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Abstract

Scientific appreciation for the subtlety of brain sulfur chemistry has lagged, despite understanding 

that the brain must maintain high glutathione (GSH) to protect against oxidative stress in tissue 

that has both a high rate of oxidative respiration and a high content of oxidation-prone 

polyunsaturated fatty acids. In fact, the brain was long thought to lack a complete transsulfuration 

pathway (TSP) for cysteine synthesis. It is now clear that not only does the brain possess a 

functional TSP, but brain TSP enzymes catalyze a rich array of alternative reactions that generate 

novel species including the gasotransmitter hydrogen sulfide (H2S) and the atypical amino acid 

lanthionine (Lan). Moreover, TSP intermediates can be converted to unusual cyclic ketimines via 

transamination. Cell-penetrating derivatives of one such compound, lanthionine ketimine (LK), 

have potent anti-oxidant, neuroprotective, neurotrophic and anti-neuroinflammatory actions and 

mitigate diverse neurodegenerative conditions in preclinical rodent models. This review will 

explore the source and function of alternative TSP products, and lanthionine-derived metabolites 

in particular. The known biological origins of lanthionine and its ketimine metabolite will be 

described in detail and placed in context with recent discoveries of a GSH- and LK-binding brain 

protein called LanCL1 that is proving essential for neuronal antioxidant defense; and a related 

LanCL2 homolog now implicated in immune sensing and cell fate determinations. The review will 

explore possible endogenous functions of lanthionine metabolites and will discuss the therapeutic 

potential of lanthionine ketimine derivatives for mitigating diverse neurological conditions 

including Alzheimer’s disease, stroke, motor neuron disease and glioma.
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Introduction

The mammalian transsulfuration pathway (TSP) is a well-known conduit for salvaging 

reduced sulfur from the folate cycle and incorporating it into cysteine, an essential precursor 

for the ubiquitous intracellular reducing agent, glutathione [1]. As such, the TSP has been 

long appreciated for its importance in redox biochemistry and antioxidant defense. In recent 

years the TSP has begun to receive renewed research interest because TSP enzymes have 

been discovered to exhibit promiscuous activities that result in the generation of the 

antioxidant and gasotransmitter, hydrogen sulfide (H2S) [2–4] as well as lanthionine 

metabolites that have their own inherent neuroprotective and neurotrophic properties [5]. 

Moreover, TSP products have been associated with improved longevity in species ranging 

from C. elegans [6] to Drosophila [7] to long-lived Dwarf mice [8]. TSP activity is required 

for the longevity-promoting effects of dietary restriction in Drosophila [7], and loss of 

activity can accelerate senescence of human cells [9]. In the aging human brain, TSP might 

be particularly vulnerable due to the relatively high brain demand for reduced sulfur 

combined with low inherent activity of neural TSP enzymes and chronic deficiency of B-

complex vitamins essential to proper functioning of the folate cycle and TSP [10]. Indeed, 

dementia and Alzheimer’s disease risk increase strongly with high circulating homocysteine 

(hCys) – a marker for either impairment of the folate cycle or insufficient sulfur flux through 

the TSP [10–12].

The purpose of this review is to highlight aspects of TSP function that are typically omitted 

from basic biochemistry texts but which are now becoming appreciated for their potential 

biomedical importance. The review will emphasize alternative functions of TSP enzymes, 

with particular attention to TSP-mediated production of H2S and lanthionine. Emerging 

importance of the lanthionine ketimine metabolite will be presented in relation to its possible 

natural roles and its therapeutic potential in neurodegenerative disease. New hypotheses will 

be proposed for mechanisms underlying hCys association with age-related vascular and 

cognitive impairment. Gaps in our current knowledge concerning mechanisms of redox TSP 

regulation and switching between classical vs. alternative TSP functions will be indicated 

along with suggested directions for future research.

The classic transsulfuration pathway: A means to decrease neurotoxic 

homocysteine concentration while salvaging sulfur to maintain adequate 

glutathione concentration and redox buffering capacity

In mammalian biochemistry, the classic transsulfuration pathway (TSP; Fig. 1) is a well-

known metabolic conduit that accepts homocysteine (hCys), a side product from the folate 

cycle, for the regeneration of useful cysteine [1,13]. Sometimes the mammalian TSP is 

referred to as the reverse TSP, to contrast with the situation in yeast and bacteria wherein 
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cysteine is a precursor for conversion to methionine [14]. For simplicity, the mammalian 

pathway from hCys to Cys will be referred to herein as the TSP or classic TSP.

The TSP serves two important purposes. First, it consumes hCys which is not proteogenic 

and is, in fact, a neurotoxin that allosterically activates the NMDA receptor leading to 

exacerbated glutamatergic signaling and downstream oxidative stress [15–16]. Indeed, 

elevated hCys is a well-known risk factor for both dementia and Parkinsonism [17]. Second, 

the TSP regenerates useful cysteine which can be incorporated into proteins or the 

ubiquitous cellular reductant, glutathione (GSH). In the mammalian brain, most cysteine 

derives from reduction of cystine imported by the Xc
− cystine-glutamate exchanger but a 

significant amount of astrocytic cysteine is generated through TSP [18–19].

The classic TSP consists of two enzymatic steps, each catalyzed by a different pyridoxal 5′-

phosphate (PLP, or vitamin B6)-dependent enzyme. In the first committed step, 

cystathionine-β-synthase (CβS; L-serine hydro-lyase; EC 4.2.1.22), catalyzes a beta-

replacement reaction whereby the hydroxyl group of L-serine (Ser) is displaced by L-

homocysteine (hCys) to yield cystathionine (Ser + hCys → cystathionine; Fig. 1) [1,4]. 

Amongst the PLP enzymes, eukaryotic CβS is unique in that it possesses a heme cofactor 

which is likely important in redox regulation [20–21]. Reduction of CβS to the ferrous state 

causes a 50% loss of activity that can be reversed by oxidation with ferricyanide, confirming 

the redox-sensitive regulation of this enzyme [22]. Reaction of the heme with endogenous 

CO likely occurs, and regulates the classic function of CβS [23] but the implications to 

variant CβS enzymologies such as those leading to lanthionine formation have not been 

explored.

Cystathionine serves as substrate for a second PLP-catalyzed reaction catalyzed by 

cystathionine-γ-lyase (CγL; L-cystathionine cysteine-lyase; CSE; EC 4.4.1.1). CγL catalyzes 

a β,γ-elimination replacement reaction unique amongst PLP-dependent enzymes, ultimately 

consuming cystathionine to yield cysteine (Cys), α-ketobutyrate, and ammonia (Fig. 1) 

[1,13,24].

The existence of a complete brain TSP was long doubted because brain CγL is very low and 

brain cystathionine is present at higher concentrations than in other organs [18,25]. 

Nonetheless, Bannerjee and colleagues have clearly demonstrated the presence of a 

functional TSP in human neurons and astrocytes and mouse brain organotypic preparations 

by incubating the cells with [35S] methionine and measuring radiolabeled glutathione [18]. 

Not only was glutathione synthesis sensitive to blockade at the CγL junction in these 

studies, but 40% of glutathione was depleted within 10h by CγL inhibition and this 

correlated with reduced cell viability under oxidative stress [18].

The classic TSP is known to be regulated at several levels. First, the committed step in TSP 

is regulated by substrate competition and allosteric feedback. Homocysteine also serves as 

substrate for transmethylation (remethylation) whereby hCys is converted back to 

methionine (Fig. 1). Methionine is convertible to the high-energy methyl donor, S-

adenosylmethionine (SAM) which is an allosteric activator of CβS capable of stimulating 

activity by approximately three-fold [1,19]. Thus when Met concentrations are high, excess 
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sulfur is channeled towards transsulfuration [19]. Second, Cys is a competitive inhibitor of 

CγL which may prevent accumulation of Cys to concentrations that would autoxidize to 

give excess cysteine [19,26]. Third, CβS and CγL are regulated at the expression level in 

various tissues though in vivo expression regulation in brain has been less well studied [26–

27]. CβS expression can be activated by glucocorticoids and inhibited by insulin in liver 

[28–29] and in astrocytes, the inflammatory cytokine TNFα as well as epidermal growth 

factor (EGF) and cAMP all upregulate CβS [30]. In isolated glioma cells and primary 

astrocytes, CγL is reported to increase following depletion of GSH by diethylmaleate, and 

other studies have found that oxidative stress imposed by treatment with tert-

butylhydroperoxide stimulates increased GSH synthesis via CγL upregulation [18–19,31]. 

These findings lead McBean to hypothesize that the astrocytic TSP may function in a 

reserve capacity that can be activated when Cys supply by the Xc
− system is limited or when 

oxidative stress is imposed [19]. Post-translational regulation of CβS and CγL cannot be 

excluded but has not been well-studied in the brain, with the exception that CβS is 

documented to undergo some degree of modification by sumoylation both in SH-SY5Y 

neuroblastoma cells and in vivo in brain resulting in nuclear localization [32].

Redox regulation of the TSP and regulation by binding other proteins, specifically 

lanthionine synthase-like protein-1 (LanCL1), represent important themes that are emerging 

from study of TSP function in the brain and these will be discussed separately below.

Catalytic promiscuity of cystathionine β-synthase and cystathionine-γ-

lyase: Imprecise enzymes or versatile mediators of alternative metabolic 

pathways that yield purposeful products?

PLP-dependent enzymes are well-known for their tendency to engage in promiscuous 

reaction chemistries. These enzymes can catalyze a diverse set of reactions including 

transamination, racemization, decarboxylation, elimination and replacements. Often the 

same enzyme can perform more than one class of reaction with alternative substrates [13]. 

The PLP-dependent TSP enzymes, CβS and CγL, are no exceptions [2,33]. For instance, in 

addition to the β– and γ–elimination reactions catalyzed by CβS and CγL described above, 

these two enzymes generate the important gasotransmitter hydrogen sulfide (H2S) by several 

mechanisms (Fig. 2) [3–4,24]. Chiefly, CβS generates H2S by β-replacement of cysteine by 

homocysteine [4]:

β-elimination (Cys → Ser) and condensation (2 Cys→ H2S + lanthionine) are quantitatively 

less significant [4]. CγL also can generate H2S from alternative reactions (Fig. 2) [24]:
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Under normophysiological hCys concentrations, CβS is estimated to generate up to 70% of 

total H2S production through the TSP [24]. However, mathematical models suggest that 

under conditions of hyperhomocysteinemia, CγL may be even more important to H2S 

generation than CβS [24]. H2S also may be produced endogenously from the 3-

mercaptopyruvate sulfotransferase (MST) catalyzed desulfuration of mercaptopyruvate 

(itself formed by the cysteine/aspartate-aminotransferase catalyzed reaction of cysteine and 

α-ketoglutarate) [3]. In this case, an MST-bound persulfide is formed which, in the presence 

of ambient reducing equivalents (particularly thioredoxin/thioredoxin reductase), releases 

H2S [3]. However, this is likely a very minor contribution to total H2S production relative to 

that of the TSP [3].

The emerging importance of H2S to redox biochemistry and pathophysiology is being 

treated elsewhere in excellent primary research and comprehensive reviews [3,34–35]. 

Suffice it to say that H2S is becoming widely appreciated for its natural roles in regulating 

critical biochemical pathways through reacting with oxidants, metals and thiol centers 

resulting in protein sulfhydration (formation of protein-S-SH adducts). Physiological 

ramifications include antioxidant effects, both direct and indirect; altered vasoactivity; 

neuromodulation through facilitation of hippocampal long-term potentiation (LTP); 

allosteric regulation of N-methyl D-aspartate (NMDA) receptors and their glutamatergic 

pathways; and induction of Ca2+ influx in astrocytes with significant downstream 

consequences [36]. In fairness, there are some valid arguments being put forth by Toohey 

and Cooper [37] that many biological roles now being ascribed to H2S based on in vitro 

H2S-generating systems are actually performed by sulfane sulfur (So). Further research to 

clarify this contention is warranted.

Given the presence of the unique heme center in CβS, a natural question arises as to whether 

H2S reaction with this prosthetic group affects CβS enzymology? Carballal et al. recently 

addressed this question and did not find evidence of an effect of exogenous H2S on classical 

CβS activity or heme binding [23], but a comprehensive study of this heme’s influence on 

alternative CβS chemistries (i.e. catalysis of reactions other than the classic conversion of 

Ser + hCys → cystathionine) has not yet been performed nor has the question been 

addressed under completely physiological conditions where other CβS-binding proteins such 

as LanCL1 (discussed below) could be important.

This brief consideration of H2S generation by TSP enzymes also makes clear that unusual 

amino acid products may also form through the normal, if underappreciated, biochemistries 

of CβS and CγL. As discussed above, free lanthionine (Lan) and homolanthionine (hLan) 

are byproducts of CγL-mediated H2S generation (Fig. 2) [4,24]. Additionally, free 

lanthionine can form as a product of alternative β-elimination wherein CβS catalyzes Cys 

(rather than hCys) reaction with Ser, in a reaction that would not generate H2S [24,38]:

Therefore free lanthionine and homolanthionine as well as cystathionine can be generated 

both through reaction pathways that generate H2S and other pathways that do not generate 

H2S, at least in vitro and in broken tissue preparations. Protein-bound lanthionine can be 
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generated as a post-translational modification (PTM) by a variety of chemistries including 

dehydration of phospho-amino acid residues or aminoacrylate addition to protein-SH [39] 

but these topics will not be treated in this review which focuses on small molecule 

metabolites rather than protein PTMs.

The degree to which these alternative sulfur amino acid products of Lan and hLan form in 

vivo remains to be fully elucidated. Likewise, the possible biochemical functions of these 

thioether amino acids are by no means settled. Like cystathionine, Lan can act as a substrate 

for CγL at least in vitro [4]. However, these thioethers may be routed out of the TSP and 

used as substrates by aminotransferases usually associated with the kynurenine pathway 

[5,40–43]. It is with the alternative TSP products, lanthionine and cystathionine, and their 

downstream metabolites that the remainder of this review will be concerned.

Cystathionine and alternative TSP products can yield cyclic thioether 

ketimines through transamination

In the 1980–1990s Dorianno Cavallini and colleagues reported that lanthionine (Lan) exists 

in mammalian brain at concentrations similar to that of folate cycle intermediates, and his 

group began a series of basic science projects aimed at uncovering unappreciated roles for 

this unusual thioether [40–46]. Cavallini and his contemporaries determined that lanthionine 

and cystathionine are viable substrates for transaminase enzymes. To date, the main 

transaminase invoked for LK synthesis is kynurenine aminotransferase (KAT; now known 

to be synonymous with glutamine transaminase-K (GTK) and cysteine conjugate β-lyase) 

[43] which usually is discussed in reference to tryptophan biochemistry [47–49]. Consistent 

with the theme of substrate flexibility inherent to PLP enzymes, GTK catalyzes 

transamination between a large number of amino acids and α-keto acids with the highest 

Vmax/Km value for glutamine but will also accept large neutral, aromatic or sulfur amino 

acids and kynurenine [42–43]. As a caveat it should be noted that lanthionine is actually a 

rather poor GTK substrate relative to glutamine, which is present at mM concentrations in 

brain. Moreover, Cooper and colleagues have shown that a large number of PLP enzyme 

(aminotransferases) can catalyze cysteine-β-lyase reactions [50], so further research may 

reveal other transaminase activities to be quantitatively more important for lanthionine 

metabolism. In any event, the product of lanthionine transamination is a linear intermediate 

that spontaneously cyclizes to form lanthionine ketimine [LK; Figs. 2–3] [42–43]. Similar 

chemistry can be catalyzed by amino acid oxidase (AAO); however the transamination 

pathway probably predominates in the brain based on the relative levels of transaminase 

activity vs. AAO activity [43]. Cavallini and colleagues noted that besides lanthionine, 

cystathionine and other sulfurous amino acids (e.g. thialysine, aminoethylcysteine) could 

serve as substrates for GTK-mediated transaminations leading to an entire family of 

structurally-related compounds [41–46] (Fig. 2).

To date, very little research attention has been focused on potential biological roles for these 

unusual thioethers. Using HPLC and gas-liquid chromatography, Cavallini et al. measured 

LK in mammalian brain at concentrations near 1 nmole/g tissue, similar to that of hCys and 

10–20% the concentration of cystathionine [44]. Recognizing that the brain is very 

parsimonious with respect to conservation of reduced sulfur, Cavallini thought it highly 
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unlikely that evolution would have failed to close such a wasteful sulfur “leak” unless 

lanthionine served a useful biochemical function. Despite significant research effort 

Cavallini and coworkers never discovered specific bioactivities for LK, however they did 

report that [35S]LK bound synaptosomal membranes tightly (Kd = 58 nM, in the range of 

typical neurotransmitter affinities) [45]. [35S]LK binding was saturable and reversible with 

cold LK, suggesting a receptor: ligand interaction [45]. The binding was specific because 

reduced LK (thiomorpholine dicarboxylate) could not displace [35S]LK [45]. However, 

despite this progress, these early researchers failed to document specific neurochemical 

activities inherent to LK or related cyclic thioether ketimines.

Cyclic thioether ketimines do themselves possess modest antioxidant activity, as one might 

expect from the nature of their thioether moiety, but certain of these (particularly 

aminoethylcysteine ketimine or AECK) can undergo spontaneous oxidative decarboxylation 

and dimerization to produce “decarboxylated dimers” that have greater antioxidant potential 

in vitro and in cell cultures [51–53] (Fig. 2). Evidence has been presented for the presence of 

aminoethylcysteine ketimine decarboxylated dimer (AECK-DD) in plasma and urine, but 

the extent to which AECK-DD forms through bimolecular reactions in their tissue of 

synthesis, and the biological relevance of the decarboxylated dimers to brain antioxidant 

balance, is a subject of some controversy [53].

GTK/KAT function in synthesis of the endogenous neuroprotectant, 

kynurenic acid, may suggest analogous neuroprotective roles for thioether 

ketimines

GTK/KAT activity is usually discussed in reference to tryptophan biochemistry. Normally, 

tryptophan is oxidized to kynurenine (Kyn) en route to formation of nicotinamide adenine 

dinucleotide (NAD+) (Fig. 3) [1,47–48]. These reactions occur within the mitochondrial 

matrix [47–49]. GTK / KAT catalyzes a shunt in which kynurenine reacts with the α-

ketoacid, pyruvate, to form kynurenic acid (KYNA) (Fig. 3). KYNA is not a waste product, 

but binds to the glycine-b site of NMDA receptors thus acting as an anti-excitotoxin [54]. In 

fact, KYNA is the only widely recognized, endogenous anti-excitotoxin [55]. KYNA likely 

is neuroprotective in vivo because manipulation of endogenous KYNA supply by targeted 

deletion of the brain-specific form, renders rodents hypersensitive to intrastriatal injections 

of the excitotoxic NMDA receptor agonist quinolinate (QUIN; see Fig. 3), a classic model 

of HD [55]. Alterations in KYNA and QUIN also have been clinically implicated in diverse 

diseases including Huntington’s disease (HD) Alzheimer’s disease (AD); Parkinson’s 

disease (PD); and multiple sclerosis (MS) [reviewed in 56]. Accordingly, kynurenine 

pathway metabolites and derivatives, along with synthetic modulators of kynurenine 

pathway enzymes, are being researched aggressively in efforts to develop novel therapies for 

neurodegenerative diseases [56–57].

In 2004–2005 we began to hypothesize that LK and similar compounds caused by the flux 

of TSP thioethers through GTK / KAT might produce products with neuro-active functions, 

analogous to those of KYNA (Fig. 2). If true, such a hypothesis would point to an 

unexpected but functional metabolic linkage between the TSP pathway of sulfur amino acid 
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metabolism and the kynurenine pathway of tryptophan metabolism. Even if LK synthesis 

eventually is found to rely on other transaminases, the emerging similarity between KYNA 

and neuroprotective functions (discussed below) is striking and may reflect a general, 

heretofore unappreciated importance of transaminase activities in maintaining brain health.

Cell and tissue-penetrating derivatives of lanthionine ketimine have potent 

antioxidant, neurotrophic and anti-neuroinflammatory activities and 

demonstrate preclinical activity in preclinical models of neurodegeneration 

or glioma

In order to test our hypothesis for neurochemical functionality of brain thioether ketimines, 

we synthesized compounds including LK and also novel ester and amide derivatives that 

were much more able to permeate cell membranes and mammalian tissues. This research has 

led to the documentation of potent neuro-activities for LK derivatives. Our first indication of 

lanthionine ketimine activity was the observation that it inhibited nitric oxide (•NO) 

production by cytokine-stimulated EOC-20 microglia with approximately the same potency 

as the classic microglial pacifier, minocycline [58]. Esterification increased potency, 

probably due to increased cell-penetrating ability [58].

Our second indication of lanthionine ketimine activity stemmed from observation of 

NSC-34 motor neuron-like cells when these cells were exposed to medium conditioned by 

cytokine-stimulated EOC-20 cells. Medium conditioned by M1-activated microglia cause 

axon retraction and cell death in neurons, but LK-ester (LKE) prevented this process. 

Moreover, upon microscopic observation, it became apparent that LK or LKE alone was 

able to promote neurite extension in NSC-34 cells as these differentiated toward a motor 

neuron-like phenotype in cell culture [58]. We have built on this observation in subsequent 

studies of NSC-34 cells and also primary neurons including chick dorsal root ganglial 

neurons [59]. In the latter cell type, LKE promotes neurite extension at nanomolar 

concentrations [59; Fig. 4; Table 1], approaching the physiological concentration reported 

for brain LK [44] and near the reported Kd of [35S]LK binding to neural membranes [45]. 

LK and LKE also were found to be capable antioxidants that protect primary neurons and 

neuronal cell lines from hydrogen peroxide (H2O2) and tert-butyl-hydroperoxide, probably 

by direct reaction of the sulfur with the oxidant (Table 1) [58,60].

The potency of LKE and its ability to act on both microglia and neurons intrigued us enough 

to begin exploring possible mechanisms-of-action (MOA). Accordingly, LK was attached to 

a solid-phase support which was used to affinity-enrich LK-binding brain proteins [58]. 

Three proteins bound to the column in a fashion that was reversible by competition with free 

LK and which yielded sufficient protein for accurate mass spectrometry-assisted sequencing. 

These were: Lanthionine synthase-like protein-2 (LanCL1); collapsin response-mediator 

protein-2 (CRMP2; also known as dyhydropyrimidinase-like protein-2 / DPYSL2 / DRP2); 

and syntaxin binding protein-1 (STXBP1) [58]. The binding of LK to LanCL1 was an 

exciting but perhaps not entirely unexpected finding, because we had previously identified 

LanCL1 as a novel glutathione-binding protein with primary and tertiary homology to 

prokaryotic lanthionine cyclases [discussed in detail, below]. However, the finding that 
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synthetic LK could selectively associate with LanCL1 in a matrix containing thousands of 

other brain proteins, strongly suggests that the eukaryotic LanCL1 is related to small-

molecule lanthionine metabolites in a non-trivial fashion. The meaning and possible 

physiological purpose of both glutathione and LK binding to LanCL1 remain mysteries.

The second LK-binding protein, CRMP2, immediately suggested one plausible explanation 

for the neurotrophic (neurite growth-promoting) effects of LK and LKE. CRMP2 was 

originally identified as a microtubule-binding protein responsible for effecting axon growth 

and retraction in the developing CNS [reviewed in 59,61]. Increasing CRMP2 expression 

promotes neurite outgrowth whereas interference with CRMP2 expression or 

phosphorylation of specific residues, causes axon retraction [59,61]. Thus it was natural to 

hypothesize that LK (LKE) may functionally enhance CRMP2. Indeed, such hypothesis is 

corroborated by two findings. First, LK alters the stoichiometry of proteins that co-

immunoprecipitate with CRMP2 in pull-down assays despite an apparently lack of effect on 

CRMP2 phosphorylation status [58]. Second, Holgado’s group has shown that LKE can 

promote the growth of cholinergic commissures in developing C. elegans nematodes and 

furthermore that LKE can partially rescue the developmental defect of incomplete 

commissure development that occurs in Unc-33 (CRMP2) mutant hypomorphs (Table 1) 

[62]. LKE does not, however, affect the phenotype of Unc-33 complete null mutants [62]. 

The precise nature of LK (LKE) binding to CRMP2 remains uncertain, but may involve 

binding to interfaces shared between CRMP2 and its many protein binding partners [59,61]. 

CRMP2 is an intriguing binding partner for LK (LKE) for another reason: It is becoming 

associated with a number of diverse nervous system pathologies including schizophrenia; 

juvenile neuronal ceroid lipofuscinosis (Batten disease); neuropathic pain; stroke; traumatic 

brain injury (TBI); epilepsy; and Alzheimer’s disease [59,61]. In fact, in Alzheimer’s 

disease, CRMP2 is very like the more well-known tau protein that forms diagnostic 

neurofibrillary tangles (NFTs): Both CRMP2 and tau are microtubule-binding proteins 

whose phosphorylation by GSK3β and Cdk5 leads to microtubule release and subsequent 

microtubule instability; and both CRMP2 and tau co-aggregate inside the NFTs [discussed 

in 59,61]. Therefore a small-molecule that functionally affects CRMP2 could be well worth 

exploring in the context of Alzheimer’s disease therapy development.

Syntaxin binding protein-1 (STXBP1, also known as MUNC-18) is part of the protein 

complex that regulates synaptic vesicle fusion and exocytosis. As such it is possible that LK 

(LKE) binding to STXBP1 could affect synaptic transmission, though no research has yet 

been conducted to explore possible consequences of LK (LKE) interaction with STXBP1 

[58].

In the time period while we were documenting cellular activities of LKE and identifying 

potential protein binding partners, we began testing LKE for effects in preclinical animal 

models of neurodegeneration. This research was expedited by the fact that LKE is orally 

bioavailable and penetrates brain tissue readily when administered systemically or by 

feeding in food formulations [63]. To date, LKE has demonstrated in vivo efficacy in a 

number of preclinical rodent models (Table 1). Separate studies report LKE ability to (1) 

Slow disease progression and extend lifespan in the SOD1G93A mouse model of the motor 

neuron disease, amyotrophic lateral sclerosis (ALS) [5]; (2) Reduce infarct volume and 
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promote functional recovery after permanent middle cerebral artery occlusion in a mouse 

model of stroke [60]; and (3) Reduce amyloid beta-peptide burden, lower phosphorylated 

tau accumulation, suppress microglial activation and protect against cognitive deficits in the 

triple-transgenic (3xTg-AD) mouse model of Alzheimer’s disease [63]. In the 3xTg-AD 

study, LKE was administered ad libitum, in food, for more than 8 months, without adverse 

effects, suggesting both safety and practicality of this compound as a potential therapeutic 

for chronic neurodegenerative pathologies.

Aside from neurodegenerative diseases and injury, LKE has demonstrated some potential to 

treat brain neoplasias. In collaboration with Dr. Rheal Towner, we found that ad libitum 

LKE significantly slowed the growth of cortically-implanted C6 glioma cells in a rat 

xenograft model of glioma as measured by magnetic resonance imaging (MRI) volumetry 

[64]. This model is limited in relevance because C6 cells are not truly syngenic with any rat 

strain, such that a therapeutic effect in this model might not necessarily translate into 

efficacy against a true organic neoplasia. Nonetheless, the finding is remarkable in the field 

of oncology because most small-molecule chemotherapeutics are highly toxic molecules that 

kill rapidly-dividing cells (cancer cells) somewhat faster than the drugs harm other cell 

types. A non-cytotoxic, and even neuroprotective, small molecule that slows glioma growth 

could revolutionize the way gliomas are perceived and treated if the drug proves itself in 

other rigorous preclinical and clinical studies.

On the existence of mammalian lanthionine synthase-like proteins 

(LanCLs); their possible relationship to lanthionine metabolites; and their 

emerging importance in neurological disease

So far as is known, brain lanthionine is formed mainly through alternative TSP reactions as 

described above. Prokaryotes, however, synthesize lanthionine bridged peptides via 

lanthionine cyclase (LanC) enzymes that crosslink Cys and dehydrated Ser / Thr residues in 

specific antibiotic peptides, to form very potent anti-biotic allelochemicals termed 

“lantibiotics” [65–66]. Eukaryotes including mammals express homologous proteins, though 

none of these LanC-like proteins have yet been shown to catalyze lanthionine formation. In 

2005 our lab purified brain LanC-like protein-1 (LanCL1) and showed this protein binds 

both reduced and oxidized glutathione with low micromolar affinity [67]. Subsequently, in 

collaboration with Dr. Cai Zhang we published the first X-ray crystal structure of GSH 

complexed to LanCL1 [68]. Curiously, LanCL1 retains structural homology to the active 

site of prokaryotic LanC enzymes including a central Zn2+ to which GSH appears ligated 

[68]. Over-expression of LanCL1 promoted nerve growth factor (NGF)-dependent neurite 

extension in PC12 cells whereas mutants of its SH3-binding domain lacked this ability [68]. 

To date, we have not been able to demonstrate an enzymatic function of either recombinant 

LanCL1 or the purified brain protein, though the methods we used may have damaged any 

inherent enzymatic potential. A very recent study by Huang et al. reports a GST-like activity 

inherent to a LanCL1 that they engineered [69; discussed further, below].

We have suggested that LanCL1 could, theoretically, catalyze GSH reaction with phospho-

serine or phosphatidylserine to yield a glutathione-S-alanine intermediate (glutathione-
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lanthionine) [5] but empirical evidence for such reaction has been elusive. Such a putative 

glutathione conjugate could be converted to lanthionine and/or lanthionine ketimine-like 

metabolites through known enzyme pathways [5].

Alternatively, LanCL1 might bind to or catalyze chemistries involving thioether ketimines. 

In an unbiased proteomic study, lanthionine ketimine immobilized to a solid-phase support 

via the C-2 center (modification of which does not affect microglia-suppressing activity; 

personal observations) was able to bind a small set of brain proteins, specifically and 

competitively with free LK. Among the binding partners was LanCL1 [58]. That is to say, in 

an unbiased brain proteome-wide search, LanCL1 emerged as a major binding partner for 

LK, a finding that suggests that LanCL1 and brain LK may be functionally related. The 

nature of such a relationship naturally might be that LK is a substrate for LanCL1; a product 

of LanCL1-dependent catalysis; or an allosteric regulator for LanCL1 activity or binding 

interactions. Discrimination amongst these possibilities will require more research.

Besides glutathione and lanthionine ketimine, LanCL1 has been identified in several 

proteomics studies as an interaction partner for a diverse set of proteins (Table 2). Most 

notably, reported LanCL1 interaction partners include CβS, binding to which may 

negatively regulate classic transsulfuration in neurons [70; discussed in detail below]. 

LanCL1 also binds Eps8, an SH3 domain-containing protein involved in formation of Rac-

specific guanine nuclecleotide exchange factor signaling complexes and microfilament 

stabilization [68]; the NAD+-dependent histone deacetylase sirtuin 1 (Sirt1) that is involved 

with cellular energy sensing and homoestasis [71]; stomatin, a transmembrane protein of 

uncertain function that is diminished in the erythrocyte hemolytic disease, overhydrated 

hereditary stomatocytosis [72–73]; and PfSBP1, an integral membrane protein associated 

with Maurer’s cleft structures in Plasmodium infected red blood cells [74]. In a yeast two-

hybrid screen of potential LanCL1-interacting brain proteins, the only strong interactors that 

we identified for LanCL1 were mitochondrial 28S ribosomal protein S9 and actin-related 

protein-10 (ACTR10 / HARP11)(KH; personal observations). Our own attempts to purify 

binding partners using biotinylated, recombinant human LanCL1 as bait have yielded 

evidence for interaction with β-spectrin; synaptotagmin; adaptin-2 (AP2); oligodendrocyte 

CNPase; and tripartite motif-containing protein-3 (unpublished observations). It is difficult 

to find common functional or structural motifs common amongst these LanCL1-binding 

proteins, except that most of them are cell membrane-localized proteins associated with 

cytoskeletal dynamics and/or vesicular fusion events. This would be generally consistent 

with the observations that LanCL1 mutations perturb neuritigenesis in differentiating PC12 

cells [68] and that LK derivatives strongly promote neurite development (discussed above).

LanCL1 has been particularly associated with central nervous system disorders or sensitivity 

to toxins. For instance LanCL1 is up-regulated several-fold in the spinal cords of the 

SOD1G93A mouse model of ALS [67], suggesting an association of the protein with this 

neuropathology. More recently, Jones et al. colleagues identified LanCL1 as a major 

determinant in mouse strain variation in sensitivity to the Parkinsonian neurotoxin, MPTP 

(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) [75] and Huang et al. report that LanCL1 

knockout mice suffer severe neurodegeneration in the early adult period [69; discussed 

further, below].
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LanCL1 reportedly binds to and negatively regulates the classic function of 

CβS in a GSSG/GSH-sensitive fashion, but implications to alternative TSP 

functions remain unexplored

In a 2012 study Zhong et al. [70] replicated our finding that LanCL1 binds GSH and GSSG. 

Subsequently these authors described a direct binding interaction between LanCL1 and CβS. 

The LanCL1:CβS binding was broken by increasing ambient GSSG/GSH above 1/7 which 

approximates the situation in neurons exposed to subtoxic concentrations of H2O2 [70] 

Separation of LanCL1 from CβS by modulating [GSSG/GSH] or with LanCL1 decoy 

peptide resulted in a 3-fold increase of CβS-catalyzed cystathionine formation in vitro, when 

the enzyme was assayed by a colorimetric technique under conditions specific to this one 

activity mode (high [Ser] + [hCys]) [70]. Interestingly, RNAi knock-down of LanCL1 or 

treatment of the cells with Tat-LanCL1 decoy peptides rendered the cells more resistant to 

H2O2 toxicity [70].

Zhong et al. interpret their data to indicate that increased activity of LanCL1-free CβS 

facilitates Cys synthesis and hence, GSH synthesis thus boosting antioxidant defense against 

the oxidative stress. We question this interpretation on several grounds. First, total [GSH + 

GSSG] is relatively high in brain (40 nmole/mg protein in neurons, or about 2–4 mM; and 

up to 8 mM in astroglia) [76–77] so that a neuron under oxidative stress doesn’t immediately 

need more GSH as much as it needs to reduce GSSG back to GSH. Increasing cystathionine 

would not accomplish this need, and moreover, any increase in [GSH + GSSG] would be 

slow because three more enzymatic steps lie between cystathionine and GSH. Second, 

neurons have very low CγL activity, which is the reason these cells must import Cys as 

cystine from the extracellular space (discussed above); so the cystathionine increase due to 

freeing CβS from LanCL1 inhibition is unlikely to translate either to increased [Cys] or 

[GSH]. Third, Zhong et al. do not actually report a change in total glutathione in LanCL1 

knock-down cells. These considerations beg the question of whether the redox regulation of 

CβS via LanCL1 serves another function besides increasing “classic” CβS-catalyzed Cys 

regeneration to boost [GSH]. We suspect another function would be the allocation of 

reduced sulfur to LK or cystathionine ketimine products. To date, there has been no 

experiment reported that probes the effect of changing GSSG/GSH upon the alternative TSP 

reactions yielding lanthionine or H2S.

Gene knockout studies suggest an essential role for LanCL1 in neuronal 

antioxidant defense, neuronal survival, and neuroinflammation

Huang et al. have now published a description of the phenotype of mice bearing an 

engineered deletion of the LanCL1 gene [69]. These mice display spontaneous 

neuroinflammation, enhanced Iba1+ microglial immunolabeling characteristics, and 

neurodegeneration at 8–12 weeks of age [69]. Neurodegeneration in these mice is associated 

with progressive oxidative damage to lipids, proteins, DNA and mitochondria whereas 

increased LanCL1 expression confers neuroprotection [69]. By 4–8 weeks there was 

widespread immunoreactivity in cortical regions against 4-hydroxynonenal-protein epitopes, 

and a general increase in other antioxidant defense enzymes including SOD1 and catalase 
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[69]. Moreover, neurons lacking LanCL1 had a diminished response to neurotrophic factors 

EGF and BDNF [69]. These observations affirm our own published findings that LanCL1 

strongly modulates growth factor-dependent neurite outgrowth [68]. Huang et al. attribute 

the neuroprotective role of LanCL1 to a GST-like activity and report a Km of 2 mM for the 

substrate CDNB (chloro-dinitrobenzoic acid) which is quite similar to that of glutathione-S-

transferase isoform P1 [69]. Other, indirect mechanisms of neuroprotection by LanCL1 

through either its yet-undiscovered enzymology or its protein interactome cannot be ruled 

out at this time. If the findings reported by Huang et al. can be reproduced and extended, 

LanCL1 will assume an important place amidst the pantheon of critical antioxidant defense 

enzymes.

Recent discoveries point to a role for LanCL2 in fundamental cellular 

processes of nutrient sensing and adaptive response

Whereas LanCL1 is highly expressed in the central nervous system, a slightly longer 

LanCL2 homolog with an N-terminal myristoylation sequence is expressed at relatively 

higher levels outside the CNS [78–81]. LanCL2 also binds glutathione [68] but has been 

implicated primarily in the binding of absiscic acid, a plant hormone that may well be 

synthesized by mammals as well [82–83]. Research by Sturla’s group and independent work 

by Bassaganya-Riera and colleagues indicates that LanCL2 lies upstream in an absiscic 

acid-dependent pathway that regulates peroxisome proliferator-activated receptor-gamma 

(PPARγ) [79–81]. As such LanCL2 manipulation is being researched in the hopes of 

treating disorders including diabetes and certain types of infections [78–81]. Also, LanCL2 

expression has been found to increase cell sensitivity to the chemotherapeutic adriamycin, 

apparently by regulating the expression of P-glycoprotein / MDR1, suggesting a possible 

role of this homolog in the detoxification or excretion of xenobiotics [84].

Most recently Zeng, van der Donk and Chen report that LanCL2 positively regulates Akt 

(protein kinase B) in liver cells as LanCL2 knock-down reduces cellular response to serum 

or insulin-stimulated Akt phosphorylation whereas over-expressing LanCL2 increases Akt 

sensitivity to these stimuli [85]. Apparently LanCL2 regulates Akt by promoting mTOR 

(mammalian target of rapamycin) complex 2 (mTORC2)-mediated Akt phosphorylation, 

with downstream effects on cell survival decisions [85]. The redox biological implications 

of LanCL2 interaction with the mTORC2→Akt axis remain to be investigated. Likewise, it 

remains to be seen whether LanCL1 performs a similar function in the central nervous 

system. Because mTORC2 (which regulates fundamentally anabolic cell growth/

differentiation/survival decisions) intimately and reciprocally works with mTORC1 (which 

regulates the fundamental catabolic process of autophagy) [86], the possibility that 

LanCL1/2 and lanthionine metabolites also play a natural regulatory role in autophagy must 

not be overlooked. We are actively investigating this possibility.

Mammals also possess a truncated LanCL3 sequence but there is yet no evidence for 

expression or function suggesting this is probably a pseudogene.
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Might alternative TSP functions suggest new hypotheses for hCys 

neurotoxicity and epidemiological association with neurodisease?

High circulating hCys is a well-accepted correlate to a variety of age-related problems 

including arteriosclerotic vascular disease, stroke, left ventricular hypertrophy, dementia and 

Alzheimer’s disease [10–12,87]. In general, circulating hCys increases with age, possibly 

due to age-related deficiency in uptake and utilization of B-complex vitamins [10,88–89]. At 

the moment it is not established whether high hCys is a contributor to particular age-related 

pathologies, or is merely a marker. In some cases high hCys may well be an 

epiphenomenon; for instance, hCys may become elevated secondary to kidney disease that is 

often integral to atherosclerotic disease [10]. In terms of possible metabolic explanations for 

elevated hCys, one can plausibly invoke either deficient remethylation by folic acid cycle 

(largely driven by vitamin B12-dependent enzymology of methionine synthase and 

subsequent action of methylene tetrahydrofolate reductase or MTFR) (Fig. 1); or 

deficiencies in vitamin B6-dependent action of TSP enzymes [12]. Deficient remethylation 

would prevent efficient conversion of hCys back to methionine, whereas suboptimal TSP 

function would diminish sulfur flow from hCys towards cysteine, lanthionine, and H2S 

(Figs. 1–2). Indeed, although elevated hCys is most often discussed in relationship to genetic 

variation in MTFR and the folate cycle, it is worth remembering that the first documentation 

of severe hyperhomocysteinemia-associated vascular pathology was a patient with genetic 

CβS deficiency [90]. Although quite rare, genetic CβS deficiency causes severe mental 

retardation, cerebral atrophy, and seizures though not all the pathology can be reasonably 

ascribed to the hyperhomocysteinemia [91].

Current hypotheses for mechanisms through which hCys might contribute to age-related 

cognitive impairment or neural disease, usually invoke the action of hCys as an allosteric 

agonist for N-methyl-D-aspartate (NMDA) receptors. Chronic over-stimulation of these 

ionotropic glutamate receptors could stimulate excessive intraneural Ca2+ accumulation with 

negative downstream consequences, including prominent oxidative stress phenomena [92]. 

Other mechanisms have been proposed whereby alterations in the ratio of S-adenosyl 

methionine/S-adenosyl homocysteine (SAM / SAH) may competitively impair SAM-

dependent methylation of protein phosphatase-2A, with downstream consequences to 

increase phosphorylated tau protein, thus destabilizing microtubules and promoting 

formation of neurofibrillary tangles [93]. Certainly the topic of hCys neurotoxicity is still 

open to debate and research.

New hypotheses for hCys toxicity might be offered which invoke alternative action of brain 

TSP. For instance, H2S is a direct antioxidant but also increases astrocytic glutamate and 

stimulates microvessel dilation through sulfhydration and allosteric modulation of ATP-

sensitive K+ channels [92]. However, excessive H2S has been linked to neuronal Ca2+ 

overload via protein kinase A (PKA-dependent) mechanisms [94–95]. Likewise, exogenous 

H2S increased intracellular Ca2+ in microglia [96]. Therefore a balance likely exists between 

whereas inhibition of microglial CγL lowered [Ca2+]in H2S production and utilization such 

that decrease or increase of steady-state H2S beyond optimal limits could impair neural 

function or even cause harm. At least theoretically, increased hCys could affect sulfur flow 
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through the TSP by altering substrate availability to CβS and CγL. Depending on the relative 

local concentrations of Cys, Ser and hCys, high hCys would tend to favor H2S production 

by the TSP enzymes and possibly shift the balance of H2S production from CβS to CγL [4] 

(Fig. 2). Simultaneously, oxidative stress downstream from hCys-mediated NMDA receptor 

dysfunction could affect redox-dependent CβS regulation. The consequences of elevated 

hCys on alternative TSP-mediated H2S production, if any, remain unexplored but the 

possibility of a detrimental effect on neural health should be considered.

Elevated hCys could have profound consequences on lanthionine flux as well. As described 

above, Lan forms from CβS-catalyzed reaction between Cys and Ser. An increase in the 

ratio of hCys / Cys would be expected to favor formation of cystathionine (CβS chemistry) 

and homolanthionine (CγL chemistry) rather than lanthionine. Consequently, hCys elevation 

would probably reduce lanthionine ketimine production by GTK/KAT1. Although 

cystathionine can be converted to a cyclic ketimine by GTK [41–43,46], the neurochemical 

functions (if any) of CK are completely unexplored. Similarly, there is currently no 

knowledge regarding biological consequences of increased homolanthionine (Fig. 2). The 

degree to which alterations in endogenous cyclic thioether ketimines might affect brain cells 

remains a subject of speculation; however, given the potency and range of neuroprotective 

activities recently documented for lanthionine ketimine derivatives, this is a subject worthy 

of consideration and investigation.

Summary

Despite the wide acceptance that brain sulfur biochemistry is essential to the healthy 

function of neural tissue, there remains much to be understood about the origin and activities 

inherent to low-abundance metabolites stemming from non-canonical reactions of brain 

transsulfuration pathway enzymes. Recent discoveries that TSP-derived H2S is a functional 

neural gasotransmitter, combined with revelations that lanthionine metabolites are potently 

neurotrophic, mandate a serious reconsideration of this heretofore neglected topic in 

neurochemistry. Moreover the discovery that mammalian lanthionine synthase-like protein-1 

is an essential antioxidant factor, strongly compels further research into the natural origin 

and physiological role of these molecules. In the event that alternative TSP products or their 

analogs formed through LanCL1-dependent chemistries do prove to be natural neural 

regulatory molecules, whole new paradigms will have to be constructed to integrate these 

species into our current understanding of brain health and neurodegenerative disease 

etiology. Regardless, an improved understanding of brain sulfur neurochemistry could prove 

of immense value in developing conceptually new strategies to combat neurodisease.
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Abbreviations

AECK aminoethylcysteine ketimine

AECK-DD aminoethylcysteine ketimine decarboxylated dimer

CβS cystathionine-β-synthase; L-serine hydro-lyase

CγL cystathionine-γ-lyase; L-cystathionine cysteine-lyase; CSE

CRMP2 collapsin response mediator protein-2; CRMP2; dihydropyrimidinase-like 

protein-2; DPYSL2

DRG dorsal root ganglia

GTK / KAT glutamine transaminase-K (GTK); kynurenine aminotransferase

hCys homocysteine

KYNA kynurenic acid

Lan lanthionine

LK lanthionine ketimine

LK-DD lanthionine ketimine decarboxylated dimer

LKE lanthionine ketimine-ethyl ester

LanCL1 lanthionine synthetase-like protein-1

LanCL2 lanthionine synthetase-like protein-2

mTOR mammalian target of rapamycin

mTORC2 mTOR-complex-2

PLP pyridoxal 5′-phosphate

TK thialysine ketimine

TK-DD thialysine ketimine decarboxylated dimer

TSP transsulfuration pathway
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HIGHLIGHTS

• The mammalian transsulfuration pathway (TSP) can produce alternative 

metabolites.

• Standard and alternative TSP reactions are subject to redox control.

• Besides the usual cystathionine product, the TSP can make H2S and lanthionine.

• H2S and further metabolites of lanthionine are important neuromodulators.

• Glutathione and lanthionine metabolites are related via binding to LanCL 

proteins.

• LanCL1 and -2 play roles in neural redox regulation, cell fate and autophagy 

pathways.
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Figure 1. The classic transsulfuration pathway (TSP) in relationship to the folate cycle and the 
remethylation pathway
The classic TSP whereby homocysteine (hCys) is converted to cysteine (Cys) is shaded.
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Figure 2. Formation of cyclic thioether ketimines from cystathionine and alternative 
transsulfuration products
Lanthionine, thialysine and cystathionine formed via CβS undergo transamination to yield 

intermediate linear ketoacid amines. Cyclization of these species yields a family of cyclic 

thioether ketimines. Both the ketimines and decarboxylated dimers formed from their 

bimolecular oxidative breakdown are present in tissue and have appreciative antioxidant 

potential in vitro. Cell penetrating derivatives of lanthionine ketimine are becoming 

appreciated for their antioxidant, neuroprotective and neurotrophic properties and 

therapeutic potential. Note that the ketimines depicted here exist as tautomers with their 

corresponding enamines.
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Figure 3. Summary diagram illustrating both classic and alternative chemistries catalyzed by 
TSP enzymes, and the possible relationship of their amino acid products to the kynurenine 
pathway of tryptophan catabolism
The classic transsulfuration pathway (TSP; shown in green; see Fig. 1 also) is juxtaposed 

with “alternative” or variant reactions (blue) that are catalyzed by the same core enzymes, 

cystathionine β-synthase (CβS) and cystathionine-γ-lyase (CγL). Note that the alternative 

reactions utilize the same serine, cysteine and homocysteine substrates as the classic TSP 

reactions, but in different combinations. Products of these alternative TSP enzyme 

chemistries include the gasotransmitter, H2S as well as unusual thioethers, lanthionine and 

homolanthionine. Cystathionine, lanthionine and thialysine are amongst a set of brain sulfur 
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amino acids that can be further converted to cyclic thioether ketimines by transaminase 

activities including (but not necessarily limited to) that of glutamine transaminase K (GTK; 

previously known as kynurenine amino transferase-1). GTK is a key enzyme in the 

kynurenine pathway of trypophan metabolism (black). The kynurenine pathway is necessary 

in the generation of NAD+ but when hyper-activated during neuroinflammation, can 

generate the excitotoxin, quinolinic acid (QUIN). Alternatively, diversion of kynurenine 

through GTK results in kynurenic acid (KYNA), a neuroprotectant and the only known 

endogenous NMDA receptor-acting endogenous anti-excitotoxin. Note that both the classic 

TSP intermediate cystathionine and the alternative product, lanthionine, can undergo 

transaminase-mediated conversion to cyclic thioether ketimines. A number of antioxidant, 

neuroprotective, neurotrophic, and therapeutic activities recently have been documented for 

brain-penetrating derivatives of lanthionine ketimine (Table 1).
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Figure 4. LKE is neurotrophic at nanomolar concentrations in chick dorsal root ganglia (DRG) 
cultures
A: Typical chick DRG neurons at 4 days in vitro (DIV4), showing ample neuritic 

arborization (arrows). Cells were cultured, labeled with Promega Live/Dead® reagent and 

imaged as described previously [59]. Data in this figure represent updated data with 

inclusion of additional experiments performed since the initial report [59]. Neurites (arrows) 

were measured by a blinded analyst using MetaMorph® software (Molecular Devices). B: 
DIV3 neurons were treated 48h with vehicle or LKE, photomicrographed, and quantitatively 

assessed for morphometry by an analyst blinded to treatment group. Data indicate mean ± 
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SEM for 10–30 microscopic fields at each LKE concentration. Control neurite length (no 

drug) was 239 ± 23 mm (dashed line). *p<0.05 by t-test.

Hensley and Denton Page 28

Free Radic Biol Med. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Hensley and Denton Page 29

Table 1

Biological properties, bioactivities, and effects in animal models documented for lanthionine ketimine and its 

ethyl ester (LKE).

Activity Reference

bound CRMP2 (DPYSL2) 58

bound syntaxin binding protein 1 (STXBP1) 58

bound LanCL1 58

bound synaptosomes (saturable, nM affinity) 45

antioxidant 58, 60

anti-neuroinflammatory (microglia) 58, 60

anti-proliferative 64

neuroprotective 58, 60

neurotrophic (neurite promoting) activity 58–59, 62, this work

suppressed amyloid peptide production 63

Effects in animal models Reference

Alzheimer’s disease (3xTg-AD model) 63

amyotrophic lateral sclerosis (SOD1G93A model) 5

neurodevelopmental defect (Unc-33 hypomorph modeling partial loss of CRMP2) 62

ischemic stroke (pMCAO mouse model) 60
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Table 2

Published LanCL1-interacting proteins, small molecules, and ligands.

Protein binding partner Reference

cystathionine β-synthase (CβS) 70

Eps8 (SH3 domain-containing protein) 68

sirtuin 1 (SIRT1), NAD+ dependent histone deacetylase 71

stomatin 72–73

PfSBP1 74

Small molecule or ligand

glutathione (both GSH and GSSG) 67–70

Zn2+ (putative active site ligand) 68

lanthionine ketimine (immobilized) 67
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