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ABSTRACT
Lactococcus lactis and Saccharomyces cerevisiae are among the best studied microbes and an
ever increasing number of “omics” datasets are being made publicly available. Although
their physiology and metabolism have been extensively investigated, consumption of several important groups of molecules, such as peptides and B-group vitamins have received
somewhat less attention. While both of these organisms are known to be capable of utilizing peptides for growth, and the peptide transporters and peptidases are relatively well
characterized, a proper, quantitative understanding how these compounds are consumed
under industrially relevant growth conditions is currently lacking. Understanding how
peptides are utilized is important because they are a major source of nitrogen in certain
media for starter culture production as well as in a number of fermentation processes
utilized by the food and biotechnology industries involving yeast and lactic acid bacteria.
In this work we present how U-15 N-labeled yeast hydrolysates were used in metabolic
labeling experiments to characterize the nitrogen metabolism of both L. lactis and S. cerevisiae and as a source of isotope labeled metabolome standards for analytical purposes.
The primary aim was to understand the role of peptides as a source of amino acids in these
organisms. Quantitative measurements of the 15 N-labeling of the amino acids within the
cells and the culture media was carried out using LC-MS and the resulting data was analyzed with the help of metabolic flux models.
The labeling experiments with L. lactis demonstrated that when all amino acids are
present in both free and peptide-bound forms, both of these forms are consumed in parallel. The labeling data also revealed that an extensive efflux of amino acids from lactococcal cells occurs after their uptake from the medium. In addition, we found that S. cerevisiae
simultaneously consumes ammonia, free amino acids, and peptides during fermentative
growth and a significant proportion of the proteinogenic amino acids within cells originates from peptides. Both organisms were found to clearly display a strong preference
for peptides that contain hydrophobic amino acid residues. These results can be applied
in the production of yeast hydrolysates whose amino acid and peptide composition has
been optimized for a particular bioprocess and/or microorganism.
In addition to the peptide consumption studies, 15 N-labeled yeast extracts were also
utilized as a source of isotopically labeled internal standards to aid in the LC-MS quantification of various vitamin B3 derivatives, including nicotinamide riboside, nicotinamide
mononucleotide, and NAD+ .
Taken together, our results demonstrate the potential of 15 N-labeled yeast hydrolysate
as a cost-effective yet powerful tool for metabolic labeling experiments and as a multifunctional internal standard.
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KOKK U VÕTE
Lactococcus lactis ja Saccharomyces cerevisiae on ühed enim uuritud mikroobid ning nende kohta on lisandumas aina uusi avalikke oomikameetoditel põhinevaid andmestikke. Ehkki
kõnealuste organismide füsioloogiat ning ainevahetust on põhjalikult uuritud, on mitmete oluliste molekulide, näiteks peptiidide ning B-rühma vitamiinide roll märksa vähem
tähelepanu pälvinud. Kuigi on teada, et mõlemad organismid on võimelised kasutama
kasvuks peptiide ning vastavad transportsüsteemid ning peptidaasid on üpriski hästi karakteriseeritud, on aminohapete ja peptiidide kvantitatiivsed tarbimismustrid mitmetes
tööstusliku tähtsusega süsteemides siiski ebaselged. Peptiidide tarbimise mõistmine on
aga oluline, kuna nad on üheks põhiliseks lämmastikuallikaks mitmetes starterkultuuride
söötmetes ning toidu- ja biotehnoloogiatööstuse fermentatsioonides.
Käesolev doktoritöö keskendub U-15 N-märgistatud pärmihüdrolüsaatide rakendustele
L. lactis’e ning S. cerevisiae lämmastikumetabolismi kirjeldamisel ning analüütilistes meetodites. Töö põhieesmärk on mõista peptiidide rolli aminohapete allikana nendes organismides. Selleks teostati kvantitatiivsed aminohapete 15 N-märgistuse mõõtmised rakkudes ning kasvukeskkonnas LC-MS’iga ning saadud mõõtmistulemusi analüüsiti ainevahetusvoogude mudelite abil.
15 N-märgistega eksperimendid L. lactis’ega näitasid, et aminohapete olemasolul keskkonnas nii vabal kui peptiidsel kujul tarbitakse neid paralleelselt. Katseandmed näitasid
ka seda, et toimub ulatuslik aminohapete väljavool bakterirakkudest pärast nende assimileerimist keskkonnast peptiidsel kujul. Samuti ilmnes, et fermentatiivsel kasvul tarbib S.
cerevisiae ammoniaaki, vabu aminohappeid ja peptiide paralleelselt ning märkimisväärne
hulk valgufraktsiooni lämmastikust pärineb just viimastest. Peptiidide aminohappelise
koostise suhtes olid mõlema organismi eelistused võrdlemisi sarnased; selgelt eelisjärjekorras tarbiti hüdrofoobsete aminohapete jääke sisaldavaid peptiide. Saadud uurimistulemusi on võimalik rakendada konkreetsete fermentatsioonide ja/või mikroorganismide
tarbeks optimeeritud aminohappelise koostisega pärmihüdrolüsaatide väljatöötamisel ja
tootmisel.
Lisaks leidis 15 N-märgistatud pärmiekstrakt rakendust ka isotoopmärgistatud sisestandardina mõnede B3 -vitamiini vormide, näiteks nikotiinamiid-ribosiidi, nikotiinamiidmononukleotiidi ning NAD+ määramisel LC-MS’i abil.
Kokkuvõtvalt, uurimistulemused illustreerivad 15 N-märgistatud pärmihüdrolüsaatide
suurt potentsiaali suhteliselt odava, kuid tõhusa vahendina ainevahetuseuuringutes ning
multifunktsionaalse sisestandardina.
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THESIS

1
INTRODUCTION
A major challenge for microbial populations is adapting to changing environmental conditions in a way that optimizes a combination of growth and survival. This means responding to changes in the availability of nutrients, accumulation of waste products, toxins, variations in chemical-physical conditions (pH, temperature, osmolarity, gases) and
so forth. The cell must maintain an internal environment that is usually markedly different from that outside of it. Due to the second law of thermodynamics, the environment
as a whole always tends to move towards greater disorder and the cell’s struggle for life
boils down to whether it can sustain itself in this natural movement towards chaos. Part
of this endeavor is to balance the supply of cellular building blocks and their precursors
under diverse environmental conditions.
Assimilation of nitrogen is an essential and central process in all microorganisms. The
competing processes of anabolic biosynthetic reactions and catabolic nitrogen source utilization must be coordinated to enable cells to manifest a proper response to the availability of nutrients. It seems as if organisms that are considered well adapted to “rich”
environments employ a decidedly different approach to nitrogen supply balancing than
more versatile organisms that are well adapted to “poorer” environments. Good examples of organisms that fall into these categories are the lactic acid bacterium Lactococcus
lactis and the baker’s yeast Saccharomyces cerevisiae, respectively. The main aim of the work
presented in this dissertation is to improve our understanding of these behaviors.
During the last few decades, improvements in genetic manipulation techniques and
the proliferation of genome-wide studies has led to a more integrated view of the regulation of nitrogen metabolism. Yet, surprisingly there are significant gaps in our knowledge
regarding the mechanisms that regulate the consumption of several important groups of
nitrogen compounds, such as peptides and B-group vitamins. This is also true for extensively studied model microorganisms such as L. lactis and S. cerevisiae. Understanding the
utilization of peptides is important because they are a major nitrogen source in certain
media for starter culture production as well as in a number of food industry fermentation processes that involve yeast and lactic acid bacteria. It is evident that a considerable
amount of research in these fields is currently being conducted, however, due to its proprietary nature these studies are typically not made publicly available [1].
Yeast extract is one of the most widespread sources of essential and growth-promoting
compounds in both laboratory and industrial media used to cultivate microorganisms.
This mixture contains amino acids, peptides, nucleotides, B-group vitamins, and minerals. Since yeast hydrolysates provide an undefined set of precursor molecules for both
biomass and product synthesis, it is difficult to precisely determine the intrinsic product
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yields in rich-medium fermentations. To overcome this problem, isotope labeling analysis can provide insights into the contribution of various compounds present in yeast
hydrolysates to biomass and product synthesis.
In this work we report on novel applications of U-15 N-labeled yeast hydrolysates for
the characterization of the nitrogen metabolism of L. lactis and S. cerevisiae. These hydrolysates can be used to conduct metabolic labeling experiments and for analytical purposes. A review of the current knowledge of peptide and amino acid utilization systems
in the two organisms under study is provided followed by a short overview of the principles of isotope tracer analysis and applications of isotope-labeled yeast extracts. Finally,
we present the results of the experiments that aimed to study the amino acid, peptide,
and B-vitamin metabolism within these organisms.

18

2
L I T E R AT U R E R E V I E W

2.1

peptide and amino acid metabolism of

Lactococcus lactis

Lactococcus lactis is a natural inhabitant within both plants and dairies. Various strains of
lactococci are used in the production of cheeses and other fermented dairy, as well as
vegetable, fruit, cereal, and meat products. Its relatively simple metabolism also makes L.
lactis an attractive candidate for use as a cell factory [2] and has drawn attention as a potential host for production and delivery of therapeutic proteins [3]. Due to its substantial
economic importance, L. lactis is the most extensively studied lactic acid bacterium.
A common feature of lactic acid bacteria (LAB) is the production of lactic acid as the
major end product of sugar fermentation. In general, they can be characterized as Grampositive, aerobic or facultatively anaerobic, nonsporulative rods and cocci that are oxidase, catalase, and benzidine negative, lack cytochromes, do not reduce nitrates to nitrite,
are gelatinase negative, and are unable to metabolize lactate [1].
The species Lactococcus lactis belongs to the class Bacilli, the order Lactobacillales, and
the family Streptococcaceae, and is further divided into four subspecies: lactis, cremoris, hordniae, and tructae [4]. Bacteria that belong to the Lactococcus genus possess relatively small
genomes with around 2000 to 2800 protein-encoding genes [5], less than half the number
of that encoded by Saccharomyces cerevisiae. Lactococcus lactis subsp. lactis IL1403 was the first
lactic acid bacterium whose genome was completely sequenced [6]. The strain IL1403 is
a plasmid-free variant of L. lactis subsp. lactis biovar. diacetylactis CNRZ157 (also referred
to as IL594; [7, 8]). As of March 2016, the complete genomes of seven L. lactis subsp. lactis
strains from different environmental niches are annotated in the Kyoto Encyclopedia of
Genes and Genomes; the sequencing of new strains is ongoing.
The general consensus is that industrial dairy strains have probably evolved from plant
strains and have adapted to thrive in milk and related environments [8]. This adaptation
has resulted in genome reduction along with gene decay (including nonsense mutations,
deletions, truncations and frameshifts), but also acquisition of new genes by horizontal
gene transfer. Notably, these alterations have resulted in an inability to synthesize a number of amino acids [9]. Concurrently, industrial dairy strains often carry several plasmids
that confer important traits such as the ability to utilize lactose, provide bacteriophage resistance, as well as the expression of extracellular proteinases and peptide uptake systems
[10, 11].
In this section an overview of the peptide and amino acid utilization systems within
this bacterium is provided.

19

literature review
2.1.1

Cell-envelope proteinases

Due to their industrial significance, the most well studied proteolytic systems within
LAB are found within dairy strains. The largest sources of nitrogen for dairy LAB are
the breakdown products of caseins. Generally, the utilization of caseins starts by their
hydrolysis using a cell envelope-associated proteinase (CEP).
There are similarities as well as differences between the CEPs from different LAB species
(PrtP of L. lactis and Lactobacillus paracasei, PrtH of Lactobacillus helveticus, PrtR of Lactobacillus
rhamnosus, PrtS of Streptococcus thermophilus, PrtB of Lactobacillus bulgaricus); all of them belong
to the same family subtilisin family of multi-domain proteases and share some common
structural features, including a catalytic serine protease domain, whereas differences in
substrate specificity, bacterial anchor and domain organization have been described [12,
13]. Virulent streptococci also possess similar proteinases, although they are generally
not utilized for nutritional purposes [12]. In lactococci, the proteinase genes can be either
plasmid- or genome-encoded [13, 14]. The presence or absence of a CEP is a species- and
strain-dependent trait [13]; L. lactis subsp. lactis IL1403 used in this study does not encode
PrtP [15–17].
Whereas LAB encode several peptide and amino acid transporters and intracellular peptidases (discussed below), with a few notable exceptions, they typically possess only a
single CEP [18–21]. The plasmid carrying the CEP gene can occasionally be lost during extended propagation, even though the presence of proteinase results in increased growth
rates and biomass yields [22]. It has been proposed that although the expression of CEP
places a metabolic burden on the cells, its presence allows them to acquire a relatively
larger fraction of peptides before they diffuse away [23]. Such insights are important to
understand the dynamics of mixed culture fermentations. Strains that lack PrtP activity
are considered to be unable to consume proteins as a source of amino acids and only reach
cell densities between 5–25 % relative to proteinase-positive strains in milk [24, 25].
Numerous studies have been carried out to determine the substrate specificities of PrtP
from different strains. For example, the action of PrtP from L. lactis Wg2 on β-casein results
in the generation of various oligopeptides that mostly range between four to 30 amino
acid residues in length, along with minimal amounts of smaller peptides and free amino
acids [26]. It appears that minor changes in the amino acid sequence of the PrtP variants
from various L. lactis strains cause slight differences in the casein breakdown specificity
[27, 28]. These degradation products are subsequently transported into the cell through
the peptide transport systems outlined below.
2.1.2

Oligopeptide transporters of L. lactis

is the major oligopeptide transporter in L. lactis that belongs to the ATP-binding cassette (ABC) transporter family. It consists of five subunits: two (homologous) integral
membrane proteins OppB and OppC, which form the translocation pore, two (homologous)
nucleotide-binding domains OppD and OppF, which fuel transport by ATP hydrolysis, and
the substrate-binding protein OppA [29], which determines the substrate specificity of the
Opp
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system [30]. OppA from L. lactis binds peptides of widely varied lengths, from four to at
least 35 amino residues long.
The substrate specificity and the binding mechanisms of OppA have been extensively
studied using combinatorial peptide libraries and competitive inhibition studies [31, 32]
as well its crystallization in the presence of substrate peptides [33, 34]. It was found,
for example, that proline-rich peptides that contain at least one isoleucine are bound
with high affinity, whereas the position of the isoleucine residue is not critical, i. e., the
mechanism for peptide selection is based on amino-acid composition rather than the
exact sequence [33].
The second, somewhat less well characterized oligopeptide transport system present
in most lactococcal strains is Opt. Despite the presence of the respective genes, it was
discovered that L. lactis IL1403 does not express OppA under any conditions and thus the
Opt system is the only known transport system used for the utilization of oligopeptides in
this strain [17, 30, 35]. Opt also belongs to the ABC transporter family but differs from Opp
by the presence of two peptide-binding proteins OptS and OptA and peptide uptake specificity. Initially, the role of Opt was thought to be limited to the transport of hydrophobic
di- and tripeptides [36]. However, later studies implicated the role of Opt in the transport
of oligopeptides with three to six amino acid residues [17].
2.1.3

Di- and tripeptide transporter DtpT of L. lactis

DtpT belongs to the proton-dependent oligopeptide transporter family [37] and has coun-

terparts in, among other organisms, yeast (Ptr2p, see below). It is a proton-motive-forcedriven di- and tripeptide transporter with a wide substrate specificity [38–40], a 12transmembrane domain protein encoded by a single gene. The physiological roles of
DtpT are not fully clear. Because the breakdown of caseins by PrtP results in the generation of oligopeptides with a minimal amount of free amino acids and di-/tripeptides,
its nutritional role could be rather minor. Kunji et al. [41] reported that inactivation of
DtpT does not affect the growth of L. lactis on β-casein. In complex microbial consortia of
natural environments, the situation might be different.
It has been suggested that DtpT may be utilized for the excretion of di- and tripeptides
when they over-accumulate in the cell [42, 43]. One can hypothesize that peptides which
cannot be readily and efficiently hydrolyzed in the cell are excreted instead. Due to the
reversible nature of DtpT, this may also help to generate additional proton motive force.
Under certain conditions, di- or tripeptides, particularly peptides containing branchedchain amino acids (BCAAs), entering the cell through this transporter serve a signaling
function [17, 44, 45]. BCAAs liberated through hydrolysis serve as allosteric regulators of
CodY, which is a transcriptional repressor that regulates expression of genes involved in
nitrogen metabolism [46] (discussed below). Thus, DtpT seems to serve an important, if
non-essential role in the fine-tuned proteolytic machinery of L. lactis.
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2.1.4

Peptidases of L. lactis

The last step in the utilization of peptides for nutritional purposes in the proteolytic
pathway is the degradation of the peptides taken up from the medium. Upon entering
the cell, peptides are rapidly hydrolyzed into their constituent free amino acids. For this
purpose, most species of LAB employ an extensive array of intracellular peptidases.
Lactococcus lactis subsp. lactis IL1403 encodes thirteen distinct peptidases. These include
endopeptidases (PepO, PepF), aminopeptidases (PepC, PepN, PepM, PepA, PepP), the X-prolyl
dipeptidyl aminopeptidase (PepX), tripeptidase (PepT), dipeptidases (PepDA, PepDB, PepV),
and prolidase (PepQ) [6, 16]. Members of the PepE/PepG as well as PepI/PepR/PepL peptidase
superfamilies seem to be missing in lactococci. Notably, no carboxypeptidase activity has
been reported to be present in any LAB strain [13]. The localization of all peptidases identified in lactic acid bacteria is intracellular (none contain signal sequences for excretion
or membrane-spanning domains) [43, 47, 48].
More recent genome-wide comparative studies have revealed variations in the expression of a number of peptidases between different LAB species [16], probably resulting from
the presence or absence of the respective plasmids and possibly reflects their adaption to
a particular environmental niche.
To unravel the physiological roles of peptidases, a number of studies have analyzed
single and multiple peptidase knockout mutants of LAB [42, 43, 49–54]. While single peptidase knockouts usually do not display significantly impaired growth rates compared to
wild-type strains when grown in milk (the growth defect is even smaller or non-existent
in rich media), multiple knockouts may result in severely inhibited growth rates (again,
less so in rich media). This indicates that the peptidolytic machinery has some redundancy, or in other words, the peptidases have some overlap in their specificities. In chemically defined media, however, a single peptidase mutant may not be able to grow when
an essential amino acid is supplied within a specific peptide. Importantly, intracellular
accumulation of peptides that are taken up from the growth medium has been demonstrated in multiple-knockout peptidase mutants [42].
The physiological role of peptidases in LAB is not limited to purely nutritional purposes.
For example, PepF may play a role in protein turnover [55]. Likewise, PepS of S. thermophilus
may be involved in protein turnover and/or maturation [56].
The expression of several peptidases has been shown to be regulated by CodY in response to intracellular branched-chain amino acid levels; see below.
2.1.5

Free amino acid transport in L. lactis

LAB also possess an extensive arsenal of free amino acid transporters.

In lactococci, these
include symport systems (Leu, Ile, Val, Met, Ala, Gly, Ser, Thr, Lys, His, Pro, Tyr, Phe, and
Cys), antiport systems (Arg/Orn, Lys), and ABC transporters (Glu and Gln, Asn, Asp, and
Pro) [57, 58]. Cloning and functional characterization of several of these transporters
(GlnPQ, BcaP, LysP, HisP, SerP1, SerP2, AcaP, and FywP) has been carried out [59–62]. In a
number of cases, a single amino acid can enter the cell through more than one transporter,
albeit with different affinities [61]. In addition, several amino acids compete with each
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other for the same transport system, e. g., Ile, Leu, Val, and Met in the case of BcaP [60, 63].
Some systems, for example, the arginine-ornithine antiporter (ArcD1, ArcD2), have the sole
role of supplying the cell with metabolic energy, and are not used for anabolic reactions
[58].
The physiological roles of a number of the free amino acid transporters under different
growth conditions are not fully clear. On one hand, casein is the main source of amino
acids for L. lactis during growth in milk [64]. On the other hand, it has been demonstrated
that L. lactis is able to grow on minimal media containing solely free amino acids as an
amino acid source [65]. Furthermore, some strains don’t reach their maximum growth
rate in milk without amino acid supplements [66].
Importantly, a common phenomenon observed during the consumption of peptides
by L. lactis is the subsequent excretion of (some) constituent amino acids [64, 67]. The
efflux of excess amino acids has been proposed to be coupled to the excretion of a proton,
which would result in the generation of metabolic energy in the form of proton motive
force [47, 58]. This might serve as an important source of metabolic energy when sugars are depleted or, conversely, during aggressive growth. Notably, recent studies have
demonstrated that the proteins responsible for the excretion of amino acids may not necessarily be the same used for high affinity uptake of the same amino acids [61, 62].
While the free amino acid transporters are clearly important for sustaining growth in
defined medium, their role in complex media, such as milk is probably multifaceted (as
in the case of DtpT). For example, in mixed cultures, amino acids released or secreted by
one organism could be utilized by another.
2.1.6

Regulation of amino acid metabolism in L. lactis

All strains of L. lactis are auxotrophic for a number of amino acids; for strain IL1403 these
include leucine, isoleucine, valine, methionine, histidine, and arginine [68]. To respond to
changes in the nitrogen composition of the environment, LAB have evolved a regulatory
system to maintain a blance of nitrogen species within the cell.
In L. lactis, expression of a number of genes of the proteolytic system was shown to be
dependent on the peptide content of the growth medium [17, 44, 69]. The transcription
of prtP , pepX , pepC , pepC , and opp-pepO1 were shown to be strongly repressed in a peptiderich medium [45]. On the other hand, many of the respective proteins, including OppA,
PepO, PepN, PepC, PepF, as well as OptS were shown to be up-regulated in nitrogen-poor
environments [70].
It has been demonstrated that CodY, a global transcriptional regulator of the proteolytic
system in L. lactis, controls the expression of a number of genes involved in the uptake
and biosynthesis of amino acids and in the regulation of their intracellular pools [71, 72].
It was established that BCAAs Ile, Leu, and Val released from small peptides are effectors
of CodY [46, 73–75]. In particular, branched-chain amino acids stimulate the binding of
CodY to the so-called CodY-box sequence [75].
The role of other (potential) nitrogen regulatory mechanisms is probably narrower.
The expression of several subunits of the proteolytic systems, such as PepF [70] and PepP
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[45], has been suggested to be independent of CodY. Transcription of the latter appears
to be regulated by the carbon source through a CcpA-like regulator.
An important consideration from a practical standpoint (such as flavor development)
is the ability of a particular LAB strain to degrade amino acids. The first step of the
catabolism of most amino acids (as well as the last step of their biosynthesis) is catalyzed by aminotransferases. The genome sequence of L. lactis IL1403 encodes (at least)
12 aminotransferases [6], two of which, AraT and BcaT, have been purified and characterized [71]. These enzymes catalyze the transfer of the amino group of amino acids
to an alpha-ketoacid acceptor, α-ketoglutarate being the preferred cosubstrate [76–78].
The process is often hampered by the limited availability of α-ketoglutarate [79]. A few
strains of L. lactis are able to synthesize α-ketoglutarate from glutamate via the glutamate
dehydrogenase (Gdh) reaction. Importantly, L. lactis IL1403 lacks the gdh gene [6] and has
also been experimentally shown to lack Gdh activity [80]. Alternatively, α-ketoglutarate
could be synthesized from citrate via the pathway that requires citrate permease (CitP),
citrate lyase (CitD), and aspartate aminotransferase (AspB), or via the pathway requiring
aconitase (CitB) and isocitrate dehydrogenase (Icd). The latter pathway is not functional
or is functional at a very low level [81], whereas the former is only used by L. lactis subsp.
lactis biovar. diacetylactis [79].
2.2

peptide and amino acid metabolism of

Saccharomyces cerevisiae

Saccharomyces cerevisiae, commonly known as baker’s yeast, is a unicellular fungus and a
classic model organism used extensively in genetics and molecular biology studies. It has
been found to occupy a wide variety of environmental niches, including wine, beer, plants,
soil, as well as the tissues of birds and mammals. In addition to its traditional applications
in food and beverage fermentation, it is also used for the industrial production of various
chemicals, including pharmaceuticals.
The genome of S. cerevisiae was the first to be completely sequenced from a eukaryotic
organism, and contains around 6000 protein-encoding genes [82]. The original genomic
sequence and its annotation have been publicly available since 1996 and since then, a
large number of changes, corrections, and additions have been incorporated [83]. The
reference sequence is that of strain S288c, a common haploid laboratory strain with a long
history of use in genetic and molecular biology studies. S288c is a contrived strain with
a complex genealogy that has been obtained through numerous crosses. Approximately
88 % of its gene pool originates from strain EM93, which was isolated by Emil Mrak in
1938 from a rotting fig from California’s Central Valley.
Like most wild-type yeasts, and in stark contrast with L. lactis, S. cerevisiae S288c has
minimal nutrient demands, only requiring biotin, a source of carbon and nitrogen, as
well as some salts and trace elements [84]. Sugars are used as the main carbon and energy source by most yeasts. After glycolysis, respiration and fermentation are the two
major pathways that make use of pyruvate for further energy production. A large variety of compounds, for example, ammonia, urea, free amino acids, and small peptides
can be used as sources of nitrogen. With some strain variability, all L-amino acids, except lysine, histidine, and cysteine, can be utilized as the sole nitrogen source for growth
[85, 86]. These compounds can be used either directly for biosynthetic purposes, for the
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generation of ammonium through deamination, or serve as substrates for transaminases
that transfer amino groups to α-ketoglutarate to form glutamate, which can then act as
a donor of amino groups during the synthesis of most amino acids. The assimilation
preferences of peptides in the presence of free amino acids and ammonia in S. cerevisiae
have remained rather unclear. In this section, an overview of the current knowledge of
peptide, amino acid, and ammonia utilization systems of baker’s yeast is given.
2.2.1

Extracellular proteolytic activity

Unlike many pathogenic yeasts, such as Candida albicans and Candida tropicalis [87], as well
as several non-Saccharomyces wine yeasts [88] that have been shown to be producers of
extracellular proteinases, reports on the proteinases secreted by S. cerevisiae are rather
sporadic and somewhat ambiguous. With some noteworthy exceptions, most screens for
extracellular proteolytic activity have produced negative results [87, 89]. Bilinski et al.
[90] found two protease-positive S. cerevisiae strains (out of 120) when screening for useful proteases for brewing applications. Sturley and Young [91] isolated an extracellular
proteolytic activity-producing laboratory strain of S. cerevisiae. In that particular case, the
trait was related to aberrant secretion of intracellular proteases. Rosi et al. [92] reported
that 17 of 94 tested Saccharomyces wine strains displayed extracellular proteolytic activity.
In that case, it is possible that proteases were released as the yeast autolyzed over the
15-day incubation period. Release of proteases, in particular proteinase A (Pep4p), into
beer has also been reported [93–96]. In a more recent study [97], a novel extracellular
pepsin-like aspartic acid protease secreted by living, healthy cells of a S. cerevisiae strain
isolated from Pinot noir grapes was characterized. pH and nutrient-dependent degradation of heterologous proteins has also been reported [98, 99]. The proteases involved
were proposed to be cell-bound, rather than secreted into the medium.
2.2.2

Di- and tripeptide transporters of S. cerevisiae

Ptr2p is the main transporter responsible for the uptake of di- and tripeptides [100–102].

It
belongs to the proton-dependent oligopeptide transporter family [37, 103] and is related
to lactococcal DtpT. Ptr2p is an integral membrane protein with twelve trans-membrane
domains that functions as a proton symporter. Ito et al. [104] characterized the substrate
specificity of Ptr2p using a dipeptide library and showed that it displays comparatively
higher affinity towards dipeptides containing residues of aromatic (Phe, Trp and Tyr)
and branched-chain amino acids (Ile, Leu and Val), as well as Met.
The second transporter responsible for di-/tripeptide uptake is Dal5p. Initially described
as an allantoate and ureidosuccinate permease, it was later found to also transport peptides, although with lower affinity [105, 106]. Dal5p belongs to the major facilitator superfamily [107] and seems to be particularly important for growth on peptides containing
N-terminal Ser, Gly, and Ala [105, 106]. Homann et al. [105] studied the ability of S. cerevisiae strains of various origins (lab, vineyard, and clinical isolates) to utilize peptides as
well as their sensitivity to a toxic alanyl-ethionine dipeptide. The observed variations
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could be attributed to the different activities of Ptr2p and Dal5p within those strains, and
the different specificities of these transporters are thus, in a way, complementary.
Notably, Gap1p (general amino acid permease) and not the “regular” di-/tripeptide transporters Ptr2p or Dal5p (or the oligopeptide transporter Opt1p, see below) was shown to
transport certain gamma-glutamyl dipeptides in yeast [108]. These dipeptides could be
used as a nitrogen source for growth, but their uptake was highest at very low pH values,
accompanied by a rapid drop of cytosolic pH.
Release of small peptides (and amino acids) has been demonstrated during fermentative growth (before autolysis) with ammonia as the nitrogen source has been demonstrated [109]. Intracellular proteolysis has been associated with nutritional stress, including nitrogen or glucose starvation. The exact mechanism of peptide exodus is unclear,
but the involvement of Ptr2p cannot be ruled out. Studies of the mammalian homologue
(Pept1) expressed in Xenopus oocytes revealed that the transporter is effectively reversible,
producing strong outward currents when a large intracellular concentration of dipeptides
is encountered [110, 111]. This property could help cells maintain membrane potential
under such conditions. A similar role can be attributed to the lactococcal DtpT.
2.2.3

Oligopeptide transporters of S. cerevisiae

In addition to di- and tripeptides, S. cerevisiae is also known to be able to utilize oligopeptides with four to five (perhaps more), amino acid residues. The uptake of these peptides
is mediated by Opt1p (also known as Gsh11p, Hgt1p) and, possibly, by the closely related
Opt2p [102, 112, 113]. These transporters belong to the oligopeptide transporter family
and are not to be confused with the Opt system of L. lactis which belongs to the ABC transporter superfamily. No ATP-dependent oligopeptide carriers (such as the lactococcal Opp
or Opt) have been identified in yeast or other eukaryotes [103]. Recent studies have identified novel oligopeptide transporters Fot1p-Fot2p in certain S. cerevisiae wine strains [114]
that could confer fitness in an enological niche. Notably, those transporters are believed
to be acquired through horizontal gene transfer [115], in a somewhat similar manner to
the process of adaptation of L. lactis dairy strains. The FOT genes are not present in S.
cerevisiae S288c.
Compared to the di-/tripeptide transporters, the oligopeptide transporters have been
studied somewhat less extensively. Whereas homologues of Ptr2p have been identified in
almost all known organisms (including DtpT of L. lactis), the distribution of oligopeptide
transporter family members seems to be more restricted, with eukaryotic members found
only in fungi and plants [116].
Opt1p functions as a plasma membrane-embedded proton symporter of tetra- and pentapeptides and has a broad substrate specificity [112, 117]. Its expression was shown to
be dependent on the sulfur content of the medium [113, 118]. An additional, and perhaps
a more important role of Opt1p seems to be the uptake of glutathione and its conjugates
[119]. Opt2p, on the other hand, seems to be predominantly localized in the membranes
of peroxisomes and its major function seems to be the maintenance of glutathione redox homeostasis and drug detoxification [120, 121]. The physiological role of the these
proteins is, thus, multifaceted and dependent on particular growth conditions. It seems,
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however, that oligopeptide transport might be a coincidental role rather than the primary one. Recent investigations have shed light on the mechanistic workings of Opt1p
[122, 123].
2.2.4

Intracellular peptide degradation

Due to the compartmentalized nature of eukaryotic cells, pinpointing the exact location
of cellular events, including peptidolysis, poses a challenge and, compared to L. lactis, the
fate of exogenously supplied peptides in yeast is somewhat less clear.
A major proteolytic complex in the cytosol of eukaryotic cells is the proteasome that
is mainly involved in the regulation of the concentration of particular proteins and the
degradation of misfolded proteins through ubiquitination. Small exogenously supplied
peptides are not suitable substrates because the minimal length of the C-terminal tail of
ubiquitin directed to proteasome seems to be around 20 amino acid residues [124, 125].
Degradation of polypeptides in the proteasome results in the generation of peptides with
approximately 3 to 23 amino acid residues, with an average length of either 7 or 8 amino
acids [126]. Obviously, other peptidases in the cytosol or vacuoles are responsible for
further lysis of these degradation products as well as exogenously supplied peptides.
The vacuole with its array of peptidases is usually considered to be the primary site of
non-specific proteolysis in yeast cells [127, 128]. The yeast vacuole contains seven wellcharacterized proteases: Pep4p aspartyl endoprotease, Prb1p serine endoprotease, Prc1p serine carboxypeptidase, Cps1p Zn metallo-carboxypeptidase, Ape1p Zn metallo-aminopeptidase, Ape3p metalloprotease, and Dap2p serine protease. While autophagy has been suggested to be the main mechanism of bulk translocation of protein material from the cytosol into the vacuole [129], particularly under conditions of nutrient stress, the uptake
routes of small peptides are not fully understood. Considering the fact that more than a
fourth of all proteins with vacuolar localization function as transporters [130], it is likely
that some of those have peptide transport capabilities. Cai et al. [131], for example, provided evidence that the ABC transporter Ybt1p may facilitate the translocation of peptides
from the cytosol into the vacuole. Failure of Ybt1p mutant to do so resulted in increased
concentrations of exogenously supplied toxic peptides in the cytosol.
The role of cytosolic peptidases is rather unclear and has received considerably less
attention over the years. Cai et al. [131] showed that mutations in a cytosolic zinc metalloendopeptidase Prd1p [132] results in a decreased ability to utilize a dipeptide (His-Leu)
for growth. Similarly, the Ape2p aminopeptidase seems to be involved in the cellular supply of leucine from leucine-containing dipeptides [133]. It is possible that most exogenously supplied di- and tripeptides are broken down in the cytosol and never reach the
vacuoles.
2.2.5

Amino acid and ammonia transport in S. cerevisiae

S. cerevisiae encodes an extensive array of amino acid transporters with varying specificities. The compartmentalized architecture of yeast cells means that, in addition to the
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plasma membrane transporters, numerous transport proteins are localized at the membranes or intracellular organelles, particularly those of vacuoles and mitochondria.
All known amino acid import systems that function at the plasma membrane are proton symporters [134] and most of these belong to the yeast amino acid transporter family of the amino acid-polyamine-organocation superfamily. The substrate specificities of
these proteins vary widely, from all L-amino acids (and some D-amino acids, as well as
β-alanine, polyamines, GABA, and some peptides) in the case of Gap1p (Km ~4–1000 µM
for various substrates) to essentially a single amino acid in case of, e. g., arginine for Can1p
(Km ~10 µM) or lysine for Lyp1p (Km ~25 µM), and a number of permeases that transport
several amino acids. Individual amino acids are, thus, transported by several different systems that function redundantly [135], albeit over a range of kinetic specificities (Km ~10–
1000 µM). This, together with differential regulation of those systems (discussed below)
allows the cells to adapt to a variety of environments. Notably, in contrast to L. lactis, no
plasma membrane amino acid import systems belong to the ABC transporter superfamily.
In addition to amino acids, there are import systems for various other nitrogenous
compounds. Of particular interest are the ammonium permeases Mep1p, its paralog Mep3p,
and Mep2p which belong to the ammonia channel transporter family. Mep2p displays the
highest affinity for NH+4 (Km ~1.4–2.1 µM), followed by Mep1p (Km ~5–10 µM) and Mep3p,
whose affinity is much lower (Km ~1.4–2.1 mM) [136]. It was later shown that the transporters also differ in their transport mechanisms and optimal operating pH [137].
The excretion of amino acids from living cells has been documented for yeast grown
in defined media under stress conditions, for example, upon entry into early stationary
phase [109] and under potassium limitation [138]. Importantly, the most readily excreted
amino acids (Ala, Val, Pro, Glu, and Gln) were the same in both studies, which implies
the involvement of similar cellular response mechanisms. The physiological causes, however, are probably different from those of the similar phenomenon observed in the case L.
lactis. The exact mechanisms of amino acid efflux in those studies are unclear, although
the phenomenon has been studied extensively in some bacteria [139]. The only known
transporter with amino acid export capabilities in yeast is the multidrug resistance protein Aqr1p that functions as a proton antiporter [140]. A similar role has also been implicated for Gap1p under certain conditions [141]. In general, excretion of amino acids
seems to be a much less common phenomenon in yeast compared to either E. coli or L.
lactis and underlines an important difference in how these organisms deal with excess
amino acids. Exodus of carbon skeletons following deamination as well as an ability to
store large amounts of amino acids in the vacuole have been proposed as explanations of
these differences [142, 143]. Several permeases have been characterized that catalyze the
transport of amino acids across the vacuolar membrane by either proton antiport (into
the vacuole) or proton symport (out of the vacuole); the basic amino acids (His, Arg, and
Lys) are sequestered in the vacuole, whereas the acidic amino acids (Asp and Glu) are
excluded [144].
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2.2.6

Regulation of amino acid metabolism in S. cerevisiae

Yeast has evolved an intricate regulatory system that responds to the availability and
quality of nitrogen sources in the environment. It is significantly more complex than its
lactococcal counterpart and cellular response to specific environmental conditions results
from the integration of signals from multiple pathways (which can be either inductive or
repressive). These pathways, as well as the relevant nutrient sensors, have been covered
in detail in excellent reviews [145–148].
S. cerevisiae preferentially uses nitrogen sources that allow for more rapid growth
through a general regulatory mechanism termed nitrogen catabolite repression (NCR).
This suprapathway mechanism functions to ensure the preferential utilization of “preferred” nitrogen sources when they are available, and, conversely, the indiscriminate use
of “non-preferred” sources in the absence of a “preferred” nitrogen source [149]. Amino
acid permeases with broad substrate specificities, Gap1p and Agp1p, as well as proline permease Put4p, arginine permease Can1p, dicarboxylic amino acid permease Dip5p, and the
ammonium permeases Mep1p, Mep2p, and Mep3p, are all under NCR control. Additionally,
the peptide transporters Ptr2p, Dal5p, as well as Opt1p and Opt2p appear to be targets of NCR
[147, 150, 151]. It has also been shown that several peptidases in yeast are under NCR control [152–154], although carbon source and phase of growth are also major influencers
of cellular peptidase activity [109, 155]. In particular, the activity of peptidases increases
dramatically as cells enter stationary phase.
Another mechanism involving the Ssy1p-Ptr3p-Ssy5p (SPS) sensor [156–158] works by
sensing the ratio of intra- and extracellular amino acids and regulates the expression of
several amino acid permeases, thereby enabling amino acids to induce their own uptake.
In particular, Agp1p, Bap2p, Bap3p, Gnp1p, Tat1p, and Tat2p are controlled by the SPS sensor
[147]. Importantly, PTR2 [159] as well as OPT1 [113] were found to be upregulated by
the presence of amino acids in the growth medium, with Leu and Trp being particularly
potent inducers. This regulatory mechanism is probably tailored to sense the (likely)
presence of peptides in the environment through their breakdown products, that is, free
amino acids. It was later shown that tryptophan induces PTR2 via the SPS system [160].
In addition to SPS regulation, the expression of PTR2 is positively regulated by dipeptides
with basic (Arg, His, or Lys) and bulky hydrophobic (Ile, Leu, Phe, Trp, or Tyr) N-terminal
residues. These peptides bind to Ubr1p to allosterically activate Ubr1p-mediated degradation of the PTR2 repressor Cup9p [161]. This generates a positive feedback loop whereby
peptides accelerate their own uptake, in stark contrast with the regulatory mechanisms
in L. lactis, where peptides that contain BCAA residues repress the expression of peptide
uptake systems. Apparently, the lifetime of such peptides in the cytosol is long enough to
bind to Ubr1p. Similarly to PTR2 , the expression of OPT2 is also down-regulated by the Cup9p,
while the expression of OPT1 seems to be independent of Cup9p [113]. DAL5 , on the other
hand, seems to be up-regulated by Cup9p [106]. A genome-wide screen performed by Cai
et al. [131] revealed several other potential regulatory mechanisms of di- and tripeptide
utilization in yeast.
In short, peptide and amino acid uptake capacity results from the integration of a
multitude of signals (repressive or inductive), whereby the cells (optimally) adapt to the
environmental conditions.
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2.3

15 n

tracer analysis

Optimization of cellular processes and growth conditions requires an in-depth understanding of the reactions that support both growth and product formation. Metabolic
flux analysis is an integrated approach of experimental and computational techniques for
comprehensive and quantitative understanding of biochemical reaction networks with a
particular relevance in metabolic engineering and systems biology [162, 163]. In its simplest form, metabolic flux analysis is based solely on a stoichiometric reaction model
and substrate consumption and product secretion rates. However, when it comes to networks containing two (or more) pathways that lead to the same metabolite or contain
futile cycles, this simple approach is often not adequate. More elaborate methods for the
analysis of the biochemical networks that operate within cells are based on the use of
stable isotope-labeled substrates. This is carried out by feeding 13 C- or, less often, 15 Nlabeled substrates to the cells followed by the analysis of culture samples using either
nuclear magnetic resonance (NMR) or mass spectrometry (MS) which provides information
about the labeling patterns of both the metabolic intermediates and the end products of
metabolism. Interpretation of these labeling patterns can be used to quantify intracellular metabolic fluxes, reveal the compartmentation of metabolic reactions and determine
the relative nutrient contributions to the production of a particular metabolite.
To simplify metabolic flux analysis, experiments are typically conducted at metabolic
steady state and the culture samples are collected and analyzed after the end products
have reached an isotopic steady state, that is, the labeling of the substrate and measured
metabolite pools have reached equilibrium. However, nonstationary analysis provides
more information and is useful for studying industrially relevant cultivation techniques
such as batch and fed-batch that never reach an isotopic steady state [164], or biological
systems that do not reach it in a reasonable time such as many plant systems. For example, in labeling experiments involving mammalian (and often bacterial) cells, exchange
of metabolites (including amino acids) with the growth media delays the intracellular
isotopic steady state usually beyond the possibility of maintaining metabolic steady state
[165]. A rigorous framework for non-stationary metabolic flux analysis has been established [166]. Implementing this approach in practice is, however, both time and data
intensive and more streamlined approaches are sometimes utilized [167, 168]. In many
cases, direct interpretation of labeling patterns without formal flux analysis can be sufficient to provide information on relative pathway activities or nutrient contributions to
the production of metabolites [169].
Regardless of the chosen data analysis approach, one of the prerequisites is the accurate measurement of labeling patterns within the targeted metabolites. The labeling
patterns of metabolites can be analyzed by NMR or MS methods. A major advantage of
MS-based approaches is that a comparatively small amount of sample is required, which
results in easy handling, cost-efficiency, and provides the possibility to study metabolic
fluxes in very small reactors [170]. An important step in the workflow of the analysis
of 13 C and 15 N labeling patterns of metabolites is considering the presence of naturally
occurring isotopes in the analytes. This is equally important in both tracer studies and
when labeled compounds are used as internal standards. Various approaches have been
proposed to tackle this issue [171–173], however, there is no agreement about which
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correction method should be used and different correction algorithms provide different
corrected values [174].
Although 13 C is by far the most widely used isotope in metabolic labeling studies (since
all bioorganic molecules contain carbon atoms and carbon transfers in biochemical reactions follow well-documented rules), 15 N (as well as 2 H and 18 O) can often be an attractive
alternative, in particular with regards to cost [175]. The obvious downside of labeling
with 15 N is that its use is restricted to nitrogen-containing compounds. One clear advantage, however, is that it can be used in organisms that are able to utilize inorganic
nitrogen sources (e. g., ammonia), such as yeasts and plants [176, 177]. 15 N-labeling was
elegantly utilized already in the 1960s in the classic studies of yeast nitrogen metabolism
that highlighted the central role of glutamate and glutamine and shed light on the extensive transamination network that operates within cells [178, 179]. With the increasing
resolution of mass-spectrometers, analysis of the cometabolism of carbon and nitrogen
is possible by feeding the cells 13 C- and 15 N-labeled substrates simultaneously [180]. Although the application of stable isotope labeling in (semi-) rich media is rather rare, such
experiments can provide valuable insight into the role of various nutrients under industrially relevant cultivation conditions [181–183]. Such approaches will be addressed in
the following section.
2.4

applications of labeled yeast hydrolysates

Yeast hydrolysates are extensively used in biotechnology as media supplements. Isotopically labeled yeast hydrolysates have found use as cost-effective components in culture
media, for example, within labeled protein expression systems based on insect and mammalian cell lines [184–186] and even for multicellular organisms, such as Drosophila melanogaster [187, 188]. E. coli and algal (including Spirulina) extracts have also been used in
similar applications.
Because yeast hydrolysates can provide undefined building blocks for both biomass
and product synthesis, it is difficult to precisely calculate the intrinsic product yields in
rich-medium fermentations. To overcome this problem, 13 C- (or 15 N-) analysis can provide insights into the carbon (nitrogen) contribution from yeast hydrolysates to product
biosynthesis [189]. This approach has been used to elucidate the role of yeast extract in
isobutanol fermentations with heterologous E. coli [182, 183].
Labeled yeast extracts can also be used as internal standards in mass-spectrometry,
which is the central analytical tool within a high-throughput metabolomics workflow
that includes sampling, quenching, extraction, and analysis [190].
2.5

the role of nucleotides in yeast hydrolysates

In this work we focus on elucidating the roles of peptides and free amino acids in the
growth of L. lactis and S. cerevisiae. However, nucleotides also play a central part in nitrogen metabolism by either participating directly in the metabolic reactions or passively
as regulatory species. Because yeast hydrolysates generally contain significant amounts
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of nucleotides and related compounds [191], further research regarding their roles in the
growth of microbes is warranted.
Yeast can synthesize nucleotides de novo, whereas certain lactic acid bacteria require an
external source of the respective precursors [192]. As an alternative to biosynthesis, most
organisms are capable of exploiting exogenous nucleotide sources. To accomplish this,
the nucleotide precursors must pass the cell membrane, which requires cellular transporters. Normally, phosphorylated compounds are not subject to transport, and thus the
utilization of nucleotides is dependent on the activity of extracellular phosphatases. Extracellular phosphatase activities have been reported for both lactic acid bacteria [193]
and yeasts [194].
While organisms such as yeast or E. coli can utilize exogenous nucleotides as a carbon
and energy source, lactic acid bacteria cannot [192]. The amino group in both cytidine
and adenosine can be utilized as a nitrogen source and many lactic acid bacteria have
the respective deaminases [195]. Nevertheless, the main function of nucleotide salvage
pathways in lactic acid bacteria seems to be to the utilization of nucleobases and nucleosides for nucleotide synthesis. In any case, addition of certain nucleotides to the growth
medium can result in increased bacterial growth rates [196]. In a potential follow-up
study, the protocol presented in this work could be applied to elucidate aspects of nucleotide metabolism. Ultimately, a more rigorous approach using mass and energy balances and possibly dynamic simulation of the metabolic reactions should be conducted
in future studies where yeast extracts are used.
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3
A I M S O F T H I S D I S S E R T AT I O N
The general aim of the work presented in this dissertation is to gain insight into the amino
acid and peptide metabolism of Lactococcus lactis and Saccharomyces cerevisiae using an integrated approach involving the utilization of 15 N-labeled yeast hydrolysate. Specifically,
the aims are as follows:
I Establish a protocol for the production of uniformly 15 N-labeled yeast hydrolysate
of consistent and high quality for metabolic labeling experiments and analytical
purposes.
II Measure the consumption patterns of free and peptide-bound amino acids by L.
lactis grown on a medium containing 15 N-labeled yeast hydrolysate and to gain
insight into the role of peptides as a source of amino acids.
III Determine the role of peptides as a nitrogen source under conditions of fermentative growth of S. cerevisiae.
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4
M AT E R I A L S A N D M E T H O D S
Detailed descriptions of the materials and methods applied are available in the publications. The following sections are intended to make the material more accessible.
4.1

strains, inocula, and culture media

Lactococcus lactis subsp. lactis strain IL1403 and Saccharomyces cerevisiae strain S288c were
used in the experiments. Inocula were prepared using freeze-dried (L. lactis) and glycerol
(S. cerevisiae) stock cultures stored at -80 ℃ which were pre-grown twice on chemically
defined base media.
4.1.1

Culture medium for L. lactis

A chemically defined medium based on the GIBCO™ F-12 Nutrient Mixture (Invitrogen
Corporation, Carlsbad, CA) with some modifications [197] was used as a base medium
which was supplemented with 2 g·L-1 of 15 N-labeled yeast hydrolysate. The concentration of yeast hydrolysate was chosen in order to achieve close-to-equal molar concentrations of peptide-bound and free amino acids in the culture medium. Composition
of the base medium was as follows (mg·L-1 ): D-glucose – 3500; biotin – 0.305; choline
chloride – 9.8; D-pantothenate – 0.65; folic acid – 1.21; niacinamide – 0.325; pyridoxine
hydrochloride – 0.642; riboflavin – 0.326; thiamine hydrochloride – 0.51; vitamin B12 –
0.98; myo-inositol – 12.6; CaCl2 – 28; CuSO4 ·5H2 O – 0.272; FeSO4 ·7H2 O – 0.71; MgCl2 –
58; KCl – 157; NaCl – 5580; Na3 PO4 – 99; ZnSO4 ·7H2 O - 1; hypoxanthine-Na – 3; linoleic
acid – 0.1; lipoic acid – 0.1; phenol red – 0.8; putrescine·2HCl – 0.1; Na-pyruvate – 77;
thymidine – 0.5. The amino acid concentrations in the medium are provided in Table 1.
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Table 1. Amino acid composition of the medium used in the experiments with L.
lactis.

Amino
acid
Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Base medium
[197] (µM)

Yeast hydrolysate
free1 (µM)

Yeast hydrolysate
bound1 (µM)

875
1062
560
541
264
903
476
773
387
778
1578
1081
275
521
799
1551
638
78
160
913

373
113
62
58
28
54
201
103
23
68
148
101
27
57
59
96
65
5
32
124

1383
479
10262
N/D3
13862
992
342
545
937
819
138
354
611
887
643
N/D3
159
787

1

Calculated based on the concentration of added yeast hydrolysate (2 g·L-1 )
Asp + Asn, Glu + Gln
3 Not determined due to degradation during analysis
2

4.1.2

Culture medium for S. cerevisiae

A chemically defined medium based on synthetic grape juice medium described by Jiranek et al. [198], was used as a base medium after diluting by fourfold. The main fermentation experiments were carried out on the same medium supplemented with ammonium chloride and yeast hydrolysate (2 g·L-1 ). The composition of the base medium was
as follows (g·L-1 ): D-glucose – 50; NH4 Cl – 0.750 or 15 NH4 Cl – 0.764; K-tartarate – 1.25;
L-malic acid – 0.75; citric acid – 0.05; KH2 PO4 – 0.285; MgSO4 ·7H2 O – 0.308; CaCl2 ·H2 O
– 0.11. The medium also contained the following trace elements and vitamins (mg·L-1 ):
MnCl2 ·4H2 O – 0.1982; ZnCl2 – 0.1355; FeCl2 – 0.032; CuCl2 – 0.0136; H3 BO3 – 0.0057;
Co(NO3 )2 ·6H2 O – 0.0291; NaMoO4 ·2H2 O – 0.0242; KIO3 – 0.0108; myo-inositol – 100;
pyridoxine·HCl – 2; nicotinic acid – 2; Ca-pantothenate – 1; thiamin·HCl – 0.5; p-amino
benzoic acid – 0.2; riboflavin – 0.2; biotin – 0.125; folic acid – 0.2. The amino acid concentrations in the medium are provided in Table 2.

36

4.2 reactor set-up, cultivation conditions, and sampling routines

Table 2. Amino acid composition of the medium used in the experiments with S.
cerevisiae.

Amino
acid
Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Base medium
(µM)

Yeast hydrolysate
free1 (µM)

Yeast hydrolysate
bound1 (µM)

281
1078
250
658
103
340
850
167
155
382
573
343
252
227
1087
952
735
123
28
427

835
66
40
11
21
20
314
82
24
26
64
46
20
32
26
54
45
8
25
75

733
298
7862
N/D3
11292
818
195
355
577
501
136
274
389
554
478
N/D3
219
538

1

Calculated based on the concentration of added yeast hydrolysate (2 g·L-1 )
Asp + Asn, Glu + Gln
3 Not determined due to degradation during analysis
2

4.2

reactor set-up, cultivation conditions, and sampling routines

All cultivation experiments were carried out in 1 L Biobundle bioreactors (Applikon,
Schiedam, the Netherlands) controlled by Applikon EZ-control bio-controllers together
with BioXpert XP cultivation software (Applikon). The reactors were equipped with pH,
temperature, and gas control.
Batch cultivations with L. lactis were carried out under anaerobic conditions (100
mL·min-1 N2 blanketing) at 34 ℃ and pH 6.4 (maintained by titration with 1 M NaOH)
at an agitation speed of 300 rpm. Prior to inoculation with 1 vol% of washed overnight
culture, the medium was sparged with N2 .
Batch cultivations with S. cerevisiae were carried out under micro-aerobic conditions
(surface aeration with 100 mL·min-1 air) at 30 ℃ and pH 4.0 (maintained by titration with
2 M NaOH) at an agitation speed of 500 rpm. The cultures were inoculated with 1 vol%
of washed overnight culture.

37

materials and methods
Culture samples were withdrawn at 1 h intervals and collected on ice. The samples
were centrifuged (20,000·g, 4 min, 4 ℃) and their supernatants were collected and stored
at -20 ℃ until analysis. The biomass pellet was washed twice using ice cold 0.9 % NaCl
solution and stored at -20 ℃ until analysis.
4.3

production of

15 n-labeled

yeast hydrolysate

The 15 N-labeled yeast hydrolysate used in the experiments was produced by means of
controlled proteolysis from S. cerevisiae S288c biomass grown in glucose-limited fed-batch
on a minimal medium containing biotin based on the formulation described by Nisamedtinov et al. [199] with 15 N-labeled (98 %) ammonium chloride (Sigma, USA) as the nitrogen source. The yeast biomass was freeze-dried and hydrolyzed using a Promod 144GL
protease preparation (Biocatalysts, Cardiff, UK). The extract was separated from the insoluble fraction by centrifugation. To remove any residual protease activity, the soluble
fraction was further purified using Amicon Ultra 15 centrifugal filter devices (Millipore
Corp., MA) with a 10,000 NMWL cut-off (by centrifugation for 45 min at 4000·g). The
resulting hydrolysate was freeze-dried. The lack of proteinase activity was confirmed
using a Calbiochem Protease Assay Kit (Millipore Corp., USA).
4.4
4.4.1

analytical methods

Biomass concentration and metabolites

The concentration of biomass in the reactor was determined on the basis of the optical
density of the culture medium (λ = 600 nm) and related to the dry weight of the biomass
(determined gravimetrically; biomass conversion factors K Lla = 0.372±0.005 and K Sce =
0.290±0.005 g dwt·L-1 ·AU-1
600 for L. lactis and S. cerevisiae, respectively).
The concentration of glucose, lactate, formate, acetate, glycerol, and ethanol in the
culture media was determined in the culture supernatants using a liquid chromatograph
(Alliance 2795 system, Waters Corp., Milford, MA) equipped with a BioRad HPX-87H
column (Hercules, CA); isocratic elution was applied using 5 mM H2 SO4 as a mobile
phase at a flow rate of 0.6 mL·min-1 at 35 ℃. A refractive index detector (model 2414;
Waters Corp.) was used for detection and quantification.
Amino acid concentrations in the biomass and culture medium and the respective
mass spectra were determined using an LCT Premier LC-MS system (Waters Corp.). Samples were derivatised with AccQ-Fluor reagent and loaded on AccQ-Tag™ Ultra columns
(2.1×100 mm) at 55 ℃ (flow rate 0.3 mL·min-1 ) connected to a PDA detector (λ = 260 nm)
and a mass-spectrometer. Amino acids were separated using a 20 min gradient from 0.1
to 59.6 % B (A: AccQTag Ultra eluent A, B: AccQTag Ultra eluent B; Waters Corp.), The
mass-spectrometer was operated in positive ionization mode at 300 ℃ solvation temperature, 120 ℃ source temperature and 2.5 kV capillary voltage. Full mass spectra were
acquired over the range of 100–1000 m/z. MassLynx V 4.1 software (Waters Corp.) was
used for data processing.
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4.4.2

15 N-labeling

patterns of amino acids

To determine the contribution of different nitrogen sources to the accumulation of amino
acids in the cells, analysis of the fractional labeling of the amino acids in the cells and the
culture media was carried out. The labeling patterns of amino acids (or any metabolite)
are represented by mass distribution vectors (MDVs) that describe the fractional abundance of each isotopologue normalized to the sum of all possible isotopologues [170].
MDVs are obtained from the measured fractional abundances of the measured metabolite
ions by correcting for naturally occurring isotopes using a correction matrix as described
below. No positional labeling information (resolving the isotopomers) was obtained in
the present work.
A linear system for an amino acid with n nitrogen atoms that are subject to isotope labeling (i. e., excluding the nitrogen atoms of the derivatization reagent) can be formulated
as follows:
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i = [i0 . . . in+k ]T is the vector containing normalized ion counts (fractional abundances
of the measured ions). C = [cij ] ∈ R(n+k)×n is the correction matrix. The columns of
the correction matrix are populated with the theoretical isotopic distributions of the ions
of all possible nitrogen labeling states (i. e., when 0 to n nitrogen atoms are 15 N) of the
derivatised amino acids. These were calculated using the algorithm described by Rockwood and Van Orden [200] using the following natural isotope abundances: 2 H (0.0156
atom %), 13 C (1.082 atom %), 15 N (0.366 atom %), 17 O (0.038 atom %), 18 O (0.204 atom %),
33 S (0.749 atom %), 34 S (4.197 atom %), and 36 S (0.015 atom %) [164]. m = [m . . . m ]T is
n
0
the mass distribution vector after correcting for naturally occurring isotopes. The MDVs
m of all amino acids were obtained by solving the system (Eq. 4.1) using a least squares
P
fit with the additional constraint j mj = 1 (the sum of their elements equals one). k
denotes additional measured ion abundances beyond n (here, k=2).
The developed mass spectrometry method was validated for its accuracy to measure
isotopologue distributions by measuring the mass spectra of the amino acids in both the
unlabeled and 15 N-labeled yeast extracts used in the experiments.
To determine the fraction of nitrogen within each amino acid nitrogen that originated
from labeled nutrients, the MDV of an ion cluster is converted into a summed fractional
labeling:
ϕ=

n
X
j=0

mj ·

j
,
n

(4.2)
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where n is the number of nitrogen atoms in the amino acid (without the derivatization
group), j denotes the isotopologues, mj is the relative abundance of the ion species with
an m/z value of M+1+j.
Interpretation of these results and their application in metabolic models is discussed
in detail within the publications.
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5
RESULTS AND DISCUSSION
A summary of the major results from Publication I, II, and III is provided below and some
additional findings are discussed in the following sections.
One of the underpinnings of the approach used in this research is the use of uniformly
15 N-labeled yeast hydrolysate of consistently high quality. The in vivo synthesis of U-13 C
metabolites using microorganisms cultivated on U-13 C substrates for use as multifunctional internal standards is well established [190, 201]. An alternative, albeit much less
commonly used strategy is U-15 N-labeled biomass for the same applications. The latter
has the obvious drawback of being useful only for nitrogen-containing compounds. However, the cost of substrate for lab-scale production of U-15 N-labeled Saccharomyces cerevisiae
biomass is an order of magnitude lower than that of U-13 C-labeled biomass (15 NH4 Cl and
of U-13 C-labeled glucose, respectively).
In this work a protocol for the production of U-15 N-labeled yeast hydrolysate from the
biomass of S. cerevisiae S288c laboratory strain was established (see Materials and Methods
for details).
The hydrolysate was used as an internal standard for the quantification of B-group
vitamers using mass-spectrometry (Publication II), as well as a complex substrate in fermentation experiments with Lactococcus lactis and Saccharomyces cerevisiae with the aim of
gaining insight into the roles of peptides as a source of amino acids in these organisms
(Publication I, Publication III).
5.1

uptake and accumulation of b-group vitamers in Saccharomyces
cerevisiae in ethanol-stat fed -batch culture (Publication II)

Baker’s and brewer’s yeasts are well known for their high content of B-group vitamins
and are often used as nutritional supplements. B vitamins exist as sets of structurally related chemical compounds termed vitamers. Differentiation between these forms is crucial because vitamers exhibit different bioavailability and stability [202, 203]. Moreover,
the absolute and relative concentrations of vitamers and their biosynthetic intermediates
reflect the metabolic and physiological state of the cells and tissues, potentially having
implications in human longevity and health [204, 205]. Thus, quantification of the socalled vitamin metabolome is becoming increasingly important. For this purpose, rapid
and reliable analytical methods are required.
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5.1.1

Utilization of 15 N-labeled yeast extract for the characterization of B-group
vitamin accumulation in the fed-batch culture of S. cerevisiae reveals dynamic
changes in individual vitamer levels

In the present work, the accumulation of thiamine, riboflavin, nicotinamide, pantothenic
acid, and pyridoxine vitamers in S. cerevisiae grown in fed-batch was studied. A switch to a
vitamin-enriched feeding medium during cultivation was applied and the concentrations
of vitamers in the cells and the culture medium were determined by LC-MS combined with
a stable isotope dilution assay [206, 207]. The method relies on isotope labeled internal
standards, but commercial availability of certain pure isotope labeled vitamers is limited
(unavailable or prohibitively expensive). When available, commercial labeled vitamers
were used. For the quantification of several vitamers, including nicotinamide riboside
(NR), nicotinamide mononucleotide (NMN), and nicotinamide adenine dinucleotide (NAD+ ),
we made use of 15 N-labeled yeast extract. The concentration of labeled vitamers in the
extract was determined by LC-MS using unlabeled internal standards. We then followed
the dynamic changes in the intra- and extracellular B3 (and other B) vitamer levels during
vitamin feeding in the fed-batch fermentation.
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Figure 1. Accumulation of vitamin B3 in S. cerevisiae 210NG during fed-batch cultivation
with a switch to a nicotinamide-enriched feeding medium. SNA , SNam – concentration of
nicotinic acid and nicotinamide in the culture medium, respectively (µM); CNA , CNam , CNR ,
CNMN – concentration of nicotinic acid, nicotinamide, nicotinamide riboside, and nicotinamide mononucleotide in the cells, respectively (µM); CNAD – concentration of NAD+ in
the cells (mM); the arrow denotes the switch to Nam-enriched medium.

is an essential cofactor in both cellular redox reactions and energy metabolism,
the de novo synthesis of which in yeast can occur from tryptophan via kynurenine or via
NAD+
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the NAD+ salvage pathway from nicotinamide (Nam), nicotinic acid (NA), or nicotinamide
riboside (NR) [208]. It must be pointed out that the cellular concentration of B3 vitamers
varies from ~1 µM to ~1 mM and every vitamer can be converted to one or more other
metabolites. Thus, assessment of the levels of a single B3 vitamer without a quantitative
measurement of the entire NAD+ metabolome can be misleading.
The cultivation was started on a medium containing 80 µM Nam and later (from 4 h
onwards) switched to one that contained 30 times more Nam. During the cultivation, all exogenously supplied Nam was taken up by the cells. Vitamin feeding was accompanied by
a prompt increase in intracellular NAD+ and Nam concentrations and, later, excretion of NA
from the cells (Figure 1). Elevated Nam concentrations in the cells under glucose-limited
conditions have been associated with accelerated cell aging [204, 209]. This suggest that
following uptake, to mitigate its potentially harmful effects, excess Nam is converted into
NA via the nicotinamidase (Pnc1p) reaction. These results also agree with the findings of
Belenky et al. [210] who found that Nam taken up by cells was converted to NA and then
excreted from the cells. Alternatively, and possibly simultaneously, the elevated levels of
NAD+ could counter the potentially inhibitory effects of Nam.
The ability to quantitatively and reliably monitor the intra- and extracellular vitamer
levels is, thus, crucial for understanding physiological responses in the cells to environmental changes. The 15 N-labeled yeast extract was found to be a suitable source of internal standards for the MS-based determination of NAD+ , NMN, and NR. The development
of methods for the determination of flavin adenine dinucleotide, flavin adenine mononucleotide, pantotheine, coenzyme A, and thiamine pyrophosphate using internal standards
form labeled yeast extracts is ongoing. The main problems to be overcome are the relatively low concentrations of certain vitamers in the (labeled) extracts and associated
sensitivity issues, as well as low sensitivity of MS detection for coenzyme A.
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5.2

utilization of 15 n-labelled yeast hydrolysate in Lactococcus lactis il1403 culture indicates co - consumption of peptide-bound and
free amino acids with simultaneous efflux of free amino acids
(Publication I)

Most LAB are fastidious organisms that require an external source of amino acids and
other nutrients. The supply of amino acids is facilitated by both a range of enzymes
that degrade proteins and peptides, as well as transport systems for free amino acids and
peptides. The uptake and subsequent hydrolysis of peptides is believed to be energetically
more favorable than the uptake of individual amino acids via their dedicated transport
systems [54]. However, the cells’ capacity to transport peptides is limited and different
peptides compete for the same peptide transport systems.
In this work, Lactococcus lactis subsp. lactis IL1403 was grown in medium containing
unlabeled free amino acids and 15 N-labeled yeast hydrolysate to gain insight into the
role of peptides as an amino acid source under conditions with an abundance of free
amino acids (Figure 2; see also Figure 1 in Publication I). A mathematical model was
set up to estimate the fluxes of free and peptide-derived amino acids into and out of
the intracellular amino acid pool. The model relies on the following assumptions: (i) all
amino acids used for growth are obtained from the culture medium, i. e., no (significant)
de novo synthesis occurs; (ii) no extracellular hydrolysis of peptides occurs during the
experiment; (iii) amino acid turnover and interconversion can be considered negligible.
5.2.1

Peptides and amino acids are used in parallel by L. lactis

First, we analyzed the fractional labeling of the amino acids both in the culture medium
and in the biomass during growth (Figure 3 in Publication I). Next, we used this labeling
data to investigate the relative incorporation of free and peptide-bound amino acids into
the biomass during growth. Co-consumption of free and peptide-bound forms occurs
for all amino acids, probably in order to optimally utilize the available cellular transport
(and biosynthetic) systems, and no obvious differences were observed between amino
acids that are considered essential (Leu, Ile, Val, Met, His, and Arg) and non-essential
for growth (Figure 4 in Publication I). These results suggested that the incorporation
rate of a particular amino acid into biomass is dependent on its availability in a readily
assimilated form. Nevertheless, significant differences were observed in the consumption
profiles of several amino acids, however, this was not found to correlate with amino acid
auxotrophies of the IL1403 strain.
Glutamine and glutamate (Glx), as well as asparagine and aspartate (Asx)1 , for example, exhibited a consistently low incorporation of peptide-bound forms. Analysis of the
labeling patterns showed that a large part of the intracellular glutamate and aspartate
pools are synthesized from free glutamine and asparagine, respectively. Conversely, the
rate of incorporation of methionine from peptide-bound forms was very high during the
first few hours of the cultivation, possibly compensating for its inhibited uptake in free
form.
1 Glutamine and glutamate, asparagine and aspartate are pooled during acid hydrolysis of biomass.
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Figure 2. Interpretation of 15 N-labeling patterns in the experiments with L. lactis
IL1403 and S. cerevisiae S288c. A L. lactis and S. cerevisiae were grown in batch cultures
on defined media containing unlabeled free amino acids (and ammonia in the case
of S. cerevisiae) supplemented with yeast hydrolysate (a source of peptides). In the
experiment with L. lactis, yeast hydrolysate was 15 N-labeled, whereas in the two
experiments with S. cerevisiae, either ammonia or yeast hydrolysate was 15 N-labeled.
B Hourly samples from the labeling experiments were analyzed using LC-MS. Complementary datasets were obtained from the two experiments with S. cerevisiae using
different labeled substrates. C For L. lactis the fluxes into and out of the intracellular amino acid pool were estimated (i); fraction of each amino acid obtained from
peptides during growth is also calculated (ii). For S. cerevisiae fractional contribution of the three YAN sources to each amino acid in the cellular protein fraction is
calculated.
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With the exception of free arginine, no peptide-bound or free amino acids were exhausted during the cultivation (Figure 2 in Publication I). Despite this, we observed a
decrease in the incorporation of peptide-bound forms for most amino acids during the
later stages of cultivation. This could be explained by the exhaustion of the most readily transported peptides. In contrast, the consumption of peptide-bound forms of some
amino acids, in particular histidine, lysine, and proline, increased during cultivation. The
physiological reason for this behavior is unclear.
5.2.2

Extensive exchange of amino acids with the extracellular medium occurs in
L. lactis

We noticed that the 15 N-enrichment of all free amino acids (except glutamate) in the
culture medium increased during cultivation (Figure 3 in Publication I) and concluded
that this was mainly caused by extensive and reversible exchange of the intra- and extracellular amino acid pools. This behavior could result from the over-accumulation of
peptide-derived amino acids in the cells which are subsequently excreted into the culture
medium. This is similar to what has been observed by authors who studied the growth
of L. lactis in milk [64, 67]. Our calculations indicate that many amino acids are excreted
in quantities that far exceed the amount required for the formation of biomass (Figure 3).
Such high exchange fluxes may appear surprising at first, but similar behavior was also
observed by Nicolae et al. [165] in a CHO-K1 cell line, where, as an example, the serine
secretion flux was up to 35 times higher than its net uptake flux. The efflux of excess
amino acids has been proposed to be coupled to the excretion of a proton, which would
provide a means for the generation of metabolic energy in the form of proton motive
force [61]. Therefore, such bidirectional fluxes of amino acids may help balance the intracellular amino acid pools under growth in rich media where the influx rate is higher than
that of the de novo synthesis pathways and the feed-back control mechanisms of the de
novo synthesis cannot prevent over-accumulation of amino acids. The exact transporters
responsible for amino acid efflux in L. lactis are, however, unknown.
Met
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Figure 3. Ratio of the amount of amino acids excreted during growth and the amount of
amino acids used for biomass synthesis during the batch cultivation of L. lactis IL1403 on a
synthetic medium supplemented with 15 N-labeled yeast hydrolysate. Data from 6 h sampling
point; see Figure 3 in Publication I for additional details.
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5.3 simultaneous utilization of ammonia, amino acids, and peptides
5.3

simultaneous utilization of ammonia, free amino acids and pep tides during fermentative growth of Saccharomyces cerevisiae
(Publication III)

The assimilation preferences of peptides in the presence of free amino acids and ammonia
in yeast are rather unclear and different industrial strains have very different nitrogen requirements. Understanding the utilization of peptides by S. cerevisiae is important because
peptides are one of the major nitrogen sources in several food fermentation processes involving yeast, including brewing.
In this work, S. cerevisiae was grown in batch cultures using media with the same chemical composition but differing in terms of isotopically labeled substrates (15 NH4 Cl or 15 Nlabeled yeast hydrolysate). The fractional labeling of intra- and extracellular amino acids
was measured to determine which yeast assimilable nitrogen (YAN) sources (ammonia,
free amino acids, and peptides) cells prefer under conditions of fermentative growth (Figure 2; see also Figure 1 in Publication III).
5.3.1

A significant proportion of cellular nitrogen originates from yeast hydrolysate

Based on the isotope labeling data for individual amino acids in the two batch experiments, we determined the relative contributions of each of the three YAN sources to
the synthesis of the yeast protein fraction (Figure 3 in Publication III). The amino acid
enrichment patterns obtained in the experiment using labeled ammonia (15 NH4 Cl) indicated the extent of their de novo synthesis. On the other hand, the amino acid enrichment patterns obtained using labeled yeast hydrolysate indicated the relative preference
of peptide-bound amino acids compared to free amino acids. Our results suggest that
co-consumption of ammonia, free amino acids and peptides by yeast occurs during fermentative growth and a significant proportion of the nitrogen in the cellular protein fraction can originate from peptides (approximately 40 % under our experimental conditions),
even in the presence of ammonia and free amino acids. While we observed major differences in the distribution of label that originated from ammonia (e. g., high for Glu/Gln,
Pro; low for Lys, His), the contribution of nitrogen derived from yeast hydrolysate was
relatively uniform across all amino acids.
While L. lactis seems to use excretion to avoid over-accumulation or imbalance of
amino acids in the cells, this strategy seems to play a much lesser role in yeast. It has
been suggested that over-accumulated amino acids could partly leave the cells as deaminated derivatives [211]. In any case, expulsion of excess amino acids or their breakdown
products seems to be a better strategy than inhibition of peptide uptake to avoid amino
acid over-accumulation; scaling back the latter process would compromise the ability to
rapidly take up potentially useful amino acids.
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5.3.2

Peptides containing hydrophobic amino acid residues are preferentially taken
up by both S. cerevisiae and L. lactis
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Having established the relative contributions of peptide-bound and free amino acids for
the synthesis of cellular proteins, we then analyzed the preferences of the cells for various
peptides. Figure 4 presents the residual concentrations (relative to initial concentrations)
of peptide-bound amino acids in the culture medium at the penultimate sampling points
of each experiment (6 h and 10 h in the case of L. lactis and S. cerevisiae, respectively). With
some exceptions, the consumption patterns were rather similar in the two organisms. For
example, in both organisms glutamine and glutamate as well as asparagine and aspartate
were consumed relatively less extensively than the branched chain amino acids Ile, Leu,
and Val, as well as Arg and Met. These results are in a good agreement with the findings of Ito et al. [104] who studied the substrate specificity of the major di-/tripeptide
transporter Ptr2p of S. cerevisiae and concluded that it displays comparatively higher affinity towards dipeptides containing residues of aromatic or branched-chain amino acids.
Likewise, Detmers et al. [31] demonstrated, that while the differences in affinity of the
lactococcal OppA for particular side chains is relatively small, hydrophobic residues are
generally favored, whereas glycine, proline, and negatively charged residues lower the
binding affinity. Taken together, these results can be leveraged to produce yeast hydrolysates with optimized composition for a particular bioprocess and microorganism
(see below).

Figure 4. Relative residual concentrations of peptide-bound amino acids in the culture
medium of the batch cultivations of L. lactis IL1403 (left) and S. cerevisiae S288c (right) at the
penultimate sampling points of each cultivation (10 h and 6 h, respectively). The bars are
color-coded according to the hydrophobicity of the corresponding amino acids (based on the
classification of the WebLogo program, http://weblogo.berkeley.edu/): hydrophilic (Arg, Asn,
Asp, Gln, Glu, Lys) – blue; neutral (Ala, Gly, His, Pro, Ser, Thr) – green; hydrophobic (Ile, Leu,
Met, Phe, Tyr, Val) – dark grey. The error bars represent relative deviations from the mean of
two independent experiments.
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5.4 applications of results
5.4

how can we apply these results to optimize the composition of
yeast hydrolysates?

The global market for yeast products reached $5.8 billion in 2013 and is expected to grow
to $9.2 billion by the year 2019 [212]. Optimization of the specific bioactivity and production processes of yeast hydrolysates is, thus, of major economic interest.
The composition of the final extract can be influenced at various stages of the production process. Firstly, it has been shown that different yeast species and strains differ in
their biomass composition, including the relative abundance of amino acids [213, 214].
The cellular amino acid composition (proteome) can also be influenced to a certain degree through the adjustment of the cultivation conditions, including the choice of carbon
and nitrogen sources [215, 216]. Secondly, choice of hydrolytic enzymes is a crucial step.
As shown by us and other authors, amino acid composition of the peptides present in
the hydrolysates determines how readily they are taken up through the respective transport systems. Careful choice of peptidases could thus make it possible to maximize the
occurrence of preferred amino acids (for example, BCAAs and aromatic amino acids) in
the composition of peptides while minimizing the occurrence of non-preferred ones (for
example, Glu and Asp), which are more readily transported in free form.
For instance, a combination of endo- and exopeptidase treatments could be utilized
to target the liberation of Glu residues from proteins subjected to hydrolysis. Glutamyl
endopeptidase SspA specifically cleaves the peptide bond after Glu and, to a lesser extent,
Asp. Glu-specific peptidases, such as glutamate carboxypeptidase Cpg2, or non-specific
carboxypeptidases can then be used to remove the exposed C-terminal Glu from the resulting peptides. Strong glutamyl enopeptidase activity has been measured in commercial proteinase preparations Alcalase (Novozymes) [217] and SP 446 (Novo Nordisk) [218].
Purified bacterial glutamate carboxypeptidase preparations are available [219] and several commercial preparations, including Flavorpro 192 (Biocatalysts) and Flavourzyme
(Novozymes), have appreciable albeit non-specific carboxypeptidase activities [217, 220].
The production and testing of optimized hydrolysates is, however, beyond the scope of
the present work.
In addition to the strategies above, fractionation and/or purification of the resultant
hydrolysate to concentrate the most bio-active compounds might be feasible in specific
cases.
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SUMMARY

6
CONCLUSIONS
An integrated approach involving the utilization of 15 N-labeled yeast hydrolysate was
developed and implemented to study the amino acid and peptide metabolisms of both
Lactococcus lactis and Saccharomyces cerevisiae. The main conclusions of the work presented
in this dissertation are listed below.
I The labeling data reveal that L. lactis simultaneously consumes both free and peptide bound amino acids when both of these forms are readily available.
II Extensive efflux of amino acids occurs in L. lactis after their initial uptake from the
culture medium.
III Co-consumption of ammonia, free amino acids, and peptides by S. cerevisiae during
fermentative growth takes place and a significant proportion of the proteinogenic
amino acids within cells can originate from peptides.
IV Both L. lactis and S. cerevisiae display a preference for peptides that contain hydrophobic amino acid residues.
V The 15 N-labeled yeast hydrolysate was found to be suitable for the determination
of NAD+ , nicotinamide mononucleotide, and nicotinamide riboside and was shown
to be an efficient tool for the determination of the derivatives of nicotinamide using
LC-MS.
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BSc

Tehniline füüsika
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particular amino acid is more dependent on its
availability in a readily assimilated form than the
organism’s auxotrophy for it. For most amino acids the
contribution of peptide-bound forms to the formation
of biomass was initially between 30 and 60 % with the
remainder originating from free amino acids. During
the later stages of fermentation we observed a decrease
in the utilization of peptide-bound amino acids, thus
indicating that the more readily assimilated peptides
are gradually exhausted from the medium during
growth.

Abstract Lactococcus lactis subsp. lactis IL1403
was grown in medium containing unlabelled free
amino acids and 15N-labelled yeast hydrolysate to gain
insight into the role of peptides as a source of amino
acids under conditions where free amino acids are
abundant. A mathematical model was composed to
estimate the fluxes of free and peptide-derived amino
acids into and out of the intracellular amino acid pool.
We observed co-consumption of peptides and free
amino acids and a considerable efflux of most free
amino acids during growth. We did not observe
significant differences between the peptide consumption patterns of essential and non-essential amino
acids, which suggests that the incorporation of a
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Yeast hydrolysate  Peptides  Amino acids
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Concentration of amino acid i in
the intracellular pool of free
amino acids and in the protein
fraction, respectively (mol g-1
DW)
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acid i in the culture medium
(mol L-1)
Fractional labelling of amino
acid i in the intracellular pool of
free amino acids and in the
protein fraction, respectively
Fractional labelling of peptidebound and free amino acid
i in the culture medium,
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i
i
i
i
rpep
; rAA
; rAA
; rprot

X
dX
l ¼ Xdt
i
P

Dt CXi
i
Dt CAA

YXGlc
t

some strains, including the plasmid free strain IL1403
used in this study, do not encode PrtP (Xie et al. 2004;
Lamarque et al. 2011).
All strains of L. lactis are auxotrophic for a number
of amino acids; for IL1403 these include leucine,
isoleucine, valine, methionine, histidine, and arginine
(Zhang et al. 2009). Both these as well as nonessential
amino acids are transported into the cells in free and
peptide-bound forms. In lactococci, the uptake of free
amino acids is accomplished by means of symport
systems (Leu, Ile, Val, Met, Ala, Gly, Ser, Thr, Lys,
His, Pro, Tyr, Phe, and Cys), antiport systems (Arg/
Orn, Lys), and ABC transporters (Glu and Gln, Asn,
Asp, and Pro) (Konings et al. 1989; Konings 2002). In
recent years, several of those (GlnPQ, BcaP, LysP,
HisP, AcaP, and FywP) have been cloned and
characterized (Schuurman-Wolters and Poolman
2005; den Hengst et al. 2006; Trip et al. 2012). In
spite of the large body of knowledge about the free
amino acid transport systems, the uptake mechanisms
for a number of amino acids remain poorly understood. Also, several amino acids may compete with
each other for the same transport system, e.g., Ile, Leu,
Val, and Met in the BcaP system (Driessen et al. 1987;
den Hengst et al. 2006).
Three peptide transport systems have been
described in L. lactis: DtpT, Opp, and Opt. DtpT is a
proton motive force (PMF)-driven transporter that
catalyses the uptake of di- and tripeptides (Doeven
et al. 2005). The Opp system belongs to the superfamily of ABC transporters and consists of five proteins
(OppA, OppB, OppC, OppD, and OppF). It mediates
the transport of peptides from 4 to at least 18 or,
according to some data, up to 35 amino acid residues.
The substrate specificity of the Opp system is determined by the receptor protein OppA (Tynkkynen et al.
1993; Detmers et al. 2000). Despite the presence of opp
genes it was discovered that L. lactis IL1403 does not
express OppA under any conditions and thus the Opt
system is the only known transport system used for the
utilization of oligopeptides in this strain (Doeven et al.
2005; Lamarque et al. 2004, 2011). Opt also belongs to
the ABC transporter family but differs from Opp by the
presence of two peptide-binding proteins OptS and
OptA and peptide uptake specificity. Initially, the role
of Opt was thought to be limited to the transport of
hydrophobic di- and tripeptides (Foucaud et al. 1995).
However, later studies implicated the role of Opt in the
transport of oligopeptides with three to six amino acid

Flux of peptide-bound amino
acid i from the culture medium
into the intracellular pool; of
free amino acid i from the
culture medium into the
intracellular pool; of i from the
intracellular pool into the
culture medium; of i from the
intracellular pool into the
-1
protein fraction (mol g-1
DW h )
Concentration of biomass in the
culture medium (gDW L-1)
Specific growth rate (h-1)
Fraction of amino acid i obtained
from peptides during growth
Concentration of amino acid
i required for biomass synthesis
(mol L-1)
Concentration change of free
amino acid i in the culture
medium as a result of its efflux
from the cell (mol L-1)
Biomass yield relative to
glucose consumption (gDW g-1)
Experiment time (h)

Introduction
Lactic acid bacteria (LAB) are an important group of
microorganisms widely used in both the food industry
and in the production of various metabolic products
and recombinant proteins. They are fastidious organisms that require an external source of essential amino
acids and other nutrients. The supply of amino acids is
facilitated by both a well-developed proteolytic system comprised of enzymes that degrade proteins and
peptides, and transport systems for free amino acids
and peptides.
In Lactococcus lactis, the cell wall-bound PrtP is
considered to be the only proteinase responsible for
the extracellular breakdown of proteins into peptides.
These range from 4 to 30 residues with a minimal
amount of smaller peptides and free amino acids
(Juillard et al. 1995a; Konings 2002). The prtP genes
can either be plasmid- or genome-encoded (NissenMeyer et al. 1992; Savijoki et al. 2006). However,
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industrial cultivation of LAB. However, the performance of each type of hydrolysate is highly dependent
on the nutritional requirements of a particular species
or strain (Ummadi and Curic-Bawden 2010). Additionally, lot-to-lot variations of the same hydrolysate
may also significantly influence the performance of a
bioprocess, despite their apparently stable composition (Lobo-Alfonso et al. 2010). The reasons for such
variations are poorly understood. Moreover, we
currently have limited knowledge regarding the
interplay of the various components within the
proteolytic systems of LAB during growth in industrially relevant media (Benthin and Villadsen 1996),
which often makes it challenging to optimize the
media composition for a given bioprocess with a
specific LAB species.
The aim of the present work was to measure the
consumption patterns of free and peptide-bound amino
acids by L. lactis subsp. lactis IL1403 grown on a
medium containing a mixture of free amino acids
supplemented with 15N-labelled yeast hydrolysate and
then use these consumption measurements in a flux
model (Fig. 1) to gain further insight into the role of
peptides as a source of amino acids under conditions
where free amino acids are abundant.

residues (Lamarque et al. 2011). After uptake into the
cell, peptides are broken down into free amino acids by
various intracellular peptidases that include endo-,
amino-, tri- and dipeptidases (Christensen et al. 1999;
Christensen and Steele 2003).
Peptides are usually considered nutritionally superior to free amino acids since the uptake of oligopeptides is believed to be energetically more favourable
than the uptake of individual amino acids via their
dedicated transport systems (Christensen and Steele
2003). In addition, a number of amino acids, released
in excess during the hydrolysis of oligopeptides, are
excreted from cells via specific amino acid transporters (Konings 2002). Because this efflux may occur by
proton symport transporters it could also contribute to
the generation of PMF. The capacity of cells to
transport peptides is limited and, similar to some free
amino acids, different peptides compete for the same
transport systems (Smid and Konings 1990; Helinck
et al. 2003). Thus, balancing the supply of amino acids
and peptides during bioprocessing may improve the
overall efficiency.
Yeast hydrolysates are an excellent source of
amino acids, peptides, vitamins, and other nutrients
and are often used as complex additives in the
Fig. 1 (a) Simplified
scheme of the amino acid
and peptide utilization
systems of Lactococcus
lactis IL1403. CW cell wall,
M cellular membrane, Opt
ABC transporter for di-, tri-,
and oligopeptides; DtpT ionlinked transporter for di- and
tripeptides; AAT refers to the
various free amino acid
transporters. Note that efflux
of amino acids may occur
after their uptake in peptidebound and free forms. The
strain IL1403 lacks cell
wall-bound proteinases.
(b) Schematic
representation of the flux
model. See the ‘‘List of
symbols’’ section for the
relevant nomenclature

a

b
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Materials and methods

anaerobic conditions (surface aeration with N2) at
34 °C and pH 6.4 (maintained by titration with 1 M
NaOH) at an agitation speed of 300 rpm.
The concentration of biomass in the reactor was
determined on the basis of the optical density of the
culture medium (measured at 600 nm; biomass conversion factor K = 0.372 ± 0.005 g L-1 AU-1
600).
Culture samples were withdrawn at 1 h intervals and
collected on ice. The samples were centrifuged
(20,0009g, 4 min, 4 °C); supernatants were collected
and stored at -20 °C until analysis. The biomass
pellet was washed twice using ice cold 0.9 % NaCl
solution and stored at -20 °C until analysis.

Strain and culture media
The Lactococcus lactis subsp. lactis strain IL1403
used in this study was kindly provided by Dr. Ogier
from INRA (Jouy-en-Josas, France). Inoculum was
prepared using a freeze-dried stock culture stored at
-80 °C which was pre-grown twice on the base
medium without yeast hydrolysate.
A chemically defined medium based on the GIBCOTM F-12 Nutrient Mixture (Invitrogen Corporation,
Carlsbad, CA) with some modifications (Lahtvee et al.
2011) was used as a base medium which was
supplemented with 2 g L-1 of 15N-labelled yeast
hydrolysate. The concentration was chosen in order to
achieve close-to-equal molar concentrations of peptide bound and free amino acids in the culture medium.
Refer to Online Resource 1 for detailed medium
composition.

Determination of the size distribution of peptides
The size distribution of peptides in the culture medium
was characterized using size-exclusion chromatography (SEC). A Waters 1515 HPLC system (Waters
Corp., Milford, MA) equipped with a Superdex
Peptide 10/300GL column (GE Healthcare, NJ) and
a Waters 2414 Refractive Index detector was used for
analysis. Isocratic elution was applied using 0.1 N
ammonium acetate (pH 5) as a mobile phase. Data
acquisition was carried out using Breeze 3.30 software
(Waters Corp.). The size distribution of culture
medium components was determined based on the
elution time of following molecular markers: alphalactalbumin (14,146 Da), aprotinin (6,512 Da), nisin
(3,354 Da) and glutathione (307 Da).

Production of 15N-labelled yeast hydrolysate
The 15N-labelled yeast hydrolysate used in the experiments was produced by means of controlled proteolysis from Saccharomyces cerevisiae (strain S288c)
biomass grown in fed-batch on a synthetic medium
(Nisamedtinov et al. 2010) with 15N-labelled (98 %)
ammonium chloride (Sigma, USA) as the sole nitrogen source. The yeast biomass was freeze-dried and
hydrolysed using a Promod 144GL protease preparation (Biocatalysts, Cardiff, UK). The extract was
separated from the insoluble fraction by centrifugation. To remove any residual protease activity, the
soluble fraction was further purified using Amicon
Ultra 15 centrifugal filter devices (Millipore Corp.,
MA) with a 10,000 NMWL cut-off (by centrifugation
for 45 min at 4,0009g). The resulting hydrolysate was
freeze-dried. The lack of proteinase activity was
confirmed using a Calbiochem Protease Assay Kit
(Millipore Corp., USA).

Amino acid analyses with UPLC/ESI–MS
Amino acid concentrations in the biomass and culture
medium and the respective mass spectra were determined using LCT Premier LC–MS system (Waters
Corp.). Samples were derivatised with AccQ-Fluor
reagent and loaded on AccQ-TagTM Ultra columns
(2.1 9 100 mm) at 55 °C (flow rate 0.3 mL min-1)
connected to a PDA detector (k = 260 nm). Amino
acids were separated using a 20 min gradient from 0.1
to 59.6 % B (A: AccQTag Ultra eluent A, B: AccQTag
Ultra eluent B; Waters Corp.), sprayed directly into the
mass-spectrometer operated in positive ionisation
mode at 300 °C solvation temperature, 120 °C source
temperature and 2.5 kV capillary voltage. Full mass
spectra were acquired over the range of 100–1,000 m/
z. MassLynx V 4.1 software (Waters Corp.) was used
for data processing.

Cultivation system and sampling routines
The cultivation system is comprised of a 1 L
Biobundle bioreactor (Applikon, Schiedam, the Netherlands) controlled by an ADI 1030 biocontroller
(Applikon) together with BioXpert NT software
(Applikon). Cultivations were carried out under
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i
dðCprot
 uiprot  XÞ
i
¼ rprot
 uipool  X;
dt

For measuring protein- and peptide-bound amino
acid concentrations in the biomass and culture
medium, the samples were hydrolysed with 6 M HCl
containing 1 % phenol for 24 h at 105 °C. After
hydrolysis the dried samples were dissolved in a
methanol-MilliQ water mixture, filtered through Millex 0.2 lm filters (Millipore Corp.) and the free amino
acids in the hydrolysate were analysed as described
above. The concentrations of peptide-bound amino
acids in the culture medium were calculated by
subtracting the concentrations of free amino acids
from the concentrations of total amino acids.

i
dðCprot
 XÞ

dt

i
¼ rprot
 X;

ð1dÞ


i
dðCAA
 uiAA  XÞ  i
i
¼ rAA  uipool  rAA
 uiAA
dt
 X;
ð1eÞ
i
dðCAA

 XÞ

dt

 i

i
¼ rAA
 rAA
 X;

ð1fÞ

Every model parameter is time dependent and all
six sub-equations represent distinct material balances
for amino acid i. Two balances were composed for
each of three distinct pools of amino acids. These
were, the intracellular pool of free amino acids
(Eq. 1a, 1b), the amino acids in the protein fraction
(Eq. 1c, 1d), and the extracellular pool of free amino
acids (Eq. 1e, 1f). In each pool, separate balances were
composed for labelled amino acids (Eq. 1a, 1c, 1e) and
unlabelled amino acids (Eq. 1b, 1d, 1f).
The discrete measured data points for biomass
concentration (X), the concentration (C) of each amino
acid, and fractional labelling (u) of each amino acid in
each of the three pools were smoothed and fitted with
cubic splines; the resulting continuous functions were
used to solve for all model fluxes (r) as a function of
time. The resulting solution forms the basis for further
calculations.
The fraction of amino acids obtained from the
peptides during growth (Pi) can be expressed as a ratio
of the flux of peptide-bound amino acid i and the total
flux of the respective amino acid into the intracellular
amino acid pool:

Calculation of fractional labelling of amino acids
Theoretical isotopic distributions (i.e., the relative
abundances of ion species in the mass spectra) of
labelled and unlabelled AccQ-Fluor derivatised amino
acids were calculated using the algorithm described by
Rockwood and Van Orden (1996).
The fractional labelling of each amino acid in the
biomass and in the culture medium (i.e., the content of
the 15N-labelled amino acid relative to the total
content of the respective amino acid) at each sampling
point was estimated using least squares regression to
fit a measured spectrum by theoretical isotope distribution patterns.
Analysis of peptide consumption patterns
Using the measured enrichment data, a mathematical
model was developed to estimate the fluxes of free and
peptide-bound amino acids (Fig. 1b; Eq. 1a–1f). The
model assumes that no extracellular hydrolysis of
peptides occurs during growth and the magnitude of de
novo synthesis and turnover of amino acids is
negligible.
The system of model equations is presented below:

Pi ¼

i
rpep
i
i
rAA
þ rpep

ð2Þ

:

The concentration of amino acid i required for
biomass synthesis during the experiment can be
expressed as follows:

i
dðCpool
 uipool  XÞ

 dt
i
i
i
¼ rpep
 uipep þ rAA
 uiAA  rAA

i
uipool  rprot
 uipool  X;

ð1cÞ

Dt CXi

ð1aÞ

¼

Zt

i
Cprot
 ldt:

ð3Þ

0

i

dðCpool
 XÞ  i
i
i
i
¼ rpep þ rAA
 rAA
 rprot
 X;
dt
ð1bÞ

Concurrently, the concentration change of free
amino acid i in the culture medium as a result of its
efflux from the cell can be expressed as follows:
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i
Dt CAA

¼

Zt

i
rAA

 Xdt:

pure base medium, YXGlc = 0.22 ± 0.01 g g-1 and
YXGlc = 0.14 ± 0.01 g g-1, respectively.

ð4Þ

0

Results

Amino acid consumption profiles

The effect of yeast hydrolysate on the growth
characteristics of L. lactis IL1403

In the cultivation with added 15N-labelled yeast
hydrolysate, the concentration of free and peptidebound amino acids in the culture medium were
determined at hourly intervals and presented in Fig. 2a.
Asparagine, glutamine and arginine were the most
intensively consumed free amino acids. Free arginine
in particular was completely exhausted at the end of the
experiment. The concentration of free serine, threonine, methionine, leucine, and isoleucine also
decreased, whereas the concentration of ornithine,
glycine, aspartate, and glutamate increased. The
increasing concentration of ornithine along with the
decreasing concentration of arginine indicates the
activity of the arginine–ornithine antiport. Changes in
the concentration of other free amino acids were within
the range of measurement error. The concentration of
all measured peptide-bound amino acids decreased
during the experiment (Fig. 2b).

To see the effect of the addition of yeast hydrolysate
on the growth of L. lactis, batch experiments at
T = 34 °C, pH 6.4 on a synthetic medium with and
without the added hydrolysate were carried out. The
addition of yeast hydrolysate resulted in a significantly
higher maximum specific growth rate of the bacteria
(lmax = 0.86 ± 0.02 h-1 compared with lmax =
0.62 ± 0.01 h-1; average values of two independent
experiments ± standard deviation). Chromatography
analyses of the culture media suggested that in both
experiments, growth ceased upon the exhaustion of
glucose (see Fig. A1 in Online Resource 1 for growth
curves). Growth in the medium supplemented with
yeast hydrolysate also led to a higher final yield of
biomass relative to glucose consumption than in the

a

b

Fig. 2 Concentration of free (a) and peptide-bound (b) amino
acids in the culture medium during the batch cultivation of L.
lactis IL1403 on a synthetic medium supplemented with 15Nlabelled yeast hydrolysate. Data from one of the two independent experiments is shown; each column indicates the concentration at hourly sampling points; measurements were carried
out in triplicate and the error bars represent standard deviation.

asterisk Glutamate and glutamine, asparagine and aspartate
were pooled after hydrolysis; double asterisk cysteine and
tryptophan were degraded during hydrolysis. The concentration
of peptide-bound amino acids is expressed as the differences
between the concentration of free and total (free plus bound)
amino acids
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Estimation of the size of consumed peptides

N-labelling patterns of amino acids

To estimate the upper size limit of the peptides
consumed during the experiment, size-exclusion chromatography (SEC) analysis was carried out on samples of the culture media. The changes in the
molecular weight distribution of the culture medium
are illustrated in Fig. 5. The results indicated that the
yeast hydrolysate used in the experiments contained
compounds with molecular weights up to approximately 5,000 Da. However, significant consumption
of media components with molecular weight of up to
approximately 1,700 Da (corresponding to 15 amino
acid residues in case of peptides) occurred.

In order to better understand the role of free and
peptide-bound amino acids during growth, analyses of
their labelling patterns in both the biomass and the
culture medium were carried out. It was found that,
with the exception of glutamate, the fractional labelling of all free amino acids in the culture medium
increased during the experiment (Fig. 3a, dashed
lines). This could result from either (a) extracellular
hydrolysis of 15N-labelled peptides (unlikely, because
L. lactis IL1403 lacks cell wall-bound proteases);
(b) efflux of labelled amino acids from the cell (due to
excessive accumulation). Considering the latter scenario, the estimated amount of the excreted amino acid
(Eq. 4) was in the same order of magnitude with what
was theoretically required for biomass production
(Eq. 3; see Fig. 3b for tyrosine and histidine as
examples; refer to Fig. A2 in Online Resource 1 for
other amino acids). From the second sampling point
onwards, the fractional labelling of amino acids in the
biomass were higher than of those in the culture
medium (Fig. 3a), which suggests that the amino acids
used for growth were at least partially obtained from
(labelled) peptides.
Based on the labelling data presented above, the
fractions of amino acids used for biomass production
obtained from peptides were then calculated (Eq. 2;
Fig. 4). For most amino acids the contribution of
peptide-bound forms to the formation of biomass was
initially between 30 and 60 % with the remainder
originating from free amino acids. During the later
stages of fermentation we observed a decrease in the
utilization of amino acids originating from peptidebound forms thus indicating that the more readily
assimilated peptides are gradually exhausted from the
medium during the cultivation.
Methionine was largely derived from peptidebound forms during the first hours of both experiments. This suggests that the uptake of this amino acid
in free form was inhibited. Both glutamine/glutamate
and asparagine/aspartate (Glx and Asx, respectively)
exhibited a consistently low incorporation of peptidebound forms. This agrees with our observation that
large amounts of free glutamine and asparagine were
consumed (Fig. 2a). During growth, proline, histidine,
and lysine were found to increasingly originate from
peptide-bound forms.

Discussion
In this study we investigated the role of free and
peptide-bound amino acids during the growth of L.
lactis in a synthetic medium containing a mixture of
free amino acids supplemented with 15N-labelled
yeast hydrolysate.
First, we analysed changes in the fractional labelling of the amino acids in the culture medium and
biomass during growth. Two independent experiments
indicated that, with the exception of glutamate, the
15
N-enrichment of all free amino acids in the culture
medium increased during cultivation (Fig. 3a). This
could be explained by extra- and/or intracellular
hydrolysis of the labelled peptides. Extracellular
hydrolysis is unlikely because strain IL1403 does not
encode the cell wall-bound proteinase PrtP (Xie et al.
2004; Lamarque et al. 2011) and potential residual
proteolytic activity in the yeast hydrolysate was
removed by ultrafiltration (10 kDa cut-off). It could
also be speculated that peptides were partially hydrolysed by intracellular peptidases leaking into the
culture medium from lysed cells or, e.g., by the
surface housekeeping proteinase HtrA (Poquet et al.
2000). However, a significant degree of autolysis is
very unlikely under our experimental conditions and
the role of HtrA is also probably negligible (Kok and
Buist 2003). Thus, it can be assumed that the
increasing fractional labelling was mainly caused by
the over-accumulation of peptide-derived amino acids
in the cells and subsequent excretion of the excess of
those amino acids into the culture medium—a
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a

b

Fig. 3 a Fractional labelling of free amino acids in the culture
medium (dashed lines) and biomass (solid lines) determined
during the batch cultivation of L. lactis IL1403 on a synthetic
medium supplemented with 15N-labelled yeast hydrolysate; E
and N denote whether the amino acid is considered essential or
non-essential for L. lactis IL1403, respectively. b Concentration
of free tyrosine and histidine in the culture medium. The total

column height corresponds to the (measured) concentration of
the respective amino acid (Fig. 2a) whereas the light grey area
indicates the (estimated) concentration of secreted amino acid
(Eq. 4), and the black columns indicate the theoretical
concentration of amino acids required for the synthesis of
biomass during the experiment (Eq. 3). Data from one of the two
independent experiments is shown

phenomenon that has also been observed by authors
who studied the growth of L. lactis in milk (Juillard
et al. 1995b; Cretenet et al. 2011). Assuming that
extracellular proteolytic activities were negligible, our
calculations indicate that many amino acids are
excreted in quantities that exceed the amount required

for the formation of biomass (Fig. 3b). The efflux of
excess amino acids has been proposed to be coupled to
the excretion of a proton, which would result in the
generation of metabolic energy in the form of proton
motive force (Trip et al. 2012), and provide an
additional means to maintain intracellular pH. The
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Fig. 4 Fraction of amino acids obtained from peptides during
the growth of L. lactis IL1403 in a synthetic medium
supplemented with 15N-labelled yeast hydrolysate. Glx Glutamine ? Glutamic acid; Asx Asparagine ? Aspartic acid. E and

N denote whether the amino acid is considered essential or nonessential for L. lactis IL1403, respectively. Data from two
independent experiments (indicated by the solid and dashed
lines) with different inoculum sizes is shown

Fig. 5 Size-exclusion chromatograms of the culture medium
collected during the cultivation of L. lactis IL1403 in a synthetic
medium supplemented with 15N-labelled yeast hydrolysate.
Solid and dashed lines show chromatograms at the beginning
and end of the experiment, respectively. The arrows denote the
elution times of two marker peptides, and the upper size limit of
media components consumed during growth. Data from one of
the two independent experiments is shown

PMF generated in this process could be used to bring
in other amino acids and/or peptides. Thus, bidirectional fluxes of amino acids may help balance the
intracellular amino acid pools under conditions where
the de novo synthesis pathways and their feed-back
control mechanisms are not operative.
Excluding extracellular hydrolysis, we estimated
the size of peptides utilized during growth. Because
the Opt system is the only known transporter in L.
lactis IL1403 responsible for the uptake of oligopeptides, our results suggest that this system is capable of
transporting peptides with a molecular weight up to
approximately 1,700 Da, i.e., containing up to 15
amino acid residues (Fig. 5). This extends the findings
of Lamarque et al. (2011). They concluded, based on
studies with synthetic peptides, that the Opt system in
IL1403 can transport peptides containing between
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generation of PMF. The rate of incorporation of peptidebound forms of asparagine and aspartate was also
relatively low (Asx; Fig. 4). Like glutamic acid, aspartic
acid is believed to be taken up only in its protonated
form and the respective transport kinetics is thus
dependent on pH (Poolman et al. 1987b). Thus, one
could also speculate that proteinogenic aspartate was
(partially) synthesized from asparagine via an asparaginase (ansB) catalysed reaction. These findings suggest
that, despite the abundance of glutamate and aspartate
(in both free and peptide-bound forms), efficient growth
might not be achieved with this strain in case of
insufficient supply of free glutamine and asparagine.
In contrast, the rate of incorporation of methionine
in peptide-bound forms was over 0.8 during the first
hours of the cultivation (Fig. 4). The uptake of free
methionine is believed to occur via the secondary
amino acid transporter BcaP that is specific for
branched-chain amino acids (BCAAs) and (to a lesser
extent) methionine (den Hengst et al. 2006). Because
the concentrations of free BCAAs in the culture
medium were several times higher than that of
methionine (and the affinity of BcaP for methionine
is lower) its uptake in free form was most likely
inhibited by BCAAs. The observed decrease of the
incorporation of peptide-bound methionine in the later
stages of the cultivation could be explained by the
exhaustion of the most readily assimilated methioninecontaining peptides. Interestingly, the incorporation of
peptide-bound BCAAs into the protein fraction
(Fig. 4) was roughly proportional to the affinity
constants of the BcaP system (Kt values 6.5, 8.0 and
12 lM for leucine, isoleucine and valine, respectively;
Driessen et al. 1987), which is below 0.4 for Leu and
Ile, and around 0.6 for Val during the first hours of the
experiment. This further supports the notion that in
cases where a transport system is shared, the less
actively transported amino acids are more readily
obtained from peptides. Glycine and alanine are also
believed to enter the cell through a shared transport
system (Kt values 52 and 330 lM for alanine and
glycine, respectively; Konings et al. 1989), and their
consumption profiles can be explained using the same
principle, although the effect is much less pronounced.
The consumption of peptide-bound forms of a
number of amino acids, in particular histidine, lysine,
and proline, increased during cultivation (Fig. 4). The
exact cause of this behaviour is unclear. The growth
environment in batch culture is constantly changing

three and six amino acid residues. Because of the
combinatorial nature of using synthetic peptides, it is
possible that the apparent size limit observed by
Lamarque and colleagues may be due to a limited
number of tests. Our results suggest that much longer
peptides can enter the cell.
Next, we studied the relative incorporation of free
and peptide-bound amino acids into biomass. Our
calculations assume that all amino acids used for
growth are obtained from the culture medium. Jensen
et al. (2002) confirmed that under conditions of amino
acid surplus in the cultivation media, only aspartate is
synthesized de novo by L. lactis in considerable
amounts (likely from glucose via oxaloacetate). We
observed that the consumption patterns of both
essential and non-essential amino acids were similar,
and co-consumption of free and peptide-bound forms
occurs for all amino acids (Fig. 4). This suggests that
the incorporation of a particular amino acid is more
dependent on its availability in a readily assimilated
form than the organism’s auxotrophy for it. Nevertheless, the consumption profiles of amino acids
between peptide-bound and free forms are noticeably
different.
Glutamine and glutamate (Glx; Fig. 4), for example,
exhibit a consistently low incorporation of peptidebound forms. These amino acids are both translocated
by the ATP-driven transporter GlnPQ, with glutamate
taken up in its protonated form (i.e., as glutamic acid)
(Poolman et al. 1987a; Schuurman-Wolters and Poolman 2005). Accordingly, under our culture conditions
(pH 6.4), the apparent affinity of GlnPQ for glutamate is
an order of magnitude lower than for glutamine, which
results in the preferential translocation of the latter into
the cells. Interestingly, glutamate was the only amino
acid that exhibited no increase in the 15N-enrichment in
the cultivation medium during growth (Fig. 3a). This,
together with its increasing concentration (Fig. 2a) and
the observed low rate of incorporation from peptidederived forms, suggest that a large part of the intracellular glutamate pool is synthesized from free glutamine
(which displayed low albeit slightly increasing fractional labelling in the culture medium; Fig. 3a) and
oxoglutarate via the glutamate synthase (gltB) reaction.
Excess glutamate, in turn, was then excreted into the
culture medium, resulting in an overall increase in the
concentration of this amino acid during growth. The
efflux of glutamate via the recently characterized AcaP
transporter (Trip et al. 2012) may also result in the
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Driessen AJ, de Jong S, Konings WN (1987) Transport of
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Desmazeaud M, Poolman B (1995) Specificity of peptide
transport systems in Lactococcus lactis: evidence for a
third system which transports hydrophobic di- and tripeptides. J Bacteriol 177:4652–4657
Helinck S, Charbonnel P, Foucaud-Scheunemann C, Piard JC,
Juillard V (2003) Charged casein-derived oligopeptides
competitively inhibit the transport of a reporter oligopeptide by Lactococcus lactis. J Appl Microbiol 94:900–907
Jensen NBS, Christensen B, Nielsen J, Villadsen J (2002) The
simultaneous biosynthesis and uptake of amino acids by
Lactococcus lactis studied by (13)C-labeling experiments.
Biotechnol Bioeng 78:11–16
Juillard V, Laan H, Kunji ER, Jeronimus-Stratingh CM, Bruins
AP, Konings WN (1995a) The extracellular PI-type proteinase of Lactococcus lactis hydrolyzes beta-casein into
more than one hundred different oligopeptides. J Bacteriol
177(12):3472–3478
Juillard V, Le Bars D, Kunji ER, Konings WN, Gripon JC,
Richard J (1995b) Oligopeptides are the main source of
nitrogen for Lactococcus lactis during growth in milk.
Appl Environ Microbiol 61:3024–3030
Kok J, Buist G (2003) Genetics of Proteolysis in Lactococcus
lactis. In: Wood B, Warner P (eds) Genetics of lactic acid
Bacteria. Springer, New York, pp 189–223
Konings WN (2002) The cell membrane and the struggle for life
of lactic acid bacteria. Antonie Van Leeuwenhoek 82:3–27
Konings WN, Poolman B, Driessen AJ (1989) Bioenergetics
and solute transport in lactococci. Crit Rev Microbiol
16:419–476
Lahtvee PJ, Adamberg K, Arike L, Nahku R, Aller K, Vilu R
(2011) Multi-omics approach to study the growth efficiency

and transitions in the availability of various peptides
could result in a situation where competitive inhibition
results in the favoured translocation of peptides with
certain characteristics. Helinck et al. (2003) found, for
example, that charged casein-derived oligopeptides
competitively inhibit the transport of a reporter
oligopeptide in L. lactis. The increased consumption
of peptide-bound amino acids can also be explained by
down-regulation of the respective free amino acid
transporters. Determining the mechanisms that lead to
these peculiar peptide and free amino acid consumption patterns are beyond the scope of this work.
The labelling data reveal that when all amino acids
are readily available in both free and peptide-bound
forms, co-consumption of these forms takes place,
possibly in order to optimally utilize the available
cellular transport systems. Our data also indicate that an
extensive efflux of amino acids occurs after their uptake
from the culture medium. The exact physiological
rationale of this phenomenon remains to be elucidated
and could be revealed by conducting an accurate mass
and energy balance in future studies. The labelling data
also suggest that optimization of cultivation conditions
and media composition may be possible. One could, for
instance, vary both the concentration and composition
of free amino acids and/or the labelled yeast hydrolysate
in fed-batch or continuous culture experiments while
acquiring accurate consumption profiles of free and
peptide-bound amino acids. The relative consumption
as a function of growth efficiency could be used to adjust
the process used to produce yeast hydrolysates to create
targeted and optimal yeast extracts for the industrial
cultivation of a given microorganism.
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Abstract The uptake and accumulation of the B-group
vitamins thiamine, riboflavin, nicotinamide, pantothenic
acid and pyridoxine in Saccharomyces cerevisiae was
studied by gradually increasing the specific dosage of
vitamins in an ethanol-stat fed-batch culture. Thiamine,
nicotinamide, pantothenic acid, and pyridoxine were
almost completely taken up at low vitamin dosages. Thiamine was determined to be the major accumulating form
of vitamin B1 while most of the assimilated nicotinamide
and pantothenic acid accumulated in cofactor forms.
Despite the obvious uptake of pyridoxine, accumulation of
B6 vitamers was not observed. In contrast with the other
vitamins studied, riboflavin began accumulating in the
culture medium immediately after vitamin addition was
initiated. By the end of the experiment, the apparent uptake
of all vitamins exceeded their accumulation in the cells.
Variations in the growth rate of yeast at different vitamin
dosages demonstrate the importance of balancing the
vitamins in the media during cultivation.

Introduction
Baker’s and brewer’s yeasts are well known for their high
content of B-group vitamins, which also justifies their use
as nutritional supplements. Most wild-type strains of Saccharomyces cerevisiae are prototrophic for all B-group
vitamins. The exception is biotin, the synthesis of which is
a variable trait (Hall and Dietrich 2007). In addition to de
novo synthesis, a number of vitamers can also be taken up
from the growth environment. Considering the complexity
of the vitamin synthesis pathways, the uptake of vitamins
from the extracellular medium would allow cells to save
intracellular resources for other biosynthetic processes.
Vitamin B1 occurs in yeast as free thiamine and its
phosphoesters thiamine phosphate, thiamine pyrophosphate, and thiamine triphosphate, with thiamine pyrophosphate being the main bioactive form. Thiamine is
synthesized from pyridoxine and histidine, the precursors
of its pyrimidine unit (Tazuya et al. 1989, 1993), and
glycine and ribulose 5-phosphate, the precursors of its
thiazole unit (Linnett and Walker 1968; White and Spenser
1979, 1982). In addition to de novo synthesis, yeasts can
readily take up thiamine from the extracellular environment by the plasma membrane transporter Thi7p
(Km = 0.18 lM) (Enjo et al. 1997). In addition, lowaffinity transport of thiamine via the nicotinamide riboside
tranporter Nrt1p (Thi71p) (Enjo et al. 1997; Belenky et al.
2008; Li et al. 2010) as well as via Thi72p (Mojzita and
Hohmann 2006) has been reported. The expression of
genes encoding the enzymes involved in the metabolism of
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thiamine (THI genes), including THI7, are coordinately
repressed by exogenous thiamine and induced in its
absence, whereas thiamine pyrophosphate seems to serve
as a corepressor (Nishimura et al. 1991, 1992; Nosaka et al.
2005).
The de novo synthesis of riboflavin (vitamin B2) and the
cofactors flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN) occurs from guanosine 50 -triphosphate and ribulose 5-phosphate over a number of consecutive reactions catalysed by Rib1-7p, ATP-dependent
riboflavin kinase (Fmn1p), and FAD synthase (Fad1p)
(Oltmanns and Bacher 1972; Santos et al. 1995; Reihl and
Stolz 2005). The uptake of riboflavin from the growth
medium can occur by facilitated diffusion via the plasma
membrane transporter Mch5p (Km = 17 lM). In contrast
with riboflavin auxotrophic strains, the uptake of riboflavin
by commercial baker’s yeast strains has been shown to be
relatively poor, even under conditions where its extracellular concentration exceeded the Km value by several times
(Perl et al. 1976). Years later, it was suggested that the
expression of MCH5 is regulated by the intracellular flavin
content (Reihl and Stolz 2005).
Nicotinamide adenine dinucleotides NAD? and NADP?
are essential cofactors for cellular redox reactions and
energy metabolism, the de novo synthesis of which can
occur from tryptophan via kynurenine (Bedalov et al. 2003)
or via the NAD? salvage pathway from the B3 vitamers
nicotinic acid and nicotinamide. In S. cerevisiae, the uptake
of nicotinic acid from the culture medium is mediated by
the high affinity permease Tna1p (Km = 1.7 lM), the
expression of which is inversely related to the extracellular
concentration of nicotinic acid (Llorente and Dujon 2000).
No transporters with nicotinamide affinity have been
identified (Belenky et al. 2011).
Pantothenic acid (B5) serves as a precursor for the
synthesis of coenzyme A (CoA) in a five-step pathway with
some organism-specific variations. The respective enzymes
in yeast (Cab1-5p) have been identified (Olzhausen et al.
2009; Ruiz et al. 2009). S. cerevisiae is able to perform de
novo synthesis of pantothenic acid from b-alanine and
pantoate, which are derived from methionine and valine,
respectively (White et al. 2001). S. cerevisiae can also
acquire pantothenic acid from the surrounding medium by
the proton symporter Fen2p (Km = 3.5 lM). The transport
rate has been shown to be modulated by the content of
pantothenate in the growth medium, with maximal rate
occurring at low concentrations (Stolz and Sauer 1999).
Pyridoxal 5-phosphate (PLP), the bioactive form of
vitamin B6, has multiple roles as a versatile cofactor of
enzymes that almost exclusively function in the metabolism of amino compounds (Stolz and Vielreicher 2003).
The B6 vitamers pyridoxine, pyridoxine 5-phosphate, pyridoxamine, pyridoxamine 5-phosphate, and pyridoxal can

all be converted to PLP via the PLP salvage pathway. The
only known carrier of pyridoxine, pyridoxal, and pyridoxamine in S. cerevisiae is the proton symporter Tpn1p,
which has high affinity for pyridoxine (Km = 0.55 lM)
(Stolz and Vielreicher 2003). Expression of TPN1 is
transcriptionally regulated, and is highly induced when
either the pyridoxine concentration in the growth medium
drops below the threshold concentration needed to support
maximal growth, or in response to nitrogen depletion
(Gasch et al. 2000).
Among other environmental factors, the assimilation of
vitamins may also depend on the growth rate, the sources
of carbon and nitrogen, and the state of metabolism (i.e.,
fermentative or respiratory growth), as occurs with the
assimilation of riboflavin (Perl et al. 1976; Reihl and Stolz
2005). The majority of studies that measure B-group
vitamin accumulation in yeast have focused on the uptake
of one or two particular vitamins in shake flask cultures;
studies which utilize industrially relevant fed-batch conditions are scarce. In this work we study the simultaneous
assimilation of five B-group vitamins (thiamine, riboflavin,
nicotinamide, pantothenic acid, and pyridoxine) by S. cerevisiae in an ethanol-stat cultivation using gradually
increasing specific dosage of vitamins.

Materials and methods
Fed-batch cultivation with continuous addition
of B-complex vitamins
This study utilizes commercial baker’s yeast strain
S. cerevisiae 210NG, kindly provided by AS Salutaguse
Pärmitehas (Estonia). A 7 L ‘‘BioBench’’ fermenter
(Applikon, The Netherlands), equipped with pH, pO2, O2,
CO2, and temperature sensors was used for cultivation. The
ethanol concentration was measured online using a
‘‘Chemgard’’ infrared gas monitor (Mine Safety Appliances, USA) and cultivation conditions were controlled
using the cultivation control software ‘‘BioXpert’’ (Applikon). Two variable speed pumps (Cole Parmer, USA) were
used to pump the feeding media with and without the
mixture of B-group vitamins. The feeding media vessels
were placed on digital scales (Sartorius, Germany) to precisely determine the pumping rates. Cultivation was carried
out at 30 °C and pH 4.75, maintained by titration with 1 M
NH4OH. The dissolved oxygen concentration (pO2) was
controlled at min 20 % of air saturation by adjusting the
ratio of air and oxygen in the aeration gas mixture while the
reactor was continuously stirred at 800 rpm.
The compositions of the cultivation media were based on
those described previously by Nisamedtinov et al. (2010),
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Fig. 1 Ethanol-stat cultivation of S. cerevisiae 210NG with gradual
increase of B-group vitamins concentration in the feeding medium.
z—the fraction of vitamin supplemented medium (Medium 2) in the

feeding medium (in relative units); X—biomass concentration
(gDW/L), l—specific growth rate (1/h); SEtOH—ethanol concentration
in the cultivation medium (g/L)

and modified in terms of vitamin content. The Batch medium
contained 50 g/L glucose, 0.5 g/L NaCl, 0.5 g/L CaCl2, 3 g/L
KH2PO4, 2.5 g/L NH4Cl, 0.8 g/L MgSO47H2O, 1.9 mg/L
ZnSO47H2O, 1.9 mg/L FeSO47H2O, 0.6 mg/L CuSO4
5H2O, 0.5 mg/L MnSO4H2O, 0.4 mg/L CaCl2H2O,
0.1 mg/L CoSO47H2O, 25 lg/L (NH4)6Mo7O244H2O,
and vitamins (lM): biotin 2, myo-inositol 165. Upon completion of the batch phase and before the start of the fedbatch the following mineral salts were additionally added
into the cultivation medium: 6 g NH4Cl, 34 g KH2PO4 and
12 g MgSO4 9 7H2O. Two feeding media (Medium 1 and
Medium 2) were used in the fed-batch phase of the experiment. Both media contained 400 g/L glucose, 30 mg/L
CaCl22H2O, 15 mg/L ZnSO47H2O, 15 mg/L FeSO47H2O,
5 mg/L CuSO45H2O, 4 mg/L MnSO4H2O, 3 mg/L CaCl2
H2O, 1 mg/L CoSO47H2O, 0.2 mg/L (NH4)6Mo7O244H2O.
Medium 1 contained (lM): biotin 2, myo-inositol 1400;
Medium 2 contained, in addition to biotin and myo-inositol,
also (lM): thiamine 180, riboflavin 50, nicotinamide 2750,
pantothenic acid, and pyridoxine 120. The vessel of Medium
2 was covered with aluminium foil in order to prevent lightinduced degradation of riboflavin.
The experiment was started by inoculating the Batch
medium (2 L) with 20 mL of culture grown without vitamins (except biotin and myo-inositol). The yeast was then
grown in pH- and pO2-controlled batch culture until nearly
all ethanol was consumed. Subsequently, the fed-batch
phase was initiated using Medium 1 in ethanol-stat mode
(ethanol set-point, Sset
EtOH = 0.2 g/L) as described by Nisamedtinov et al. (2010). These conditions allow for cultivation near the maximum respiratory growth rate
(l & lcrit). After stabilization of the culture (as indicated
by constant l), a gradual increase in the specific dosage of
vitamins was applied by increasing the fraction of Medium
2 in the feed from 30 to 100 % over 10 h (Fig. 1).

Sampling routines and determination of vitamer
concentrations
The concentrations of vitamers in the biomass and culture
medium were determined by LC–MS combined with a
stable isotope dilution assay method (Hälvin et al. 2013;
Mihhalevski et al. 2013). When available, commercial
isotope labelled vitamers where used. For quantification of
a number of vitamers (nicotinamide riboside, nicotinamide
mononucleotide, and NAD?) we used 15N-labelled yeast
hydrolysate, prepared as described by Kevvai et al. (2014).
The vitamers were extracted from the freeze-dried hydrolysate with hot ammonium formate (0.05 M, 70 °C, pH
4.5) followed by separation in a SuperdexTM Peptide
10/300 GL size-exclusion column (GE Healthcare, USA).
The concentration of labelled vitamers was determined by
LC–MS using unlabelled internal standards.
Culture samples were withdrawn from the fermenter at
1 h intervals. To determine the extracellular vitamin concentration, 1 mL of sample was immediately centrifuged at
18,0009g for 3 min, the supernatant was filtered through
0.2 lm filter and stored at -40 °C until analysis. For analysis of intracellular vitamer concentrations, the biomass
samples (10 mL) were promptly quenched in 40 mL of 60 %
MeOH-MilliQ solution (-40 °C) as described by VillasBoas et al. (2005). The quenched samples were centrifuged
at 18,0009g for 3 min. The yeast biomass pellets were
washed twice with 60 % MeOH-MilliQ solution (-40 °C).
The washed pellets were freeze-dried and stored at -40 °C
until analysis. Vitamin extraction from lyophilized yeast
samples (50 mg in five replicates) was carried out in 1 mL of
70 °C 0.05 M ammonium formate buffer (pH 4.5) for
30 min. The sample extracts were centrifuged at
18,0009g for 5 min at room temperature and the supernatants were filtered through 0.2 lm filters (Millipore, USA).
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Fig. 2 Accumulation of vitamin B1 in S. cerevisiae 210NG as the
concentration of thiamine in the feeding medium was gradually
increased. Cthi—concentration of thiamine in the biomass (lM);
Uthi—apparent specific uptake rate of thiamine [nmol/(gDWh)]; Sthi—
concentration of thiamine in the culture medium (lM); QB1—specific
accumulation rate of vitamin B1 in the biomass [nmol/(gDWh)]



Si ðtÞ
;
Ui ðtÞ ¼ lðtÞ  Fi ðtÞ 
XðtÞ

ð2Þ

where l(t) (1/h) is the specific growth rate,
l¼

dðX  VÞ
:
X  Vdt

ð3Þ

The intracellular molar concentration of vitamer i (Ci,
M) was calculated with the assumption that the intracellular water space in the yeast cells is constant at
v = 2.1 mL/gDW (Okada and Halvarson 1964).
The specific accumulation rate of vitamer i in the dry
biomass [Qi, mol/(gDWh)] was calculated as follows:
Qi ¼ l  Ci  v:

Calculation of culture parameters

ð4Þ

Results

The specific dosage of vitamer i [Fi (t)], mol/gDW which
shows the amount of a given vitamer added per unit of dry
biomass in the fermenter was calculated as follows:
Rt F
t Si  zðtÞ  pumpðtÞdt
Fi ðtÞ ¼ 0
;
ð1Þ
XðtÞ  VðtÞ

The experiment presented herein used ethanol-stat fedbatch culture which simulates the industrial production
conditions of yeast for the purpose of studying the effect of
increasing the specific dosage of B-group vitamins (Eq. 1)
on the intracellular accumulation of each respective vitamer (Eq. 4). After all ethanol was consumed in the batch
phase, the culture was switched to ethanol-stat fed-batch
mode. The specific growth rate (l & lcrit) in the fed-batch
after stabilization on a vitamin-free feeding medium
(Medium 1) was 0.14 1/h and increased to 0.17 1/h with the
gradual increase in the concentration of thiamine, riboflavin, nicotinamide, pantothenic acid, and pyridoxine in the
feeding medium (Fig. 1). At higher specific dosages of
vitamins and at higher biomass concentration, a slow
decrease in the specific growth rate was observed.
The intracellular concentration of thiamine (Cthi) during
growth on the vitamin-free medium (henceforth referred to
as the ‘de novo concentration’) was 12.1 lM (Fig. 2;

where SFi (M) is the concentration of vitamer i in the
vitamin-supplemented feeding medium (Medium 2), z(t) is
the fraction of Medium 2 in the feeding medium,
pump(t) (L/h) is the total flow rate of the feeding medium
into the reactor, V(t) (L) is the current volume of the culture
medium, and X(t) (g/L) is the dry biomass concentration in
the culture medium, t0(h) is the fermentation time corresponding to the start of vitamin addition, t(h) is the current
fermentation time.
The apparent specific uptake rate of vitamer i
[Ui(t), mol/(gDWh)] shows the amount of vitamer i assimilated by the cells per unit dry biomass per unit time and
was calculated as follows:
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To determine the concentrations of free B-group vitamins,
1 mL aliquots of diluted sample extracts (dilution factor 5)
were added into LC–MS vials containing isotope labelled
internal standards and injected into LCT Premier LC–MS
(Waters Corp., Milford, MA, USA). To determine nicotinamide riboside, nicotinamide mononucleotide, and NAD?,
1 mL aliquots of diluted sample extracts (dilution factor 25)
were added into LC–MS vials containing purified 15N-labelled
yeast hydrolysate and injected into the LC–MS. To determine
the total concentration of vitamins, 2 mL aliquots of diluted
sample extracts (dilution factor 5) were treated with 0.17 mg
of potato acid phosphatase (Sigma, P1146) at 37 °C for
18 h. After incubation, the samples were centrifuged at
18,0009g for 5 min at room temperature, filtered through
0.2 lm filters, and analysed using LC–MS–TOF as described
in Hälvin et al. (2013). The following ions were detected (m/z):
thiamine—[M]? = 265.11, labelled thiamine—[M]? =
268.12, riboflavin—[M ? H]? = 377.15, labelled riboflavin—[M ? H]? = 383.16,
nicotinamide—[M ? H]? =
123.06, labelled nicotinamide—[M ? H]? = 127.08, nicotinic acid—[M ? H]? = 124.04, labelled nicotinic acid—
[M ? H]? = 128.06, pantothenic acid—[M ? H]? =
220.12, labelled pantothenic acid—[M ? H]? = 224.13,
pyridoxal—[M ? H]? = 168.07, labelled pyridoxal—
[M ? H]? = 171.09,
pyridoxine—[M ? H]? = 170.08,
labelled
pyridoxine—[M ? H]? = 174.10,
NAD?—
?
?
?
[M] = 664.08, labelled NAD —[M] = 671.08, NR?—
[M]? = 255.09, labelled NR?—[M]? = 257.09, nicotinamide mononucleotide—[M ? H]? = 335.06, labelled nicotinamide mononucleotide—[M ? H]? = 337.06.
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the culture medium at the end of the experiment (S15h
i ), the maximum
apparent uptake rate of vitamers (U15h
i ), the specific vitamin
accumulation rate during growth without vitamins and at the highest
novo
, Q15h
vitamer dosage (Qde
i
i , respectively)

Table 1 Intracellular concentrations of vitamers in an ethanol-stat
culture on vitamin free medium and their maximum intracellular
concentrations observed at the highest vitamer dosage at 15 h
novo
and C15h
(Cde
i
i , respectively), the concentration of vitamers in
Ci de novo
(lM)

Vitamer/vitamin

C15h (lM)

S15h (lM)

U15h nmol/
(gDWh)

novo
Qde
nmol/
i
(gDWh)

Q15h
nmol/
i
(gDWh)

Thiamine

12.1 ± 0.5

105 ± 18

\0.1

57

4

23

Total B1 (Thi ? ThiP ? ThiPP)

13.0 ± 1.3

113 ± 21

\0.1

57

4

26
4

Riboflavin

5.9 ± 0.8

7.6 ± 1.8

4.0 ± 0.1

17

3

Total B2 (Riboflavin ? FMN ? FAD)

40.8 ± 3.3

45.4 ± 2.6

4.0 ± 0.1

17

10

13

Nicotinamide (NAM)

59.6 ± 3.4

161 ± 17

0.5 ± 0.1

905

17

37

Nicotinic acid (NA)

9.7 ± 0.9

70.3 ± 8.6

8.4 ± 0.6

0

3

16

Nicotinamide riboside (NR)

8.3 ± 1.2

12.5 ± 3.6

N/A

0

2

3

Nicotinamide mononucleotide (NMN)

70.7 ± 4.8

106 ± 14

N/A

0

20

24

NAD

922 ± 53

2,152 ± 52

N/A

0

265

493

Total B3
(NAM ? NA ? NR ? NMN ? NAD)

1,080 ± 63

2,497 ± 96

8.9 ± 0.6

905

307

573
13

Pantothenic acid

5.8 ± 0.6

62.7 ± 16.6

5.5 ± 0.1

101

2

Total B5

N/A

N/A

N/A

101

N/A

N/A

Pyridoxine (PN)

0a

0a

10.1 ± 0.1

35

0

0

Pyridoxal (PL)

9.3 ± 1.2

16.5 ± 3.5

0a

0

3

4

PL ? PLP

18.2 ± 1.6

25.1 ± 3.3

0a

0

5

7

Total B6

N/A

N/A

N/A

N/A

N/A

35

N/A not analysed
Below detection limit

Crib

8

Crib, Srib (µM)

(Sthi \ 0.1 lM) throughout the experiment, which indicates its active uptake by the Thi7p transporter
(Km = 0.18 lM; Iwashima et al. 1973; Enjo et al. 1997).
The apparent specific uptake rate of thiamine (Uthi) was
over two times higher than the calculated accumulation rate
of vitamin B1 (QB1) in the cells.
The de novo concentration of riboflavin in the cells
(Crib) was around 5.9 lM (Fig. 3; Table 1) and approximately 20 % of the total B2 vitamers determined. In contrast to thiamine, we did not observe an accumulation of
riboflavin or the other B2 vitamers in the cells while the
riboflavin concentration in the feed was increased, even
though the apparent uptake rate (Urib) increased.
The de novo concentration of B3 vitamers and cofactors
was found to be two orders of magnitude higher than the
other vitamins studied (1,080 lM; Table 1). The majority
of the total B3 pool existed as cofactor NAD? (922 lM).
The concentrations of other B3 vitamers were significantly
lower: 9.7 lM for nicotinic acid (CNA), 59.6 lM for nicotinamide (CNAM), 8.3 lM for nicotinamide riboside (CNR)
and 70.7 lM for nicotinamide mononucleotide (CNMN).
With a gradual increase in the concentration of nicotinamide in the feed, the total intracellular concentration of B3
vitamers and cofactors increased to 2,497 lM, mainly due
to an increase in the concentration of NAD? (not illustrated). The extracellular concentration of nicotinamide
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Fig. 3 Accumulation of vitamin B2 in S. cerevisiae 210NG as the
concentration of riboflavin in the feeding medium was gradually
increased. Crib—concentration of riboflavin in the biomass (lM);
Urib—apparent specific uptake rate of riboflavin [nmol/(gDWh)];
Srib—concentration of riboflavin in the culture medium (lM);
QB2—specific accumulation rate of vitamin B2 in the biomass
[nmol/(gDWh)]

Table 1), and accounted for over 90 % of the total de novo
synthesized B1 vitamers. This ratio remained largely
unchanged over the course of the entire experiment. With
an increase in the specific thiamine dosage, the intracellular
vitamin B1 concentration increased proportionally. The
extracellular concentration of thiamine remained negligible
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Fig. 4 Accumulation of vitamin B3 in S. cerevisiae 210NG as the
concentration of nicotinamide in the feeding medium was gradually
increased. CNA—concentration of nicotinic acid in the biomass (lM);
UNAM—apparent specific uptake rate of nicotinamide [nmol/(gDWh)];
SNA—concentration of nicotinic acid in the culture medium (lM);
QB3—specific accumulation rate of vitamin B3 in the biomass
[nmol/(gDWh)]

Fig. 6 Accumulation of vitamin B6 (pyridoxal and pyridoxal phosphate) in S. cerevisiae 210NG as the pyridoxine concentration in the
feeding medium was gradually increased. CPL?PLP—concentration of
pyridoxal and pyridoxal phosphate in the biomass (lM); CPN—
concentration of pyridoxine in the biomass (lM); UPN—apparent
specific uptake rate of pyridoxine [nmol/(gDWh)]; SPN—concentration
of pyridoxine in the culture medium (lM); QPL?PLP—specific
accumulation rate of pyridoxal and pyridoxal phosphate in the
biomass [nmol/(gDWh)]
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partly explains why its apparent uptake rate (Upan) was an
order of magnitude higher than the accumulation rate of
vitamin B5 (QB5). As additional pantothenic acid was
added in the feed, its extracellular concentration remained
low (Span = 5.5 lM), suggesting near complete uptake.
Despite this, its accumulation over the de novo concentration in the cells was only observed 3 h after the start of
vitamin addition. At high specific dosages of pantothenic
acid, we observed its accumulation in the culture medium,
which suggests either saturation or feed-back repression of
its transport system.
From the B6 vitamers only pyridoxal and its phosphorylated form were determined to be above the detection limit in the biomass. Of these, pyridoxal phosphate
accounted for nearly 50 % of the B6 vitamer pool; the
intracellular concentration of pyridoxine remained below
the detection limit over the course of the entire experiment. The concentration of pyridoxal and pyridoxal
phosphate (CPL?PLP) at the end of the batch phase was
over 35 lM (Fig. 6; Table 1). Notably, with the switch to
the ethanol-stat culture without vitamins, the concentration of this pool decreased by approximately twofold to
18.2 lM. During the first stages (6–10 h) of vitamin
feeding, the pyridoxine concentration in the culture
medium was low, which suggests near-complete uptake.
At higher specific dosages, it was found to accumulate in
the medium. The specific uptake rate of pyridoxine (UPN)
was approximately five times higher than the specific
accumulation rate of pyridoxal and pyridoxal phosphate
(QPL?PLP).
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Fig. 5 Accumulation of pantothenic acid in S. cerevisiae 210NG as
its concentration in the feeding medium was gradually increased.
Cpan—concentration of pantothenic acid in the biomass (lM); Upan—
apparent specific uptake rate of pantothenic acid [nmol/(gDWh)];
Span—concentration of pantothenic acid in the culture medium (lM);
Qpan—specific accumulation rate of pantothenic acid in the biomass
[nmol/(gDWh)]

remained close to zero over the course of the entire
experiment (SNAM, Fig. 4), suggesting that it was actively
transported into the cells. Notably, we observed that nicotinic acid accumulated in the culture medium (SNA) at
high specific nicotinamide dosages. The specific uptake
rate of nicotinamide (UNAM) was higher than the accumulation rate of total vitamin B3 (QB3).
The de novo concentration of pantothenic acid (Cpan)
was 5.8 lM (Fig. 5; Table 1). The concentrations of other
B5 vitamers and cofactors (pantetheine and coenzyme A)
were not determined in the present study, which at least
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Although no nicotinamide transporters in S. cerevisiae
have been identified, its low extracellular concentration
(S15h
NAM = 0.5 lM) compared to its concentration in the
cells (C15h
NAM = 160 lM) suggests that an active transporter
should be involved. Interestingly, the intracellular concentration of nicotinamide exceeded that of nicotinic acid
by nearly seven times during growth without vitamins,
whereas the concentrations of these two vitamers became
very similar during vitamin addition (Table 1; Fig. 4). This
indicates that following its uptake, nicotinamide was converted into nicotinic acid in the nicotinamidase reaction
and then used for NAD? synthesis. The observed increase
in both the intra- and extracellular nicotinic acid concentrations indicates possible feed-back inhibition or saturation of the NAD? synthesis pathway. These results also fit
with the findings of Belenky et al. (2011) who found that
nicotinamide taken up by cells was readily converted to
nicotinic acid and the excess of the latter was excreted
from the cells in a Tna1p independent manner. Nicotinic
acid may be excreted to mitigate toxic effects caused by its
overaccumulation.
Saccharomyces cerevisiae was long considered a pantothenate auxotroph (Stolz and Sauer 1999; Leonian and
Lilly 1942). However, White et al. (2001) showed its
ability to synthesize it via a pathway involving methioninederived spermine. The growth of yeast observed in this
experiment with a vitamin-free feeding medium supports
this fact. Uptake of pantothenic acid occurred immediately
after its concentration in the feeding medium was
increased; its intracellular concentration, however, started
to increase only several hours later. This could be
explained by the prompt conversion of imported pantothenic acid into coenzyme A, the concentrations of which
in yeast, according to data of Seifar et al. (2013), are in the
range of 200 lM, which is several times higher than the
intracellular concentrations of pantothenic acid measured
in our study (*6–60 lM). It is likely that the intracellular
pantothenic acid concentration started to increase only after
the coenzyme A pools were saturated.
Intracellular pyridoxine levels remained below detection
limit throughout the experiment, suggesting its prompt
conversion into other B6 vitamers. However, we did not
observe a remarkable increase in the intracellular concentrations of either pyridoxal or pyridoxal phosphate with an
increase in pyridoxine dosage. This could result from
partial condensation of pyridoxal phosphate with the amino
acid substrate to form a Schiff base, a uniform component
of all pyridoxal phosphate catalysed enzyme reactions
(Eliot and Kirsch 2004). It is possible that pyridoxal from
such aldimines may not have been released with the acid
phosphatase treatment used in the present study. At higher
specific dosages, we observed an accumulation of pyridoxine in the culture medium. It can be speculated that this

Discussion
In the present work the effect of the gradual addition of
B-group vitamins (thiamine, riboflavin, nicotinamide,
pantothenic acid, and pyridoxine) on their rate of assimilation in S. cerevisiae was studied. An ethanol-stat fedbatch culture was used, simulating the conditions often
applied in industrial baker’s yeast production. The results
suggest that while supplementation of the culture with
these vitamins is not strictly required, adding them in
optimal concentrations can increase the productivity of the
process by increasing the specific growth rate. This
positive effect can be related to the reduced amount of
cellular resources required for de novo synthesis of vitamins and cofactors, as well as the biosynthetic enzymes.
Although we only observed a modest increase in the
maximum respiratory growth rate (0.03 1/h), it is possible
that a more profound effect could be observed while
increasing the dosage of vitamins at a reduced rate due to
better adaptation. In addition, the relative concentration of
some vitamins in the feeding medium may not have been
optimal. For example, the de novo concentration of vitamin B3 in the cells was approximately 100 times higher
than that of vitamin B1, however, the concentration of
nicotinamide in the feed was only ten times higher than
that of thiamine. It is possible that such imbalances in
vitamin concentrations may lead to specific limitations or
inhibitory effects.
At high specific vitamin dosages, the specific growth
rate started to decrease slowly. This decrease could have
been caused by over-accumulation of vitamins and cofactors. However, no growth inhibition could be demonstrated
using shake flask experiments with the same vitamin concentrations as used in Medium 2 (results not illustrated).
Thus, the observed decreasing growth rate at high vitamin
concentrations was most likely due to the inhibitory effects
related to high biomass concentration. We have previously
shown that at biomass concentrations higher than 50 gDW/L,
a slow and consistent decrease in the specific growth rate
occurred (Nisamedtinov et al. 2010).
The gradual increase in the specific dosage of B-group
vitamins clearly increased the total intracellular concentration of B1, B3, and B5 vitamers and cofactors, whereas
no remarkable accumulation of B2 and B6 vitamers over de
novo values were observed (Table 1). During vitamin
addition, a marked increase in the specific accumulation
rates (Eq. 4) relative to the respective de novo values was
observed for both B1 and B3 vitamers as well as for pantothenic acid (approximately six, two and sixfold, respectively). These observed differences in vitamin and cofactor
accumulation rates could be even greater because the
maximum values of intracellular vitamin and cofactor
concentrations were not reached in the present study.
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study (Troy and Beringer 2006), their degradation in the
cultivation medium was most likely negligible.
The present study revealed significant differences in the
uptake and accumulation between the B-group vitamins
studied. The reasons underlying these differences remain to
be elucidated. While in some cases this can be explained by
the fact that some related compounds were simply not
measured in the present work, in other cases it raises
important questions regarding the fate of vitamers in S.
cerevisiae. New (enzymatic) techniques probably need to
be developed to determine all the vitamers in each group.
Alternatively, vitamin catabolism may play a much more
significant role than has previously been assumed. While
our approach does not necessarily reveal the role of individual vitamins with regards to the observed changes in
specific growth rate, the smooth increase in the dosage of
specific vitamins is, nevertheless, a useful tool to study the
accumulation of vitamers under industrially relevant
conditions.

was due to saturation or down-regulation of Tpn1p. Stolz
and Vielreicher (2003) showed a 15-fold difference in the
expression of TPN1 in pyridoxine free medium compared
to a medium containing 2 lM of pyridoxine. Interestingly,
we observed a gradual decrease in the intracellular concentration of total pyridoxal (CPL?PLP) after the switch
from batch to ethanol-stat fed-batch. The reasons behind
this phenomenon remain unclear. It is possible that the
decrease was induced by the switch from relatively slow
growth on ethanol in the final stages of batch to higher
growth rates in the ethanol-stat culture.
The intracellular concentration of riboflavin and related
cofactors did not increase significantly with an increase in
the specific dosage of riboflavin even though its apparent
uptake rate reached a value close to that of its de novo
accumulation rate (Fig. 6). By the end of the experiment
the extracellular concentration of riboflavin (S15h
rib ) reached
4.0 lM which was close to the intracellular concentration
(7.6 lM). Considering that the riboflavin translocation into
the cells is believed to occur only by facilitated diffusion
via Mch5p (Km = 17 lM) (Reihl and Stolz 2005) its poor
uptake into the cells under these experimental conditions
could be expected. It is also possible that the concentration
of free riboflavin was overestimated due to endogenous
pyrohosphatase activitiy which could have released it from
flavin nucleotides during sample preparation. Because S.
cerevisiae wild type strains are invariably riboflavin prototrophs, our findings, together with previous studies,
demonstrate the poor ability of S. cerevisiae to transport
and accumulate riboflavin (Perl et al. 1976). This raises a
general question regarding the physiological roles of
plasma membrane transporter Mch5p.
A common feature of all vitamins studied in the present
work, with the exception of riboflavin, was that their specific accumulation rates were lower than their respective
apparent uptake rates. This was most probably due to an
underestimation of vitamin and cofactor accumulation.
Underestimation of vitamin and cofactor accumulation can
occur due to losses during sample processing or due to
vitamers that remain undetermined due to technical reasons. The latter was clearly the case for vitamin B5, and
most likely also B6, where coenzyme A and protein-bound
pyridoxal phosphate were not determined. However,
underestimation of the accumulation of the other vitamins
was probably not significant. Although the catabolic
pathways of vitamins and cofactors are not described in
yeast, vitamin turnover may also be a partial reason for the
low recovery in some cases. Overestimation of vitamin
uptake could result from the instability of vitamins in the
culture medium, e.g. in case of light-induced degradation
of riboflavin. Nevertheless, according to the information
available about the stability of vitamins used in the present
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Simultaneous utilization of ammonia, free
amino acids and peptides during fermentative
growth of Saccharomyces cerevisiae
Kaspar Kevvai,1,2* Mary-Liis Kütt,1,2 Ildar Nisamedtinov1,2,3
and Toomas Paalme2
The efficiency of nitrogen use by yeast is one of the key determinants of the successful completion of alcoholic fermentations. In
this work the growth of Saccharomyces cerevisiae S288c in a synthetic medium containing ammonia and free amino acids, supplemented with yeast hydrolysate, was studied. Experiments with 15NH4Cl and 15N-labelled yeast hydrolysate were carried out
to gain insight into which of these three classes of assimilable nitrogen sources yeast cells prefer. Co-consumption of all three
sources was observed; approximately 40% of the total nitrogen in the yeast protein fraction originated from yeast hydrolysate,
while free amino acids and ammonia contributed 40 and 20%, respectively. The results indicate that several amino acids are more
readily obtained from peptides, most likely when the uptake of their free forms is competitively inhibited and/or repressed.
During the second half of each fermentation, a decrease in the incorporation of yeast hydrolysate-derived nitrogen was observed. These results highlight the nutritional role of peptides in various yeast fermentations. Copyright © 2016 The Institute
of Brewing & Distilling
Addtional supporting information may be found in the online version of this article at the publisher’s web-site.
Keywords: 15N-labelling; yeast hydrolysate; yeast assimilable nitrogen
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The yeast Saccharomyces cerevisiae is capable of synthesizing all
amino acids de novo and can utilize a variety of nitrogen sources,
including free amino acids, small peptides, and ammonia, which
together are referred to as yeast assimilable nitrogen (YAN). Once
taken up, these compounds can be used either directly for biosynthetic purposes, for generation of ammonium through deamination, or serve as substrates for transaminases that transfer amino
groups to α-ketoglutarate to form glutamate (1). The latter can
then act as a donor of amino groups during the synthesis of most
amino acids. Ammonia and amino acids can be classified based on
their ability to sustain high or low specific growth rates, or based
on their preference by yeast cells in the presence of other nitrogen
sources (2,3). The assimilation preferences of peptides in the presence of free amino acids and ammonia in this organism have
remained rather unclear despite a wealth of knowledge regarding
the function of the peptide transport systems (4–8).
Understanding the utilization of peptides by S. cerevisiae is important because peptides are one of the major nitrogen sources in several food fermentation processes involving yeast, including brewing
and winemaking. Wort naturally contains a wide variety of peptides
which, together with amino acids and ammonia, are formed during
the proteolysis of malt proteins (9). During wine production, various
‘inactive dry yeast’ preparations are accepted as yeast nutrients
which provide additional YAN compounds, including peptides, to
the fermenting must (10). Despite growing interest in yeast fermentation aids in the wine industry, many of their mechanisms of action
remain unclear. Moreover, different industrial strains of S. cerevisiae
have strongly varying nitrogen requirements (11), complicating the
assessment of optimum doses of additional YAN sources.

J. Inst. Brew. 2016; 122: 110–115

In this study we aimed to determine which YAN sources (ammonia,
free amino acids and peptides) S. cerevisiae cells prefer under
conditions of fermentative growth in a synthetic medium supplemented with yeast hydrolysate. We used a novel method that
makes use of 15N-labelled media components (15NH4Cl and 15N-labelled yeast hydrolysate) to determine the YAN consumption preferences (Fig. 1).

Materials and methods
Strain and culture media
S. cerevisiae strain S288c was used in all experiments. Inoculum was
prepared using a freeze-dried stock culture stored at 80°C which
was pre-grown on a chemically defined medium (based on the
synthetic grape juice medium described by Jiranek et al. (12), but
diluted fourfold; see Supporting Information for detailed medium
composition), containing 194 mgeqv N L1 in the form of free
amino acids. The main fermentation experiments were carried
out on the same medium supplemented with ammonium chloride
(196 mgeqv N L1) and yeast hydrolysate (2 g L1; 170 mgeqv N L1
in the form of free and peptide-bound amino acids).
* Correspondence to: K. Kevvai, Competence Centre of Food and Fermentation
Technologies, Tallinn, Estonia. E-mail: kaspar.kevvai@tftak.eu
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Figure 1. Simplified scheme of the ammonia, amino acid, and peptide utilization systems of Saccharomyces cerevisiae. CS, Carbon skeleton of amino acid; αKG, α-ketoglutarate;
AA, any amino acid; E, glutamate. Arrows with breaks indicate processes with more than one step; unknown processes are denoted with question marks; colours are used to
differentiate between nitrogen originating from ammonia (blue), free amino acids (orange) and yeast hydrolysate ( grey). In two experiments, either ammonia or yeast hydrolysate
15
was N-labelled. Monitoring the incorporation of labelled amino acids into yeast protein fraction allows one to estimate the relative contribution of different nitrogen sources.

Two experiments were performed, each with the same medium
composition and different isotopically labelled compounds: (a)
15
NH4Cl + unlabelled free amino acids + unlabelled yeast hydrolysate; and (b) 15N-labelled yeast hydrolysate + unlabelled NH4Cl
+ unlabelled free amino acids. Both the labelled and unlabelled
yeast hydrolysates used in the experiments were prepared according to the same protocol (13).
Cultivation system and sampling routines
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The size distribution of peptides in the culture medium was
characterized using size-exclusion chromatography. Analyses
were performed using a Waters 515 HPLC pump (Waters Corp.,
Milford, MA, USA), a Superdex Peptide 10/300GL column (GE
Healthcare, NJ, USA) and a Waters 2414 Refractive Index detector. Isocratic elution was applied using 0.1 M ammonium acetate
(pH 5) as the mobile phase. Data acquisition was carried out
using Empower software (build 1154; Waters Corp.). The size
distribution of culture medium components was determined
based on the elution time of the following molecular markers:
alpha-lactalbumin (14,146 Da), aprotinin (6512 Da), nisin (3354 Da)
and glutathione (307 Da).

Amino acid analyses with UPLC/ESI-MS
Amino acid concentrations in the biomass and culture medium
and their respective mass spectra were determined using LCT
Premier LC-MS system (Waters Corp.). Samples were derivatized
with AccQ-Fluor reagent and loaded on AccQ-TagTM Ultra columns (2.1 × 100 mm) at 55°C (flow rate 0.3 mL min1) connected to a PDA detector (λ = 260 nm). Amino acids were
separated using a 20 min gradient from 0.1 to 59.6% B (A,
AccQTag Ultra eluent A; B, AccQTag Ultra eluent B; Waters
Corp.), sprayed directly into the mass spectrometer operated

Copyright © 2016 The Institute of Brewing & Distilling

112

wileyonlinelibrary.com/journal/jib

111

All cultivations were carried out in 1 L Biobundle bioreactors
(Applikon, Schiedam, the Netherlands) controlled by Applikon
EZ-control biocontrollers together with BioXpert XP software
(Applikon). Fermentation experiments were carried out at 30°C
and pH 4.0 (maintained by titration with 2 M NaOH) at an agitation
speed of 500 rpm. Surface aeration was used (100 mL min1 air) to
provide micro-aerobic conditions.
The concentration of biomass in each reactor was determined on the basis of the optical density of the culture medium
(measured at 600 nm; biomass conversion factor K = 0.290 ±
0.005 g L1 AU1
600). Culture samples were withdrawn at 1 h intervals and collected on ice. The samples were centrifuged
(20,000g, 4 min, 4°C); their supernatants were collected and
stored at 20°C until analysis. The biomass pellet was washed
twice using ice-cold 0.9% NaCl solution and stored at 20°C
until analysis.

Determination of the size distribution of peptides
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in positive ionization mode at 300°C solvation temperature,
120°C source temperature and 2.5 kV capillary voltage. Full
mass spectra were acquired over the range of 100–1000 m/z.
Data processing was performed using MassLynx V 4.1 software
(Waters Corp.).
To measure the combined protein- and peptide-bound amino
acid concentrations in both the biomass and culture medium,
samples were hydrolysed with 6 M HCl that contained 1% phenol
for 24 h at 105°C. After hydrolysis, the samples were dried and
dissolved in a methanol-MilliQ water mixture and filtered through
Millex 0.2 μm filters (Millipore Corp.); the amino acids in this
permeate were analysed as described above. The concentration
of each peptide-bound amino acid in the culture medium was
calculated by subtracting its free concentration from the total
concentration determined after acid hydrolysis.

Determination of proteinase activity in samples
The proteinase activity in the cell-free culture supernatants was
determined using a Calbiochem Protease Assay Kit (Millipore Corp.,
USA) according to manufacturer’s instructions.

Analysis of YAN consumption patterns
Theoretical relative abundances of ion species in the mass spectra
of 15N-labelled and unlabelled (naturally labelled) AccQFluor-derivatized amino acids were calculated using the algorithm
described by Rockwood and Van Orden (14). The fractional
labelling of each amino acid in the biomass and in the culture
medium (i.e. the content of the 15N-labelled amino acid relative
to the total content of the respective amino acid) at each sampling point was estimated by performing a least squares regression to fit the measured spectrum to the theoretical isotope
distribution patterns.

The fractional contributions of yeast hydrolysate f iYH , ammonia


i
i
f NH3 , and free amino acids f AA to the accumulation of amino

acid i in the cells at each sampling point t were calculated as
follows:
φi ð t Þ
f iYH ðt Þ ¼ i YH
;
(1)
φmax ðtÞ
f iNH3 ðtÞ ¼

φiNH3 ðt Þ
;
φimax ðt Þ


f iAA ðtÞ ¼ 1  f iYH ðtÞ þ f iNH3 ðt Þ ;

(2)

(3)

where φiYH ðt Þ and φiNH3 ðt Þ are the fractional labelling of amino acid i
in the cells at sampling point t in the experiment with 15N-labelled
yeast hydrolysate and in the experiment with 15NH4Cl, respectively, and φimax ðtÞ is the maximum theoretical fractional labelling
of amino acid i at sampling point t.

Results and discussion
Two batch fermentations with S. cerevisiae were carried out using
media with the same chemical composition that contained different isotopically labelled substrates (15NH4Cl or 15N-labelled yeast
hydrolysate). No significant differences were observed between
the maximum specific growth rates and growth yields of the two
cultures (μmax = 0.63 ± 0.01 h1 and YXGlc = 0.140 ± 0.002 g g1, respectively; average values of the experiments ± average absolute
deviation). Chromatography analyses of the culture media revealed that glucose was still present in the medium at the end of
both fermentation experiments (Fig. A1 in the Supporting Information). Thus, the observed decrease in the average specific
growth rate during the final hours of the cultivation could
have resulted from either depletion of readily assimilable
nitrogen sources, micro-nutrients such as vitamins, and/or accumulation of fermentation products, in particular, ethanol
(concentration at 11 h = 17.2 ± 0.3 g L1).
The concentrations of both free and peptide-bound amino acids
in the culture medium were determined at hourly intervals. Almost
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Figure 2. Consumption of free amino acids and ammonia by S. cerevisiae S288c during batch cultivation on a synthetic medium supplemented with NH4Cl and yeast hydrolysate.
The residual concentration of each amino acid and ammonia expressed as fractions of their maximum concentrations are shown for each hourly sampling point. Each point is the
mean value from the two experiments with different labelled media components and the error bars represent relative deviations from the mean.
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Figure 3. Fractional contribution of three different YAN sources at each sampling point for (a) each amino acid in the protein fraction (b) the sum of all amino acids in the biomass.
The fractions of yeast hydrolysate (grey area), free amino acids (orange area) and ammonia (blue area) were calculated from the results of two batch cultivations of S. cerevisiae
15
15
S288c using synthetic media with the same chemical composition that contained different isotopically labelled substrates ( NH4Cl or N-labelled yeast hydrolysate).
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incorporation of extracellular ammonia was observed in glutamate + glutamine (Glx) because these two amino acids act as a
nexus of the de novo amino acid biosynthesis reactions in the cells.
In contrast, some amino acids, specifically His and Lys, as well as
Thr, Arg, and Met, exhibited a comparatively low incorporation of
free ammonia. This can be explained by the fact that the transporters of the first two are known to be constitutively expressed,
regardless of the presence of various nitrogen sources in the medium (17). Likewise, Jones et al. (18) showed that methionine in
the protein is derived to a large extent from exogenous methionine when present in the medium. A sharp increase in the contribution of labelled ammonia to the synthesis of most amino acids
was observed during the final hour of the cultivation. This agrees
with the observation that most free amino acids were almost or
completely exhausted from the culture medium in the final hour
when the increased utilization of (labelled) ammonia took place
(Fig. 2). A notable exception is Pro, which displayed a decrease of
ammonia incorporation during 11 h of fermentation. In the end
of the experiment the cells began absorbing exogenous proline
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all free amino acids were completely exhausted from the medium
between 7 h and 11 h after the start of each cultivation, regardless
of the labelled substrate used (Fig. 2). The order of depletion generally agreed with results presented in earlier studies, for example,
lysine and aspartate are typically amongst the first to be depleted
while the bulk consumption of proline and alanine begins several
hours later (15,16). The concentration of all measured peptidebound amino acids in the culture medium decreased during each
experiment; however, unlike their free counterparts, none of them
were depleted (data not illustrated).
Based on the isotope labelling data for individual amino acids in
the two batch experiments, we determined the relative contributions of each of the three YAN sources (i.e. ammonia, free amino
acids and peptide-bound amino acids) to the synthesis of the yeast
protein fraction (Fig. 3). The amino acid enrichment patterns obtained in the experiment using labelled ammonia (15NH4Cl)
allowed us to monitor the net incorporation of free ammonia into
the protein fraction in the cells (Fig. 3; blue areas), which indicates
the extent of their de novo synthesis. As expected, the highest

K. Kevvai et al.

Institute of Brewing & Distilling

Figure 4. Size-exclusion chromatograms of the culture medium collected during the
cultivation of S. cerevisiae S288c in a synthetic medium supplemented with unlabelled
15
NH4Cl and N-labelled yeast hydrolysate. The lines show chromatograms at the beginning (0 h), at 7, 9 and 10 h, and the end (11 h) of the experiment. The arrows denote
the elution times of three marker peptides and the elution point of media components with molecular weights of ~800 Da.
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when most other amino acids were depleted. Indeed, derepression of proline uptake has been associated with the depletion of
preferred nitrogen sources (19). It must be emphasized that nitrogen derived from amino acids (Fig. 3; orange areas) represents the
contribution of all free amino acids that participate in trans- and
deamination reactions in the cells.
In contrast to free ammonia, the contribution of nitrogen derived
from yeast hydrolysate to the yeast protein fraction was relatively
uniform across all amino acids (Fig. 3; grey areas). The concentration
of most free amino acids in labelled yeast hydrolysate was between
5 and 10% of the bound forms (Table A1, Supporting Information),
which suggests that the observed nitrogen incorporation patterns
result mainly from the consumption of peptides. Notably, there
was a significant decline in the contribution of yeast hydrolysatederived nitrogen to intracellular amino acids between hours 6
and 8 during the experiment. This is most evident in the profiles
of Met, Arg, and branched chain amino acids, but can also be
observed in the entire protein fraction (Fig. 3b). This suggests that
the most readily absorbed peptides were gradually exhausted
from the culture medium and the relative contribution of
(unlabelled) free amino acids to protein synthesis increased (Fig. 3;
orange areas). Nevertheless, consumption of peptides continued
until the end of each experiment and even increased after the
depletion of several free amino acids.
We assume that peptide-derived amino acids in the cells participate in the same trans- and deamination reactions as their free
counterparts, that is, following its uptake, only a fraction of each
amino acid is incorporated into protein intact (18). Because this results in a random distribution of the label, it is difficult to determine
which amino acids are preferentially transported into the cells in
peptide-bound forms using our experimental technique and cultivation conditions. Nevertheless, larger proportion of yeast
hydrolysate-derived nitrogen in comparison to that derived from
free amino acids could, at least partly, indicate that the respective
amino acid moieties are more readily transported into the cell in
peptide-bound forms rather than as free amino acids. Prominent
examples of such behaviour include Val (and to a lesser extent
the other branched chain amino acids), Tyr and Phe. These findings agree with those reported by Ito et al. (7), who studied the
substrate (dipeptide) specificity of the major yeast peptide transporter (Ptr2p) and found that the transporter displayed relatively
higher affinities towards peptides containing aromatic and
branched chain amino acids. It has also been suggested that the
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branched chain amino acid transporters Bap2p and Bap3p display
higher affinity towards Ile and Leu compared with Val (15), which
could result in preferential incorporation of peptide-bound Val
moieties into the biomass. We have previously proposed that in
the cases of shared transport systems in Lactococcus lactis, the less
actively transported amino acids are more readily obtained from
peptides (13).
To estimate the sizes of the peptides consumed during the experiments, size-exclusion chromatography analysis was carried
out on samples of the culture media. The change in the molecular
weight distribution of the culture medium over time is provided in
Fig. 4. During the first 7 h, media components with molecular
weights of up to approximately 800 Da were consumed. This corroborates earlier findings that yeast is able to take up peptides
comprising up to five, or perhaps six, amino acid residues (6,20).
In this phase of the cultivation, the concentration of larger peptides remained virtually unchanged. However, with the exhaustion
of many free amino acids after that point and probably the exhaustion of the most readily assimilated peptides as indicated in Figs. 2
and 3, larger peptides began to be consumed. Uptake of peptides
comprising more than five amino acid residues by yeast has not
been reported to date. Thus, extracellular hydrolytic activity could
have provided additional peptides with suitable length and composition for transport. Indeed, proteolytic activity corresponding to
~0.1 U trypsin equivalent was detected in the supernatants of cell
free culture supernatants at 11 h; no activity was detected at earlier
sampling points. We also observed the appearance of void volume
(high molecular weight) peaks in the size-exclusion chromatograms
from 9 h onwards (not illustrated), which could result from either
extracellular proteases or high molecular weight cell lysis products.
The knowledge regarding extracellular proteases secreted by S.
cerevisiae is somewhat ambiguous. Most screens for extracellular
proteolytic activity have produced negative results (21,22). However, several authors have found evidence of secreted proteases
by wine yeasts (23,24). The exact enzymes responsible for this extracellular proteolytic activity have yet to be identified and this observed trait seems to be strain-dependent. These studies do not
explicitly conclude that the proteases are specifically secreted or
simply the result of intracellular and/or vacuolar peptidases leaking
into the culture medium. The exact cause of the extracellular proteolysis we observe requires further study. It is clear, however, that
this phenomenon may play an important role in various settings
where yeast is cultivated in the presence of oligopeptides.
In this study we focused our efforts on elucidating the contribution
of ammonia, free amino acids, and peptides for the synthesis of
protein during fermentative growth of S. cerevisiae. Even though it is
well established that peptides play a role in yeast fermentations, their
contribution to biomass formation in the presence of other YAN
compounds has remained rather unclear. Our results suggest that
co-consumption of ammonia, free amino acids and peptides by yeast
during fermentative growth takes place and a significant proportion
of the proteinogenic amino acids within cells can originate from
peptides, even in the presence of what has been supposed as
‘preferred’ nitrogen sources, such as ammonia and free amino acids.
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