268) have suggested a role for essential amino acids, notably
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lysine, arginine and methionine, in the regulation of hypercholesterolemia. Summarizing
the results of several experiments (265, 266), it was shown that when rabbits were fed
diets enriched (3-fold over control) with selected essential amino acids, all essential
amino acids, except arginine, had hypercholesterolemic potential; lysine and methionine
seemed to be the most potent. Later work by these authors showed that although dietary
methionine enhanced the effect of lysine (268), causing a further increase in serum
cholesterol and liver phospholipids, addition of arginine to the lysine plus methionine-
enriched diet partially prevented the increase in serum cholesterol and liver phospholipids
(180). Mechanistically, these effects may be explained by a down-regulation by amino
acids of hepatic LDL receptors (72, 265-267) and increased synthesis of LDL
apolipoprotein B (247).

The effects of dietary lysine on cholesterol represent another facet of lysine
metabolism outside of its role as a substrate for protein synthesis although the mechanism
is unclear. Also highlighted is the fact that many of the essential amino acids participate

in various metabolic functions as groups rather than individual facilitators.

1.5 Summary

Highlighted and emphasized throughout the Introduction is the complexity that is
associated with the control of lysine utilization, metabolism and catabolism. The
bifunctional nature of the LKR enzyme protein controlling the rate-limiting step” in the

degradative pathway indicates that the regulation of lysine catabolism is under tight

" LKR is understood to be a metabolic control point in the catabolism of lysine, based upon the Ky of the
enzyme for lysine compared to the Ky of the other enzymes in the pathway. Other factors, including
transport of lysine are also rate-limiting, we shall use this term in accordance with convention recognizing
the above restrictions.
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control. Mixed with the demands of the industrial sector for improved lysine economics,
is the academic quest for a greater understanding of how amino acids, and their
metabolism, allow the rates of protein synthesis and degradation to achieve a homeostatic
balance. To say that we do not understand fully the roles of amino acids, and lysine in
particular is an understatement. More research is needed to delineate both general and
specific aspects of lysine metabolism including: intracellular transport mechanisms, inter-
organ metabolism, the influence of transcriptional and translational controls, the effects
of various hormones, the effects of catabolites (both from lysine and other amino acids
(e.g. tryptophan), regulatory changes during age and development (e.g. growth versus

maintenance), gender, species, genetic selection (especially in domestic livestock).
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2 General Hypothesis of the Thesis

Lysine, an essential dietary amino acid, is found in low concentrations in the
cereal grains that constitute the major portion of diets fed to growing pigs. More
specifically, the low concentration of lysine in these grains is low enough to limit the rate
of protein synthesis. This causes several problems. Initially, the low lysine concentration
results in all other amino acids being in excess, hence they must be degraded by the
animal. This results in wasted nutrients and energy by the growing animal. These wastes
spill into the environment, a fact that must be considered by the livestock industry. Any
practice that does not, in some way, improve the performance of the animal costs the
producer money. To combat this problem, synthetic lysine is added to the diet to meet the
demands of protein synthesis. Unfortunately, the lysine requirements of individual pigs
varies quite substantially. The old adage that more is better does not apply; excess lysine
does not improve performance in a linear fashion. After a critical point, excess lysine will
have a negative effect on performance. Furthermore, synthetic lysine is expensive and as
such it is more likely that lysine, in a typical pig diet is very seldom in excess.
Experiments using radioactive tracers to measure lysine oxidation have shown that the
basal rate of lysine degradation does not decrease until lysine falls below 60%-70% of
requirement. Not only is this counter-intuitive, but contrasts with the degradation of other
indispensable amino acids which decrease rapidly to a lower rate when the intake of the
amino acid is below requirement. This difference indicates that the breakdown of lysine
is tightly controlled and quite possibly the catabolites may be important for alternate, as
yet unknown, metabolic roles. Mechanisms regulating the breakdown of lysine in

mammals remain poorly understood.
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At the cellular level, lysine degradation is controlled by both lysine transport into
the mitochondria, and by those enzymes catalyzing its breakdown. The so-called rate-
limiting enzyme is the bifunctional protein, a-aminoadipic semialdehyde synthase,
constituting the activities of a-lysine ketoglutarate reductase and saccharopine
dehydrogenase. Once acted upon by these enzymes, lysine cannot be utilized for protein
synthesis because this step is irreversible in animals. As with mechanisms indirectly
affecting the rate of lysine degradation, the mechanism of enzymatic catalysis is unclear.
Research investigating the plant isoform of this enzyme-pair has revealed a complex
network of regulation. Mechanistically, catalysis is facilitated by a Ca**-driven
phosphorylation activation of the enzyme. The activation mechanism for the mammalian
isoforms has not been described.

Delineation of the mechanisms that regulate activation and catalysis would
provide the necessary knowledge and insight to begin manipulation of key components of
the pathway. Understanding the metabolic responses of lysine catabolism under key
environmental stressors (e.g. lysine limitation, weaning, transportation) will enable
researchers to define strategies to reduce lysine supplementation or at least to better
manage lysine supplementation to livestock. These strategies may take advantage of, for
example, potential inhibitory compounds that slow the rate of activity of the key enzymes
in the degradative pathway. In this way, feeding regimes that incorporate addition of
candidate lysine catabolic regulators may be devised.

Typically, the liver has been considered to be the sole organ of importance when
discussing lysine breakdown. This premise was built upon techniques that were not

sufficiently sensitive to adequately measure lysine degradation at the cellular and
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organelle level in all tissues. However, based upon more current in vivo and in vitro data,
we hypothesize that extra-hepatic tissues including kidney, muscle and intestine can
significantly contribute to the overall degradation of dietary lysine. These contributions
need to be considered when discussing whole-body lysine utilization and degradation.
Our goal was to examine the regulation of lysine catabolism at the cellular level in
different tissues to provide a more complete understanding of mechanisms that play key

roles in defining lysine utilization in growing animals.

Hypotheses
* Lysine catabolism is regulated by LKR activity.
» Extra-hepatic tissues in pigs and chickens can catabolize lysine.

* (Catabolized lysine in extra-hepatic tissues is a relatively important
component of whole body capacity for lysine degradation.

* Age affects lysine catabolic capacity in the pig.
* Increasing dietary lysine intake increases lysine catabolism.

* Metabolically and structurally related compounds can affect the capacity
for lysine catabolism.
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3 Enzyme Kinetics and Cellular Regulation of Lysine
Catabolism in Tissues of the Pig

3.1 Abstract

One of the key regulators of lysine catabolism in pigs is the activity of lysine a-
ketoglutarate reductase (LKR), the rate-limiting enzyme in the lysine catabolic pathway.
Past research indicated that activity of this enzyme was predominantly hepatic; more
current in vivo data suggest that other tissues can also significantly catabolize lysine. We
sought to describe the extra-hepatic activity of LKR in various tissues of the pig. Using
mitochondria from various tissues of market age pigs, we measured the activity of LKR
and saccharopine dehydrogenase (SDH). Liver mitochondria had the highest LKR
activity, but appeared to be subject to substrate inhibition. Mitochondria from muscle,
kidney, heart and intestinal epithelial cells all had measurable LKR activity. LKR activity
was significantly inhibited by a variety of compounds including saccharopine, a-
aminoadipate, a-ketoadipate, 5S-hydroxy-L-lysine, and different metals. Oxidation of
lysine to '*CO, was demonstrated in mitochondria isolated from liver, muscle and
intestinal epithelial cells. Antibodies against the enzyme provided evidence of the protein
localization in different tissues. Our results demonstrate that lysine degradation in extra-
hepatic tissues, most notably in cells of the intestine and muscle, should be considered

significant when discussing whole-body lysine utilization.

3.2 Introduction

Efficient utilization of the indispensable amino acids is of great importance in

swine and poultry production. This is especially true for lysine, often the first limiting
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amino acid in cereal grains, which are used as the major constituent of most animal
feedstuffs. Consequently, crystalline lysine (Lysine-HCI) is added to the diet to meet the
dietary requirements for optimal growth and protein deposition, demanded by animal
production. Until recently, nearly all of the lysine research focused on dietary
manipulations (e.g. optimizing grain mixtures, inclusion of synthetic amino acids) to
enhance and optimize parameters like growth, feed efficiency or carcass weight. In fact,
very few investigations have examined the regulation of dietary lysine utilization.
Determination of cellular factors and molecular pathways controlling the metabolic fate
of this limiting essential amino acid may be the key to truly optimize future lysine
supplementation and utilization.

Lysine ketoglutarate reductase (LKR; EC 1.5.1.8) and saccharopine
dehydrogenase (SDH; EC 1.5.1.9) catalyze the initial reactions in the main metabolic
route of lysine catabolism in mammalian tissues (Figure 1.3). Known as the saccharopine
or a-aminoadipate semialdehyde pathway, the degradation of lysine begins with the
condensation of the amino acid with a-ketoglutarate, yielding saccharopine [e-N-(L-
glutaryl-2)-L-lysine]. The dehydrogenase activity then catalyzes the oxidation of
saccharopine to a-aminoadipate 6-semi-aldehyde and glutamate. These initial reactions
have been ascribed to a single polypeptide entity, a-aminoadipate §-semialdehyde
synthase (292), and have been demonstrated in a variety of tissues (221) and species
including humans (221), cattle (8, 292), rats (34-36), mice (203, 353), poultry (289) and
trout (483).

The main site of lysine degradation is generally accepted to be the liver; LKR

activity in most other tissues is considered to be lower or negligible (220, 221). However
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in vivo data (434-438, 468) from portal balance studies suggested that the small intestine
contributes significantly to the utilization of dietary essential amino acids, most notably
lysine, leucine, threonine and methionine. These reports estimated that the intestine
utilizes as much as 30% of the available dietary intake of lysine. The complete fate of this
utilized lysine remains unclear, however Stoll and colleagues (438) suggest that no more
than 40% of the enteral lysine utilization was directed to protein synthesis by the
intestine. Thus the possibility of the remaining lysine being catabolized, presumably as an
energy source, is plausible. However, no direct evidence to support the presence of
lysine catabolic enzymes in the intestine has been demonstrated (501).

Past research indicating no or negligible LKR activity in the intestine has
typically utilized mucosal scrapings or homogenates of intestine as the primary source of
intestinal tissue for enzyme analysis (221). The gel-like properties of the mucosa within
these types of samples, especially when goblet cells are induced to secrete mucin, make
sub-cellular fractionation and hence the determination of mitochondrial enzyme activity,
extremely difficult. Hence, it is possible that the activity of LKR measured in these
experiments was greatly underestimated.

Our main objective was to compare the extra-hepatic and hepatic activities of
lysine a-ketoglutarate reductase, the primary enzyme of lysine catabolism, in the pig. As
the primary site of lysine degradation, we described the kinetic characteristics of hepatic
LKR and SDH. For comparison, we investigated hepatic LKR activity as well as
mammary gland LKR activity in the lactating pig. In addition, we improved the

procedure for isolating intestinal-cell mitochondrial-protein and determined that mucosal
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epithelial cells of the intestine could indeed catabolize lysine via the saccharopine

pathway.

3.3 Materials and Methods

3.3.1 Animals and tissue sampling

Adult market size pigs (110-120kg) from a commercial abattoir (Edmonton
Custom Packers, Edmonton, AB, Canada) were used for tissue sampling. Animals were
killed by normal commercial practice; application of high voltage directly to the brain
area, followed by immediate exsanguination. Jejunal sections from the small intestine
were excised from the animals and stored in cold PBS/5SmM DTT (pH 7.4). Samples of
liver, kidney, muscle and heart were also obtained from the same animals and stored in
ice cold 0.3M mannitol /ImM EDTA. The samples were immediately (~45 min)
transferred to the laboratory on ice for further processing.

Tissues from lactating gilts at the Swine Research and Technology Centre
(SRTC), were obtained at 19-21 days of lactation, after animals were killed by captive
bolt administration to the cranial area, followed by exsanguination. Tissues were placed
in ice-cold buffer and transported to the laboratory on ice. These animals were killed as
part of ongoing research at the SRTC; all protocols were approved by the Faculty Animal
Care committee, and were in accordance with procedures outlined by the Canadian

Council on Animal Care.

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3.2 Isolation of intestinal mucosal epithelial cells

Intestinal epithelial cells were prepared using modifications of previously
described methods (195, 293, 486) to investigate LKR activity in the intestine. A section
of small intestine was obtained and transported to the laboratory in ice cold phosphate
buffered saline with protease inhibitor cocktail added (PBS: 137mM NaCl / 2.7mM KCl/
4.3 mM Na,HPO4 / 1.4 mM KH,PO4/ 5 mM dithiothreitol (DTT). The section was rinsed
(1X) with fresh cold PBS to remove any remnants of digesta and then rinsed (3X) with
fresh oxygenated (19:1 0,:CO,; Carbogen) Krebs-Henseleit Ca**-Free buffer (121mM
NaCl, 4.7mM KCl, 1.2mM MgSOQOy4, 1.2mM KH,PO4, 25.2mM NaHCO3) containing 20
mM Hepes (pH 7.4), 5 mM EDTA, 20 mM DL-glucose, 2.1 mM lactate and 0.3 mM
pyruvate (KHB buffer) / 5 mM DTT. The intestinal section was then filled with pre-
warmed (37°C) oxygenated KHB (Ca?*-free)/DTT, sealed with clamps and immersed in a
container filled with the same buffer. This system, with continuous Carbogen gassing,
was then shaken for 45 minutes at 37°C with gentle massaging of the sealed intestinal
sections at regular intervals. The resulting cell suspensions were filtered through 2 layers
of cheesecloth and centrifuged for 3 minutes at 400x g, 4°C. Cells were washed 3 times
in fresh oxygenated KHB buffer. At this time the cell viability was assessed by Trypan
blue exclusion; preparations routinely demonstrated >90% viability. See also appendix

8.4.1 for a complete description of the methods.

3.3.3 Isolation of mitochondria

The re-suspended mucosal epithelial cell pellet [in 250mM sucrose/5SmM

HEPES/5mM DTT (pH 7.4)] was then transferred to a cold Dounce homogenizer
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(Wheaton Science Products, Millville, NJ) and the cell suspension disrupted by 8 passes
of pestle A followed by 8 passes of pestle B. Mitochondria from the cells were then
obtained by differential centrifugation according to previously published methods (293).
The final mitochondrial pellet was re-suspended in 0.3M mannitol/2mM DTT.

All other tissues were weighed and then homogenized (VirTis tissue
homogenizer, VirTis, Gardiner, NY) (1.0 g tissue / 5 mLs of buffer). Mitochondria were
then isolated by differential centrifugation (221, 323, 403). Mitochondria from lactating
mammary gland were similarly isolated according to published methods (304).
Mitochondrial pellets were re-suspended in 0.3M mannitol. See also appendix 8.4.2 for a

complete description of the method.

3.3.4 Lysine Ketoglutarate Reductase Assay

The initial step in lysine degradation was measured according to published
methods (403) and modified to a 96 well microplate format (Spectramax 190, Molecular
Devices Corp., Sunnyvale, CA). Oxidation of NADPH to NADP" was measured
spectrophotometrically at 30°C using an extinction coefficient of 6.22 M'ecm™ (221). The
reaction mixture contained 0.125 mM NADPH, 10 mM L-lysine, 7.5 mM a-
ketoglutarate, 100 mM HEPES, pH 7.8 and 300 pg of solubilized mitochondrial protein
(0.2% (v/v) Non-Idet P-40). The reaction commenced with the addition of NADPH. The
assay was linear with time and protein concentration and optimized for substrate
concentrations of lysine and a-ketoglutarate. See also appendix 8.4.3 for a complete

description of the assay.
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The conversion of lysine to saccharopine was confirmed by HPLC analysis
(Appendix 8.5.4.2, Figure 8.7, Table 8.1). Mitochondria (disrupted) were incubated (as
described above) for 15 minutes. Samples were deproteinized with 20% (v/v) perchloric
acid, centrifuged (15000xg, 5 minutes) and aliquots taken for HPLC analysis. Amino
acids were separated and quantified using a pre-column o-phthaldialdehyde procedure
(298); ethanolamine and f-amino-n-butyric acid were used as internal standards. L-
saccharopine and a-aminoadipate were added to the amino acid standard profile (Sigma

#AAS18) for direct comparison.

3.3.5 Saccharopine Dehydrogenase Assay

The activity of saccharopine dehydrogenase was measured in a similar fashion to
LKR (403) and adapted to the microplate. The reduction of NAD" to NADH was
measured in a reaction mixture containing 2.0 mM L-saccharopine, 2.0 mM NAD", 50
mM Tris/HCI, pH 9.4 and using an extinction coefficient of 6.22 M'em™. Addition of
saccharopine was used to start the reaction. Activity of SDH was linear with time and

protein concentration at 30°C. See appendix 8.4.4 for a complete description of the assay.

3.3.6 Inhibition Assays

For inhibition studies of either enzyme, potential inhibitors were added prior to
the addition of protein. Controls were treated in exactly the same manner with the

exception of substituting an equal volume of deionized water for inhibitor.
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3.3.7 Protein Determination

Protein concentrations of mitochondria and intact mucosal epithelial cells were
determined by the Bicinchoninic acid (BCA) technique (Sigma-Aldrich, BCA1). BSA

(Fraction V, Sigma-Aldrich) was used as a standard.

3.3.8 Lysine oxidation

Intact intestinal epithelial cells or IEC mitochondria, as well as liver, heart and
muscle mitochondria were used to examine the oxidation of radiolabeled lysine to "*CO,.
Assay conditions were based upon previously described methods (403); each data point
was performed in duplicate for a minimum of three separate experiments. The oxidation
media contained 60 mM KCl, 25 mM KHCO3, 25 mM TEA-HCI (pH 7.6), 10 mM NaCl,
5 mM MgCl,, 5 mM K,;HPO4, 2 mM ADP, 1 mM EGTA, 5 mM sodium succinate, 5 mM
sodium citrate, 3 mM o-ketoglutarate, 0.1 mM malate (sodium salt), 130 mM mannitol,
40 mM sucrose, 0.5 mM lysine and 0.5 uCi of either 1-14C-lysine or U-"C-lysine per
reaction. Oxidation media was titrated to pH 7.6 and made fresh each day immediately
prior to use. The oxidation was performed in 25ml Erlenmeyer flasks using 2ml of
oxidation media and 1ml of protein added to start the reaction. Flasks were sealed with
rubber stoppers, which had a center well containing 300uL of CO, absorber (ethylene
glycol monomethyl ether: ethanolamine, 2:1, (v/v)).

Oxidation assays were performed for 3 hrs at 30°C in a shaking water bath, at the
end of which the reaction was stopped by injecting 1ml of ice cold 20% (v/v) HCIO4. The
flasks were then allowed to continue shaking in the water bath for an additional 60 min to

ensure complete collection and trapping of '*CO,. Complete center wells were then
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transferred to scintillation vials, mixed with 5 ml of Atomlight (Packard BioScience B.V.,
Groningen, The Netherlands) and the radioactivity counted in a liquid scintillation
counter (Beckman LS 5801, Beckman Coulter Canada Inc., Mississauga, ON).

Perchloric acid (20% (v/v), ice cold) was added to flasks prior to protein addition
for zero time controls and non-radioactive (cold) lysine controls were performed with
each experiment. The oxidation assay was validated for linearity with respect to time and

protein concentration.

3.3.9 Lysine oxidation in different mucosal epithelial cell preparations

The epithelial cell isolation procedure yielded adequate numbers of viable, intact
cells. However, the quantity of mitochondrial protein recovered from the epithelial cells
was not sufficient to perform all necessary oxidation experiments; thus intact mucosal
epithelial cells were used for the lysine oxidation assays. In order to compare the
differences in oxidation rates between tissues on the same basis (mitochondria) and
between the epithelial cell preparations and IEC mitochondria, we conducted lysine
oxidation studies in intact epithelial cells, cell homogenates and epithelial cell

mitochondria.

3.3.10 Chemicals

L-[1-"*C]-lysine (Specific activity 54mCi/mmol) was purchased from American

Radiolabeled Chemicals, Inc., St. Louis, MO. L-[U-'"*C]-leucine (Specific activity

*We were conducting experiments measuring '*CO, production from labeled lysine, valine, leucine,
isoleucine and ketoisocaproic acid (Elango et al., submitted). To meet the demands, it was necessary to
utilize whole intact IEC. To obtain sufficient additional mitochondria, the numbers of animals required
would have more than doubled, with no increase in the experimental n.
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58mCi/mmol) was purchased from Amersham Biosciences Corp., Piscataway, NJ. All
other laboratory chemicals were purchased from Sigma (Oakville, Ontario) unless

specified otherwise.

3.3.11 Statistical analysis

Data are presented as means £ SEM. One-way and repeated measures ANOVA
(SAS/STAT version 8.01, SAS institute, Cary, NC) was performed employing PROC
GLM procedure with the specific activity of enzyme rates assessed by least square means
procedure. For inhibition experiments, all treatments were compared to controls using
Dunnett’s multiple comparison test. Data was considered significant at P <0.05. Enzyme
kinetic regression was assessed using classical Michaelis-Menten and substrate inhibition
kinetic equations (equation details in section 3.4.1) using Prism 4 for Macintosh, version

4.0b.

3.4 Results

3.4.1 Kinetic Analysis of Lysine a-Ketoglutarate Reductase and
Saccharopine Dehydrogenase

Assay conditions (pH, time, protein) were optimized for measuring LKR and
SDH activities in porcine tissues, and activities were measured in the linear range of time
and protein concentration (Figure 3.1A-D). Assays were routinely terminated after 15
minutes.

The data for hepatic LKR activity did not demonstrate classical Michaelis-Menten

kinetics; rather substrate inhibition was noted at lysine concentrations greater than 15
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mM (Figure 3.2A). Lineweaver-Burke analysis of the data gave a graphical solution
representative of substrate inhibition (Figure 3.2B). Using kinetic data obtained at lysine
concentrations less than 15 mM, analysis by the Lineweaver-Burke regression estimated
Vmax at 4.2 nmol/min/mg; K, was estimated at 12.7 mM (the linear regression solution
= 0.9130).

Saccharopine dehydrogenase activity was examined in the liver and demonstrated
classical Michaelis-Menten solutions (Figure 3.2 C,D). Vmax Was estimated at 11.22
nmol/min/mg ; the K, was estimated at 1.41 mM using the Lineweaver-Burke analysis
(the linear regression solution ’=0.9737).

LKR kinetic analysis was conducted in IEC mitochondria as well. The effect of
high lysine was very subtle and whether IEC LKR was substrate inhibited was not clear
(Figure 3.3). The Michaelis-Menten kinetic analysis, based on the classical equation,
velocity = (Vimax*X)/(Km + X), provided a significantly better fit of the data (r* = 0.4923)
than the substrate inhibition curve, velocity = (V'ma® X/(K'mtX+X*/Ksi) where Ks;
represents the point of substrate inhibition (set to 12mM), r* = 0.5149. The Michaelis
constant was estimated at 1.03 mM for IEC LKR using Michaelis-Menten kinetics and

1.73 mM using substrate inhibition.

Following Page: Figure 3.1

Representative graphs to illustrate enzyme activity linearity with protein content
and time elapse. Panel A: LKR; Panel B: SDH; enzyme activity was linear with protein
content in the incubation mixture (0.1 - 0.8 mg). Panel C: LKR; Panel D: SDH; rate of
enzyme activity illustrated as change in absorbance versus time. Absorbance readings
were measured at nine-second intervals in 96 well microplates (~200 measures/well/15
minutes). Data are presented as Mean = SEM for 3 separate experiments.
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Figure 3.1 Hepatic LKR and SDH Activity is Linear with Protein Concentration
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Figure 3.2 Kinetic Analysis of Hepatic LKR and SDH Enzyme Activities
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Panels A/B Lysine a-Ketoglutarate Reductase - Kinetic Analysis. Enzyme kinetics of
hepatic LKR were investigated using solubilized mitochondria preparations. Panel A
shows the Michaelis-Menten kinetics analysis demonstrating substrate inhibition of LKR
at lysine concentrations greater than 15 mM. Panel B shows the Lineweaver-Burke
manipulation of the Michaelis-Menten analysis also clearly demonstrating substrate
inhibition of LKR. The data are presented as the Mean = SD of 3 separate experiments.

Panels C/D Saccharopine Dehydrogenase - Kinetic Analysis. Enzyme kinetics of hepatic
SDH were investigated using solubilized mitochondria preparations. Panel C shows the
Michaelis-Menten kinetics analysis demonstrating a Vmax of 10.63 nmol/min and a Km
of 1.23 mM. Panel D shows the Lineweaver-Burke manipulation of the Michaelis-
Menten analysis. The data are presented as the Mean + SD of 3 separate experiments.
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Following page: Figure 3.3

Mitochondria isolated from (jejuna) intestinal sections were solubilized and LKR
activity was measured with increasing lysine concentrations. Data are presented as Mean
+ SEM for three separate experiments. Solid lines represent typical kinetic graphical
solutions, hatched or dotted lines represent the graphical solution for substrate inhibition.
Panel A: Michaelis-Menten compared to substrate inhibition; Panel B: Lineweaver-Burke

compared to substrate inhibition.

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.3 Kinetic Analysis of LKR activity in Mucosal Epithelial Mitochondria
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3.4.2 Activity of Enzymes Involved in Lysine Catabolism

Enzyme activities were determined for LKR (Table 3.1) in solubilized
mitochondria from pig tissues. The liver had the highest specific LKR activity, followed
by mammary gland, kidney, heart, IEC and muscle mitochondria. Analysis of LKR
activity in other mitochondrial preparations demonstrated substrate inhibition, although
not as dramatic as was seen in the liver samples.

Saccharopine dehydrogenase activity was similarly measured in mitochondria
(Table 3.1). Liver activity was highest, followed by SDH activity in kidney mitochondria.
Activity of SDH in intestinal epithelial cells mitochondria was below the level of
detection of our assay system and considered to be zero. Kidney SDH was ~ 40% of the

liver activity.

Table 3.1 Tissue Activities of Lysine Catabolic Enzymes

Lysine a-Ketoglutarate Saccharopine

Reductase Dehydrogenase
Tissue Specific Activity
(mitochondrial protein) (nmol/min/mg)
Liver 4.26 = 1.80 (13) 6.43 +1.20 (3)
Intestinal epithelial cell 2.08 +0.92 (5) < detection limits (0.00) (3)
Heart 2.31£0.20(5) ---
Kidney 2.60 = 0.49 (5) 2.67 +0.03 (3)
Muscle 0.85+0.49 (3) ---
Mammary Gland* 329+ 1.11 (3) ---
Liver* 2.80 £ 0.54 (3) ---

Data are presented as Mean + SEM (n). Specific activities were calculated using 10 mM L-lysine (LKR) or
3.0 mM L-saccharopine (SDH). *Samples retrieved from lactating gilts.
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3.4.3 Inhibition of Lysine a-Ketoglutarate Reductase Activity

Solubilized mitochondrial preparations from liver were assayed for LKR activity
in the presence of potential regulatory compounds. Increasing concentrations (0.2 mM to
20 mM) of each compound were tested for effect. Appropriate controls (substrate and
protein) were used to measure baseline values. Activities of test samples were normalized
to controls (100% activity, no compound present); control samples were measured each
day and were not significantly different from each other on different days. Control
activities were included in the calculation of LKR specific activity (Table 3.1) and may
be assumed to be 4.26 + 1.8 nmol/min/mg.

Catabolites and closely related derivatives of lysine were investigated as potential
regulators of hepatic LKR activity (Figure 3.4); L-saccharopine, a-aminoadipic acid and
a-ketoadipic acid significantly decreased the activity of LKR by 18% - 38% at all
concentrations tested. L-pipecolic acid, an intermediate of the secondary lysine
degradation pathway, did not significantly decrease the activity of LKR however, at 10
mM and 20 mM concentrations. L-pipecolic acid increased the activity of LKR by 23%
and 28% respectively. D-Lysine was ineffective as an inhibitor of LKR activity showing
that the enzyme is stereo-specific.

The degradative pathway of tryptophan intersects with lysine catabolism at the
point of a-ketoadipic acid. Therefore the possibility that tryptophan intermediates could
influence LKR activity was investigated (Figure 3.5). Neither tryptophan, nor any
intermediate tested affected the activity of LKR. L-Kynurenine did however significantly

increase LKR activity at 2 mM (20% increase) and 10 mM (55% increase). 3-Hydroxy-
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Figure 3.4 Inhibition of Hepatic LKR Activity by Lysine Metabolites
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Test Compounds

LKR activity was determined in the presence or absence of various potential regulatory
compounds. Compounds were added prior to addition of protein. Control tubes had water
substituted for compound and were run each day for each animal; data are presented as
Percent of Control Activity: Mean + SEM for n = 3 separate experiments (samples were
measured in duplicate). Stars (%) indicate values are significantly different from control
(p<0.05), as assessed by Repeated Measures ANOVA and Dunnett’s Multiple
Comparison Test. *The concentrations of saccharopine used were 0.3, 3.0,15 and 30 mM.
-anthranilic acid significantly increased LKR activity by 22%-25% at all concentrations
tested.

The effect of various polyamines on LKR activity was measured and is illustrated
in Figure 3.6. Polyamines did not decrease the activity of LKR, however, at the higher
concentrations of putrescine (20 mM), and both spermidine and spermine (10 mM and 20
mM), LKR activity was significantly increased compared to control. Cadaverine (0.2
mM) significantly increased LKR activity, but higher concentrations did not affect LKR
activity.

A selection of other relevant compounds was tested for additional reasons (Figure

3.7). The lysine derivatives 5-hydroxy-L-lysine and acetyl-lysine were both investigated.

The hydroxylated lysine significantly decreased LKR activity, however acetyl-lysine was
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Figure 3.5 Effects of Tryptophan Metabolites on Hepatic LKR Activity
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LKR activity was determined in the presence or absence of various potential regulatory
compounds. Compounds were added prior to addition of protein. Control tubes had water
substituted for compound and were run each day for each animal; data are presented as
Percent of Control Activity: Mean + SEM for n = 3 separate experiments (samples were
measured in duplicate). Stars (%) indicate values that are significantly different from
control (p<0.05), as assessed by Repeated Measures ANOVA and Dunnett’s Multiple
Comparison Test.
ineffective. e-Amino-n-caproic acid, a structurally similar analog of metabolites of the
pipecolic acid pathway, also did not affect LKR activity. f-Mercaptoethanol, a potent
thiol reducing agent, did not significantly affect the enzyme activity. The a-ketoglutarate
analog, dimethyl-2-oxoglutarate, dramatically increased LKR activity by more than 1000
times when added at 7.5 mM and 15 mM (Figure 3.7).

LKR activity was sensitive to the influence of particular metals (Figure 3.8).
Additions of mercuric and zinc chloride solutions (2.0 mM — 20 mM) significantly

inhibited LKR activity by more than 60%. Copper sulfate addition decreased LKR

activity by = 50% when provided at 0.2 mM and 20 mM. While activities of LKR appear
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Figure 3.6 Effect of Polyamines on Hepatic LKR Activity
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LKR activity was determined in the presence or absence of various potential regulatory
compounds. Compounds were added prior to addition of protein. Control tubes had water
substituted for compound and were run each day for each animal; data are presented as
Percent of Control Activity: Mean + SEM for n = 3 separate experiments (samples were

measured in duplicate). Stars (%) indicate values are significantly different from control
(p<0.05), as assessed by Repeated Measures ANOVA and Dunnett’s Multiple
Comparison Test.

to be decreased in the presence of cobalt chloride, the inhibition was not significant,
possibly because of the higher variation with CoCl,.

3.4.4 Influence of Selected Compounds on Hepatic Saccharopine
Dehydrogenase Activity

SDH activity was measured in the presence of selected compounds that
significantly inhibited LKR activity (Figure 3.10). Zinc chloride (2-20mM) inhibited the
activity of SDH by = 80%. Neither of the lysine catabolites, a-aminoadipic acid, o-
ketoadipic acid, nor 5-hydroxy lysine decreased the activity of SDH. a-Ketoadipic acid
significantly increased the activity of SDH ~ 10% at 2.0 mM and 20 mM. L-lysine (not

shown) had no effect on SDH activity.
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Figure 3.7 Effect of Various Lysine-Related Compounds on Hepatic LKR Activity
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LKR activity was determined in the presence or absence of various potential regulatory
compounds. Compounds were added prior to addition of protein. Dimethyl-2-
oxoglutarate was added in the following concentrations 3.75 mM, 7.5 mM and 15 mM.
Control tubes had water substituted for compound and were run each day for each
animal; data are presented as Percent of Control Activity: Mean = SEM for n = 3 separate

experiments (samples were measured in duplicate). Stars (%) indicate values are
significantly different from control (p<0.05), as assessed by Repeated Measures ANOVA
and Dunnett’s Multiple Comparison Test.

3.4.5 Lysine Oxidation: Production of “C0, by Pig Tissues

Freshly isolated mitochondria were incubated with universally labeled or [1]-"*C-
L-Lysine for 180 minutes. Production of 1C0, was linear between 30 and 240 minutes
and up to 60 mg hepatic mitochondrial protein (Figure 3.9). Other experiments were
conducted within the linear range of these parameters. Due to demands for mitochondria
from mucosal preparations, intact cells, disrupted cells (homogenates) and mitochondria
from isolated cells, were compared in oxidation experiments (Figure 3.10). Rates of
14CO, production were not different between mitochondria or intact cells, and both of

these preparations produced significantly more C0, than the IEC homogenates.
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Figure 3.8 Effect of Metals on Hepatic LKR Activity
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LKR activity was determined in the presence or absence of various metals. Compounds
were added prior to addition of protein. Control tubes had water substituted for
compound and were run each day for each animal; data are presented as Percent of
Control Activity: Mean = SEM for n = 3 separate experiments (samples were measured in

duplicate). Stars (%) indicate values are significantly different from control (p<0.05), as
assessed by Repeated Measures ANOVA and Dunnett’s Multiple Comparison Test. NA:
samples were not acceptable for analysis.

Mitochondria isolated from liver, intestinal mucosal cells and muscle were
incubated with universally labeled *C-Lysine and compared (Figure 3.11). Liver

mitochondria had significantly higher '*CO, production, compared to muscle and

intestinal epithelial cell mitochondria, which did not differ from each other.

3.5 Discussion

Lysine utilization in the growing animal is a very important consideration for
swine producers. Lysine is typically the first limiting amino acid for protein synthesis, in
grain based diets for both animals (277, 279) (see also Table 1.1) and humans (157).

Therefore, understanding the fate of ingested lysine is critical for any attempts at
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Figure 3.9 Effect of Selected Compounds on Hepatic SDH Activity

160'1 I Control
02mM
20mM
1407 =3 100 mM
/33200 mM
%’ 120 * *
£ I T
= - =5
s
=
=
]
&
G
)
-
=
@
o
1
1]
-
o ‘ ‘ NA
5-Hydroxy DL-Lysine a-Aminoadipic Acid a-Ketoadipic Acid

Test Compounds

SDH activity was determined in the presence or absence of various potential regulatory
compounds. Compounds were added prior to addition of protein. Control tubes had water
substituted for compound and were run each day for each animal; data are presented as
Percent of Control Activity: Mean = SEM for n = 3 separate experiments (samples were
measured in duplicate). Stars (%) indicate values are significantly different from control
(p<0.05), as assessed by Repeated Measures ANOVA and Dunnett’s Multiple
Comparison Test. NA: samples were not acceptable for analysis. NA: samples were not
available for analysis.

Figure 3.10 Linearity of 4C0O, Production from [1-'*C]-Lysine

A 00 B 1200,
y = 89x -160.8 y=322x-40.7
g % P=09843 g 19 2=09059
S o 6000, S g 800
= B E
£ E 45001 £E 600
&' 30001 ST 400
vo ’U
%
0 T T T T T T ! 0 T T T T T —
0 10 20 30 40 50 60 70 0 60 120 180 240 300 360
Mitochondrial Protein (mg) Time (minutes)

Freshly isolated liver mitochondria (0-60 mg) were incubated with universally labeled
"C-Lysine for up to 5 hours. Data are presented as Mean = SEM for 3 separate

experiments.
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Figure 3.11 C0, Production in Different Intestinal Epithelial Cell Preparations
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Different preparations of isolated mucosal epithelial cells were incubated with universally labeled
1*C-L-Lysine and the production of '*CO, was measured. Data are presented as Mean + SEM for
four separate experiments. Bars with different letters indicate significant differences, P< 0.05.

Figure 3.12 Oxidation of Lysine by Pig Tissues
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Intact mitochondria from liver, IEC and muscle were incubated with U-"*C-L-Lysine for

3 hours; '*CO, was collected simultaneously and for one hour after reaction termination

in an ethylene glycol monomethyl ether: ethanolamine trap. Radioactivity was quantified

by scintillation. Data are presented as Mean + SEM for 3 separate experiments. Values

were corrected for protein and substrate blanks. Different letters indicate significant
difference, P< 0.05.
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improving nutritional status and protein quality of foods. Previous work in our laboratory
(313) showed that basal catabolism of lysine accounts for approximately 10-14% of the
available dietary lysine. In growing swine , we have therefore investigated the catabolism
of lysine in various pig tissues through examination of the activity and regulation of
lysine a-ketoglutarate reductase and saccharopine dehydrogenase, the first two enzymes

in the lysine catabolic pathway.

3.5.1 Kinetic Analysis of Hepatic Lysine a-Ketoglutarate Reductase and
Saccharopine Dehydrogenase

Examination of the kinetic data of the first two enzymes of lysine catabolism
revealed that while SDH exhibited classical Michaelis-Menten kinetics, the activity of
hepatic LKR was susceptible to substrate inhibition. Substrate concentrations exceeding
15 mM resulted in decreased activity of the enzyme, eventually reaching complete
inhibition at lysine concentrations > 75mM. The Lineweaver-Burke manipulation of the
kinetic data again suggested substrate inhibition. This result is of particular importance
when considering most published research (353, 403) used a concentration of 20-25 mM
lysine to examine the activity of LKR; this concentration will cause a more than 50%
inhibition based upon our analyses. These previous studies (353, 403) did not include a
full kinetic analysis of LKR. To the best of the author’s knowledge the present research is
the first complete report of LKR and SDH kinetics on pig tissues.

Physiologically, such high concentrations (20-25 mM) at the cellular level are
highly unlikely although portal blood may approach millimolar levels in the post-prandial
situation (44, 378). In the growing pig fed a lysine-supplemented diet, synthetic lysine,

which requires little metabolism to generate the free amino acid form, will be present at
71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



very high concentrations in both the absorptive cells and indeed in the portal blood
reaching hepatocytes following a meal (509). Substrate inhibition of LKR will decrease
catabolism of lysine at high concentrations and may help conserve the amino acid for
other functions, e.g. protein synthesis.

Substrate inhibition is believed to be due to multiple substrate molecules binding
simultaneously within the enzyme’s active site (223, 260), resulting in decreased turnover
of substrate at one of these sites. Mechanistically, it is unclear whether the inhibition is
due to steric hindrance by a substrate molecule at one site blocking catalytic action at the
primary active site or whether the multiple binding results in a conformational change in
the protein that blocks substrate binding at the active site (260, 284, 412). The catalytic
event initiating lysine catabolism involves the joining of a-ketoglutarate to lysine,
producing saccharopine, mediated by electron transfer from NADPH (155). Collectively,
these structures suggest that a large active site is necessary to facilitate the reaction; large
enough to allow multiple binding of one substrate. Regardless, the end result is the
diminished catabolism of lysine.

Kinetic analysis of LKR in mitochondria isolated from intestinal epithelial cells
suggests that LKR degradation of lysine is catalyzed in the classical manner (Figure 3.4).
Comparison of Michaelis-Menten to substrate inhibition kinetics reveals a close
agreement (r* = 0.4923 for Michaelis-Menten versus r*=0.5149 for substrate inhibition) in
the fit of the curves. At physiological concentrations of lysine (~0.2-0.8 mM in plasma
(44, 378) and 3-4mM in hepatic mitochondria (34)), it seems more likely that the enzyme
follows Michaelis-Menten kinetics in the intestinal epithelia. The presence of positive

activity of LKR in these cells strongly supports the hypothesis that lysine catabolism does
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occur in these cells via the main degradative pathway. The possibility that LKR may
utilize substrate inhibition as a means of regulating catabolism suggests that this pathway
is under a complex level of regulation. The metabolic status of the intestine and the
animal as a whole will likely affect transport of lysine across the absorptive cells;
transport kinetics will likely be tied into the regulation of lysine catabolism in these cells.
Blemings et al. (35) showed that as dietary protein content increased, the amount of
lysine oxidized by liver mitochondria increased but did not differ from the amount (of
lysine) transported into the mitochondria. However, the activities of LKR and SDH under
these conditions, predicted a significantly greater amount of flux through the pathway,
and hence greater amount of lysine oxidized. Therefore, the oxidation of lysine was
limited by the amount of lysine being transported into the mitochondrion. These data
suggest that lysine uptake into mitochondria may provide a regulatory limit on the

potential catabolism and subsequent oxidation of lysine.

3.5.2 Tissue Activity of a-Lysine Ketoglutarate Reductase

The tissue distribution of LKR was measured in several tissues including liver,
kidney, muscle and intestine. The liver has traditionally been considered the primary site
of amino acid degradation; our data are in agreement with others (221) suggesting that
the liver is the main tissue of lysine catabolism in the pig. Hepatic LKR activity has been
considered a function of both energy and nitrogen balance, transforming the amino
groups of the primary amino acid structure to glutamate and the remaining carbon
backbone to ketones. Different researchers (353, 403) have demonstrated that hepatic
LKR enzyme activity and mRNA levels are responsive to the starved state as well as to

the glucagon status of the animal, giving credence to lysine catabolism being involved in
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energy metabolism and nitrogen balance. A possible role for the presence of LKR in
other tissues, notably the kidney and intestine is less well understood. Papes et al (353)
suggested that kidney LKR/SDH activities functioned in energy homeostasis, being
influenced by starvation in a similar fashion to hepatic LKR. The authors further noted
that the cortical localization of SDH in the kidney may further suggest a role for
LKR/SDH in the lysine reabsorption process. Forsberg and colleagues (159) presented
data demonstrating that the fate of lysine is affected by the acid-base balance (dietary
electrolyte balance) of feed. Diets formulated to promote acidosis decreased hepatic
lysine oxidation while significantly increasing renal oxidation; conversely alkalogenic
diets appeared to elicit the opposite effects in each tissue, although the results were not
significant (p>0.05). The authors speculated that lysine catabolism in the kidney may be
reflective of a role in the maintenance of cellular ion balance, citing evidence from
studies of potassium deficiency (343, 404). The fate of intracellular lysine, via protein
synthesis or degradation, may then be dependent upon the electrolyte and acid-base
balance in the cellular milieu.

The localization of rat liver LKR was shown to be mitochondrial (35). We have
seen similar results using pig liver samples; LKR activity was localized to the
mitochondrial fraction and no activity was detected in the cytosolic fraction (Appendix
8.4.5.1, Figure 8.6). Higashino et al. (203) detected LKR activity in both mitochondrial
and cytosolic fractions of mouse liver extracts. Papes et al. (353) used two computational
methods to predict a mitochondrial localization of the mouse liver enzyme after
examination of the protein sequence deduced from a cDNA-LKR/SDH clone. They

discussed the possibility that the “cytosolic isoform” may be due to activity of the
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monofunctional SDH, but also state that their method of protein purification did not
permit resolution of this argument. Based on these results, we assumed that LKR in
intestinal cells would be similarly/primarily localized to the mitochondrial fraction.
Previous studies (82, 221) led to the general belief that cells of the intestine do not
possess lysine catabolic enzymes. However, van Goudoever et al. (468) showed that
intestinal oxidation of dietary lysine in pigs may account for ~30% of whole body lysine
oxidation. Results from other studies citing intestinal oxidation of essential amino acids
(29, 510), along with van Goudoever’s data, led us to examine, more closely, the enzymic
capability of the intestine to degrade lysine. We attempted to prepare mitochondria from
both mucosal scrapings and homogenates of pig intestinal sections following methods
cited in the earlier references. These experiments did not result in any useable
preparations of mitochondria. Agitation of the mucosal scrapings or the intestinal
sections, in normal processing to obtain a mitochondrial isolate, resulted in the formation
of a gel. Agitation of goblet cells during physical processing is a stimulator of mucin
secretion (333) and the combination of secreted mucins with the cold isolation buffers
most likely resulted in the formation of this gel. The formation of such a gel produced an
unsuitable environment for the isolation of mitochondria based upon differential
centrifugation techniques. To overcome this problem we decided to isolate “free”
intestinal cells and then prepare mitochondria from these cells using a combination of
several methods. These methods allowed us to first successfully isolate intestinal cells,
and then to isolate mitochondria from these cells, which could be used to examine LKR

activity.
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Mitochondria isolated from pig intestinal epithelial cells demonstrated LKR
activity that was about 50% of the hepatic activity under our conditions (Table 3.1). To
verify these results, solubilized mitochondria were incubated with lysine and the
production of saccharopine was determined using HPLC analyses; these results that
lysine was being converted to saccharopine (Appendix 8.4.5.2, Table 8.1). These data
suggested very strongly that at least the first enzyme in the lysine catabolic pathway was
present and functional in intestinal cells. Next we questioned whether the whole pathway
was present. To do this, we incubated either intact mitochondria, isolated from intestinal
cell preparations or intact intestinal cells, isolated from sections of pig jejunum, with
radiolabeled- lysine (U-'*C- or 1-'*C-Lysine). If the entire lysine catabolic pathway was
present in these cells, then the eventual release of the a-carboxyl group of lysine as “Co,
would be evident. The results illustrated in Figures 3.11, 3.12 show that, while the rate of
oxidation was significantly lower than the hepatic rate, the production of "*CO, was
clearly demonstrated. Given that the predicted mass of intestinal epithelial cells in
market weight pigs is ~800-900g" and liver mass is ~1.25-1.5 kg, the intestine must be
considered an important contributor to whole-body lysine oxidation.

Ornithine decarboxylase (ODC) can also degrade lysine, generating cadaverine
and CO, (358). Significant cadaverine production in vivo would occur only when ODC
activity is high and lysine concentrations substantially exceed those of ornithine.
Therefore, a potent inhibitor of ODC, difluormethylornithine (DFMO) (482) was added
to mitochondria prepared from intestinal epithelial cells and we observed no significant
changes in *CO, production. It should also be noted that ODC is cytosolic, and there

were also no changes in "*CO; production when DFMO was added to whole intestinal
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cell homogenates (Appendix 8.4.5.4). Therefore, this provides more evidence that '“CO,
production in IEC preparations is due to flux of labeled lysine through the lysine
catabolic pathway and not catabolism by some other mechanism.

While "*CO, production by intestinal cell mitochondria did not match the rate of
LKR activity demonstrated by intestinal cell mitochondria (compared to hepatic rates, ~
8% versus ~ 50%), it is important to note that with CO; production experiments, five
separate enzymes of the lysine catabolic pathway must be present and receiving
substrates before the release of the a-carboxyl group from a-ketoadipate is possible;
eight steps would be required in the alternate route via pipecolic acid. Transport of
radiolabeled lysine into the cell and/or mitochondria must also be considered. It is highly
probable that although we have demonstrated *C0, production from labeled lysine, we
may not have optimized the conditions for activity of each enzyme or transporter
involved. For example, Kasahara et al. (238), recently elucidated a novel cofactor
involved in the lysine catalytic pathway, pyrroloquinoline quinone (PQQ), and have
demonstrated that there may be a PQQ requirement as a redox cofactor for the proper
functioning of a-aminoadipate semialdehyde dehydrogenase (AAS-dehydrogenase). The
regulatory characteristics/requirements of this compound in relation to lysine catabolism
have, however, not been elucidated and are indeed being debated (148, 389). The changes
that result from tissue processing may have actually depleted the levels of cellular PQQ
required for optimal activity of the aminoadipate semialdehyde dehydrogenase. The same
may be said for other intermediates. Therefore we may actually be underestimating the
oxidative potential of the [EC mitochondria with respect to lysine oxidation.

Furthermore, it is possible that regulation of intestinal lysine degradation is different than
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hepatic regulation, reflecting the different roles of each tissue, for example in a manner
analogous to the tissue-specific regulation of glucokinase activity (286).

In addition to the enzyme and oxidation data, samples were analyzed for the
presence of the LKR/SDH protein. The results shown in Figure 8.13 indicate that the
protein responsible for the initial steps of lysine degradation is indeed present in cells of
the small intestine as well as other tissues. The (apparent) quantity of enzyme protein was
much higher in liver and brain. That LKR/SDH is present in these tissues has been
suggested in other species, but not previously demonstrated in pigs (220, 353, 354).

The effects of bacterial contamination have also been addressed. Bacterial
contamination of intestinal cell preparations will skew any experiments regarding nutrient
utilization. First, extensive washing steps were performed in the preparation of
mitochondrial fractions and this would act to substantially remove/dilute any bacteria
initially associated with the intestinal preparations, such that any metabolism of lysine by
contaminating bacteria under the conditions described would not be significant.
Furthermore, we have prepared fresh samples of intestinal cells from pig jejunum and
then isolated mitochondria from these cells. At different stages of the mitochondrial
isolation, samples were taken and examined for gram staining characteristics;
mitochondrial samples in the final stage of preparation did not show any bacterial
contamination when examined microscopically. These results provide evidence that the
LKR activity detected in the intestinal cell mitochondria is due to intestinal cell
mitochondria and not to bacterial contamination. Therefore, the capacity of the intestine
to degrade lysine via LKR is a real, measurable phenomenon and not an experimental

artifact.
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3.5.3 Regulation of Hepatic Lysine a-Ketoglutarate Reductase Activity

Understanding the kinetics of LKR in vitro provides insight into the mechanism
of enzyme activity in vivo. Compounds that affect the rate of enzyme activity in vitro
provide clues about regulation of the enzyme in vivo. We investigated the effects of
several metabolically and structurally related compounds on the activity of LKR.

Catabolites of lysine, including L-saccharopine, a.-aminoadipate, and o.-
ketoadipate, were shown to inhibit the activity of LKR (Figure 3.5) to various degrees,
suggesting that the enzyme may be susceptible to at least some moderate level of
feedback regulation in vivo. It is worthwhile to consider however, the costs of these
catabolites. L-saccharopine and a-ketoadipic acid are not easily cheaply synthesized.
Indeed, a-ketoadipic acid is no longer available for commercial purchase (to the author’s
knowledge). L-a-aminoadipic acid, while easier to access is considered a potent gliotoxin
(47, 299, 346). Use of this compound for in vivo experiments may presents ethical issues.
For instance, if aminoadipate was added to cereal diets to improve protein deposition, via
improved lysine utilization, and then discovered to cause neuronal degeneration and
compromise the quality of life of the animals, it is highly unlikely that today’s ethically
conscious consumer would purchase products derived from these animals. Furthermore,
a compound that causes neuronal damage to the animal ingesting it will not be allowed to
enter the food chain.

The catabolic pathways of lysine and tryptophan intersect at a-ketoadipate; we
hypothesized that intermediates in the tryptophan catabolic pathway would inhibit LKR
activity. Most metabolites had no effect, however L-kynurenine and 3-hydroxy

anthranilic acid increased the activity of LKR. Interactions between kynurenine and the
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lysine catabolites a-ketoadipate and a-aminoadipate have been previously documented
(69, 208, 345). These interactions suggest a more complex level of regulation and
function in mammalian systems than previously recognized for these two intersecting
pathways.

Owing to their similarity to the structure of the functional group of lysine, and the
roles of polyamines in various tissues, these short aliphatic but highly positively charged
compounds were tested as potential candidate inhibitors. None of the polyamines tested
showed any inhibitory qualities. In fact, it appeared that as the polycations increased in
size and charge (putrescine to spermine) the relative level of LKR activity increased
(Figure 3.7). Polyamine addition, especially putrescine, to pig and poultry diets, has been
suggested to have beneficial effects on growth, although it appears that the beneficial
effects occur only within particular levels of addition (315, 418, 426). While polyamine
addition may stimulate growth, our results provide a mechanism that may help, in part,
explain the detrimental effects of excess levels of supplemented polyamines. Addition of
the polyamines outside of these ranges was found to be toxic. Cadaverine, the product of
ornithine decarboxylase activity on lysine, also significantly increased LKR activity.
Polyamine additions to swine diets have affected the activities of various digestive
enzymes, but not consistently (142, 185). This is the first evidence that polyamines
influence lysine catabolic enzyme activity.

Several metabolically- or structurally-related compounds to lysine were also
tested (Figure 3.8). Of these compounds only 5-hydroxy-L-lysine inhibited the activity of
LKR. This hydroxylated form of lysine, formed in the post-translational modification of

collagen, is an important branch of lysine utilization. Acetyl-lysine has been used as an
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alternative lysine source in lysinuric protein intolerance (373), but did not inhibit the
activity of LKR. The structural analog of a-ketoglutarate, the co-substrate of lysine in
LKR catabolism, significantly increased the activity of LKR. Kamoun and colleagues
(235) suggested that mitochondrial lysine degradation might in part be regulated by the
availability of a-ketoglutarate in that compartment. They cited treatment of an infant that
had pyruvate carboxylase deficiency type B. In this patient, high plasma lysine
concentrations were accompanied with low plasma glutamate + glutamine concentrations,
in addition to moderate hyperammonaemia. Increased ammonia levels would increase the
production of glutamate from glutamine and a-ketoglutarate (via ureagenesis in the
liver), resulting in decreased a-ketoglutarate levels in liver mitochondria. Decreased flux
through the saccharopine pathway was implied by increased urinary pipecolic acid
output. When the infant was treated with a-ketoglutarate, a dramatic (60%) decrease in
plasma lysine occurred. In another infant, a defect in a-ketoglutarate dehydrogenase
resulted in a dramatic increase in a-ketoglutarate concentration in liver mitochondria.
This infant had plasma lysine concentrations of 46+28 pmol/L (mean of 22
determinations) compared with 183+39 umol/L for a control infant, a 75% difference
(235). These results are in agreement with the effect (1000 fold increase) of dimethyl-2-
oxoglutarate on hepatic LKR activity (Figure 3.7). These data, taken with the past
research suggest that control of LKR activity is sensitive to mitochondrial a-ketoglutarate
concentrations.

Finally, the beneficial influence of metals in swine diets has been previously
investigated (102, 409). In addition, the importance of metal ions on enzyme activity is

widely accepted and has been extensively investigated. However, the effect of common
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metals on LKR activity in swine has not previously been described. Dietary
supplementation with zinc is often greater than recommended (331), although
improvements in growth performance have not been consistently reported (73, 207, 397,
469). Similarly, tissue levels were sometimes increased following zinc supplementation
(73, 397), and sometimes no effects were seen (469). Supplementation levels of zinc may
account for these differences. Copper, added as Cu sulphate (125 — 250 ppm), has also
been shown to improve growth in pigs (13, 103, 135, 207), but no data on tissue levels
was found. Our results indicated that metals significantly decreased the activity of LKR
in hepatic mitochondria (Figure 3.9). Interestingly, (hepatic) intracellular levels of zinc
did not change following supplementation of zinc (sulphate, 80 or 160 ppm) (469). These
authors also noted no change in tissue levels of zinc; other studies, which reported
increased tissue levels of zinc following supplementation, did not report intracellular
levels. Our results do not indicate that addition of metals to swine diets should be
stopped, rather these data suggest that supplementation with metals may lead to an
additional regulatory consideration if found in sufficient concentrations in organelles high
enough to affect enzyme activity.

Our studies also examined the influence of selected compounds on hepatic
saccharopine dehydrogenase activity (Figure 3.10). Of the compounds tested, only zinc
chloride significantly decreased the activity of SDH. Hydroxylysine was ineffective as
was a-aminoadipic acid. a-Ketoadipic acid increased the activity of SDH at higher
concentrations. These limited results suggest that SDH may not be susceptible to the

same regulatory compounds as is the LKR activity of the bifunctional enzyme.
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The inhibition of LKR or SDH, even slightly in vivo, may represent an important
savings with respect to lysine availability for protein synthesis. However, all of the
potential metabolic roles of lysine catabolism and of the various lysine catabolites
remains unclear but should not be discounted due to obscurity. The management of
dietary lysine utilization with inhibitory compounds, especially for the purpose of
improved protein deposition, should also encompass the potential alternate roles of lysine

or lysine catabolites.

3.6 Implications and Concluding Remarks

The fate of dietary lysine is paramount to the success of swine and poultry
producers. Understanding that the intestine has the necessary enzymology and indeed the
capacity to oxidize dietary lysine and that presentation of lysine to the intestine in a non
protein-bound form may act to influence catabolism to some degree, indicates that more
research is necessary to better understand the role of lysine in the intestine. In this chapter
we have shown that tissues other than liver, especially the intestinal epithelial cells and
muscle can degrade lysine in vitro, this result is supported by various in vivo data from
other authors. The inter-organ metabolism of lysine represents an important consideration
in the question of whole body lysine utilization and degradation. Interactions between
tissues during different metabolic situations may significantly alter lysine utilization, but
these interactions and communication pathways remain unclear. Manipulation of lysine
degradation through regulation of the rate-limiting enzyme(s) by exogenous compounds
suggests that addition of some inhibitory component to the diet to decrease the lysine
requirement is plausible, but at present, research aimed towards this endpoint has been

unsuccessful (471).
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4 Effect of Age and Nutritional Transition
on Lysine Catabolism in Growing Pigs

4.1 Abstract

Lysine a-ketoglutarate reductase (LKR) is the rate-limiting enzyme in the
catabolism of lysine, an indispensable and often limiting amino acid in the diets of
growing animals. Amino acid utilization in the growing animal is often coordinated with
developmental cues. Mitochondrial LKR and SDH activity in various tissues of the
growing pig was measured through several developmental periods associated with
nutritional transition. Liver and kidney LKR activity was not different among ages,
however, LKR activity in the muscle and heart declined soon after birth. There was no
effect of age on SDH activity for any tissue examined. Lysine oxidation to *CO, was
demonstrated in liver, muscle and intestinal epithelial cell (IEC) mitochondria during the
first week of life; mitochondria from muscle oxidized significantly more lysine on days 3
and 7 compared to either liver or IEC mitochondria. Substrate inhibition was shown to
play a role in different tissues at different ages in the growing pig. A potential role for
this type of regulation was described. Several compounds were shown to inhibit hepatic
LKR activity, but the potency of these compounds changed during the life of the pig.
Enzyme protein localization in liver, IEC, kidney and brain was verified using antibodies.
These results demonstrate that lysine degradation in growing pigs occurs in many tissues
in addition to liver. These tissues make significant contributions to whole body lysine
degradation. Lysine degradation in muscle mitochondria was substantial (47% of liver

LKR activity) and unaftected by lysine concentration and by age after birth. Lysine

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



degradation in the kidney and IEC were 41% and 28%, respectively, of liver activity, and
were unaffected by age. These data, taken together, suggest the possibility of tissue-

specific isozymes of LKR.

4.2 Introduction

Nutrient intake, developmental cues and environmental stressors are amongst the
signals that coordinate amino acid utilization in the developing animal. The transitions
from fetal to neonatal nutrition are characterized by the shift from placental feeding to
suckling, and at weaning, characterized by major changes in diet composition, physical
form, digestibility, and (nutrient) bioavailability. These are often accompanied by major
changes in nutrient utilization. For example, the high postnatal rate of protein turnover,
which supports the rapid deposition of body protein, is associated with a very efficient
utilization of dietary amino acids by the neonate mediated by feeding (253, 456),
hormones (53, 115, 116, 340, 444, 474, 475, 500), amino acids (140, 340-342, 445),
signal transduction pathways and efficient translation processes (52, 117, 140, 252, 253,
342, 444, 445). However this high rate of protein turnover declines dramatically with
development; logarithmically decreasing from birth to the attainment of sexual maturity
(377). Lysine, typically the first-limiting amino acid in diets based on cereal grains,
controls the rate of protein deposition in growing pigs by acting as the fulcrum between
amino acid adequacy (or excess) and limitation. Metabolic availability of lysine for
protein synthesis is a result of both lysine intake and the rate of lysine degradation.
Lysine degradation, in turn, may be linked to potential neurological and stress-related

roles for lysine catabolites (354, 423, 424, 429).
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Maturation of enzyme systems, for example activation of the urea cycle enzymes
in the piglet small intestine (114, 502, 503), and development of ammonia metabolizing
enzyme and acinar systems of the liver (269, 316), occur during the neonatal period. For
example, arginine degradation in developing pig enterocytes was shown to be negligible
in newborn and suckling pigs but was greatly enhanced in post-weaning pigs (504).
Lysine degradation, via the activity of lysine a-ketoglutarate reductase (LKR), in the
livers of young rats increased with age while brain LKR activity decreased during the
same developmental period (374). The reasons for the changes in lysine degradation in
these tissues are unclear.

Recent studies have shown that lysine-degrading enzymes are found in several
extra-hepatic tissues of the chicken and pig (289). Under normal feeding conditions, since
the utilization of lysine controls protein synthesis in the growing animal, it is important to
understand fully the regulation of those enzymes controlling lysine degradation. The
objective of this study was to determine the changes in lysine degradation via activity of
lysine a-ketoglutarate reductase and saccharopine dehydrogenase in different tissues of
the developing pig. Our results demonstrate that 1) liver is a primary tissue of lysine
degradation throughout development; 2) lysine degradation in muscle was high
immediately after birth but rapidly decreased; 3) intestinal epithelial cells contained LKR,
but SDH activity was marginal; 4) different tissues exhibited substrate inhibition kinetics

at different ages.
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4.3 Materials and Methods

4.3.1 Animals and tissue sampling

All protocols were approved by the Departmental Animal Care committee, and
were in accordance with procedures outlined by the Canadian Council on Animal Care.
For the developmental study, a total of 50 male Yorkshire piglets (n=35, enzyme studies;
n=135, oxidation studies); 5 per age group, at 0, 3, 7, 14, 21, 28 and 84 days of age were
obtained from the Swine Research and Technology Centre (SRTC), University of
Alberta. Oxidation studies were performed on tissues from piglets at ages 0, 3 and 7 days.
All piglets were weighed and Ketamine (2-(2-chlorophenyl1)-(methylamino)-
cyclohexanone hydrochloride; 30mg/kg) was injected intramuscularly prior to a lethal
intravenous injection of sodium pentobarbital (0.3ml/kg). Pigs at 84 days of age were
killed by exsanguination following stunning by the captive bolt method as per standard
operating procedures at the SRTC.

Jejunal sections from the small intestine were excised and stored in cold
phosphate buffered saline (PBS) /SmM dithiothreitol (DTT) (pH 7.4). Sections of liver,
kidney, skeletal muscle (longissimus dorsi), heart, and brain were obtained and stored in
cold 0.3M mannitol /1mM EDTA. For oxidation studies, only liver, muscle and intestinal
samples were taken. All samples were transferred to the laboratory on ice within 45

minutes for further processing.

4.3.2 Isolation of intestinal mucosal epithelial cells

Intestinal epithelial cells were prepared using modifications of previously

described methods (195, 293, 486). A section of small intestine was obtained and
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transported to the laboratory in ice cold phosphate buffered saline with protease inhibitor
cocktail added (PBS: 137mM NaCl/2.7mM KCl/ 4.3 mM Na;HPO, / 1.4 mM KH,PO,/
5 mM dithiothreitol (DTT). The section was rinsed (1X) with fresh cold PBS to remove
any remnants of excreta and then rinsed (3X) with fresh oxygenated (19:1 0,:COy;
Carbogen) Krebs-Henseleit Ca**-free buffer (121mM NaCl, 4.7mM KCI, 1.2mM MgSOs,
1.2mM KH,POy, 25.2mM NaHCO;3) containing 20 mM Hepes (pH 7.4), 5 mM EDTA,
20 mM DL-glucose, 2.1 mM lactate and 0.3 mM pyruvate (KHB buffer) / S mM DTT.
The intestinal section was then filled with pre-warmed (37°C) oxygenated KHB (Ca*'-
Free)/DTT, sealed with clamps and immersed in a container filled with the same bufter.
This system, with continuous Carbogen gassing, was then shaken for 45 minutes at 37°C
with gentle massaging of the sealed intestinal sections at regular intervals. The resulting
cell suspensions were filtered through 2 layers of cheesecloth and centrifuged for 3
minutes at 400x g, 4°C. Cells were washed 3 times in fresh oxygenated KHB buffer. At
this time the cell viability was assessed by Trypan blue exclusion; preparations routinely
demonstrated >90% viability. See Figure 4.1 and also appendix 8.4.1 for a complete

protocol description.
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Figure 4.1 Freshly Isolated Porcine Intestinal Epithelial Cells
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4.3.3 Isolation of mitochondria

The re-suspended mucosal epithelial cell pellet [in 250mM sucrose/SmM
HEPES/5SmM DTT (pH 7.4)] was then transferred to a cold Dounce homogenizer
(Wheaton Science Products, Millville, NJ) and the cell suspension disrupted by 8 passes
of pestle A followed by 8 passes of pestle B. Mitochondria from the cells were then
obtained by differential centrifugation according to previously published methods (293).
The final mitochondrial pellet was re-suspended in 0.3M mannitol/2mM DTT.

All other tissues were weighed and then homogenized (VirTis tissue
homogenizer, VirTis, Gardiner, NY) (1.0 g tissue / 5 mL of buffer). Mitochondria were
then isolated by differential centrifugation (221, 323, 403). Mitochondrial pellets were re-
suspended in 0.3 M mannitol. See also appendix 8.4.2 for a complete protocol

description.

4.3.4 Lysine Ketoglutarate Reductase Assay

The initial step in lysine degradation was measured according to published
methods (403) modified to a 96 well microplate format (Spectramax 190, Molecular
Devices Corp., Sunnyvale, CA). Oxidation of NADPH to NADP" was measured
spectrophotometrically at 30°C using an extinction coefficient of 6.22 M'em™. The
reaction mixture contained 0.125 mM NADPH, 7.5 mM a-ketoglutarate, 100 mM
HEPES, pH 7.8 and 300 pg of solubilized mitochondrial protein (0.2% Non-I1det P-40).
Lysine concentrations ranged between 0-50 mM for kinetic analyses. A lysine
concentration of 10 mM was chosen for the determination of specific activity because the

enzyme in adult tissues was demonstrated to exhibit substrate inhibition at concentrations
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exceeding 10-15 mM in adult pigs (Chapter 3, Figure 3.3). The reaction was initiated by
the addition of NADPH. The assay was checked for linearity with time and protein
concentration and optimized for substrate concentrations of lysine with each age group.

See appendix 8.4.3 for a complete protocol description.

4.3.5 Saccharopine Dehydrogenase Assay

The activity of saccharopine dehydrogenase was measured in a similar fashion to
LKR (403) and adapted to the microplate. The reduction of NAD" to NADH was
measured in a reaction mixture containing 2.0 mM L-saccharopine, 2.0 mM NAD", 50
mM Tris/HCI, pH 9.4 and using an extinction coefficient of 6.22 M"'em™. Addition of
saccharopine was used to start the reaction. Activity of SDH was linear with time and

protein concentration at 30°C. See appendix 8.4.4 for a complete protocol description.

4.3.6 Inhibition Assays

For inhibition studies of both enzymes, potential inhibitors were added prior to
the addition of protein. Controls were treated in exactly the same manner with the

exception of substituting an equal volume of water for inhibitor.

4.3.7 Protein Determination

Protein concentrations of mitochondria and intact mucosal epithelial cells were

determined by the Bicinchoninic acid (BCA) technique (Sigma-Aldrich, BCA1).
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4.3.8 Lysine oxidation

Intact mucosal epithelial cells, or mitochondria from these cells, liver and muscle
mitochondria were used to examine the oxidation of U-"C- lysine to *CO, in pigs age 0,
3 or 7 days. Assay conditions were based upon previously described methods (403); each
data point was performed in duplicate for a minimum of three separate experiments. The
oxidation media contained 60 mM KCl, 25 mM KHCO3, 25 mM TEA-HCI (pH 7.6), 10
mM NaCl, 5 mM MgCl,, 5 mM K,;HPOs, 2 mM ADP, | mM EGTA, 5 mM sodium
succinate, 5 mM sodium citrate, 3 mM a-ketoglutarate, 0.1 mM malate (sodium salt),

130 mM mannitol, 40 mM sucrose, 0.5 mM lysine and 0.5 uCi U-"*C-lysine per reaction.
Oxidation media was titrated to pH 7.6 and made fresh each day immediately prior to
use. The oxidation was performed in 25ml Erlenmeyer flasks using 2ml of oxidation
media and 1ml of protein added to start the reaction. Flasks were sealed with rubber
stoppers, which had a center well containing 300uL of CO, absorber (ethylene glycol
monomethyl ether: ethanolamine, 2:1, v/v).

Oxidation assays were performed for 3 hrs at 30°C in a shaking water bath, at the
end of which the reaction was stopped by injecting 1ml of ice cold 20% (v/v) HClO4. The
flasks were then allowed to continue shaking in the water bath for an additional 60 min to
ensure complete collection and trapping of "*CO,. Center wells were then completely
transferred to scintillation vials, mixed with 5 ml of Atomlight (Packard BioScience B.V.,
Groningen, The Netherlands) and the radioactivity counted in a liquid scintillation
counter (Beckman LS 5801, Beckman Coulter Canada Inc., Mississauga, ON).

Perchloric acid (20% (v/v), ice cold) was added to flasks prior to protein addition

for zero time controls and non-radioactive (cold) lysine controls were performed with
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each experiment. The oxidation assay was validated for linearity with time and protein

concentration.

4.3.9 Chemicals

L-[1-"*C]-lysine (specific activity 54mCi/mmol) was purchased from American
Radiolabeled Chemicals, Inc., St. Louis, MO. L-[U-"*C]-leucine (Specific activity
58mCi/mmol) was purchased from Amersham Biosciences Corp., Piscataway, NJ. All

other laboratory chemicals were purchased from Sigma unless specified otherwise.

4.3.10 Statistical Analyses

Data are presented as means + SEM. One-way ANOVA (SAS/STAT version
8.01, SAS institute, Cary, NC) was performed on the specific activity of enzyme rates
employing PROC GLM procedure with differences assessed by least square means
procedure. Data were fitted to non-linear regression, Michaelis-Menten or substrate
inhibition, or Lineweaver-Burke regression equations using Prism 4 for Macintosh,
version 4.0b. Effect of pig age and inhibitor concentration were analyzed by repeated
measures-ANOVA and differences from control were assessed using Dunnett’s Multiple

Comparison Test. Data was considered significant at P < 0.05.

4.4 Results

4.4.1 Analysis of Lysine a-Ketoglutarate Reductase and Saccharopine
Dehydrogenase Activities
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Both enzyme assays were linear for 30 minutes and routinely used 200 — 300 ug
of protein, which was within the linear range for each tissue assayed. Assays were
routinely terminated after 15 — 25 minutes (Appendix 8.4.5.4, Figure 8.9).

The specific activity of lysine a-ketoglutarate reductase in pig tissues is described
in Table 4.1 and graphed in Figure 4.2. Liver LKR activity was approximately 2
nmol/min/mg throughout the experimental period, the only significant time effect was
seen between days 14 and 21. Liver mitochondria had the highest LKR activity of any
tissue at any time point with the exception of muscle on Day 0, but this difference was
not significant. Muscle LKR activity significantly declined after Day 0; and remained
relatively constant throughout the remainder of the experimental period. Average muscle
LKR activity between 3 and 84 days of age was 0.87 nmol/min/mg, which was about
47% of liver activity. No other tissue demonstrated significant changes in LKR activities
with age. Kidney LKR activity was significantly higher than heart and brain on day 0, but
the only other difference measured was on day 3 for brain. On average, kidney LKR
activity was 41% of liver or 0.77 nmol/min/mg. Mitochondria isolated from intestinal
epithelial cells had LKR activities ranging from 0.15-0.83 nmol/min/mg with a mean
activity of 0.53 nmol/min/mg or 28% of liver activity. LKR activity in the heart was
typically the lowest measured, except on day 14, throughout the experiment. Brain LKR
activity was measured in total brain homogenates in samples from the first week of life
only; activities were low and significantly lower than liver on each day.

Saccharopine dehydrogenase (SDH) activity (Table 4.2) was measured only
during the first week of life due to inability to source and purchase sufficient

saccharopine for additional metabolic studies. SDH activity did not significantly change
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for any tissue during these first seven days of life, therefore mean activity and percent of
liver activity were calculated (Table 4.2). Liver SDH activity was significantly greater
than any other tissue activity on either day with the exception of day 0 brain SDH
activity. Brain SDH activity on day 3 was significantly less than liver activity but
significantly greater than all other tissue activities on that day. Mean brain SDH activity
was 1.50 nmol/min/mg or 32% of liver. SDH activity in kidney, IEC, muscle and heart
mitochondria were similar on each day, accounting for 13%, 2.7%, 4.1% and 4.3 % of
liver activity respectively.

Enzyme kinetics were measured using lysine concentrations ranging from 0-50
mM and fitted to the Michaelis-Menten (MM) and/or substrate inhibition (SI) equations:

Michaelis-Menten: Y=V yx*X/(Ki + X); Substrate Inhibition: Y=Vmax')Q(Km+X+X2/D);

where V. is the maximal velocity at saturation; Ky, or the Michaelis constant, is the
substrate concentration required to reach half-maximal velocity (Vmax/2); and D is the
dissociation or inhibition constant. The graphical solutions to the kinetic analyses of LKR
in different tissues from birth through to 84 days of age are depicted in Figures 4.3 to
Figure 4.9.

Most tissues exhibited characteristics consistent with both substrate inhibition as
well as Michaelis-Menten kinetic models. Some data, for example day 3 brain, did not fit
either model. Using data from both analyses, the Michaelis constants were solved for
each tissue (Table 4.3). Liver and kidney had the most stable Michaelis constants
throughout the experimental period, while some tissues demonstrated negative values,

reflecting the low activities and high variability with some of the data.
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Table 4.1 Tissue Activity of Lysine a-Ketoglutarate Reductase in Developing Pigs

Day 0° 3 Days 7 Days 14 Days 21 Days 28 Days 84 Days Mean Percent
Activity6 of Liver
Tissue Activity' SEM Activity SEM  Activity SEM  Activity SEM  Activity SEM  Activity SEM  Activity SEM  Activity SEM
Liver 1.90™% 028 206 071  197**® 060 329%™ 133 144" 051 213**F 125 166 051 18 011 100%
; 142 037 116* 036 055" 016 028 009 041® 012 1.06* 076 047** 0.0 077 017 41%
Kidney
IEC* 059 029 083" 045 064" 022 015° 015 020" 011 050° 022 078 023 053 010 28%
Muscle 2-85°* 071  1.03"® 050 063°® 015 074"® 032 091*® 020 098" 098 096™% 075 087 006  47%
Heart 038%*% 0.19 068" 036 008" 007 031" 018 0.00°® 000 000" 000 003"® 003 NC NC
Brain® 048%°% 021  0.069°% 0.062 041" 0.19 NA’ - NA - NA - NA — NC NC

'Values are presented as specific activities; (nmol/min/mg mitochondria protein);
’[EC: Intestinal epithelial cell mitochondria;
3Brain tissue represents 10% homogenate of half of the brain (either left or right hemispheres of the cerebral cortex and 1/2 of the
cerebellum cut along the midsagittal plane and severed at the brain stem);
‘Brain tissue was collected only on days 0, 3 and 7.
*Days 0, 3 and 7; n = 5; Days 14, 21, 28 and 84, n = 4.

Data with different letter superscripts are significantly different; within column represents differences among tissues (lowercase
script), within rows represents differences among different ages within the same tissue (uppercase script).

SWhere age effect was not significant a mean value for all other measurements was calculated.
"NA — not available. NC —~ not calculated.



Figure 4.2 Tissue Activity of Lysine a-Ketoglutarate Reductase in Developing Pigs
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Table 4.2 Activity of Saccharopine Dehydrogenase in Developing Pig Tissues

0 Days' 3 Days 7 Days Mean Activity” % of
Tissue  Activity SEM  Activity SEM  Activity SEM  Activity SEM  Liver

Liver 3.07°  0.89  4.64° 121 4,68 0.80 4.66 0.55 100
Kidney  0.92° 038 0.26° 0.22 0.66" 0.25 0.61 0.19 13.1
IEC? 0.13%°  0.09 ND° ND 0.13 0.09 2.7
Muscle  0.19>°  0.19  0.14° 0.08 0.24° 0.16 0.19  0.030 4.1
Heart 032  0.15 0.19° 0.06 0.09° 0.07 020  0.067 4.3
Brain™ 106 042 1.99° 0.57 1.46° 0.46 1.50 0.27 32.0

'"Values are presented as specific activities; (nmol/min/mg mitochondria protein) for n=5
per tissue;

’[EC: Intestinal epithelial cell mitochondria;

*Brain tissue represents whole homogenate of half of the brain (either left or right
hemispheres of the cerebral cortex and 1/2 of the cerebellum cut along the midsagittal
plane and severed at the brain stem);

*Brain tissue was collected only on days 0, 3 and 7;

’IEC values from day 0 were used as the Mean calculation.

ND: not detected.

Data with different letter superscripts are significantly different (p<0.05); within column
represents differences among tissues (lowercase script), there were no differences among
different ages within the same tissue (uppercase script).

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.3 Day 0 Enzyme Kinetics of LKR in Pig Tissues
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Figure 4.4 Day 3 Enzyme Kinetics of LKR in Pig Tissues
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Figure 4.5 Day 7 Enzyme Kinetics of LKR in Pig Tissues
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Figure 4.6 Day 14 Enzyme Kinetics of LKR in Pig Tissues
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Figure 4.7 Day 21 Enzyme Kinetics of LKR in Pig Tissues
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Figure 4.8 Day 28 Enzyme Kinetics of LKR in Pig Tissues
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LKR enzyme kinetics was investigated in different pig tissues using L-lysine
concentrations ranging from 0 to 50 mM. Data represent Mean + SEM and are fitted to

Michaelis-Menten (solid lines) and substrate inhibition (dashed lines) non-linear
regression equations. Note differences in Y-axes.
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Figure 4.9 Day 84 Enzyme Kinetics of LKR in Pig Tissues
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LKR enzyme kinetics was investigated in different pig tissues using L-lysine
concentrations ranging from 0 to 50 mM. Data represent Mean + SEM and are fitted to

Michaelis-Menten (solid lines) and substrate inhibition (dashed lines) non-linear
regression equations. Note differences in Y-axes.
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Table 4.3 Effect of Age on Tissue Michaelis-Menten Constants (Km) of Lysine a-Ketoglutarate Reductase in Pigs

0 Day 3 Days 7 Days 14 Days 21 Days 28 Days 84 Days

2

Tissue MM' SP LB MM s1 LB MM SI LB MM "SI LB MM SI LB MM SI LB MM SI LB

Liver 2088 4967 1073 1374 - 1308 926 8.56 2010 796 17.67.. 5982 423 2071 46.08 3542 26.17 37878 5516 29.70 31.37 32.65

Kidney 16.17 2580 21.18 832 6.2x10° 34.0410.02 2.3x107 2892 10.93 ~9.4x10° 29.59 . 1.68 7.68 6.33 5.73 715 13.20 534 2.0x10° 37.09

IEC' 054 98x10° 1888 4.1 34x10% 1486 157 2794 554 304 77x10% - -0.83 039 222 025 1,71 299 -103 DNC 286
Muscle 381 547 3374 247 . 13x10° 836 073 DNC' 061 133 DNC . - 153 DNC 532 331 4683052 -0.17 DNC 1098
Heart -045 1.7x10° 2.58 64x10° DNC . 574 . -0.86 -2.00 123 936 - 52x10° 13.67 = 095 DNC 490 250 DNC '~ 8.6x107 1.2x10° 0.92
Brain®” 044 324 165 17x10" DNC -- -185 311 NA NA NA NA NA NA NA NA NA NA NA NA NA

'MM: Michaelis-Menten derived Ky, given in mM;

2SI: Substrate inhibition derived Ky, given in mM;

’LB: Lineweaver-Burke derived Ky, given in mM;

*[EC: Intestinal epithelial cell mitochondria;

DNC: the data did not converge to the equation for the non-linear equation;

®Brain tissue was collected only on days 0, 3 and 7; NA Not available.

"Brain tissue represents whole homogenate of half of the brain (either left or right hemispheres of the cerebral cortex and 1/2 of the
cerebellum cut along the midsagittal plane and severed at the brain stem).



4.4.2 Inhibition of Hepatic LKR in Developing Pigs

Hepatic LKR was previously shown to be sensitive to a variety of compounds
including catabolic intermediates such as saccharopine and a-aminoadipate (Chapter 3).
In the current experiments, some of the more successful inhibitory compounds were
investigated to determine their effectiveness at different ages of the pig.

Saccharopine significantly decreased LKR activity (20% — 25%) only on days 3
and 7, and only at the higher concentrations tested (10 and 20 mM) (Table 4.4).
Conversely, on days 14 to 28 the addition of low concentrations of saccharopine
significantly increased the activity of hepatic LKR by 50 to 300%, whereas at high
concentrations LKR activity was not different from control. The level of inhibition
tended to increase with age until day 14 and then decreased (Figure 4.10).

Aminoadipate addition had little significant effect on LKR activity (Table 4.5).
However, the pattern of response was similar to saccharopine; within a given
concentration of aminoadipate, LKR activity increased to a peak at day 14 and then
declined (Figure 4.10). Within ages, increasing aminoadipate concentration had no
significant effect on LKR activity except for 20 mM aminoadipate on day 21.

The addition of a-ketoadipate significantly decreased LKR activity on days 0 and
3 (Table 4.6) by 12% - 22%. However, the percent of inhibition did not increase with .-
ketoadipate concentration. The effects of a-ketoadipate were limited to this early period;
no significant effects were seen after 3 days of age. On day 14, it appeared as if the
ketoadipate was stimulating LKR activity. Again, similar to the responses seen with

saccharopine and aminoadipate, within a given concentration of ketoadipate, LKR
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activity increased until day 14 and then declined (Figure 4.10). Within ages, there was no
effect of increasing ketoadipate concentration.

Pipecolic acid, an intermediate in the overflow pathway of lysine catabolism
significantly decreased LKR activity on day 0 by 15% - 18%. No other significant effects
of pipecolic acid were measured (Table 4.7). However, the same pattern of increasing
LKR activity, which peaked on day 14 and then decreased, again as with saccharopine,
aminoadipate and ketoadipate, was observed (Figure 4.10).

Spermine, at 20 mM on day 7 decreased LKR activity by 25%, but significantly
increased the activity by ~60% — 240% on days 14 and 21 (Table 4.8). Again the same
trend with age was observed; regardless of spermine concentration, LKR activity
increased, peaked on d14 and then decreased again in response to spermine addition
(Figure 4.10). On day 7, LKR activity decreased in response to increasing concentration
of spermine, but this trend was reversed on day 14. No effect of spermine concentration
was observed on the other experimental days.

Kynurenine, a metabolite of tryptophan degradation, completely abolished the
activity of LKR at 20 mM on each of days 0, 3 and 7. In addition, 10 mM kynurenine on
these days either abolished LKR activity or decreased the activity by more than 80%
(Table 4.9). Homocitrulline, a lysine with urea attached to the e-amino group, had no

significant effect on LKR activity (Table 4.10).
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Table 4.4 Inhibition of Hepatic LKR at Different Ages by Saccharopine

Concentration of Inhibitor’

0.20 mM 2.0 mM 10.0 mM 20.0 mM
Age % Activity of Control®

Mean SEM Mean SEM Mean SEM Mean SEM
Day 0 81.0° 7.2 1102*¢ 135 115.8°¢ 3.1 116.1° 11.7
Day 3 94.8° 5.3 115.3% 11.6 84.7% 6.5 7747 11.8
Day 7 98.5° 4.5 102.7% 10.8 78.0" 5.7 735" 6.7
Day 14 317.7° 140 259.3" 12.8 148.5° 14.8 139.5% 14.7
Day 21 1842 195 1741 230 1173 66 111.4% 15.8
Day 28 150.0° 8.7 180.7¢ 22.4 117.5% 8.7 107.6™ 8.7
Day 84 152.6° 203 142.6™ 10.8 143.4™ 136 166.8¢ 153

'LKR activity was determined in the presence of various potential inhibitory compounds. Compounds were
added prior to addition of protein. Control tubes had water substituted for inhibitory compound and were
run each day for each animal; data are presented as Percent of Control Activity for n 23 separate
experiments (samples were measured in duplicate). Control activities were used to normalize treated
samples; control values are those listed in Table 4.1.

*Values with * indicate activities were significantly different from control (p<0.05), as assessed by
Repeated Measures ANOVA and Dunnett’s Multiple Comparison Test. Values with different letters were
significantly different among ages within a column (compound concentration) as assessed by Two-way
ANOVA and Bonferroni post tests.

Table 4.5 Inhibition of Hepatic LKR at Different Ages by Aminoadipate

Concentration of Inhibitor’

0.20 mM 2.0 mM 10.0 mM 20.0 mM
Age % Activity of Control*

Mean SEM Mean SEM Mean SEM Mean SEM
Day 0 92.7% 4.0 95.4% 5.6 106.2° 5.0 98.0° 10.6
Day 3 93.0° 4.4 92.5° 3.7 101.0° 4.4 123* 5.0
Day 7 1206° 82 105.4™ 7.1 112.7° 11.5 1232 142
Day 14 164.6° 9.8 124.2° 15.9 156.5° 13.7 143.6™ 112
Day 21 113.6° 5.8 1089 53 1158 8.0 1443 285
Day 28 125.8° 165 1174 168 112.5° 10.9 132" 102
Day 84  92.6° 9.0 96.9% 1.8 88.3° 6.8 97.6" 5.0

'LKR activity was determined in the presence of various potential inhibitory compounds, Compounds were
added prior to addition of protein. Control tubes had water substituted for inhibitory compound and were
run each day for each animal; data are presented as Percent of Control Activity for n 23 separate
experiments (samples were measured in duplicate). Control activities were used to normalize treated
samples; control values are those listed in Table 4.1.

*Values with * indicate activities were significantly different from control (p<0.05), as
assessed by Repeated Measures ANOV A and Dunnett’s Multiple Comparison Test.
Values with different letters were significantly different among ages within a column
(compound concentration) as assessed by Two-way ANOVA and Bonferroni post tests.
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Table 4.6 Inhibition of Hepatic LKR at Different Ages by a-Ketoadipate

Concentration of Inhibitor'

0.20 mM 2.0 mM 10.0 mM 20.0 mM
Age % Activity of Control’

Mean SEM Mean SEM Mean SEM Mean SEM
Day 0 86.5° 54 78.3" 7.7 82.1" 44 81.6™ 3.5
Day 3 83.8" 42 87.5"® 42 83.7°° 3.5 88.17 6.1
Day 7 101.5° 92 90.7% 10.9 138.3" 18.7 104.8° 13.9
Day 14 142.1° 6.8 122.1° 3.4 124.3° 132 140.0° 14.5
Day 21  104.9% 4.6 99.2% 7.6 109.7% 11.6 104.6* 94
Day28 1352 24.4 115.9™ 7.7 123.9° 15.3 106.8%° 8.8
Day 84 91.7° 6.3 91.6* 6.1 92.6 9.0 108.3% 17.6

'LKR activity was determined in the presence of various potential inhibitory compounds. Compounds were
added prior to addition of protein. Control tubes had water substituted for inhibitory compound and were
run each day for each animal; data are presented as Percent of Control Activity for n 23 separate
experiments (samples were measured in duplicate). Control activities were used to normalize treated
samples; control values are those listed in Table 4.1.

*Values with * indicate activities were significantly different from control (p<0.05), as assessed by
Repeated Measures ANOVA and Dunnett’s Multiple Comparison Test. Values with different letters were
significantly different among ages within a column (compound concentration) as assessed by Two-way
ANOVA and Bonferroni post tests.

Table 4.7 Inhibition of Hepatic LKR at Different Ages by Pipecolic Acid

Concentration of Inhibitor’

0.20 mM 2.0 mM 10.0 mM 20.0 mM
Age % Activity of Control’

Mean SEM Mean SEM Mean SEM Mean SEM
Day 0 81.9% 4.6 84.4" 0.9 87.2° 3.7 82.6" 49
Day 3 90.0° 6.1 91.6% 9.0 87.9% 72 95.1% 6.8
Day 7 101.3 10.8 81.3° 52 94,6 12.6 90.7% 8.5
Day 14 130.4° 12.8 114.8° 6.2 123.9° 7.7 109.9° 7.8
Day2l  108.1% 7.5 94.0® 73 114.2% 6.0 108.3% 8.0
Day28  109.3% 1.9 102.4% 11.8 102.6™ 18.1 99 5% 8.0
Day 84  110.3® 13.1 90.7% 7.1 89.8% 6.1 86.5% 6.7

'LKR activity was determined in the presence of various potential inhibitory compounds. Compounds were
added prior to addition of protein. Control tubes had water substituted for inhibitory compound and were
run each day for each animal; data are presented as Percent of Control Activity for n =3 separate
experiments (samples were measured in duplicate). Control activities were used to normalize treated
samples; control values are those listed in Table 4.1.

?Values with * indicate activities were significantly different from control (p<0.05), as assessed by
Repeated Measures ANOVA and Dunnett’s Multiple Comparison Test. Values with different letters were
significantly different among ages within a column (compound concentration) as assessed by Two-way
ANOVA and Bonferroni post tests.
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Table 4.8 Inhibition of Hepatic LKR at Different Ages by Spermine

Concentration of Inhibitor'

0.20 mM 2.0 mM 10.0 mM 20.0 mM
Age % Activity of Control®

Mean SEM Mean SEM Mean SEM Mean SEM
Day0  101.4° 2.1 1143% 46 116.2* 10.2 109.2% 15.8
Day3  102.1° 6.1 99.8% 9.2 124.6% 15.4 116.7¢ 13.0
Day7  106.9" 6.7 88.1% 7.8 93.8% 6.6 75.0" 9.0
Day 14  163.9™ 15.7 166.0° 133 225.8" 22.8 238.5™ 17.4
Day21 1055 5.4 121.7% 167 164.2" 18.0 160.4™¢ 21.1
Day28  117.0° 4.8 133.5® 12.3 144.3° 7.6 145.1¢ 7.3
Day 84  95.0°° 6.3 89.9° 8.8 78.14 6.5 84.2° 13.3

'LKR activity was determined in the presence of various potential inhibitory compounds. Compounds were
added prior to addition of protein. Control tubes had water substituted for inhibitory compound and were
run each day for each animal; data are presented as Percent of Control Activity for n =3 separate
experiments (samples were measured in duplicate). Control activities were used to normalize treated
samples; control values are those listed in Table 4.1.

*Values with * indicate activities were significantly different from control (p<0.05), as assessed by
Repeated Measures ANOVA and Dunnett’s Multiple Comparison Test. Values with different letters were
significantly different among ages within a column (compound concentration) as assessed by Two-way
ANOVA and Bonferroni post tests.

Table 4.9 Inhibition of Hepatic LKR at Different Ages by Kynurenine

Concentration of Inhibitor!

0.20 mM 2.0 mM 10.0 mM 20.0 mM
Age % Activity of Control®

Mean SEM Mean SEM Mean SEM Mean SEM
Day 0 82.5 2.8 92.6 11.2 0.0 0.0 0* 0
Day3  93.8 4.3 94.2 4.8 19.9° 19.9 0* 0
Day7  102.1 8.4 110.5 5.0 16.6" 16.6 0* 0

'LKR activity was determined in the presence of various potential inhibitory compounds. Compounds were
added prior to addition of protein. Control tubes had water substituted for inhibitory compound and were
run each day for each animal; data are presented as Percent of Control Activity for n =3 separate
experiments (samples were measured in duplicate). Control activities were used to normalize treated
samples; control values are those listed in Table 4.1.

*Values with * indicate activities were significantly different from control (p<0.05), as assessed by
Repeated Measures ANOVA and Dunnett’s Multiple Comparison Test. Values with different letters were
significantly different among ages within a column (compound concentration) as assessed by Two-way
ANOVA and Bonferroni post tests — no significant differences were observed..

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.10 Inhibition of Hepatic LKR at Different Ages by Homocitrulline

Concentration of Inhibitor!

0.20 mM 2.0 mM 10.0 mM 20.0 mM
Age % Activity of Control®

Mean SEM Mean SEM Mean SEM Mean SEM
Day 21 106.2 22 95.9 7.8 113.4 10.3 107.0 15.0
Day28  105.6 11.3 105.4 11.3 100.9 11.3 100.5 6.8
Day 84  100.8 8.9 88.0 2.6 88.2 7.0 90.1 6.8

~ TLKR activity was determined in the presence of various potential inhibitory compounds. Compounds were
added prior to addition of protein. Control tubes had water substituted for inhibitory compound and were
run each day for each animal; data are presented as Percent of Control Activity for n =3 separate
experiments (samples were measured in duplicate). Control activities were used to normalize treated
samples; control values are those listed in Table 4.1.
*Values with * indicate activities were significantly different from control (p<0.05), as assessed by
Repeated Measures ANOVA and Dunnett’s Multiple Comparison Test. Values with different letters were
significantly different among ages within a column (compound concentration) as assessed by Two-way
ANOVA and Bonferroni post tests — no significant differences were observed..

4.4.3 Production of '*CO, by developing pig tissues

To determine whether the complete pathway for lysine catabolism was present in
the tissues of the developing pig, the production of ¥C0, from universally labeled or 1-
"(C-lysine was measured in mitochondria isolated from liver, muscle and the intestinal
epithelial cells. Due to the demands for IEC protein and the limited quantities available
per animal®, we earlier determined that intact IEC could be used to measure oxidation of
lysine, as well as the oxidation of the branched chain amino acids and ketoisocaproic acid
(Chapter 3, section 3.4.5, Figure 3.12, (138)). Production of *CO, from lysine by liver or

IEC did not change significantly during the first 7 days, however the production of *CO;,

A Experiments were conducted to measure '*CO, production from labeled lysine, valine,
leucine, isoleucine and ketoisocaproic acid. To meet the demands, it was more
economical to utilize whole intact IEC, rather than utilize more animals for this
procedure. The numbers of animals required would have would have doubled (at least),
with no increase in the experimental n.
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Figure 4.10 Effect of Age and Inhibitor Concentration on LKR Inhibition
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Preceding page; Graph summarizing data from Tables 4.4 - 4.8 to illustrate trend seen
with increasing age of growing pig. Dashed line represents the level of control LKR
activity.

from muscle mitochondria was significantly lower after 7 days, compared to day 3 data,
but was not different from day 0 "*CO, production (Figure 4.9). Comparing between
tissues, '*CO, production was the same on day 0, but on day 3 oxidation of lysine by

muscle mitochondria was significantly greater than IEC, but the same as liver. On day 7

all tissues had "*CO, production rates that were significantly different.

Figure 4.11 Recovery of “Co, from 1C-Lysine in Young Pig Tissues
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Intact mitochondria from liver and muscle preparations, and intact IEC were incubated
with universally labeled '*C-L-Lysine for 3 hours; '*CO, was collected simultaneously
and post-reaction termination in ethylene glycol monomethyl ether: ethanolamine.
Radioactivity was quantified by scintillation. Data are presented as Mean = SEM for 5
separate experiments. Values are corrected for protein and substrate blanks. Different
uppercase letters indicate significant differences among tissues on the same day; different
lowercase letters indicate significant differences within tissues among ages; P< 0.05.
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4.5 Discussion

There is a readily adaptive metabolic milieu in developing tissues and organ
systems that allow the growing animal to adjust to major transitions in nutritional supply,
form and availability. The efficient utilization of nutrients, especially essential amino
acids like lysine, is necessary for survival because these parameters largely determine
protein synthesis in growing animals. To this end, we have investigated the catabolism of
lysine in various pig tissues at different ages through examination of lysine a-
ketoglutarate reductase and saccharopine dehydrogenase, the first two enzymes in the
lysine catabolic pathway.

The nutritional transitions that occur in the first weeks of life are extremely
significant and the dietary environment of these periods can have lasting effects on the
health and growth (potential) of the animal. The initial suckling period includes
colostrum delivery to the newborn animal to supply immunoglobulins and a rich supply
of nutrients. These not only sustain life but also set the stage for intestinal growth and
development (50, 274, 366, 372, 395, 433, 515, 516) that in turn directly impacts whole
body metabolic status. Indeed, one of the more contentious issues in the global pig
industry is the most suitable duration for suckling, ranging from 10 — 28 days or even
longer in some cases (55, 334, 476). Additional areas of this debate are the merits of
creep feeding; the addition of solid grain diets for neonatal piglet ad /ibitum consumption
while suckling. This transition from suckling to weaning can shift the profile of amino
acids entering the intestine and portal blood supply (101, 158). This shift may lead to

acute metabolic shortages in the concentrations of amino acids critical for protein
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synthesis during this period. Stoll et al (438) reported extensive catabolism of threonine
and BCAA by the small intestinal mucosa of milk-fed piglets. Following these reports,
Flynn and co-workers (158) demonstrated that plasma glutamine concentrations, along
with alanine, threonine and the BCAA concentrations decreased in piglets from one day
of age to day 21. One explanation to account for the decrease of these amino acids in
plasma was increased catabolism of these amino acids by the small intestine and other
tissues. In addition, if amino acids are required or utilized for roles other than protein
synthesis, then abrupt deficiencies may have longer-term consequences, especially if
these amino acids are acting as signals for other metabolic activities. For example,
arginine, and its immediate precursors, ornithine and citrulline, were markedly decreased
in 7- to 21-day old pigs compared with 1- to 3-day old piglets (158). This decrease
indicated a deficiency of arginine for hepatic ammonia detoxification, and as a substrate
for nitric oxide synthase. Guan et al (192) have recently shown that in TPN-fed neonatal
piglets, the GLP-2 stimulation of intestinal blood flow and glucose utilization was
dependent upon nitric oxide. Therefore, decreasing the nitric oxide signal via lowered
arginine levels is expected to decrease the GLP-2 signals that stimulate intestinal growth
(129) and thus lead to a diminished intestinal capability. Decreased intestinal capacity in
the neonate will negatively impact the growth and hence performance of the animal. Thus
understanding the roles of the amino acids and their catabolites will help more clearly
define the impact of acute deficiencies or excesses of these compounds on cellular, tissue

and whole body metabolism.
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4.5.1 Tissue Distribution and Age Effects on LKR and SDH activities

In these current experiments we questioned whether lysine catabolism during the
major nutritional transitions in the young, growing pig was altered to match nutritional
changes associated with birth, suckling, and weaning. The activity of the rate-limiting
enzyme, lysine a-ketoglutarate reductase was detected in each of the tissues assayed
(Table 4.1, Figure 4.2). Regarding development, little previous data was available on the
activity of the lysine catabolic enzymes. Two studies in rats showed a significant rise in
hepatic LKR activity during the initial stages of development, with a concomitant decline
in brain activity (374, 411). Another rat study (440) showed that brain, heart and kidney
a-ketoadipate dehydrogenase (a-KADH) activity showed a continuous rise (7, 8 and 29
fold, respectively) from day —5 to day 28. Liver a-KADH activity did not increase until
day 10, and a 7-fold increase was noted by day 28. No other data in the literature were
found regarding age effects on other lysine catabolic enzymes.

In the present experiment, unlike the rat (374, 411), hepatic LKR activity in the
pig did not change in the first weeks of life and was stable at ~2 nmol/min/mg. This
contrast may be a species difference (320) reflecting differences in nutritional
requirements or tissue ontogeny of rats and pigs during similar periods of growth and
development. However, LKR activity in the kidney appeared to decrease during the first
3 weeks after birth (from ~1.5 to 0.3-0.4 nmol/min/mg) and then stabilize at ~ 0.5
nmol/min/mg. As shown in Chapter 3, kidney LKR activity was ~2.5 nmol/min/mg in
market weight (110 kg) pigs, thus an increase in kidney LKR from d84 to ~120-140 days
of age occurs. Examining Figure 4.2, it appears that kidney LKR activity was, unlike

liver LKR, influenced by developmental cues. During the first days after birth, kidney
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function increases significantly (211). While experiments have shown that dietary
electrolyte balance can influence lysine metabolism (159, 356), experiments describing
an interaction between LKR activity or lysine degradation in the kidney coinciding with
renal functional development have not been reported. This question is worthy of further
research.

Muscle LKR activity was highest on day 0, and then decreased significantly on
day 3, at which point the activity stabilized to ~Inmol/min/mg for the remainder of the
experimental period. Although not significant, muscle activity was the highest amongst
the different tissues analyzed on day 0. Our '*CO, production data also showed
significant lysine oxidation during the first week of life (Figure 4.9). The high rate of
muscle LKR activity and lysine oxidation early in the neonatal period may be due in part
to the demand for a large increase of substrate flux through the TCA cycle, so that ATP
synthesis matches the increased ATP demands of muscle tissue, because of the increase
in physical activity. During the first day after birth, physical activity accounts for 46% of
the piglet’s time, of which 37% is spent suckling (306). Le Dividich (273) showed that
the energy costs (measured as heat production) of standing activity (amounting to 0.159
kJ kg'BW min™) in the 1-day-old piglet were proportional to standing time. These
authors calculated that during the first day of life, spontaneous physical activity could
contribute to 30% of the total heat production. This contribution was increased if suckling
activity was taken into account. Thus the energy cost of physical activity is a major factor
in energy metabolism in the newborn piglet.

The main energy stores available at and soon after birth are colostrum, since

suckling starts within 20-30 minutes after birth, and body energy stores (30, 202, 273).
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The main body energy stores are body protein (72.1%) followed by glycogen (18.1%)
and fat (9.6%) (30, 139). Benevenga and colleagues (30) calculated that it would take
10.7 hours to consume all of the body fat or 20.3 hours to consume all of the stored
carbohydrate (glycogen). Although, calculations by these authors (30) and others (273)
show that only 3.4% - 6.8% of the heat produced by a newborn piglet is derived from
body protein, it is unlikely that fat and glycogen stores would be consumed sequentially
or totally. Thus some body protein must be catabolized to meet the fuel demands of the
piglet. In support of this hypothesis: while neonates have a high rate of protein gain,
facilitated by a high ribosome content in the skeletal muscle (151), several studies have
suggested that newborns demonstrate a resistance to depressing the rate of protein
breakdown (367, 368), but that the ability to reduce proteolysis in response to parenteral
nutrition increases with development (121). This resistance to depress protein breakdown
is most likely because the dynamic remodeling of muscle protein requires constant amino
acid availability at the cellular level. Other studies have further shown that neonatal
whole-body proteolysis reduction was primarily regulated by the availability of free
amino acids in the intracellular pool in an insulin-independent manner (367, 368).
Furthermore, neither glucose nor lipid could reduce the rate of proteolysis in neonates as
well as amino acids. More recently, work by Thivierge and colleagues (456) showed that
although feeding decreased whole-body protein breakdown, hind limb (specifically the
longissimus dorsi muscle) proteolysis was increased by ~33% in response to feeding.
Therefore, a sustained high rate of muscle protein breakdown early in the life of the piglet
will insure that a large pool of intracellular amino acids is always available. A high rate

of protein degradation will also buffer the changes that incoming amino acids from the
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diet have on amino acid concentrations in the intracellular pool, i.e. larger diet changes
are required to change plasma and intracellular amino acid concentrations — more
uniform amino acid ratios will provide sustainable protein synthesis. That the major fate
of these amino acids is de novo protein synthesis is not argued; however, it may be that a
small proportion of these amino acids may be used, or must be used, to meet the demands
for energy in the muscle. Evidence showing that protein breakdown is not reduced when
glucose or lipids, the main energy fuel substrates, were provided to the neonate (122)
supports this argument.

Immediately after birth, an increase in plasma glucagon and a fall in plasma
insulin (382) provide the appropriate hormonal environment for gluconeogenesis in
neonatal piglets. Along with substantial activity of the gluconeogenic enzymes (35% -
105% of adult values), the hormonal environment enables the newborn piglet to meet its
glucose demands during the first hours following parturition provided there is ample
supply of substrate (202). Lysine, at physiological concentrations, has been shown to
stimulate gluconeogenesis from lactate (93, 94, 264), presumably by increasing the
intracellular concentrations of glutamate and aspartate and thereby increasing the rate of
cytoplasmic NADH reoxidation (94). Lysine may therefore have an important, but
previously undervalued, role in postnatal energy homeostasis.

Therefore, the metabolic environment of the newborn piglet facilitates protein
catabolism, which would release lysine from body protein. Once released, this lysine
would then be available for stimulation of gluconeogenesis and-or degradation via LKR

to provide energy.
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Newborn piglets also experience a sudden 15-20°C drop in their thermal
environment (202). Having no brown adipose tissue (460), very low glycogen storage,
being virtually hairless and devoid of subcutaneous fat (336), the piglet must use
muscular shivering thermogenesis to maintain body temperature (32). Although a warm
microenvironment is usually provided in the farrowing pen, the pig tends to ignore it on
the first day (336). To accommodate the energy demands of thermogenesis, the oxidative
capacity of muscle is higher during the first days of extra-uterine life compared to
subsequently (32). Additionally, mitochondrial protein mass in muscle was shown to
increase by 49% (in longissimus dorsi) during the first 5 days post-partum, (400) to
support the demand for increased oxidative capacity. Because the newborn pig lacks
energy storage as fat and glycogen, amino acids are a major fuel source in the early
postnatal period. The rate of lysine oxidation to CO; by muscle was 3-10 times higher
than liver oxidation for day 0 and 3, respectively (Figure 4.10) indicating that lysine (and
possibly other amino acids) are important energy sources for muscle in the early postnatal
period.

Lysine degradation merges with fatty acid oxidation at glutaryl-CoA
dehydrogenase, which catalyzes the flavin-dependent oxidation of glutaryl-CoA to
crotonyl-CoA and CO,. Suda and colleagues (440) showed that liver activity of a-
KADH, which converts a-ketoadipate to glutaryl-CoA, was low immediately after birth
and suggested that this was due to increased hepatic lipid oxidation rates during this
period (15, 66, 161), in response to the high fat, low carbohydrate content of milk (131)
which requires CoA. Thus CoA would not be available for the catalytic action of a-

KADH, hence leading to repression or inhibition of the liver enzyme. During the suckling
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period, Suda and colleagues (440) suggested that the conversion of a-ketoadipate to
glutaryl CoA would be carried out by the kidney and heart. However, the young pig,
unlike the rat and other mammals, does not have a high rate of hepatic $-oxidation (3,
359). Carnitine palmitoyltransferase I (CPTI) is essential in regulating flux of fatty acids
through (-oxidation (300, 335, 344, 399), but data from neonatal pigs has shown that
while CPTI activity doubles between birth and 24 hours (33) to a rate similar to that of a
24-day-old pig, fatty acid oxidation is only one third of the rate seen in the 24-day-old
pig. The cause for this discrepancy in neonatal pigs has been linked to the sensitivity of
hepatic CPTla to the inhibitory effects of malonyl-CoA (335). However, the other
isoform, CPT1p3, expressed in pig muscle and heart (335) has a low Ky for carnitine (197
uM) and a low sensitivity for malonyl-CoA inhibition (ICso = 906 nM) (380). As noted
by Peffer and colleagues (357), although fatty acids serve as the principal substrate for
hepatic oxidative metabolism during the late suckling period (178), the low capacity of
the neonatal pig for hepatic 3-oxidation may actually indicate impaired nutrient handling.
The muscle CPT1f isoform functions to effectively circumvent the hepatic deficiency.
Therefore, in the newborn pig, the muscle is a very oxidative tissue that is critical to
thermogenesis. Although increased -oxidation has not been investigated as to whether it
increases lysine degradation, the increased oxidative capacity of muscle and muscle
mitochondria during this period may contribute to the high rate of lysine degradation in
the muscle tissue.

Lysine catabolism in the brain during development and through life may be an
important source of glutamate, an excitatory neurotransmitter. As described by Papes et

al. (354), the sources of nitrogen and carbon for the de novo synthesis of glutamate in the
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brain have remained elusive. The main precursor for the carbon skeleton comes primarily
from glucose (414), while the BCAA have been suggested as potential donors of amino
groups for the synthesis of approximately 30-50% of the glutamate produced within the
brain. However, the enzyme BCAT is restricted to the astrocyte (232, 236, 511-513) and
therefore sources for glutamate synthesis in the neuron are presently unknown. In
addition, the amino acids that contribute the remaining 50-70% of the amino groups
needed for glutamate synthesis in the brain have not been identified. LKR/SDH enzyme
protein and activity has been localized to neurons in several regions in the brain (354)
and lysine could thus be the source of amino groups for the de novo synthesized
glutamate in neurons.

During brain maturation and immediately after birth, when most cellular
communications are being established and refined in the central nervous system,
glutamate-mediated neurotransmission is essential (225, 226, 308, 479). Thus if lysine
degradation via the saccharopine pathway was associated with or necessary for glutamate
production in the central nervous system, a deficiency in LKR or SDH activity would be
highly detrimental. The fact that mental retardations and neuromotor control problems
have been associated with genetic disorders of lysine catabolism (64, 106, 174, 176, 256,
292, 392, 497) provides strong indirect evidence for this hypothesis. Additionally
catabolites of lysine (chiefly a-aminoadipate) have been linked with the modulation of
glial metabolism via decreased kynurenic acid production. Kynurenate is a broad-
spectrum competitive antagonist of all ionotropic excitatory amino acid receptor (439),
and more specifically antagonizing the N-methyl-D-aspartate (NMDA) receptor (355).

Therefore lysine catabolism in the brain may indirectly enhance the responses of
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excitatory amino acid receptors (184, 462). Whether these mechanisms serve a
developmental role is unknown, however a potential mechanism that could have
development implications is discussed in section 4.5.2.

In the developing intestine, LKR activity appeared to decrease after the first week
until post-weaning when the activity began to increase. Lysine utilization by the neonatal
pig intestine has been documented by several studies (44, 435, 438, 468). Presumably
much of this lysine utilization is directed towards protein synthesis, however Stoll and
colleagues (438) showed that significant lysine catabolism occurred in the mucosal cells.
Thus we predicted that activity of the rate-limiting enzyme for lysine catabolism would
be found. Intestinal degradation of other indispensable amino acids, including lysine, has
been described previously (29, 466, 468). A functional role for lysine degradation in the
intestine is presently unknown, however its oxidation to provide energy in the gut has
been demonstrated (466, 468).

The production of lysine catabolites in IEC may also serve a to modulate
neuromuscular development of the enteric nervous system similar to the potential roles
identified for tryptophan and BCAAs. Van Der Schoor and colleagues (465) suggested
that a potential role for tryptophan is utilization for serotonin synthesis, because of the
high innervation of the intestine (307). Furthermore, the BCAA catabolic enzyme, BCAT
has similarly been localized to cells in the stomach and intestine (446) which were
closely associated with enteric ganglia. Thus a neurological role for lysine degradation in
both the central and peripheral nervous systems is a possibility.

Saccharopine dehydrogenase activity did not differ with piglet age in any tissue

assayed (Table 4.2). With the exception of brain SDH activity on day 0, liver

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mitochondria had significantly greater SDH activities of any tissue assayed on any day.
Brain activity was maintained between 31-43% of liver activity during the first week of
extra-uterine life, again suggesting an important role for lysine degradation in the
developing brain. In contrast to the LKR data, SDH activities in muscle were
considerably lower than liver activities. Similarly, SDH activity in IEC was low on day 0
and below the level of detection on days 3 and 7. These results suggest that there is a
tissue-specific level of regulation for SDH activity.

The oxidation data (Figure 4.9) shows that the entire lysine catabolic pathway was
present in all tissues examined. It is possible that activation of SDH activity in muscle
and intestine is more tightly controlled than in liver or kidney. For example, if both
monofunctional SDH and bifunctional LKR/SDH activities are present in the liver and
kidney (353), but only bifunctional LKR/SDH activity is present in the intestine and
muscle, then activation of the enzyme by increased levels of lysine and calcium (Figure
1.6, as described in the model proposed by Galili (169, 518)) would be increasingly
important. If the optimum signals were not presented to SDH, or to any of the enzymes in
the pathway, then substrate processing by the enzyme and flux through the whole
pathway may be underestimated. While we optimized the conditions of temperature,
substrate concentration, protein concentration, and pH, our SDH assay included neither
calcium nor lysine. Therefore, our studies could not clarify this mechanism.

Examination of the literature reveals limited investigation of saccharopine
dehydrogenase activity in different tissues: liver (35, 145, 147, 320, 353, 403), kidney
(353) and human placenta (154). One investigation that did describe SDH tissue

distribution was based upon a single (human) sample that employed cell free
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homogenates isolated from frozen tissue collected post-mortem; activity was detected in
liver, kidney and trace in lung homogenates (221). The lack of SDH investigations may
in part be due to the difficulty of synthesizing (or obtaining) adequate quantities of
saccharopine for metabolic studies (415); throughout the current research period

saccharopine was frequently unavailable from the chemical supplier.

4.5.2 Kinetic Analysis of LKR in Developing Pig Tissues

The data presented in Table 4.3 describes the predicted Michaelis constants (Ky,)
for the various tissues during the experimental period. For each tissue, values have been
predicted using classical Michaelis-Menten parameters and using substrate inhibition
kinetics. Lineweaver-Burke transformations were performed to provide an additional
estimate of the Michaelis constants. Most of the constants are in the millimolar range,
resonant of the role of LKR as a catabolic enzyme of an essential amino acid.

Chapter 3 (Section 3.5.1, Figures 3.3,3.4) presented data from the adult pig
demonstrating substrate inhibition of hepatic and IEC lysine a-ketoglutarate reductase by
lysine. Following upon these experiments the kinetics of LKR activity was investigated
in selected tissues of the developing pig (Figures 4.3 — 4.9). The activity of liver LKR in
growing pigs seemed to have the same kinetic response and maximal activity (~2
nmol/min/mg using 10 mM lysine) from d0-d84, rising only to ~4 nmol/min/mg later in
life (~140 days, Chapter 3). Liver LKR activity, which clearly demonstrated substrate
inhibition in the adult animal, was not similarly affected in the developing pig. On days 0
and 3, the data appear to support substrate inhibition, but the argument for
Michaelis—Menten kinetics would appear just as valid. If we consider that LKR followed

Michaelis-Menten kinetics from d0-d84, and 25 mM lysine to be saturating, then the
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same developmental trend was seen at 10 mM lysine. The mean activity of LKR was
~3.5 nmol/min/mg throughout the experimental period. Thus liver LKR activity,
following either kinetic mechanism, appeared to have no developmental influences; this
is more clearly illustrated in Figure 4.2.

LKR activity in the kidney, however, appeared to be more susceptible than liver
to substrate inhibition but only from birth to weaning and only at concentrations
exceeding 25 mM lysine. At this concentration, kidney LKR activity appeared to be
maximal at every age, although still less than liver LKR activity. If, as in the case of the
liver, we consider kidney LKR to follow Michaelis-Menten kinetics and 25 mM lysine
was saturating, the same developmental trend is seen (Figure 4.2) at 10 mM lysine.

IEC LKR kinetics displayed a substrate-inhibited kinetic mechanism throughout
development. LKR activity in the brain also appeared to be dramatically susceptible to
substrate inhibition, especially on days 3 and 7. Muscle and heart LKR kinetics were
more difficult to describe, as the data were more highly variable.

The kinetic mechanism of substrate inhibition was described in Chapter 3, section
3.5.1. In brief, substrate inhibition is believed to be due to multiple substrate molecules
simultaneously binding within the active site, resulting in decreased turnover of a
substrate at one of these sites (223, 260). In the case of LKR, the end result is the
diminished catabolism of lysine.

In the regulation of amino acid catabolism, the tetrahydrobiopterin-dependent
amino acid hydroxylases are an interesting group of enzymes to consider. For example,
using the synthetic pterin cofactor, 6,7-dimethyltetrahydrobiopterin (DMPH),

phenylalanine hydroxylase exhibits classical Michaelis — Menten kinetics (241).
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However, in the presence of the naturally occurring pterin, tetrahydrobiopterin (BH4), the
enzyme gave a sigmoidal response (242). In the presence of BH; and a potent activator of
the enzyme, lysolecithin, the enzyme was substrate inhibited by increasing concentrations
of phenylalanine (152). Tryptophan hydroxylase similarly was susceptible to substrate
inhibition when the naturally occurring BH4 replaced DMPH,4 (163). The hydroxylation
of tryptophan is the initial step in the synthesis of serotonin whereas (tryptophan)
indoleamine-2,3-dioxygenase activity results in the formation of formyl-kynurenine,
preceding the formation of kynurenine. High levels of cellular tryptophan will inhibit the
hydroxylase action via substrate inhibition, and increase the synthesis of kynurenine
(which also results in competition for cellular uptake of tryptophan). Kynurenine can be
transaminated to kynurenic acid, a neuroprotective excitatory amino acid receptor
antagonist, by a-aminoadipate aminotransferase.

This step links the catabolism of tryptophan with the catabolism of lysine because
aminoadipate competes with kynurenine for transamination, thus decreasing kynurenate
production (505). Decreasing kynurenate synthesis from kynurenine may then effectively
enhance the responses of excitatory amino acid receptors (462). Conversely, the presence
of increased aminoadipate concentrations (pharmacological) have been shown to be both
neurotoxic and gliotoxic (45, 47, 346). McBean (299) showed that the L-isomer of
aminoadipate could exert its metabolic eftects (inhibition of 1. the plasma-membrane
glutamate transporter [K; of 192 uM] and 2. glutamine synthetase activity [K; of 109
uM]) at physiological concentrations of a-aminoadipate inside the glial cell. Transport
systems in astrocytes may act in concert to limit aminoadipate accumulation and prevent

detrimental effects in these cells, while permitting concentrations of the lysine catabolites
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to effectively limit kynurenate production (462). A substrate inhibition mechanism
utilized by LKR in the brain may then effectively limit lysine degradation. Thus this
would limit production of both glutamate and aminoadipate to concentrations that would
modulate levels of kynurenine and kynurenic acid. In this scenario, the inhibition of
tryptophan hydroxylase by increased levels of tryptophan and inhibition of LKR by
increased levels of lysine provides two ways of modulating excitatory amino acid
responses in the brain. The inhibition of LKR by kynurenine (Table 4.10) supports these
ideas. Whether this scenario is limited to the central nervous system is unclear. However,
the enzymes for kynurenine transformation to kynurenate have been documented in
various tissues including brain, liver, heart, kidney, intestine (19, 49, 96, 309, 317, 338)
as have the enzymes for lysine catabolism (182, 289, 297, 345, 392, 440, 441). As
discussed earlier, it has been suggested that tryptophan metabolism in the enteric nervous
system may facilitate serotonin synthesis (48, 173, 307, 394, 402, 465), providing a
means of modulating appetite (407). Lysine has also been shown to affect serotonin
metabolism in the intestine (422) providing indirect evidence that the pathways are linked
via feedback. Whether the intertwined activities of these pathways influence

developmental changes remains unclear, but appears to be a strong possibility.

4.5.3 Inhibition of Hepatic LKR Activity at Different Ages

In a previous experiment (Chapter 3), several compounds were investigated for
inhibitory potential on hepatic LKR activities in adult pigs (sections 3.4.3, 3.5.3). Several

compounds inhibited LKR activity including the catabolites of lysine, L-saccharopine, L-
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a-aminoadipate and L-a-ketoadipate. The current studies investigated the possibility that
the inhibitory potential of these compounds was subject to developmental influence.

The data presented in Tables 4.4 - 4,10 show that the activity of hepatic LKR
varies in susceptibility to inhibition at different stages of growth. The immediate
catabolites of lysine, saccharopine and aminoadipate, appeared to be relatively ineffective
at decreasing the activity of the enzyme. Inhibition by saccharopine during the first week
was only observed at the highest concentrations of the catabolite, and later, saccharopine
actually increased LKR activity. On day 14 the stimulation of LKR activity by
saccharopine was greatest at all concentrations except 20 mM and on day 84 LKR
activity was increased by similar amounts at all saccharopine concentrations. L-a-
aminoadipate had no effects on LKR activity, except on day 21, when the addition of 20
mM aminoadipate increased LKR activity by 40%. These results contrast to the adult data
(Figure 3.5) that showed significant inhibition of LKR activity by both these compounds,
suggesting perhaps a feedback mechanism was an important regulator of LKR activity.
The lack of inhibition caused by either saccharopine or aminoadipate (at physiological
concentrations of 0.2 mM) on LKR activity in the current experiments indicates that a
catabolite-driven feedback-mechanism does not regulate LKR activity during the first
stages of life, suckling and weaning, in the growing pig. During rapid postnatal growth,
catabolites of lysine may have significant metabolic functions that are not as crucial in
the adult pig at maintenance. Thus lysine degradation may be necessary in some tissues
to facilitate production of these catabolites at critical times during development.

During the first week of life, L-pipecolic acid was a more potent inhibitor of LKR

activity than either saccharopine or aminoadipate, especially on day zero. On days three
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and seven, LKR activity was decreased by pipecolic acid but not significantly. Early in
life, this secondary lysine pathway in liver may play a more prominent regulatory role on
LKR activity. This is especially true if specific concentrations of lysine catabolites
(saccharopine, aminoadipate) are required during development; for example, catabolite
concentrations exceeding an effective range could have detrimental effects as suggested
by the gliotoxicity of aminoadipate (45). If a saccharopine or aminoadipate driven
feedback-mechanism were absent during the early growth phase of the pig, then excesses
of lysine would have to be controlled by pipecolic acid or another metabolite in that
pathway. Pipecolic acid inhibition of LKR would provide a mechanism to slow
production of saccharopine and aminoadipate if lysine concentrations were excessively
high, thus maintaining an effective but not excessive concentration of lysine catabolites.

The inhibition of LKR by a-ketoadipate was significant only during the first three
days of life (Table 4.6). Interestingly, L-kynurenine was even more potent during the first
week of life. In fact, kynurenine, at supra-physiological concentrations (10 and 20 mM),
completely abolished LKR activity (Table 4.9). These results are more evidence
supporting of the hypothesis that lysine and tryptophan degradation are regulated in
concert to maintain a balance of particular catabolites, as described above. The influence
of ketoadipate appeared to become less pronounced after the first week, suggesting that
the first week postpartum may represent a period in which the catabolites of lysine and
tryptophan may have key developmental influence. In fact, past research in rats and non-
human primates has shown that just prior to birth, tryptophan, kynurenine and kynurenic
acid concentrations in whole brain tissue were increased (26); these concentrations

decreased to adult levels by one day after birth. In developing human fetuses, the
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concentration of tryptophan and metabolites were significantly higher in the umbilical
vein compared to maternal circulation; tryptophan concentration in neonatal plasma
decreased significantly after birth whereas the concentration of kynurenine was not
changed (137). Beal and colleagues suggested that high levels of kynurenic acid prior to
birth inhibit neurite branching and development of excitatory synapses, which then
develop rapidly in parallel with the decrease in kynurenic acid levels (26). These data
further suggest that the production of lysine and tryptophan catabolites by peripheral
tissues such as liver and muscle would have to be regulated, especially early in
development.

The possibility that increasing tryptophan levels in the diet would increase lysine
utilization has been attempted in pigs with little success. Experiments under the guidance
of David Baker (84, 132, 133, 136) have shown that when tryptophan was supplied in
excess, weight gain, feed intake and gain:feed ratio all decreased significantly. Thus,
although L-tryptophan does not appear to be unsafe for pigs (84), decreased performance
of animals suggests that more is definitely not better after early development is complete.

Spermine, a highly positively charged polyamine, increased the activity of LKR
in adult animals, and was chosen to see if these same effects were maintained in a
developmental time course. In contrast to the earlier data from adult animals (Figure 3.7),
spermine (20 mM) actually inhibited LKR activity on day seven. Additionally, on day 84,
spermine lowered the activity of LKR, but not significantly. However, on days 14 and 21
spermine increased the activity of LKR quite significantly suggesting that spermine may
exert inhibitory effects but only at very specific periods while at other times being a

stimulatory compound. The influence of spermine on LKR activity in tissues that have
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rapid turnover, like the [EC, would be of considerable interest. Our results suggest that
addition of spermine, or other polyamines (Chapter 3) to pig diets to stimulate gut growth
would increase the degradation of lysine at weaning. This could potentially exacerbate
the level of stress already present in the pig at this period of growth.

Homocitrulline, chosen because of its close structural relationship to lysine, and
reported similarity of metabolism (141, 212, 239, 240, 373), did not elicit any significant
inhibitory effects on LKR activity.

The patterns in LKR activity with age and concentration of inhibitors clearly
indicate that regulation of LKR activity at birth and the early post-natal period is
significantly different than other ages. The consistency of higher stimulation of LKR
activity at day 14 implies a shift in LKR regulation compared to the earlier post-natal
period. In addition the consistent lack of significant changes in LKR activity on days 28
and 84, regardless of inhibitor concentration suggests a third pattern of LKR regulation
develops post weaning and is maintained thereafter.

In total, the inhibition data suggest that LKR activity was more susceptible to
inhibition during the first week of life, and again later (day 84). The first week may, as
described above, represent a period where the regulated concentrations of particular
metabolites of lysine degradation are critical to the normal neurological development of

the animal.

4.5.4 Production of *CO, by Different Pig Tissues

The activity of LKR represents the initial step in lysine degradation, however the

production of “CO, from 1-"*C-lysine represents release of the a-carboxyl moiety from
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a-ketoadipate in the synthesis of glutaryl-CoA and thus the flux of lysine through the
entire degradative pathway. The rate of oxidation of lysine by liver mitochondria was
similar on days 0, 3 and 7; similar results were seen with isolated intestinal epithelial
cells (figure 4.9). This lack of change during the first week is in agreement with the
enzymatic data for liver and IEC (Table 4.1, 4.2). Although more variable than the rate
observed in liver mitochondria, lysine oxidation by muscle mitochondria peaked on day 3
and then decreased by day 7. Furthermore, the oxidation rate in muscle was significantly
greater (3 —10 times) than either liver or I[EC on days 3 and 7. The high rate of lysine
oxidation in muscle may, as discussed earlier, be a result of muscle turnover
supplementing energy demands of the body for either physical activity and/or
thermogenesis. |

Considered together, these results suggest that lysine oxidation during the first
week of life appears to be regulated at the tissue level, perhaps reflective of the specific

demands of each tissue.

4.5.5 Detection of LKR/SDH Protein

The detection of LKR/SDH protein in tissues of pig provides additional evidence in
support of the idea that the enzymic machinery required for lysine degradation,
specifically LKR/SDH enzyme protein, is present in extra-hepatic tissues (Figure 8.13).
Demonstrated presence of enzymic protein, in conjunction with measured activity, in
different tissues further illustrates that tissue specific roles of lysine catabolism may be
acting in concert to regulate whole body utilization of this essential amino acid. In

particular, the detection of LKR/SDH protein in the I[EC supports data by others that the
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gut is utilizing a significant proportion of dietary lysine for something more than just

protein synthesis.

4.6 Implications

These studies have several important implications. First, LKR activity in some
extra-hepatic tissues appeared to be controlled, in part, by developmental cues. Early in
life, LKR activity in muscle and kidney, is high relative to liver, and is differentially
regulated; this may be to provide an alternate energy source, or some other function in the
young growing pig. When one considers the protein / amino acid nutrition of the neonate,
either pig or human, the essential amino acids like leucine, tryptophan, and now
potentially lysine, must be considered to have roles other than as simple substrates for
protein accretion.

These data show that intestinal cells and muscle tissue have substantial capacity to
degrade lysine. Because these two tissues constitute the two largest metabolic masses in
the body, even a low rate of lysine degradation will account for significant lysine
utilization and hence may explain the apparently high basal rate of lysine catabolism
(313). Thus, when considering lysine nutrition, both of these tissues need to be included
as major components of lysine catabolism, as well as utilization for protein synthesis.

The activity of LKR appears to be prone to substrate inhibition. This kinetic
mechanism may function to regulate the production of common metabolites of the lysine
and tryptophan catabolic pathways. This balance may further modulate the balance of

compounds known to influence signaling pathways in both the central and peripheral
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nervous systems. This modulation could serve a developmental role in addition to a
common homeostatic role.

The activity of LKR was subject to inhibition by different compounds through the
developmental period and the level of sensitivity appeared to change with age. Thus
lysine degradation may be controlled by several different feedback mechanisms, and the
relative influence of each may change with age. This control may also be tissue
coordinated. The differences among tissues and ages imply that there may be several

isozymes of LKR, which are expressed in different tissues at different ages.
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S Effect of Dietary Lysine Intake on Lysine a-Ketoglutarate
Reductase in Broiler Chickens

5.1 Abstract

Lysine a-ketoglutarate reductase (LKR) is the rate-limiting enzyme in the
catabolism of lysine, an indispensable and often limiting amino acid in the diets of
broilers. The response of broiler poults to changes in dietary lysine intake has been
documented in the past, but the effects of dietary lysine intake on LKR activity in present
strains of broilers have not been documented. Mitochondrial LKR activity was measured
in various tissues of broiler poults fed 0.8% — 1.6% dietary lysine for 10 days. Birds fed
0.8% lysine weighed significantly less and had a significantly lower average daily gain of
lysine than birds fed 1.4% lysine. Plasma lysine and lysine catabolites from birds fed the
0.8% diet were higher on days 3 and 6 compared to controls (1.2% diet), but similar or
lower than birds fed excess (1.4% and 1.6%) lysine. Mitochondrial LKR activity in the
liver followed Michaelis ~Menten kinetics, but kidney and intestinal epithelium (IEC)
LKR activity was substrate inhibited by lysine concentrations above 25 mM. There was
no significant effect of dietary lysine intake on LKR activity in any tissue examined.
However, susceptibility of LKR activity to inhibition by aminoadipate and ketoadipate
was more pronounced at the dietary extremes of deficiency and excess. Thus LKR may
be regulated by different mechanisms when lysine is deficient, adequate or in excess of
requirements. The results suggest that LKR activity, hence the capacity for lysine
degradation is not necessarily proportional to dietary intake and may therefore be a

necessary and indispensable process. The complex level of regulation for degrading
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lysine indicated that a more diverse role for either lysine or one of its catabolites in

metabolism.

5.2 Introduction

Amino acid nutrition is a central research focus of many animal production
systems; lysine is of particular importance because dietary grains, the primary ingredients
in both swine and poultry feeds, tend to be limiting in lysine (330). Consequently,
synthetic lysine is normally supplemented to fulfill the requirements for optimal growth.
Much of the lysine research in swine and poultry has focused on balancing dietary lysine
with the other essential amino acids to obtain a dietary amino acid profile optimal for
protein synthesis (9, 17, 18, 127, 206, 519). As a result, the effects of a dietary lysine
intake on the growth and performance in swine and poultry have been thoroughly
investigated. However, the cellular regulation of the enzyme pathways controlling lysine
utilization and degradation are not well documented (105, 275, 454, 455), despite the
potential for significant impact on efficiency of lysine utilization.

Lysine a-ketoglutarate reductase (LKR; EC 1.5.1.8) and saccharopine
dehydrogenase (SDH; EC 1.5.1.9) catalyze the initial reactions in the primary metabolic
route of lysine degradation in mammals and birds (Figure 1) (108). However, relatively
little is known about the activity, tissue distribution and regulation of these enzymes in
growing meat animals and birds. The bulk of the research completed on the LKR to date
has focused on rats, which due to their omnivorous lifestyle rarely encounter lysine as a
limiting amino acid in their diet (160, 321, 337, 484). Chapter 4 is the first

comprehensive report on the activity of the enzyme in swine.
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LKR activity in poultry has been examined but mainly concentrated on
determining enzyme activity in relation to an induced antagonism between lysine and
arginine (484, 485). More recently, it has been demonstrated that LKR in poultry is
distributed across a wide range of extra hepatic tissues and can account for significant
catabolism of lysine (289). These results clearly indicate that the previous level of
knowledge regarding lysine degradation in poultry was incomplete — the capacity for
tissues like the muscle and intestine to significantly catabolize lysine was not appreciated
and thus was ignored from a nutritional perspective.

Previous research on dietary interactions of amino acids have illustrated that the
composition of the diet can dramatically affect the activity of amino acid-degrading
enzymes (67, 112, 231, 484, 485) and thus the growth of the bird. For example, in
poultry high concentrations of dietary lysine antagonize arginine transport and also
induce kidney arginase, resulting in a negative impact on the growth of the bird (14, 230,
231, 234, 343). Effects of different levels of dietary lysine have been reported many
times, but to the best of the author’s knowledge none have focused on the activity of the
lysine-degrading enzymes. Therefore, the objective of the current studies was to
investigate the relationship between levels of dietary lysine (from limiting to excess) on
the activity of the rate-limiting enzyme for lysine degradation, lysine a-ketoglutarate

reductase, in selected tissues of the growing broiler chick.

5.3 Materials and Methods

5.3.1 Birds

Fifty male Ross 308 broiler chicks (Aviagen Inc., Huntsville, Ala;1 day post

hatch) were collected from a commercial broiler breeder farm (Lilydale Hatchery,
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Edmonton, Alberta, Canada). Birds were raised at the Alberta Poultry Research Centre,
University of Alberta under conditions similar to commercial broiler production
practices. Specht metabolic cages (285) were used to house birds in groups of ten, to
monitor individual growth. Feed and water was provided ad libitum and an 8h:16h
lighting schedule was used. A commercial mash diet, formulated to meet NRC
recommendations for broiler starters (330), was fed until 10 days post-hatch to allow for
normal development of the chicks. At 10 days post-hatch the birds were matched for
weight and randomly assigned to one of five test diets (n = 10 per diet). All protocols
were approved by the departmental Animal Care committee, and were in accordance with

procedures outlined by the Canadian Council on Animal Care.

5.3.2 Test Diets

Diets contained 0.8%, 1.0%, 1.2%, 1.4% or 1.6% (w/w) dietary lysine and were
formulated to be isocaloric and isonitrogenous by substitution with glutamate and
cornstarch. Diet lysine concentrations were chosen to provide a range above and below
the industry standard of 1.2% dietary lysine. Diets 1.0% and 0.8%, were considered to be
moderately low and low in dietary lysine respectively; diets 1.4% and 1.6%, were
considered to be moderately high and high in dietary lysine respectively. Table 5.1
contains a description of diet composition, the analyzed diets are presented in Table 8.2.
Test diets were fed for 10 days to allow time for changes in enzyme protein concentration

to occur.
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Table 5.1 Dietary Formulations for Poultry Dietary Lysine Experiments

Ingredient (% (w/w))

Wheat 144 14.4 144 144 144
Barley 5 5 5 5 5
Wheat Shorts 10 10 10 10 10
Corn Gluten Meal 12 12 12 12 12
Canola Meal 5 5 5 5 5
Soybean Meal 5 5 5 5 5
Feather Meal 3 3 3 3 3
Corn Distillers Grain 5 5 5 5 5
Corn Oil 10 10 10 10 10
Vitamin/Mineral Premix' 1 1 1 1 1
Limestone 2.1 2.1 2.1 2.1 2.1
Dical Phos 0.6 0.6 0.6 0.6 0.6
Salt 0.5 0.5 0.5 0.5 0.5
Amino Acid Mixture? 2 2 2 2 2
Corn Starch 21.14 21.17 21.17 21.17 21.17
Phenylalanine 0.16 0.16 0.16 0.16 0.16
Glutamate 2.57 2.16 1.76 1.36 0.96
Lysine Hcl 0.31 0.56 0.81 1.06 1.31
Calculated Analysis:

ME (kcal/kg) 3408 3408 3408 3407 3407
CP % 24.7 24.7 24.7 24.7 24.7
Ca% 1.01 1.01 1.01 1.01 1.01
Available P % 0.46 0.46 0.46 0.46 0.46

Lysine (calculated) % 0.8 1 1.2 1.4 1.6

"The vitamin mineral premix provided the following (per kg of feed): vitamin A, 10,000
1U; vitamin D3, 2500 IU; vitamin K, 2.0 mg; pantothenic acid, 14 mg; riboflavin, 5.0 mg;
folacin, 0.80 mg; biotin, 1.8 mg; niacin, 65 mg; thiamine, 2.0 mg; pyridoxine, 4.0 mg;
vitamin Bz, 0.015 mg; vitamin E, 35 IU; Mn, 70 mg; Cu, 8.5 mg; Zn, 80 mg; Se, 0.10
mg; Fe, 100 mg; choline, 1000 mg.

*The amino acid mixture provided the following (per kg of feed): methionine, 0.26;
histidine, 0.15; threonine, 0.375; arginine, 0.375; tyrosine, 0.225; isoleucine, 0.225;
valine, 0.15.
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5.3.3 Blood Sample Collection

During the experimental period, 1 ml blood samples were collected every three
days from the brachial vein into heparinized vacuum tubes. Blood samples were
centrifuged at 1500 g for 10 min at 4°C to isolate plasma. Plasma was removed and
stored at -20°C until analyzed. Plasma amino acids were separated using a pre-column o-
-phthaldialdehyde derivatization method (406) and the concentration of amino acids and
the lysine catabolites saccharopine and a-aminoadipate were quantified. Ethanolamine
and p-amino-n-butyric acid were used as internal standards. L-saccharopine and a-
aminoadipate were added to the amino acid standard profile (Sigma #AAS18) for direct
comparison.

Individual bird weights were recorded every three days. At the end of the trial
period (day 20 post-hatch) birds were killed by cervical dislocation. Liver and kidney
tissues were extracted and placed in ice-cold 0.3M mannitol/lmm EDTA bufter;

intestinal sections were stored in cold PBS containing SmM dithiothreitol (DTT), pH 7.4.

5.3.4 Isolation of intestinal mucosal epithelial cells

Intestinal epithelial cells were prepared using modifications of previously
described methods (195, 293, 486). A section of small intestine was obtained and
transported to the laboratory in ice cold phosphate buffered saline with protease inhibitor
cocktail added (PBS: 137mM NaCl/2.7mM KCl1/ 4.3 mM Na,HPO, / 1.4 mM KH;PO4/
5 mM dithiothreitol (DTT). The section was rinsed (1X) with fresh cold PBS to remove
any remnants of excreta and then rinsed (3X) with fresh oxygenated (19:1 0,:COy;

Carbogen) Krebs-Henseleit Ca**-Free buffer (121mM NaCl, 4.7mM KCl, 1.2mM
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MgSOs, 1.2mM KH,POy4, 25.2mM NaHCOs3) containing 20 mM Hepes (pH 7.4), 5 mM
EDTA, 20 mM DL-glucose, 2.1 mM lactate and 0.3 mM pyruvate (KHB buffer) / 5 mM
DTT. The intestinal section was then filled with pre-warmed (37°C) oxygenated KHB
(Ca**-free)/DTT, sealed with clamps and immersed in a container filled with the same
buffer. This system, with continuous Carbogen gassing, was then shaken for 45 minutes
at 37°C with gentle massaging of the sealed intestinal sections at regular intervals. The
resulting cell suspensions were filtered through 2 layers of cheesecloth and centrifuged
for 3 minutes at 400x g, 4°C. Cells were washed 3 times in fresh oxygenated KHB buffer

and finally resuspended in 250mM sucrose/SmM HEPES/SmM DTT (pH 7.4).

5.3.5 Isolation of mitochondria

The re-suspended mucosal epithelial cell pellet [in 250mM sucrose/5SmM
HEPES/5mM DTT (pH 7.4)] was then transferred to a cold Dounce homogenizer
(Wheaton Science Products, Millville, NJ) and the cell suspension disrupted by 8 passes
of pestle A followed by 8 passes of pestle B. Mitochondria from the cells were then
obtained by differential centrifugation according to previously published methods (293).
The final mitochondrial pellet was re-suspended in 0.3M mannitol/2mM DTT.
Mitochondrial preparations from IEC were determined to be free of microbial
contamination in previous experiments (Chapter 3).

Liver and kidney samples were weighed and then homogenized (VirTis tissue
homogenizer, VirTis, Gardiner, NY) (1.0 g tissue / 5 mL of buffer). Mitochondria were
then isolated by differential centrifugation (221, 323, 403). Mitochondrial pellets were re-

suspended in mannitol (0.3M). See appendix 8.4.2 for additional details.
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5.3.6 Lysine Ketoglutarate Reductase Assay

The initial step in lysine degradation was measured according to published
methods (403) as modified to a 96 well microplate format (Spectramax 190, Molecular
Devices Corp., Sunnyvale, CA) by Pink et al (365) (see Chapter 3). Oxidation of NADPH
to NADP" was measured spectrophotometrically at 30°C using an extinction coefficient
of 6.22 M 'em. The reaction mixture contained 0.125 mM NADPH, 10 mM L-lysine,
7.5 mM a-ketoglutarate, 100 mM HEPES, pH 7.8 and 300 pg of solubilized
mitochondrial protein (0.2% (v/v) Non-Idet P-40). The reaction commenced with the
addition of NADPH. The assay was linear with time and protein and optimized for
substrate concentrations of lysine and a-ketoglutarate. See also appendix 8.4.3 for

additional details.

5.3.7 Inhibition Assays

For inhibition studies, potential inhibitors were added prior to the addition of
protein. All inhibitors were added to a final concentration of 5 mM. Controls were treated

in exactly the same manner with the exception of substituting an equal volume of water

for inhibitor.

5.3.8 Protein Determination

Protein concentrations of mitochondria and intact mucosal epithelial cells were

determined by the Bicinchoninic acid (BCA) technique (Sigma-Aldrich, BCA1).
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5.3.9 Chemicals

All laboratory chemicals were purchased from Sigma unless specified otherwise.

5.3.10 Statistical Analyses

Data are presented as Mean+SEM. One-way ANOVA (SAS/STAT version 8.01,
SAS institute, Cary, NC) was performed employing PROC GLM procedure with the
specific activity of enzyme rates assessed by least square means procedure. Specific

analyses are mentioned in legends. Data was considered significant at P < 0.05.

5.4 Results

5.4.1 Performance

Broiler chicks were matched for weight at the beginning of the experiment and
fed one of five lysine diets. All birds had positive weight gain during the experimental
period. After 6 days of receiving different lysine diets, birds fed the limiting (0.8%)
lysine diet weighed significantly less than birds fed the moderately low (1.0%), adequate
(1.2%) and moderately high (1.4%) lysine diets (Figure 5.1). As lysine content in the
diets increased, average daily gain increased and plateaued at 1.4% lysine. Birds fed the
1.4% lysine diet had a significantly greater total weight gain and ADG than birds fed the

low (08%) lysine diet (Figure 5.2). No other performance differences were noted.

5.4.2 Plasma Amino Acids

During the course of the experiment, plasma amino acids were quantified by HPLC to
detect changes due to the effects of the different lysine contents of the diets, particularly

for saccharopine and aminoadipate (Complete data shown in Appendix 8.5.2, Tables 8.3
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—8.7). Table 5.2 and Figure 5.3 show the response of selected amino acids to varied
dietary lysine. Compared with day 0, plasma threonine concentrations were significantly

increased on day 3 in all diet treatments and remained elevated for the

Figure 5.1 Growth of Broilers Fed Different Levels of Dietary Lysine
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Growth data for broilers allowed ad libitum access to one of 5 diets with different levels
of dietary lysine 0.8% - 1.6% for ten days. Birds (n= 10/diet treatment) were 10 days post
hatch at start of feeding and were matched for weight at the beginning on day 0. Data are
presented as Mean = SEM with increasing dietary lysine represented as increasing depth
of shading. All groups of birds showed positive linear growth (increased weight gain)
from day 0 onwards (linear regression, p<0.001 for each group of birds); bars with
different letters indicate significant differences (repeated measures ANOVA, P<0.05)
among diets.

duration of the experiment. With the exception of birds fed the 1.2% lysine diet, plasma
lysine was significantly higher for day three compared to day 0 concentrations. Lysine
concentrations in plasma decreased by day 10 in birds fed 0.8%, 1.4% and 1.6% lysine.

Birds fed the 1.2% lysine diet had no changes in plasma lysine concentration over time.
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By day 10, the plasma lysine concentrations of birds fed 0.8% and 1.2% lysine were
similar to day 0 values, in contrast to birds fed the 1.0%, 1.4% or 1.6% lysine diets that
had higher levels of lysine.

Arginine concentrations were not different among days within each dietary lysine
level. However, birds fed the 0.8% lysine diet had significantly higher arginine

concentrations, compared to all other diets on each day (Table 5.2). Birds fed 1.0% and

Figure 5.2 Average Daily Gain of Broilers Fed Different Levels of Dietary Lysine
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Average daily gain data for 10d old broilers allowed ad libitum access to one of 5 diets
with different levels of dietary lysine 0.8% - 1.6% for ten days. Birds (n= 10/diet
treatment) were 10 days post hatch at start of feeding and were matched for weight at the
beginning on day 0. Data are presented as Mean = SEM and fitted to a second order
polynomial equation. Insert graph shows the weight gain of birds fed increasing levels of
lysine. Data with different letters are significantly different, p<0.05.
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1.2% lysine showed no changes in plasma arginine on days 0 or 3. However by day 6,
birds fed 1.2%-1.6% lysine had significantly lower plasma arginine concentrations. On
day 10, birds fed the adequate (1.2%) lysine diet showed higher concentrations of
arginine compared to the 1.0%, 1.4% and 1.6% lysine diets.

The plasma concentrations of saccharopine and aminoadipate, both catabolites of
lysine, were measured as an indicator of in vivo activity of the lysine pathway (Table
5.2). Plasma saccharopine in the birds fed the 0.8% and 1.0% diets increased significantly
until day 6, after which the concentrations dropped. There was no change over time in the
birds fed the 1.2% lysine diet. Birds fed moderately high lysine (1.4%) had a more
gradual rise in plasma saccharopine, but again the concentrations decreased after day 6.
In contrast, plasma saccharopine did not increase in birds fed the highest concentration of
lysine (1.6%), rather the levels were maintained until day 6, after which time the
concentration of saccharopine decreased.

Plasma concentrations of aminoadipate were significantly increased by day 3 in
all groups, except the 1.6% lysine group. Birds fed the 1.6% lysine showed a decline in
plasma aminoadipate from day 0 onwards, similar to the plasma saccharopine
concentrations for this group. In contrast, aminoadipate concentrations in all other groups
generally increased with time and then began to drop. Birds fed 1.2% lysine were the
exception; aminoadipate concentration was maintained after the initial rise observed on
day 3.

The initial concentrations of both plasma saccharopine and aminoadipate were
similar across diet treatments. However by day 3, the birds consuming 0.8% lysine had

the highest saccharopine concentrations when compared to all other groups. The same
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effect was seen on day 6 for plasma aminoadipate. After feeding the diets for 10 days,
the plasma concentrations for both saccharopine and aminoadipate were similar across
dietary treatments.

Plasma concentrations of saccharopine and aminoadipate were correlated with the
plasma lysine concentrations. No relationship between plasma lysine and saccharopine
was defined (p>0.05). However, plasma aminoadipate was positively correlated with the
plasma lysine concentrations (Figure 5.4A). When plasma concentrations of saccharopine
were compared to plasma aminoadipate concentrations, a positive correlation was found.

Figure 5.4B).

5.4.3 Tissue Weights

The liver weights of birds fed deficient lysine diets, 0.8% and 1.0%, were
significantly less than for other groups. However this effect was not significant when
liver weights were expressed as a percent of body weight. The level of lysine in the diet

did not affect any other tissue, either by weight or % BW (Table 5.3).
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Table 5.2 Effect of Days Fed Varying Dietary Lysine on Concentration of Plasma
Lysine and Related Metabolites

Selected Plasma Amino Acids (nmol/mL)

Day Lysine
0.8% 1.0% 1.2% 1.4% 1.6%
0 71x142 4457 63+12° 91x14%2 53+878
3 193+645 119+248B° 88+15P 22242888 204+6052
6 218+575 119+165° 107+20° 285+35%° 278+69%°
10 9223480 117+308% 65+10° 141£334¢ 22247384
Saccharopine
0.8% 1.0% 1.2% 1.4% 1.6%
0 3.7£0.9%%  2.4+0.8" 3.4x0.3%8 3.0+0.1%2 3.8+0.7°
3 5.4+0.7%% 3.5+0.38° 3.6x0.1° 3.4+0.2° 3.5x0.14°
6 4.8+03° 41203 35:02%°  3.9:028%"  34+0.14°
10 3.9+0.6%° 2.9+0.24 3.5+0.47° 3.2+0.37° 2.7+0.35?
Aminoadipic Acid
0.8% 1.0% 1.2% 1.4% 1.6%
2.2+1.0% 3.8+0.3%8 2.5+0.5%2 3.2+0.172 6.5+1.4%2
8.5+1.8%  554+0.5°B®  56+1.0%  6.6+0.6%°  4.7+1.0%°
10.0£2.1¢¢  6.320.45° 4.7+1.0° 6.5+0.28° 3.9+0.95°
5.5+0.6°* 3.7+0.5 4.7+0.65° 4.6+0.5% 3.6+0.5
Arginine
0.8% 1.0% 1.2% 1.4% 1.6%
0 281+29° 191+24° 192+25° 215+22° 192+11°
3 327+40° 176+13° 158+18° 171=10° 168+22°
6 2732228 184+13° 141+18° 149+8° 143x16°
10 311+44° 162«11° 204+24° 162+11° 173+33°

'Data are presented as Mean=SEM for n = 5 —10 birds. Samples were analyzed in
duplicate and significant differences among (p<0.05) are noted with different letters;
uppercase letters represent differences within diet, among days; lowercase letters
represent differences among diets on same day. Birds received a commercial broiler
starter diet for 10d before the experiment.
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Figure 5.3 Effect of Days Fed Varying Dietary Lysine on Concentrations of Plasma Lysine and Related Metabolites
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Panel A: Absolute plasma concentrations of lysine and related metabolites.
Panel B: Change in plasma concentrations from Day 0 values.



Figure 5.4 Relationship between Plasma Lysine, Saccharopine and Aminoadipate
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Pearson correlation was used to examine the relationship between plasma lysine,
saccharopine and aminoadipate. Data are presented as Mean+SEM for replicate samples.
Panel A: Significant Pearson correlation (0.4514; y = 0.01173x +3.367) was determined

for plasma aminoadipate (p<0.05); Panel B: Significant Pearson correlation (0.7689; y =
2.206x — 2.768) was noted, p<0.05.

Table 5.3 Effect of Dietary Lysine Level on (Wet) Tissue Weights (g)

Percent Lysine in Diet
0.8% 1.0% 1.2% 1.4% 1.6%

Tissue!
Liver Weight  12.9£0.7°  13.120.5  15.420.8" 15.4+0.8" 15.9+0.6°
%BW?  2.7x0.1 2.8+0.2 2.920.1 2.9+0.1 3.0+0.1

Kidney Weight 4.0+0.3 4.4+0.3 4.8+0.4 5.0+0.4 4.9+0.3
%BW  0.82£0.03 0.90+0.05 0.88+£0.05 0.92+0.05 0.93+0.05

Intestine  Weight  17.3x0.9 18.2+1.3 16.5+1.4 18.1£1.0 17.6+0.9
% BW 3.7+0.3 3.0£0.6 2.9+0.5 3.4+0.2 3.0+0.4

'Data are presented as Mean+SEM for 10 birds. Values with different letter superscripts
are significantly different (P<0.05), ANOVA x Tukeys.
’BW: bodyweight.

5.4.4 Lysine a-Ketoglutarate Reductase Activity

Enzyme kinetics were measured using lysine concentrations ranging from 0-100

mM and fitted to the Michaelis-Menten (MM) and/or substrate inhibition (SI) equations:
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Michaelis-Menten: Y=V X/(Ky + X); Substrate Inhibition: Y=VMaX-X/(KM+X+X2/D);

where Vax 1S the maximal velocity at saturation; K;,,, or the Michaelis constant, is the
substrate concentration required to reach half-maximal velocity (Vmax/2); and D is the
dissociation or inhibition constant. The graphical solutions to the kinetic analyses of LKR
in different chicken tissues can be seen in Figure 5.4. The liver isoform appeared to
follow Michaelis Menten kinetics and showed a Michaelis constant of between 0.62 mM
to 2.85 mM. The kinetic parameters (Vmax, Km) for the hepatic analyses were derived
from the Lineweaver-Burke substrate curves and are presented in Table 5.6. In contrast to
the liver results, kidney and IEC analyses of LKR activity showed that the enzyme
exhibited substrate inhibition, particularly at lysine concentrations greater than 10-15 mM
(Figure 5.3, dashed lines).

The specific activity of LKR was calculated using analyses that had either 10 mM
lysine or 25 mM lysine (Figures 5.7, 5.8). The 10 mM lysine concentration was chosen
because of the evident substrate inhibition seen in the kidney and IEC results. Because
liver LKR activity appeared to follow Michaelis-Menten kinetics a second analysis was
used for this tissue assuming 25 mM lysine was saturating. No significant differences in
LKR activity were seen among any dietary levels for liver, kidney or IEC (Figure 5.7), or

in the liver when using 25 mM values (Figure 5.8).

Following page:

LKR enzyme kinetics was investigated in different chicken tissues using L-lysine
concentrations ranging from 0 to 100 mM. Data represent Mean + SEM (n=10; samples
were assayed in triplicate) and are fitted to Michaelis-Menten (solid lines) and substrate
inhibition (dashed lines) non-linear regression equations. Liver LKR activity did not
exhibit substrate inhibition; therefore no dashed lines are shown.
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Figure 5.5 Kinetic Analysis of LKR Activity in Different Tissues of Broilers Fed Different Lysine Diets
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Table 5.4 Kinetic Constants for Hepatic LKR Activity in Chickens Fed Different

Lysine Levels

Percent Lysine in Diet

0.8% 1.0% 1.2% 1.4% 1.6%
Vi ? LB 14721006  083x5.14  0.57+4.77  0.92+4.73 1.0126.51
MM 1.56£0.39  1.19£024  0.59=0.10  2.41x0.91 1.4020.27
Kyt LB 0.62+153  180x1.11  2.77+2.03  2.85:1.97  1.64x1.55
MM 0.79+1.84  8.50%5.60  2.70£2.14  44.2+350  7.15x4.88

"Values are derived from the double-reciprocal plots (Lineweaver-Burke analyses) of
data presented in Figure 5.3;

2Vvax data: nmol/min-mg mitochondrial protein;

3LB - Lineweaver- Burke analysis calculation, MM — Michaelis-Menten calculation;
*K data: mmol/L.

Figure 5.6 Effect of Dietary Lysine Intake on Kinetic Parameters of LKR Activity
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Vmax and Ky were calculated using the Lineweaver-Burke double reciprocal derivation.
Data are plotted as Mean values from Table 5.4 and represent the activity data in Figure
5.3.
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Figure 5.7 Effect of Dietary Lysine on LKR Activity in Broiler Tissues
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LKR activity was measured using 10 mM L-lysine in solubilized mitochondria prepared
from chicken tissues. Data are presented as Mean + SEM (n=10; samples were analyzed

in triplicate). Increasing depth of bar shading represents increasing dietary lysine content.

Figure 5.8 Effect of Dietary Lysine on Hepatic LKR Activity: Saturating Lysine (?)
Conditions
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LKR activity was measured using 25 mM L-lysine in solubilized mitochondria prepared
from chicken liver. Data are presented as Mean + SEM (n=10; samples were analyzed in

triplicate). Increasing depth of bar shading represents increasing dietary lysine content.
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5.4.5 Inhibition of Lysine a-Ketoglutarate Reductase Activity

LKR activity was measured in the presence of selected compounds to assess
potential inhibition (Table 5.5). In the liver, aminoadipate significantly decreased LKR
activity at all diet levels except 1.0%. In the kidney, aminoadipate addition was similarly
effective, decreasing LKR activity at the 0.8%, 1.0% and 1.6% diet levels of lysine.
However in the IEC mitochondria, aminoadipate was only effective at the higher diet
levels of lysine (1.4% and 1.6%; Table 5.5).

Ketoadipate addition reduced LKR activity in the 0.8% and 1.4% solubilized liver
mitochondria as well as 1.4% IEC mitochondria. Homocitrulline decreased liver LKR
activity at the 1.4% and the 1.6% lysine levels. In the kidney and IEC, homocitrulline
decreased LKR activity at the 1.6% and 1.4% lysine levels respectively. Potassium
fluoride addition was effective at decreasing LKR activity only in the liver (0.8%, 1.4%

and 1.6% dietary lysine).
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Table 5.5 Effect of Different Compounds on LKR Activity in Chicken Tissues

Liver

Percent Lysine in Diet
Inhibitor 0.8% 1.0% 1.2% 1.4% 1.6%
Aminoadipate 3.6+4.3%* 31.4£32.4 11.5£37.9%  28.9+89*%  35.0+11.4*
Ketoadipate 55.9£23.1*  93.5+41.6 81.1+13.8 17.1£5.1*  70.3£23.7
Homocitrulline 71.7£29.2 70.7+43.1 96.8+15.9  39.4x28.8* 583+13.3*%

Kidney

Percent Lysine in Diet
Inhibitor 0.8% 1.0% 1.2% 1.4% 1.6%
Aminoadipate 18.2+6.7*  27.1x13.8%  63.1+29.6 68.0+13.5 17.6x16.9*
Ketoadipate 59.7x16.1 67.2+30.1 105.9+31.4  70.0+18.5  39.2%19.7
Homocitrulline 44.0+12.1 89.8+30.0 100.6+36.8  62.6+10.0 29.7+22.7*

Intestinal Epithelial cells
Percent Lysine in Diet

Inhibitor 0.8% 1.0% 1.2% 1.4% 1.6%

Aminoadipate 76.9+27.0  121.3+859 1254+81.6 24.3+£179* 24.5£12.8%
Ketoadipate 79.0£37.5 1289+489  67.5+28.4  20.8£65.0* 65.0£14.8
Homocitrulline 55.8+18.7 95.4+49.2 74.6+28.8 30.4+£30.4*  49.6x26.7

LKR activity was determined in the presence or absence of various potential inhibitory
compounds. a-Aminoadipate, a-ketoadipate or homocitrulline were added (to a final
concentration of 5 mM) prior to addition of protein. Control tubes had water substituted
for inhibitor and were run each day for each bird; data are presented as Percent of Control
Activity: Mean + SEM for n = 5 separate experiments (samples were measured in
triplicate). Control activities (nmol/min/mg) are illustrated in Figure 5.7. Asterisks (*)
indicate values are significantly different from control (p<0.05), as assessed by ANOVA
and Dunnett’s Multiple Comparison Test.

5.5 Discussion

The degradation of lysine has a major impact on the proportion of dietary lysine
that is available for protein synthesis by growing chickens and swine. Until recently,
lysine catabolism in the chicken was thought to occur almost entirely in the liver and

kidney. Experiments by Manangi and colleagues (289) have shown that several extra-
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hepatic tissues can account for significant proportions of lysine catabolism. The
experiments conducted by these authors suggests that the regulation of lysine
degradation, and hence utilization, is more complex than previously thought. This is most
clearly shown by the demonstration of lysine catabolism in the intestine and breast
muscle tissues — previously considered to not have the enzyme pathways required for

lysine degradation.

5.5.1 Performance parameters

Birds fed the diets limiting in lysine would not be expected to perform as well as
birds fed diets with higher concentrations of dietary lysine. Birds consuming the 0.8%
lysine diets were significantly smaller at six days than birds fed the 1.4% lysine diet
(Figure 5.1) and had a significantly lower average daily gain (Figure 5.2). The 0.8%
lysine diet is considered limiting for broiler poults at this age according to NRC

requirements (330).

5.5.2 Plasma amino acids

As expected, plasma lysine concentrations were greater in birds fed the excess
lysine diets, 1.4% and 1.6% than the other diets. However, in the birds fed 0.8% lysine,
plasma lysine levels were significantly greater than birds fed the 1.0% or 1.2% lysine
levels. There are two possible explanations for this difference: either birds receiving 0.8%
lysine reduced lysine degradation or more lysine was entering the plasma pool. Our data
indicate that birds were initially mobilizing lysine from endogenous protein sources (i.e.

muscle) to adapt to the limiting dietary levels of the amino acid. This suggestion is
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supported by the fact that by day 10, the plasma levels of lysine in these birds was similar
to birds fed the 1.0% and 1.2% levels of lysine and that LKR activity was not lower, in
fact it was (numerically) higher. The increase in plasma lysine concentration may be the
reason for the apparent increase in LKR activity, however plasma lysine was not
correlated with LKR activity. It should be further noted that plasma lysine concentrations
on day 10 were significantly reduced compared to day 6 concentrations among diets
(except 1.0% and 1.2%).

The plasma lysine levels on day 10 were lower than those on day 6 in birds fed
the 0.8%, 1.4%, and 1.6% lysine diets. These decreases were most likely in response to
different factors: metabolic adaptation to the low dietary lysine in the 0.8% group as
increased mobilization of lysine and other amino acids from protein and in the higher
dietary levels presumably increased oxidation caused the decreases. While an increase in
LKR was expected, it is possible that at the higher dietary excesses, lysine flux through
the pipecolic acid pathway contributed to the plasma lysine decrease. Similar decreases in
plasma lysine concentrations with time were described previously by D’Mello and Lewis
(105) when they fed excess (1.5%) lysine to chicks for 5 days.

Additionally, we monitored the plasma concentrations of the lysine catabolites
saccharopine and aminoadipate. We hypothesized that as dietary lysine increased from
limiting to adequate to excess, that lysine catabolism would initially be similar and then
increase in response to the excess dietary lysine. We further hypothesized that the
concentrations of saccharopine and aminoadipate would follow the same pattern as the
plasma lysine concentrations. This was not the case however. Birds fed the most limiting

lysine diet (0.8%) had the highest concentrations of saccharopine and aminoadipate on
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days 3 and 6 respectively, compared to all other treatment groups on these days. These
data agree with the (numericaily) increased LKR activity in the 0.8% diet group (Figures
5.7 and 5.8). The elevated catabolite concentrations do follow the same pattern as plasma
lysine concentration over time in birds receiving 0.8% lysine; after the diet was
introduced levels increased and then subsequently began to decrease. However the
concentration of plasma saccharopine was not correlated with plasma lysine
concentration (Figure 5.4A), suggesting that, like most amino acids, the concentration of
this catabolite is regulated (104). Plasma aminoadipate concentrations were positively
(albeit slightly) correlated with plasma lysine concentrations (Figure 5.4A) perhaps
implying less regulation. Plasma aminoadipate concentrations were affected more by the
appearance of plasma saccharopine than by plasma lysine (Figure 5.4). Plasma
aminoadipate could also be increased in response via lysine catabolism through the
pipecolic acid pathway. Additionally, it must be noted that excess tryptophan may be
catabolized to a-ketoadipate, which in turn can be metabolized to aminoadipate by the
cytosolic isoform of aminoadipate aminotransferase (AADATI) (345). The merging of
the two catabolic pathways of lysine and tryptophan could lead to the increased
aminoadipate concentrations in plasma.

The high catabolite levels seen in the 0.8% group are in agreement with the idea
of an increased rate of LKR activity (Table 5.2, Figures 5.3), but this argument appears to
be counter-intuitive considering that lysine catabolism was expected to be reduced when
dietary lysine was deficient. However, the activity of LKR was not significantly different
between diet treatment groups (Figure 5.7, 5.8). The mean activity of LKR is

(numerically) greater for the 0.8% group than for the other dietary treatment groups. It is
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possible that LKR activity was induced by higher concentrations of other amino acids.
Both arginine and glutamate (glutamate + glutamine) were increased in the plasma of
birds fed the 0.8% lysine. Arginine and lysine are structurally similar, and share
transport mechanisms, thus it is plausible for arginine to stimulate LKXR. But again the
lack of significantly increased LKR activity confounds this idea.

Very little research has been reported in mammals or birds regarding whether the
catabolites of lysine have regulatory roles in the cell, in addition to being intermediate
products. A role for saccharopine, if one exists, in any species is currently unknown.
However, an alternate use for this or other catabolites may be one viable hypothesis as to
why such a high concentration was found in the plasma of the birds fed the low lysine
diet. A second possible hypothesis could involve the interference from excess dietary
amino acids with the ability of the second enzyme in the pathway, saccharopine
dehydrogenase (SDH, EC 1.5.1.9) to function normally. The viability of this hypothesis
may be dependant on whether or not substrate channeling is used to shuttle saccharopine
from LKR to SDH because the two enzymes exist as a bifunctional protein. Substrate
channeling can be advantageous in transporting unstable intermediates, such as
saccharopine between the two active sites (310, 428). However, both Falco et al (144)
and Miron et al (312) have found evidence in plants against the occurrence of substrate
channeling in LKR/SDH. However, substantial differences in regulation and structure of
LKR/SDH may exist between plants and animals (518). Therefore further research on
both the structure of the enzyme as well as the fate of catabolites in mammals and birds is

needed to test these hypotheses.
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The possibility also exists that an alternative change in regulation may occur in
response to the limiting amounts of lysine. The build up of saccharopine may be a result
of increased flux through the pipecolic acid pathway, which is known to catabolize a
small portion of lysine in the chick (190). Such an increase could lead to increased levels
of aminoadipate. The increase in aminoadipate could in turn inhibit LKR activity, which
may modulate saccharopine levels. The idea is supported by our data (Table 5.10) that

showed aminoadipate was a potent inhibitor of LKR activity in the liver and kidney.

5.5.3 LKR Activity and Enzyme Kinetics

Because of significant changes in the plasma concentration of lysine and lysine
catabolites, as well as performance parameters of the birds, significant differences in
LKR activity were anticipated. No significant differences were detected in any tissue, at
any diet level. The failure to show significant differences in LKR activity in either tissue
or dietary treatment is an important observation in itself. Activity of a catabolic enzyme
normally fluctuates depending on the dietary availability of its substrate. With excess
lysine supplied, LKR was expected to exhibit a significantly greater activity than when
supplied with a suboptimal amount, as reported in the poultry experiments of Wang et al
(484, 485). As lysine concentration in the diet decreased below requirement, lysine
catabolism and hence LKR activity, was expected to similarly decrease toward the basal
rate. Reports by others have suggested that increased consumption of lysine and protein
(from deficient to excess lysine) increased LKR activity in chicken and rat liver (34, 81,
160, 219). Results from three separate experiments agree with our findings however.
Moehn et al (313) showed that lysine oxidation in pigs was not decreased until the lysine

level reach <70% of requirement. Walton and colleagues (483) found no difference in
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liver LKR activity after feeding dietary lysine ranging from 1.0% to 2.6% of the diet.
Lysine requirement was determined to be 1.9% in these studies, in agreement with the
1.8% dietary lysine level suggested by NRC (328). Unpublished data by Manangi (288)
showed that when chickens were fed deficient (0.69%) lysine diets, hepatic LKR activity
was more than 2 fold decreased when compared with LKR activities from birds fed
adequate (1.1%) or excess (2.1 % and 3.1%) lysine diets. HoWever no differences in
hepatic LKR activity were found among the adequate- and excess-lysine fed birds.
Furthermore, no significant diet differences were seen for hepatic (in vitro) lysine
oxidation. This report, while contrasting our deficient lysine diet LKR activity data, does
show that lysine degradation is not necessarily proportional to dietary intake, which is in
agreement with our data and conclusions. In Figure 5.6, the kinetic parameters of hepatic
LKR were illustrated as a function of dietary lysine intake. At requirement (1.2%)
maximal velocity is the lowest of any diet level and is paired with a high Michaelis
constant. Thus at requirement, hepatic LKR activity has a lowered affinity for lysine and
the maximal rate of degradation is lowest. At a dietary deficiency of lysine, the maximal
velocity increased as lysine intake decreased, and the affinity for lysine increased,
represented by a decreased Michaelis constant (Ky,). As lysine intake increased past
requirement, the maximal velocity of LKR activity increased. The increase however, was
not as large as observed at deficient lysine intakes. Again the affinity for lysine
decreased. These results imply different regulatory mechanisms control lysine
degradation at deficient, adequate and excess levels of lysine intake,

Taken with our data, these reports imply that regulation of lysine degradation is

not simply a dose-response mechanism clearly indicating that other factors are involved.
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Other parameters, possibly transport of lysine into the mitochondria (34), may be a rate-
limiting feature for lysine degradation when lysine is in limited or excess supply. The
results, especially the lack of decrease in LKR activity at deficient dietary intake, also
suggest that the degradation of lysine may be a necessary and indispensable process.
Genetic differences in poultry have been shown to influence the activity of LKR
(484, 485). Birds selected for low arginine requirements (LA) had significantly higher
hepatic LKR activity than birds with higher arginine (HA) requirements. When either
lysine (0.96% basal diet supplemented with 0.25%, 0.50%, 0.75% and 1.0% L-lysine-
HCI) or arginine (0.88% basal diet supplemented with 0.5%, 1.0%, 1.5% and 2% -L-
arginine-HCI) was supplemented in the diet at various concentrations, the LKR activity in
10% liver homogenates from the low arginine requirement (LA) birds was greater. When
fed the arginine supplements, the LA birds had a 3.3 fold increase (on average) in LKR
activity compared to the HA birds, with no apparent differences as the arginine
concentration in the diet increased. When fed the lysine-supplemented diets, the LA birds
had a 1.8-2-fold higher LKR activity than the HA birds. As the dietary lysine
concentration increased, the relative fold increase in LKR activity decreased with lysine
concentration. This showed that the HA birds could induce an increase in LKR activity to
a greater extent than the LA birds. The “better” increase in HA LKR activity coincided
with a 5.6 fold increased in kidney arginase activity, compared with a stable rate of
arginase activity in the LA birds. These results imply that different ratio of Lys:Arg was
optimal to these strains, which would potentially alleviate transport competition.
Although the plasma ratios of Lys:Arg in these birds did not show this, the effects would

possibly be more pronounced at the intracellular level. In the current study, we have used
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Ross x Ross 308 pullets, however whether this genetic line has a high or low requirement
for lysine is unknown. Preliminary experiments in our laboratory utilized Cobb 500
poults fed a synthetic amino acid diet (Appendix 8.5.1). These COBB x COBB birds
demonstrated greater hepatic LKR activity in the range (~6.5 nmol/min/mg) reported
earlier (484, 485) compared to LKR activity (0.5-1 nmol/min/mg) observed in the Ross
308 birds in the current experiments. However no large change in LKR activity in the
preliminary experiments due to diet was seen (Figure 8.11). Therefore it is possible that
breed or strain differences play a significant role in the regulation of LKR activity and
hence lysine degradation.

Experiments in pig tissues preceding the current study demonstrated that LKR
activity was subject to substrate inhibition (Figures 3.2, 3.2, 4.2-4.8; (364, 365).
Additionally, pilot studies in poultry also suggested that substrate inhibition was a part of
the kinetic profile of LKR in poultry liver (Appendix 8.5, Figure 8.10). In the present
experiments, liver LKR demonstrated the classical Michaelis-Menten response to
increasing concentrations of L-lysine (Figure 5.3). Contrasting the liver response, LKR
activity in mitochondria prepared from kidney and IEC clearly demonstrated substrate
inhibition at high concentrations of lysine. While this response has not been described
previously in chickens, Wang and Nesheim (485) demonstrated that microsomal L-amino
acid oxidase prepared from chicken liver was substrate inhibited by lysine. LKR enzyme
purified from human placenta was shown to be substrate inhibited by high concentrations
of a-ketoglutarate (155). That we have demonstrated substrate inhibition of LKR is
therefore not without precedent. It is possible that a high concentration of either of these

substrates could negatively affect LKR activity. Using the assay system presented in this
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study is not unique, however it may provide the appropriate environment (mitochondrial
preparations versus broken cell homogenates) for these kinetic characteristics to be
recorded. Furthermore, our studies (Chapters 3, 4, 5, 8) suggest that the substrate
inhibition mechanism is quite possibly influenced by tissue, age and strain.

Despite significant variation in the dietary lysine concentration between
treatments, LKR activity did not significantly vary in any of the tissues studied. L-amino
acid oxidase, the initial enzyme in the pipecolic pathway, was also shown to not respond
to increased L-lysine*HCI levels (1% and 2%) added to a base soybean meal diet (485).
However these reports do not agree with results presented by Lewis (280, 417) that
showed chick liver L-amino acid oxidase activity increased in response to high levels
dietary lysine. These reports, and our own data, suggest that there is a complex level of
regulation of lysine catabolism that most likely has a genetic component; that either

strictly controls the intracellular levels of lysine itself, or one or more of its catabolites.

5.5.4 LKR Inhibition

To better understand the parameters regulating the activity of LKR, we investigated
the response of the enzyme to known inhibitors (Table 5.5). a-Aminoadipate was a
potent inhibitor of LKR in both the liver and kidney isoforms. Similarly, a-ketoadipate
significantly reduced LKR activities in both tissues. Interestingly, it appeared that both a-
aminoadipate and a-ketoadipate were more effective inhibitors at the dietary extremes of
deficiency and excess. Thus it may be that LKR is regulated by different mechanisms
when lysine intake is deficient, adequate, or in excess of requirements. A feedback
mechanism would be more important during deficiency and excess, than when lysine is

provided at requirement and being used for protein synthesis at an optimal rate. Because
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the compounds were not as effective inhibitors in mitochondria isolated from IEC ay
deficient lysine intakes (0.8% and 1.0%), this mechanism may be tissue specific. It also
implies the continuous use of lysine by the IEC. Furthermore, intermediate
concentrations of saccharopine, aminoadipate and ketoadipate may have to be balanced
with intermediates generated from other pathways suggesting that the catabolism of
lysine may be a necessary and indispensable process. For example, the degradation of
tryptophan results in increases in kynurenine, kynurenate, ketoadipate and aminoadipate.
The possible importance of this balance has been discussed previously (sections 3.5 and
4.5) but again emphasizes the importance of lysine degradation.

Homocitrulline, a lysine molecule with a carbamoyl moiety attached to the epsilon-
amino group, was used as a possible inhibitor due to its structural similarity to lysine and
reported metabolism (141, 212, 239, 240, 373). In liver, homocitrulline significantly
reduced LKR activity at the higher (1.4% and 1.6%) diet levels of lysine. Similar results
were noted in the kidney and IEC analyses. This contrasted to experiments in pigs in
which homocitrulline had no effect on LKR activity (364). The effect of homocitrulline
appears to be a species linked effect. It is possible that because birds and mammals
dispose of ammonia differently, that the response to urea precursors would be different as

well.

5.6 Implications

These studies indicate that the regulation of lysine degradation in the growing
chicken is more complex than previously recognized. Our results, in combination with
others, suggest that the regulatory mechanisms controlling lysine catabolism are

influenced by genetic differences, dictary levels of protein and lysine, interorgan
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metabolism, and transport mechanisms. The resistance to decrease LKR activity at
deficient lysine intakes in both chicken (reported here) and in trout (483), is paralleled by
a lack of reduction in lysine oxidation at deficient lysine intakes reported in pigs (313)
and chickens (288). These reports strongly suggest that lysine catabolism may be a
necessary and indispensable process. Furthermore, interactions with other amino acids
and intermediates appear to result in antagonistic relationships that increase the level of
complexity. The concept, often assumed in production settings, that lysine is used simply
as a substrate for protein synthesis, is most likely inaccurate and overly simplistic. Such a
complex level of regulation for degrading this indispensable amino acid would indicate a

more diverse role in metabolism either for lysine or one of its catabolites.
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6 General Discussion and Conclusions

6.1 Introduction

The isolation and identification of lysine from casein hydrolysates in 1889 by
Edmund Drechsel (128) marked the beginning of nutritional research into this amino
acid. In the early decades of the next century, Abderhalden (2) began experiments to
investigate the role of lysine in protein synthesis. After growth experiments, which
unsuccessfully replaced [wheat gluten (gliadin)] protein by the complete digestion
products of gliadin protein and abundant lysine, Abderhalden remarked

“...that the proportion in which the various amino acids are present is probably
too little adapted for the reconstruction of tissue” (1).

A short time later, Osborne and Mendel (347) reinvestigated Abderhalden’s
experiments in rats and were able to promote growth in rats when a maintenance ration
containing gliadin as the sole protein was supplemented with (0.54%) lysine. These
studies, in conjunction with other investigations showing almost complete cessation of
growth of rats fed lysine-free protein diets (347) led to their idea (and now dogma) that
lysine was indispensable for the functions of growth.

The first experimental evidence that lysine is an essential factor for the growing pig
was offered by Mertz and colleagues (305, 408) when they demonstrated that deficiency
symptoms were alleviated by the addition of 2.0% DL-lysine-HCI. Experiments by Rose
(383, 384) during this period were providing the initial requirements for lysine in man.
Similarly, lysine supplementation of practical swine diets (37, 63, 229) and poultry diets

(85, 186, 401, 432) were also being evaluated during this period.
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Early investigations examining the metabolism of lysine showed that lysine was
degraded to glutaric acid (42, 332, 381) and a-aminoadipic acid (43, 332) although the
metabolic route to arrive at these catabolites remained obscure (387). Work in the early
1950s demonstrated that lysine could also be converted to glutamate (6, 311). These
studies pointed toward the, as yet, undescribed saccharopine pathway. Rothstein and
Miller’s experiments (385-387) led to the conclusion that pipecolic acid was a major
metabolite of lysine degradation in the rat. However, by the late 1960s, several studies
had concluded that saccharopine was the key intermediate in the degradation of lysine
(187-189, 204, 220). The pipecolic acid pathway was then, and is still regarded as the
secondary overflow pathway, activated when the lysine load overwhelms the capacity of
LKR (99).

The identification of lysine a-ketoglutarate reductase as the key regulatory enzyme
in lysine degradation initiated research that has defined this catabolic pathway to be far
more complex than many of the other amino acid degradative pathways. In the current
work, we have tried to elucidate aspects of the regulatory story and solve a few pieces of

the puzzle.

6.2 Regulation of Lysine a-Ketoglutarate Reductase

After definition of the rate-limiting enzyme in a degradative pathway, delineation
of the factors which control the enzymic activity are critical to understand fully the role
of that enzyme in metabolism. This fact is far more important in our scenario because the
key enzyme catalyzes an essential amino acid; an amino acid whose intake regulates the

protein synthetic rate of many populations around the world (218, 405, 419, 517).
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The current studies focused on several aspects of regulation of LKR and to a lesser
degree SDH. These parameters included tissue distribution and subcellular location of the
enzyme protein, kinetic parameters of the enzyme in response to different levels of
substrate, age and development of the growing animal, dietary levels of lysine and

sensitivity of enzyme activity to catabolites or analogues of enzyme substrates.

6.2.1 Tissue Distribution of Lysine Degradation

The liver is most often considered the main tissue for the degradation of amino
acids (27). While the liver does appear to be the primary tissue for lysine degradation
(374), this dogma has led most researchers to focus only on the hepatic venue and neglect
other tissues as possibly significant and important sites of degradation. Typically the
liver and kidney have been cited as having the most substantial LKR and SDH activities
(Table 1.2) and hence the only tissues with roles in lysine degradation. However our
studies, in both pig and chicken, showed that although the liver does have substantial
LKR activity, other tissues including the kidney have significant LKR/SDH activity. Of
these extra-hepatic tissues, the intestinal epithelial cells and the muscle are the most
important (Tables 3.1, 4.1, 4.2, Figures 5.4, 5.5). In agreement with our findings, recent
work from the laboratory of Dr. Ken Blemings (Univ. West Virginia) has established that
while the liver accounts for 20% of total body LKR activity, the muscle and intestine
account for 33% and 40% respectively (Table 1.4). Our own calculations indicate that the
intestine accounts for between 2%-17% of the total LKR activity and the muscle LKR
activity accounted for ~15%- >80% of the total activity (Table 8.8). When considering
lysine oxidation, the liver accounted for ~17% of the total, the intestine 8% and the breast

muscle a staggering 63% of total lysine oxidized.
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These same authors (289) demonstrated that LKR/SDH activity was not a good
predictor of L-1-"*C-lysine oxidation to "*CO,. Potential explanations for this apparent
discrepancy may relate to the inability to optimize the in vitro activity of all five enzyme
activities required to generate the first carboxyl group released as CO,. While trying to
optimize the conditions for LKR in the oxidation medium, a less than optimal
microenvironment for the catalytic activity of other enzymes in the pathway may occur.
For example, different enzymes in the saccharopine pathway have different optimal pHs:
LKR pHgpe= 6.7-8.4 (220, 221, 337); SDH pHop= 8.5-8.9 (154, 222); a-aminoadipate
aminotransferase pHop= 7.5 (327). In addition, the effect of rate of lysine transport into
the mitochondria, potentially a key regulator of lysine oxidation (34)is not accounted for.
Lysine transport may be more important as a regulator of lysine oxidation in vivo rather
than in vitro. Additionally, the contribution of L-amino acid oxidase, the first enzyme in
the pipecolic acid pathway, to lysine oxidation in tissues of different species is unclear.
Although considered a secondary catabolic route for lysine degradation, the pipecolic
pathway has been shown to be active in several tissues (68). Therefore, while the rate of
LKR clearly indicates a significantly higher lysine flux through the saccharopine
catabolic pathway, the regulation of several other catabolic enzymes may also contribute
to the tissue and whole-body oxidation of lysine in vivo. In agreement with this idea,
Benevenga and colleagues (28) suggested that although the saccharopine pathway is the
main catabolic pathway, flux through this pathway could not account for all of whole-
body lysine oxidation. Additionally, studies using fibroblasts from hyperlysinemic
patients suggested that lysine transport into cells and cellular compartments was a

significant in vivo regulator of lysine catabolism during this period of dysfunctional
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lysine metabolism. These cells had normal enzyme activities of LKR and SDH, but
demonstrated a 50% decrease in the oxidation of lysine (350) showing that while LKR
was the rate-limiting enzyme for lysine degradation, other factors have significant
regulatory effects on the total rate of lysine oxidation.

LKR protein was shown to be présent in the liver, kidney, IEC and brain using
western blot analyses. Identification of LKR activity and protein in the brain of young
growing pigs clearly suggests a functional role for lysine degradation in this organ and is
in agreement with the findings of others (68, 354, 374, 440). The question of whether
there is a functional role for neuronal lysine degradation needs to be resolved. However,
the story is becoming clearer through the work of researchers like Miro Smriga (Institute
of Life Sciences, Ajinomoto Co., Inc. Kawasaki, Japan) who has linked dietary lysine
levels to the levels of stress hormones such as cortisol (419-424, 429) and Pablo Arruda
and Fabio Papes (State University of Campinas, Brasil) (354) who suggested the
possibility that glutamate production from lysine degradation regulates nerve
transmission signals via glutamate receptors. A more complicated explanation for
neuronal lysine degradation could involve a need to regulate a homeostatic balance
between kynurenate and aminoadipate production from tryptophan and lysine
degradation, respectively (see below for details).

In future experiments, the location of the various lysine catabolic enzymes in
different cell types would be beneficial. For example, the localization of enzyme protein
for LKR, SDH, AADATI, AADATII and KADh using immunohistochemical techniques
could further resolve the cellular sites for synthesis of aminoadipate and ketoadipate in

the various cell populations in the brain. Similar experiments localizing the tryptophan
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catabolic enzymes indoleamine 2,3 dioxygenase (388), and the kynurenine
aminotransferases I and II could provide stronger evidence to support our ideas about the
potential necessary catabolism of lysine for aminoadipate and ketoadipate synthesis to
balance kynurenate synthesis. These experiments could be replicated in a similar fashion
to investigate whether cells of the enteric nervous system have the potential for this
mechanism. This could greatly increase our understanding of the development of the
enteric and central nervous systems and the role of secondary amino acid functions in this
pro\cess. Additionally, these types of experiments could be utilized to investigate
LKR/SDH protein expression in compromised metabolic states such as when intravenous
nutrition is required. For example, following the initiation of intravenous total parenteral
nutrition (TPN) feeding, the gut atrophies; does the atrophy of the gut alter the expression
pattern of LKR/SDH in the epithelial cells? As TPN is often a consequence of preterm
birth, one could investigate the expression of enzyme in the liver, as well as the zonal
pattern. While pig liver LKR activity did not change with age, we could determine
whether the enzyme becomes localized to a particular zone in the liver at a specific age,
which could help identify alternate roles for lysine catabolism. Similar experiments could
investigate the expression of the other catabolic enzymes and show the development of a
metabolic pathway in normal and metabolically stressed tissue (post TPN feeding).
Additionally, determining whether regulation of the enzyme-protein expression
involves a short-term induction of monofunctional LKR or SDH expression (and or
activity) in response to metabolic stressors, in conjunction with long-term expression of

the bifunctional protein, will help explain some of the more complex regulatory

characteristics (lysine degradation during lysine deficiency) of lysine degradation.
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6.2.2 Kinetics of the Main Degradative Enzymes

The investigation of enzyme kinetics from in vitro experiments serves several
purposes. It provides the researcher with estimates of Ky and Viay, thus describing the
relative ability of an enzyme to metabolize a particular substrate. These parameters are of
considerable interest because an enzyme may utilize more than one compound as a
substrate or different isoforms of the enzyme may exist in different cellular
compartments; the relative differences in K, can shed light on the preferred substrate and
catalytic direction, and hence regulation in vivo.

The Michaelis constants of LKR have been described for several species. In rat
liver, Blemings (34) estimated the Ky to be 5 mM. This was comparable to the estimate
of 6.96 mM for chicken liver homogenate (289). For the partially purified human liver
isoform, Hutzler and Dancis estimated the Ky to be 1.5 mM (221). Fjellstedt and
Robinson (154) estimated the Ky, of SDH to be 1.15 mM for human placenta. We found
that the activity of LKR in adult pig tissues did not always follow classical Michaelis-
Menten kinetics and was actually subject to substrate inhibition at lysine concentrations
above 15 mM (Figures 3.3, 3.4, 4.3-4.9,5.5,8.10). In contrast, SHD followed classical
Michaelis-Menten kinetics (Figure 3.3). Using the Lineweaver-Burke derivation we
calculated a Ky of 12.7 mM for LKR and 1.41 mM for SDH in the adult pig liver. In [EC
of the adult, the Ky; was only 1.03 mM. In the developing pig liver, the Ky values for
liver LKR were more variable but were estimated to be between 8 mM and 55 mM. In
other tissues, the enzyme appeared to follow either classical kinetics or substrate

inhibition, and this inhibitory mechanism was dependent upon tissue and age (Figures 4.2
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—4.8, Table 4.3). Regardless of tissue or age, the Ky was typically in the millimolar
range, consistent with the role of LKR as a catabolic enzyme.

In our poultry studies (Chapter 5 and section 8.5), liver LKR appeared to follow
Michaelis-Menten kinetics in the Ross 308 birds and Ky was between 0.6 and 2.9 mM
(Table 5.9, Figure 5.3). Preliminary studies used Cobb 500 poults; liver LKR from these
birds had Ky values estimated at 2-2.65 mM. These data suggest a level of regulation
dependant upon both the substrate concentration and catabolic tissue. That LKR may be
prone to substrate inhibition has been described previously by Fjellstedt and Robinson
(155) who showed that purified LKR from human placenta was substrate inhibited at
high concentrations (> 1mM) of a-ketoglutarate.

Substrate inhibition is believed to be due to multiple substrate molecules binding
within the active site simultaneously, resulting in decreased turnover of substrate at one
of these sites. Mechanistically, it is unclear whether the inhibition is due to steric
hindrance by a substrate at one site blocking the catalytic action at the primary site or
whether the multiple binding results in a conformational change in the protein that blocks
or inhibits substrate binding at the key catalytic site. Regardless, the end result is the
diminished flux of substrate through the pathway.

In the case of regulation of amino acid catabolism, the tetrahydropterin-dependent
amino acid hydroxylases are an interesting group to consider. In the presence of
tetrahydropterin (BH,) and lysolecithin, a potent activator of the enzyme, phenylalanine
hydroxylase was substrate inhibited by increasing concentrations of phenylalanine (152,
241, 242). Closer to the argument at hand, tryptophan hydroxylase was similarly

susceptible to substrate inhibition when the naturally occurring BH, replaced the

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



synthetic cofactor substitute DMPH, (163). The hydroxylation of tryptophan is the initial
step in the synthesis of serotonin whereas the action of (tryptophan) indoleamine-2,3-
dioxygenase, the rate limiting enzyme for tryptophan degradation (193), results in the
formation of formyl-kynurenine, preceding the formation of kynurenine. High levels of
tryptophan will inhibit the hydroxylase action via substrate inhibition (152), and increase
the synthesis of kynurenine, which also results in competition for cellular uptake of
tryptophan (167). Kynurenine can be transaminated to kynurenic acid, a neuroprotective
excitatory amino acid receptor antagonist, by a-aminoadipate aminotransferase.
Catabolism of lysine to aminoadipate, which can compete with kynurenine for
transamination, could then decrease kynurenate production (505). Depletion of
kynurenate would therefore enhance the responses of excitatory amino acid receptors
(462). Conversely, the presence of increased aminoadipate concentrations have been
shown to be both neurotoxic and gliotoxic (45, 248, 299). Transport systems in astrocytes
appear to act in concert to limit aminoadipate accumulation and prevent detrimental
effects in these cells, while permitting concentrations of the lysine catabolite to
effectively limit kynurenate production (462). This substrate inhibition mechanism
utilized by LKR, as shown by our data would effectively limit lysine degradation and
production of aminoadipate, comparable to the inhibition of tryptophan hydroxylase by
increased levels of tryptophan (152). Whether this scenario is limited to the brain or
relevant to the development of particular tissues or the animal/bird as a whole remains
unclear.

The future experiments described in the previous section would provide the

enzyme expression patterns to validate this last set of ideas suggesting a homeostatic
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balance between the synthesis of lysine and tryptophan catabolites. The substrate-
inhibition mechanism of LKR/SDH needs to be further investigated to validate a function
for this unusual regulatory mechanism. Purification and sequencing of the enzyme
protein from different tissues might explain why some tissues demonstrate classical
Michaelis-Menten kinetics whereas others demonstrate substrate inhibition and answer
questions about different isozymes of LKR or SDH. For example, does the
monofunctional LKR protein exhibit substrate inhibition while the bifunctional isoform

use a substrate-inhibited mechanism?

6.2.3 Diet and Developmental Effects

As animals grow, the lysine requirements for optimal growth (expressed as % of
diet) gradually decline. In growing pigs the initial requirements start at 1.34 % (based
upon the true ileal digestible basis) for 3-5 kg piglets and decline to 0.52% for 80-120 kg
pigs (331). Comparatively in broilers, lysine is supplied at 1.1% for the first 3 weeks.
This level declines to 1.0% (3-6 weeks) and finally to 0.85% for birds 6-8 weeks of age
(330). In those birds bred for white egg-laying capacity, lysine is held at 0.85% for the
first 6 weeks and gradually decreases to 0.52% during the period between 18 weeks to
first egg lay (330). The requirements for brown-egg layers follow the same trend but are
slightly (0.3-0.5%) lower at each age.

In a rat study conducted by Rao and colleagues (374), LKR activity in the liver
increased significantly from birth through to 30 days of age. In another rat study, LKR
activity in the liver increased dramatically from 3 days before birth to 3 days after birth,
decreased until day 5 and then the LKR activity was stable through adulthood (411).

These mark the only studies, to the best of the author’s knowledge, examining
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developmental influences on LKR activity in mammalian systems. In the current studies
we investigated the activity of LKR and lysine oxidation at ages that mark key dietary
transitions in the growing pig, such as birth and weaning. We also investigated the
effects of dietary levels of lysine in young growing broiler-breeder poults.

In growing pigs, tissue activities of LKR were affected by age and concentration
of lysine. Liver LKR had a mean activity of 1.86 nmol/min/mg during the experimental
period, but also demonstrated a significant (~180%) increase in LKR activity on day 14
(Table 4.1). Adults pigs had a liver LKR activity of 4.26+1.80 nmol/min/mg (Table 3.1)
which was significantly different from the mean activity of growing pigs. However, it
should be noted that adult animals were obtained from a local abattoir, and thus we could
not control for stress levels associated with transport or the diet of the animals. Of
particular interest, muscle LKR activity was highest on day 0 and then significantly
decreased to approximately 30% of the day 0 activity for the remainder of the
experimental period. The oxidation of lysine to radioactive carbon dioxide in muscle
mitochondria also significantly changed during the first week. The rate of '*CO,
production by muscle mitochondria was significantly greater on day three and seven
compared to both liver and IEC. These results highlight that different tissues in the
growing animal vary in their contribution to the degradation of lysine according to age.
As the animal grows, different tissues become more important for degrading lysine. For
example, during the first week, the changes in LKR activities and lysine oxidation may
reflect the shifts in tissue and whole-body metabolism that are occurring for the animal to
adapt to ex-utero nutrition. As discussed, because the body reserves of lipid and glycogen

are insufficient to meet energy demands after birth (30, 139, 273), a resistance to the

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



depression of protein catabolism occurs to insure provision of adequate concentrations of
amino acids for energy metabolism and thermogenesis (367, 368). The potential for an
important metabolic role of any lysine catabolites, namely saccharopine, aminoadipate or
ketoadipate, remains unclear but cannot be wholly discounted as a reason for lysine
degradation.

Regarding the influence of dietary lysine intake on the activity of LKR, it is
intuitive that when lysine, an essential amino acid, reaches excess levels in the diet its
degradation increases. In contrast, if levels fall below requirement, lysine should be
conserved for maintenance protein synthesis, and hence flux through LKR should be
diminished. We fed Ross 308 poults lysine ranging from 0.8% (limiting) to 1.6% (excess)
levels in the diet. Birds fed the lowest level were smaller and did not grow as well as
birds on other dietary lysine intakes. However, several interesting things occurred.
Plasma levels of lysine and the catabolites saccharopine and aminoadipate were generally
higher in the birds fed the lowest diet level of lysine (Table 5.7). More importantly, low
lysine levels were enough to blunt growth, but the activity of LKR in the liver, the kidney
and in IEC were not different (Figures 5.4, 5.5). Furthermore the activity of LKR at the
0.8% level more closely resembled the LKR activity of birds fed a high lysine diet. These
results do not agree with other poultry data demonstrating increases in LKR activity with
increasing dietary lysine (484, 485). However, birds used in those studies had been
selected for high/low arginine requirements and demonstrated that genetic differences
affected LKR activities. Results from three separate experiments agree with our findings
however. Moehn et al (313) showed that lysine oxidation in pigs was not decreased until

the lysine level reached <70% of requirement. Walton and colleagues (483) found no
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difference in trout liver LKR activity after feeding dietary lysine ranging from 1.0% to
2.6% of the diet. Unpublished data by Manangi (288) showed that when chickens were
fed deficient (0.69%) lysine diets, hepatic LKR activity was more than 2 fold decreased
when compared with LKR activities from birds fed adequate (1.1%) or excess (2.1 % and
3.1%) lysine diets. They found no differences in hepatic LKR activity among the
adequate- and excess-lysine fed birds. Furthermore, no significant diet differences were
seen for hepatic (in vitro) lysine oxidation. Although the report by Manangi (288)
described a decrease in LKR activity when lysine intake was deficient, in contrast to the
(numerical) increase observed in our data, it does show that lysine degradation is not
necessarily proportional to dietary intake, which is in agreement with our data and
conclusions. It is possible that genetic differences were also a factor; Manangi (288) used
a COBB x COBB strain while Ross 308 poults were used in the current experiments. Our
own studies provide additional evidence showing that differences in strains affect LKR
activity (compare Figures 5.7 and 8.11). In addition, it must be noted that much further
genetic selection for optimal performance properties (e.g. increased feed efficiency) has
been performed since the early 1970’s, of these early studies (484, 485). The possible
effects of this selection process on LKR activity or on lysine oxidation have not been
documented and represent a large field of study to explore.

Regarding diet and development, our results clearly indicate that this is an area to
be further investigated. One of the main questions has to be — Why does lysine
catabolism not necessarily follow a dose-response mechanism? Why does LKR activity

not change when lysine intake is deficient or in excess? The answers to these questions
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may be answered once the monofunctional versus bifunctional characteristics of the
enzyme are clarified.

Does lysine degradation play a necessary role in development? To the best
knowledge of the author, no one has described the plasma, tissue or intracellular
concentrations of lysine catabolites as a function of age, especially during the periods of
significant nutritional transitions. Comparing the lysine catabolite profiles with
tryptophan catabolite profiles (especially kynurenine and kynurenate), arginine
(regarding the antagonism between lysine and arginine), hormone concentrations
(serotonin, melatonin, cortisol as well as glucagon and insulin) may provide more insight
into the potential developmental role of these compounds.

In terms of genetic selection, the University of Alberta holds several rare breeds
(older genetic strains) of poultry. Experiments comparing the lysine requirements of these
rare birds to modern strains could be paired with determinations of tissue LKR activity
and enzyme expression. These experiments could provide an answer to questions of
whether genetic selection for increased rate/efficiency of protein synthesis has altered the
regulation of lysine degradation in different tissues. Diet experiments similar to those
described in Chapter five could be integrated into the design to further elucidate the
effects of genetic selection.

An interesting route of investigation may coincide with advents of the Barker
hypothesis (21-23, 123, 194). If an animal is raised in utero and post-parturition with a
limiting lysine diet fed to the mother and then to the neonate, what are the consequences

for future generations if these (future) individuals are exposed to deficient, optimal and
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excess dietary lysine? What are the responses of LKR activity in different tissues? Does

whole-body lysine oxidation or utilization efficiency change?

6.2.4 Exogenous effectors of LKR activity

The mechanism by which any enzyme is controlled or functions may be examined
through the addition of exogenous compounds that are in some way related to a key
substrate of that particular catalytic activity. When compounds are shown to affect the
activity, we may begin to describe the preferred reaction direction or determine Michaelis
constants for example. This is especially important if isoforms of enzymes work in
tandem across different organelles of the cell to facilitate a particular metabolic fate for
some compound. A good example of this would be AADATs I and II (section 1.3.2) that
work to balance the flux of common metabolites from two merging catabolic pathways.

In the case of LKR, we tested the activity of the enzyme in the presence of the
catabolites saccharopine, aminoadipate and ketoadipate as well as numerous structurally
related compounds. Of the catabolites, aminoadipate generally appears to be the most
potent inhibitor. The effects of aminoadipate and indeed the other catabolites may reflect
some form of feedback regulation on LKR activity. This is more relevant if one considers
that aminoadipate is considered extremely toxic. These and other compounds were tested
for potency at different ages (or nutritional transitions) and it appeared that there might be
some eftfect of development on the potency of any particular compound (Tables 4.4
—4.10, Section 4.5.3). Contrasting the adult data, the catabolites essentially had no effects
during development. Could these compounds be important in the development of

particular tissues? Van Kempen and colleagues (471) unsuccessfully provided adipic acid
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in pig diets to reduce lysine requirements. Unfortunately, these authors did not investigate
any aspect of lysine degradation at the cellular or enzymic level. In addition, our
developmental data suggests that the animals may be influenced by dietary adipate only
at specific periods. Therefore additional experiments are required to explain the basis for
the failure of this compound to reduce lysine requirements. The effects of metals
(particularly zinc and copper) on LKR activity were dramatic (Figure 3.9) and may prove
to be an important area of future investigation as these metals are commonly added to
production diets as immuno-facilitating agents.

When LKR activity was examined after birds were exposed to different dietary
levels of lysine, it appeared that when birds were fed the lowest or highest levels of
lysine, LKR activity was more susceptible to inhibition by compounds like aminoadipate
and ketoadipate than when birds were fed concentrations of lysine closer to requirement
(Table 5.10). Thus it might be that the sensitivity of the enzyme to inhibition is dependent
upon dietary level of lysine, the intracellular concentration of lysine or some other
catabolite.

Regarding the tryptophan catabolites, one series of experiments to perform would
include incubating cells/mitochondria from different tissues with increasing
concentrations of lysine first as tryptophan concentration is held constant, and then
increased proportionally to lysine and finally in excess of lysine. Following the
incubations, the production of saccharopine and aminoadipate can be correlated with the
production of kynurenine and kynurenate as a function of either lysine or tryptophan
concentration. These experiments should provide more insight into the relationship

between lysine and tryptophan catabolism.
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For the investigation of the calcium-based mechanism illustrated in Figure 1.6, the
activity of LKR and SDH can be investigated in the presence of calcium chelators (e.g.
EGTA) and in the presence of increasing concentrations of Ca®*. These experiments,
especially in muscle tissue, will provide considerable knowledge toward a more complete

understanding of LKR.

6.3 Concluding Thoughts and Future Directions

These studies have investigated regulatory aspects of lysine catabolism in growing
swine and poultry. We have shown that extra-hepatic tissues in both pig and chicken
possess LKR activity. Of these, the intestine and muscle represent two of the most
important tissues for consideration. Animal nutrition has focused on enabling the
synthesis of muscle protein, while often ignoring the nutrition of the gut. We showed that
this tissue can degrade the most limiting nutrient and also one of the most expensive feed
components in the livestock industry. The influence of the intestine should no longer be
ignored when it comes to lysine metabolism. The question of why the gut possesses this
capacity is unclear.

We have further shown that during development different tissues appear to play
different roles in lysine catabolism. The true nature of these roles remains unclear and
should be the subject of several future investigations. Adding to these questions is the
role of lysine catabolites in the overall metabolism of the animal or bird. We know that
aminoadipate can have detrimental effects on neural biology, however we do not yet

understand fully the function of aminoadipate in different tissues. What is the true nature
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of the interorgan relationships involved in lysine catabolism? Do particular organs work
to partially degrade lysine in the manner of muscle catabolism of the branched-chain
amino acids?

At the dietary level we have shown that while broiler poults do not grow as well on a
limiting lysine diet, the activity of LKR does not seem to be affected by dietary lysine. Is
this a phenomenon related to genetic selection for growth and feed efficiency? Have
these birds been inadvertently selected for lower LKR activities? In pigs we know that
lysine oxidation does not decrease until dietary lysine intake falls below 70% of
requirement, so why is lysine catabolism such an important event? Why is the basal level
of catabolism so high for this essential amino acid? These questions should continue to be
the basis of future research.

At the kinetic level, we have shown that LKR is susceptible to substrate inhibition, at
least in vitro. This mechanism was seen in different tissues and at different ages in the
pig. It was similarly seen in different tissues of the broiler poult. Past research has shown
that the enzyme can be susceptible to this type of inhibition, but it has not been described
for pigs or chickens. The metabolic role for this type of kinetic mechanism may be
involved in the homeostatic balance between aminoadipate, kynurenine and kynurenate,
however much work remains to be performed to answer this question.

In summary, the level of complexity associated with lysine degradation has been
acknowledged in plant biochemistry. However, scientists investigating the mammalian
and avian forms of this enzyme, and the lysine degradative pathway as a whole, are only
now starting to appreciate the diverse levels of regulation controlling catabolism of this

essential amino acid.

187

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7 Literature Cited

1. Abderhalden E. Fiitterungsversuche mit vollstdndig abgebauten
Nahrungsstoffen. Zeitschr f Physiol Chem 1xxvii: 22-58, 1912.

2. Abderhalden E. Synthese der Zellbausteine in Pflanze und Tier. Losung des
Problems der kiinstlichen Darstellung der Nahrungstoffe. [Synthesis of the cell
components in plant and animal. Solution of the problem of the artificial representation
of the Nahrungstoffe]. Berlin, 1912.

3. Adams SH, Lin X, Yu XX, Odle J, and Drackley JK. Hepatic fatty acid
metabolism in pigs and rats: major differences in endproducts, O2 uptake, and beta-
oxidation. Am J Physiol 272: R1641-1646, 1997.

4, Ajinomoto Heartland I. Building a New Production Facility of Feed Grade
Threonine and Expanding Feed Grade Lysine Plant in USA, edited by Ajimomoto
Heartland I, 2002, p. 1-3.

5. Albritton LM, Tseng L, Scadden D, and Cunningham JM. A putative murine
ecotropic retrovirus receptor gene encodes a multiple membrane-spanning protein and
confers susceptibility to virus infection. Cell 57: 659-666, 1989.

6. Altman KI, Miller LL, and Richmond JE. The role of the carbon skeleton of
lysine in the biosynthesis of hemoglobin. Arch Biochem 36: 399-410, 1952.

7. Ameen M and Palmer T. Inhibition of urea cycle enzymes by lysine and
saccharopine. Biochem Int 14: 395-400, 1987.

8. Ameen M, Palmer T, and Oberholzer VG. Inhibition of bovine liver lysine-
ketoglutarate reductase by urea cycle metabolites and saccharopine. Biochem Int 14: 589-
595, 1987.

9. Anderson JO and Dobson DC. Amino acid requirements of the chick. Effect of
total essential amino acid level in the diet on the arginine and lysine requirements. Poult
Sci 38: 1140-1147, 1959.

10.  Angkanaporn K, Ravindran V, Mollah Y, and Bryden WL. Homoarginine
influences voluntary feed intake, tissue basic amino acid concentrations and arginase

activity in chickens. J Nutr 127: 1128-1136, 1997.

11.  Anonymous. Carnitine synthesis in scorbutic guinea pigs. Nutr Rev 43: 185-187,
1985.

12.  Aoyagi S and Baker DH. Dietary L-homoarginine has no lysine bioactivity in
chicks. Poult Sci 73: 1755-1757, 1994.

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13. Apgar GA, Kornegay ET, Lindemann MD, and Notter DR, Evaluation of
copper sulfate and a copper lysine complex as growth promoters for weanling swine. J
Anim Sci 73: 2640-2646, 1995.

14.  Austic RE and Scott RL. Involvement of food intake in the lysine-arginine
antagonism in chicks. J Nurr 105: 1122-1131, 1975.

15.  Bailey E and Lockwood EA. Some aspects of fatty acid oxidation and ketone
body formation and utilization during development of the rat. Enzyme 15: 239-253, 1973.

16.  Baker DH. Ideal Amino Acid Profiles for Swine and Poultry and Their
Applications in Feed Formulation. Chesterfield, MO: Nutriquest, 1997.

17.  Baker DH, Batal AB, Parr TM, Augspurger NR, and Parsons CM. Ideal ratio
(relative to lysine) of tryptophan, threonine, isoleucine, and valine for chicks during the
second and third weeks posthatch. Poult Sci 81: 485-494, 2002.

18.  Baker DH and Han Y. Ideal amino acid profile for chicks during the first three
weeks posthatching. Poult Sci 73: 1441-1447, 1994,

19. Baran H, Amann G, Lubec B, and Lubec G. Kynurenic acid and kynurenine
aminotransferase in heart. Pediatr Res 41: 404-410, 1997.

20.  Barber RS, Braude R, and Mitchell KG. Further studies on antibiotic, copper
and zinc supplements for growing pigs. Br J Nutr 14: 499-508, 1960.

21. Barker DJ. The effect of nutrition of the fetus and neonate on cardiovascular
disease in adult life. Proc Nutr Soc 51: 135-144, 1992.

22.  Barker DJ. A new model for the origins of chronic disease. Med Health Care
Philos 4: 31-35, 2001.

23. Barker DJ and Clark PM. Fetal undernutrition and disease in later life. Rev
Reprod 2: 105-112, 1997.

24.  Batterham ES. lleal digestibility and availability of lysine in protein concentrates
for pigs. Br J Nutr 69: 609-613, 1993.

25. Batterham ES, Andersen LM, Baigent DR, Beech SA, and Elliott R.
Utilization of ileal digestible amino acids by pigs: lysine. Br J Nutr 64: 679-690, 1990.

26.  Beal MF, Swartz KJ, and Isacson O. Developmental changes in brain kynurenic
acid concentrations. Brain Res Dev Brain Res 68: 136-139, 1992.

27.  Benevenga NJ, Gahl MJ, and Blemings KP. Role of protein synthesis in amino
acid catabolism. J Nutr 123: 332-336, 1993.

189

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28. Benevenga NJ, Haas LG, and Crenshaw TD. Accepted metabolic pathways do
not predict the lack of recovery of free L-lysine in whole body and urine of piglets
infused with a 7 fold excess of L-lysine. FASEB J 17: A734 (abs), 2003.

29. Benevenga NJ, Radcliffe BC, and Egan AR. Tissue metabolism of methionine
in sheep. Aust J Biol Sci 36: 475-485, 1983.

30. Benevenga NJ, Steinman-Goldsworthy JK, Crenshaw TD, and Odle J.
Utilization of medium-chain triglycerides by neonatal piglets: 1. Effects on milk
consumption and body fuel utilization. J Anim Sci 67: 3331-3339, 1989.

31. Berner YN, Larchian WA, Lowry SF, Nicroa RR, Brennan MF, and Shike
M. Low plasma carnitine in patients on prolonged total parenteral nutrition: association
with low plasma lysine. JPEN J Parenter Enteral Nutr 14: 255-258, 1990.

32. Berthon D, Herpin P, Bertin R, De Marco F, and le Dividich J. Metabolic
changes associated with sustained 48-hr shivering thermogenesis in the newborn pig.
Comp Biochem Physiol B Biochem Mol Biol 114: 327-335, 1996.

33. Bieber LL, Markwell MA, Blair M, and Helmrath TA. Studies on the
development of carnitine palmitoyltransferase and fatty acid oxidation in liver
mitochondria of neonatal pigs. Biochim Biophys Acta 326: 145-154, 1973.

34.  Blemings KP, Crenshaw TD, and Benevenga NJ. Mitochondrial lysine uptake
limits hepatic lysine oxidation in rats fed diets containing 5, 20 or 60% casein. J Nutr
128: 2427-2434, 1998.

35.  Blemings KP, Crenshaw TD, Swick RW, and Benevenga NJ. Lysine-alpha-
ketoglutarate reductase and saccharopine dehydrogenase are located only in the
mitochondrial matrix in rat liver. J Nutr 124: 1215-1221, 1994.

36. Blemings KP, Crenshaw, T. D., Swick, R. W., Benevenga, N. J. Response of
rat hepatic mitochondrial lysine oxidation (Lys.Ox), lysine a-ketoglutarate reductase
(LaKGR) and saccharopine dehydrogenase (Saccdh) to 5%, 18%, and 60% casein diets.
Faseb J 4: A919, 1990.

37.  Blight JC and Powick WC. The value of methionine, lysine and vitamin By, as
supplements to a corn-soybean meal diet for pigs and rats. J Anim Sci 10: 1039, 1951.

38. Bock HD, Hoffmann B, Wunsche J, Kuhla S, Meinl M, Kesting U, Hennig U,
Zwierz P, and Volker T. [Nutrient composition of some newly bred high protein and/or

high lysine grains and their digestibility determined on growing pigs]. Arch Tierernahr
28:291-304, 1978.

39. Bock HD, Wunsche J, Meinl M, Hennig U, and Volker T. [Nutrient
composition of some newly bred high-protein and/or high-lysine cereal strains and
digestibility by growing pigs. 2. Protein quality and digestibility of the amino acids].
Arch Tierernahr 32: 321-335, 1982.

190

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40. Boggs RW. Bioavailability of acetylated derivatives of methionine, threonine,
and lysine. Adv Exp Med Biol 105: 571-586, 1978.

41. Borgmann E, Kreienbring F, Meinl M, and Wunsche J. [Protein digestibility
and the absorption of amino acids in various segments of the digestive tract of pigs. 3.

Results of the fractionation of ileum chyme after feeding various rations]. Arch
Tierernahr 29: 419-435, 1979.

42. Borsook H, Deasy, C. L., Haagen-Smit, A. J., Keighley, G., Lowy, P.H. The
Degradation of a-Aminoadipic Acid in Guinea Pig Liver homogenate. J Biol Chem 176:
1395-1400, 1948.

43, Borsook H, Deasy, C. L., Haagen-Smit, A. J., Keighley, G., Lowy, P.H. The
Degradation of L-Lysine in Guinea Pig Liver Homogenate: Formation of a-Aminoadipic
Acid. J Biol Chem 176: 1383-1393, 1948.

44, Bos C, Stoll B, Fouillet H, Gaudichon C, Guan X, Grusak MA, Reeds PJ,
Tome D, and Burrin DG. Intestinal lysine metabolism is driven by the enteral
availability of dietary lysine in piglets fed a bolus meal. Am J Physiol Endocrinol Metab
285: E1246-1257, 2003.

45, Bridges RJ, Hatalski CG, Shim SN, Cummings BJ, Vijayan V, Kundi A, and
Cotman CW. Gliotoxic actions of excitatory amino acids. Neuropharmacology 31: 899-
907, 1992.

46.  Brosnan JT. Interorgan amino acid transport and its regulation. J Nutr 133:
2068S-20728, 2003.

47.  Bruni JE and Vriend J. Effect of D, L-alpha-aminoadipate on the mediobasal
hypothalamus and endocrine function in the rat. Acta Neuropathol (Berl) 64: 129-138,
1984.

48.  Bubenik GA, Ball RO, and Pang SF. The effect of food deprivation on brain
and gastrointestinal tissue levels of tryptophan, serotonin, S-hydroxyindoleacetic acid,
and melatonin. J Pineal Res 12: 7-16, 1992.

49, Buchli R, Alberati-Giani D, Malherbe P, Kohler C, Broger C, and Cesura
AM. Cloning and functional expression of a soluble form of kynurenine/alpha-
aminoadipate aminotransferase from rat kidney. J Biol Chem 270: 29330-29335, 1995.

50.  Buddington RK. Nutrition and ontogenetic development of the intestine. Can J
Physiol Pharmacol 72: 251-259, 1994.

51.  Burke LA, Heffron, J. J. A. Isocitrate and oxoglutarate dehydrogenase activities
of murine dystrophic skeletal muscle. Biochem Soc Trans 15: 233-234, 1987.

191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52. Bush JA, Kimball SR, O'Connor PM, Suryawan A, Orellana RA, Nguyen
HYV, Jefferson LS, and Davis TA. Translational control of protein synthesis in muscle
and liver of growth hormone-treated pigs. Endocrinology 144: 1273-1283, 2003.

53. Bush JA, Wu G, Suryawan A, Nguyen HV, and Davis TA. Somatotropin-
induced amino acid conservation in pigs involves differential regulation of liver and gut
urea cycle enzyme activity. J Nutr 132: 59-67, 2002.

54, Bussolati O, Dall'Asta V, Franchi-Gazzola R, Sala R, Rotoli BM, Visigalli R,
Casado J, Lopez-Fontanals M, Pastor-Anglada M, and Gazzola GC. The role of

system A for neutral amino acid transport in the regulation of cell volume. Mol Membr
Biol 18:27-38, 2001.

55. Byrne D. Commission Directive 2001/93/EC: amending Directive 91/630/EEC
laying down minimum standards for the protection of pigs. Official Journal of the
European Communities L 316, 1.12.2001: 36-38, 2001.

56. Camacho JA, Rioseco-Camacho N, Andrade D, Porter J, and Kong J.
Cloning and characterization of human ORNT2: a second mitochondrial ornithine
transporter that can rescue a defective ORNT]1 in patients with the hyperornithinemia-

hyperammonemia-homocitrullinuria syndrome, a urea cycle disorder. Mol Genet Metab
79:257-271, 2003.

57. Canada S. Lysine & its salts, lysine esters & their salts, for manufacture of
animal or poultry feeds, edited by Site CIMT. Ottawa: Government of Canada, 2004, p.
Trade Statistics.

58.  Carroll KK. Hypercholesterolemia and atherosclerosis: effects of dietary protein.
Fed Proc 41:2792-2796, 1982.

59.  Carroll KK and Kurowska EM. Soy consumption and cholesterol reduction:
review of animal and human studies. J Nutr 125: 594S-5978S, 1995.

60. Carter AL, Abney, T.O., Lapp, D.F. Biosynthesis and metabolism of carnitine.
J Child Neurol 10: 283-257, 1995.

61. Carter AL, Eller AG, Rufo S, Metoki K, and Hommes FA. Further evidence
for a separate enzymic entity for the synthesis of homocitrulline, distinct from the regular
ornithine transcarbamylase. Enzyme 32: 26-36, 1984.

62. Carter BW, Jr., Chicoine LG, and Nelin LD. L-lysine decreases nitric oxide
production and increases vascular resistance in lungs isolated from lipopolysaccharide-
treated neonatal pigs. Pediatr Res 55: 979-987, 2004.

63. Catron DV, Acker DC, Ashton GC, Maddock HM, and Speer VC. Lysine
and/or methionine supplementation of corn-soybean oil meal rations for pigs in drylot. J
Anim Sci 12: 910, 1953.

192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64. Cederbaum SD, Shaw KN, Dancis J, Hutzler J, and Blaskovics JC.
Hyperlysinemia with saccharopinuria due to combined lysine-ketoglutarate reductase and
saccharopine dehydrogenase deficiencies presenting as cystinuria. J Pediatr 95: 234-238,
1979.

65. Cerdan S, Kunnecke B, Dolle A, and Seelig J. In situ metabolism of 1,omega
medium chain dicarboxylic acids in the liver of intact rats as detected by 13C and 1H
NMR. J Biol Chem 263: 11664-11674, 1988.

66. Chalk PA, Higham FC, Caswell AM, and Bailey E. Hepatic mitochondrial fatty
acid oxidation during the perinatal period in the rat. Int J Biochem 15: 531-538, 1983.

67.  Chamruspollert M, Pesti GM, and Bakalli RI. Dietary interrelationships among
arginine, methionine, and lysine in young broiler chicks. Br J Nutr 88: 655-660, 2002.

68.  Chang YF. Lysine metabolism in the human and the monkey: demonstration of
pipecolic acid formation in the brain and other organs. Neurochem Res 7: 577-588, 1982.

69. Chang YF, Cauley RK, Chang JD, and Rao VV. L-alpha-aminoadipate inhibits
kynurenate synthesis in rat brain hippocampus and tissue culture. Neurochem Res 22:
825-829, 1997.

70. Chang YF, Ghosh P, and Rao VV. L-pipecolic acid metabolism in human liver:
L-alpha-aminoadipate delta-semialdehyde oxidoreductase. Biochim Biophys Acta 1038:
300-305, 1990.

71.  Chang YF, Wang Y, Cauley RK, and Gao XM. Chronic L-lysine develops anti-
pentylenetetrazol tolerance and reduces synaptic GABAergic sensitivity. Eur J
Pharmacol 233: 209-217, 1993.

72. Chao Y, Yamin TT, and Alberts AW. Effects of cholestyramine on low density
lipoprotein binding sites on liver membranes from rabbits with endogenous

hypercholesterolemia induced by a wheat starch-casein diet. J Biol Chem 257: 3623-
3627, 1982.

73.  Cheng J, Kornegay ET, and Schell T. Influence of dietary lysine on the
utilization of zinc from zinc sulfate and a zinc-lysine complex by young pigs. J Anim Sci
76: 1064-1074, 1998.

74. Cho W. T. KJH, Bae S. H., Han I. K., Han Y. K., Heo K. N., Odle J. Effects of
L-carnitine with different lysine levels on growth and nutrient digestibility in pigs
weaned at 21 days of age. Asian-Australas J Anim Sci 12: 799-805, 1999.

75.  Christensen HN. A Transport System Serving for Mono- and Diamino Acids.
Proc Natl Acad Sci U S A 51: 337-344, 1964.

193

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76.  Christensen HN and Antonioli JA. Cationic amino acid transport in the rabbit
reticulocyte. Nat-dependent inhibition of Nat-independent transport. J Biol Chem 244:
1497-1504, 1969.

77.  Christensen HN and Handlogten ME. Reactions of neutral amino acids plus
Na(+) with a cationic amino acid transport system. FEBS Leit 3: 14-17, 1969.

78. Christensen HN, Handlogten ME, and Thomas EL. Na plus-facilitated
reactions of neutral amino acids with a cationic amino acid transport system. Proc Natl
Acad Sci U S 4 63: 948-955, 1969.

79.  Christensen HN and Liang M. Transport of diamino acids into the Ehrlich cell.
J Biol Chem 241: 5542-5551, 1966.

80.  Christie GR, Hyde R, and Hundal HS. Regulation of amino acid transporters by
amino acid availability. Curr Opin Clin Nutr Metab Care 4: 425-431, 2001.

81. Chu SH and Hegsted DM. Adaptive response of lysine and threonine degrading
enzymes in adult rats. J Nutr 106: 1089-1096, 1976.

82. Chu SH, Samonds KW, Seronde J, Jr., and Hegsted DM. Protein utilization
and lysine metabolism in obese and non-obese growing rats. J Nutr 108: 567-577, 1978.

83.  Chung TK and Baker DH. Ideal amino acid pattern for 10-kilogram pigs. J
Anim Sci 70: 3102-3111, 1992.

84.  Chung TK, Gelberg HB, Dorner JL, and Baker DH. Safety of L-tryptophan
for pigs. J Anim Sci 69: 2955-2960, 1991.

85. Clandinin DR, Cravens WW, Elvehjem CA, and Halpin JG. Deficiencies in
over-heated soybean oil meal. Poult Sci 26: 150-156, 1947.

86.  Close WH and Mount LE. The influence of plane of nutrition and environmental
temperature on heat loss and energy retention in the pig [proceedings]. Proc Nutr Soc 35:
60A-61A, 1976.

87. Close WH, Mount LE, and Brown D. The effects of plane of nutrition and
environmental temperature on the energy metabolism of the growing pig. 2. Growth rate,
including protein and fat deposition. Br J Nutr 40: 423-431, 1978.

88. Closs EI. Expression, regulation and function of carrier proteins for cationic
amino acids. Curr Opin Nephrol Hypertens 11: 99-107, 2002.

89. Closs EI, Graf P, Habermeier A, Cunningham JM, and Forstermann U.
Human cationic amino acid transporters hCAT-1, hCAT-2A, and hCAT-2B: three related
carriers with distinct transport properties. Biochemistry 36: 6462-6468, 1997.

194

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90. Closs EI, Rinkes IH, Bader A, Yarmush ML, and Cunningham JM.
Retroviral infection and expression of cationic amino acid transporters in rodent
hepatocytes. J Virol 67: 2097-2102, 1993.

91. Cohen NS, Cheung CW, and Raijman L. Channeling of extramitochondrial
ornithine to matrix ornithine transcarbamylase. J Biol Chem 262: 203-208, 1987.

92. Coleman RA, Bertolo RF, Moehn S, Leslie MA, Ball RO, and Korver DR.
Lysine requirements of pre-lay broiler breeder pullets: determination by indicator amino
acid oxidation. J Nutr 133: 2826-2829, 2003.

93, Cornell NW, Lund P, Hems R, and Krebs HA. Acceleration of
gluconeogenesis from lactate by lysine. Biochem J 134: 671-672, 1973.

94. Cornell NW, Lund P, and Krebs HA. The effect of lysine on gluconeogenesis
from lactate in rat hepatocytes. Biochem J 142: 327-337, 1974.

9s. Corpet F. Multiple sequence alignment with hierarchical clustering. Nucleic
Acids Res 16: 10881-10890, 1988.

96. Costa CV, Ragazzi E, Caparrotta L, Bertazzo A, Biasiolo M, and Allegri G.
Liver and kidney kynurenine aminotransferase activity in different strains of rats. Adv
Exp Med Biol 467: 629-635, 1999.

97. Cousins BW, Tanksley TD, Jr., Knabe DA, and Zebrowska T. Nutrient
digestibility and performance of pigs fed sorghums varying in tannin concentration. J
Anim Sci 53: 1524-1537, 1981.

98.  Cox RA and Hoppel CL. Biosynthesis of carnitine and 4-N-
trimethylaminobutyrate from lysine. Biochem J 136: 1075-1082, 1973.

99.  Cox RP. Errors of Lysine Metabolism. Toronto: McGraw-Hill, 2001.

100. Cox RP, Markovitz PJ, and Chuang DT. Familial hyperlysinemias--multiple
enzyme deficiencies associated with the bifunctional aminoadipic semialdehyde synthase.
Trans Am Clin Climatol Assoc 97: 69-81, 1985.

101.  Cranwell PD. Development of the neonatal gut and enzyme systems. In: The
Neonatal Pig: Development and Survival, edited by Varley M. Wallingford, United
Kingdom: CAB International, 1995, p. 99-154.

102. Creech BL, Spears JW, Flowers WL, Hill GM, Lloyd KE, Armstrong TA,
and Engle TE. Effect of dietary trace mineral concentration and source (inorganic vs.
chelated) on performance, mineral status, and fecal mineral excretion in pigs from
weaning through finishing. J Anim Sci 82: 2140-2147, 2004.

195

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103. Cromwell GL, Lindemann MD, Monegue HJ, Hall DD, and Orr DE, Jr.
Tribasic copper chloride and copper sulfate as copper sources for weanling pigs. J Anim
Sci 76: 118-123, 1998.

104. Cynober LA. Plasma amino acid levels with a note on membrane transport:
characteristics, regulation, and metabolic significance. Nutrition 18: 761-766, 2002.

105. D'Mello JP and Lewis D. Amino acid interactions in chick nutrition. 4. Growth,
food intake and plasma amino acid patterns. Br Poult Sci 12: 345-358, 1971.

106. Dancis J, Hutzler J, Ampola MG, Shih VE, van Gelderen HH, Kirby LT, and
Woody NC. The prognosis of hyperlysinemia: an interim report. Am J Hum Genet 35:
438-442, 1983.

107. Dancis J, Hutzler J, and Cox RP. Familial hyperlysinemia: enzyme studies,
diagnostic methods, comments on terminology. Am J Hum Genet 31: 290-299, 1979.

108. Dancis J, Hutzler J, Cox RP, and Woody NC. Familial hyperlysinemia with
lysine-ketoglutarate reductase insufficiency. J Clin Invest 48: 1447-1452, 1969.

109. Dancis J, Hutzler J, Woody NC, and Cox RP. Multiple enzyme defects in
familial hyperlysinemia. Pediatr Res 10: 686-691, 1976.

110. Davey RJ. Growth and carcass characteristics of high- and low-fat swine fed
diets varying in protein and lysine content. Journal of Animal Science 43: 598-605, 1976.

111. Davey RJ and Morgan DP. Protein effect on growth and carcass composition of
swine selected for high and low fatness. J Anim Sci 28: 831-836, 1969.

112. Davis AJ and Austic RE. Dietary protein and amino acid levels alter threonine
dehydrogenase activity in hepatic mitochondria of Gallus domesticus. J Nutr 127: 738-
744, 1997.

113. Davis AT, Kruggel EM, and Randall S. Excess dietary lysine increases skeletal
muscle and plasma trimethyllysine in rats. J Nutr 123: 1109-1116, 1993.

114. Davis PK and Wu G. Compartmentation and kinetics of urea cycle enzymes in
porcine enterocytes. Comp Biochem Physiol B Biochem Mol Biol 119: 527-537, 1998.

115. Davis TA, Burrin DG, Fiorotto ML, Reeds PJ, and Jahoor F. Roles of insulin
and amino acids in the regulation of protein synthesis in the neonate. J Nutr 128: 347S-
3508, 1998.

116. Davis TA, Fiorotto ML, Burrin DG, Reeds PJ, Nguyen HV, Beckett PR,
Vann RC, and O'Connor PM. Stimulation of protein synthesis by both insulin and

amino acids is unique to skeletal muscle in neonatal pigs. Am J Physiol Endocrinol
Metab 282: E880-890, 2002.

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117. Davis TA, Nguyen HV, Suryawan A, Bush JA, Jefferson LS, and Kimball
SR. Developmental changes in the feeding-induced stimulation of translation initiation in
muscle of neonatal pigs. Am J Physiol Endocrinol Metab 279: E1226-1234, 2000.

118.  De Feo P. Hormonal regulation of human protein metabolism. Fur J Endocrinol
135: 7-18, 1996.

119. Dekaney CM, Wu G, and Jaeger LA. Gene expression and activity of enzymes
in the arginine biosynthetic pathway in porcine fetal small intestine. Pediatr Res 53: 274-
280, 2003.

120. Delrot S, Atanassova R, and Maurousset L. Regulation of sugar, amino acid
and peptide plant membrane transporters. Biochim Biophys Acta 1465: 281-306, 2000.

121.  Denne SC, Karn CA, Ahlrichs JA, Dorotheo AR, Wang J, and Liechty EA.
Proteolysis and phenylalanine hydroxylation in response to parenteral nutrition in
extremely premature and normal newborns. J Clin Invest 97: 746-754, 1996.

122.  Denne SC, Karn CA, Wang J, and Liechty EA. Effect of intravenous glucose
and lipid on proteolysis and glucose production in normal newborns. Am J Physiol 269:
E361-367, 1995.

123.  Dennison E, Fall C, Cooper C, and Barker D. Prenatal factors influencing long-
term outcome. Horm Res 48 Suppl 1: 25-29, 1997.

124. Deves R and Boyd CA. Transporters for cationic amino acids in animal cells:
discovery, structure, and function. Physiol Rev 78: 487-545, 1998.

125. Deves R, Chavez P, and Boyd CA. Identification of a new transport system
(y+L) in human erythrocytes that recognizes lysine and leucine with high affinity. J
Physiol 454: 491-501, 1992.

126. di Stefano CM, Ruggiero M, Morelli S, and Monaco A. [Lysine deficiency and
carnitine biosynthesis in the rat]. Boll Soc Ital Biol Sper 55: 2602-2607, 1979.

127. Dobson DC, Anderson JO, and Warnick RE. A Determination of the Essential
Amino Acid Proportions Needed to Allow Rapid Growth in Chicks. J Nutr 82: 67-75,
1964.

128.  Drechsel E. Der Abbau der Eiweissstoffe [The dismantling of the protein
materials]. Archiv fiir Physiologie, Physiologische Abteilung des Archivs fiir Anatomie
und Physiologie: 248-278, 1891.

129.  Drucker DJ, Erlich P, Asa SL, and Brubaker PL. Induction of intestinal
epithelial proliferation by glucagon-like peptide 2. Proc Natl Acad Sci US A 93: 7911-
7916, 1996.

197

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130. Duran M, Loof NE, Ketting D, and Dorland L. Secondary carnitine deficiency.
J Clin Chem Clin Biochem 28: 359-363, 1990.

131. Dymsza HA, Czajka DM, and Miller SA. Influence of Artificial Diet on Weight
Gain and Body Composition of the Neonatal Rat. J Nutr 84: 100-106, 1964.

132. Edmonds MS and Baker DH. Amino acid excesses for young pigs: effects of
excess methionine, tryptophan, threonine or leucine. J Anim Sci 64: 1664-1671, 1987.

133. Edmonds MS and Baker DH. Comparative effects of individual amino acid
excesses when added to a corn-soybean meal diet: effects on growth and dietary choice in
the chick. J Anim Sci 65: 699-705, 1987.

134. Edmonds MS and Baker DH. Failure of excess dietary lysine to antagonize
arginine in young pigs. J Nutr 117: 1396-1401, 1987.

135. Edmonds MS and Baker DH. Toxic effects of supplemental copper and
roxarsone when fed alone or in combination to young pigs. J Anim Sci 63: 533-537, 1986.

136. Edmonds MS, Gonyou HW, and Baker DH. Effect of excess levels of
methionine, tryptophan, arginine, lysine or threonine on growth and dietary choice in the
pig. J Anim Sci 65: 179-185, 1987.

137. Eguchi K, Kamimura S, Yonezawa M, Mitsui Y, Mizutani Y, and Kudo T.
[Tryptophan and its metabolite concentrations in human plasma during the perinatal
period]. Nippon Sanka Fujinka Gakkai Zasshi 44: 663-668, 1992.

138. Elango R, Pink DBS, Dixon WT, Pencharz PB, and Ball RO. Small intestinal
catabolism of branched-chain amino acids in pigs. A4m J Physiol submitted, 2005.

139. Elliott JI and Lodge GA. Body composition and glycogen reserves in the
neonatal pig during the first 96 hours postpartum. Can J Anim Sci 57: 141-150, 1977.

140. Escobar J, Frank JW, Suryawan A, Nguyen HV, Kimball SR, Jefferson LS,
and Davis TA. Physiological rise in plasma leucine stimulates muscle protein synthesis
in neonatal pigs by enhancing translation initiation factor activation. Am J Physiol
Endocrinol Metab 288: E914-921, 2005.

141. Evered DF and Vadgama JV. Absorption of homocitrulline from the
gastrointestinal tract. Br J Nutr 49: 35-42, 1983.

142. Ewtushik ALB, R.F.P.; Ball, R.O. Intestinal development of early-weaned
piglets receiving diets supplemented with selected amino acids or polyamines. Can J
Anim Sci 80: 653-662, 2000.

143. Fahrenkrug SC, Smith TP, Freking BA, Cho J, White J, Vallet J, Wise T,
Rohrer G, Pertea G, Sultana R, Quackenbush J, and Keele JW. Porcine gene

198

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



discovery by normalized cDNA-library sequencing and EST cluster assembly. Mamm
Genome 13: 475-478, 2002.

144. Falco SC, Guida T, Locke M, Mauvais J, Sanders C, Ward RT, and Webber
P. Transgenic canola and soybean seeds with increased lysine. Biotechnology (N Y) 13:
577-582,1995.

145.  Fellows FC. Biosynthesis and degradation of saccharopine, an intermediate of
lysine metabolism. Biochem J 136: 321-327, 1973.

146. Fellows FC and Carson NA. Enzyme studies in a patient with saccharopinuria: a
defect of lysine metabolism. Pediatr Res 8: 42-49, 1974,

147. Fellows FC and Lewis MH. Lysine metabolism in mammals. Biochem J 136:
329-334, 1973.

148.  Felton LM and Anthony C. Biochemistry: role of PQQ as a mammalian enzyme
cofactor? Nature 433: E10; discussion E11-12, 2005.

149. Fiermonte G, Dolce V, Palmieri L, Ventura M, Runswick MJ, Palmieri F,
and Walker JE. Identification of the human mitochondrial oxodicarboxylate carrier.
Bacterial expression, reconstitution, functional characterization, tissue distribution, and
chromosomal location. J Biol Chem 276: 8225-8230, 2001.

150. Finot PA, Mottu F, Bujard E, and Mauron J. N-Substituted lysines as sources
of lysine in nutrition. Adv Exp Med Biol 105: 549-570, 1978.

151.  Fiorotto ML, Davis TA, and Reeds PJ. Regulation of myofibrillar protein
turnover during maturation in normal and undernourished rat pups. Am J Physiol Regul
Integr Comp Physiol 278: R845-854, 2000.

152.  Fisher DB and Kaufman S. The stimulation of rat liver phenylalanine
hydroxylase by phospholipids. J Biol Chem 247: 2250-2252, 1972.

153.  Fisher MH, Gerritsen, T., Opitz, J. M. o-Amino aciduria, a non-deleterious
inborn metabolic defect. Humangenetik 24: 265, 1974.

154. Fjellstedt TA and Robinson JC. Properties of partially purified saccharopine
dehydrogenase from human placenta. Arch Biochem Biophys 171: 191-196, 1975.

155. Fjellstedt TA and Robinson JC. Purification and properties of L-lysine-alpha-
ketoglutarate reductase from human placenta. Arch Biochem Biophys 168: 536-548,
1975.

156. Fleck C, Schwertfeger M, and Taylor PM. Regulation of renal amino acid (AA)
transport by hormones, drugs and xenobiotics - a review. Amino Acids 24: 347-374, 2003.

199

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



157. Flodin NW. Lysine supplementation of cereal foods: a retrospective. J Am Coll
Nutr 12: 486-500, 1993.

158. Flynn NE, Knabe DA, Mallick BK, and Wu G. Postnatal changes of plasma
amino acids in suckling pigs. J Anim Sci 78: 2369-2375, 2000.

159. Forsberg NE AR, Boyd RD. Influence of dietary electrolyte balance and
extracellular bicarbonate concentration on lysine metabolism. Nutrition Reports
International 35: 453-469, 1987.

160. Foster AR, Scislowski, P. W., Harris, C. 1., Fuller, M. F. Metabolic response of
liver lysine a-ketoglutarate reductase activity in rats fed lysine limiting or lysine
excessive diets. Nutr Res 13: 1433-1443, 1993.

161. Foster PC and Bailey E. Changes in hepatic fatty acid degradation and blood
lipid and ketone body content during development of the rat. Enzyme 21: 397-407, 1976.

162. Friedman M and Gumbmann MR. Bioavailability of some lysine derivatives in
mice. J Nutr 111: 1362-1369, 1981.

163. Friedman PA, Kappelman AH, and Kaufman S. Partial purification and
characterization of tryptophan hydroxylase from rabbit hindbrain. J Biol Chem 247:
4165-4173, 1972.

164. Friesen KG, Nelssen JL, Unruh JA, Goodband RD, and Tokach MD. Effects
of the interrelationship between genotype, sex, and dietary lysine on growth performance
and carcass composition in finishing pigs fed to either 104 or 127 kilograms. J Anim Sci
72: 946-954, 1994.

165. Fuller MF, Cadenhead A, Mollison G, and Seve B. Effects of the amount and
quality of dietary protein on nitrogen metabolism and heat production in growing pigs. Br
J Nutr 58: 277-285, 1987.

166. Gahl MJ, Benevenga NJ, and Crenshaw TD. Rates of lysine catabolism are
inversely related to rates of protein synthesis when measured concurrently in adult female
rats induced to grow at different rates. J Nutr 128: 1503-1511, 1998.

167. Gal EM and Sherman AD. L-kynurenine: its synthesis and possible regulatory
function in brain. Neurochem Res 5: 223-239, 1980.

168.  Galili G. New insights into the regulation and functional significance of lysine
metabolism in plants. Annu Rev Plant Biol 53: 27-43, 2002.

169. Galili G, Tang G, Zhu X, and Gakiere B. Lysine catabolism: a stress and
development super-regulated metabolic pathway. Curr Opin Plant Biol 4: 261-266, 2001.

200

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170. Gatfield DP, Taller, E., Hinton, G.G., Wallace, A. C., Abdelnour, G.M.,
Haust, M.D. Hyperpipecolatemia: A new metabolic disorder associated with neuropathy
and hepatomegaly. A case study. Can Med Assoc J 99: 1215, 1968.

171. Gerritsen T, Vaughn JG, and Waisman HA. The origin of homocitrulline in
the urine of infants. Arch Biochem Biophys 100: 298-301, 1963.

172. Gerritsen T, Waisman HA, Lipton SH, and Strong FM. Natural occurrence of
homocitrulline. I. Excretion in the urine. Arch Biochem Biophys 97: 34-36, 1962.

173. Gershon MD, Dreyfus CF, Pickel VM, Joh TH, and Reis DJ. Serotonergic
neurons in the peripheral nervous system: identification in gut by immunohistochemical
localization of tryptophan hydroxylase. Proc Natl Acad Sci U S A 74: 3086-3089, 1977.

174. Ghadimi H, Binnington VI, and Pecora P. Hyperlysinemia associated with
retardation. N Engl J Med 273: 723-729, 1965.

175. Ghadimi H, Chou WS, and Kesner L. Biosynthesis of saccharopine and
pipecolic acid from L- and DL- 14 C-lysine by human and dog liver in vitro. Biochem
Med 5: 56-66, 1971.

176. Ghadimi H, Zischka R, and Binnington V1. Further studies on hyperlysinemia
associated with retardation. Am J Dis Child 113: 146-151, 1967.

177. Gietzen DW, Erecius LF, and Rogers QR. Neurochemical changes after
imbalanced diets suggest a brain circuit mediating anorectic responses to amino acid
deficiency in rats. J Nutr 128: 771-781, 1998.

178. Girard J, Ferre P, Pegorier JP, and Duee PH. Adaptations of glucose and fatty
acid metabolism during perinatal period and suckling-weaning transition. Physiol Rev 72:
507-562, 1992.

179. Giroux I, Kurowska EM, and Carroll KK. Role of dietary lysine, methionine,
and arginine in the regulation of hypercholesterolemia in rabbits. J Nutr Biochem 10:
166-171, 1999.

180. Giroux I, Kurowska EM, Freeman DJ, and Carroll KK. Addition of arginine
but not glycine to lysine plus methionine-enriched diets modulates serum cholesterol and
liver phospholipids in rabbits. J Nutr 129: 1807-1813, 1999.

181. Goerl KF, Eilert SJ, Mandigo RW, Chen HY, and Miller PS. Pork
characteristics as affected by two populations of swine and six crude protein levels. J
Anim Sci 73: 3621-3626, 1995.

182. Goh DL, Patel A, Thomas GH, Salomons GS, Schor DS, Jakobs C, and
Geraghty MT. Characterization of the human gene encoding alpha-aminoadipate
aminotransferase (AADAT). Mol Genet Metab 76: 172-180, 2002.

201

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



183. Gordon BA, Gatfield DP, and Haust MD. The hyperornithinemia,
hyperammonemia, homocitrullinuria syndrome: an ornithine transport defect remediable
with ornithine supplements. Clin Invest Med 10: 329-336, 1987.

184. Gramsbergen JB, Hodgkins PS, Rassoulpour A, Turski WA, Guidetti P, and
Schwarcz R. Brain-specific modulation of kynurenic acid synthesis in the rat. J
Neurochem 69: 290-298, 1997.

185. Grant AL, Thomas JW, King KJ, and Liesman JS. Effects of dietary amines
on small intestinal variables in neonatal pigs fed soy protein isolate. J Anim Sci 68: 363-
371, 1990.

186. Grau CR, Kratzer FH, and Asmundson VS. The lysine requirements of poults
and chicks. Poult Sci 25: 529-530, 1946.

187. Grove J and Henderson LM. The metabolism of D- and L-lysine in the intact
rat, perfused liver and liver mitochondria. Biochim Biophys Acta 165: 113-120, 1968.

188. Grove JA, Gilbertson TJ, Hammerstedt RH, and Henderson LM. The
metabolism of D- and L-lysine specifically labeled with 15N. Biochim Biophys Acta 184:
329-337, 19609.

189. Grove JA, Linn TG, Willett CJ, and Henderson LM. Retention of the alpha-
nitrogen in the metabolic conversion of L-lysine to alpha-aminoadipate by the rat.
Biochim Biophys Acta 215: 191-194, 1970.

190. Grove JA and Roghair HG. The metabolism of D- and L-lysine in the chicken.
Arch Biochem Biophys 144: 230-236, 1971.

191. Grove JA, Young F, Roghair HG, and Schipke P. Lysine metabolism in
rabbits. Arch Biochem Biophys 151: 464-467, 1972.

192. Guan X, Stoll B, Lu X, Tappenden KA, Holst JJ, Hartmann B, and Burrin
DG. GLP-2-mediated up-regulation of intestinal blood flow and glucose uptake is nitric
oxide-dependent in TPN-fed piglets 1. Gastroenterology 125: 136-147, 2003.

193.  Guillemin GJ, Smythe G, Takikawa O, and Brew BJ. Expression of
indoleamine 2,3-dioxygenase and production of quinolinic acid by human microglia,
astrocytes, and neurons. Glia 49: 15-23, 2005.

194. Hales CN and Barker DJ. The thrifty phenotype hypothesis. Br Med Bull 60: 5-
20, 2001.

195. Hansen T, Borlak J, and Bader A. Cytochrome P450 enzyme activity and

protein expression in primary porcine enterocyte and hepatocyte cultures. Xenobiotica
30: 27-46, 2000.

202

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



196. Hatanaka T, Huang W, Ling R, Prasad PD, Sugawara M, Leibach FH, and
Ganapathy V. Evidence for the transport of neutral as well as cationic amino acids by
ATA3, anovel and liver-specific subtype of amino acid transport system A. Biochim
Biophys Acta 1510: 10-17, 2001.

197. Hatanaka T, Nakanishi T, Huang W, Leibach FH, Prasad PD, Ganapathy V,
and Ganapathy ME. Na+ - and Cl- -coupled active transport of nitric oxide synthase
inhibitors via amino acid transport system B(0,+). J Clin Invest 107: 1035-1043, 2001.

198. Hatzoglou M, Fernandez J, Yaman I, and Closs E. Regulation of cationic
amino acid transport: the story of the CAT-1 transporter. Annu Rev Nutr 24: 377-399,
2004.

199. Heo K, Lin X, Odle J, and Han IK. Kinetics of carnitine palmitoyltransferase-I
are altered by dietary variables and suggest a metabolic need for supplemental carnitine
in young pigs. J Nutr 130: 2467-2470, 2000.

200. Heo K, Odle J, Han IK, Cho W, Seo S, van Heugten E, and Pilkington DH.
Dietary L-carnitine improves nitrogen utilization in growing pigs fed low energy, fat-
containing diets. J Nutr 130: 1809-1814, 2000.

201. Herkelman KL, Rodhouse SL, Veum TL, and Ellersieck MR. Effect of
extrusion on the ileal and fecal digestibilities of lysine in yellow corn in diets for young
pigs. J Anim Sci 68: 2414-2424, 1990.

202. Herpin P and Le Dividich J. Thermoregulation and the Environment. In: The
Neonatal Pig: Development and Survival, edited by Varley M. Wallingford, United
Kingdom: CAB International, 1995, p. 57-98.

203. Higashino K, Fujioka M, and Yamamura Y. The conversion of L-lysine to
saccharopine and alpha-aminoadipate in mouse. Arch Biochem Biophys 142: 606-614,
1971.

204. Higashino K, Tsukada K, and Lieberman I. Saccharopine, a product of lysine
breakdown by mammalian liver. Biochem Biophys Res Commun 20: 285-290, 1965.

205. Higgins AD, Gahr SA, Rexroad CEI, and Blemings KP. Starvation induced
alterations in hepatic lysine metabolism in different families of rainbow trout. In: Direct
sequence submission to NCBI. Morgantown, WV: Animal and Veterinary Sciences, West
Virginia University, 2004.

206. Hill DC and Olsen EM. Effect of the addition of imbalanced amino acid
mixtures to a low protein diet, on weight gains and plasma amino acids of chicks. J Nutr
79: 296-302, 1963.

207. Hill GM, Cromwell GL, Crenshaw TD, Dove CR, Ewan RC, Knabe DA,
Lewis AJ, Libal GW, Mahan DC, Shurson GC, Southern LL, and Veum TL. Growth

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



promotion effects and plasma changes from feeding high dietary concentrations of zinc
and copper to weanling pigs (regional study). J Anim Sci 78: 1010-1016, 2000.

208. Hodgkins PS, Wu HQ, Zielke HR, and Schwarcz R. 2-Oxoacids regulate
kynurenic acid production in the rat brain: studies in vitro and in vivo. J Neurochem 72:
643-651, 1999.

209. Hodgkinson SM, Souffrant WB, and Moughan PJ. Comparison of the enzyme-
hydrolyzed casein, guanidination, and isotope dilution methods for determining ileal
endogenous protein flow in the growing rat and pig. J Anim Sci 81: 2525-2534, 2003.

210. Hoffmann GF, Athanassopoulos S, Burlina AB, Duran M, de Klerk JB,
Lehnert W, Leonard JV, Monavari AA, Muller E, Muntau AC, Naughten ER,
Plecko-Starting B, Superti-Furga A, Zschocke J, and Christensen E. Clinical course,
early diagnosis, treatment, and prevention of disease in glutaryl-CoA dehydrogenase
deficiency. Neuropediatrics 27: 115-123, 1996.

211. Holtback U and Aperia AC. Molecular determinants of sodium and water
balance during early human development. Semin Neonatol 8: 291-299, 2003.

212. Hommes FA, Eller AG, Scott DF, and Carter AL. Separation of ornithine and
lysine activities of the ornithine-transcarbamylase-catalyzed reaction. Enzyme 29: 271-
277, 1983.

213. Hommes FA, Roesel RA, Metoki K, Hartlage PL, and Dyken PR. Studies on a
case of HHH-syndrome (hyperammonemia, hyperornithinemia, homocitrullinuria).
Neuropediatrics 17: 48-52, 1986.

214. Horne DW and Broquist HP. Role of lysine and -N-trimethyllysine in carnitine
biosynthesis. 1. Studies in Neurospora crassa. J Biol Chem 248: 2170-2175, 1973.

215. Horne DW, Tanphaichitr V, and Broquist HP. Role of lysine in carnitine
biosynthesis in Neurospora crassa. J Biol Chem 246: 4373-4375, 1971.

216. Hosokawa H, Sawamura T, Kobayashi S, Ninomiya H, Miwa S, and Masaki
T. Cloning and characterization of a brain-specific cationic amino acid transporter. J Biol
Chem 272: 8717-8722, 1997.

217. Hrabek-Smith JM, Kurowska EM, and Carroll KK. Effects of cholesterol-
free, semipurified diets containing different levels of casein or soy protein on distribution

of cholesterol and protein among serum lipoproteins of rabbits. Atherosclerosis 76: 125-
130, 1989.

218. Hussain T, Abbas S, Khan MA, and Scrimshaw NS. Lysine fortification of
wheat flour improves selected indices of the nutritional status of predominantly cereal-
eating families in Pakistan. Food Nutr Bull 25: 114-122, 2004.

204

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



219. Hussein L and Muller R. Rat hepatic lysine-2-oxoglutarate reductase activity.
Induction by lysine, glucagon and cycloheximide administration. Nutr Metab 22: 127-
140, 1978.

220. Hutzler J and Dancis J. Conversion of lysine to saccharopine by human tissues.
Biochim Biophys Acta 158: 62-69, 1968.

221. Hutzler J and Dancis J. Lysine-ketoglutarate reductase in human tissues.
Biochim Biophys Acta 377: 42-51, 1975.

222. Hutzler J and Dancis J. Saccharopine cleavage by a dehydrogenase of human
liver. Biochim Biophys Acta 206: 205-214, 1970.

223. Hutzler JM, Hauer MJ, and Tracy TS. Dapsone activation of CYP2C9-
mediated metabolism: evidence for activation of multiple substrates and a two-site model.
Drug Metab Dispos 29: 1029-1034, 2001.

224. Hyde R, Taylor PM, and Hundal HS. Amino acid transporters: roles in amino
acid sensing and signalling in animal cells. Biochem J 373: 1-18, 2003.

225. Ichise T, Kano M, Hashimoto K, Yanagihara D, Nakao K, Shigemoto R,
Katsuki M, and Aiba A. mGluR1 in cerebellar Purkinje cells essential for long-term
depression, synapse elimination, and motor coordination. Science 288: 1832-1835, 2000.

226. Tkonomidou C, Bosch F, Miksa M, Bittigau P, Vockler J, Dikranian K,
Tenkova TI, Stefovska V, Turski L, and Olney JW. Blockade of NMDA receptors and
apoptotic neurodegeneration in the developing brain. Science 283: 70-74, 1999.

227. Inoue I, Saheki T, Kayanuma K, Uono M, Nakajima M, Takeshita K, Koike
R, Yuasa T, Miyatake T, and Sakoda K. Biochemical analysis of decreased ornithine
transport activity in the liver mitochondria from patients with hyperornithinemia,
hyperammonemia and homocitrullinuria. Biochim Biophys Acta 964: 90-95, 1988.

228. Iwata H, Tonomura H, and Matsuda T. Transketolase and 2-oxoglutarate
dehydrogenase activities in the brain and liver of the developing rat. Experientia 44: 780-
781, 1988.

229. Jensen AH, Ashton GC, Maddock HM, Homeyer PG, and Catron DV. Effects
of antibiotic and lysine supplementation on different protein levels for growing-fattening
swine. J Anim Sci 11: 767, 1952.

230. Jones JD. Lysine--Arginine Antagonism in the Chick. J Nutr 84: 313-321, 1964.
231.  Jones JD, Petersburg SJ, and Burnettt PC. The mechanism of the lysine-

arginine antagonism in the chick: effect of lysine on digestion, kidney arginase, and liver
transamidinase. J Nutr 93: 103-116, 1967.

205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



232. Jones P and Bachelard HS. Studies on amino acid metabolism in the brain using
15N-labeled precursors. Neurochem Res 24: 1327-1331, 1999.

233. Jungas RL, Halperin ML, and Brosnan JT. Quantitative analysis of amino acid
oxidation and related gluconeogenesis in humans. Physiol Rev 72: 419-448, 1992.

234. Kadirvel R and Kratzer FH. Uptake of L-arginine and L-lysine by the small
intestine and its influence on arginine-lysine antagonism in chicks. J Nutr 104: 339-343,
1974.

235. Kamoun P, Richard V, Rabier D, and Saudubray JM. Plasma lysine
concentration and availability of 2-ketoglutarate in liver mitochondria. J Inherit Metab
Dis 25: 1-6, 2002.

236. Kanamori K, Ross BD, and Kondrat RW. Rate of glutamate synthesis from
leucine in rat brain measured in vivo by 15N NMR. J Neurochem 70: 1304-1315, 1998.

237. Karchi H, Miron D, Ben-Yaacov S, and Galili G. The lysine-dependent
stimulation of lysine catabolism in tobacco seed requires calcium and protein
phosphorylation. Plant Cell 7: 1963-1970, 1995.

238. Kasahara T and Kato T. Nutritional biochemistry: A new redox-cofactor
vitamin for mammals. Nature 422: 832, 2003.

239. Kato T, Sano M, and Mizutani N. Inhibitory effect of intravenous lysine
infusion on urea cycle metabolism. Eur J Pediatr 146: 56-58, 1987.

240. Kato T, Sano M, Mizutani N, and Hayakawa C. Homocitrullinuria and
homoargininuria in hyperargininaemia. J Inherit Metab Dis 11: 261-265, 1988.

241. Kaufman S. The phenylalanine hydroxylating system from mammalian liver. Adv
Enzymol Relat Areas Mol Biol 35:245-319, 1971.

242. Kaufman S. The Structure of the Phenylalanine-Hydroxylation Cofactor. Proc
Natl Acad Sci U S 4 50: 1085-1093, 1963.

243. KEGG KLoKUBC. KEGG: Kyoto Encyclopedia of Genes and Genomes :
KEGG PATHWAY Database, 2005.

244. Kephart KB, Greaser, G. L., Harper, J. K., Moore, H. L. Swine Production.
In: Agricultural Alternatives. University Park: Pennsylvania State University, 2001, p. 1-
7.

245. Kerr BJ, Southern LL, Bidner TD, Friesen KG, and Easter RA, Influence of
dietary protein level, amino acid supplementation, and dietary energy levels on growing-
finishing pig performance and carcass composition. J Anim Sci 81: 3075-3087, 2003.

206

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



246. Kerr BJ, Yen JT, Nienaber JA, and Easter RA. Influences of dietary protein
level, amino acid supplementation and environmental temperature on performance, body

composition, organ weights and total heat production of growing pigs. J Anim Sci 81:
1998-2007, 2003.

247. Khosla P, Samman S, Carroll KK, and Huff MW, Turnover of 125[-VLDL
and 1311-LDL apolipoprotein B in rabbits fed diets containing casein or soy protein.
Biochim Biophys Acta 1002: 157-163, 1989.

248. Khurgel M, Koo AC, and Ivy GO. Selective ablation of astrocytes by
intracerebral injections of alpha-aminoadipate. Glia 16: 351-358, 1996.

249. Kilberg MS, Stevens BR, and Novak DA. Recent advances in mammalian
amino acid transport. Annu Rev Nutr 13: 137-165, 1993.

250. Kim KI, Elliott JI, and Bayley HS. Oxidation of an indicator amino acid by
young pigs receiving diets with varying levels of lysine or threonine, and an assessment
of amino acid requirements. Br J Nutr 50: 391-399, 1983.

251. Kim KI, McMillan I, and Bayley HS. Determination of amino acid requirements
of young pigs using an indicator amino acid. Br J Nutr 50: 369-382, 1983.

252. Kimball SR, Farrell PA, Nguyen HV, Jefferson LS, and Davis TA,
Developmental decline in components of signal transduction pathways regulating protein
synthesis in pig muscle. Am J Physiol Endocrinol Metab 282: E585-592, 2002.

253. Kimball SR, Jefferson LS, Nguyen HV, Suryawan A, Bush JA, and Davis
TA. Feeding stimulates protein synthesis in muscle and liver of neonatal pigs through an
mTOR-dependent process. Am J Physiol Endocrinol Metab 279: E1080-1087, 2000.

254. Kinne RK. Amino acid transporters. Curr Opin Nephrol Hypertens 4: 412-4135,
1995.

255. Knowles TA, Southern LL, Bidner TD, Kerr BJ, and Friesen KG. Effect of
dietary fiber or fat in low-crude protein, crystalline amino acid-supplemented diets for
finishing pigs. J Anim Sci 76: 2818-2832, 1998.

256. Kobayashi T, Ueno E, Fujita T, Yanagisawa N, and Tsukagoshi H. [Familial
hyperlysinemia with mental retardation, convulsion & muscular hypertonia (author's
transl)]. Rinsho Shinkeigaku 17: 600-608, 1977.

257. Koelkebeck KW, Baker DH, Han Y, and Parsons CM. Research note: effect of
excess lysine, methionine, threonine, or tryptophan on production performance of laying
hens. Poult Sci 70: 1651-1653, 1991.

258. Kolker S, Greenberg CR, Lindner M, Muller E, Naughten ER, and
Hoffmann GF. Emergency treatment in glutaryl-CoA dehydrogenase deficiency. J
Inherit Metab Dis 27: 893-902, 2004.

207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



259. Korman SH, Kanazawa N, Abu-Libdeh B, Gutman A, and Tsujino S.
Hyperornithinemia, hyperammonemia, and homocitrullinuria syndrome with evidence of

mitochondrial dysfunction due to a novel SLC25A15 (ORNT1) gene mutation in a
Palestinian family. J Neurol Sci 218: 53-58, 2004.

260. Korzekwa KR, Krishnamachary N, Shou M, Ogai A, Parise RA, Rettie AE,
Gonzalez FJ, and Tracy TS. Evaluation of atypical cytochrome P450 kinetics with two-
substrate models: evidence that multiple substrates can simultaneously bind to
cytochrome P450 active sites. Biochemistry 37: 4137-4147, 1998.

261. Krajcovicova-Kudlackova M, Simoncic R, Bederova A, Babinska K, and
Beder I. Correlation of carnitine levels to methionine and lysine intake. Physiol Res 49:
399-402, 2000.

262. Kraus LM, Gaber L, Handorf CR, Marti HP, and Kraus AP, Jr.
Carbamoylation of glomerular and tubular proteins in patients with kidney failure: a
potential mechanism of ongoing renal damage. Swiss Med Wkly 131: 139-134, 2001.

263. Kudo Y and Boyd CA. Human placental amino acid transporter genes:
expression and function. Reproduction 124: 593-600, 2002.

264. Kummel L. Combined effect of lysine and acetate on gluconeogenesis from
lactate in isolated hepatocytes. Physiol Bohemoslov 32: 80-84, 1983.

265. Kurowska E, Carroll, K.K. Studies on the mechanism of induction of
hypercholesterolemia in rabbits by high dietary levels of amino acids. J Nutr Biochem 2:
656-662, 1991.

266. Kurowska EM and Carroll KK. Effect of high levels of selected dietary
essential amino acids on hypercholesterolemia and down-regulation of hepatic LDL
receptors in rabbits. Biochim Biophys Acta 1126: 185-191, 1992.

267. Kurowska EM and Carroll KK. Essential amino acids in relation to
hypercholesterolemia induced in rabbits by dietary casein. J Nutr 120: 831-836, 1990.

268. Kurowska EM and Carroll KK. Hypercholesterolemic responses in rabbits to
selected groups of dietary essential amino acids. J Nutr 124: 364-370, 1994,

269. Lamers WH, Gaasbeek Janzen JW, Kortschot AT, Charles R, and Moorman
AF. Development of enzymic zonation in liver parenchyma is related to development of
acinar architecture. Differentiation 35: 228-235, 1987.

270. Langer S and Fuller MF. The effects of excessive amounts of protein on lysine
utilization in growing pigs. Br J Nutr 76: 743-754, 1996.

271. Latshaw JD. Dietary lysine concentrations from deficient to excessive and the
effects on broiler chicks. Br Poult Sci 34: 951-958, 1993.

208

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



272. Lawrenz-Wolf B, Herberg KP, Hoffmann GF, Hunneman DH, Lehnert W,
and Hanefeld F. [Development of brain atrophy, therapy and therapy monitoring in
glutaric aciduria type I (glutaryl-CoA dehydrogenase deficiency)]. Klin Padiatr 205: 23-
29, 1993.

273. Le Dividich J, Herpin P, and Rosario-Ludovino RM. Utilization of colostral
energy by the newborn pig. J Anim Sci 72: 2082-2089, 1994.

274. Lebenthal E. Concepts in gastrointestinal development. In: Human
Gastrointestinal Development, edited by Lebenthal E. New York: Raven Press, 1989, p.
3-18.

275. Leclercq B. Lysine: Specific effects of lysine on broiler production: comparison
with threonine and valine. Poult Sci 77: 118-123, 1998.

276. Leszczynski DE and Kummerow FA. Excess dietary lysine induces
hypercholesterolemia in chickens. Experientia 38: 266-267, 1982.

277. Lewis AJ. Amino Acids in Swine Nutrition. In: Swine Nutrition (2nd ed.), edited
by Lewis AJ, Southern, L. L. London: CRC Press, 2001, p. 131-150.

278. Lewis AJ, Bayley, H.S. Amino Acid Bioavailability. In: Bioavailability of
Nutrients for Animals: Amino acids, Minerals and Vitamins. San Diego CA: Academic
Press, 1995, p. 35-65.

279. Lewis AJ, Peo, Jr, E. R., Moser, B.D. , Crenshaw, T. D. Additions of lysine,
tryptophan, methionine, and isoleucine to all-corn diets for finishing swine. Nutr Rep Int
19, 1979.

280. Lewis D. The concept of agent and target in amino acid interactions. Proc Nutr
Soc 24: 196, 1965.

281. Liaudet L, Gnaegi A, Rosselet A, Markert M, Boulat O, Perret C, and Feihl
F. Effect of L-lysine on nitric oxide overproduction in endotoxic shock. Br J Pharmacol
122: 742-748, 1997.

282. Liebert F and Gebhardt G. [The effectiveness of and requirements for selected
amino acids in growing female swine. 6. Summarizing discussion, evaluation and
recommendations for use of the method presented]. Arch Tierernahr 38: 453-462, 1988.

283. Lin FD, Knabe DA, and Tanksley TD, Jr. Apparent digestibility of amino
acids, gross energy and starch in corn, sorghum, wheat, barley, oat groats and wheat
middlings for growing pigs. J Anim Sci 64: 1655-1663, 1987.

284. LinY, Lu P, Tang C, Mei Q, Sandig G, Rodrigues AD, Rushmore TH, and
Shou M. Substrate inhibition kinetics for cytochrome P450-catalyzed reactions. Drug
Metab Dispos 29: 368-374, 2001.

209

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



285. Ltd TTtC. About Specht: World Wide Web, 2005, p. Historical and technical
data on Specht cages.

286. Magnuson MA. Tissue-specific regulation of glucokinase gene expression. J Cell
Biochem 48: 115-121, 1992.

287. Malandro MS and Kilberg MS. Molecular biology of mammalian amino acid
transporters. Annu Rev Biochem 65: 305-336, 1996.

288. Manangi MK. Chicken lysine a-ketoglutarate reductase (LKR) in different

tissues and effects of graded levels of dietary lysine on LKR and lysine oxidation (Master
of Science). Morgantown, West Virgina: West Virgina University, 2000.

289. Manangi MK, Hoewing SF, Engels JG, Higgins AD, Killefer J, Wilson ME,
and Blemings KP. Lysine alpha-ketoglutarate reductase and lysine oxidation are
distributed in the extrahepatic tissues of chickens. J Nutr 135: 81-85, 2005.

290. Mann GE, Yudilevich DL, and Sobrevia L. Regulation of amino acid and
glucose transporters in endothelial and smooth muscle cells. Physiol Rev 83: 183-252,
2003.

291. Markovitz PJ and Chuang DT. The bifunctional aminoadipic semialdehyde
synthase in lysine degradation. Separation of reductase and dehydrogenase domains by
limited proteolysis and column chromatography. J Biol Chem 262: 9353-9358, 1987.

292. Markovitz PJ, Chuang DT, and Cox RP. Familial hyperlysinemias. Purification
and characterization of the bifunctional aminoadipic semialdehyde synthase with lysine-
ketoglutarate reductase and saccharopine dehydrogenase activities. J Biol Chem 259:
11643-11646, 1984.

293. Masola B and Evered DF. Preparation of rat enterocyte mitochondria. Biochem J
218:441-447, 1984.

294. Massey V. The composition of the ketoglutarate dehydrogenase complex.
Biochim Biophys Acta 38: 447-460, 1960.

295. Matthews JC and Anderson KJ. Recent advances in amino acid transporters
and excitatory amino acid receptors. Curr Opin Clin Nutr Metab Care 5: 77-84, 2002.

296. Mavromichalis I and Baker DH. Effects of pelleting and storage of a complex
nursery pig diet on lysine bioavailability. J Anim Sci 78: 341-347, 2000.

297. Mawal MR and Deshmukh DR. Alpha-aminoadipate and kynurenine
aminotransferase activities from rat kidney. Evidence for separate identity. J Biol Chem
266: 2573-2575, 1991.

298. McAllister TA, Samuels SE, Sedgwick GW, Fenton TW, and Thompson JR.
High-performance liquid chromatographic analysis of beta-phenylethylamine for the

210

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



estimation of in vivo protein synthesis. J Chromatogr B Biomed Appl 666: 336-341,
1995.

299. McBean GJ. Inhibition of the glutamate transporter and glial enzymes in rat
striatum by the gliotoxin, alpha aminoadipate. Br J Pharmacol 113: 536-540, 1994.

300. MecGarry JD and Brown NF. The mitochondrial carnitine palmitoyltransferase
system. From concept to molecular analysis. Eur J Biochem 244: 1-14, 1997.

301. MecGivan JD. Mammalian amino acid transporters and their regulation:
introduction. Biochem Soc Trans 24: 837-838, 1996.

302. McGivan JD, Bradford NM, and Beavis AD. Factors influencing the activity of
ornithine aminotransferase in isolated rat liver mitochondria. Biochem J 162: 147-156,
1977.

303. McGivan JD and Pastor-Anglada M. Regulatory and molecular aspects of
mammalian amino acid transport. Biochem J 299 ( Pt 2): 321-334, 1994.

304. Mehard CW. Isolation of mitochondria from mouse mammary gland. Methods
Enzymol 31: 305-310, 1974.

305. Mertz ET, Shelton DC, and Beeson WM. The amino acid requirement of swine,
lysine. J Anim Sci 8: 524-531, 1949.

306. Meunier-Salaun MC, Gort F, Prunier A, and Schouten WPG. Behavioural
patterns and progesterone, cortisol, and prolactine levels around parturition in European
(Large White) and Chinese (Meishan) sows. App! Anim Behav Sci 31: 43-59, 1991.

307. Meyer T and Brinck U. Differential distribution of serotonin and tryptophan
hydroxylase in the human gastrointestinal tract. Digestion 60: 63-68, 1999.

308. Michaelis EK. Molecular biology of glutamate receptors in the central nervous
system and their role in excitotoxicity, oxidative stress and aging. Prog Neurobiol 54:
369-415, 1998.

309. Milart P, Urbanska EM, Turski WA, Paszkowski T, and Sikorski R.
Kynurenine aminotransferase I activity in human placenta. Placenta 22: 259-261, 2001.

310. Miles EW, Rhee S, and Davies DR. The molecular basis of substrate channeling.
J Biol Chem 274: 12193-12196, 1999.

311. Miller LL and Bale WF. The metabolic conversion of the carbon chain of lysine-
6-C14 to glutamic acid, aspartic acid and arginine. Arch Biochem Biophys 48: 361-369,
1954.

211

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



312.  Miron D, Ben-Yaacov S, Reches D, Schupper A, and Galili G. Purification and
characterization of bifunctional lysine-ketoglutarate reductase/saccharopine
dehydrogenase from developing soybean seeds. Plant Physiol 123: 655-664, 2000.

313. Moehn S, Ball RO, Fuller MF, Gillis AM, and de Lange CF. Growth potential,
but not body weight or moderate limitation of lysine intake, affects inevitable lysine
catabolism in growing pigs. J Nutr 134: 2287-2292, 2004.

314. Moehn S, De Lange, C. F. M. The effect of body weight on the upper limit to
protein deposition in a defined population of growing gilts. J Anim Sci 76: 124-133,
1998.

315. Mogridge JL, Smith TK, and Sousadias MG. Effect of feeding raw soybeans
on polyamine metabolism in chicks and the therapeutic effect of exogenous putrescine. J
Anim Sci 74: 1897-1904, 1996.

316. Moorman AF, Vermeulen JL, Charles R, and Lamers WH. Localization of
ammonia-metabolizing enzymes in human liver: ontogenesis of heterogeneity.
Hepatology 9: 367-372, 1989.

317. Mosca M, Croci C, Mostardini M, Breton J, Malyszko J, Avanzi N, Toma S,
Benatti L, and Gatti S. Tissue expression and translational control of rat kynurenine

aminotransferase/glutamine transaminase K mRNAs. Biochim Biophys Acta 1628: 1-10,
2003.

318. Moseley RH. Hepatic amino acid transport. Semin Liver Dis 16: 137-145, 1996.

319. Moughan PJ, Souffrant WB, and Hodgkinson SM. Physiological approaches
to determining gut endogenous amino acid flows in the mammal. Arch Tierernahr 51:
237-252,1998.

320. Mukhopadhyay A, Mungre SM, and Deshmukh DR. Comparison of lysine and
tryptophan catabolizing enzymes in rat and bovine tissues. Experientia 46: 874-876,
1990.

321. Muramatsu K, Takada, R., Uwa, K. Adaptive responses of liver and kidney
lysine-ketoglutarate reductase and lysine oxidation in rats fed graded levels of dietary
lysine and casein. Agric Biol Chem 48: 703-711, 1984,

322. Musser RE, Goodband RD, Tokach MD, Owen KQ, Nelssen JL, Blum SA,
Dritz SS, and Civis CA. Effects of L-carnitine fed during gestation and lactation on sow
and litter performance. J Anim Sci 77: 3289-3295, 1999.

323. Myers DK and Slater EC. The enzymic hydrolysis of adenosine triphosphate by
liver mitochondria. 2. Effect of inhibitors and added cofactors. Biochem J 67: 572-578,
1957.

212

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



324. Nagradova N. Interdomain communications in bifunctional enzymes: how are
different activities coordinated? /UBMB Life 55: 459-466, 2003.

325. Nakai K and Horton P. PSORT: a program for detecting sorting signals in
proteins and predicting their subcellular localization. Trends Biochem Sci 24: 34-36,
1999.

326. Nakai K and Kanehisa M. A knowledge base for predicting protein localization
sites in eukaryotic cells. Genomics 14: 897-911, 1992.

327. Nakatani Y, Fujioka M, and Higashino K. Alpha-aminoadipate
aminotransferase of rat liver mitochondria. Biochim Biophys Acta 198: 219-228, 1970.

328. National-Research-Council. Nutrient Requirements of Fish. Washington, D.C.:
National Academy Press, 1993.

329. National-Research-Council. Nutrient Requirements of Laboratory Animals.
Washington, D.C.: National Academy Press, 1995.

330. National-Research-Council. Nutrient Requirements of Poultry. Washington,
D.C: National Academy Press, 1994.

331. National-Research-Council. Nutrient Requirements of Swine. Washington, DC:
National Academy Press, 1998.

332. Neuberger A, Sanger, F. The metabolism of lysine. Biochem J 58: 119-125,
1944,

333. Neutra MR, O'Malley LJ, and Specian RD. Regulation of intestinal goblet cell
secretion. II. A survey of potential secretagogues. Am J Physiol 242: G380-387, 1982.

334. Neyts-Uyttebroeck A. Council Directive 2001/88/EC: amending Directive
91/630/EEC laying down minimum standards for the protection of pigs. Official Journal
of the European Communities L 316, 1.12.2001: 1-4, 2001.

335. Nicot C, Hegardt FG, Woldegiorgis G, Haro D, and Marrero PF. Pig liver
carnitine palmitoyltransferase I, with low Km for carnitine and high sensitivity to

malonyl-CoA inhibition, is a natural chimera of rat liver and muscle enzymes.
Biochemistry 40: 2260-2266, 2001.

336. Noblet J, Le Dividich J, and van Milgen J. Thermal Environment and Swine
Nutrition. In: Swine Nutrition (2nd Edition ed.), edited by Lewin JR and Southern LL.
London: CRC Press, 2001, p. 519-544.

337. Noda C and Ichihara A. Purification and properties of L-lysine-alpha-

ketoglutarate reductase from rat liver mitochondria. Biochim Biophys Acta 525: 307-313,
1978.

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



338. Noguchi T, Minatogawa Y, Okuno E, Nakatani M, and Morimoto M.
Purification and characterization of kynurenine--2-oxoglutarate aminotransferase from
the liver, brain and small intestine of rats. Biochem J 151: 399-406, 1975.

339. Nyachoti CM, McNeilage-Van de Wiele EM, de Lange CF, and Gabert VM.
Evaluation of the homoarginine technique for measuring true ileal amino acid
digestibilities in pigs fed a barley-canola meal-based diet. J Anim Sci 80: 440-448, 2002.

340. O'Connor PM, Bush JA, Suryawan A, Nguyen HV, and Davis TA. Insulin and
amino acids independently stimulate skeletal muscle protein synthesis in neonatal pigs.
Am J Physiol Endocrinol Metab 284: E110-119, 2003.

341. O'Connor PM, Kimball SR, Suryawan A, Bush JA, Nguyen HV, Jefferson
LS, and Davis TA. Regulation of neonatal liver protein synthesis by insulin and amino
acids in pigs. Am J Physiol Endocrinol Metab 286: E994-E1003, 2004.

342. O'Connor PM, Kimball SR, Suryawan A, Bush JA, Nguyen HV, Jefferson
LS, and Davis TA. Regulation of translation initiation by insulin and amino acids in
skeletal muscle of neonatal pigs. Am J Physiol Endocrinol Metab 285: E40-53, 2003.

343.  O'Dell BL and Savage JE. Arginine-lysine antagonism in the chick and its
relationship to dietary cations. J Nutr 90: 364-370, 1966.

344. QOdle J, Lin X, van Kempen TA, Drackley JK, and Adams SH. Carnitine
palmitoyltransferase modulation of hepatic fatty acid metabolism and radio-HPLC
evidence for low ketogenesis in neonatal pigs. J Nutr 125: 2541-2549, 1995.

345. OKuno E, Tsujimoto M, Nakamura M, and Kido R. 2-Aminoadipate-2-
oxoglutarate aminotransferase isoenzymes in human liver: a plausible physiological role
in lysine and tryptophan metabolism. Enzyme Protein 47: 136-148, 1993.

346. Olney JW, de Gubareff T, and Collins JF. Stereospecificity of the gliotoxic and
anti-neurotoxic actions of alpha-aminoadipate. Neurosci Lett 19: 277-282, 1980.

347. Osborne TB, Mendel LB, and with the cooperation of Ferry ELaW, A.J.
Amino-Acids in Nutrition and Growth. J Biol Chem 17: 325-349, 1914.

348. Owen KQ, Nelssen JL, Goodband RD, Tokach MD, and Friesen KG. Effect
of dietary L-carnitine on growth performance and body composition in nursery and
growing-finishing pigs. J Anim Sci 79: 1509-1515, 2001.

349. Oyanagi K. [Hyperornithinemia, hyperammonemia and homocitrullinuria due to
a defect of mitochondrial membrane transport)]. Tanpakushitsu Kakusan Koso 33: 843-
846, 1988.

350. Oyanagi K, Aoyama T, Tsuchiyama A, Nakao T, Uetsuji N, Wagatsuma K,
and Tsugawa S. A new type of hyperlysinaemia due to a transport defect of lysine into
mitochondria. J Inherit Metab Dis 9: 313-316, 1986.

214

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



351. Oyanagi K and Nagao M. [Hyperornithinemia-hyperammonemia-
homocitrullinuria (H.H.H.) syndrome]. Ryoikibetsu Shokogun Shirizu: 185-187, 1998.

352. Palacin M, Estevez R, Bertran J, and Zorzano A. Molecular biology of
mammalian plasma membrane amino acid transporters. Physiol Rev 78: 969-1054, 1998.

353. Papes F, Kemper EL, Cord-Neto G, Langone F, and Arruda P. Lysine
degradation through the saccharopine pathway in mammals: involvement of both

bifunctional and monofunctional lysine-degrading enzymes in mouse. Biochem J 344 Pt
2:555-563, 1999.

354. Papes F, Surpili MJ, Langone F, Trigo JR, and Arruda P. The essential amino
acid lysine acts as precursor of glutamate in the mammalian central nervous system.
FEBS Lett 488: 34-38, 2001.

355. Parsons CG, Danysz W, Quack G, Hartmann S, Lorenz B, Wollenburg C,
Baran L, Przegalinski E, Kostowski W, Krzascik P, Chizh B, and Headley PM.
Novel systemically active antagonists of the glycine site of the N-methyl-D-aspartate

receptor: electrophysiological, biochemical and behavioral characterization. J Pharmacol
Exp Ther 283: 1264-1275, 1997.

356. Patience JF, Austic RE, and Boyd RD. Effect of dietary electrolyte balance on
growth and acid-base status in swine. J Anim Sci 64: 457-466, 1987.

357. Peffer PL, Lin X, and Odle J. Hepatic beta-oxidation and carnitine
palmitoyltransferase I in neonatal pigs after dietary treatments of clofibric acid,

isoproterenol, and medium-chain triglycerides. Am J Physiol Regul Integr Comp Physiol
288: R1518-1524, 2005.

358. Pegg AE and McGill S. Decarboxylation of ornithine and lysine in rat tissues.
Biochim Biophys Acta 568: 416-427, 1979.

359. Pégorier JP, Duée PH, Girard J, and Peret J. Metabolic fate of non-esterified
fatty acids in isolated hepatocytes from newborn and young pigs. Evidence for a limited
capacity for oxidation and increased capacity for esterification. Biochem J 212: 93-97,
1983. :

360. Pencharz PB and Ball RO. Amino acid needs for early growth and development.
J Nutr 134: 1566S-15688S, 2004.

361. Peng H, Shinka T, Inoue Y, Mitsubuchi H, Ishimatsu J, Yoshino M, and
Kuhara T. Asymptomatic alpha-ketoadipic aciduria detected during a pilot study of
neonatal urine screening. Acta Paediatr 88: 911-914, 1999.

362. Perham RN. Swinging arms and swinging domains in multifunctional enzymes:
catalytic machines for multistep reactions. Annu Rev Biochem 69: 961-1004, 2000.

215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



363. Persson L. Evidence of decarboxylation of lysine by mammalian ornithine
decarboxylase. Acta Physiol Scand 100: 424-429, 1977.

364. Pink D, Elango R, student, Blemings KP, Dixon WT, and Ball RO. Lysine
degradation in the growing pig. - in preparation, 2005.

365. Pink D, Elango R, Turchinsky J, Dixon WT, and Ball RO. Lysine Degradation
in the Adult Pig. in preparation, 2005.

366. Pluske JR, Williams IH, and Aherne FX. Nutrition of the neonatal pig. In: The
Neonatal Pig: Development and Survival, edited by Varley M. Wallingford, United
Kingdom: CAB International, 1995, p. 187-238.

367. Poindexter BB, Karn CA, Ahlrichs JA, Wang J, Leitch CA, Liechty EA, and
Denne SC. Amino acids suppress proteolysis independent of insulin throughout the
neonatal period. Am J Physiol 272: E592-599, 1997.

368. Poindexter BB, Karn CA, Leitch CA, Liechty EA, and Denne SC. Amino
acids do not suppress proteolysis in premature neonates. Am J Physiol Endocrinol Metab
281: E472-478, 2001.

369. Pruitt KD and Maglott DR. RefSeq and LocusLink: NCBI gene-centered
resources. Nucleic Acids Res 29: 137-140, 2001.

370. Pruitt KD, Tatusova T, and Maglott DR. NCBI Reference Sequence (RefSeq):
a curated non-redundant sequence database of genomes, transcripts and proteins. Nucleic
Acids Res 33: D501-504, 2005.

371. Przyrembel H, Bachmann D, Lombeck I, Becker K, Wendel U, Wadman SK,
and Bremer HJ. Alpha-ketoadipic aciduria, a new inborn error of lysine metabolism;
biochemical studies. Clin Chim Acta 58: 257-269, 1975.

372. Puchal AA and Buddington RK. Postnatal development of monosaccharide
transport in pig intestine. Am J Physiol 262: G895-902, 1992.

373. Rajantie J, Simell O, and Perheentupa J. Oral administration of epsilon N-
acetyllysine and homocitrulline in lysinuric protein intolerance. J Pediatr 102: 388-390,
1983.

374. Rao VV, Pan X, and Chang YF. Developmental changes of L-lysine-
ketoglutarate reductase in rat brain and liver. Comp Biochem Physiol B 103: 221-224,
1992.

375. Rebouche CJ. Carnitine function and requirements during the life cycle. Faseb J
6: 3379-3386, 1992.

376. Reed LJC, D.J. Multienzyme complexes. In: The Enzymes (3rd Edition ed.),
edited by Boyer PD, 1970, p. 1, 213-240.

216

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



377. Reeds PJ, Burrin DG, Davis TA, Fiorotto ML, Stoll B, and van Goudoever
JB. Protein nutrition of the neonate. Proc Nutr Soc 59: 87-97, 2000.

378. Reeds PJ, Burrin DG, Jahoor F, Wykes L, Henry J, and Frazer EM. Enteral
glutamate is almost completely metabolized in first pass by the gastrointestinal tract of
infant pigs. Am J Physiol 270: E413-418, 1996.

379. Reinisch F, Pahle T, and Gebhardt G. [The protein retention capacity of piglets
of different breeds and genotypes]. Arch Tierernahr 40: 1047-1056, 1990.

380. Relat J, Nicot C, Gacias M, Woldegiorgis G, Marrero PF, and Haro D. Pig

muscle carnitine palmitoyltransferase I (CPTI beta), with low Km for carnitine and low
sensitivity to malonyl-CoA inhibition, has kinetic characteristics similar to those of the
rat liver (CPTI alpha) enzyme. Biochemistry 43: 12686-12691, 2004.

381. Ringer Al, Frankel, E. M., Jonas, L. The chemistry of gluconeogenesis IV. The
fate of succinic, malic, and malonic acids in the diabetic organism, with consideration of
the intermediary metabolism of aspartic and glutamic acids, proline, lysine, arginine and

ornithine. J Biol Chem 14: 539-550, 1913.

382. Robinson JL, Duee PH, Schreiber O, Bois-Joyeux B, Chanez M, Pegorier JP,
and Peret J. Development of gluconeogenic enzymes in the liver of fasting or suckling
newborn pigs. J Dev Physiol 3: 191-201, 1981.

383. Rose WC, Borman A, Coon MJ, and Lambert GF. The amino acid
requirements of man. X The lysine requirement. J Biol Chem 214: 579-587, 1955.

384. Rose WC, Haines WJ, and Warner DT. The amino acid requirements of man.
V The role of lysine, arginine, and tryptophan. J Biol Chem 206: 421-430, 1954.

385. Rothstein M, Cooksey KE, and Greenberg DM. Metabolic conversion of
pipecolic acid to alpha-aminoadipic acid. J Biol Chem 237: 2828-2830, 1962.

386. Rothstein M and Greenberg DM. The metabolism of DL-pipecolic acid-2-C14.
J Biol Chem 235: 714-718, 1960.

387. Rothstein M and Miller LL. The conversion of lysine to pipecolic acid in the rat.
J Biol Chem 211: 851-858, 1954.

388. Roy EJ, Takikawa O, Kranz DM, Brown AR, and Thomas DL. Neuronal
localization of indoleamine 2,3-dioxygenase in mice. Neurosci Lett, 2005.

389. Rucker R, Storms D, Sheets A, Tchaparian E, and Fascetti A. Biochemistry:
is pyrroloquinoline quinone a vitamin? Nature 433: E10-11; discussion E11-12, 2005.

390. Ryan WL, Barak AJ, and Johnson RJ. Lysine, homocitrulline, and
homoarginine metabolism by the isolated perfused rat liver. Arch Biochem Biophys 123:
294-297, 1968.

217

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



391. Ryan WL and Wells IC. Homocitrulline and homoarginine synthesis from
lysine. Science 144: 1122-1127, 1964.

392. Sacksteder KA, Biery BJ, Morrell JC, Goodman BK, Geisbrecht BV, Cox
RP, Gould SJ, and Geraghty MT. Identification of the alpha-aminoadipic semialdehyde
synthase gene, which is defective in familial hyperlysinemia. Am J Hum Genet 66: 1736-
1743, 2000.

393. Sanadi DR. alpha-Ketoglutarate dehydrogenase from pig heart. Methods Enzymol
13: 52-55, 1969.

394. Sanger GJ, Yoshida M, Yahyah M, and Kitazumi K. Increased defecation
during stress or after 5-hydroxytryptophan: selective inhibition by the 5-HT(4) receptor
antagonist, SB-207266. Br J Pharmacol 130: 706-712, 2000.

395. Sangild PT, Petersen YM, Schmidt M, Elnif J, Petersen TK, Buddington RK,
Greisen G, Michaelsen KF, and Burrin DG. Preterm birth affects the intestinal
response to parenteral and enteral nutrition in newborn pigs. J Nutr 132: 3786-3794,
2002.

396. Sauer WC, Ozimek, L. Digestibility of amino acids in swine: Results and their
practical applications. A review. Livestock Prod Sci 15: 367-388, 1986.

397.  Schell TC and Kornegay ET. Zinc concentration in tissues and performance of
weanling pigs fed pharmacological levels of zinc from ZnO, Zn-methionine, Zn-lysine, or
ZnSO4. J Anim Sci 74: 1584-1593, 1996.

398. Scherer SW, Cheung J, MacDonald JR, Osborne LR, Nakabayashi K,
Herbrick JA, Carson AR, Parker-Katiraee L, Skaug J, Khaja R, Zhang J, Hudek
AK, Li M, Haddad M, Duggan GE, Fernandez BA, Kanematsu E, Gentles S,
Christopoulos CC, Choufani S, Kwasnicka D, Zheng XH, Lai Z, Nusskern D, Zhang
Q,GuZ,LuF, Zeesman S, Nowaczyk MJ, Teshima I, Chitayat D, Shuman C,
Weksberg R, Zackai EH, Grebe TA, Cox SR, Kirkpatrick SJ, Rahman N, Friedman
JM, Heng HH, Pelicci PG, Lo-Coco F, Belloni E, Shaffer LG, Pober B, Morton CC,
Gusella JF, Bruns GA, Korf BR, Quade BJ, Ligon AH, Ferguson H, Higgins AW,
Leach NT, Herrick SR, Lemyre E, Farra CG, Kim HG, Summers AM, Gripp KW,
Roberts W, Szatmari P, Winsor EJ, Grzeschik KH, Teebi A, Minassian BA, Kere J,
Armengol L, Pujana MA, Estivill X, Wilson MD, Koop BF, Tosi S, Moore GE,
Boright AP, Zlotorynski E, Kerem B, Kroisel PM, Petek E, Oscier DG, Mould SJ,
Dohner H, Dohner K, Rommens JM, Vincent JB, Venter JC, Li PW, Mural RJ,
Adams MD, and Tsui LC. Human chromosome 7: DNA sequence and biology. Science
300: 767-772, 2003.

399. Schmidt I and Herpin P. Carnitine palmitoyltransferase I (CPT I) activity and its
regulation by malonyl-CoA are modulated by age and cold exposure in skeletal muscle
mitochondria from newborn pigs. J Nutr 128: 886-893, 1998.

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



400. Schmidt I and Herpin P. Postnatal changes in mitochondrial protein mass and
respiration in skeletal muscle from the newborn pig. Comp Biochem Physiol B Biochem
Mol Biol 118: 639-647, 1997.

401. Schweigert BS. The value of various feeds as sources of arginine, histidine,
lysine and threonine for poultry. Poult Sci 27: 223-227, 1948.

402. Schworer H, Racke K, and Kilbinger H. Spontaneous release of endogenous 5-
hydroxytryptamine and 5-hydroxyindoleacetic acid from the isolated vascularly perfused
ileum of the guinea-pig. Neuroscience 21: 297-303, 1987.

403. Scislowski PW, Foster AR, and Fuller MF. Regulation of oxidative degradation
of L-lysine in rat liver mitochondria. Biochem J 300 ( Pt 3): 887-891, 1994.

404. Scott RL and Austic RE. Influence of dietary potassium on lysine metabolism in
the chick. J Nutr 108: 137-144, 1978.

405. Scrimshaw NS and Young VR. Amino acid fortification of protein foods. J Am
Coll Nutr 12: 481-483, 1993,

406. Sedgwick GW, Fenton TW, and Thompson JR. Effect of protein precipating
agents on the recovery of plasma free amino acids. Can J Anim Sci 71: 953-957, 1991.

407. Seve B. Physiological roles of tryptophan in pig nutrition. Adv Exp Med Biol 467:
729-741, 1999.

408. Shelton DC, Beeson WM, and Mertz ET. Quantitative L-lysine requirement of
the weanling pig. Arch Biochem 30: 1-5, 1951.

409. Shelton JL, Southern LL, LeMieux FM, Bidner TD, and Page TG. Effects of
microbial phytase, low calcium and phosphorus, and removing the dietary trace mineral
premix on carcass traits, pork quality, plasma metabolites, and tissue mineral content in
growing-finishing pigs. J Anim Sci 82: 2630-2639, 2004.

410. Sheu KF and Blass JP. The alpha-ketoglutarate dehydrogenase complex. Ann N
Y Acad Sci 893: 61-78, 1999.

411. Shinno H, Noda C, Tanaka K, and Ichihara A. Induction of L-lysine-2-
oxoglutarate reductase by glucagon and glucocorticoid in developing and adult rats: in
vivo and in vitro studies. Biochim Biophys Acta 633: 310-316, 1980.

412. Shou M, Lin Y, Lu P, Tang C, Mei Q, Cui D, Tang W, Ngui JS, Lin CC,
Singh R, Wong BK, Yergey JA, Lin JH, Pearson PG, Baillie TA, Rodrigues AD, and

Rushmore TH. Enzyme kinetics of cytochrome P450-mediated reactions. Curr Drug
Metab 2: 17-36, 2001.

413. Shoveller AK. Lysine intake of adult dogs, edited by Pink D. Edmonton, Alberta,
2005, p. Phone conversation.

219

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



414. Sibson NR, Dhankhar A, Mason GF, Rothman DL, Behar KL, and Shulman
RG. Stoichiometric coupling of brain glucose metabolism and glutamatergic neuronal
activity. Proc Natl Acad Sci U S A 95: 316-321, 1998.

415. Sinha AK. Enzymic synthesis of saccharopine- 14 C. Anal Biochem 43: 468-471,
1971.

416. Sloan JL and Mager S. Cloning and functional expression of a human Na(+) and
Cl(-)-dependent neutral and cationic amino acid transporter B(0+). J Biol Chem 274:
23740-23745, 1999.

417. Smith GH and Lewis D. Arginine in poultry nutrition. 3. Agent and target in
amino acid interactions. Br J Nutr 20: 621-631, 1966.

418. Smith TK. Effect of dietary putrescine on whole body growth and polyamine
metabolism. Proc Soc Exp Biol Med 194: 332-336, 1990.

419. Smriga M, Ghosh S, Mouneimne Y, Pellett PL, and Scrimshaw NS. Lysine
fortification reduces anxiety and lessens stress in family members in economically weak
communities in Northwest Syria. Proc Natl Acad Sci U S A 101: 8285-8288, 2004.

420. Smriga M, Kameishi M, Uneyama H, and Torii K. Dictary L-lysine deficiency
increases stress-induced anxiety and fecal excretion in rats. J Nutr 132: 3744-3746, 2002.

421. Smriga M, Mori M, and Torii K. Circadian release of hypothalamic
norepinephrine in rats in vivo is depressed during early L-lysine deficiency. J Nu#r 130:
1641-1643, 2000.

422. Smriga M and Torii K. L-Lysine acts like a partial serotonin receptor 4
antagonist and inhibits serotonin-mediated intestinal pathologies and anxiety in rats. Proc
Natl Acad Sci U S A 100: 15370-15375, 2003.

423. Smriga M and Torii K. Metabolic interactions between restraint stress and L-
lysine: the effect on urea cycle components. Amino Acids 24: 435-437, 2003.

424. Smriga M and Torii K. Prolonged treatment with L-lysine and L-arginine
reduces stress-induced anxiety in an elevated plus maze. Nutr Neurosci 6: 125-128, 2003.

425.  Souba WW and Pacitti AJ. How amino acids get into cells: mechanisms,
models, menus, and mediators. JPEN J Parenter Enteral Nutr 16: 569-578, 1992.

426. Sousadias MG and Smith TK. Toxicity and growth-promoting potential of
spermine when fed to chicks. J Anim Sci 73: 2375-2381, 1995.

427. Southern LL. Digestible Amino Acids and Digestible Amino Acid Requirements
for Swine. In: BioKyowa Technical Review-2. Chesterfield, MO: Nutri-Quest Inc., 1991.

428. Spivey HO and Ovadi J. Substrate channeling. Methods 19: 306-321, 1999.

220

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



429. Srinongkote S, Smriga M, Nakagawa K, and Toride Y. A diet fortified with L-
lysine and L-arginine reduces plasma cortisol and blocks anxiogenic response to
transportation in pigs. Nutr Neurosci 6: 283-289, 2003.

430. Stepansky A and Galili G. Synthesis of the Arabidopsis bifunctional lysine-
ketoglutarate reductase/saccharopine dehydrogenase enzyme of lysine catabolism is

concertedly regulated by metabolic and stress-associated signals. Plant Physiol 133:
1407-1415, 2003.

431. Stevens CMaB, J. A. New syntheses of a-amino-g-guanidino-n-caproic acid

(Homoarginine) and its possible conversion in vivo into lysine. J Biol Chem 183: 139-
147, 1950.

432. Stevens JM and McGinnis J. The effect of autoclaving lysine in the presence of
carbohydrate on its utilization by the chick. J Biol Chem 171: 431-435, 1947.

433. Stokes CR and Bourne JF. Mucosal Immunity. In: Veterinary Clinical
Immunology, edited by Halliwell REW. Philidelphia: Harcourt Brace Jovanovich Inc.,
1989, p. 164-192.

434, Stoll B, Burrin DG, Henry J, Jahoor F, and Reeds PJ. Phenylalanine
utilization by the gut and liver measured with intravenous and intragastric tracers in pigs.
Am J Physiol 273: G1208-1217, 1997.

435.  Stoll B, Burrin DG, Henry J, Yu H, Jahoor F, and Reeds PJ. Dietary amino
acids are the preferential source of hepatic protein synthesis in piglets. J Nutr 128: 1517-
1524, 1998.

436. Stoll B, Burrin DG, Henry J, Yu H, Jahoor F, and Reeds PJ. Substrate
oxidation by the portal drained viscera of fed piglets. Am J Physiol 277: E168-175, 1999.

437.  Stoll B, Burrin DG, Henry JF, Jahoor F, and Reeds PJ. Dietary and systemic
phenylalanine utilization for mucosal and hepatic constitutive protein synthesis in pigs.
Am J Physiol 276: G49-57, 1999.

438. Stoll B, Henry J, Reeds PJ, Yu H, Jahoor F, and Burrin DG. Catabolism
dominates the first-pass intestinal metabolism of dietary essential amino acids in milk
protein-fed piglets. J Nutr 128: 606-614, 1998.

439. Stone TW. Neuropharmacology of quinolinic and kynurenic acids. Pharmacol
Rev 45:309-379, 1993.

440. Suda T, Robinson JC, and Fjellstedt TA. Developmental changes in the
enzymatic capacity for reduction and oxidation of alpha-ketoadipate in rat liver, heart,
kidney, and brain. Pediatr Res 12: 297-300, 1978.

221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



441. Suda T, Robinson JC, and Fjellstedt TA. Purification and properties of alpha-
ketoadipate reductase, a newly discovered enzyme from human placenta. Arch Biochem
Biophys 176: 610-620, 1976.

442. Sugano M. Hypocholesterolemic effect of plant protein relation to animal
protein: mechanism of action. In: Animal and Vegetable Proteins in Lipid Metabolism
and Atherosclerosis, edited by Gibney MJK, D. New York, NY: Alan R. Liss, 1983, p.
51-84.

443. Superti-Furga A and Hoffmann GF. Glutaric aciduria type 1 (glutaryl-CoA-
dehydrogenase deficiency): advances and unanswered questions. Report from an
international meeting. Eur J Pediatr 156: 821-828, 1997.

444. Suryawan A, Nguyen HV, Bush JA, and Davis TA. Developmental changes in
the feeding-induced activation of the insulin-signaling pathway in neonatal pigs. Am J
Physiol Endocrinol Metab 281: E908-915, 2001.

445. Suryawan A, O'Connor PM, Kimball SR, Bush JA, Nguyen HV, Jefferson
LS, and Davis TA. Amino acids do not alter the insulin-induced activation of the insulin
signaling pathway in neonatal pigs. J Nutr 134: 24-30, 2004.

446. Sweatt AJ, Wood M, Suryawan A, Wallin R, Willingham MC, and Hutson
SM. Branched-chain amino acid catabolism: unique segregation of pathway enzymes in
organ systems and peripheral nerves. Am J Physiol Endocrinol Metab 286: E64-76, 2004.

447. Takada G, Goto A, Komatsu K, and Goto R. Carnitine deficiency in lysinuric
protein intolerance: lysine-sparing effect of carnitine. Tohoku J Exp Med 153: 331-334,
1987.

448. Tang G, Miron D, Zhu-Shimoni JX, and Galili G. Regulation of lysine
catabolism through lysine-ketoglutarate reductase and saccharopine dehydrogenase in
Arabidopsis. Plant Cell 9: 1305-1316, 1997.

449. Tanksley TD, Jr., Knabe, D.A. Ileal digestibilities of amino acids in pig feeds
and their use in formulating diets. In: Recent Advances in Animal Nutrition, edited by
Haresign W, Cole, D.J.A. London: Butterworth, 1984, p. 75-95.

450. Tanphaichitr V and Broquist HP. Role of lysine and -N-trimethyllysine in
carnitine biosynthesis. I1. Studies in the rat. J Biol Chem 248: 2176-2181, 1973.

451. Tanphaichitr V, Horne DW, and Broquist HP. Lysine, a precursor of carnitine
in the rat. J Biol Chem 246: 6364-6366, 1971.

452. Tatusova TA, Karsch-Mizrachi I, and Ostell JA. Complete genomes in WWW
Entrez: data representation and analysis. Bioinformatics 15: 536-543, 1999.

453. Taylor A. Aminopeptidases: structure and function. Faseb J 7: 290-298, 1993.

222

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



454. Tesseraud S, Larbier M, Chagneau AM, and Geraert PA. Effect of dietary
lysine on muscle protein turnover in growing chickens. Reprod Nutr Dev 32: 163-171,
1992.

455. Tesseraud S, Temim S, Le Bihan-Duval E, and Chagneau AM. Increased
responsiveness to dietary lysine deficiency of pectoralis major muscle protein turnover in
broilers selected on breast development. J Anim Sci 79: 927-933, 2001.

456. Thivierge MC, Bush JA, Suryawan A, Nguyen HV, Orellana RA, Burrin DG,
Jahoor F, and Davis TA. Whole-body and hindlimb protein breakdown are
differentially altered by feeding in neonatal piglets. J Nutr 135: 1430-1437, 2005.

457. Thong HT and Liebert F. Amino acid requirement of growing pigs depending
on amino acid efficiency and level of protein deposition 1st communication: lysine. Arch
Anim Nutr 58: 69-87, 2004.

458. Toride Y. Lysine and other amino acids for feed: production and contribution to
protein utilization in animal feeding. In: Protein Sources for the Animal Feed Industry.
Bangkok, 2004, p. 390.

459. Torres N, Lopez G, De Santiago S, Hutson SM, and Tovar AR. Dietary
protein level regulates expression of the mitochondrial branched-chain aminotransferase
in rats. J Nutr 128: 1368-1375, 1998.

460. Trayhurn P, Temple NJ, and Van Aerde J. Evidence from immunoblotting
studies on uncoupling protein that brown adipose tissue is not present in the domestic pig.
Can J Physiol Pharmacol 67: 1480-1485, 1989.

461. Tsai CH and Henderson LM. Degradation of O-phosphohydroxylysine in rat
liver. Purification and properties of 2-aminoadipic semialdehyde dehydrogenase. J Biol
Chem 249: 5790-5792, 1974.

462. Tsai MJ, Chang YF, Schwarcz R, and Brookes N. Characterization of L-alpha-
aminoadipic acid transport in cultured rat astrocytes. Brain Res 741: 166-173, 1996.

463. Uenishi H, Eguchi T, Suzuki K, Sawazaki T, Toki D, Shinkai H, Okumura N,
Hamasima N, and Awata T. PEDE (Pig EST Data Explorer): construction of a database
for ESTs derived from porcine full-length cDNA libraries. Nucleic Acids Res 32: D484-
488, 2004.

464. Van Barneveld RJ, Batterham ES, and Norton BW. The effect of heat on
amino acids for growing pigs. 1. A comparison of ileal and faecal digestibilities of amino

acids in raw and heat-treated field peas (Pisum sativum cultivar Dundale). Br J Nutr 72:
221-241, 1994.

465. Van Der Schoor SR, Reeds PJ, Stoll B, Henry JF, Rosenberger JR, Burrin
DG, and Van Goudoever JB. The high metabolic cost of a functional gut.
Gastroenterology 123: 1931-1940, 2002.

223

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



466. van der Schoor SR, van Goudoever JB, Stoll B, Henry JF, Rosenberger JR,
Burrin DG, and Reeds PJ. The pattern of intestinal substrate oxidation is altered by
protein restriction in pigs. Gastroenterology 121: 1167-1175, 2001.

467. van Gelderen HH and Teijema HL. Hyperlysinaemia. Harmless inborn error of
metabolism? Arch Dis Child 48: 892-895, 1973,

468. van Goudoever JB, Stoll B, Henry JF, Burrin DG, and Reeds PJ. Adaptive
regulation of intestinal lysine metabolism. Proc Natl Acad Sci U S A 97: 11620-11625,
2000.

469. van Heugten E, Spears JW, Kegley EB, Ward JD, and Qureshi MA. Effects
of organic forms of zinc on growth performance, tissue zinc distribution, and immune
response of weanling pigs. J Anim Sci 81: 2063-2071, 2003.

470. van Kempen TA. Dicarboxylic acids as animal feed ingredients. Europe, 1998.

471. van Kempen TA, van Heugten E, and Trottier NL. Adipic acid increases
plasma lysine but does not improve the efficiency of lysine utilization in swine. J Anim
Sci 79: 2406-2411, 2001.

472. Van Winkle LJ, Campione AL, and Gorman JM. Na+-independent transport
of basic and zwitterionic amino acids in mouse blastocysts by a shared system and by
processes which distinguish between these substrates. J Biol Chem 263: 3150-3163,
1988.

473.  Van Winkle LJ, Christensen HN, and Campione AL. Na+-dependent transport
of basic, zwitterionic, and bicyclic amino acids by a broad-scope system in mouse
blastocysts. J Biol Chem 260: 12118-12123, 1985.

474. Vann RC, Nguyen HV, Reeds PJ, Burrin DG, Fiorotto ML, Steele NC,
Deaver DR, and Davis TA. Somatotropin increases protein balance by lowering body

protein degradation in fed, growing pigs. Am J Physiol Endocrinol Metab 278: E477-483,
2000.

475. Vann RC, Nguyen HV, Reeds PJ, Steele NC, Deaver DR, and Davis TA.
Somatotropin increases protein balance independent of insulin's effects on protein
metabolism in growing pigs. Am J Physiol Endocrinol Metab 279: E1-E10, 2000.

476. Varley M. Recent trends in global pig nutrition. Fifth international congress for
the feed industry in Southern Africa: “Recent developments in animal feeds and feeding”,
Sun City, Northwest Province, South Africa. Animal Feed Manufacturer's Association
Forum 2004, 2004,

477. Vaz FM and Wanders RJ. Carnitine biosynthesis in mammals. Biochem J 361:
417-429,2002.

224

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



478. Vekony N, Wolf S, Boissel JP, Gnauert K, and Closs EI. Human cationic
amino acid transporter hCAT-3 is preferentially expressed in peripheral tissues.
Biochemistry 40: 12387-12394, 2001.

479. Verhage M, Maia AS, Plomp JJ, Brussaard AB, Heeroma JH, Vermeer H,
Toonen RF, Hammer RE, van den Berg TK, Missler M, Geuze HJ, and Sudhof TC.
Synaptic assembly of the brain in the absence of neurotransmitter secretion. Science 287:

864-869, 2000.

480. Verstegen MW, Close WH, Start IB, and Mount LE. The effects of
environmental temperature and plane of nutrition on heat loss, energy retention and
deposition of protein and fat in groups of growing pigs. Br J Nutr 30: 21-35, 1973.

481. Wagner CA, Lang F, and Broer S. Function and structure of heterodimeric
amino acid transporters. Am J Physiol Cell Physiol 281: C1077-1093, 2001.

482. Wallace HM and Fraser AV. Inhibitors of polyamine metabolism: review
article. Amino Acids 26: 353-365, 2004.

483. Walton MJ, Cowey CB, and Adron JW. The effect of dietary lysine levels on
growth and metabolism of rainbow trout (Salmo gairdneri). Br J Nutr 52: 115-122, 1984.

484. 'Wang SH, Crosby LO, and Nesheim MC. Effect of dietary excesses of lysine
and arginine on the degradation of lysine by chicks. J Nutr 103: 384-391, 1973.

485. Wang SH and Nesheim MC. Degradation of lysine in chicks. J Nutr 102: 583-
596, 1972.

486. Watford M, Lund P, and Krebs HA. Isolation and metabolic characteristics of
rat and chicken enterocytes. Biochem J 178: 589-596, 1979.

487. Watkins LE, Swiger, L. A., and Mahan, D. C. Effects and interactions of breed
group, sex and proteinlevel on performance of swine. Journal of Animal Science 45: 24-
29, 1977.

488. Weissman NaS, R. The relative stability of 1(+)-Lysine in rats studied with
deuterium and heavy nitrogen. J Biol Chem 140: 779-795, 1941.

489. Wendel U, Rudiger HW, Przyrembel H, and Bremer HJ. Alpha-ketoadipic
aciduria: degradation studies with fibroblasts. Clin Chim Acta 58: 271-276, 1975.

490. Westover JB, Goodman SI, and Frerman FE. Binding, hydration, and
decarboxylation of the reaction intermediate glutaconyl-coenzyme A by human glutaryl-

CoA dehydrogenase. Biochemistry 40: 14106-14114, 2001.
491. White MF, Gazzola GC, and Christensen HN. Cationic amino acid transport

into cultured animal cells. 1. Influx into cultured human fibroblasts. .J Biol Chem 257:
4443-4449, 1982.

225

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



492. Whittemore CT. An approach to pig growth modelling. J Anim Sci 63: 615-621,
1986.

493. Wiesemuller W, Otto E, Poppe S, Behm R, and Hackl W. [Performance-
related lysine requirement of fattening pigs. 4. Effect of energy and amino acid intakes on

composition of gain and derivation of lysine requirement]. Arch Tierernahr 28: 479-490,
1978.

494, Williams WD, Cromwell GL, Stahly TS, and Overfield JR. The lysine
requirement of the growing boar versus barrow. J Anim Sci 58: 657-665, 1984.

495. Wilson RW, Wilson CM, Gates SC, and Higgins JV. Alpha-ketoadipic
aciduria: a description of a new metabolic error in lysine-tryptophan degradation. Pediatr
Res 9: 522-526, 1975.

496. Woody NC. Hyperlysinemia. Am J Dis Child 108: 543-553, 1964.
497.  Woody NC. Letter: hyperlysinaemia. Arch Dis Child 49: 971, 1974.

498. Woody NC, Hutzler J, and Dancis J. Further studies of hyperlysinemia. Am J
Dis Child 112: 577-580, 1966.

499. Woody NC and Ong EB. Paths of lysine degradation in patients with
hyperlysinemia. Pediatrics 40: 986-992, 1967.

500. Wray-Cahen D, Nguyen HV, Burrin DG, Beckett PR, Fiorotto ML, Reeds
PJ, Wester TJ, and Davis TA. Response of skeletal muscle protein synthesis to insulin
in suckling pigs decreases with development. 4m J Physiol 275: E602-609, 1998.

501. Wu G. Intestinal mucosal amino acid catabolism. J Nutr 128: 1249-1252, 1998.

502.  'Wu G. Urea synthesis in enterocytes of developing pigs. Biochem J 312 ( Pt 3):
717-723, 1995.

503. Wu G and Knabe DA. Arginine synthesis in enterocytes of neonatal pigs. Am J
Physiol 269: R621-629, 1995.

504. Wu G, Knabe DA, Flynn NE, Yan W, and Flynn SP. Arginine degradation in
developing porcine enterocytes. Am J Physiol 271: G913-919, 1996.

505. Wu HQ, Ungerstedt U, and Schwarcz R. L-alpha-aminoadipic acid as a
regulator of kynurenic acid production in the hippocampus: a microdialysis study in
freely moving rats. Eur J Pharmacol 281: 55-61, 1995.

506. Wunsche J, Bock HD, Hennig U, Kreienbring F, and Borgmann E. [Protein
digestibility and absorption of amino acids in various segments of the digestive tract of
pigs. 2. Protein and amino acid balances at the end of the small intestine and of the whole

226

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



digestive tract (apparent and true protein and amino acid digestibility)]. Arch Tierernahr
29:221-234, 1979.

507. Yamaguchi S, Orii T, Yasuda K, and Kohno Y. A case of glutaric aciduria type
I with unique abnormalities in the cerebral CT findings. Tohoku J Exp Med 151: 293-299,
1987.

508. Yeaman SJ. The mammalian 2-oxoacid dehydrogenases: a complex family.
Trends Biochem Sci 11: 293-296, 1986.

509. Yen JT, Kerr BJ, Easter RA, and Parkhurst AM. Difference in rates of net
portal absorption between crystalline and protein-bound lysine and threonine in growing
pigs fed once daily. J Anim Sci 82: 1079-1090, 2004.

510.  Yu YM, Burke JF, Vogt JA, Chambers L, and Young VR. Splanchnic and
whole body L-[1-13C,15N]leucine kinetics in relation to enteral and parenteral amino
acid supply. Am J Physiol 262: E687-694, 1992.

511. Yudkoff M. Brain metabolism of branched-chain amino acids. Glia 21: 92-98,
1997.

512.  Yudkoff M, Daikhin Y, Nissim I, Horyn O, Luhovyy B, and Lazarow A.
Brain amino acid requirements and toxicity: the example of leucine. J Nutr 135: 1531S-
15388, 2005.

513.  Yudkoff M, Daikhin Y, Nissim I, Pleasure D, and Stern J. Inhibition of
astrocyte glutamine production by alpha-ketoisocaproic acid. J Neurochem 63: 1508-
1515, 1994.

514. Zello GA, Pencharz PB, and Ball RO. Dictary lysine requirement of young
adult males determined by oxidation of L-[1-13C]phenylalanine. Am J Physiol 264:
E677-685, 1993.

515. Zhang H, Malo C, Boyle CR, and Buddington RK. Diet influences
development of the pig (Sus scrofa) intestine during the first 6 hours after birth. J Nutr
128: 1302-1310, 1998.

516. Zhang H, Malo C, and Buddington RK. Suckling induces rapid intestinal
growth and changes in brush border digestive functions of newborn pigs. J Nutr 127:
418-426, 1997.

517. Zhao W, Zhai F, Zhang D, An Y, Liu Y, He Y, Ge K, and Scrimshaw NS.
Lysine-fortified wheat flour improves the nutritional and immunological status of wheat-
eating families in northern China. Food Nutr Bull 25: 123-129, 2004.

518. Zhu X, Tang G, and Galili G. The activity of the Arabidopsis bifunctional
lysine-ketoglutarate reductase/saccharopine dehydrogenase enzyme of lysine catabolism

227

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



is regulated by functional interaction between its two enzyme domains. J Biol Chem 277:
49655-49661, 2002.

519. Zimmerman RA and Scott HM. Interrelationship of plasma amino acid levels
and weight gain in the chick as influenced by suboptimal and superoptimal dietary
concentrations of single amino acids. J Nutr 87: 13-18, 1965.

228

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8 Appendix
8.1 General Appendix to Chapter 1

Presented in this first appendix are items that add to the /ntroduction section on
lysine metabolism. Included are fundamental chemistries of the amino acid and relevant
considerations of the producer, the agricultural industry, researchers and students that

may not fit ideally into the chapter descriptions.

8.1.1 Fundamentals of Lysine Chemistry

Lysine, an essential amino acid is characterized as a basic amino acid. The epsilon
amino in the R-group of lysine affords many of the functionalities of this amino acid

including polarity, (positive) charge, and reactivity of the amino acid.

Figure 8.1 Fundamental Chemistry of the Amino Acid Lysine

fLysine The Charge ona String

Synopsis

Lysine hus a simple but iong side chain of fowr
methylene groups crowned with a amine aftrogen
that is almost always charged in biological systems,
This flexible structure makes lysine an ideal
candidate for both hydrogea bonding and for direct
ionic bonding with negatively charged ligands.

Side chain flexibility: High
Interaction modes: Ionic, H-bonds, van der Waals
Potential side chain H-bonds: 3
Residue molecular weight: 128
Tsoclectric point : 9.7
Hydrophobicity: 1.263
Standard codonis): AAR
Properties:
il Polar
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& Essomial
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8.1.2 Breakdown of Swine Production Costs

The typical breakdown of production costs is illustrated in the pie chart below.

Data were adapted from agalternatives.aers.psu.edu/livestock/swine/swine.pdf.

Figure 8.2 Production Costs of Farrow to Finish Operations

Data adapted for a sample farrow-to-
finish swine budget; 20 sows and
marketing 15 pigs per sow per year.
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8.1.3 Multiple sequence alignments of AASS proteins

To avoid disruption and flow to Chapter 1, I have reserved the entire multiple

sequence alignment for this appendix.
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Figure 8.3 Sequence Alignment of AASS Proteins from Different Species
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Multiple sequence alignments of protein sequences generated from different animal, bird
and fish gene profiles for AASS. Letters in red text are highly conserved (>90%), blue
boxes indicate low consensus between sequences (>50%). The consensus sequence is
given on the bottom line. Sequences (human (353, 392, 398), pig (143, 463), chicken
(predicted sequence based upon an annotated genomic sequence for chicken (369, 370,
452), mouse (353), and trout (205)) were identified by BLAST analysis and were aligned

using MultAlin online software (95).

8.2 Additional Details on Carnitine Metabolism

Carnitine synthesis is a major function of endogenous protein-bound lysine.
Highlighted below (Figure 8.4) are the main metabolites and also the synthetic pathway

for synthesis of carnitine in mammals.
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Figure 8.4 Carnitine Synthesis in Man
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(A) The chemical structures of the
five carnitine biosynthesis
metabolites. (B) Carnitine
biosynthesis from TML. After
release of TML by lysosomal protein
degradation, this compound is
hydroxylated by TMLD, after which
the resulting HTML is cleaved by a
specific aldolase, which uses
pyridoxal 5-phosphate (PLP) as a
cofactor, into TMABA and glycine.
Subsequently, TMABA is oxidized
by TMABA-DH to form 4-N-
trimethylaminobutyrate
(butyrobetaine). In the last step,
butyrobetaine is hydroxylated by
BBD, yielding L-carnitine. (Figure
taken from (477)).

8.3 Expanded View of the Lysine Catabolic Pathway

Presented in the following diagram: Lysine degradation in Homo sapiens as

generated by the KEGG PATHWAY (243); the database is a collection of graphical

diagrams (KEGG pathway maps) representing molecular interaction networks in various

cellular processes. Each reference pathway is manually drawn and updated with the

notation shown below. Organism-specific pathways (green-colored pathways) are

computationally generated based on the KO assignment in individual genomes. Green in

this case refers to Homo sapiens. Thus, in Figure 8.4, green blocks indicate steps known

to occur in the human pathway.
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Figure 8.5 Detailed View of Complete Lysine Catabolism
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For access to clickable areas please see:
http://kegg.com/dbget-bin/get pathway?org_name=hsa&mapno=00310
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8.4 Methodology and Experimental Additions

8.4.1 Isolation of Intestinal mucosal epithelial cells

Reference:

1.

2.

Watford, M., Lund, P. and Krebs, H.A. (1979) Isolation and metabolic characteristics
of rat and chicken enterocytes. Biochemical Journal 178:589-596.

Hansen, T., Borlak, J. and Bader, A. (2000) Cytochrome P450 enzyme activity and
protein expression in primary porcine enterocyte and hepatocyte cultures. Xenobiotica
30(1): 27-46.

Masola, B and Evered, D.F. (1984) Preparation of rat enterocyte mitochondria.
Biochemical Journal 218: 441-447.

The isolation procedure is basically a combination of Watford's method. Wu has used this
method often with great success.

Procedure

1.

A section of small intestine (60 cm) is obtained and transported to the lab in ice cold
phosphate buffered saline with protease inhibitor cocktail added (PBS 137mM NaCl/
2.7mM KCl1/4.3 mM Na;HPO4 / 1.4 mM KH,POy).

The section is rinsed (1X) with fresh cold PBS to remove any remnants of excreta.

The section is then rinsed (3X 100mL) with fresh oxygenated (19:1 O,:CO,)Krebs-
Henseleit Ca**-Free buffer (121mM NaCl, 4.7mM KCl, 1.2mM MgSO,, 1.2mM
KH,PO4, 25.2mM NaHCO3) containing 20 mM Hepes (pH 7.4), 5 mM EDTA, 20
mM DL-glucose, 2.1 mM lactate and 0.3 mM pyruvate (KHB buffer).

The section of small intestine is then filled with 100 mLs of pre-warmed (37°C)

oxygenated KHB (Ca**-Free), closed with clamps and immersed in 400mls of the
same buffer.

This system is then shaken for 20 minutes at 37°C after which time the contents are
collected into a cooled beaker. The contents are then centrifuged at 400 g for 3
minutes at 4°C. These cells are washed 3 times in oxygenated KHB buffer (pH 7.4)
containing 20 mM Hepes, 2.5 mM CaCl, but no EDTA.

The section of small intestine is refilled with 100 mLs of KHB buffer and shaken for
another 20 minutes. This process releases more enterocytes. Collect the cells and

wash as described in (5). Repeat for another 20 minutes.

Assess viability of the cells by Trypan blue exclusion.
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8.4.2 Isolation of Mitochondria

References:

1. Scislowski, W.D., Foster, A.R. and Fuller, M.F. Regulation of oxidative degradation
of L-lysine in rat liver mitochondria. Biochemical Journal 300:887-891, 1994.

2. Myers, D.K. and Slater, E.C. The enzymatic hydrolysis of adenosine triphosphate by
liver mitochondria. Biochemical Journal 67:558-572, 1957.

3. Hutzler, Joel and Dancis, Joseph Lysine-ketoglutarate reductase in human tissues.
Biochim. Biophys.Acta. 377:42-51,1975.

Protocol

J—

Transport liver to lab on ice ~ 40 minutes from slaughter to lab.

2. Weigh a portion of liver and homogenize in 5 mLs ice cold 0.3M mannitol/1mM
EDTA per gram liver in the VirTis homogenizer. Homogenize approximately 1
minute.

3. Centrifuge homogenate for 5 minutes at 800xg in Beckman refrigerated centrifuge,
fixed angle rotor, 4°C.

4. Decant the supernatant carefully and centrifuge (the supernatant) for 10 minutes at
6000-7000xg, 4°C.

5. The pellet will contain the mitochondria and is resuspended in the homogenization
buffer (mannitol/EDTA). Centrifuge the resuspended mitochondria at 18000xg, 10
minutes and at 4°C.

6. The fluffy layer is carefully removed from the firmly packed layer of mitochondria.
The pellet is resuspended in the minimum amount of 0.3M mannitol.

7. The total protein content of mitochondrial suspension is determined using the

bicinchonic acid kit for protein determination. (Sigma BCA-1).

** Mitochondria are isolated from kidney and intestine in a similar manner.

Use the activity of GDH as a positive marker of mitochondrial purity.
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8.4.3 Microplate Assay for Lysine a-Ketoglutarate Reductase

Reference:  Scislowski, P.W.D., Foster, A.D. Fuller, M.F. (1994) Regulation of
oxidative degradation of L-lysine in rat liver mitochondria. Biochemical
Journal 300:887-891.

Microplate Assay Stock Final Cone. Comments

Assay Medium Solution in Assay

HEPES bufter, pH 7.8 M 100 mM light yellow in colour
a-Ketoglutarate 75 mM 7.5 mM a.k.a. 2-oxoglutaric acid
NADPH (keep in ice) 1.875 mM 0.125 mM Make just prior to use
L-Lysine 500mM 10 mM nb [Lys] >inhibit the enzyme
in pig

Microplate Assay

1. Porcine mitochondria are prepared as described elsewhere.

2. Solubilize mitochondria in 300 mM mannitol containing 0.2% (v/v) Nonidet P-40 to a
final concentration of 3.0 mg/mL protein. Keep on ice until use.

3. Combine HEPES buffer (2.0 mLs), a-Ketoglutarate (2.0 mLs), L-lysine (400 uL) and
add H,O (5.6 mLs) to final volume of 10.0 mLs. This is the WORKING ASSAY
BUFFER, keep on ice.

4. Mix 150 uL WORKING ASSAY BUFFER with 130 pL solubilized mitochondria
protein per well.

5. Add 20 uL of NADPH solution to each well using a multi channel pipette.

6. Measure disappearance of NADPH at an absorbance of 340nm for 10 - 25 minutes.
Spectrophotometer is preset to 30°C.

MICROPLATE ASSAY IN BRIEF

150 uL WORKING ASSAY BUFFER
130 uL protein suspension

20 uL. NADPH solution Slope is given
300 uL total volume as

AmilliAbs / min
in plate reader
Calculation
Specific Activity = Total Assay volume x AAbsorbance
ENAD(P)H X path length x VOlumeprotein suspension X [protein] time
e.g. = 0.300 mL x AAbs + 1000 x 1000

6.22mM-ecm™ x 0.638cm x 130 uL x 3.0 mg/mL  min

e.g. = 0.19384 x slope value nmol/min/mg protein
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8.4.4 Microplate Assay for Saccharopine Dehydrogenase

Reference:  Scislowski, P.W.D., Foster, A.D. Fuller, M.F. (1994) Regulation of

oxidative degradation of L-lysine in rat liver mitochondria. Biochemical
Journal 300:887-891.

Assay Medium Stock Final Conc. Comments

in Assay

Tris-HCI, pH 9.4 500 mM 50 mM

NAD+ 20 mM 2.0 mM

Saccharopine* 30 mM 2.0 mM Make in 50 mM Tris-HCI pH 9.4

*Saccharopine solution - must be titrated to pH 9.4 before dilution to final concentration

1. Porcine mitochondria are prepared as described elsewhere.

2. Solubilize mitochondria in 300 mM mannitol containing 0.2% (v/v) Nonidet P-40 to a
final concentration of 3.0 mg/mL protein. Keep on ice until use.

3. Combine Tris-HCI (2.0 mLs) and NAD" (2.0 mLs) and add H,O (6.0 mLs) to final
volume of 10.0 mLs. This is the WORKING ASSAY BUFFER, keep on ice.

4, Mix 150 uL WORKING ASSAY BUFFER with 130 uL solubilized mitochondria
protein per well. Protein concentration ~3.0 mg/mL - have to do serial dilution.

5. Add 20 uL of Saccharopine solution to the cuvettes to start the reaction.

6. Measure appearance of NADH at 340nm over time. Spectrophotometer is preset to

and maintained at 30°C.

Microplate Assay

150 uL Working Buffer

130 uL protein suspension

_20 uL saccharopine stock solution
300 uL total volume

Let reaction run for 15 minutes.
Calculate as for LKR.
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8.4.5 Experimental data additions

Shown below are the data that pertain to specific experimental sections.

8.4.5.1 Subcellular localization of LKR and SDH

Crude experiments were performed using pig liver to determine the subcellular
localization of LKR and SDH activities. Based on previous work by Blemings and co-
workers (35), we expected the enzyme to be localized to the mitochondrial fraction. In
brief, we took liver homogenates, mitochondrial fractions and cytosolic fractions and

assayed for LKR activity. The data in Figure 8.6 below led us to conclude that LKR was

a mitochondrial enzyme in pig liver.

Figure 8.6 LKR Activity Is Localized to the Mitochondrial Fraction
41

3_

LKR activity
(nmol/min/mg)
e

Homogenate Mitochondrial Fraction Cytosolic Fraction
Subcellular Fractions

Portions of adult pig livers were homogenized to approximately 25% and from this
mitochondrial and cytosolic fractions were prepared as described elsewhere (35). Data
are presented as Mean+SEM for n=3 experiments.
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8.4.5.2 LKR assay validation

To confirm that we were measuring the conversion of lysine to saccharopine in
our assay we incubated solubilized mitochondria lysine as per the normal mitochondrial
assay protocol and measured the appearance of saccharopine using HPLC. Figure 8.7
illustrates a typical HPLC chromatogram that was used to evaluate saccharopine
production from the standard LKR assay and also plasma levels of these catabolites

(Chapter 5).

Figure 8.7 HPLC Chromatogram Showing Amino Acid Profile with Saccharopine
and Aminoadipate

NH, O
|
NHCH,CH,CH,CH,CH—C — OH
2 2 2 2 f\llH2 cll)
i T H,NCH,CH,CH,CH,CH—C — OH
HO —C — CH,CH,CH—C—OH o HN HO
| ~ :
HO—C—CH, CH, CH, & —C—OH L-Lysine

L-Saccharopine . .
L a-Aminoadipate

u JJK\ JUUUMM L

Samples were prepared for amino acid analysis as described elsewhere (298, 406).
Aminoadipate and saccharopine were run separately to ascertain the retention times and
then added to standard amino acid solutions. If sample peaks were questionable, samples
were spiked with the amino acid in question and re-run.
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Table 8.1 Saccharopine Production by Mitochondria

Liver mitochondria IEC mitochondria

Rate
nmol/min/mg 1.23+0.68 0.56+0.39

Data are presented as Mean+=SEM for n=2 animals. Samples were analyzed in duplicate

and saccharopine quantified by HPLC (406). Appropriate blanks (zero time, protein,
substrate) have been subtracted.

8.4.5.3 Review of Enzyme Kinetics

Enzymes are protein catalysts that like all catalysts, speed up the rate of a
chemical reaction without being consumed in the processed. Enzyme activity refers to the
rate of converting substrate to product (per unit of protein) and the study of this process is
called enzyme kinetics. To examine the relationship between enzyme kinetics and
substrate concentration, the rate of substrate conversion to product (initial velocity) is
plotted against increasing substrate concentration [S], Figure 8.8 (A). Maximal velocity
(Vmax) is estimated as the tangent to the line of highest activity and Km is the substrate
concentration that yields 1/2 maximal activity. To provide a better estimate of Vi, and
K, the Lineweaver-Burke derivation (1/rate versus 1/[S]) is calculated. Linear regression
of the data points provides an estimate of Vmax as the 1/ Y-axis intercept and —1/ x-axis
intercept provides the estimate of Km. The equation for Michaelis Menten kinetics is
given as: velocity = (Vmax*X)/(Kim + X) where x = substrate concentration. Substrate
inhibition, described by the equation, velocity = (V'maX'X/(K'm+X+X2/KSi)) where K;
represents the point of substrate inhibition is shown in Figure 8.8(C). The Lineweaver-

Burke graphical solution is given in Figure 8.8(D).
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Figure 8.8 Examples of Enzyme kinetics
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8.4.54 Oxidation of Lysine: *CO, Production Experiments

To check that lysine oxidation in IEC mitochondria was not due to metabolism
via ornithine decarboxylase (ODC) activity we incubated IEC mitochondria in the
presence and absence of difluormethylornithine (DFMO), an inhibitor of ODC activity

(482).

Figure 8.9 Effect of DFMO Addition on CO; Production by IEC Mitochondria

1750+
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CO; Production
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nh S wn
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[—1
I

Liver IEC IEC + DFMO

8.4.5.5 Linearity Curves: Developmental Study

For each animal studied in the developmental study, an analysis of LKR and SDH
activity against time and protein was determined for each tissue. The graphs (Figure 8.9)

below are representative of those analyses.
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Figure 8.10 Liver LKR & SDH Activity is Linear with Protein Concentration &

Time
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Representative graphs to illustrate enzyme activity linearity with protein content and time
elapse. Panel A: LKR; Panel B: SDH; enzyme activity was linear with protein content in
the incubation mixture (0.1 - 0.6 mg). Panel C: LKR; Panel D: SDH; rate of enzyme
activity illustrated as change in absorbance versus time. Absorbance readings were
measured at nine-second intervals in 96 well microplates (~200 measures/well/15
minutes). Data are presented as Mean = SEM for 5 separate experiments.
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8.5 Poultry Studies

8.5.1 Preliminary Studies

Because lysine metabolism is an integral component of poultry nutrition, we
characterized the activity of LKR in various tissues of the growing chicken. Cobb 500
pullets were fed synthetic amino acids diets as part of on-going research to define the
lysine requirements of poultry (92). At the end of trial, birds (n=2/treatment) were fed
either a diet at ~50% of the lysine requirement (0.48% lysine) or at ~130% (1.12%
lysine), based upon current NRC data. After 7 days on diet, birds were killed and their
livers removed. Mitochondria were prepared and LKR activity was determined as

described earlier.

Figure 8.11 Kinetic Analyses of LKR in Cobb 500 Pullets Fed 50% or 130% of
Lysine Requirement
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Preceding page: LKR enzyme kinetics was investigated in solubilized chicken liver
mitochondria using L-lysine concentrations ranging from 0 to 50 mM. Panels A,B
illustrate the Michaelis-Menten analysis and the Lineweaver-Burke manipulation
respectively for the 50% Diet; panels C,D are similarly arranged for the 130% diet. Data
represent Mean + SEM (n=2; samples were assayed in triplicate) and are fitted to
substrate inhibition non-linear regression equations. Kinetic parameters for the analyses
included: 50% Lysine diet Vyax = 8.56 nmol/min/mg and Ky = 2.02 mM; 130% lysine
diet Vmax 11.65 nmol/min/mg and Ky = 2.65 mM.

The comparison between the 2 diets revealed no dramatic change in the specific
activity of LKR (Figure 8.10), which prompted us to follow up on this line of research

(Chapter 5).

Figure 8.12 Effects of Limiting Lysine on LKR Activity in Chicken Liver

8-
7

Em 6

2 g

= < 54

LA —

-

>

= =

os Q 3—

o E

FE >
1-
0_

50% 130%
Percent Lysine Requirement

LKR activity was determined in solubilized mitochondria prepared from the livers of
Cobb 500 poults fed different lysine diets for 7 days. The specific activity was
determined using 10 mM lysine as the substrate for LKR. Data presented as Mean+SEM
for 2 birds per treatment. Analyses were performed in triplicate.
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8.5.2 Analysis of Lysine Diets

An amino acid analysis of the diets fed to broilers is presented in Table 8.2.

Table 8.2 Analyzed Dietary Amino Acids For Broiler Experiment

Percent Amino Acid (w/w) in Diets Fed to Broilers

Amino Acid 0.8% 1.0% 1.2% 1.4% 1.6%

Aspartic Acid 1.36+0.21 1.83+0.17 1.61=0.10 1.68+0.12 1.53+0.06
Glutamic Acid 5.55+0.82 7.12+0.43 6.68+0.6 6.68+0.44 5.88+0.16
Serine 1.28+0.20 1.79+0.20 1.50=0.11 1.56+0.08 1.49+0.03
Histidine 0.42+0.08 0.52+0.05 0.46+0.03 0.50+0.01 0.46+0.02
Glycine 1.39+0.24 1.93+0.26 1.68+0.15 1.76£0.11 1.53+0.10
Threonine 0.90+0.25 1.37+0.11 1.19%0.10 1.26+0.07 1.23+0.06
Arginine 0.87+0.15 1.20+0.12 1.08+0.08 1.16+0.06 1.02+0.04
Alanine 1.74+0.28 2.44+0.26 2.15+0.14 2.27+0.14 2.19+0.09
Tyrosine 0.49+0.10 0.68+0.12 0.60+0.12 0.56+0.11 0.49+0.08
Methionine 0.15+0.00 0.15+0.02 0.17+0.01 0.18+0.01 0.20+0.02
Valine 1.12+0.31 1.77+0.18 1.62+0.12 1.67+0.11 1.59+0.04
Phenylalanine 0.89+0.15 1.25=0.13 1.11+0.08 0.97+0.18 1.10+0.03
Isoleucine 1.02+0.17 1.42+0.13 1.30+0.08 1.37£0.09 1.29+0.04
Leucine 1.96+0.56 3.08+0.31 2.73+£0.20 2.86+0.20 2.71+0.09
Lysine 0.82+0.15 1.07+0.08 1.24%0.07 1.35+0.10 1.53+0.03

Data presented as Mean+SEM for 3 replicates of dietary amino acid analyses.

8.5.3 Plasma Amino Acid Profiles of Broilers Fed Different Lysine Diets

During the course of the experiments described in Chapter 5, amino acids were
quantified by HPLC to detect changes due to the effects of the different lysine contents of

the diets, particularly saccharopine and aminoadipate (Tables 8.2 — 8.6).
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Table 8.3 Plasma Amino Acid Profile of Broiler chicks fed 0.8% Lysine for 10 Days

Plasma Amino Acid Values at

Amino Acids Day 0' Day 3 Day 6 Day 10
Aspartic Acid 59553 58798 442 = 7.7 51.1=7.0
Glutamic Acid 1585 +28.0 2181 =29.7 2272419 1866 =253
Serine 336.7 + 39.3 3463 =333 4281 =644  369.5 = 424
Histidine 89.3 =120 117.8 =134 1364 =327 1141%6.7
Glycine 261.7 £223  337.6 £19.6 3450 =£36.1  405.6 = 28.7
Threonine 439.6 = 79.0° 8057 £97.1° 7822 = 788" 8114 =76.1°
Arginine 281.2 =294  327.0 +404 2733 +222  310.8 = 445
Alanine 4315962 5262 =326 5104 =509  466.7 = 56.2
Tyrosine 158.6 £ 59.1  248.0 £ 52.7  297.0 =474  230.8 = 40.9
Methionine 67.1 119 1046 =167 107.2 = 15.0 95.4 = 16.1
Valine 1783 £ 224  206.0 =283 2068 =246  202.5 = 31.0
Phenylalanine 110.1 =112 1493 =193  146.0 £ 160  144.1 = 22.1
Isoleucine 941 +12.0 113.9+201 1193 =226  101.0 = 15.9
Leucine 176.7 =325 2269 =327  260.6 469  226.0 = 32.8
Lysine 70.8 = 14.1° 1934 = 63.9° 217.8 £56.9°  92.4 = 23.3°
Saccharopine 3.7 £ 0.9 54 =0.7° 4.8 = 0.3° 3.9 = 0.6°
Aminoadipic acid 22 = 1.0° 85=+1.8° 10.0 = 2.1° 5.5 = 0.6

"Data are presented as Mean+SEM for n = 5 —10 birds. Samples were analyzed in
duplicate and significant differences (p<0.05) are denoted with different letters.
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Table 8.4 Plasma Amino Acid Profile of Broiler chicks fed 1.0% Lysine for 10 Days

Plasma Amino Acid Values at

Amino Acids Day 0" Day 3 Day 6 Day 10
Aspartic Acid 70.7 £ 12.1 569 £79 63.2 = 7.6 59.6 £ 6.8
Glutamic Acid 1145100 1445 =11.1 1432 =100 1364 =104
Serine 2327 579 2483 =217 2452 =157 2765 %249
Histidine 874 =189  111.7 £20.0 97.1 £ 9.8 104.8 = 14.1
Glycine 306.8 = 76.5 3358 £90.3 2513 %321  294.1 =525
Threonine 203.4 = 522*  613.9 = 103.1° 594.9 = 82.1°  640.8 = 100.0°
Arginine 191.0 £ 245 1759 =127 1843 =126 1624 = 10.9
Alanine 3285 %393 3262 =414 281.6 =262 2945 =319
Tyrosine 723 %148 1663 £255 1832 =256 1858 =236
Methionine 497 = 5.3 87.8 £ 6.7 74.4 = 6.6 83.6 7.0
Valine 1483 £30.0 1440+ 7.8 131.0 = 7.5 126.6 = 4.7
Phenylalanine 93.4 = 15.3 99.8 + 3.9 98.7 = 5.1 932 % 3.5
Isoleucine 74.7 = 15.1 78.1 = 4.7 71.9 = 4.0 709 = 4.4
Leucine 1123219 2126 =187 221.0 =19.8  194.6 = 24.3
Lysine 443 = 4.9° 118.5 = 24.4° 1193 = 15.9°  117.4 = 30.5°
Saccharopine 2.4 % 0.8 3.5 +0.3° 4.1 = 03° 2.9 =02
Aminoadipic acid 3.8 03" 55 = 0.5% 6.3 = 0.5° 3.7 +0.5°

'Data are presented as Mean=SEM for n = 5 —10 birds. Samples were analyzed in
duplicate and significant differences (p<0.05) are denoted with different letters.
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Table 8.5 Plasma Amino Acid Profile of Broiler chicks fed 1.2% Lysine for 10 Days

Plasma Amino Acid Values at

Amino Acids Day 0! Day 3 Day 6 Day 10
Aspartic Acid 59.6 = 8.3 319+ 7.9 253 = 5.8 36.7 2.9
Glutamic Acid 114.0 = 8.8 130.5 = 8.4 103.7 = 6.4 119.4 = 11.0
Serine 2673 £26.1 2572 +19.6 2268 =213 2825 =174
Histidine 89.8 = 35.4 91.9 = 122 106.6 = 23.6 96.4 = 11.7
Glycine 330.0 = 59.8  263.6 213  257.8 £36.7 2583 =23.0
Threonine 300.4 = 55.1° 8552 = 61.8° 6423 £90.0° 696.2 = 59.3°
Arginine 191.6 £ 252 1579 =184 1415 17.6 2042 =23.6
Alanine 297.3 = 28.3%  463.9 £293° 3782 =37.1°° 348.8 = 34.4°
Tyrosine 682 =147 1737 =112 162.8 204 1582 = 13.3
Methionine 422 %70 86.4 = 6.1 66.9 = 6.1 748 = 7.8
Valine 1306 = 13.6  137.5+9.6 121.3 = 14.6  140.9 = 16.1
Phenylalanine 76.9 = 8.5 98.0 = 4.7 88.2 =92 95.1 = 8.1
Isoleucine 65.5 = 8.5 73.5 5.4 64.4 = 6.1 78.7 = 9.7
Leucine 109.0 = 19.5*  222.8 = 18.5® 205.6 = 27.0°° 2456 = 37.1°
Lysine 62.9 = 11.7 88.0 = 14.88 106.9 = 20.4 64.9 = 10.4
Saccharopine 3403 36 0.1 3502 3.5+ 04
Aminoadipic acid 2.5 = 0.5° 56=1.0° 47 = 1.0° 47 = 0.6°

'Data are presented as Mean+SEM for n =5 —10 birds. Samples were analyzed in
duplicate and significant differences (p<0.05) are denoted with different letters.
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Table 8.6 Plasma Amino Acid Profile of Broiler chicks fed 1.4% Lysine for 10 Days

Plasma Amino Acid Values at

Amino Acids Day 0" Day 3 Day 6 Day 10
Aspartic Acid 495 x97 40.9 = 4.7 502 = 6.2 59.6 = 6.8
Glutamic Acid 111.9 =115  131.5=203 1441 =135 1364 = 10.4
Serine 2602 =248 2493 =164 2842 =180  276.5 %249
Histidine 1044 = 17.8  124.5 = 37.1 92.4 =142 1048 = 14.1
Glycine 3384 = 57.0  251.6 =344 2878 £462 2941 =525
Threonine 385.6 = 43.1°  591.9 £ 72.7° 5947 £ 95.9°  640.8 = 100.0°
Arginine 2147 £ 224 171.1 £ 10.0 149.3 £ 8.2 162.4 = 10.9
Alanine 2944 = 16.6 4054 =327 3262 +£456 2945 =319
Tyrosine 49.5 0.2 483 = 1.1 492 £ 0.7 479 = 0.6
Methionine 61.7 = 7.1 85.7 £ 9.2 87.7 = 6.8 83.6 = 7.0
Valine 1384+ 177  118.8 =99 119.4 £ 6.9 126.6 + 4.7
Phenylalanine 100.5 = 14.8 87.1 = 3.3 86.2 + 3.8 932 + 3.5
Isoleucine 71.6 = 8.5 69.7 £ 5.5 67.9 = 4.2 70.9 = 4.4
Leucine 150.7 = 16.4 2203 =208  209.0 = 15.6  194.6 = 243
Lysine 91.4 = 13.7*°  221.9 =28.0° 2852 =355° 117.4 = 30.5%®
Saccharopine 3.0 =0.1° 3.4 +02° 3.9 £02° 3.2 = 0.3°
Aminoadipic acid 3.2 +0.1° 6.6 = 0.6° 6.5 +0.2° 4.6 = 0.5°

" Data are presented as Mean+SEM for n = 5 —10 birds. Samples were analyzed in
duplicate and significant differences (p<0.05) are denoted with different letters.
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Table 8.7 Plasma Amino Acid Profile of Broiler chicks fed 1.6% Lysine for 10 Days

Plasma Amino Acid Values at

Amino Acids Day 0' Day 3 Day 6 Day 10
Aspartic Acid 48.8 = 10.7 33.9 = 4.1 345+ 48 48.9 = 9.7
Glutamic Acid 109.5 £ 9.9 131.4 £ 7.3 134.8 = 8.6 120.8 = 10.0
Serine 2582 =103 2851 =152 257499 286.6 = 21.7
Histidine 773 = 10.2 85.1 =72 83.4 % 6.5 92.0 = 8.9
Glycine 326.6 £ 347  276.6 £26.6 3032 =365 3004 = 32.1
Threonine 333.8 = 28.0°  596.6 = 77.1° 598.8 = 63.1° 572.2 = 48.6°
Arginine 1917 =112 1677218 1433 =156 1727 £32.6
Alanine 295.1 =173 3792 +297 3497 =19.1  367.0 = 28.1
Tyrosine 49.2 = 0.3 49.1 £ 0.5 49.9 = 0.2 51.6 = 1.3
Methionine 60.8 = 10.3 89.7 = 8.1 787 + 4.6 76.4 = 7.7
Valine 134.6 =+ 8.2 129.7 £ 11.8 114.5 = 3.1 133.8 = 18.1
Phenylalanine 923 = 7.1 949 + 7.8 83.7 = 3.3 98.4 = 12.6
Isoleucine 63.7 = 3.9 72.4 = 6.1 659 = 1.7 71.5 = 8.8
Leucine 153.8 344 2223 =314 188.6 =157  230.3 = 38.3
Lysine 532 +83*  203.8+604" 2784 =687° 221.6=72.6"
Saccharopine 3.8 = 0.7° 3.5 +0.1° 3.4 = 0.1 2.7 £ 03°
Aminoadipic acid 3.8 0.6 47 = 1.0° 3.9 £ 0.9% 3.6 = 0.5

"Data are presented as Mean+SEM for n = 5 —10 birds. Samples were analyzed in
duplicate and significant differences (p<0.05) are denoted with different letters.
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8.5.4 Tissue Localization of LKR/SDH Protein

8.5.4.1 Western Blot Analysis of LKR in Pig Tissues

Samples of mitochondria isolated from tissues of developing pigs were stored at
-20°C until analysis. Tissue samples (15ug) were diluted 1:4 in a buffer containing 30%
(v/v) glycerol, 10% (w/v) SDS, 10% (v/v) B-mercaptoethanol, in 25 mM Tris-HCI (pH
6.8) and heated for 1 minute in a boiling water bath. Samples were mixed with 0.1%
(w/v) bromophenol blue prior to loading.

Electrophoresis was performed on a 10% (w/v) polyacrylamide mini-gel (Protean
II, Bio-Rad Laboratories, Mississauga, ON, Canada) for 90-120 min at 100 V. Separated
proteins were transferred to a nitrocellulose membrane (overnight, 40 mA), using a semi-
dry technique (Hoefer, Multitemp I1I, Amersham Pharmacia Biotech, Montreal, Canada).
Membranes were stained with Ponceau-S (Sigma-Aldrich) to confirm equal loading.
They were subsequently destained, blocked in a buffer containing 5% (w/v) skim milk
powder, 0.05% (v/v) Tween-20 and TBS followed by incubation with the primary
antibody.
Epitope-purified primary polyclonal rabbit anti-AASS (courtesy of Dr. K. Blemings,
University of Western Virginia, USA) was applied for 3 hours at room temperature in
blocking solution (1:2500). Membranes were washed (2 x 10 minutes) in blocking
solution and incubated with the secondary antibody, anti-rabbit IgG (Vector Laboratories,
1:5000 in blocking solution) for 30 min. Membranes were then washed 3 x 5 minutes and
finally 1 x 5 minutes with TBS. Immunoreactivity was visualized with the ECL Plus

chemiluminescence substrate (horseradish peroxidase immunodetection; Amersham
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Pharmacia Biotech). Membranes were incubated for one minute in detection reagents,
then drained and sealed in plastic. Membranes were exposed for 1-4 minutes and

photographed using the Fuji Film Image Reader (version 1.4E) and Intelligent Dark Box.

Figure 8.13 Tissue Localization of LKR/SDH Enzyme Protein
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Table 8.8 Tissue Activity of Lysine a-Ketoglutarate Reductase in Developing Pigs

Day 0 Day 3 Day 7 Day 14 Day 21 Day 28 Day 84
nmol/min® % of nmol/min® % of nmol/min® % of nmol/min® % of nmol/min® %of nmol/min® %of nmol/min® % of
tissue Total tissue Total tissue Total tissue Total tissue Total tissue Total tissue Total
Tissue

Liver 084 362 3.32 323 552 4579 1358 76.15 9.52 6668 11.70 57.64 56.89 69.65
Kidney 0.13 0.56  0.12 1.17 0.11 091 0.093 052 0.148 1.04 038 192 0344 042
IEC 0.44 1.89 1.23 12.0 136 1128 1.16 6.50 0.45 3.15 3.08 1517 L.11 1.36
Muscle 19 81.8 54 52.5 347 2878 296 16.60 4.16 29.14 513 2527 232 2841
Heart 0.04 0.17 0.073 0.71 0.015 0.12 0.04 0.22 ND -—- ND - 0.13 0.16
Brain 278 1197 0.14 1.36 1.58 13.1




