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Abstract

Carnitine is an essential metabolite that enables intracellular transport of fatty acids and 
acetyl units. Here, we show that the yeast Candida albicans can synthesize carnitine de 
novo and identify the four genes of the pathway. Null mutants of orf19.4316 (trimethyllysine 
dioxygenase), orf19.6306 (trimethylaminobutyraldehyde dehydrogenase) and orf19.7131 
(butyrobetaine dioxygenase) lacked their respective enzymatic activities and were unable 
to utilize fatty acids, acetate or ethanol as sole carbon source, in accordance with the 
strict requirement for carnitine-mediated transport under these growth conditions. The 
second enzyme of carnitine biosynthesis, hydroxy-trimethyllysine aldolase, is encoded 
by orf19.6305, a member of the threonine aldolase (TA) family in C. albicans. A strain 
lacking orf19.6305 showed strongly reduced growth on fatty acids and was unable to utilize 
either acetate or ethanol, but TA activity was unaffected. Growth of the null mutants on 
non-fermentable carbon sources is only restored by carnitine biosynthesis intermediates 
after the predicted enzymatic block in the pathway, providing independent evidence for 
a specific defect in carnitine biosynthesis for each of the mutants. In conclusion, we have 
genetically characterized a complete carnitine biosynthesis pathway in C. albicans and 
show that a TA family member is mainly involved in the aldolytic cleavage of hydroxy-
trimethyllysine in vivo.
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Introduction

Carnitine (L-3-hydroxy-4-N,N,N-trimethylaminobutyrate) is an important metabolite 
which function is indispensable for intermediary metabolism in eukaryotic cells. The 
main function of carnitine is to act as a carrier to facilitate transport of fatty acids 
and acetyl units between compartments during central carbon metabolism. Enzymes 
of the family of carnitine acyl- and acetyltransferases catalyze the reversible exchange 
of the CoA group of activated fatty acids or acetyl-CoA for carnitine, forming acyl- or 
acetyl-carnitine, which subsequently can cross the membrane by the additional aid 
of a transporter. In mammals, carnitine is involved in both the transport of activated 
long-chain fatty acids from the cytosol to mitochondria as well as the transfer of the 
products of peroxisomal β-oxidation, i.e. shortened fatty acids and acetyl units to the 
mitochondria. Additional (related) roles of carnitine include modulation of the acyl-
CoA/CoA ratio, storage of energy (in the form of acetyl-carnitine) and excretion of 
poorly metabolizable, toxic, acyl groups (4). 

In animal species, carnitine uptake by food is thought to be an important contributor to 
total carnitine levels but is dependent on diet, as meat and dairy products contain high 
levels of carnitine, while food sources derived from plants contribute very little (26). 
Although carnitine can be obtained from the diet, most mammalian species are also 
able to synthesize it endogenously. The carnitine biosynthetic pathway was chemically 
characterized in the 1970s in rat and the filamentous fungus Neurospora crassa using 
labeled precursors of carnitine and subsequent detection of carnitine, carnitine 
biosynthesis intermediates and byproducts (3, 12-14, 32). The precursor of carnitine 
biosynthesis is the trimethylated amino acid lysine (6-N-trimethyllysine; TML). 
In mammals certain proteins such as calmodulin, myosin, actin, cytochrome c and 
histones contain lysine residues that are N-methylated, which is a post-translational 
modification carried out by methyl-transferases that use S-adenosylmethionine as a 
methyl-donor (21). Lysosomal degradation of these proteins generates TML, which can 
be used as a substrate to synthesize carnitine in four enzymatic steps (Fig. 1). First, 
TML is hydroxylated at carbon 3 by TML dioxygenase (TMLD) to yield 3-hydroxy-
TML (HTML). Second, HTML undergoes an aldolytic cleavage between carbons 2 
and 3 generating 4-trimethylaminobutyraldehyde (TMABA) and glycine, a reaction 
catalyzed by a pyridoxal 5’-phosphate (PLP)-dependent aldolase (dubbed HTMLA). 
Third, dehydrogenation of TMABA by TMABA dehydrogenase (TMABADH) results 
in the formation of 4-N-trimethylaminobutyrate or γ-butyrobetaine (γ-BB). Fourth, 
γ-BB is hydroxylated on the 3-position by γ-butyrobetaine dioxygenase (BBD) to 
yield L-carnitine (reviewed by 38). Although the chemistry of the pathway has been 
well established, not all enzymes of the carnitine biosynthesis pathway have been 
characterized. Rat and human genes encoding TMLD, TMABADH and BBD were 
identified (35-37), but the HTMLA gene has thus far remained elusive.

A number of candidates have been put forward that might be capable of converting 
HTML to TMABA and glycine. The first is serine hydroxymethyltransferase (SHMT), 
an enzyme performing the interconversion between serine and glycine, both of which 
are major sources of one-carbon units required for purine, thymidylate and methionine 
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biosynthesis (10, 11, 19). The enzymatic activity of SHMT, like many aldolases, is 
dependent on PLP (a derivative of vitamin B6) as a cofactor and addition of the vitamin 
B6 antagonist L-amino-D-proline was shown to lead to a reduction in carnitine 
biosynthesis and to accumulation of HTML in rat liver (7). This finding indicates that it 
is likely that the HTMLA is indeed dependent on PLP, but thus far no further evidence 
was put forward to show that SHMT itself is the HTMLA of the carnitine biosynthesis 
pathway. Another putative candidate for this enzymatic step in carnitine biosynthesis is 
threonine aldolase. Hochalter and Henderson (12) noticed that cleavage of HTML into 
TMABA by the putative HTMLA was similar to the reaction performed by threonine 
aldolases, as glycine is produced in both aldolase reactions. Threonine aldolases are, like 
SHMT, PLP-dependent enzymes that catalyze the reversible reaction between threonine 
and acetaldehyde and glycine (18). While mammals seem to lack a genuine threonine 
aldolase (20), unicellular eukaryotes such as the yeast Saccharomyces cerevisiae express 
threonine aldolase activity. Genetic approaches revealed that the S. cerevisiae genome 
harbors a single gene (GLY1) encoding threonine aldolase, which is involved in glycine 
metabolism in this organism (16). Interestingly, S. cerevisiae appears not to have a 
functional carnitine biosynthesis pathway. Previous studies have shown that a mutant 
lacking peroxisomal citrate synthase (Cit2), which solely relies on carnitine-dependent 
transport of acetyl units for the utilization of fatty acids, acetate or ethanol, can only 
grow on these carbon sources when carnitine is added to the medium (31, 33). These 
data therefore do not support a role of yeast GLY1 in carnitine biosynthesis. 

Figure 1. The carnitine biosynthesis pathway. 
Picture adapted from Vaz and Wanders (38) 
showing the reactions and structure formulas 
of the carnitine biosynthesis pathway. TML is 
released during lysosomal protein degradation, 
after which it is hydroxylated by TMLD to form 
HTML. The aldolase HTMLA cleaves HTML into 
TMABA and glycine, a reaction that is dependent 
on pyridoxal 5’-phosphate (PLP). TMABA is then 
converted into γ-BB by TMABADH and finally γ-
BB is hydroxylated by BBD to form carnitine. TML: 
6-N-trimethyllysine; HTML: 3-hydroxy-6-N-
trimethyllysine; TMABA:  4-trimethylaminobutyral 
dehyde; γ-BB: γ-butyrobetaine or 4-N-trimethyl-
aminobutyrate; TMLD: TML dioxygenase; 
HTMLA: HTML aldolase; TMABADH: TMABA 
dehydrogenase; BBD: γ-BB dioxygenase
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Candida albicans is a human commensal yeast that is part of the normal intestinal 
microflora. However it is also the major cause of human mucosal and systemic fungal 
infections, the latter especially occurring in immuno-compromized patients (29). We 
have shown previously that, in contrast to S. cerevisiae, C. albicans lacks a peroxisomal 
citrate synthase and is solely dependent on carnitine acetyl-transferase (Cat) activity 
for the transport of acetyl units from the cytosol and peroxisomes to mitochondria 
(Chapter 2). Consequently, a strain lacking the major Cat (CAT2) in this organism is 
unable to grow on fatty acids, ethanol or acetate, and a similar result has been reported 
for C. albicans strains lacking CTN1 (the homolog of S. cerevisiae YAT1), one of the two 
minor carnitine acetyl-transferases in this organism (40). The strict dependence of 
C. albicans on carnitine for intracellular transport of acetyl groups and its ability to grow 
on minimal fatty acid medium without supplementary carnitine led us to hypothesize 
that C. albicans has a functional carnitine biosynthesis pathway.

Here we show that C. albicans indeed can synthesize carnitine de novo and we identify 
the four responsible genes of the pathway. Remarkably, our data show that members of 
the threonine aldolase family can catalyze the second step in carnitine biosynthesis, the 
aldolytic cleavage of hydroxy-trimethyllysine, and we identify one of the two presumptive 
threonine aldolases in C. albicans, encoded by orf19.6305, as the main HTMLA in this 
organism. Through detailed phenotypic and biochemical analysis of the four constructed 
gene deletion strains we provide compelling evidence for their specific role in carnitine 
biosynthesis. To our knowledge, this paper describes the first genetic characterization of 
a complete carnitine biosynthesis pathway in any organism.

Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC unless otherwise stated. For routine non-selective 
culturing of C. albicans strains YPD (2% bactopeptone, 1 % yeast extract, 2% glucose 
and 80 µg/ml uridine) was used. C. albicans transformants were selected and grown on 
minimal solid medium containing 0.67% Yeast Nitrogen Base (YNB) w/o amino acids 
(DIFCO), 2% glucose, 2% agar and amino acids as needed (80 µg/ml uridine, 20 µg/ml 
arginine, 20 µg/ml histidine). For the carnitine biosynthesis enzyme assays, cells were 
grown overnight on YPO (2% bactopeptone, 1 % yeast extract, 0.12%/0.2% oleic acid/
Tween 80). Strains were pre-grown on 0.3% glucose medium (0.3% glucose, 0.67% YNB) 
for at least 8 hours before being shifted to other media. The growth curves were performed 
on minimal medium containing 0.67% YNB and glucose (2%), oleic acid/Tween 80 
(0.12%/0.2%), ethanol (2%) or sodium acetate (2% with 0.5% 1 M potassium phosphate 
buffer pH 6.0). In order to observe a growth phenotype of the carnitine biosynthesis 
mutants, strains had to be pre-grown for at least 3 days in minimal glucose medium, 
presumably to reduce intercellular carnitine levels. For the growth rescue experiments 
with carnitine biosynthesis intermediates, cells were pre-cultured as described and 
inoculated at 0.27 x 107 cells/ml, which is equivalent to an optical density at 600 nm 
(OD600) of 0.1, in minimal oleate or acetate medium containing 200 nM TML, TMABA, 
γ-BB or carnitine. The end OD was determined after 16-18 hours of incubation.



Chapter 4

110

Table I. Yeast strains used in this study.

Strain Name  Genotype      Reference

SN76 wild type  arg4/arg4 his1/his1 ura3::imm434/ura3::imm434   (25)
   auxotroph iro1::imm434/iro1::imm434 
SN76-P wild type  arg4∆/ARG4 his1∆/HIS1 ura3∆::imm434/ura3∆::  (42)
   prototroph imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
CKS105a tmld∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆     This study
    ura3∆::imm434/ura3∆::imm434::URA3 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    tmld∆::CdHIS1/tmld∆::CdARG4 
CKS106a tmld∆/∆ + TMLD arg4∆/arg4∆ his1∆/his1∆     This study
    ura3∆::imm434/ura3∆::imm434::URA3::TMLD 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    tmld∆::CdHIS1/tmld∆::CdARG4 
CKS99a bbd∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    bbd∆::CdHIS1/bbd∆::CdARG4 
CKS100a bbd∆/∆ + BBD arg4∆/arg4∆ his1∆/his1∆     This study
    ura3∆::imm434/ura3∆::imm434::URA3::BBD 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    bbd∆::CdHIS1/bbd∆::CdARG4 
CKS96a tmabadh∆/∆  arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
  + URA3  imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    tmabadh∆::CdHIS1/tmabadh∆::CdARG4 
CKS97a tmabadh∆/∆   arg4∆/arg4∆ his1∆/his1∆     This study
  + TMABADH ura3∆::imm434/ura3∆::imm434::URA3::TMABADH 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    tmabadh∆::CdHIS1/tmabadh∆::CdARG4 
CKS87a gly1∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    gly1∆::CdHIS1/gly1∆::CdARG4 
CKS88a gly1∆/∆ + GLY1 arg4∆/arg4∆ his1∆/his1∆      This study
    ura3∆::imm434/ura3∆::imm434::URA3::GLY1 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    gly1∆::CdHIS1/gly1∆::CdARG4 
CKS107 htmla∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    htmla∆::CdHIS1/htmla∆::CdARG4 
CKS108a htmla∆/∆   arg4∆/arg4∆ his1∆/his1∆      This study
  + HTMLA  ura3∆::imm434/ura3∆::imm434::URA3::HTMLA 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    htmla∆::CdHIS1/htmla∆::CdARG4 
CKS92a htmla∆/∆/gly1∆/∆  arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
  + URA3  imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    htmla∆::CdHIS1/htmla∆::CdARG4 gly1∆::SAT1/gly1∆::ura3 
CKS93a htmla∆/∆/gly1∆/∆  arg4∆/arg4∆ his1∆/his1∆      This study
  + HTMLA/GLY1 ura3∆::imm434/ura3∆::imm434::URA3::HTMLA::GLY1 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    htmla∆::CdHIS1/htmla∆::CdARG4 gly1∆::SAT1/gly1∆::ura3 
CEM38 cat2∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  (23)
    imm434:: URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    cat2∆::CdHIS1/cat2∆::ARG4 
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Strains and plasmids
C. albicans strains used in this study are listed in Table I and are derivatives of SN76 (17). 
Plasmids and primers used in this study are listed in Table II and Table III, respectively. 
A new set of pFA disruption plasmids was constructed by introducing loxP sites that 
enable Cre recombinase-mediated recycling of markers. LoxP sites were introduced 
by cloning annealed primers LoxP1 and LoxP2 into a SalI/SacI digested pFA-CaURA3 
(9) creating pFA-loxP. The insert was confirmed by sequencing. Inserts from plasmids 
pFA-CaURA3 (9), pFA-CdHIS1 and pFA-CmLEU2 (28) were cloned BamHI/PmeI into 
pFA-loxP (pFA-CaURA3-loxP, pFA-CdHIS1-loxP and pFA-CmLEU2-loxP). A PCR with 
primers SAT-F and SAT-R on pFA-SAT1 (28) was performed to introduce SacI and BglII at 
the 5’ side of the marker and PmeI and SphI at the 3’ side of the marker. The PCR product 
was cloned SacI/SphI into pUC19 (Fermentas) and confirmed by sequencing. From this 
plasmid a BglII/PmeI insert was cloned into BamHI/PmeI cut pFA-loxP (pFA-SAT1-
loxP). Selection marker CdARG4 was introduced into the pFA modules by performing a 
PCR with primers CdARG-F en CdARG-R on plasmid pSN69 (17) thereby introducing 
BamHI and PmeI sites on the 5’ and 3’ ends of the marker, respectively. The obtained 
PCR product was cloned BamHI/PmeI into pFA-URA3 and pFA-loxP and sequenced 
(pFA-CdARG4 and pFA-CdARG4-loxP). Null mutants were constructed according to 
the method of Noble et al. (17) with some modifications: primers SN2 & SN3 and SN4 & 
SN5 were used in a PCR reaction on genomic DNA isolated from strain SN76 to obtain 
200-400 bp 5’ and 3’ flanking regions of the target gene. PCR fragments were purified on 
GFX columns (GE Healthcare) and used as primers on linearized plasmids containing 
(heterologous) markers to create a fusion PCR product that comprises the marker and 
the flanking regions of the target gene. 

Table II. Plasmids used in this study.

Plasmid  Purpose     Reference

pUC19       Fermentas
pSN69  ARG4 disruption    (25)
pFA-CdARG4 ARG4 disruption    This study
pFA-CdHIS1 HIS1 disruption    (27)
pFA-CaURA3 URA3 disruption    (26)
pFA-SAT1  SAT1 disruption    (27)
pFA-CmLEU2 LEU2 disruption    (27)
pFA-loxP  Introduction of loxP sites in the pFA module  This study
pFA-CdARG4-loxP ARG4 disruption with loxP-recombination sites This study
pFA-CdHIS1-loxP HIS1 disruption with loxP-recombination sites This study
pFA-CaURA3-loxP URA3 disruption with loxP-recombination sites This study
pFA-SAT1-loxP SAT1 disruption with loxP-recombination sites This study
pFA-CmLEU2-loxP LEU2 disruption with loxP-recombination sites This study
pLUBP  URA3 complementation   (29)
pKa58  TMLD complementation   This study
pKa54  TMABADH complementation   This study
pKi01  BBD complementation   This study
pKa52  GLY1 complementation   This study
pKa48  HTMLA complementation   This study
pKa59  HTMLA/GLY1 complementation  This study
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Table III. Primers used in this study.

Primer, Standard name  5’-3’ sequence
JH05, TMLD_SN1   ctatctatctatcatcatcatcatc
JH03, TMLD_SN2   ctagccactttttaaccgatattc
JH09, TMLD_SN3   GACCTGCAGCGTACGAAGCTTCgagttagaaagtattgattgtaga
JH10, TMLD_SN4   CTCGAATTCATCGATGATATCAGAttagacaaagattggaattttatc
JH04, TMLD_SN5   tatttgaacatgaaactattaaatc
JH06, TMLD_SN6   caaattgaacatcatccttatttac
KS194, TMLD_compl_F_StuI  aAGGCCTgttgaatgaaaaacaaggatatg
KS195, TMLD_compl_R_PstI  ctaCTGCAGgatattgggttaagatttaatga
KB01, BBD_SN1   catcgggaaacgtgtctgta
KB02, BBD_SN2   caagagccttgcagtgtttg
KB03, BBD_SN3   GACCTGCAGCGTACGAAGCTTCgttggaaaagaaaggtggtacaa
KB04, BBD_SN4   CTCGAATTCATCGATGATATCAGActgcttaaacccattgcacaaac
KB05, BBD_SN5   ccagcacttgcttgttgaag
KB06, BBD_SN6   gtggaaagtgggcaacaact
KB13, BBD_compl_F_SacI  ctGAGCTCggtaaccctatccacatactcg
KB14, BBD_compl_R_BamHI  agGGATCCggtcaagtgtgtatccgaacatg
KS164, GLY1_SN1   catcgcggaaaaactacaatgc
KS165, GLY1_SN2   gtttctgttttgatcccatcag
KS166, GLY1_SN3   GACCTGCAGCGTACGAAGCTTCattaatgtggtgtgctgagtaat
KS167, GLY1_SN4   CTCGAATTCATCGATGATATCAGAgtattgtaaaactgtctcttgtt
KS168, GLY1_SN5   cttgataatgaagacatgttgtg
KS169, GLY1_SN6   tccaattccaagtttttagtatg
KS170, GLY1_compl_F_SacI  ctGAGCTCgcttagtgaatgtgtgtatgag
KS171, GLY1_compl_R_PstI  ctaCTGCAGccaaattacaccaagaagcgtc
KB26, HTMLA_SN1   gcttggttggttgcttgcattg
KB27, HTMLA_SN2   ccaaattgggaaattattagcgg
KB28, HTMLA_SN3   GACCTGCAGCGTACGAAGCTTCgtgtaagttagaaagtatatttg
KB29, HTMLA_SN4   CTCGAATTCATCGATGATATCAGAgccagatgatatgattttgtaag
KB30, HTMLA_SN5   gattgaatgattgaattgattgc
KB31, HTMLA_SN6   caattaaggcaattatatcattag
KB38, HTMLA_compl_F_StuI  ctAGGCCTctttgaagtcaactcaattaacg
KB39, HTMLA_compl_R_SacI  ctGAGCTCcaatcttacaaatgaaattagtc
KS177, TMABADH_SN1  caaccaaccaagcaaaaattgag
KS178, TMABADH_SN2  gaagaatacaacttatctgttgt
KS179, TMABADH_SN3  GACCTGCAGCGTACGAAGCTTCtgattttgttagtataaaagtatg
KS180, TMABADH_SN4  CTCGAATTCATCGATGATATCAGAtggaactcaatatattaattattc
KS181, TMABADH_SN5  atcaccaagaaatctaaaatttg
KS182, TMABADH_SN6  tacagtgacaaccactcattag
KS234, TMABADH_compl_F_SacI ctGAGCTCagtagtaaatcctatgactcaatg
KS235, TMABADH_compl_R_BamHI agGGATCCcaagaaatggaacgaataaatttc
JB3-ARG4-inF, X2_CdARG4  TGGTGAATGTGTTAGAAAAGCTG
JB21-CdARG4inF, X3_CdARG4 TGAATCGACCACCCCATAAT
X2_CdHIS1   TCTAAACTGTATATCGGCACCGCTC
X3_CdHIS1   ACGAATCAATGGCACTACAGC
Verif-Ca-U4, X2_URA3  GATTAGATGATAAAGGTGATGG
Verif-Ca-U5, X3_URA3  GATTAGATGATAAAGGTGATGG
X2_SAT1    GCACACACTACTTAATATACACAGC
X3_SAT1    GTGAAGTGTGAAGGGGGAG
CdARG-F    aaaGGATCCgaatatagacgagttgattggtg
CdARG-R    atagGCATGCGTTTAAACAtagtaggaatatctacctgaacc
SAT-F    tttGAGCTCAGATCTgagcgtcaaaactagagaataataaag
SAT-R    atagGCATGCGTTTAAACcgctctagaactagtggatcc
LoxP1    TCGACATAACTTCGTATAATGTATGCTATACGAAGTTA  

    TGGATCCGGCGCGCCGTTTAAACATAACTTCGTATAATGT 
    ATGCTATACGAAGTTATtagggataacagggtaatGAGCT

LoxP2    cattaccctgttatccctaATAACTTCGTATAGCATACATTATACGA 
    AGTTATGTTTAAACGGCGCGCCGGATCCATAACTTCGTAT 
    AGCATACATTATACGAAGTTATG
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Markers used in this study were CdARG4, CdHIS1, URA3 and SAT1 from the newly 
constructed loxP plasmids. A standard fusion PCR reaction contained 50 ng of DNA of 
each flanking region, 100 ng cut plasmid, 5 µl 2.5 mM dNTPs, 10 µl Phusion buffer and 
1 unit Phusion polymerase (Biolabs) in 50 µl. After 5 cycles, 2 µl of a 10 µM solution of 
both outside primers (SN2 and SN5) used for amplification of the flanking regions were 
added for 25 more cycles to yield the disruption cassette. The protocol was adjusted for 
each specific cassette to increase yield. Strain SN76 was transformed with the disruption 
cassette and transformants were selected according to the marker used. All null mutants 
(tmld, htmla, gly1, tamabadh and bbd) were constructed by sequential transformation 
with CdARG4 and CdHIS1. The htmla/gly1 double mutant was created by knocking out 
GLY1 with SAT1 and URA3 in the htmla null mutant background after which the URA3 
cassette was removed by 5-FOA selection (2). Integration of cassettes in the proper locus 
was confirmed by PCR with primers SN1 and SN6 in combination with internal cassette 
primers. Plasmids for complementation were constructed by cloning a PCR product 
(obtained with F and R complementation primers listed in Table II), containing the 
open reading frame of interest and including a 800 bp promoter region, into pLUBP (24). 
The inserts used for complementation were verified by sequencing. Null mutant strains 
were complemented with linearized plasmids carrying the gene of interest or with empty 
pLUBP to restore URA3 prototrophy. 

Transformation
C. albicans was transformed using a modified lithium acetate protocol (39). The heat shock 
was carried out at 44 ºC for 15 minutes.

Carnitine biosynthesis enzyme assays (TMLD, TMABADH and BBD)
Cells were inoculated in YNB 2% glucose and grown overnight. The next morning the 
culture was diluted in YNB 0.3% glucose to an OD600 of 0.15, grown for 6-8 hours, then 
inoculated in YPO at an OD600 of 0.002 and grown overnight. After 16 hours of growth 
the cells were collected by centrifugation (10 min at 4,000 g), washed 3 x with 25 ml 
distilled water and collected again by centrifugation (10 min at 4,000 g) and converted 
to spheroplasts in approximately 45 minutes (Chapter 2). Spheroplasts were harvested 
by centrifugation at 2,300 g for 8 min at 4ºC and the pellet was resuspended in 1.5 ml 
buffer V (10 mM MOPS, 10% w/v glycerol, 5 mM DTT, 0.9% NaCl, pH 7.4). Spheroplasts 
were sonicated 2 times for 30 seconds to amplitude 10 while on ice and left on ice for 
30 seconds in between sessions. The homogenate was centrifuged twice at 20,000 g 
at 4ºC to remove debris, nuclei and whole cells, and the supernatant was analyzed for 
carnitine biosynthesis enzyme activities. Determination of carnitine and biosynthesis 
intermediates and TMLD, TMABADH and BBD enzyme assays were performed as 
described previously (23). 

Threonine aldolase assay
The threonine aldolase enzyme assay was adapted from the assay previously described 
by Monschau et al. (16), which is based on the detection of glycine produced during 
the aldolytic cleavage reaction. Cell lysates were prepared as described for the carnitine 
biosynthesis assay and endogenous glycine was removed by chromatography using 
spun-columns (23). The assay mixture contained 100 mM HEPES/NaOH pH 7.0, 30 µM 
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pyridoxal phosphate and cell lysate. The reaction was started with 80 mM threonine 
and incubated at 37ºC. At different time points samples were taken and the reaction was 
stopped by addition of 500 µl acetonitrile (100%) to 100 µl reaction mix and 40 µmol 
d3-serine was added as an internal standard. Samples were left on ice for 15 minutes, 
centrifuged at 20,000 g for 10 minutes after which the supernatants were taken and 
boiled until all fluid was evaporated. The remaining pellet was taken up in 100 µl 0.1% 
heptafluorobutyric acid. Glycine levels were determined by ESI-MS-MS using positive 
ionisation mode as described previously by Piraud et al. (22).

Results

Carnitine biosynthesis assays and intermediates.
Our previous work on carnitine acetyl-transferases in C. albicans suggested that this 
fungus might be able to synthesize its own carnitine (Chapter 2). To provide further 
evidence for this, we determined whether carnitine and the carnitine biosynthesis 
intermediates TML and γ-BB were present in lysates of C. albicans cells grown on 
minimal glucose or oleic acid medium without carnitine. Carnitine was detected in 
both glucose- and oleate grown C. albicans cells with the highest levels in oleate-derived 
lysates (Fig. 2A). 

Figure 2. C. albicans is capable of de novo carnitine biosynthesis. 
(A): Levels of carnitine and carnitine biosynthesis intermediates TML, γ-BB in lysates of C. albicans grown on 
minimal glucose or oleate medium. HTML was not detectable in either of the lysates. (B): Activity of carnitine 
biosynthesis enzymes TMLD, TMABADH and BBD in lysates of C. albicans grown on minimal glucose or 
oleate medium. All experiments were performed at least twice; the means of duplicate determinations of 
representative experiments are shown. 

Relatively high levels of TML and γ-BB were found in glucose-grown cells, while oleate 
cells contained very little of these carnitine biosynthesis intermediates. As the presence 
of carnitine and biosynthesis intermediates suggested an active carnitine biosynthesis 
pathway in C. albicans, we also determined the activities of TMLD, TMABADH 
and BBD in lysates of glucose- and oleic acid-grown wild type cells using previously 
established enzyme assays (34). TMLD, TMABADH and BBD activity could be detected 
in both glucose and oleic acid grown cells. The TMABADH and BBD enzyme activities 
were found to be significantly higher in cells grown on oleate than on glucose, while 
TMLD activity was higher on glucose (Fig. 2B). We were unable to measure the second 
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enzyme of carnitine biosynthesis, HTMLA, as currently there is no assay available for 
this enzyme. These results clearly show that C. albicans can synthesize carnitine and 
that the activity of three of the four carnitine biosynthesis enzymes can be detected in 
C. albicans lysates. 

Figure 3. Identification and characterization of the C. albicans TMLD and BBD. 
(A): Enzyme activities of TMLD and BBD in wild type strain, tmld and bbd null mutants and complemented 
strains grown on rich oleate medium. No TMLD activity could be detected in the tmld null mutant and no BBD 
activity was detected in the bbd null mutant, as indicated by the asterisks (*). Values are means of duplicate 
determinations of one representative experiment. TMLD and BBD activities ranged between 20-80 pmol/min/
mg between different experiments and TMABADH between 400-700 pmol/min/mg. (B): Growth of tmld and 
bbd null mutants on minimal glucose or oleate medium (C). Strains were pregrown on minimal glucose medium 
for 3 days before execution of the experiment. Growth on minimal ethanol or acetate medium was comparable 
to growth on minimal oleate medium (data not shown). (D): For growth rescue experiments the indicated strains 
were pregrown on minimal glucose medium for 3 days and inoculated in minimal oleate medium without any 
addition or containing carnitine or the carnitine biosynthesis intermediates TML, TMABA or γ-BB, each at a 
concentration of 200 nM. The OD at 600 nm of the cultures was determined after 16 hours of incubation. All 
experiments were performed at least twice; representative experiments are shown. 

Identification and characterization of the C. albicans TMLD and BBD. 
To identify the C. albicans TMLD and BBD genes we performed BLAST analyses with the 
human TMLD and BBD sequences. Two uncharacterized C. albicans open reading frames 
(ORFs) were identified as putative orthologs (orf19.4316 and orf19.7131, respectively). The 
predicted translation products of these ORFs have a sequence similarity of 35% and 21% 
with the human TMLD and BBD, respectively. The putative C. albicans TLMD and BBD 
genes were deleted using a modified PCR-based procedure (see Experimental procedures) 
and correct integration of the disruption cassettes in the chromosomal loci was checked 
by PCR (data not shown). Plasmids containing the TMLD or BBD open reading frame 
and 800 bp 5’ sequences were transformed to the tmld∆/∆ and bbd∆/∆ strains to create 
the complemented strains tmld∆/∆ + TMLD and bbd∆/∆ + BBD. To determine TMLD, 

Figure 3

A wild type
tmld∆/∆
tmld∆/∆ + TMLD
bbd∆/∆
bbd∆/∆ + BBD

600

0

50

400

pm
ol

/m
in

/m
g

40

10
* *

TMLD TMABADH BBD

30
20

B

25

15

0

5

10

0 5 10 15 20

O
D

60
0

Time (hours)

wild type
tmld∆/∆
tmld∆/∆ + TMLD
bbd∆/∆
bbd∆/∆ + BBD

glucose

wild type tmld∆/∆ bbd∆/∆

D 4

0

3

O
D

60
0

2

1

-
200 nM TML

200 nM γ-BB
200 nM carnitine

200 nM TMABA

oleateC

50

5

0

3

4

0 10 20 30

O
D

60
0

2

1

Time (hours)

wild type
tmld∆/∆
tmld∆/∆ + TMLD
bbd∆/∆
bbd∆/∆ + BBD

40

oleate



Chapter 4

116

TMABADH and BBD activities, enzyme assays were performed on lysates prepared from 
wild type cells, null mutants and complemented strains grown on rich oleate medium. 
TMLD and BBD activities were completely lost in the tmld and bbd null mutants, 
respectively. Both null mutants had wild type levels of TMABADH activity. Restoration 
of TMLD and BBD activities in the complemented strains strongly suggests that these 
open reading frames indeed encode the C. albicans carnitine biosynthesis enzymes 
TMLD and BBD, respectively (Fig. 3A). 

We and others have previously shown that a C. albicans cat2 null mutant is unable to 
grow on oleic acid, acetate or ethanol (Chapter 2 and reference 40). The dependence on 
Cat2p activity and thereby the carrier molecule carnitine during growth on these carbon 
sources predicts that null mutants of the carnitine biosynthesis pathway should display a 
similar growth defect. The tmld∆/∆ and bbd∆/∆ mutants and complemented strains were 
pre-grown on minimal glucose medium for 3 days to deplete endogenous carnitine pools, 
after which growth assays were carried out on minimal glucose, oleate, acetate or ethanol 
medium. All four strains displayed wild-type growth rates on minimal glucose medium 
(Fig. 3B), while the tmld∆/∆ and bbd∆/∆ null mutants were unable to utilize oleate, 
acetate or ethanol (Fig. 3C; growth on acetate or ethanol not shown). Growth on these 
carbon sources was restored to wild type levels in the complemented strains, indicating 
that the growth defect in the null mutants is caused by the deletion of the gene. 

Figure 4. Carnitine is the limiting factor for growth of C. albicans on oleate and acetate. 
Growth of C. albicans wild type and carnitine acetyl-transferase null mutant (cat2∆/∆) on minimal oleate 
(A) and minimal acetate medium (B) with addition of 10 µM TML or carnitine.

To provide independent evidence for the role of TMLD and BBD in carnitine biosynthesis, 
we conducted growth rescue experiments by adding carnitine or one of the carnitine 
biosynthesis intermediates TML, TMABA or γ-BB (HTML was not (commercially) 
available) to the tmld∆/∆ and bbd∆/∆ strains growing on minimal oleate medium. 
Strains were inoculated at an OD600 of 0.1 and the OD600 was determined after 16 hours 
of incubation. Growth of the tmld null mutant on oleate was restored by addition of 
TMABA, γ-BB or carnitine but not by TML, while growth of the bbd null mutant could 
only be restored by addition of carnitine (Fig. 3D). These rescue experiments corroborate 
the results of the enzyme assays and show that the tmld and bbd null mutants are unable 
to convert TML and γ-BB, respectively, to carnitine and that this defect can be restored 
by addition of carnitine or by carnitine biosynthesis intermediates entering the pathway 
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after the predicted enzymatic block. Interestingly, addition of any of the carnitine 
biosynthesis intermediates or carnitine stimulated the growth of wild type cells on oleate 
suggesting that the availability of endogenous TML is rate limiting for growth on oleate 
rather than the capacity of the carnitine biosynthesis pathway itself. Similar results were 
obtained when acetate was used as carbon source, but the growth stimulatory effect was 
even more pronounced then with oleate as a substrate (Fig. 4). These data together with 
our previous observations (Chapter 2) show that a functional carnitine biosynthesis 
pathway is essential for growth of C. albicans on carbon sources requiring acetyl unit 
transport between organelles.

Identification and characterization of the C. albicans TMABADH
The third enzyme of carnitine biosynthesis, i.e. TMABADH, belongs to the class of 
aldehyde dehydrogenases that has several representatives in the C. albicans genome. 
A BLASTP search with the proposed human TMABADH (35) identified the predicted 
translation products of C. albicans orf19.6306 (uncharacterized ORF), orf19.5806 (ALD5) 
and orf19.4543 (UGA2) as the most likely orthologs. Of these, the translation product of 
orf19.6306 showed the highest sequence similarity with the human TMABADH (35% 
identity). Moreover, we noticed that orf19.6306 is the neighboring gene of the putative 
HTMLA on chromosome R (Fig. 5 and see below). Orf19.6306 and the putative HTMLA 
(orf19.6305) are transcribed in opposite directions and share a 1000 bp upstream region. 
Although we have no data on the transcriptional regulation of both genes, it is possible 
that they are under control of the same regulatory elements and coordinately expressed.

We constructed an orf19.6306 knockout strain (tmabadh∆/∆) and complemented strain 
(tmabadh∆/∆ + TMABADH) and compared TMLD, TMABADH and BBD enzyme 
activity in these mutants to that of the wild type after all were grown on rich oleate 
medium. TMABADH activity was almost completely lost in the tmabadh∆/∆ strain, 
while activity was restored in the complemented strain (Fig. 6A). TMLD and BBD enzyme 
activities in the tmabadh null mutant were comparable to wild type. We determined the 
growth phenotype of the tmabadh null mutant on glucose, oleate, acetate and ethanol 
and found that, similar to the tmld and bbd null mutants, the strain did not grow on 
non-fermentable carbon sources  (Fig. 6B and C and data not shown). Growth on oleate 
could be rescued by addition of γ-BB or carnitine and not by TML or TMABA (Fig. 6D). 
Together, these experiments show that C. albicans orf19.6306 encodes the TMABADH, 
the third enzyme of the carnitine biosynthesis pathway. 

Figure 5. Chromosomal localization of the 
putative TMABADH and HTMLA.
Gene orientation and localization of orf19.6305 
(putative TMABADH) and orf19.6306 (putative 
HTMLA) and on chromosome R. Genes are 
orientated in opposite direction and share a 1000 
bp upstream region.
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Figure 6. Identification and characterization of the C. albicans TMABADH. 
(A): TMLD, TMABADH and BBD activity in the wild type, tmabadh null mutant and complemented strain 
grown on rich oleate medium. Growth of the strains on minimal glucose (B) or oleate medium (C). Growth 
on minimal ethanol or acetate medium was comparable to growth on minimal oleate medium (data not 
shown). (D): Growth rescue of the tmabadh null strain by carnitine or carnitine biosynthesis intermediates 
growing on minimal oleate medium. The experiment was performed as described in the legend to Figure 3. 
All experiments were performed at least twice; representative experiments are shown.

Identification and characterization of the C. albicans HTMLA 
Very little is known about the gene encoding the second enzyme of carnitine biosynthesis, 
HTMLA. We studied the occurrence in C. albicans of the genes that have previously 
been connected with HTMLA activity: SHMT and threonine aldolase. C. albicans has 
one predicted cytosolic and one predicted mitochondrial SHMT, like S. cerevisiae, an 
organism that cannot synthesize carnitine (31). However, C. albicans has two putative 
threonine aldolases (GLY1 and an unnamed ORF: orf19.6305), while S. cerevisiae has only 
a single gene (GLY1). The reaction catalyzed by threonine aldolase is very similar to that of 
the putative HTMLA of carnitine biosynthesis. They both carry out an aldolytic cleavage 
of the substrate into glycine and an aldehyde (Fig. 7A). GLY1 and orf19.6305 display a high 
sequence similarity (58% identity) and BLAST analyses revealed that they both belong 
to the family of threonine aldolases with a strictly conserved PLP-binding lysyl residue 
located in the middle of the sequence (Fig. 7B). However, McNeil and coauthors previously 
showed that GLY1 of C. albicans encodes the major threonine aldolase, as virtually all 
threonine aldolase activity was lost in a GLY1 null strain (15). We therefore hypothesized 
that the other C. albicans threonine aldolase homolog, the uncharacterized open reading 
frame orf19.6305 in chromosome R, might encode the HTMLA.

Strains were constructed in which orf19.6305, which from now on will be referred to as 
putative HTMLA, and GLY1 were disrupted individually or in combination. The htmla, 
gly1 and htmla/gly1 null strains were complemented with the respective ORFs (data not 
shown). First, we determined the contribution of Gly1 and the putative HTMLA to total 
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threonine aldolase activity. Wild type, gly1, htmla and htmla/gly1 null strains were grown 
on rich oleic acid medium and threonine aldolase activity was measured using a modified 
version of the assay previously described by Monschau et al. (16); see also Experimental 
procedures). In line with previous observations (15), our gly1 strain showed about 10% 
residual threonine aldolase activity compared to the wild type. Disruption of the putative 
HTMLA gene in the gly1 null strain did not result in a further reduction of threonine 
aldolase activity, while the htmla null strain displayed a threonine aldolase activity that was 
comparable to wild type (Fig. 8A). These results confirm that Gly1 is the major threonine 
aldolase in C. albicans and show that the threonine aldolase homolog HTMLA does not 
significantly contribute to threonine aldolase activity in this organism.

Figure 7. Threonine aldolase and HTMLA. 
(A): Comparison of the enzymatic reaction catalyzed by threonine aldolase (TA) and HTMLA. Both enzymes 
perform a similar aldolytic cleavage of their substrate into glycine and an aldehyde (acetaldehyde and 
TMABA for TA and HTMLA, respectively). (B): Sequence alignment of the C. albicans threonine aldolase 
Gly1 (CaGly1) and the C. albicans threonine aldolase homolog and putative HTMLA (CaHTMLA). Identical 
residues are shown in grey and boxes indicate amino acids with similar properties. The asterisk indicates the 
PLP-binding lysyl residue.

To determine the growth phenotype of the gly1, htmla and htmla/gly1 null strains, 
they were pregrown on minimal glucose medium and then shifted to minimal glucose, 
oleate, acetate or ethanol medium. All strains grew equally well on glucose (Fig. 8B), 
but different growth rates were observed on oleate, acetate or ethanol medium. The 
gly1 null mutant grew as wild type on all carbon sources, but the htmla null mutant 
showed reduced growth on oleate and did not grow on either minimal acetate or ethanol 
medium. The htmla/gly1 double mutant also did not show any growth on acetate or 
ethanol medium while growth on oleate was even further reduced compared to the 
htmla null mutant (Fig. 8C and D; growth on ethanol not shown). In each deletion 
strain the observed growth deficiency was restored by introduction of the wild type gene 
(data not shown) and activities of TMLD, TMABADH and BBD in the htmla, gly1 and 
htmla/gly1 null strains were comparable to those in wild type cells (Fig. 8E). These data 
indicate that the putative HTMLA is important during growth on minimal oleate and 
essential while growing on acetate. Furthermore, the residual growth of the htmla null 
mutant on minimal oleate compared to the htmla/gly1 double mutant suggests that Gly1 
is able to partially take over the function of the putative HTMLA.
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Figure 8. Identification and characterization of the C. albicans HTMLA. 
(A): Threonine aldolase activity in lysates of wild type, gly1, htmla and htmla/gly1 cells grown overnight on 
rich oleate medium. Growth of gly1, htmla and htmla/gly1 null mutants on minimal glucose (B), oleate (C) 
or acetate medium (D). Growth on minimal ethanol medium was comparable to growth on minimal acetate 
medium (data not shown). (E): Enzymatic activity of TMLD, TMABADH and BBD in the different mutant 
strains grown on rich oleate medium. (F): Growth of the indicated strains on minimal acetate medium in the 
presence of 200 nM TML, TMABA, γ-BB or carnitine. The OD600 of the cultures was determined after 18h of 
incubation. All experiments were performed at least twice; representative experiments are shown.

Finally, we wanted to provide conclusive evidence that the growth phenotypes observed 
in the htmla and htmla/gly1 null strains are due to a carnitine biosynthesis defect and 
that the putative HTMLA catalyses the conversion of HTML to TMABA. We performed 
growth rescue experiments on acetate because the growth defect of the htmla null 
strain is more pronounced on this medium. Since the growth of the wild type strain on 
acetate is extremely slow and is strongly stimulated by addition of any of the carnitine 
biosynthesis intermediates or carnitine (see Fig. 4), we determined the OD after 18 
hours of growth in the presence of the different additions (Fig. 8F). The wild type strain 
reached an OD600 of about 3 after 20 hours of growth in the presence of either of the 
carnitine biosynthesis intermediates TML, TMABA, γ-BB or carnitine. The htmla and 
htmla/gly1 null strain grew to a similar density as the wild type with TMABA, γ-BB or 
carnitine. The htmla null, but not the htmla/gly1 strain, showed some residual growth 
in the presence of TML. Taken together, these results show that the conversion of TML 

Figure 8

B

25

15

0

5

10

0 5 10 15 20

wild type
gly1∆/∆
htmla∆/∆
htmla/gly1∆/∆

O
D

60
0

Time (hours)

glucose

C

O
D

60
0

80

5

0

3

4

0 20 40 60

wild type
gly1∆/∆
htmla∆/∆
htmla/gly1∆/∆

2

1

Time (hours)

oleate D

80

3

0

1

2

0 20 40 60

wild type
gly1∆/∆
htmla∆/∆
htmla/gly1∆/∆

O
D

60
0

Time (hours)

acetate

12040 80

wild type
gly1∆/∆
htmla∆/∆
htmla/gly1∆/∆

Time (min)

A 2500

0

1500

2000

0

nm
ol

/m
g

1000

500

threonine aldolase activity

200 nM TML

200 nM γ-BB
200 nM carnitine

wild type htmla∆/∆ htmla/gly1∆/∆

F 4

0

2

3

O
D

60
0

1

200 nM TMABA
acetate

TMLD TMABADH BBD

wild type
gly1∆/∆
htmla∆/∆
htmla/gly1∆/∆

E

pm
ol

/m
in

/m
g

600

0

200

300

100

500

400



121

Carnitine biosynthesis in Candida albicans

to TMABA is deficient in the htmla and htmla/gly1 null strains. As these mutants have 
wild type TMLD activity we conclude that they are affected in the aldolytic cleavage of 
HTML into TMABA and that orf19.6305 indeed encodes the major HTMLA. 

Discussion

Here we show that the human fungal pathogen C. albicans is able to synthesize carnitine 
(Fig. 2) and we provide the genetic and biochemical characterization of the carnitine 
biosynthesis pathway in this organism. Null mutants were constructed of candidate genes 
for the four enzymatic steps of the pathway: TMLD, HTMLA, TMABADH and BBD 
(Fig. 1). The tmld, tmabadh and bbd null strains lacked the respective enzyme activities, 
displayed an inability to grow on oleate, acetate or ethanol and growth on these carbon 
sources could be rescued by addition of one of the carnitine biosynthesis intermediates 
after the enzymatic block, providing compelling evidence for their essential role in 
carnitine biosynthesis (Figs. 3 and 6). The second enzyme of the carnitine biosynthesis, 
the previously unidentified HTMLA, is encoded by the uncharacterized C. albicans 
orf19.6305. Interestingly, the C. albicans HTMLA belongs to the family of threonine 
aldolases. While it has been speculated in the past that threonine aldolases might be 
capable of catalyzing the aldolytic cleavage of HTML, our data show for the first time 
that this is indeed the case. Despite its strong sequence similarity with threonine 
aldolases (Fig. 5) the C. albicans HTMLA does not contribute to total threonine aldolase 
activity in this organism. Our results confirm previous observations (15) and show that 
the major threonine aldolase is encoded by GLY1 (Fig. 8). While orf19.6305 encodes the 
main HTMLA, Gly1 can also catalyze the conversion of HTML to TMABA with low 
efficiency. This conclusion is supported by the observation that growth on oleate of the 
htmla mutant can be further reduced when also the GLY1 gene is deleted. Remarkably, 
the growth of the htmla null strain is completely blocked on acetate or ethanol, 
suggesting that Gly1 is not expressed in these conditions or that HTML levels are below 
the substrate concentration required for conversion by Gly1. The residual growth of the 
htmla/gly1 double mutant on oleate could be due to activity of a third enzyme that is able 
to convert HTML to TMABA, possibly one of the SHMTs. The non-exclusive character 
of the HTML to TMABA conversion seems to contrast with the threonine aldolase 
reaction in C. albicans, which is dependent only on Gly1. Further characterization of 
the substrate specificities of this group of intriguing enzymes would be desirable, as 
well as the development of a specific enzyme assay for HTMLA. Unfortunately such an 
assay is currently not available because the substrate (HTML) cannot be obtained from 
commercial sources and is very difficult to synthesize chemically. Notwithstanding 
these considerations, the growth phenotypes of the mutant strains combined with the 
enzymatic analyses strongly suggest that C. albicans orf19.6305 encodes the second 
enzyme of carnitine biosynthesis, HTMLA.

The question remains whether mammalian threonine aldolases in fact are the HTMLAs 
of the carnitine biosynthesis pathway. Three pathways are known that allow the 
degradation of threonine: the threonine aldolase pathway with products acetaldehyde and 
glycine, the threonine dehydratase pathway that converts threonine to 2-ketobutyrate 
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and the threonine 3-dehydrogenase pathway that produces 2-amino-3-ketobutyrate. 
In vertebrates the main pathway for threonine degradation is via threonine 3-
dehydrogenase (1, 6), although the presence of threonine aldolase activity has been 
reported in rat liver (References 7-14 in 8). However, since some mammalian SHMTs 
also possess low threonine aldolase activity (5) it has been suggested that mammals 
lack a true threonine aldolase (reviewed by 20). Our results in C. albicans cast new 
light on this issue and suggest that mammalian threonine aldolases may catalyze the 
aldolyitc cleavage of HTML. Indeed, the human and mouse genomes both have a single 
threonine aldolase ortholog THA1P and GLY1, respectively. However, it was suggested 
that the human THA1P might be a pseudogene, as two single nucleotide deletions cause 
a predicted premature in-frame stop. The human THA1P mRNA was not detectable by 
5’ and 3’ RACE methods on human liver RNA, whereas the mouse threonine aldolase 
mRNA was present in several adult tissues, including prostate, heart and liver (8). 
Rebouche and Engel however showed evidence of HTMLA activity in human tissues, 
as they could detect enzymatic activity in liver, brain, kidney, heart and skeletal muscle 
homogenates (25). The strong phenotype of the C. albicans htmla mutant provides us 
with an ideal model to investigate whether human THA1P and mouse GLY1 indeed 
encode the HTMLAs of the carnitine biosynthesis pathways in these organisms. 

Although our data clearly show that C. albicans is able to synthesize carnitine 
endogenously, addition of either TML or carnitine to cultures of wild type C. albicans 
cells growing on minimal oleate or acetate resulted in a shorter lag phase and faster 
growth on these carbon sources compared to cultures without extra TML or carnitine 
(Fig. 4). We therefore conclude that the rate-limiting determinant for growth on these 
carbon sources in vitro is not the capacity of the carnitine biosynthesis pathway but 
the availability of TML, which is produced during lysosomal protein degradation. The 
possibility that protein turnover is rate limiting for carnitine biosynthesis in mammals 
was previously proposed based on experiments that showed urinary excretion of 
carnitine after TML or γ-BB administration to rats (27). Our experiments also show that 
low concentrations (nM range) of carnitine or carnitine intermediates are sufficient to 
rescue growth of carnitine biosynthesis mutants on non-fermentable carbon sources 
indicating efficient uptake of these compounds from the extracellular medium. In 
the natural habitat of C. albicans, the human gastro-intestinal tract, carnitine levels 
are expected to be high as total daily carnitine intake is estimated to range between 
50-300 µmol/day during a normal diet (reviewed by 30). The fact that the commensal 
organism C. albicans has retained a functional carnitine biosynthesis pathway suggests 
a selective pressure to maintain sufficient carnitine levels during low carnitine intake by 
the host. The exact role of carnitine biosynthesis in C. albicans during the various stages 
of commensalism and pathogenicity remain to be investigated, but our current and 
previous results (Chapter 2 and 3) clearly show that carnitine-dependent metabolism is 
a characteristic trait of this human fungal pathogen.
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dioxygenase; TA, threonine aldolase; SHMT, serine hydroxymethyltransferase; PLP, 
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