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ABSTRACT 

Hydrogen sulfide (H2S) is a toxic gas that causes respiratory failure and death at high 

concentrations, but at low concentrations, it functions as a signaling molecule in vasodilation 

and neuromodulation, and it protects cells and tissues from reperfusion injury, hypoxia, 

hyperglycemia and endothelial dysfunction. Several model organisms have been used to study 

the physiological roles and signaling pathways of H2S. The roundworm Caenorhabditis 

elegans is a remarkable model for studying the physiology, developmental biology and 

signaling of H2S; however, the metabolism of H2S in this animal is largely unknown. 

Cystathionine beta-synthase (CBS) is one of three H2S-producing enzymes in mammals. 

Notably, C. elegans possesses 6 genes that encode proteins homologous to CBS, namely cbs-

1, cbs-2, cysl-1, cysl-2, cysl-3 and cysl-4. In this thesis we studied the roles of these genes in 

H2S metabolism and signaling. First, we identified cbs-1 as the gene encoding CBS in C. 

elegans; the recombinant purified CBS-1 protein exhibited canonical CBS activity, and RNA 

interference-mediated silencing of cbs-1 resulted in decreased CBS activity and increased 

homocysteine levels in worm extracts, recapitulating the phenotypes of CBS deficiency in 

mammals. Notably, the nematode and human enzymes differ in their domain architecture and 

in their allosteric regulation. Next, we determined that in C. elegans, the remaining CBS-

related proteins have other roles that are not present in mammals. Whereas cbs-2 and cysl-4 

are pseudogenes, cysl-1, cysl-2 and cysl-3 encode proteins that are homologous to the plant 

and bacterial O-acetylserine(thiol)lyases. CYSL-1 is involved in the activation of hypoxia-

inducible factor-1 (HIF-1). The increased levels of H2S during hypoxia promote the 

interaction of CYSL-1 with a proline hydroxylase EGL-9, leading to the sequestration of 

EGL-9 and the activation of HIF-1. Therefore, CYSL-1 transduces the H2S signal as a 

response to hypoxia and protects cells from various toxic agents and stressors. CYSL-2 

functions as a cyanoalanine synthase (CAS) in the cyanide detoxification pathway, the 

activity of which releases H2S. Thus, in contrast to mammals, C. elegans possesses four 

different enzymes that produce H2S de novo. The role of CYSL-3 remains unclear, 

nevertheless, our data suggest that via its sulfhydrylase activity, CYSL-3 might maintain 

cellular H2S homeostasis. In summary, these studies revealed that the CBS-related proteins 

have distinct and specific roles in C. elegans, demonstrated novel aspects of H2S metabolism 

and signaling in animals, and presented C. elegans as a novel and unique model for CBS 

deficiency. 
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ABSTRAKT 

Sirovodík (H2S) je toxický plyn, který ve vysokých koncentracích způsobuje respirační 

selhání a smrt organismu, zatímco v nízkých koncentracích hraje roli jako vasodilatátor, 

neuromodulátor, a chrání buňky a tkáně před reperfuzním poškozením, hypoxií, 

hyperglykémií či dysfunkcí endotelu. Ke studiu fyziologie a signalizace H2S je využíváno 

hned několik modelových organismů. Hlístice Caenorhabditis elegans je pozoruhodným 

modelem ke studiu fyziologie, vývojové biologie, a v neposlední řadě i signalizace H2S, 

nicméně metabolismus sirovodíku v tomto organismu není známý. Cystathionin-beta-synthasa 

(CBS) je jedním ze tří enzymů produkujících H2S u živočichů. Zajímavé je, že u C. elegans je 

postulováno hned šest genů kódující homologní proteiny k CBS (cbs-1, cbs-2, cysl-1, cysl -2, 

cysl -3 a cysl -4). Cílem této práce bylo zjistit funkci těchto genů v metabolismu a signalizaci 

H2S u C. elegans. Nejprve jsme identifikovali cbs-1 jako gen kódující CBS; rekombinantní 

purifikovaný protein CBS-1 vykázal CBS aktivitu a RNA interference cbs-1 vedla ke snížené 

CBS aktivitě a zvýšené hladině homocysteinu v červích homogenátech, což rekapituluje 

deficit CBS u savců. Je zajímavé, že hlístí a savčí CBS mají odlišnou doménovou architekturu 

a tedy i posttranslační regulaci. Dále jsme zjistili, že ostatní proteiny příbuzné k CBS mají u 

C. elegans jiné úlohy, které u savců chybí. Zatímco cbs-2 a cysl-4 jsou pseudogeny, cysl-1, 

cysl-2 a cysl-3 kódují proteiny homologní k rostliným a bakteriálním O-

acetylserin(thiol)lyasám. CYSL-1 hraje roli v signalizační dráze transkripčního faktoru HIF-1 

(hypoxia-inducible factor 1). Zvýšená hladina H2S během hypoxie vede k interakci CYSL-1 s 

prolinovou hydroxylasou EGL-9, což způsobuje inhibici EGL-9 a následnou aktivaci HIF-1. 

CYSL-1 tedy transmituje signály sirovodíku jako odpověď na hypoxii, a brání tak buňky proti 

nejrůznějším toxickým a stresovým jevům. CYSL-2 je kyanoalanin synthasa (CAS) působící 

v detoxifikační cestě kyanidů, jejíž aktivita produkuje H2S. C. elegans má tedy na rozdíl od 

savců čtyři různé enzymy, které intracelulárně produkují de novo H2S. Role CYSL-3 u C. 

elegans není doposud jasná, nicméně naše data naznačují, že CYSL-3 pomocí sulfhydrylásové 

aktivity může udržovat homeostázu H2S v buňkách. Tyto studie dohromady zjistily, že 

proteiny příbuzné k CBS mají odlišné a vysoce specifické funkce u C. elegans, ukazují nové 

aspekty signalizace a metabolismu H2S u živočichů a představují C. elegans jako nový 

unikátní model ke studiu deficitu CBS.  
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1. INTRODUCTION 

Hydrogen sulfide (H2S) is a toxic gas with a rotten-egg odor, and its beneficial effects have 

long been known. The ancient Greeks experienced its benefits by bathing in sulfur-containing 

springs (Moss G. A., 2010), and there is evidence that the consumption of a diet rich in foods 

containing organosulfur compounds that release H2S, such as garlic or onion, is associated 

with longevity (Mulrow C. et al., 2000). Over the last two decades it was demonstrated that 

H2S is naturally produced in cells, and its essential biological roles have been postulated 

(Wang R., 2012). Moreover, recent studies have shown that the administration of exogenous 

H2S has therapeutic potential in cardiovascular diseases such as atherosclerosis, in wound 

healing and in preventing reperfusion injury (Szabo C., 2007). Both the beneficial and toxic 

effects of H2S are noteworthy and similar to those of the other gaseous signaling molecules, 

carbon monoxide (CO) and nitric oxide (NO). Many studies have reported that CO and NO 

play important roles in animal physiology and the pathology of many diseases; on the basis of 

these studies, several new drugs have been developed (Wu L. and Wang R., 2005). H2S is the 

third gasotransmitter that has been discovered, and it is involved in many physiological and 

pathological processes; however, its metabolism and signaling are only partially understood.  

 

H2S metabolism in mammals 

Most of the sulfide in the body is provided by the metabolic activity of microflora in the 

intestine (Macfarlane G. T. et al., 1992) or by non-enzymatic processes using H2S donors 

such as diallyl trisulfide (in garlic), which are present in sulfur-rich diets (Benavides G. A. et 

al., 2007). In the last two decades, it was determined that H2S is extensively generated in cells 

by non-enzymatic and enzymatic mechanisms (Kimura H., 2011). In mammals, there are 3 

enzymes that can biosynthesize H2S de novo, namely, cystathionine β-synthase (CBS), 

cystathionine γ-lyase (CGL) and 3-mercaptopyruvate sulfurtransferase (3MST) (Kimura H., 

2011). Studies have also reported that the sequestration of H2S is mediated by many 

mechanisms, including the enzymatic and non-enzymatic degradation of H2S (Wang R., 

2012). These findings suggest the complexity of the mechanisms by which H2S homeostasis 

is maintained in the body.  

 

Molecular mechanisms of H2S action 

The physical properties of gaseous H2S allow its transportation across membranes by 

diffusion without the need for transporters; thus, H2S is widely distributed in the body. There 
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is growing evidence that H2S derived from exogenous and endogenous sources serves as a 

signaling molecule, but the contribution of sulfide from each source to the pool is unknown. 

The H2S signaling is mediated by at least 3 different direct molecular mechanisms that exert a 

wide array of physiological and pathological effects. H2S is a strong nucleophile that targets 

metalloproteins, binds to thiols including covalent modification of thiols, especially the 

cysteine residues in various proteins, a process termed “S-sulfhydration“, participates in the 

regulation of the redox balance by directly reacting with various reactive oxygen species 

(ROS) (Li Q. and Lancaster J. R., Jr., 2013). 

 

H2S in hypoxia 

Various human disorders, such as ischemic heart disease and stroke, share common 

mechanisms relating to hypoxa. Notably, the tissue damage caused by oxygen deprivation can 

be partially alleviated by repeated short-term hypoxia, suggesting that cells possess adaptation 

mechanisms that permit survival. The mechanisms responsible for these physiological 

responses are not well understood; nevertheless, the observed beneficial effects of H2S during 

hypoxia led to the hypothesis that H2S is important for the long-term protection against 

hypoxia (Blackstone E. and Roth M. B., 2007; Ganster F. et al., 2010). Recent studies have 

proposed that H2S serves as an O2 sensor/transducer (Olson K. R. et al., 2006). This 

hypothesis is based on several observations: exposure to H2S mimics hypoxia, degradation of 

H2S is an O2-dependent process (the H2S concentration dramatically increases during anoxia), 

H2S production depends on O2 availability (carbon monoxide produced by the O2-dependent 

heme oxygenase inhibits CBS activity (Morikawa T. et al., 2012)), and increased H2S 

production and hypoxia trigger identical responses (Olson K. R., 2013). In cultured rat cells 

and in the animal model organism C. elegans, H2S activates the hypoxia-inducible factor-1 

(HIF-1) (Budde M. W. and Roth M. B., 2010; Liu X. et al., 2010), which is a crucial 

transcription factor for the adaptation to hypoxic conditions (Semenza G. L., 2000). However, 

the mechanism of this activation is unknown and requires further studies. 

 

Metabolism and signaling of H2S in C. elegans 

The exposure of nematode Caenorhabditis elegans to non-lethal concentrations of H2S 

increases its thermotolerance and prolongs its longevity (Miller D. L. and Roth M. B., 2007). 

H2S activates two transcription factors, namely, hypoxia-inducible factor 1 (HIF-1, the worm 

ortholog of the mammalian HIF-1α subunit) and skinhead 1 (SKN-1, the worm ortholog of 

the mammalian NRF2) (Miller D. L. et al., 2011). HIF-1 and SKN-1 are responsible for 
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alleviating hypoxic and other oxidative or xenobiotic stresses (An J. H. and Blackwell T. K., 

2003). Because hif-1 or skn-1 mutant nematodes have significantly decreased lifespans 

(Hwang A. B. and Lee S. J., 2011; Kell A. et al., 2007; Tullet J. M. et al., 2008), it is tempting 

to speculate that H2S prolongs the longevity of C. elegans via the activation of HIF-1 and/or 

SKN-1. Consistent with this hypothesis is the finding that a component of garlic, diallyl 

trisulfide (a H2S donor) increases the lifespan of worms via skn-1 activation (Powolny A. A. 

et al., 2011). While the mechanism by which the H2S signals are transduced in the cells to 

activate SKN-1 is unknown, the mechanism of HIF-1-activation has been partially described. 

EGL-9, which is a conserved dioxygenase that is homologous to the mammalian EGLN 

protein family (Taylor M. S., 2001) directly hydroxylates a proline residue of HIF-1, which 

permits the binding of the von Hippel-Lindau 1 (VHL-1) ubiquitin ligase that targets HIF-1 

for proteasomal degradation (Epstein A. C. et al., 2001). EGL-9 can also inhibit 

transcriptional activity of HIF-1 by VHL-1-independent pathway and, intriguingly, the 

experiments with vhl-1 and egl-9 mutants showed that the effect of H2S on HIF-1 is mediated 

by vhl-1-independent signaling (Budde M. W. and Roth M. B., 2010). Nevertheless, the 

relationships between H2S, HIF-1 and SKN-1, as well as the mechanisms by which they 

prolong the lifespan in C. elegans, remain to be determined. 

Although H2S metabolism in C. elegans has not been studied, knowledge of the C. 

elegans genome sequence and expression studies has allowed the identification of genes 

encoding putative H2S-metabolizing enzymes in C. elegans. While enzyme-mediated H2S 

catabolism by oxidative pathway appears to be conserved in C. elegans (Budde M. W. and 

Roth M. B., 2011), a large number of genes encoding homologs of H2S-producing enzymes 

have been identified in the C. elegans genome (Mathew N. D. et al., 2011), namely, 10 genes 

encoding proteins homologous to CBS, 3 genes encoding homologs of CGL, and 7 genes 

encoding homologs of 3MST. These findings suggest that the metabolism of H2S is more 

complex; it is also not clear whether these paralogs have overlapping (H2S-producing activity) 

or distinct roles in C. elegans biology. Thus, studying the roles of these genes might reveal 

novel aspects of H2S metabolism and signaling in animals and other evolutionarily distant 

organisms. 
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2. AIMS OF THE STUDY 

In contrast to other animals, the roundworm Caenorhabditis elegans possesses a large number 

of genes encoding putative H2S-producing enzymes, however, the role of these genes in C. 

elegans is unknown. In this Ph.D. project we aimed to study the genes that encode CBS-

related proteins in C. elegans. Specifically, we aimed to determine the roles of these proteins 

in C. elegans and to understand our results in the context of the present knowledge on H2S 

signaling and metabolism.  

 

Specific aims: 

A) Characterization of the cystathionine beta-synthase in C. elegans 

- To determine which gene encodes CBS in C. elegans using phylogenetic analysis of the 

amino acid sequences, to determine the catalytic activity of the recombinant purified CBS 

proteins and study the biochemical and phenotypic consequences of inactivation of the CBS-

encoding genes.  

- To determine the conserved structural features in the nematode and human CBS enzymes 

using in silico, biochemical and biophysical analyses and to discuss the potential use of C. 

elegans as a model for human CBS deficiency. 

 

B) Roles of the CBS-related proteins in C. elegans 

- To determine the biochemical properties of the CBS-related recombinant purified proteins, 

specifically, their catalytic activities, substrate binding affinities, and quaternary structures 

and conformations. 

- To propose the roles of the CBS-related proteins in C. elegans 

  

C) Novel aspects of H2S metabolism and signaling in the model system C. elegans  

- To discuss the role of CBS-related proteins in H2S metabolism and signaling, and propose 

future directions.  
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3. MATERIAL AND METHODS 

3.1 In silico studies 

Bioinformatics 

BLASTp searches were performed by online BLAST software, protein modeling was 

performed by Swiss-model software, and   phylogenetic analysis was performed in the online 

portal system Mobyle (Neron B. et al., 2009). Multiple alignments of amino acid sequences 

were performed using ClustalW2 online software (Chenna R. et al., 2003).  

 

3.2 In vitro studies 

Bacterial expression and protein purification 

For purification of CBS-related proteins, we constructed vectors that produced tagged 

proteins with cleavable N-terminal GST tag. Vector for purification of CBS-1 paralog was 

constructed for production of doubletagged CBS-1 with a cleavable N-terminal GST tag and a 

C-terminal His tag. The open reading frames of the genes encoding CBS-related proteins were 

amplified by PCR using a C. elegans cDNA library as the template. PCR was performed with 

Taq polymerase using specific cloning primers. The PCR product was cloned into pGEX-6p-1 

vector. Express Competent Escherichia coli cells (New England Biolabs) were transformed 

with the plasmid and cultured in the presence of 100 μM IPTG (isopropyl β-D-

thiogalactopyranoside) at 18◦C for 24 h. The GST–CBS-related fusion protein was purified 

according to the purification protocol for human CBS described previously (Janosik M. et al., 

2001). 

 

Enzyme assays 

All enzyme assays were performed at 25◦C. The reaction mixtures contained 1 μg/ml 

purified recombinant enzyzme, 10 mM tested substrates, 1 mM PLP, 1 mM DTT, 1 mg/ml 

BSA and 150 mM Tris/HCl (pH 7.0). The reactions were stopped by the addition of 25 μl of 1 

M trichloracetic acid, and the reaction products were determined by HPLC (cysteine) or LC–

MS/MS (cystathionine, cyanoalanine) analysis (Krijt J. et al., 2001; Krijt J. et al., 2011). 

Kinetic analyses were performed at different concentrations of substrates, and the data were 

evaluated by non-linear data fitting using software Origin 8 or GraphPad Prism.  
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Spectroscopic analysis 

The fluorescence emission of purified proteins in 50 mM Tris pH 7 in the absence or 

presence of EGL-9 C-terminus - (PPSTNPEYYI) was monitored using a fluorescence 

spectrometer (Perkin Elmer LS55). The excitation wavelength was 412 nm with an emission 

signal scanned from 440 to 575 nm. The absorption and CD spectra were recorded using a 

UV-VIS spectrophotometer (Shimadzu UV2550) and a chiroptic spectrometer (Jasco J-810), 

respectively. Apparent dissociation constants were evaluated via one-site-specific binding 

with the Hill slope using GraphPad Prism 2 software. 

 

Quaternary structure analysis 

Size exclusion chromatography was performed with the HPLC system using Shimadzu 

LC-10A. We used a Bio-Sil HPLC column (Bio-Rad Lab. 125-0060) equilibrated with 50 

mM Tris-HCl, pH 8.0, 1 mM DTT and 100 mM NaCl. Aldolase (158 kDa), ovalbumin (44 

kDa), myoglobin (17 kDa), BSA (66 kDa) and 45CBS (90 kDa) proteins were used as 

standards. The flow rate was 1 ml/min at 25 °C. Native PAGE was performed using a precast 

3-8% gradient polyacrylamide gel in the presence of Laemmli buffer without SDS (Laemmli 

U. K., 1970). Blue-native PAGE was performed as described previously (Wittig I. et al., 

2006) using a precast 3-8% gradient polyacrylamide gel. We loaded 5 μg of purified proteins 

for both electrophoretic procedures. 

 

3.3 In vivo studies 

C. elegans strains 

The wild-type C. elegans Bristol strain N2 was obtained from the C. elegans Stock 

Center, and the RB839 strain carrying the F54A3.4 (ok666) allele was provided by the C. 

elegans Gene Knockout Consortium. Worm cultures were maintained as described previously 

(Brenner S., 1974) using Petri dishes with nematode growth media seeded by E. coli OP50. 

 

RNA-mediated interference of cbs-1 gene 

The cbs-1-specific sequence (350 bp in length), which encodes catalytic domain of CBS-

1, was prepared by PCR amplification of a C. elegans cDNA library and cloned into the 

pCR4-TOPO vector. Single-stranded RNAs were prepared by in vitro transcription using T3 

and T7 DNA-dependent RNA polymerase. The sense and antisense single-stranded RNAs 

were mixed and incubated at 68◦C for 10 min for making double-stranded RNA which was 

injected into the gonads of young adult hermaphrodite worms as described previously (Mello 
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C. and Fire A., 1995). Nematodes were grown at 16◦C and subsequently screened by their 

phenotype. 

 

GFP reporter assay of cbs-1 expression 

We generated a translational fusion vector using the PCR fusion technique described 

previously (Boulin T. et al., 2006). The 1.8 kb of 5’ upstream sequence and the entire coding 

region of ZC373.1 were amplified using genomic C. elegans DNA as a template. The vector 

pPD95.75 was used as a template for amplification of the green fluorescent protein (GFP)-

coding sequence. The two PCR products were mixed and fused together by nested PCR. The 

6.8-kb PCR product was injected into C. elegans hermaphrodite gonads. Transgenic animals 

were screened for the GFP signal using Olympus BX60 microscope and a Nikon Eclipse 

E800 with C1 confocal module and 488 nm laser and differential interference contrast optics. 
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4. RESULTS AND DISCUSSION 

4.1 Characterization of cystathionine beta-synthase in C. elegans 

One goal of our project was to use the roundworm C. elegans to develop a novel CBS-

deficient model system that could be utilized for studying the pathogenetic mechanisms of 

CBS deficiency and/or the physiological actions of endogenously produced H2S. To 

accomplish our goal, we first identified the gene encoding the cystathionine beta-synthase in 

the C. elegans genome and examined its expression pattern. Next, we characterized the 

recombinant nematode CBS-1 enzyme by biophysical methods and determined its catalytic 

properties and conformation. Finally, we examined the effect of CBS deficiency by RNA 

interference in C. elegans. These data and a description of the materials and methods used in 

the study were published in the Biochemical Journal (publication 7.1.1). 

 

The cbs-1 gene encodes cystathionine beta-synthase in C. elegans 

Analysis of the level of homology and a phylogenetic study showed that C. elegans 

possesses six candidate genes coding for CBS. In the C. elegans database WormBase, 4 other 

hypothetical proteins are listed as CBS-related proteins; however an in silico alignment 

revealed that they have very low homology to CBS, and phylogenetic analysis revealed that 

these proteins constitute a novel class of proteins belonging to the β-family of PLP-dependent 

proteins. We analyzed the transcriptional activities of all 6 putative CBS-encoding genes in C. 

elegans, namely, cbs-1, cbs-2, cysl-1, cysl-2, cysl-3 and cysl-4. Four mRNAs (cbs-1, cysl-1, 

cysl-2 and cysl-3) were successfully amplified and sequenced to confirm their identity with 

the sequences deposited in the C. elegans database, WormBase. On the other hand, we were 

unable to amplify the cbs-2 and cysl-4 mRNAs. These data suggest that cbs-2 and cysl-4 are 

not expressed in C. elegans, and these genes were excluded from further studies. 

Next, we studied the catalytic activities of the 4 CBS-related proteins that are expressed in 

C. elegans, namely, CBS-1, CYSL-1, CYSL-2 and CYSL-3. We determined that only CBS-1 

exhibits typical CBS activity and that it condenses either serine or cysteine with homocysteine 

to form cystathionine and water or sulfide, respectively. These data strongly suggested that 

CBS-1 is the only protein that exhibits CBS activity in C. elegans and that the other CBS-

related proteins, namely, CYSL-1, CYSL-2 and CYSL-3 have other roles in C. elegans 

biology. To examine the phenotypic and biochemical effects of cbs-1 deficiency in 

nematodes, we performed RNA interference to silence the cbs-1 gene. The cbs-1 knockdown 

animals had approximately 10% CBS activity and exhibited elevated homocysteine levels, 
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which is a typical feature of CBS deficiency in mammals (Kraus J. P. and Kožich V., 2001). 

These data support our previous findings that cystathionine beta-synthase is encoded by the 

cbs-1 gene in C. elegans. 

 

C. elegans as a model of CBS deficiency 

We showed that the RNA interference-mediated silencing of cbs-1 leads to several phenotypic 

changes. We observed a developmental delay in the knockdown animals, which is consistent 

with previous reports that the exposure to homocysteine leads to a developmental delay in C. 

elegans (Khare S. et al., 2009). We also observed the abnormal morphology of several tissues, 

such as the intestine and pharyngeal muscle cells. Consistent with this observation, the cbs-1 

gene is expressed mostly in these tissues, as determined using a GFP reporter. Therefore, we 

concluded that studies of such phenotypic changes might lead to the discovery of novel 

pathogenic mechanisms in human CBS deficiency.  

The use of C. elegans as a model for CBS deficiency requires the knowledge of the 

regulation of the nematode CBS enzyme. The alignment of the amino acid sequences of CBS 

proteins across phyla revealed the unique structural arrangement of the nematode enzyme. We 

observed that CBS-1 possesses 2 regions that are homologous to the catalytic domain in other 

CBS proteins.  Notably, the critical lysine residue responsible for the covalent binding of PLP 

to the protein is conserved only in the C-terminal region. This observation suggested that the 

catalytic domain is encoded in the C-terminal region; N-terminal domain was found to exhibit 

neither CBS activity nor PLP-binding. We also showed that CBS-1 does not possess the 

heme-binding and Bateman domains that are essential for the regulation of CBS activity in 

other animals. Heme can bind carbon monoxide, which inhibits CBS activity (Shintani T. et 

al., 2009; Singh S. et al., 2007) while the Bateman domain binds S-adenosylmethionine (Kery 

V. et al., 1998) which is a known activator of CBS. Thus, we conclude that the nematode 

protein is not regulated in the same manner as the mammalian enzyme. The use of C. elegans 

as a model for CBS deficiency might elucidate the roles of the catalytic and regulatory 

domains of the CBS enzyme in the pathogenic mechanisms of the nematode and mammalian 

CBS deficiency. In addition, the role of decreased H2S production in the pathogenic 

mechanisms of CBS deficiency can also be studied using C. elegans as a model system. 

 

4.2 Roles of the C. elegans CBS-related proteins (OAS-TL) 

Because the 3 CBS-related proteins did not exhibit CBS activity, we used phylogenetic 

analysis to explore their evolutionary counterparts in other phyla and to predict their in vivo 
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functions. This analysis revealed that the C. elegans paralogs constitute a novel class of O-

acetylserine(thiol)lyases (OAS-TL) with the highest homology to their plant orthologs. These 

data suggest that the genes encoding the worm and plant orthologs evolved from a common 

ancestor that was duplicated in the nematode genome. Consequently, all purified proteins 

were analyzed for the structural and catalytic properties that were observed previously in plant 

OAS-TL enzymes. Together with previous studies, our data show that these proteins have 

distinct roles in C. elegans. These data were published in the journal BBA- Proteins and 

Proteomics (publication 7.1.2). In addition, a paper on the specific role of CYSL-1 was 

published in the journal Neuron (publication 7.1.3).  

 

All nematode OAS-TL proteins can bind and metabolize O-acetylserine  

We determined that all the nematode OAS-TL proteins bind the canonical substrate, O-

acetylserine, and convert it to α-aminoacrylate by a β-replacement reaction. All 3 proteins 

subsequently utilize sulfide or cyanide as a secondary substrate to produce cysteine or β-

cyanoalanine, respectively. The production of cysteine from O-acetylserine occurs in the 

sulfur assimilation pathway, exclusively in plants and bacteria (Hell R. and Wirtz M., 2011; 

Kredich N. M. and Tomkins G. M., 1966). In contrast, C. elegans lacks serine O-

acetyltransferase (SAT), the enzyme that produces O-acetylserine. Therefore, it is unlikely 

that the nematode OAS-TL proteins utilize O-acetylserine for sulfur assimilation to 

biosynthesize cysteine parallel to the transsulfuration pathway. We propose that these proteins 

have different roles in C. elegans (see below). Nevertheless, there is a possibility that C. 

elegans may obtain traces of O-acetylserine from food (bacteria), and we hypothesize that O-

acetylserine might regulate the in vivo function of these proteins by binding to their active 

sites.  

 

C. elegans OAS-TL paralogs exhibit different conformations 

In contrast to CBS-1, the 3 nematode CBS-related proteins possess only one region conserved 

with the catalytic domain of other CBS enzymes. We determined that all 3 C. elegans OAS-

TL enzymes exist predominantly as dimers and thus have the same structural arrangement and 

oligomeric status as their plant or bacterial orthologs (Becker M. A. et al., 1969; Bonner E. R. 

et al., 2005). However, we observed that these paralogs exhibit different kinetic behaviors and 

conformations relative to each other, as revealed by different retention times during 

electrophoretic and gel filtration procedures under non-denaturing conditions. Furthermore, 

molecular dynamic simulations suggested that the nematode OAS-TL paralogs differ in their 
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conformations during catalysis. These findings suggested that the C. elegans OAS-TL 

paralogs have distinct functions in cells. 

 

C. elegans OAS-TL paralogs have distinct roles in C. elegans  

Combined with data from other studies, our in silico, genetic, biochemical and physiological 

data revealed that the nematode OAS-TL paralogs have distinct roles in the nematods.  

Genetic screens to identify novel regulators of the EGL-9/HIF-1 pathway identified the 

cysl-1 gene as a suppressor of egl-9. We determined that the nematode CYSL-1 protein 

interacts (via its active site) with the C-terminus of EGL-9, leading to the sequestration of 

EGL-9 and the subsequent activation of HIF-1. Thus, CYSL-1 activates HIF-1, which 

modulates animal behavior and alleviates sulfide and cyanide toxicity in C. elegans. 

Furthermore, the CYSL-1/EGL-9 association is enhanced by exposure to H2S. Intriguingly, 

this mechanism of interaction evolved from the ancient regulation of cysteine biosynthesis in 

bacteria and plants. The OAS-TL enzymes in these species interact with the C-terminus of 

serine acetyltransferase (SAT), which leads to the inhibition of OAS-TL activity (Hell R. and 

Wirtz M., 2011). Because we observed that CYSL-1 operates during hypoxia and during 

exposure to hydrogen sulfide, we concluded that CYSL-1 acts as a sensor of hypoxia through 

the transmission of the H2S signal, which increases during hypoxia (see above). We propose 

that hypoxia works in parallel with H2S to activate HIF-1 via VHL-1-dependent and VHL-1-

independent mechanisms. 

CYSL-2 is the sole CBS-related protein in C. elegans that can utilize cysteine to detoxify 

cyanide, using its cyanoalanine synthase (CAS) activity (Figure 7). This activity of CYSL-2, 

which is utilized for cyanide detoxification in plants and bacteria (Hell R. and Wirtz M., 

2011), is consistent with studies showing that cysl-2 mutants exhibit a decreased ability to 

survive exposure to cyanide and cyanide-producing bacteria, while the mutants with up-

regulated cysl-2 exhibit increased survival compared to the wild-type strain (Budde M. W. 

and Roth M. B., 2011; Saldanha J. N. et al., 2013). Furthermore, cysl-2 is a HIF-1 target gene 

that can be upregulated via HIF-1 activation during exposure to cyanide or cyanide-producing 

bacteria (Budde M. W. and Roth M. B., 2011; Shao Z. et al., 2010). Thus, it is likely that 

CYSL-2 serves as the cyanoalanine synthase in the cyanide detoxification pathway. 

The function of CYSL-3 in C. elegans is unclear and remains to be explored. Because 

CYSL-3 does not exhibit CBS or CAS activity and does not interact with the EGL-9 C-

terminus, the role of CYSL-3 is distinct from its paralogs in C. elegans. Kinetic analysis 

revealed that CYSL-3 has a high affinity for sulfide. We determined that apart from O-

 16



acetylserine, CYSL-3 also binds to S-sulfocysteine and converts it to thiosulfate. These data 

suggest a role for CYSL-3 in maintaining the homeostasis of sulfide or S-sulfocysteine. We 

cannot exclude the possibility that CYSL-3 functions as an interacting partner similar to 

CYSL-1. Additional functional studies are necessary to address the role of CYSL-3 in C. 

elegans. 

The proposed role of the nematode CBS-related proteins in H2S metabolism and signaling. 
CBS-1 serves as a cystathionine beta-synthase that produces hydrogen sulfide (H2S), CYSL-1 
serves as a regulator of EGL-9 upon increase in the level of H2S, CYSL-2 serves as a 
cyanoalanine synthase to produce H2S, and CYSL-3 exhibits sulfhydrylase activity in vitro but its 
role in C. elegans remains to be determined. 

 

4.3 Novel aspects of H2S signaling and metabolism in C. elegans 

We determined that the CBS-related proteins play distinct roles in H2S metabolism and/or 

signaling (Figure). The contribution of our findings to the understanding of H2S metabolism 

and signaling in C. elegans was summarized and published as a review in the journal General 

Physiology and Biophysics (publication 7.1.4).  

Our data show that the metabolism of H2S in C. elegans is much more complex than in 

mammals; C. elegans possesses the novel H2S-producing enzyme cyanoalanine synthase, 

many copies of genes that encode the conserved H2S-producing enzymes, and genes that 

encode the OAS-TL proteins with sulfhydrylase activities. Although we hypothesize that the 

OAS-TL genes do not function in the sulfur assimilation pathway, unlike their plant or 

microbial orthologs, the OAS-TL genes may play a role in catabolizing H2S. We hypothesize 
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that the nematode OAS-TL genes evolved during the Permian-Triassic extinction event, 

approximately 250 million years ago for adaptation to the increased H2S levels in the 

environment (Grice K. et al., 2005). Our findings also suggest that the interaction mechanism 

of CYSL-1 has been co-opted from the ancient metabolic functions of OAS-TL enzymes to 

utilize high levels of H2S for the protection of nematodes from hypoxic conditions. We also 

hypothesize that the additional duplication of these genes in nematodes increased their 

resistance to the omnipresent cyanogenic species. It will be interesting to see if future studies 

will discover similar or identical functions of the CBS-related proteins in other evolutionarily 

distant animals or if these functions are unique to nematodes. 
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5. CONCLUSIONS 

We have determined that the Caenorhabditis elegans CBS-related proteins have distinct roles. 

We discovered the gene that encodes the CBS enzyme in C. elegans. We show that the 

nematode protein CBS-1 exhibits a canonical activity that is mediated by a conserved 

catalytic domain, but it has a unique structural arrangement and lacks the typical regulatory 

domains present in its animal orthologs. We observed several biochemical and morphological 

changes in C. elegans due to CBS deficiency. Our data show that C. elegans can be used as a 

novel model organism to study the pathological mechanisms of CBS deficiency. 

We identified a phylogenetically novel family of O-acetylserine(thiol)lyases (OAS-TL), 

which are newly characterized animal orthologs of the corresponding plant and bacterial 

enzymes, and we studied their specific functions in C. elegans. We showed that C. elegans 

possesses a cyanide detoxification pathway that is mediated by the activity of CYSL-2, which 

had previously been observed only in plants and bacteria. We determined that, in contrast to 

other animals, C. elegans possesses 4 enzymes that produce H2S, and we proposed that S-

sulfocysteine might be a novel endogenous substrate for these proteins in other species. We 

hypothesized that the roundworm C. elegans does not utilize O-acetylserine from the sulfur 

assimilation pathway to produce cysteine, but it may utilize O-acetylserine in low 

concentrations from food to regulate OAS-TL functions. 

We elucidated one of the H2S-signaling pathways in C. elegans. We characterized that 

the specific role of CYSL-1 in this pathway is the regulation of HIF-1 activity. CYSL-1 

utilizes an evolved mechanism from the ancient regulation of the sulfur assimilation pathway 

in plants and bacteria. We also described the connection between high concentration of H2S 

and low concentration of O2 in the increased resistance of nematodes to toxic agents and 

stressors. 

We reported the differences between the CBS-related proteins in C. elegans and showed 

that the OAS-TL genes in the nematode genome did not arise from the duplication of the CBS 

gene in nematodes but from a common ancestor shared with the plant OAS-TL genes. These 

data are consistent with the hypothesis that the OAS-TL genes evolved to protect animals 

from hypoxia and increasing H2S concentrations in the environment. Our data show that the 

metabolism of H2S is much more complex in roundworms than in mammals and suggest that 

the roundworms use their own signaling mechanisms for protection against hypoxic 

conditions. 
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