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Abstract 

The catabolisrn of the amino acids glutamate, histidine, and lysine was 

investigated in this study. 60th the D- and L-isomen of the three amino acids were 

catabolized by F. nucleatum and F. vafium resuspensions to acetate and butyrate, plus 

formate from hisitidine. All three of the O-arnino acids were consumed slower than the L- 

isomers of the corresponding amino acids. 

A pathway involving the conversion of acetate to butyrate contains the 

intermediates acetoacetylCoA, 3-hydroxybutyryl-CoA, and crotonyl-CoA. The acid foms 

of these three esters were utilized by the two Fusobactenum species, with a distinct 

preference for (S)-3-hydroxybutyrate over its (R)-isomer. 

The formation of butyrate from the L-isomen of three amino acids was 

investigated using universally 13c-labelled substrates to determine whether butyrate is 

derived directly from the amino iicids as an intact Cq unit or formed by the combination of 

h o  acetate-derived C2 units. The former was established by the observation of a three- 

bond ' 3 ~ - 1 3 ~  coupling in the '%-NMR spectrum of butyrate, isolated as a 4- 

bromophenacyl ester. In F. nucleatum, butyrate was formed as an intact C4 unit from ail 

three amino acids. On the other hand, only lysine produced an intact C1 butyrate in F. 

varium. These results are consistent with the suggested pathways of amino acid 

degradation. 

The catabolism of lysine by the two Fusobacterium species was investigated in 

greater detail to determine whether cleavage of the Cg lysine molecule occurs between 

C-2 and C-3 or C 4  and C-5 to produce separate Cz and C4 units. Information in the 

literature suggests that separate catabolic pathways exist for each of the two isomen, 

and despite the lack of sufficient isotopic and enzymatic evidence, it is suggested that L- 

lysine is cleaved between C-2 and C-3, while D-lysine cleavage occurs between C-4 and 

C-5. Studies employing 2,3-'3~2- and 4.5-'3~2-labelled L-lysine have demnstrated that 

cleavage of L-lysine occurs between C-2 and C-3. 
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C hapter 1 : Introduction 

1 .l Introduction 

It is believed that life on Earth originated in an oxygen-free reducing 

environment and that the oxygen present in the atmosphere today was an end- 

product of metabolism by anaerobic bacteria. These anaerobes were widespread 

several billion years ago,' but the accumulation of toxic oxygen has limited their 

current existence to environments containing reduced amounts of oxygen. 

Unlike their aerobic counterparts, many anaerobic bacteria obtain their 

energy and carbon sources through the process of fermentation, where complete 

oxidation of the substrates does not occur. For example, yeasts under anaerobic 

conditions ferment carbohydrates to ethanol, while aerobes such as humans fully 

oxidize carbohydrates to carbon dioxide. Anaerobic fermentation is also of 

historical significance: in the rnid-1 9001s, Clostndium acetobuty/icum provided the 

primary commercial source of acetone by carbohydrate fermentation? 

However, the fermentative process in anaerobes is not limited to 

carbohydrates. Arnino acids that are present as individual monomers or as a 

peptide polymer are also catabolized; amino acids and small peptides are major 

energy and carbon sources for some anaerobic bacteria, such as those of the 

g e n us ~ u s o b a c t e ~ u r n . ~ * ~ * ~ * ~ ~ ~  Common end-products of amino acid fermentation 

include amrnonia, carbon dioxide, hydrogen, and various short-chained fatty 

acids, such as acetate and butyrate8 
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The physiology of bacteria is different from that found in more advanced 

organisms such as humans. It is these physiological differences that allow 

an ti biotics to destroy bacteria without causing significant harm to the human host, 

as antibiotics target only the unique bacterial physiology. The classical antibiotic 

penicillin, as an example, targets the biosynthesis of peptidogly~an,~~'~ an 

essential component of bacterial cell walls. 

Penicillin and its natural or semi-synthetic derivatives belong to a category 

of antibiotics known as the p-lactams, al1 of which target peptidoglycan 

biosynthesis. When bacteria develop resistance to p-lactams, rendering them 

ineffective, another category of anti biotics that has a different metabolic target 

would be required for treatment. However, only a limited number of targets for 

anti biotic attack are known. " To address the problemaüc and recently 

widespread emergence of resistance, novel antibiotics must be developed. Yet, 

instead of developing new antibiotics that have the same targets as the existing 

ones, new targets must be found." 

A potential target for new antibiotics would be amino acid fermentation, as 

these metabolic pathways are different in anaerobic bacteria and humans. In light 

of the medical relevance and pathogenicity of the Fusobactenum species,12 the 

objective of the cuvent studies lies in establishing a deeper understanding of the 

catabolisrn of the amino acids in two Fusobactehn species, ï. nucleatum and 

F. varium, with an emphasis on glutamate, histidine, and lysine. 
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1.2 Utilkation of Amino Acids by Two Fusobacferium Species 

Initial studies on amino acid usage by Fusobacterium species have 

concentrated primarily on different strains of F. nucleatum, 3.4.5.13.14.15.16 the 

Fusobacterium species most implicated in periodontal disease.'* Four arnino 

acids, glutamate, histidine, lysine, and serine, were shown to be the preferred 

amino acids for most strains of F. nucleatum. Other amino acids were 

metabolised by some strains, while most hydrophobic and aromatic acids were 

metabolised poorly. Similar utilization patterns were observed in studies involving 

F. varium.17 In addition, clinical isolates of Fusobacterium species utilized fewer 

amino acids than the reference strains,15 and their repeated subculturing 

increased their ability to utilize amino acids.18 

However, the initial studies of amino acid utilization demonstrated a lack of 

attention to stereochemistry, as either racemic arnino acid mixtures or amino 

acids of unspecified stereochemistry were used. Normally, D-amino acids are 

rare and are not degraded by most organisms, including humans. Organisms that 

degrade O-amino acids either degrade them via pathways separate from the L- 

amino acids or converte them to the corresponding L-isomen pnor to 

degradation. A more recent study focussed on the stereochemistry of amino acid 

uptake by F. nucleatum and F. ~arium.'~ 00th isomers of lysine were utilized by 

the two species, and while F. varium utilized both isomers of glutamate, only the 

L-isomer was used by F. nucleatum. On the other hand, F. varium utilized only 
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the L-isomer of histidine, and both histidine isomers were catabolized by F. 

nucleatum. 

Unfortunately, that recent studylg was perfomed in cornplex medium of 

undefined composition. Interferences and cornpetition from other carbon sources, 

including other amino acids present in the medium, may have affected the uptake 

of the amino acids being studied. Studies using Fusobacterium resuspensions in 

buffered systems, with minimal interferences from other carbon sources, would 

be expected to provide briefer and more accurate results on the specificity of 

amino acid uptake. 

1.3 Conversion of Acetate to Butyrate 

A central metabolic pathway (Figure 1 ) involving the conversion of acetate 

to bu tyrate is present in man y anaerobic b a ~ t e r i a , ~ ~ * ~ ~ * ~  including the 

Fusobacterium species. Catabolism of amino acids, such as glutamate, histidine, 

and lysine, produces intermediates that feed into this pathway. Five major 

enzymes catalyse the conversion of acetate to butyrate: butyryl-CoA:acetate 

CoA-transferase (Figure 1 , Step A); acety 1-CoA:acetyl-CoA acety ltransferase 

(thiolase) (Figure 1, Step B); NAD+-dependent 3-hydroxybutyryl-CoA 

dehydrogenase (Figure 1, Step C); crotonase (Figure 1, Step D); and NAD+- 

dependent butyryl-CoA dehydrogenase (Figure 1, Step €). Activities of these 

enzymes have been detected and the enzymes have been studied in F. 

nuc~eaturn~~ and other anaerobic lsotopic evidence using 
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deuterium labelling has also identified the pathway in F. nucleatum and F. 

v a r i ~ r n . * ~ - * ~  Acetyl-CoA from the pathway can also be converted to acetic acid in 

the production of ATP. 

A H  
Acetic Acid Butync Acid 

Croton yl-CoA 

Figure 1. Conversion of acetrte to butyrate: the central metabolic pathway in anaerobic 
bacteria. (A) Butyryl-CoA:acetate CoA-transferase (EC 2.8.3.8). (8) Acetyl-CoA:acetyl-CoA 
acetyltransferase (thiolase; EC 2.3.1.9). (C) Hydroxybutyryl-CoA dehydrogenase (EC 1 -1 -1 -35). 
(D) Crotonase (EC 4.2.1 Aï). (E) Butyryl-CoA dehydrogenase (EC 1.3.99.2). 
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In anaerobic fermentation processes, where oxygen is not available as a 

terminal electron acceptor, other reducible substrates are used to regenerate 

NAD' from the NADH formed from the oxidative steps of amino acid catabolism. 

Whereas, in aerobic organisms, oxygen is available for the regeneration process, 

which also harnesses the reducing power of NADH to create ATP via the 

electron transport chain. In anaerobic organisms, no ATP is gained from the 

regeneration process. Hence, the only physiological significance of the acetate- 

butyrate pathway lies in the regeneration of NADH to NAD*, where two NAD' are 

regenerated by the conversion of acetate to butyrate. Consequently, butyrate is 

assumed to be a dead-end metabolic end-product, even though the possible 

reverse conversion of butyrate to acetate has not been investigated by isotopic 

studies. 

Interestingly, there have been no studies in anaerobic bacteria on the 

catabolism of the acid forms, not the CoA esters, of the three key intermediates 

in the aceta te-butyrate pathway. The acid forms of these three intenediates, 

acetoacetate, 3-hydroxybutyrate, and crotonate would provide ATP when 

degraded to acetate and/or butyrate end-products. In other words, the ability of 

the organism to degrade these substrates is beneficial from an energetics 

standpoint. 
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Metabolism of acetoacetate, 3-hydroxybutyrate, and crotonate first 

requires their conversion to CoA esters, a process requiring the equivalent of one 

mole of ATP per mole of acid. As the CoA esters are intermediates in the 

acetate-outyrate pathway, entry into the pathway is possible. The ratio of end- 

products can be predicted by determining the ratio required to achieve no net 

production of NADH (Figure 2). 

A Acetoacetate ,-) Acetoacetyl-CoA ,-) 2 Acetyl-CoA 

f+ 
ATP 

Net: t ATP and 2 acetate per acetoacetate 

f 
2 ATP 

Net: 1 ATPI 2 acetate, and 
1 butyrate per 2 3-hydroxybutyrate 

2 Acetate 

-'l * 
2 ATP 

2 Acetate Butyrate 

Figure 2. Energetics and end-product production from the catabolism of the acid fonns of 
the acetate-butyrate pathway intermediates. (A) Acetoacetate and (B) 3-hydroxybutyrate. 
Crotonate differs from 3-hydroxybutyrate only in the addition of water, so ttieir energy production 
and end-products should in principal be the sarne. 
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1.4 Catabolism of Glutamate 

Glutamate degradation by anaerobes produces only one mole of CO2 per 

mole of glu tamate, whereas aerobic catabolism fully oxidizes glutamate to five 

moles of cQ.*~ Sparked by these differences in anaerobic versus aerobic 

catabolism, various studies on glutamate catabolism using isotopes have been 

conducted. Two major routes of glutamate degradation have been proposed. 

1.4.1 Methylaspartate Pathway of Glutamate Degradation 

ln itially studied in the anaerobic Clostridium tetanomorphum. the 

methylaspartate pathway (Figure 3) is characterized by the degradation of 

glutamate into Cp and Cg units followed by decarboxylation of the CS unit? 

Feeding experiments with ~-[5-~~~]glutarnate produced I4co2, while the 14c label 

from L-[l-'4~]glutamate and ~-[2-'~~]glutamate was found in acetate. Atoms C-1 

and C-2 of glutamate are converted to acetate, and C-5 is converted to C02. 

Radioactivity was also recovered in butyrate. However, the fermentation of one 

mole of glutamate produces more than one mole of acetate, suggesting that 

acetate must also arise from not only atoms C-1 and C-2, but also atorns C-3 and 

C-4. The formation of butyrate was suggested to proceed via the combination of 

two acetate units. The 14c label from a L-[4-'4~]glutamate experiment was 

incorporated into the end-products; the recovered butyrate contained twice the 

specific radioactivity of acetate, and the "C label in butyrate was symmetrically 

distributed with equal quantities at C-1 and C-3. In addition, feeding experiments 
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O 
Pyruva te 

Ace tyl-CoA 

O CH3 
Mesaconate 

,Ao- Acetate 

Figure 3. Methylaspartate pathway of glutamate catabolism. (A) Glutamate mutase (EC 
5.4.99.1). (B) j3-Methylaspartase (EC 4.3.1.2). (C) Mesaconase (EC 4.2.1 34). (O) Citramalate 
lyase (EC 4.1.3.22). (E) Pynivate dehydrogenase (EC 1 .2.4.1). 
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with unlabelled glutamate and ~-[l-'~c]acetate also produced butyrate 

symmetrically labelled at C-1 and C-3.2' 

The intermediates associated with the methylaspartate pathway were 

proposed following various studies with cell-free C. tetanornorphum extracts. 

Defining the pathway is the key intermediate (2~,3~)-threo-B-methylaspartate? 

which is formed from  glutamate by a coenzyme-B~~dependent rearrangement 

catalysed by glutamate mutase (Figure 3, Step A ) ? ' . ~ ~  Glutamate mutase has 

been purified and its gene cloned in C. t e t a n o r n o r p h ~ m ~ ~ ~ " ~ ~ ~  and C. 

coch~ea r i u rn .~~*~~  Other enzymes include p-methylaspartase (Figure 3, Step B), 

which has been mechanistically characterized38*39~40g41*42 and its gene c ~ o n e d ~ ~  in 

C. tetanornorphum; citramalate hydrolyase (Figure 3, Step C), dependent on ~ e ~ '  

and cysteine for the hydration of mesaconate to  citram trama la te;^^*^^^ 

citramalate lyase (Figure 3, Step D), dependent on divalent cations for the 

cleavage of (S)-citramalate to pyruvate and acetate, *47e48 and pyruvate 

dehydrogenase (Figure 3, Step E) for the oxidative decarboxylation of pyruvate 

to a c e t y l - ~ o ~ . ~ ~  To recycle the NADH formed from oxidative decarboxylation, 

acetate is converted to butyrate by the acetate-butyrate pathway (Figure 1 ) using 

acetate or acetyl-CoA as the entry point. 
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More recently, the methylaspartate pathway has been identified as the 

exclusive pathway of glutamate degradation in F. v a r i ~ m . ~ ~  In addition to isotopic 

evidence, glutamate mutase acvititf6 has been detected and methylaspartase 

has been purified.49 A glutamate r a ~ e m a s e ~ ~  has also been detected and 

probably accounts for the ability of F. vafium to utilize O-glutamate from complex 

medium without the requirement of a separate pathway for the O-borner. 

The main feature of the methylaspartate pathway is the degradation of 

glutamate directly to two inde pendent C2 units, limiting butyrate formation to the 

combination of C2 units. 

1 A.2 Hydroxyglutarate Pathway of Glutamate Degradation 

Unlike the methylaspartate pathway , which degrades glutamate into 

acetate units, the hydroxyglutarate pathwayS0 (Figure 4) degrades glutamate to 

crotonyl-CoA. an intermediate of the acetate-butyrate conversion pathway 

(Figure 1 ). Butyrate can be formed directly from crotonyl-CoA through reduction 

and CoA transfer reactions. Hence, butyrate would be retained as an intact C4 

unit directly frorn glutamate. On the other hand, acetate must be formed from the 

cleavage of crotonyl-CoA. 

Enzymes and intermediates in the hydroxyglutarate pathway include 

NAD+-dependent glutamate dehydrogenase5'*'' (Figure 4, Step A), for the 

oxidative deamination of de glutamate to 2-ketoglutarate; (R)-2-hydroxyglutarate 

deh yd r ~ ~ e n a s e ' ~ . ~ ~  (Figure 4, Step B), for reduction to (R)-2-hydroxyg~utarate;~~ 
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(R)-2-h ydroxyglutarate dehydra ta~e~~~~ '  (Figure 4, Step C), for dehydration to 

glutaconate; glutaconate:acetyCCoA COA-transferaseS8 (Figure 4, Step D), for the 

conversion of glutaconate to its CoA thiol ester; and biotin-dependent glutaconyl- 

CoA d e c a r b o ~ ~ l a s e ~ ~ ~ ~ ~ * ~ ~  (Figure 4, Step E), for decarboxylation to crotonyl-CoA. 

Glutaconate (R)-2-Hydroxyglutarate 

Figure 4. Hydroxyglutarate pathway of glutamate catabolism. (A) Glutamate dehydrogenase 
(EC 1.4.1.2). (B) 2-Hydroxyglutarate dehydrogenase (EC 1.1 99.1). (C) 2-Hydroxyglutarate 
dehydratase (EC 4.2.1 .-). (D) Glutaconate:ace!yl-CoA CoA-transferase (EC 2.8.3.12). (E) 
Glutaconyl decarboxylase (EC 4.1.1 -67). 
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The hydroxyglutarate pathway was first noticed in Micrococcus 

a e r o g e n e ~ , ~ ~ ~ ~ '  when feeding experiments witn L-[l -14~]glutamate demonstrated 

that the 14c label was found mainly in C-1 of butyrate with a small amount in C-3. 

Sirnilarly. with ~-[2-'~~]glutamate, more 14c was found in C-2 than C-4 of 

butyrate. These labelling asymmetries were inconsistent with the methylaspartate 

pathway, where a symmetrical distribution of 14c label would have been 

expected. It was hypothesized that butyrate was formed from glutamate as an 

intact C4 unit. When 0~-[3,4-'~~]glutamate was administered, greater quantities 

of the ' 4 ~  labels were located at atoms C-3 and C-4 of butyrate than at C-1 and 

C-2. 

Compared to the catabolism of glutamate by F. varium. glutamate 

catabolism in F. nucleatum has been studied more extensively. Similar results 

consistent with the hydroxyglutarate pathway were obtained when the 

radioactively labelled substrates used in the M. aerogenes experiments were 

administered to F. nucleat~m,~~ and atom C-5 of glutamate was degraded to 

 CO^.^* A confirmatory study using stable I3c isotopes yielded similar results and 

ruled out the possibility of other p a t h ~ a y s . * ~ ~ ~ ~  Several enzymatic studies have 

also been perforrned in F. nucleatum. 50.58,62,64,65 
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The formation of butyrate as an intact Cd unit from glutamate is predicted 

by the hydroxyglutarate pathway, but no isotopic evidence has linked the 

pathway to the production of an intact C4 unit. The combination of C2 units to 

form butyrate is also a possibility, giving two distinct routes for butyrate formation 

in F. nucleatum. 

1.4.3 Catabolism of Histidine via Glutamate as an Intermediate 

The degradation of histidine involves a series of several reactions (Figure 

5 )  that convert histidine to glutamate. However, these reactions are not unique to 

anaerobic bacteria and are also found in aerobic bacteria and rnamrna~s.~~ 

Since the reactions and enzymes associated with the conversion of 

histidine to glutamate (Figure 5) are present in advanced organisms such as 

humans, they have been studied to a greater extent than the enzymes unique to 

anaerobes. 

The first reaction in the degradation of histidine involves the conversion of 

~ohistidine to trans-urocanate, catalyzed by histidine ammonia-lyase (HAL; Figure 

5, Step A). In hurnans, HAL deficiencies have been associated with histidinemia, 

a genetic disease found in French Canadians in a localized region of Quebec at 

a rate of 1/4000 births? HAL is functionally and structurally related to 

phenylalanine ammonia-lyase (PAL)!' and its crystal structure has been 

determined.68 
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Figure 5. Conversion of histidine to glutamate by anaerobic and aerobic organisrns. (A) 
Histidine ammonia-lyase (EC 4.3.1.3). (B) Urocanate hydratase (EC 4.2.1 -49). (C) Imidazolone- 
propionase (EC 3.5.2.7). (D) Glutamate fonniminotransferase (EC 2.1.2.5). Note that the a- 
carbon of glutamate is derived from the y-carbon of histidine. 
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Urocanate undergoes water addition in the second step of the reaction to 

form 4-imidazolone-5-propionate, catalyzed by urocanate hydratase (Figure 5. 

Step B). This is the first enzyme known to use NAD* as an electrophile rather 

than an oxidizing agent.69 

Imidazolonepropionase (Figure 5, Step C) then hydrolyzes a C-N bond in 

4-imidazolone-5-propionate, breaking the cyclic imidazole ring to form N- 

formimino-~-glutarnate.~~ A final reaction converts N-formimino-L-glutamate to L- 

glutamate via glutamate formiminotransferase (Figure 5, Step D). Transfer of the 

formimino group to the required cofactor tetrahydrofolate produces 5- 

forrnimin~tetrah~drofolate.~~ The formimino group is released as formamide and 

hydrolysed to formate. 

In anaerobic bacteria, the glutamate produced from histidine would be 

catabolized via the methylaspartate or the hydroxyglutarate pathway. However, 

histidine metabolism in Fusobacterium species has not been investigated, so its 

deg rada tion to glutamate cannot be assumed. 

1 .S Catabolism of Lysine 

While several studies on glutamate catabolism have been camed out in F. 

nucleatum and F. varium, relatively little information pertaining to lysine 

catabolism is available. In fact, there is no literature information on lysine 

catabolism by F. vanum, and the information presented for F. nucleatum is 

inconc~usive.~~ 
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However, lysine catabolism in the anaerobic Clostridium species has been 

investigated7* more thoroughly, and the information available rnay also be 

applicable to Fusobacterium. lsotopic and enzyrnatic studies have suggested that 

the D- and L-isomers of lysine are degraded via separate pathways, even though 

a lysine racemase rnay be present for the interconversion of the two isomers. 

The possibility of the two distinct pathways has been extended to F. n~cleaturn,~~ 

despite the lack of concrete evidence. 

1 S.1 Catabolism of L-Lysine via the 3,5-Diaminohexanote Pathway 

Catabolism of D- and ~4ysine by clostridia results in the formation of 

butyrate, acetate, and a r n r n ~ n i a , ~ ~ ~ ~ ~  although the two isomers are degraded via 

different pathways. A complete pathway for  lysine^^-'^ (Figure 6) has been 

proposed. 

Degrada tion of L-lysine requires six enzyrnatic reactions to produce two 

intermediates of the central acetate-butyrate pathway (Figure 1 ), acetoacetyl- 

CoA and crotonyl-CoA. The first enzymatic reaction by L-lysine-2,3-aminomutase 

(Figure 6, Step A) rearranges the a-amino group in L-lysine to produce (S)-P- 

lysine. The Clostridium enzyme has been characteri~ed"*~ and the gene 

c~oned ,~~  and is dependent on the cofactors pyridoxal phosphate, ~e" ,  (S)- 

adenosylmethionine for the radical-based rearrangement. 
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Acetoacetate (S)-3-Arninobutyryl-C3A 

Acetoace tyl-CoA Crotonyl-CoA 

Figure 6. Catabolism of ~4ysine by Closlridium species via the 3,5diaminohexanoate 
pathway. Numbers represent the carbon atoms in lysine. (A) Lysine-2.3-aminomutase (EC 
5.4.3.2). (6) p-Lysine rnutase (EC 5.4.3.3). (C) 3.5-Diaminohexanoate dehydrogenase (EC 
1.4.1 . I l ) .  (D) 3-Keto-5-aminohexanoate cleavage enzyme. (E) Butyryl-C0A:acetoacetate CoA- 
transferase (EC 2.8.3.9). (F) (S)-3-Aminobutyryl-CoA deaminase (EC 4.3.1.14) 
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(S)-p-Lysine is subsequently converted to (3S,5S)-3,5-diaminohexanoic 

acid via the rearrangement of the &-amino group (Figure 6, Step 6) by p-lysine 

mu A variety of c o f a c t ~ r s ~ ' ~ ~ ~  are required for the rearrangement, 

including pyridoxal phosphate, coenzyme 612i ATP, a thiol, pyruvate, and 

monovalent and divalent cations. 

Oxidative deamination of (3Si5S)-3,5-diaminohexanoic acid to (S)-3-keto- 

5-aminohexanoic acid (Figure 6, Step C) is catalyzed by NADodependent 33- 

diaminohexanoate dehydrogenase.83184 Ammonia and NADH are also products of 

the reaction; NADH is later recycled to NAD' in the reduction of crotonyl-CoA to 

butyryl-CoA. 

Cleavage of the Cs (S)-3-keto-5-aminohexanoic acid into acetoacetate 

and (S)-3-aminobutyryl-CoA (Figure 6, Step D) is catalyzed by the 3-keto-5 

aminohexanoic acid cleavage enzyme.85 A unique feature is a Ce intermediate 

that is postulated to be formed via a Claisen condensation with acetyl-CoA; 

subsequent retroClaisen cleavage f o n s  two Cs units. The lysine backbone 

within the Cs intermediate is cleaved between C-2 and C-3 of lysine. 

The two Cs units are then converted to intermediates in the central 

ace tate- bu tyrate pathway . Acetoacetate is converted to acetoacetyl-CoA via 

bu tyryl-CoA:acetoacetate ~o~- t rans fe rase~~  (Figure 6, Step E) before cleavage 

and then via thiofase (Figure 1) to acetyl-CoA. Deamination of (S)-3- 

aminobutyryl-CoA to crotonyl-CoA proceeds via (S)-3-aminobutyryl-CoA 

deaminasea7 (Figure 6, Step F). 
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1.5.2 Catabolism of D-Lysine via the 2,s-Diaminohexanoate Pathway 

The degradation of O-lysine is proposed to proceed via e pathway (Figure 

7) separate from that of L-lysine. However, only two steps have been proposed 

based on detected enzyme a~t iv i t ies.~~ 

The first enzymatic reaction involves the rearrangement of the &-amino 

group in D-lysine to (2R,5?)-2,5-diaminohexanoic acid by D-a-lysine mutase 

(Figure 7, Step A); rearrangement of the a-amino group does not occur, and the 

stereochemistry at C-5 has not been established. The similarities between D-a- 

lysine mutase in the D-pathway and p-lysine mutase in the L-lysine pathway 

(Figure 6, Step B) have suggested that the two enzymes are actually two 

interconvertible forms of one en~yme.~' Cofactors required for D-a-lysine mutase 

activity include pyridoxal phosphate, coenzyme B12, and ATP. 88,89 

Su bsequen t oxidative deamination of the diaminohexanoic acid to (R)-2- 

aminod-ketohexanoic acid occurs via 2.5-diaminohexanoate dehydrogenase 

(Figure 7, Step 6). It is interesting to note that this enzyme has a greater activity 

towards 2,4-aminopentanoic acid, an intermediate formed in the catabolism of 

the amino acid ornithine; 2,5-diaminohexanoate dehydrogenase is perhaps the 

same enzyme found in the ornithine pathway, 2,4-diaminopentanoate 

de hydrogenase.72 The product, 2-amino-5-ketohexanoic acid, undergoes 

spontaneous reversible cyclization (Figure 7, Step C) and can be isolated as A'- 

pyrroline-2-methyl-5-carboxylic acid. 
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al-Pyrroline-2-methyl-5-carboxylic acid 

Unknown Reactions 1 
O 0 

Butyrate Acetate 

Figure 7. Catabolism of D-lysine by Closbidium species via the 2, Wiaminohexanoate 
pathway. Numbets refer to the carbon atoms of lysine. (A) D-a-Lysine mutase (EC 5.4.3.4). (8) 
2.5-D iaminohexanoate deh ydrogenase, possibly identical to 2,4-diaminopentanoate 
dehydrogenase (EC 1.4.1.12). (C) Spontaneous. 
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Further steps in the pathway have not been elucidated. The stages in the 

conversion of 2-arnino-5-ketohexanoic acid to the end-products are unknown, but 

thiolytic cleavage between atoms C-4 and C-5 has been s~ggested.~~ 

The most significant differences between the O- and L-lysine pathways lie 

in the bond at which the lysine backbone is cleaved. Cleavage of L-lysine occurs 

between atoms C-2 and C-3. producing butyrate derived from lysine atoms C-3 

to C-6. On the other hand, cleavage of D-lysine between atoms C-4 and C-5 

generates butyrate derived from atoms C-1 to C-4. Nonetheless, in both 

pathways, butyrate is theoretically derived from an intact Cq unit originating from 

lysine. 

1 S.3 Lysine Racemase 

The occurrence of a lysine racernase for the interconversion of D- and L- 

lysine has not been established in Fusobactenum species. Generally speaking, 

little information regarding lysine racemases exist in the literature. For instance, 

in anaerobic bacteria, lysine racemase activity has been detected using linked 

assays in the cell-free extracts of ~lost r idum,~~ but the enzyme has not been 

purified and characterized. In aerobes, a plasmid carrying the lysine racemase 

gene has been found in Pseudomonas putidaPg0 while lysine racemase has been 

implicated in Streptomyces clavuligenrs based on the ability of D-lysine to 

stimulate p-lactam antibiotic produ~tion.~' 
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1.5.4 Catabolism of D- and L-Lysine in F. nucleatum 

Of al1 the Fusobacferium species, lysine catabolism has only been studied 

in F. nu~leaturn.~~ Using isotopically labelled substrates and through the assay of 

the enzymes associated with the L-lysine catabolism, it was concluded that the 

pathway of L-lysine degradation in F. nucleatum is similar to the pathway found in 

Clostridium. Yet, the evidence for the degradation of D-lysine via the same D- 

pathway present in Clostridium is inconclusive: no enzymatic activities related to 

the D-lysine pathway were detected, and the conclusion that a separate D- 

pathway is present was based on the results of isotopic feeding experiments 

using a racemic mixture. A brief summary of the three experiments is outlined. 

An initial feeding experiment was carried out by incubating F. nucleatum 

with [~ - '~~ ]ace ta te  in the presence of unlabelled ~4ysine. The acetate and 

butyrate end-products were isolated and their specific radioactivities determined. 

Butyrate contained approximately twice the specific radioactivity of acetate. 

confirming the presence of the acetate-butyrate pathway that converts two 

acetate units into a single butyrate (Figure 1 ). More importantly, an asymmetric 

distribution of 14c was observed in butyrate; C-3 was enriched to a greater extent 

than C-1 (42% and 55% distribution, respectively). The asymmetric distribution 

supports the unique Ce intermediate in the pathway of ~4ysine catabolism, 

indicating similarities with the Clostridium species. However, it must be 

considered that the differences in the distribution are not very large (42% versus 

55%). 
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A second experiment was perfomed by incubating F. nucleatum with DL- 

[1 -'4~]lysine and unlabelled L-lysine. The recovered butyrate contained a C-1 :C-3 

14c distribution of 62:38, indicating that C-1 of butyrate is derived from C-1 of 

lysine. However, this experiment used a racemic mixture of  lysine. Atom 

C-1 of butyrate can be derived directly from the D-lysine pathway (Figure 7) if the 

labelled lysine is cleaved between atoms C-4 and C-5. Similarly, if cleavage 

between C-2 and C-3 occurred as in the L-lysine pathway (Figure 6) and the 

acetoacetate formed proceeded to butyrate, the label would still be located at 

atom C-1 of butyrate. That is, with the use of a racemic labelled mixture, the 

concurrent operation of both pathways or either pathway on its own can produce 

butyrate with a higher enrichment at C-1. The smaller amount of label located at 

C-3 of butyrate is caused by the constant interconversion of acetoacetate and 

acetate. 

In a third experirnent, F. nucleatum was incubated with 0~-[6-'~~]lysine in 

the presence of unlabelled ~4ysine. Results are complementary to those 

obtained in the second experiment; the label was mainly at C-4 of butyrate (81%) 

in addition to C-2 (18%). Cleavage of the L-isomer of ~~ - [6 - ' ~~ ] l y s i ne  between C- 

2 and C-3 forms butyrate labelled at C-4. However, the coupling of two labelled 

acetates formed from the D-pathway or from a Cd intermediate of the bpathway 

would provide labelling at both C-2 and C-4 of butyrate. Once again, the results 

are inconclusive. 
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Based on these inconclusive studies, it was still suggested that the 

pathways of D- and L-lysine catabolism in F. nucleatum are similar to those of the 

Clostridium ~ p e c i e s . ~ ~  Further studies with stereochemically pure labelled lysine 

samples should provide more convincing results. 

1.6 Outline and Proposal of Research Objectives 

Ideally, amino acid catabolism should be studied in the absence of other 

substrates and potential interferences. Since complex medium is of undefined 

composition, it would be preferential to study amino acid catabolism by 

resuspending the bacterial cells in a buffer solution, free of other carbon sources. 

Not only would the in terferences be eliminated, but the identification and isolation 

of end-products would be also simplified. Whether amino acids are efficiently 

catabolized by cell resuspensions, however, needs to be determined. 

The acetate-butyrate pathway (Figure 1) will also be studied in greater 

detail to determine whether the acid foms of the intermediates can be taken up 

by the bacterial cells and catabolized to end-products. If consumpüon of the 

su bstrates occurs, their relative rates and product ratios can be compared to their 

theoretical values. 

The remainder of the thesis focuses on the catabolism of the amino acids 

glutamate, histidine, and lysine. Initial studies will determine whether butyrate is 

formed directly from the amino acids as an intact Cq unit (Figures 4, 6, and 7) or 

is derived from the combination of two acetate-derived C2 units (Figures 1 and 3). 
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That is, whether the entry points into the acetate-butyrate pathway are C2 or C4 

intermediates can be determined. These two modes of butyrate formation can be 

distinguished using universally '3~-labelled amino acids (Figure 8), and analysis 

of the labelled butyrate can be determined by ' 3 ~ - ~ ~ ~  spectroscopy. 

However, it must first be demonstrated that any [13~4]butyrate formed 

directly from a [ ~ - ' ~ ~ ] a r n i n o  acid (Figure 8, Route A) will remain at detectable 

levels and not undergo cleavage to acetate units to an appreciable extent (Figure 

8, Route C). Secondly, the extent of ['3~4]butyrate formation by the combination 

of [13~2]acetate units (Figure 8, Route C) must be established. Clearly, the 

combination of the latter must be smalt relative to the former, if the detection of 

[13~4]butyrate is to demonstrate the transfer of four contiguous carbon atoms 

from the amino acid to butyrate. 

As shown in Figure 9, [ t 3 ~ 4 ] - ,  [1,2-13~4]-, [3,4-'3~& and unlabelled 

butyrate are the possible products when two acetate units in a mixture of r3cz]- 

and unlabelled acetate are combined. The amount of [t3~4]butyrate formed in this 

process is a statistical reflection of the relative amounts of [ 1 3 ~ +  and unlabelled 

acetates in the metabolic pool. It is anticipated that the CO-administration of 

unlabelled acetate with the [ ~ - ~ ~ ~ ] a r n i n o  acid will significantly reduce the 

synthesis of [13~4]butyrate from [t3~2]acetate. Statistically, a ho-fold increase in 

the intracellular concentration of unlabelled acetate would reduce the odds of 

[13c4] butyrate by four-fold. 
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[W3C] Amino Acid 

[I3C,] Butyrate C (Figure 1) 

Figure 8. Possible routes of f3cl]butyrate fonnation from amino acids. (A) Direct formation 
from the universally "c-labelled amino acid as an intact four-carbon unit. (B) Degradation of the 
amino acid into  dacetat ta te. (C) The combination and interconversion of two [%dacetate units. 

Glutamate catabolism by the hydroxyglutarate pathway in F. nucleatum 

(Figure 4) and by the methylasparate pathway in F. varium (Figure 3) correspond 

to Routes A and B, respectively, in Figure 8. Based on these differences, the 

validity of this approach can be established in glutamate experiments and then 

used to determine the mode of butyrate fonnation from histidine and lysine in the 

two Fusobacterium s pecies. 
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unlabelled 

Figure 9. Possible combinations of [13cd- and unlabelled acetates 
to form ["c& [1 ,2-l3c& [3,4-"c& and unlabelkd butyratrs. 

Once the route of butyrate formation has been established, the possibility 

of dual pathways in the catabolism of lysine can be investigated in the hnro 

Fusobacterium species. The use of '3~2-labelled stereochemically pure lysine will 

provide unambiguous evidence for the presence of two pathways, one for each 

stereoisomer, or for one pathway and a lysine racemase. 
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2.1 Amino Acid Catabolism by Fusobacterium Resuspensions 

Prior to the investigation of the rnetabolic pathways using isotopically 

labelled substrates, the utilization of the amino acids glutamate, histidine, and 

lysine by PBS resuspensions of F. nucleatum and F. vanhm was examined. By 

using buffered resuspensions as opposed to cornplex medium, the catabolism of 

the amino acids into end-products could be studied without interferences frorn 

any other carbon sources present in the initial cornplex medium. Competition 

effects from other substrates in the medium are also eliminated. In separate 

experiments, decreases in glutamate, histidine and lysine concentrations were 

monitored by HPLC over time, and at the end of the incubation period, the acidic 

end-products were isolated as sodium salts and identified by 'H-NMR 

spectroscopy (Table 1 ). 

Utilization of glutamate, histidine, and lysine by both organisms was 

observed within 2-24 h of incubation (Table 1).  glutamate was utilized rapidly 

by both organisms, but the relative rates of histidine and lysine assimilation 

differed in F. nucleatum and F. vathm. In F. nucleatum, the rate of histidine 

catabolism was slower than that of glutamate but faster than that of lysine. In F. 

varium, on the other hand, the rate of lysine utilization was comparable to that of 

glutamate, whereas histidine catabolisrn was noticeably slower. 



Chapter 2: Substrate Metabolism &y Cell Resuspensions 

Table 1. Utilization of amino acids by F. nucleatum and F. vadum. 

Amino Acid Organism Time Residual Relative amounts 
(10 mM) Acid I%\ a 

arnino acid : acatate : butyrate : formate 

None F.nucleatum 10 - Trace amount of acetate 

None F. varium 24 - Trace amount of acetate 

D-Glutamate F. nucleatum 24 79 3.4 : 2.3 : 1 .O : nd 

 glutamate F. nucleatum 2.5 O 

D-Glutamate F.vanum 2.5 4 

 glutamate F. varium 2.5 O 

O-Histidine F. nucleatum 10 2 

L-Histidine F. nucleatum 10 O 

D-Histidine F. vathm 24 43 

L-Histidine F. varium 24 9 

O-Lysine F. nucleatum 10 24 

L-Lysine F. nucleatum 10 13 

O-Lysine F. varium 2.5 10 

 lysine F. varium 2.5 O 

0.2 : 1 .O : 1 .O : nd 

0.1 : 1.2 : 1.0 : nd 

nd: 1.1 : 1.O:nd 

a Determined by HPLC and expressed as a percentage of the original concentration 
b Determined by 'H-NMR spectroscopy: nd = not detected 

In al1 cases, the L-amino acids were utilized more rapidly than the 

corresponding D-isomers, which may indicate the presence of amino acid 

racemases. While this utilization pattern is similar to that shown by cells growing 

on peptone medium,lg the slow utilization of D-glutamate and D-histidine by F. 

nucleatum and F. varkm resuspensions, respectively, was not evident in the 

previous studies of amino acid uptake from complex medium. The complex 

medium may have contained other undefined components that were 
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preferentially catabolized over  g glutamate and D-histidine. These results 

il1 ustrate the importance of using interference-free PBS resuspensions to assess 

amino acid catabolism. 

In each experiment, acetate and butyrate were identified as end-products 

by 'H-NMR spectroscopy, and formate was also detected as an end-product of 

histidine catabolism (Table 1). No other unidentified signals were in observed in 

the 'H-NMR spectra of lyophilised culture supernatants collected in the 

glutamate, histidine, and lysine feeding experiments; a sample spectrum is 

shown in Figure 10. Control experiments indicated that F. nucleatum and F. 

varium released only trace amounts of acetate into the resuspension buffer in the 

absence of any added substrates. 

The ratio of the 'H-NMR signals indicated that glutamate and histidine 

catabolism produced acetate and butyrate in a 2:1 ratio and that equal amounts 

of these end-products were fomed from lysine. Comparable amounts of formate 

and butyrate accumulated from histidine catabolism. For the experiments in 

which residual amino acid was detected, the amino acid to butyrate ratio reflects 

the extent of amino acid utilization determined by HPLC. 

These results prompted further studies into the formation of butyrate from 

the three amino acids by F. nucleatum and F. vadum. Universally labelled 'k 

amino acids and ' 3 ~ - ~ ~ ~  spectroscopy were later employed to determine 

whether butyrate was formed as a intact C4 unit directly from the amino acids 

(Chapter 3). 
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HOD 

Figure 10. 'H-NMR spectrum (250 MHz) of the end-products of ~mhistidine catabolism by F. 
nucleatum. Signals are indicated as follows: A, acetate; B, butyrate, F, formate. 

2.2 Metabolism of the Unesterfied Forrns of the 

Acetate-Butyrate Pathway lntennediates 

The ability of F. nucleatum and F. varium resuspensions to assimilate the 

acid forms of the intemediates in the acetate-butyrate pathway (Figure 1) was 

determined. Similar to the amino acid usage experiments, the end-products were 

isolated as sodium salts and analyzed by 'H-NMR spectroscopy (Table 2). In 
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instances where the substrates were consurned, the end-product ratios are 

comparable to those predicted by the acetate-butyrate pathway (Figure 2). Only 

acetate and butyrate were detected as end-products, and similar results were 

observed in both organisrns for the four substrates studied (Table 2). 

Table 2. Catabolism of the acid foms of the acetate-butyrate pathway intermediates. 

Substrate (10 mM) Organism Relative amounts a 

substrate : acetate : butyrate 

Acetoacetic acid F. nucleatum 0.2 : 1 .O : nd 

Acetoacetic acid F. variurn nd : 16.0 : 1.0 

Crotonic acid F. nucleatum 1 .4 :  1.6: 1.0 

Crotonic acid F. varium 0.3: 1.5:l.O 

(R)-3-Hydroxybutyric acid F. nucleatum Not catabolized 

(R)-3-Hydroxybutyric acid F. varium 2.0 : 1.7 : 1 .O 

(S)-3-Hydroxy butyric acid F. nucleatum nd : 7.8 : 1.0 

(S)-3-Hydroxybutyric acid F. variurn 0.5 : 1.6 : 1.0 

a Deterrnined by 'H-NMR spectroscopy; nd = not detected 

Acetoacetate was rapidly catabolized by both organisms, producing 

acetate as the main end-product. The quick catabolism of acetoacetate most 

likely reflects its close proximity to acetyl-CoA, requiring only one additional 

enzymatic reaction (Figure 1, Step B) after its convention to the CoA ester. 

Since no NADH is formed from this reaction, no recycling to NAD' by butyrate 

formation is required. In other words, the conversion of acetate to butyrate is not 

necessary. Several enzyrnatic reactions, which may be the slow steps of the 

conversion sequence, are not required (Figure 1, Steps C-E). 
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On the contrary, the catabolism of crotonic acid and 3-hydroxybutyrate 

requires the operation of all reactions in the acetate-butyrate pathway (Figure l), 

potentially slowing their catabolism. The production of acetyl-CoA from crotonyl- 

CoA and 3-hydroxybutyryt-CoA requires NAD'. and the NADH formed must be 

recycled by butyrate formation. Small amounts of crotonic acid were detected at 

the end of the incubation period for both F. nucleatum and F. vanum. However, 

difficulties in the transportation of crotonic acid into the cell or in the conversion to 

is CoA ester rnay also account for its slower usage. 

(R)-3-Hydroxybutyrate was either not catabolized at al1 or catabolized 

slower than its enantiomer, (S)-3-hydroxybutyrate. The preferential catabolism of 

one isomer may suggest that the 3-hydroxybutyryCCoA intermediate of the 

acetate-butyrate pathway is of the Sisomer. However, a definite conclusion 

cannot be made, as the feeding experiments were perforrned using the acid 

forms of the intermediates instead of the CoA esters. An unidentified enzyme 

responsible for converting the two enantiomeric acids to their corresponding CoA 

esters may exhibit greater activity towards the S-isorner. Furthermore, 

enantiomeric specificity rnay also lie in two other enzymes, hydroxybutyryl-CoA 

dehydrogenase (Figure 1. Step C) and crotonase (Figure 1, Step O). If these 

enzymes are stereospecific for the S-isomer and exhibit high selectivity, the slow 

catabolism of the R-isomer may be due to a different set of enzymes that act on 

the R-isomer, but at a reduced rate. 
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In general, the formation of CoA esters from carboxylic acids are usually 

catal yzed by transferase enzymes such as butyryt-CoA:acetate CoA-transferase 

(Figure 1, Step A) and butyryl-CoA:acetoacetate CoA-transferase (Figure 6, Step 

E). These enzymes probably have a broad substrate specificity and may account 

for the ability to catabolize the four-carbon acids investigated. 

2.3 Catabolisrn of Acetate Derivatives 

The ability of F. nucleatum and F. varium to assimilate two acetate 

de riva tives, fluoroacetate and acetylNAC, was also investigated (Table 3). 

Table 3. Catabolism of acetate derivatives. 

Substrate (10 mM) Organism Relative amounts 

Fluoroacetic acid a 

Fluoroacetic acid a 

F. nucleatum 

F. vatium 

2.4 : 2.2 : 1 .O 
fluoroacetate : acetate : butyrate 

2.3 : 2.5 :1.0 
fluoroacetate : acetate : butyrate 

Acety IN AC F. nucleatum Not catabolized 

Acetyl NAC F. varium 1.6 : 1.0 : 1.1 
AcetylNAC : acetate : NAC 

a lncubated with a CO-substrate of  glutamate (10 mM) 
b Detennined by 'H-NMR spectroscopy; nd = not detected 

Fluoroacetate was incubated along with L-glutamate, and if fluoroacetate 

were assimilated, the incorporation of fluorine into butyrate should be observed. 

The L-glutamate only serves to provide an energy source for the bacterial cells, 



Chapter 2: Substrate Metabolism by Ce// Resuspensions 36 

so that butyrate can be fomied. The presence of fluorine is easily detected by the 

observation of 'H-'~F coupling in the 'H-NMR spectra of the end-products. With 

both F. nucleatum and F. varium, no fluorobutyrate was observed. All of the 

glutamate was metabolized into the end-products acetate and butyrate, with the 

same ratios as those observed in the absence of Auoroacetate (Table 1). The 

ina bil ity to incorporate fluoroacetate may be attributed to transportation difficulties 

or to the inability of any one or more of the enzymes in the acetate-butyrate 

pathway (Figure 1 ) to function with fiuorinated derivatives. 

On the other hand, acetylNAC was assimilated, but only by F. varium. 

AcetylNAC metabolism is characterized by the two end-products acetate and 

NAC (Figure 11). Two routes of acetylNAC rnetabolism are possible, and are 

differentiated by acetyl-CoA as an intermediate. In the first route (Figure il, 

Route A), acetylNAC is a direct substrate for ATP production, where the NAC 

ester functions equivalently as though a CoA ester. Whereas, in the second route 

(Figure 11. Route B), acetylNAC is converted to acetyl-CoA prior ta ATP 

production. These two routes cannot be distinguished by isotopic labelling, and 

studying them is only possible using cell-free extracts; one requires CoASH, 

while the other does not. 
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ATP v CoASH 

J 

NAC 

+ 
ATP 

Figure 1 1. Proposed routes of metabolism of acetylNAC into acetate and NAC. (A) Direct 
usage of acetylNAC as a substrate for ATP production: (B) Conversion of acetylNAC to acetyl- 
CoA for ATP production, 

The ability to assimilate NAC esters also raises the question as to whether 

N AC esters of four the acetate-butyrate pathway intermediates tested (Table 2) 

can also consumed. However, such esters are not commercially available. 
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The metabolism of amino acids into acetate and butyrate prompted fwther 

studies on the formation of butyrate from the amino acids glutamate, histidine, 

and lysine. In particular, the route of butyrate formation, be it directly from the 

amino acid as an intact four-carbon unit or from the combination of acetate 

derivatives, was determined. 

3.1 Metabolic Interconversion of Acetate and Butyrate 

Studying the formation of butyrate from an amino acid requires the use of 

universally 13~-labelled substrates. The presence of four contiguous 13c atoms, 

detectable by high-resolution ' 3 ~ - ~ ~ ~  spectroscopy, would indicate that 

butyrate is formed from the amino acid as an intact C4 unit. It is therefore 

essen tial that any ['3~l]butyrate produced accumulates as an end-product in 

detectable quantities. Yet, whether ' 3 ~ 4  labelled butyrate accumulates depends 

on the extent of its breakdown to acetate (Figure 8, Route C). The extent of the 

breakdown can be investigated during glutamate catabolism by including [l- 

13c]butyrate in the Fusobacterium resuspensions. 

F. nucleatum and F. varium were resuspended in PBS containing (1- 

13~]butyrate and unlabelled  glutamate. At the end of the incubation period, 

acetate and butyrate were isolated as Cbromophenacyl esters, which were 

separated by silica gel chrornatography and analyzed by 1 3 ~ - ~ ~ ~  spectroscopy. 

38 
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The carboxyl carbons of acetate and butyrate and C-3 of butyrate exhibited 13c 

enrichments (Table 4, Expts. 1 and 2). The lower 13c enrichment in acetate 

indicated that only a srnall amount of the initial butyrate was broken into C2 units. 

Moreover, the very small enrichment measured at C-3 of butyrate suggested that 

only a few of the labelled C2 units recombined to form butyrate. These results 

demonstrate that although butyrate is not a dead-end product, its metabolic 

turnover is sufficiently slow so that the isotopic composition of butyrate reflects its 

route of formation (Figure 8). 

Table 4. Distribution of 'k in metabolic 
end-products after incubation with labelled substrates. 

13c Enrichment in 4-bromophenacyl esters ' 
Expt. Labelled Substrate Organism 

(')c Oh) Acetate Buîyrate 
C-1 C-2 C-1 C-2 C-3 C4 

Sodium ['-'3~1- F, numbm ' butyrate (40%) ' 5.6 0.0 25.6 0.0 0.4 -0.1 

Sodium (1 -"cJ- * butyrate (40%) D 
F. varium 4.5 0.0 17.4 -0.2 1.3 -0.1 

3 L-[1 - '3~]~lutamic F. nucleatum 
acid (1 0%) 5.1 -0.1 8.5 -0.2 3.3 -0.2 

a A standard deviation of 0.1 was calculated from the peak heights of the 
natural abundance signals contributed by the denvatization reagent 
Co-administered with unlabelled  glutamate (10 mM) 
Co-administered with unlabelled sodium acetate (10 mM) 

Since butyrate is not a dead-end product, the acetate-butyrate pathway 

(Figure 1) is not a one-way pathway from acetate to butyrate. The pathway 
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merely serves as a connection between acetate and butyrate, two end-products 

of amino acid catabolisrn that are in constant flux. This connection allows both 

the production and consumption of NADH. 

Fu rthermore, the catabolism of L-[l -' 3~]glutamate by F. nucleatum was 

exarnined to determine whether metabolisrn of the four-carbon intermediates 

between glutamate and butyrate would redistri bute the single I3c label. The 

acetate and butyrate end-products were '3~-enriched at the carboxyl carbons 

and at C-3 of butyrate (Table 4, Expt. 3). The distribution of label ove? the three 

positions was sirnilar to that obtained in the [l-'3~]butyrate experiments, 

suggesting that asymmetric labelling within glutamate is rnaintained to a 

significant extent on conversion to butyrate. Indeed, similar unequal distributions 

of label in butyrate produced from singly labelled samples of glutamate by F. 

nucleatum growing on peptone medium have been interpreted in terms of the 

hydroxyglutarate p a t h ~ a y ~ ~  (Figure 4). which transfers four contiguous carbons 

of glutamate into butyrate. 

An alternative route for the formation of butyrate from glutamate in 

anaerobic bacteria is provided by the rnethylaspartate pathway (Figure 3), in 

which acetate units formed from the catabolism of an amino acid are combined to 

generate butyrate; butyrate is not derived from glutamate as an intact C unit. 

Acetate units derived frorn a [u-'~c] amino acid would be labelled at both carbon 

atoms and combination of these units would generate butyrate labelled in al1 

carbons, the same isotopic distribution as that obtained when butyrate is derived 
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as an intact unit from a [u-'3~]amino acid. However, the addition of unlabelled C p  

units would reduce the formation of [13c4]butyrate by the combination of two 

labelled units (Figure 8, Route C) more than the path that maintains an intact C4 

unit (Figure 8, Route A). A baseline for the formation of butyrate by combination 

of acetate units was established by incubating resuspended cells with [1,2- 

13c2]acetate and glutamate. The results (Table 5, Expts. 4 and 5) indicate similar 

levels of 13c2 enrichments (6%) in acetate and butyrate. Degradation of 

glutamate via the methylaspartate pathway in F. vahum produces two acetates 

that must be recombined to form butyrate, consistent with the nearly equal 

enrichment levels in acetate and butyrate. The small 13c4 enrichment observed 

can be explained from the statistical combination of two 13c2 acetate units. 

Whereas, in F. nucieatum (Table 5, Expt. 6), an 8% 13c2 enrichment is 

observed in acetate, compared to only 2.7% 13c2 enrichment in butyrate. The 

lower enrichment in butyrate is consistent with the hydroxyglutarate pathway, 

which forms unlabelled butyrate directly. The presence of 13cz labelling rnust 

arise from the combination of labelled acetate and unlabelled acetate derived 

from glutamate. 

From an energetics standpoint, in F. vanum, where glutamate is degraded 

by the methylaspartate pathway, NADH formed by the conversion of pyruvate to 

acetyl-CoA is recycled by the synthesis of butyrate from acetate. All butyrate 

formed must arise from acetate, giving an equal 13~~enrichrnents of labelling in 

aceta te and butyrate. 



Chapter 3: Butyrate Formation from [ ~ - ' ~ ~ ] ~ r n i n o  Acids 

Table S. Distribution of "C in metabolic 
end-products after incubation with (13cdacetate (20% "c). 

13 C Enrichment in Cbromophenacyl esters a 

Expt. LabeIled Substrate Organism Acetate Butvrate 

4 Sodium [1 .2-l3c+ F. varium 
acetate 

5 Sodium 11 .2-13c2]- F- 
acetafe 

" A standard deviation of 0.1 was calculated from the peak heights of the 
natural abundance signals contnbuted by the derivatization reagent 

b Co-administered with unlabelled L-glutamate (1 O mM) 
CO-administered with unlabelled O-glutamate (10 rnM) 

In F. nucieatum, direct formation of crotonyl-CoA from glutamate via the 

h yd roxyg lu tarate pathway would decrease the need for acetate to be converted 

to butyrate for NAD' regeneration. The NADH generated on the conversion of 

crotonyl-CoA to acetyl-CoA is recycled to NAD' by the reduction of crotonyl-CoA 

to bu tyrate. Thus, the direct conversion of unlabelled crotonyl-CoA to butyrate is 

key ts energy production from glutamate. As a result, less label is recovered in 

butyrate. 

In addition to '3~z-labelled butyrate species, [13~4]butyrate was also 

detected in three experiments (Table 5), indicating that the statistical combination 

of NO [13~2]a~etate units is observable. Studying butyrate formation using 
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universaily 13~-labelled amino acids requires that any ['3~4]butyrate derived as 

an intact unit be distinguishable from that produced by combination. The CO- 

administration of unlabelled acetate with the U-'3~-labelled amino acids would be 

expected to minimize the [%p]butyrate formed from combination; the amount of 

unlabelled acetate required needs to be established. 

3.2 Catabolisrn of Univenally 13~-~abelled Amino Acids 

To determine whether butyrate is formed from the amino acids glutamate, 

histidine, and lysine as an intact C4 unit, F. nucleatum and F. varium 

resuspensions were incubated with [ ~ - ' ~ ~ ] a r n i n o  acids (Table 6). 

For F. nucleatum, the 62.9 MHz proton decoupled 1 3 ~ - ~ ~ ~  spectrum of 

the Cbromophenacy l butyrate sarnple isolated from the L-['3~s]glutamate 

resuspension in the presence of 10 mM acetate (fable 6, Expt 7) exhibited 

single! signals for the carbon atoms supplied by the reagent and multiline 

resonances for each carbon atom in the butyrate moiety (Figure 12); three-line 

patterns for C-1 and C-4, seven lines for C-2, and five lines for C-3 were 

observed. Each group of lines exhibited a natural abundance resonance flanked 

by a higher intensity doublet due to coupling between C-llC-2 and C-3JC-4 

( ' ~ ~ 1 ~ ~  = 57.7 Hz and ' ~ ~ 3 ~ 4  = 34.8 HZ), indicating the intact incorporation of C2 

units formed from the amino acid. The four additional signals observed for C-2 

were attributed to a doublet of doublets pattern due to simultaneous coupling of 

C-2 to C-1 and C-3 (1~C1C2 = 57.7 Hz and ' J ~ ~  = 33.9 Hz). A sirnilar group of 
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signals would be expected at C-3, but only the outer lines of the doublet of 

doublets were distinct. The sum of ' J~~~~ and ~~~~4 from the spacing of the outer 

lines at C-3 and 1 ~ C 2 C 3  calculated from the C-2 signals indicated that the 

couplings between C-2lC-3 and C-3lC-4 were similar. Thus, the two inner lines of 

the doublet of doublets are close together and have chernical shifts that are 

sirnilar to the natural abundance singlet. As a result, the central line in the five- 

line pattern at C-3 has a higher relative intensity than the central lines of the 

patterns associated with the other carbon atoms. 

Table 6. Distribution of in metabolic 
end-products after Incubation with [u-"c]arnino acids (1 0% lac). 

13c Enrichment in 4-bromophenacyl esten ' 
Expt. Labelled Substrate Organism Acetate Butyrate 

F. nucleatum 

F. v a h m  

F. nucleatum 

F. varium 

F. nucleatum 

F. vanirm 

F. nucleatum 

F. varium 

a A standard deviation of 0.1 was calculated hom the peak heights of the natural 
abundance signals contributed by the derivatization reagent; nd = not detected 
Co-administered with unlabelled sodium acetate (1 0 mM) 
Co-administered with unlabelled sodium acetate (1 00 mM) 
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The doublet of doublet patterns obsewed for the C-2 and C-3 signals in 

the 62.9 MHz %NMR spectrum (Figure 12) indicates that each of these 

carbons has two 13c neighbours. While the coupling of C-2 and C-3 to hivo other 

carbons is consistent with a 13c4 sample, it only demonstrates the presence of 

two 13c3 units. To demonstrate that the butyrate moiety contained four atoms of 

13c, the 13c NMR spectrum of the same F. nucleatum derived butyrate ester 

(Table 6, Expt. 7) was acquired at 100.6 MHz and examined for long-range 

couplings between carbon atoms. The signals due to the carbons provided by the 

4-bromophenacyl reagent appeared as singlets in the proton decoupled 

spectrum, whereas an eight-line pattern was now evident for each carbon atom 

in the butyrate moiety (Figure 13), demonstrating the coupling of each carbon 

atom to three others. The interna1 carbons had two large one-bond couplings as 

observed at 62.9 MHz and a smaller two-bond coupling, whereas the terminal 

carbons had one large coupling and two smaller couplings due to coupling over 

two and three bonds. These coupling patterns are only consistent with the 

presence of four contiguous atoms of ' 3 ~  in butyrate. Thus, the '3~-labelling 

results indicate that the butyrate sample derived from ~-('~~&lutarnate is a 

mixture of 13c4 and two 13c2 (C-IIC-2 and C-3/C-4) enriched species and a 

species containing 13c only at natural abundance. 
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Figure 12. "c-NMR spectrum a l  62.9 MHz of the Cbromophenacyl butyrate isolated 
from the catabolism of  glutamate by E nucleatum in the presence of 10 mM 
acetate. (Table 6,  Expt. 7). The signals representing the butyrate moiety are shown. 

On the contrary, the 62.9 MHz ' 3 ~ - ~ ~ ~  spectrum of the Cbromophenacyl 

butyrate isolated from aie catabolism of L-['3~&lutarnate in the presence of 10 

mM acetate by F. varium (Table 6, Expt. 8) exhibited natural abundance singlet 

signals flanked by doublets at al1 four carbons in the butyrate moiety and only a 

minor set of doublets of doublets at C-2 and C-3 (Figure 14). The small set of 

doublets of doublets indicates that the 6bromophenacyl butyrate sample 

consists of unlabelled butyrate, [l ,2-'3~2]butyrate, [3,4-'3~2]butyrate, and an 

almost undetectable amount of 13~4-butyrate. The small amount of 13c4-butyrate 

present can be explained statistically by the combination of two I3c2 acetate 

units. 
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Figure 1 3. "c-NMR spectrum at 100.6 MHz of the Cbromophenacyl butyrate isolated 
from the catabolisrn of  glutamate by F. nuc/eatum in the pnsence of 10 mM 
acetate (Table 6, Expt. f ) ,  The signals representing the butyrate moiety are shown. 

Figure 14. "c-NMR specttum at 62.9 MHz of the Ckomophenacyl butyrate isolated 
from the catabolism of ~-[u-%d~lutamate by F. varium in the presence of 10 mM acetate 
(Table 6, Expt. 8). The signais representing the butyrate moiety are shown. 
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To distinguish between the 13c4 butyrate formed staüstically by the 

combination of labelled acetate units and by that forrned intact from the amino 

acid substrate, the L-['3~s]glutamate experiments were repeated using a higher 

concentration of unlabelled acetate (100 mM, Table 6, Expts. 9 and 10). The 

dilution of 13c2 species in the acetate pool was indicated by much lower relative 

intensities of the doublet signals in the ' 3 ~ - ~ ~ ~  spectra of the Cbromophenacyl 

derivatives of acetate and butyrate. In the F. nucleatum generated sample. the 

relative amount of the 13c4 butyrate species was decreased by only a small 

extent by increasing the concentration of unlabeled acetate (Figure 15). The 

coupling constants for the atorns of the butyrate moiety were determined (Hz; 

JC1c2 57.6, JC1c3 1.8, JC1c4 3.8, JCZC3 34.0, JC2c4 0.8, JcW 34.7). By contrast, 

signals due to C-2lC-3 coupling were no longer observed in the F. varium sample 

of butyrate (Figure 16). 
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C-1 C-2 

Figure 15. "c-NMR spectrum at 100.6 M M  of the 4-bromophenacyl butyrate isolated from 
the catabolism of ~-(lJ-'~~dglutarnate by F. nucleatum in the presence of 100 mM acetate 
(Table 6, Expt. 9). The signals representing the butyrate moiety are shown. 
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Figure 16. "c-NMR spectrum at 100.8 MHz of the 4-bromophenacyl butytate isolated 
from the catabolism of  glutamate by F. van'um in the presence of 100 mM acetate 
(Table 6, Expt. 10). The signais representing the butyrate moiety are shown. 

These results demonstrate that butyrate is indeed formed from glutamate 

as an intact C4 unit in F. nucleatum, via the hydroxyglutarate pathway (Figure 4). 

Similarly, the degradation of glutamate by the methylaspartate pathway in F. 

varium is supported (Figure 3). 
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Having established that 100 mM acetate was sufficient to distinguish 

between butyrate formation as an intact unit and by recombination of acetate 

units, the catabolism of histidine and lysine to butyrate was investigated (Table 6, 

Expts. 1 1-1 4). The level of I3c enrichment in the 4-bromophenacyl esters foned 

by degradation of histidine was similar to those in the comparable glutamate 

experiment in F. nucleatum, but somewhat lower in the F. varium samples. 

However, the coupling patterns at 100.6 MHz were identical with the glutamate- 

derived butyrate samples, demonstrating that butyrate is derived from histidine 

as an intact unit in F. nucleatum, but not in F. vadum. These similarities observed 

with both glutamate and histidine support the theory that histidine is degraded to 

glutamate (Figure 5).28 

The relative amount of the 13c4 species in the lysine experiments was less 

than the 13c2 species, and only about one-third of the levels obtained in the 

glutamate and histidine experiments in F. nucleatum. Nevertheless, two- and 

three-bond couplings were present in the butyrate samples derived from lysine in 

both organisms, indicating the formation of butyrate from lysine as an intact unit. 

Experiments to determine the position of cleavage in the lysine backbone are 

described in the next chapter. 

In addition, no '3~2[acetate] was detected in the lysine experiment with F. 

nucleatum (Table 6, Expt. 13). The ability to detect labelled acetate requires that 

any labelled acetate formed within the cell exits into the resuspension. With a 

high extemal concentration of acetate (100 mM), such a process is 
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thermodynamically disfavoured; however, this phenomenon is not a very valid 

explanation, as labelled acetate was detected in the other experiments involving 

100 mM acetate. The only other possible explanation relates to the usage of 

acetate by the cells: if the cells are in a growing state, acetate derivatives would 

be consumed in the biosynthesis of fatty acids and other carbon compounds. 

In summary, the butyrate formed by the amino acid glutamate, histidine, 

and lysine originate from either C2 or C4 intermediates from the amino acids. That 

is, common themes are present in the amino acid degradation pathways. These 

intermediates reiterate the importance of the acetate-butyrate pathway (Figure 1) 

in the metabolism of the two Fusobacterium species studied. Without this 

pathway, or one that is fully functional, amino acid catabolism, and hence growth 

and cellular reproduction. would cease to occur. This pathway is analogous to 

the central citric acid cycle found in other organisms, including humans. 

Since the acetate-butyrate pathway is a central and essential metabolic 

pathway, it is an ideal candidate for targeting by antibiotics. Certainly, the 

inhibition of the enzymes in the pathway would disrupt cellular metabolism. When 

designing a synthetic antibioüc, the details of the target enzyme must be clearly 

known, meaning that the enzymes must be purified and well-characterized. The 

onl y caveat, however, is that the enzymes in the acetate-butyrate pathway 

resem bles those in the fatty acid biosynthesis pathway of advanced organisms. 

As such, the designed antibiotic must target only the intended enzymes. 
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4.1 Rationale For Using 'k2-~abelled Lysine 

The retention of an intact C4 unit in the catabolism of L-lysine to butyrate 

by F. nucleatum and F. varhm suggests that the Cs lysine molecule must be 

cleaved into distinctive C2 and C4 units. which can lead directly to acetate and 

butyrate, respectively. In order to produce both C2 and C4 units, lysine must be 

cleaved behnreen either atoms C-2 and C-3 or C-4 and C-5. These two possible 

bond cleavage locations were studied using ~-[2,3- '~~2]- and ~-[4,5-'~~~]1ysine, 

provided by Ross witherelLg2 D-Lysine samples with the same 13c2 labelling 

patterns were also provided to aid in the identification of the possibly separate 

pathways for the two lysine stereoisomers. 

The proposed pathway of ~4ysine catabolism in Clostridium species 

(Figure 6) suggests that butyrate is derived from C-3 to C-6 of the L-lysine 

backbone, while butyrate from D-lysine is derived from C-i to C-4 (Figure 7). As 

discussed in Chapter 1, the two pathways of lysine catabolism in F. nucleatum 

have been suggested to be similar to those proposed for Clostridium, but the 

available isotopic and enzymatic evidence is ambiguous. However, the two 

possible cleavage sites can be correctly and unambiguously distinguished using 

D- and L-lysine labelled with ' 3 ~ 2  at the C-ZC-3 and C4C-5 positions. The 

positions of the two 1 3 ~  labels were chosen because they are connected by a 

bond that is retained in one pathway and cleaved in the other pathway. Bond 

53 
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cleavage or retention can be observed by the absence or presence, respectively, 

of 1 3 ~ - ' 3 ~  coupling in the NMR spectra of the isolated Cbromophenacyl butyrate 

esters. Only a coupled '=c* unit indicates that bond cleavage has not occurred. 

The potential presence of a lysine racemase in F. nucleatum or F. varium 

can complicate the interpretation of results by catalyzing the interconversion of 

the D- and ~4sorners. The possible incorporations of a coupled 13c2 unit from 

lysine into butyrate are summarized in Table 7, and even with a racemase, a 

unique pattern of the retention of coupling from the four labelled lysine samples 

arises from each possible route or combination of routes of lysine catabolism. 

Table 7. Possible incorpontkns of a coupled 'kt unit from 
lysine into butyrate by L- and O-lysine pathways (Figure 6 and 7). 

Separate Separate O- and 
Labelled D- and L- 

L-Pathway and O-Pathway and L-Pathways and 

Lysine Pathways Racemase Racemase 
(Case #2) (Case #3) Racemase 

(Case $1 ) (Case #4) 

Intact incorporation of a coupled I3c2 unit 
X No intact incorporation of a coupled 13c2 unit 
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4.2 lsotopic and Enantiomeric Analysis of ')c? Lysine Samples 

The successful application of this approach requires specially labelled and 

enantiomerically pure lysine samples. However, 'H-NMR spectroscopy indicated 

that the provided [13~2]lysine samples were significantly less than the 99% 13c2 

enrichment expected,'* and a rigorous analysis was required before the sarnples 

could be used for the study of lysine catabolism. 

The lysine samples were analyzed by cation electrospray MS for isotopic 

en richmen t and by reversed-phased HPLC "91 using a triethylammonium 

phosphate buffer system for enantiomeric purity (Table 8). For enan tiomeric 

analysis, samples were derivatized with FDA reagent, and the disubstituted 

diastereomers (Figure 17) were separated by HPLC. Both of the 13~2-labelled L- 

lysine samples were detemined to be virtually enantiomerically pure (94998% L). 

The D-lysine samples, however, were roughly racemic mixtures. Sarnple HPLC 

chrornatograms for the analysis of L - [ ~ , ~ J ~ c ~ ] -  and 0-[4,5-'~~2]1ysine are shown 

in Figure 18. 

Table 8. Summary of O- and ~12,3-'~~l]lysine and [4,5-'3~2]lyslne analysis. 

lysine Sample % " ~ 2  a % D-isomer % L-isomer 

a Determined by MS; details provided in Table 9 
b Determined by HPLC; average of duplicate injections 
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F 
FDA 

O FDA derivative of D-lysine 

Figure 17. Oerivatization of lysine with FDA reagent. Lysine enantiomers are 
converted to disubstituted diastereomeric derivatives that can be separated by HPLC. 
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Figure 1 8. HPLC analysis of '3~2-labslled lysine. (A) L - [ ~ . ~ ' ~ c z ] -  and (B) ~-[4,5-'~~2]lysine. 
Peaks corresponding to the elution of the FDA derivatives of L- and O-lysine are marked L and Dl 
respectively. The mobile phase consisted of a gradient forrned between triethylammoniurn 
phosphate (50mM, pH 3) and acetonitrk2-propanol(4:l). 
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For the determination of l3c2 enrichment by MS, the four labelted samples 

along with a natural abundance L-lysine sample were dissolved in water and 

analyzed by cation electrospray MS. A natural abundance O-lysine free base 

sample was not available, but in principal, its MS behaviour should be identical to 

that of L-lysine. Parent ions were revealed at m/z = 147, 148, and 149 for the 

natural abundance samples, while the labelled samples exhibited increased peak 

intensities at m/z = 149. Portions of the mass spectra depicting the parent ions 

are presented in Figure 19, while the information used for the calculation of 

isotopic enrichments is provided in Table 9. 

Figure 19. MS analysis of '3~24abelled lysine. (A) Natural abundance L-lysine, (8) L-[2,3- 
"~dlysine. (C) ~- [4 ,5- '~~2] l~sine,  (D) ~-[2,3-'~~î]lysine. and (O) 0-[4,5-~~~2]l~sine. The portions of 
the mass spectra representing the parent ions are shown. 
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Table 9. MS determination of the enrichments of '3~2-labelled lysine. 

Relative Base Peak lntensities a 
Lysine Sample 96 Enrichment 

m/z=14f m/z=148 m/z=149 

Natural abundance 7.80 1 .O5 - L-lysine 

54.72 7 .O4 1 O0 
100 - (54.72~O.OlO5) xlOO = 64.3 

~ - [ 2 , 3 - ' ~ ~ ~ ] l ~ s i n e  
100 + 54.72 

38.77 6.92 1 O0 
1 O0 - (38.77~0.0105) wloo = 

~-[4.5-'~~z]lysine 
100 + 38.77 

81.86 8.22 100 
100 - (81.86~0.0105) xlOO = 54,5 

0- [2 ,3- '~~~] l~s ine  
100+81.86 

5.83 1 O0 
1 O0 - (47.68~0.0105) 

O. = 67.4 ~ - [4 ,5 - '~~~ ] l ys ine  47.68 
1 O0 + 47.68 

" Average of two injections 

The L-lysine samples were essentially enantiomerically pure and were 

determined to be approximately 64972% 13c2 enriched, suggesting that the 13c2 

labelling must exist in the L-isomers of the ~4ysine samples. An explanation for 

the low level of 13c2 obsewed is only up to speculation. Regardless, these L- 

lysine sarnples are suitable for feeding experirnents. 

On the other hand, the provided o-lysine samples were essentially 

racernic mixtures, with 47% and 55% O-lysine, and 13c2 enrichments of 55% and 

67%, respectively. Clearly, there is more 13c2 labelling available than the amount 

of D-isomers. Even if the enrichments of the ~isomers in the samples are 100%, 

there is SM excess 13cz, indicating that some of the ~4somers are also labelled. 
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Conversely, the L-isomers may be 100% labelted, while the ~ isomers  contain 

less labelling. Of course, in-between situations involving al1 combinations are 

also possible. Due to these complications, further analysis to determine the 

amount of 13c2 in each isomer is essential. 

4.2.1 Detailed Analysis of ~-[2,3-%2]- and ~-[4,5- '~~z]~ysine Samples 

The analysis of a single enantiomer in a racemic mixture is no? an 

uncomplicated procedure. The determined method of choice for the analysis 

involved derivatizing the samples with FDA reagent, separating the 

diastereomers by HPLC, collecting the corresponding peaks, removing most of 

the buffer components by column chromatography, followed by analysis of the 

separated diastereomers by anion electrospray MS. The triethylammonium 

phosphate HPLC buffer previously used for enantiomeric analysis was replaced 

with ammonium acetate4uoroa~etate~ which is more compatible with MS due to 

its higher volatility. In fact, the change of buffer system resulted in cleaner HPLC 

chrornatograms with a more stable baseline and an improved peak separation 

between the two diastereomers (Figure 18 and Figure 20). 

Prior to analyzing the '3~2-labelled O-lysine samples, the protocol was 

evaluated using a natural abundance, racemic lysine sample to show that the 

proper derivatives could be isolated. The sample was derivatized with FDA, and 

the diasteromers were separated on a larger scale by HPLC, cleaned by column 

chromatography, and analyzed by MS. 80th of the O- and ~4ysine derivatives 
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revealed parent ions at m/z = 649 (Figure 21 ). The presence of m/z = 649 ions 

not only shows that the protocol is adequate, but also that the peaks collected 

from the HPLC chromatograms were indeed the correct FDA-derivatized 

products (Figure 17). lsotopic enrichments were calculated from the m/z = 649 

and m/z = 651 peak intensities (Table 11). MS analysis was required, as 'H-NMR 

spectroscopy proved unsuccessful in determining the complex structure of the 

isolated derivatives; the combination of insufficient spectroscopic resolution and 

a large amount of aqueous buffer components relative to the small amount of 

sam ple did not produce interpretable spectra. 

Knowing that the procedure for separating and analyzing the 

diastereorners is able to the provide molecular masses of the FDA derivatives, 

the two '3~2-labelled D-lysine samples were derivatized and separated by HPLC 

for MS analysis. The separated diastereomers, pooled from many HPLC 

injections, were re-analyzed by HPLC to detemine the efficiency of the 

separation process. A summary of the analyses is provided in Table 10. The 

separation procedures via HPLC were over 98% efficient, indicating that the 

collected peaks were sufficiently enantiomerîcally pure for MS analysis. HPLC 

chromatograms of the separated FDA-derivatives are shown in Figure 20. 
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Table 10. Summary of rigorous o.p,3-%~- and 0-[4,5(~~dlysirte analysis. 

Separated FDA Separated FDA 
Lysine Sample Derivative of L -Lysine Derivative of O-Lysine 

% 13c2 a % L-isomer % 13cî a % D-isomer 

a Detennined by MS: details provided in Table 11 
Detennined by HPLC 

The enantiomerically pure FDA derivatives were analyzed by MS for the 

presence of m/z = 651, corresponding to '3~2-enriched species. The '%2 

enrichments determined for the ~- [2,3- '~~2]-  and ~-[4,5-'~~2]lysine samples 

(Table 10) were calculated by comparing the relative ion peak intensities of m/z = 

651 to the intensities of m/z = 649, corresponding to the unlabelled species. The 

isotopic contribution of m/z = 649 to d z  = 651 was subtracted from the 

intensities of the m/z = 651 peak to provide an accurate determination of 13c2 

enrichrnents. Details are provided in Table 11, and relevant portions of the mass 

spectra are depicted in Figure 21. Enrichments calculated from the mass spectra 

of the separated derivatives correlate very weP with the data provided in Table 8; 

that is, the amount of each lysine enantiomer and its corresponding enrichment 

correlate with the total enrichment measured in underivatized lysine. For D-[2,3- 

'3~2]lysine, the calculated value of (46.9 x 0.966 + 53.1 x 0.120) = 51.7% is 

comparable to 54.5%. Similarly, for ~-[4,5-'~~2]lysine, the calculated value of 

(55.2 x 0.949 + 44.8 x 0.236) = 63.0 is close to 67.4%. 
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Figure 20. HPLC analysis of the separated FDA lysine derivatives. (A) FDA-o-lysine and (B) 
FDA-blysine from ~ ~ . 3 - ' ~ c t ] l y s i n e .  (C) FDA-O-lysine and (D) FDA-L-lysine from 0-[4.5 
13 C2]lysine. Peaks corresponding to the elution of the FDA derivatives of L- and D-lysine are 
rnarked L and D, respectively. The mobile phase consisted of a gradient formed between 
ammonium acetate-trifiuoroacetate (IOOmM, pH 3) and acetonitnle:2-propanol(4:l). 
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649 649 

Figure 21. MS analysis of the sepanted FDA lysine derivatives. Natural abundance (A) O- 
lysine and (B) L-lysine. (C) D-lysine and (D) L-lysine from 0-[2,3-'~~z]lysine. (E) D-Lysine and (F) 
L-lysine from ~-[4,5-'~~z]lysine. No fragmentation was observed under the conditions used. 

Unfortunately, the presence of 13cz enrichment in the large amounts of L- 

lysine in the ~ - [ 2 , 3 - ~ ~ 2 ] -  and ~- [4 ,5 - '~~~] lys ine  samples renders them unsuitable 

for use in feeding experiments, as it would defeat the original intentions of using 

s pecifically labelled and enantiomerically pure lysine. Only ~-[2,3-%d- and L- 

[4,5-'3~2]1ysine are çufficiently pure for studying lysine catabolisrn. 
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Table 11. MS detemination of enrichmonts in 
the separated FDA derivatives of O-~,3-"CJ- and ~+l,~-'~~Jlysine. 

Relative Base Peak lntensities a 
FDA derivative % 13c2 Enrichment 

m/z = 649 m/r = 650 m/z = 651 

Natural abundance 
L-lysine 

L-lysine from 
0-[2.3-'~~~]lysine 1 O0 

L-lysine from 
~- [4 ,5- '~~2] i~s ine  1 00 

Natural abundance 100 
D-lysine 

D-lysine frorn 
O-[2.3-"~zjlysine 3 .29 

O-lysine from 
~ - [ 4 , 5 - ' ~ ~ ~ ] 1 ~ s i n e  4.90 

a Average of two sets of scans; nd = not detected 

4.3 Catabolism of ~ - [ 2 , 3 - ' ~ ~ ~ ] -  and ~-[4,5-%2]~ysine 

For feeding experirnents, the level of 13c2 enrichment (65-72%) in the L- 

lysine samples is above the level required. It is crucial to minimize the level of 

enrichment in the feeding experiments such that the odds of the recombination of 

labelled acetate units to fom butyrate are rninimized, but the enrichment must 

also be maintained at detectable levels. Enrichrnents of 10-15% are 

acceptable, considering that the  lysine experiments were perfomied at 

10% 13c6 enrichment; i.e. three tirnes the total amount of 13c. That is, 
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enrichments of 10-15% 13c2 will have a smaller probability of labelled acetate 

recombination than enrichments of 10% 13c6. 

To obtain samples at a desired 10-15% 13c2 enrichment, the labelled L- 

lysine sarnples were converted to their dihydrochloride salts and diluted with 

unlabelled L-lysine dihidrochloride; exact enrichments were deterrnined by 13c- 

NMR spectroscopy (Table 12). Feeding experiments involving the isotopically 

diluted samples were performed with F. nucleatum and F. varium (Table 12), and 

the end products were isolated as the Cbromophenacyl esters of acetate and 

butyrate. 

Table 12. Distribution of "C in metabolic end-products after incubation 
of F. nucleatum and F. varium with L-[z~- '~c J- and ~+4,5-"~~lysine. 

13 C Enrichrnents in 4-bromophenacyl esters a 

b 

Acetate 13c Butyrate 

C-1 C-2 C-1 C-2 C-3 C 4  
Butyrate 

15 ~-[4.5-'~C2] F. 
(14.7) nucleatum 3.2 3.1 0.6 1.4 1.3 1 ,O 

17 ~-[2.3-%2] F. 
(1 4.8) nucleatum 2.6 2.3 4.7 3.0 1.6 1.9 

a A standard deviation of 0.1 was calculated from the peak heights of 
the natural abundance signals contributed by the denvatization reagent 
Lysine (1 O mM) was w-administered with unlabelled sodium acetate (10 mM) 
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By incubating '3~2-labelled L-lysine with Fusobactenum resuspensions and 

isolating the end-products as the 4-bromophenacyl esters of acetate and 

butyrate, it was possible to deduce the site of bond cleavage in L-lysine. Bond 

retention is indicated by the presence of ' 3 ~ - 1 3 ~  coupling, whereas bond 

cleavage results in a loss of the coupling. After ~-[4,5-~~~2]1ysine was 

administered to F. nucleatum (Table 12, Expt. 15), 4-bromophenacyl butyrate 

was isolated and analyzed by ' 3 ~ - ~ ~ ~  spectroscopy, revealing a 2,3-13c2 

labelling pattern (JCZC3 = 34.0 HZ) in the butyrate moiety. The 13c2 enrichment of 

5.4% clearly suggests that butyrate is derived from C-3 to C-6 of ~4ysine and that 

bond cleavage occured between C-2 and C-3 (Figure 6). Smatler incorporations 

of single label into each carbon of butyrate were also observed. 

A complementary experiment was perfoned with L-[2,3-'3~2]1ysine in F. 

nucleatum (Table 12, Expt. 17). Since the ~-[4,5-'~~2]lysine experiment produced 

a ' 3 ~ - 1  3~-coupled bu tyrate, the butyrate produced from ~-[2,3-' 3~z]lysine should 

not be a coupled unit provided either a racemase or the O-lysine pathway is 

absent (Table 7). Similar to the ~-[4,5-'~~~]1ysine experiments, '3~-labelled 

butyrate was isolated as the Cbromophenacyl ester. The 13c2 enrichment in 

butyrate was only 0.4%, significantly less than the 5.4% enrichment observed in 

the ~- [4 ,5- '~~~]1~s ine experiment (Table 12, Expt. 15) even though there was a 

higher initial level of 13c2 en richment in ~-[2,3-'~~$ysine compared to L-(4.5- 

'3~2]lysine. Hence, the results obtained from the ~-[2,3-'~~~]1ysine experiment 

validate those from the ~-[4,5-'~~~]lysine expen'rnent, and it can be suggested 



Chapter 4: Lysine Analysis and Catabolism 68 

that L-lysine in F. nucleatum is degraded via cleavage between C-2 and C-3 

(Figure 6). 

In F. varium, similar conclusions were obtained. Although, when L-[4,5- 

'3~2]lysine was administered to F, varium (Table 12, Expt. 16), the 13c2 

enrichment found in butyrate was lower (0.9%) than the enrichment produced by 

F. nucleatum (5.4%). Due to the low enrichment observed, it was difficult to 

suggest at this stage whether L-lysine catabolism in F. varium proceeds via 

cleavage between C-2 and C-3. However, it must also be considered that the 

interconversion of butyrate with acetate in F. varium (Table 4, Expt. 2) is greater 

than that in F. nucleaturn (Table 4, Expt. 1). The higher interconversion rate may 

explain the low ' 3 ~ 2  enrichment due to the loss of doubly labelled butyrate in the 

interconversion process. 

To provide a more conclusive result regarding the catabolism of L-lysine 

by F. varium, a complementary feeding experiment using ~-[2,3-'~~2]1~sine was 

performed (Table 12, Expt. 18). Similar to the ~-[2,3-'~C~]lysine experiment in F. 

nucleatum, the 13cz enrichment in butyrate was only 0.4%. This level of 

enrichment is still less than half of the enrichment obsewed in the L-[4,5- 

13~2]lysine experiment (Table 12, Expt. 16). The results obtained from L-[2,3- 

13~2]lysine complement those obtained from ~-[4,5-'~C~]lysine, and it can be 

suggested that L-lysine in F. varium is also degtaded via cleavage between C-2 

and C-3 (Figure 6). 
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Furthermore, the ~ - [ 2 ,3 - ' ~~~ ] l ~s i ne  experiments in both F. nucleatum and 

F. varium (Table 12, Expts. 17 and 18) provide another piece of evidence 

supporting cleavage between C-2 and C-3 that should not be overlooked. In the 

mixtures of singly 13~-labelled butyrates, there is significantly more [1-13c]- and 

[ ~ - ' ~ ~ ] b u t y r a t e  than [3-13c]- and [4-%]butyrate. An interpretation of these results 

supporting cleavage between C-2 and C-3 (Figure 6) is presented in Figure 22. 

COAS \ 1 3 y + k /  6 

Figure 22. Degradation of L-[2,3- lysine via cleavage 
between C-2 and C-3 to yield [I-'~c]- and (2-13c]butyrate. 
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The higher arnounts of [I-'~c]- and (2-%]- compared to [3-t3~]- and (4- 

'3~]-labelled butyrate suggest that Mysine cleavage occun via the steps shown 

in Figure 22. The smaller quantities of I~-'~c]- and [4-'3~]butyrate are possibly 

due to the interconversion of the [l-13c]- and [2-'3~]butyrate with acetate, 

causing label scrambling when butyrate is reformed. 

It is also important to note that the catabolisrn of ~-[2,3-'~~~]lysine 

produces more [l-'3~]butyrate than [2-13~]butyrate. [ l - '3~]~utyrate is derived 

from crotonyl-CoA, while [2-13~]butyrate arises from acetoacetyl-CoA (Figure 22). 

As shown in Figure 1, fewer rnetabolic steps are needed to convert crotonyl-CoA 

to butyrate, accounting for the higher incorpration of label into C-1 of butyrate. On 

the other hand, it is metabolically simpler for acetoacetyl-CoA to interconvert with 

acetate and cause scrarnbling of the '3~-label. Furthermore, since the 

degradation of L-lysine via a Ce intermediate is achieved by the addition of acetyl- 

CoA, acetyl-CoA must be regenerated by the cleavage of acetoacetyl-CoA into 

acetyl-CoA, which further encourages label scrambling. 

As a package, the '3~2-labelled L-lysine experiments (Table 12) 

demonstrate that the degradation of L-lysine by F. nucleatum and F. varium 

occurs via a pathway similar to that found in the Clostridium species (Figure 6). 

Unambiguous isotopic evidence has revealed the presence an uncornmon Ca 

intermediate, found in the 3-keto-5-aminohexanoate pathway of L-lysine 

metabolism. 
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What remains to be studied, however, are the aspects of D-lysine 

catabolism and whether a lysine racemase is present in the two Fusobactenum 

species. Referring to Table 7, Case #3 and Case #4 have already been 

eliminated, leaving Case #1 and Case #2 to be distinguished by D-[z,~-'~c~]- and 

~- [4 ,5- '~~~] lys ine experiments. Enantiomerically pure '3~2-enriched D-lysine 

would have to be resynthesized. 

In terms of L-lysine, both the results from the universally and '3~~ labe l led  

lysine experiments indicate that F. nucleatum and F. varium degrade lysine by 

similar pa thways. This observation is rather striking , given the differences in the 

catabolism of glutamate and histidine observed between the hrvo organisms. 

However, because the isotopic results indicate similar lysine pathways does not 

imply that the enzymatic steps are identical. What can be concluded, though, is 

that L-lysine is degraded to butyrate via C-2IC-3 cleavage, as found in the 

Clostridium s pecies . 
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The catabolism of the amino acids glutamate, histidine, and lysine by two 

Fusobacterium species were investigated in this study. Both isomen of the 

amino acids were catabolized, but the D-isomers were utilized slower than the 

corresponding L-amino acids. The lower rates observed may indicate the 

presence of amino acid racernases that convert the O-isomers to the L-isomers 

prior to degradation. Future studies to verify the presence of these racemases 

would be beneficial, as in general, racemases are not well characterized, 

especially amongst anaerobic bacteria. 

In principle. butyrate can be fomed from the three amino acids either 

directly from the amino acid as an intact four-carbon unit or from the combination 

of acetate derivatives. These two modes were investigated using isotopic 

labelling. In F. nucleatum, al1 three amino acids produced butyrate originating as 

an intact four-carbon unit, while in F. varium, this method of formation was 

observed only with lysine. The similarities observed in the catabolism of 

glutamate and histidine by both organisms support the theory that histidine is 

converted to glutamate prior to degradation. Histidine catabolism has not been 

explored in great detail in Fusobacterium. and further studies of its catabolism 

would be worthwhile. 

13 Finally, the catabolism of L-lysine into butyrate was investigated. C2- 

Labelled D- and ~4ysine samples were analyzed for isotopic enrichment and 

72 
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enantiomeric purity, and it was determined that only the L-lysine samples were 

sufficiently pure for use. The L-lysine backbone is deaved between atorns C-2 

and C-3 to form butyrate defived from atoms C-3 to C-6, supporting the 3,s- 

diaminohexanoate pathway of lysine catabolism. Future work should concentrate 

on investigating O-lysine catabolism and the enzymatic reactions associated with 

the catabolism of both lysine stereoisomers. 
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6.1 General Methods 

All chemicals were purchased commercially and used without further 

purification unless othewise indicated. Spectrophotometric measurernents were 

performed in 1-cm quartz cuvettes on a Hewlett Packard 8452A diode array 

spectrophotometer. Except during inoculation, al1 manipulations of cells were 

performed in oxygen-reduced environments in an anaerobic g love bag that had 

been purged with nitrogen. PBS was made anaerobic by repeated cycles of 

evacuating and pressurizing with H2:C02:N2 (1 0:1 O:8O v/v) and consisted of 138 

mM NaCI, 2.7 mM KCI, 5 mM sodium hydrogen phosphate, and 5 mM sodium 

dihydrogen phosphate; the pH of the solution was adjusted to 7.4 with 0.5 M 

NaOH. NMR spectra were collected on Bruker AC 250F ('H at 250 MHz and 13c 

at 62.9 MHz) and AMX 400 (13c af 100.6 MHz) spectrometers. All FID data were 

processed in Bruker WinNMR. Chemical shifts were calibrated using CDC13 (6 = 

77.0 ppm) or HOD (6 = 4.8 ppm) and are reported relative to tetramethylsilane. 

The HPLC system consisted of two Beckman llOB pumps, a Beckman 340 

gradient mixer with a 21 0A injector, a Beckman 157 fluorescence detector with 

excitation (305-395 nm) and emission (420-650 nm) filters, and an HP 1050 UV 

detector. A Micromass VG Quattro mass spectrometer was used for the 

acquisition of mass spectra under electrospray ionization. 
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6.2 Growth of F. nucleatum and F. varium 

F. nucleatum (ATCC 25586) and F. varium (NCTC 10560) were 

subcultured at weekly intervals and maintained at 37 O C  on sheep-blood agar 

plates (Queen Elizabeth II Health Sciences Centre, Halifax, NS, Canada) in 

anaerobic jars (Oxoid, Unipath Inc., Nepean, ON, Canada) equipped with active 

palladium catalyst and filled with a H2:C02:N2 (10:10:80 vlv) atmosphere. 

Peptone medium containing (per litre) 0.8 g of ~~cysteine hydrochloride and 5.0 g 

each of sodium chloride, O-glucose, trypticase peptone (BBL, Becton Dickinson 

and Co.. Cockeysville, MD, USA), yeast extract (Difco Laboratories, Detroit, MI, 

USA). and proteose peptone (Difco Laboratories) was adjusted to pH 7.4 with 5 

M NaOH and autoclaved. A loopful of F. nucleatum or F. varium cells grown on a 

sheep-blood agar plate for 48 h were transferred into peptone medium (10-20 

mL) and incubated at 37°C in anaerobic jars; aftei 24-48 h, 10 mL of the culture 

was used to inoculate one litre of peptone medium. Cultures were harvested in 

late-exponential growth phase (ODsso = 1 .O after accounting for two-fold dilution; 

incubation in anaerobic jars at 37 O C  for 20-24 h for F. nucleatum or 12-14 h for 

F. varium) by centrifugation (10 000 g, 10 min, 37 O C )  in sealed O-ring centrifuge 

bottles. The pellet was resuspended and washed with anaerobic PBS solution 

(25 mL) and centrifuged, yielding 3-4 g of wet cell mass per litre of culture. 
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6.3 Determination of Amino Acid Utilization by HPLC and 

Identification of Acidic Metabolic End-Products by 'H-NMR 

Late-log-phase cells frorn 500 mL of liquid culture were divided into equal 

portions and each resuspended in PBS solution (25 mL). One portion was 

supplemented with an ~ s m i n o  acid (10 mM), and the other portion with the D- 

isomer of the corresponding amino acid (10 mM). After fiushing with three cycles 

of evacuating and pressurizing with H2:C02:N2 (1 0: 1 O:8O vlv), the resuspensions 

were incubated at 37 O C  with gentle agitation (100 rpm). 

HPL C determination of amino acid utilization. At va rious times, sam ples 

(0.5 m l )  were removed anaerobically with a syringe and centrifuged (15 400 g, 1 

min). Supernatants were stored at -20 O C  until ready for use. Supernatants (20 

PL) diluted with water (1.98 mL) were derivatized using o-phthalaldehyde and 

mercaptoethanol, and the isoindole derivatives were separated on a Beckman 

ODS Ultrasphere column (5 pm, 45 x 4.6 mm). Gradients were forrned between 

sodium acetate (pH 6.2):methanol:THF (900:95:5) and methanol.lg The following 

gradients (min, % methanol) were used for the respective amino acids: lysine 

(0.0, O; 0.5, 15; 3.0, 15; 3.3, 30; 4.3, 30; 4.5, 50; 6.3, 50; 7.0, 100; 7.5, O), 

glutamate (0.0, 0; 0.5, I O ;  1.5, 10; 2.0, 45; 3.0, 45; 4.0, 100; 4.5, 100; 5.0, IOO), 

and histidine (0.0, 0; 0.5, 15; 2.0, 15; 3.0, 50; 3.8, 50; 4.8, 100; 5.0, 0). Residual 

amino acid concentrations (expressed as %) were calculated by compafing the 

peak area of the amino acid at various times to that measured initially; triplkate 

injections have demonstrated that the standard deviation is less than 2%. 
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ldentifcation of acidic metabolic end-products by 'H-NMR. Samples (10 

mL) for 'H-NMR analysis were centrifuged (10 000 g, 15 min, 4°C); the 

supernatants were titrated to pH 10 with 5-M NaOH and evaporated to dryness in 

vacuo. Portions (0.1 g) of the residues were dissolved in D20 (1 mL) for the 

acquisition of 'H-NMR spectra. Samples were spiked with authentic compounds 

(1-2 mg) to confirm the identity of the metabolic end-products acetate (6 (ppm): 

1 -91, butyrate [6 (ppm): 0.9 (t, J = 7.3 Hz, 3H), 1.5-1.6 (m, ZH), 2.2 (1, J = 7.3 Hz, 

2H)], formate [6 (ppm): 8.6 (s)], and the residual substrates. The relative amounts 

of the amino acid and the end-products were calculated using the integrated 

areas of the NMR signais. 

6.4 Determination of Substrate Utilization and Identification of Acidic 

Metabolic End-Products by 'HNMR 

Feeding experiments involving substrates (Tables 2 and 3) other than 

stereoisomers amino acids were performed similar to Section 6.3. Late-log-phase 

cells from 250 mL of liquid culture were resuspended in PBS solution (25 mL) 

supplemented with various substrates. After flushing with three cycles of 

evacuating and pressurizing with H2:C02:N2 (1 0:10:80 vlv), the resuspensions 

were incubated at 37 OC with gentle agitation (100 rpm) for 2.5 h. At the end of 

the incubation period, resuspensions were as per Section 6.3 for NMR analysis. 
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6.5 Catabolism of 13~-~abelled Substrates 

Sodium [l ,2-13~z]acetate (99% %), sodium [~- '~~]butyrate (99% 13c), L- 

[~ - '~~~ ]g lu ta rna te  (97098% 13c),  glutarn h histidine (97.98% 13c), and L-[U- 

'3~6]lysine (97-98% I3c) were obtained from Cambridge Isotope Laboratories 

(Andover, MA, USA), and L-[l-13~]-glutamate (99% 13c) was acquired from 

ClDlN Isotopes Inc. (Vaudreuil, QC, Canada). Labelled compounds were diluted 

to the desired enrichment levels before use. 

Late-log-phase cells from 500 mL of liquid culture were resuspended in 

PBS solution (50 mL) supplemented with substrates; details are provided in 

Tables 4, 5,  and 6. The resuspensions were incubated in anaerobic jars at 37°C 

with gen tle agitation (1 00 rpm). Atl resuspensions containing 13~-labelled 

substrates were incubated for 2.5 h except for the following: Mysine with F. 

nucleatum, 5.0 h;  histidine with F. varium, 24 h; and de histidine with F. 

nucleatum, 8.0 h. The resuspensions were centrifuged; the supematants were 

titrated to pH 10 with NaOH and freeze-dried to yield a residue containing the 

sodium salts of the acidic end-products. 

6.6 Determination of 13c Enrichments in Acetate and Butyrate 

Preparation and separation of Cbrornophenacyl acetate and butyrate. In 

the 10 mM sodium acetate and butyrate experiments, the residue was combined 

with Cbrornophenacyl bromide (0.40 g) and dicyclohexano-18-crown-6 (30 mg) 

and refluxed in acetonitrile (35 mL). For the 100 mM sodium acetate 
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experiments, the components were increased to 1.70 g, 130 mg, and 100 mL, 

respectively. The reaction mixture was refluxed and monitored by TLC (silica gel, 

dichlorornethane) for the formation of 4-brornophenacyl acetate (Rf 0.4) and 4- 

bromophenacyl butyrate (Rf 0.7). When the relative intensities of the esters and 

excess Cbromophenacyl bromide (Rf 0.8) became constant after 5-1 0 h, the 

reaction mixture was filtered through sintered glass and washed with acetonitrile 

(4 x 10 mL), and the filtrate was evaporated in vacuo. The oily residue was 

dissolved in a minimal amount (10-15 mL) of carbon tetrachloride and loaded 

onto a dry, Rash chromatography column (1 5 g) prepared from silica gel (Aldrich, 

70-230 mesh, 60 A, previously dned for 1 h at 100 OC and cooled overnight in a 

desiccator). The column was eluted by stepwise gradients of 

dichloromethane:cyclohexane, ranging from 30 to 60% dichloromethane (vlv). 

Fractions (20 mL) were collected and analyzed by TLC; those visibly containing 

only the acetate or butyrate 4-bromophenacyl esters were pooled separately and 

evaporated in vacuo. Depending on the efficiency of the separation, 20-100 mg 

of each ester were obtained. 

lsotopic analysis by NMR. The Cbromophenacy l derivatives were 

dissolved in CDCJ3 (1 mL), and '%-NMR spectra were acquired at 62.9 MHz 

using standard Bruker acquisition parameters that included a 15.6 k spectral 

window, 32 k data points, and delay time (Dl) of 2 S. Typically, 360-9600 scans 

were acquired, depending on the amount of sample available. FID data were 

processed with a line broadening of 3 Hz. Spectra for natural abundance 
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samples were acquired immediately following the acquisition of the 

corresponding 13~-enriched spectra to minimize any variation in the acquisition 

conditions. The percent 13~-enrichments were calculated from the heights of the 

acetate (20.6 and 170.4 ppm) and the butyrate signals (13.6, 18.4, 35.7. and 

173.0 ppm) as de~cr ibed,~~ and a standard deviation of 0.1% in the enrichrnents 

was calculated from the peak heights of the natural abundance signals 

contributed by the derivatization reagent. 

For the measurement of two- and three-bond 1 3 ~ - 1 3 ~  coupling, 1 3 ~ - ~ ~ ~  

spectra were acquired at 100.6 MHz using a 30.5 k spectral window, 128 k data 

points, and a delay time (Dl) of 2 S. Typically, 250-18500 scans were acquired. 

F1D data were processed with a line broadening of -0.75 Hz. 

6.7 Analysis of [13~2]~ysine 

The provided lysine samplesg2 were analyzed for enantiomeric purity and 

isotopic enrichment. 

6.7.1 Quantitative Enantiomeric Analysis of Lysine by FDA-HPLC 

The enantiomeric analysis of lysine by HPLC was performed according to 

published pro ce dure^^^^^ with various modifications to accommodate differences 

in the equipment. 

Preparation of FDA-derivatives for HPL C analysis. Lysine sam ples were 

dissolved in water (5.5 pmol per 1000 PL). FDA reagent was prepared by 
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dissolving 3.6 pmol FDA in 1000 PL acetonitri1e:acetone (4:l). The derivatization 

mixture was prepared by combining 8 pL of the lysine solution with 1.3 pL water, 

14 pl acetonitrile, 4.7 pL triethylamine, and 40 PL FDA reagent. The molar ratio 

of F DA to lysine was 2.8: 1 .O to accommodate for the presence of two reactive 

amino groups in lysine and also have excess FDA remaining. The reaction 

mixture was placed into a reaction vial, capped, and incubated at 50 OC for 2 h. 

Afler the incubation, the mixture was evaporated to dryness in a vacuum 

desiccator, and the orange residue was dissolved in 250-500 PL 

dimethylsulfoxide. 

Analysis of FDA derivatives by HPLC. Diastereomeric FDA derivatives of 

O- and L-lysine in the dimethylsulfoxide solution were separated on a CSC 

Spherisorb ODS2 column (15 cm x 0.46 cm, 5 pm) at a flow rate of 2.50 mumin 

using a gradient established between triethylammonium phosphate (50 mM, pH 

3.0) and acetonitrile:2-propanol (4:1 vh).  The following gradient (min, % 

acetonitrile:2-propanol) was used for the analysis: 0.0, 0; 7.2, 20; 24.0, 36; 25.0, 

100; 27.0, 100; 28.5, 0; 30.0, 0. Elution was monitored by UV absorption at 338 

nm using a reference of 500 nm, with band widths of 10 nm and 80 nm, 

respectively. 

Calculation of response factors. Oifferences in the response of the 

detector to the two diastereomers required a correction factor to be introduced. A 

standard mixture D- and L-lysine was derivatized and injected in tripkate. 

Response factors were calculated by comparing the average peak areas of the 
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two resolved D- and L-lysine derivatives, corrected for the known ratio of D- and L- 

lysine in the standard mixture. The response of the FDA derivative of d lysine is 

typically 10% greater than that of the L-lysine derivative. 

Determination of enantiorneric ratio in unknown lysine samples. Sam ples 

were prepared, derivatized, and injected in duplicate. The peak areas of the 

resolved diastereumers were corrected by the previously calculated response 

factor. The ratio of the corrected areas represented the ratio of O- and ~4ysine. 

6.7.2 MS Analysis of Lysine for 13c2 Enrichment 

Lysine samples (1 mg) were dissolved in water (1 mL), and 5 pL portions 

were injected into the mass spectrometer operating in cation electrospray mode 

at a cone voltage of 20 V and a scan range of m/z = 20-200. Natural abundance 

lysine samples were detected via an ion peak at mlz = 147, with no isotopic 

contribution to m/z = 149. Lysine samples containing 13c2 enrichment produced 

signals at both m/z = 147 and mh = 149. The % 13c2 enrichment was calculated 

from the intensities of the m/z = 147 and m/z = 149 peaks; details are provided in 

Table 9. 

6.7.3 Preparative-Scale Preparation, Separation, and Analysis of the 

FDA derivatives of 0-[2,3-%+ and 0-[4,5-%~]~ysine 

Due to the lack of enantiorneric purity and low l3c2 enrichment of the hnro 

'3~Clabelled D-lysine samples (Table IO), each enantiomer in both mixtures were 
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converted to diastereomers using FDA, separated by HPLC, and analyzed by MS 

in order to determine the exact I3c2 enrichment of each enantiomer. 

6.7.3.1 Preparation of the FDA derivatives 

Lysine (1 mg) of approximately racemic mixture, either natural abundance 

or 13~2-enriched, was dissolved in 400 pL water. FDA reagent, prepared by 

combining 1400 PL acetonitri1e:acetone (4:1 vlv), 5.6 mg FDA, and 50 pL 

triethylamine, was added to the lysine solution. The mixture was placed in a 

capped reaction via1 and incubated at 50 O C  for 3 h. At the end of the incubation 

period, the mixture was dried in a vacuum desiccator and redissolved in 250 PL 

dimet h ylsulfoxide for subsequent separation by HPLC. 

6.7.3.2 Separation of FDA derivatives of Lysine by HPLC 

HPLC conditions. Diastereomeric derivatives were separated on a CSC 

Spherisorb ODS2 column (15 cm x 0.46 cm, 5 pm) at a flow rate of 2.50 mUrnin 

on a gradient established between two solvents, A and B. Solvent A was 

prepared by adjusting 100 mM ammonium acetate to pH 3 with trifiuoroacetic 

acid, while solvent B consisted of acetonitrile:2propanol (4:l v/v). The following 

gradient (min, % B) was used for the separation of the two diastereomers: 0.0, 0; 

2.5, 20; 20.0, 36; 21.5, 100; 22.5, 100; 23.5, 0; 25.0, 0. Elution was monitored by 

UV absorption at 338 nm using a reference of 500 nm, with band widths of 10 nm 

and 80 nm. respectively. 
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Collection of separated derivatives. A portion (20 PL) of the 

dimethylsulfoxide solution was injected and monitored for derivative elution. The 

two peaks representing the two diastereorneric derivatives were collected from 

the tubing after they eluted from the column and through the UV detector. 

Approximately 2-3 mL were collected from each peak. Retention times were 

approximately 14 min and 17 min for the derivatives of L- and O-lysine, 

respectively. Twelve injections were required to process the 250 pL of solution; 

after the last injection, the sarnple via1 was washed three times with 20 pL 

dimethylsulfoxide each, injecting the washing after each wash. Collected peaks 

corresponding to each diastereomer were pooled separately and evaporated in 

vacuo until approximately 10 mL of liquid remained, producing a cloudy yellow 

solution. 

Removal of the bufer system from the separated derivatives. Each 

solution of separated derivatives was diluted with 25 mL water:acetonitrile (4:l 

VIV) in a flask, after which most of the cloudiness disappeared. A few yellow 

flakes remained in suspension. The solution was adjusted to pH 1.5-2.0 with 

trifiuoroacetic acid and loaded under vacuum ont0 a Fisher Ci8 Prep-Sep column 

that had been previously conditioned with methanol and rinsed with water. At a 

low pH, the derivative is presumably in its neutral form, enhancing adherence to 

the hydrophobic column. The flask was rinsed with 10 m l  water:acetonitrile (4:l 

v/v), and its contents adjusted to pH 1.5-2.0 with trifluoroacetic acid and then also 

loaded ont0 the column. The column was washed under vacuum with two 5 mL 
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portions of water, discarding the washings. The yellow residue, which remained 

on the column, was eluted with 10 mL triethylamine:acetonitrile:water (2:49:29) 

and collected. The high pH presumably ionizes the derivative to promote elution 

and increase solubility, and it also dissolved the yellow flakes remaining at the 

surface of the column frit. The sample was evaporated to dryness in a vacuum 

desiccator, yielding a brilliant yellow flaky residue containing presumably one 

pure diastereomer and a minimal amount of the ammonium acetate-fluoroacetate 

buffer system. 

6.7.3.3 Analysis of the Separated and Cleaned FDA derivatives by MS 

The sold residues were dissolved in 60 pL triethylamine:acetonitrile:water 

(2:3:3); the triethylamine improves solubility and enhances sample ionization in 

the mass spectrometer. After diluting the sarnples with 200 pL acetonitri1e:water 

(1:1 vIv), the solvent system used with the mass spectrorneter, approximately 5 

PL were injected. Conditions for the instrument, operating in anion electrospray 

mode, included a cone voltage of 10 V and a scan range of m/r = 550-700. Ion 

peaks were observed at m/z = 649 and m/z = 651, corresponding to unenriched 

and 13crenriched species, respectively. Details and calculations of I3c2 

enrichment are provided in Table 1 1. 
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6.7.3.4 Assessrnent of the Diasteieomeric Purity of the Separated FDA 

Derivatives 

Ideally, the derivatives used for MS analysis (Section 6.7.3.3) should 

contain only one diastereomer, i.e. the FDA derivative of either L- or O-lysine. The 

diastereomeric purity depended on the efficiency of the HPLC separation 

(Section 6.7.3.2), which theoretically should have been very effective. 

Nonetheless, the samples used for MS analysis, representative of the pooled 

HPLC separations, were re-analyzed by HPLC. 

From each of the samples analyzed by MS, approximately 0.5 pL were 

removed, transferred to a test tube, and dried in a vacuum desiccator. 

Dimethylsulfoxide (25 PL) was added to dissolve the residue, and 20 pL of the 

solution was injected into the HPLC instrument. Conditions were identical with 

those used in the original separation (Section 6.7.3.2). The diastereomeric purity 

was estimated from the peak areas to be greater than 98% or 99%, indicating 

that the original preparative-scale separation was efficient. 

6.8 Dilution of 13c Enrichments in L=[~ ,~ - '~cJ-  and ~ = [ 4 , 5 - ' ~ ~ ~ ~ y s i n e  

Preparation of dihydrochloride salts. Once the enantiomeric purities of the 

provided '3~2-labelled lysine samplesg2 were deterrnined, the two ~4ysine free 

base samples were converted to their respective dihydrochloride salts; the o- 

lysine samples were not processed due to their near-racemic purity. The L-lysine 

samples were dissolved in water and titrated with HCI to pH 2.2, the pKa2 of 
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lysine. The total volume of HCI required to reach pH 2.2 is representative of 1.5 

equivalents. An additional 0.7 equivalents were added, providing a molar ratio of 

HC1:lysine of 2.2:l to include some excess HCI. The flask contents were 

evaporated to dryness in vacuo to remove excess HCI, and the residue was 

dissolved in H20 and freeze dried. Approximately 130-160 mg of lysine 

di hydrochloride were recovered. 

lsotopic dilution and analysis of the dhydrochloride salts. Each of the 

labelled lysine dihydrochloride samples was combined with unenriched ~4ysine 

dihydrochloride to yield a total of 0.50 mm01 L-lysine (50 mL of a 10 mM solution 

at 1045% I3c2 enrichment required for each feeding experiment). Typically. 25 

mg of the labelled material was combined with 80 mg of unlabelled lysine. To 

determine the exact l3c2 enrichment. the isotopically diluted samples above were 

each dissolved in D20 (2 mL) and thoroughly rnixed. Portions (1 mL) of each 

solution (1 mL) were removed for 1 3 ~ - ~ ~ ~  analysis at 62.9 MHz. A natural 

abundance sample of lysine dihydrochloride (50 mg in 1 mL D20) was also 

analyzed. The labelled samples displayed h o  sets of doublets corresponding to 

atoms C-2 and C-3 or C-4 and C-5 of lysine. Similar to the analysis of 13c- 

enrichments in Cbromophenacyl esters of acetate or butyrate, the unlabelled 

atoms of the lysine moiety were used for the normalization and calculation of 13c- 

enrichments. Typical '3~Tenrichments in the diluted sarnples were approximately 

13-1 5%. 
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6.9 L=(~ ,~-"CJ-  and ~-[4,5-%~~ysine Feeding Experiments 

The 13~2-enriched lysine solutions (Section 6.9) were freeze dried to 

remove the D20 and redissolved in 50 mL anaerobic PBS containing 10 mM 

sodium acetate. 

Feeding experiments were performed as per Section 6.5. Briefly, late-log- 

phase cells from 500 mL of liquid culture were resuspended with the lysine and 

acetate PBS solutions prepared above. The resuspensions were incubated in 

anaerobic jars at 37'C and 100 rpm for 5.0 h (F. nucleatum) or 3.0 h (F. vanum). 

The resuspensions were centrifuged, and the supernatants were titrated to pH 10 

with NaOH and freeze-dried. The residue was derivatized as per Section 6.6 for 

analysis of isotopic enrichments. 
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