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ABSTRACT

Proteome analysis of the three industrial lager beer strains CMBS33, OG2252 and

A15 were conducted under standardised laboratory growth conditions. We found the

protein content of these three lager strains to be qualitatively rather similar, while they

differ substantially to the Saccharomyces cerevisiae strain BY4742. Protein spots in

the two-dimensional electrophoresis pattern of the lager strains were subjected to

tandem mass spectrometry based identification, indicating that the non-cerevisiae

proteins were most closely related to the corresponding proteins in S. bayanus. For

many proteins the regulation of these bayanus-like proteins and their cerevisiae

counterparts varied in a strain dependent manner, e.g. the bayanu-like form of Tdh3p

was roughly 20-fold more abundant than the cerevisiae form in the OG2252 strain. In

general, expression of the cerevisiae and the bayanus-like protein variants was more

similar in the strains A15 and CMBS33. The phospoproteome of the lager strains

were characterised using the Pro-Q Diamond stain. We found four novel phospho-

proteins, Rsp12p, Efb1p, Rsp5p and Leu1p, but no qualitative differences in

phosphorylation between the lager strains. In addition, no difference in protein N-

terminal acetylation status was observed, generally indicating protein modifications to

be of minor importance for the performance of lager strains.
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INTRODUCTION

Lager beers are produced by what is called bottom-fermenting yeast strains

(lager brewing strains) at low temperature (8º – 15º C). The fermentation is followed

by a low-temperature period of maturation (“lagering”) often lasting a few weeks.

Lager beer currently constitutes more than 90% of the global beer production. Beer

may have a alcoholic content ranging from a few to more than ten percent by volume,

and tolerance to high alcohol levels is an important characteristic of lager beer strains.

The industrial fermentation can also present a rather harsh environment to the yeast;

hence, industrial strains typically display a high level of stress resistance. In addition,

the yeast strain used in production influences the flavour of the beer. Better

knowledge of specific production strains and the molecular features that relate to

these industrial scale demands is desirable in order to optimize the industrial

processes.

Lager brewing yeasts are in many respects very different from other brewing

yeasts. It is also now well established that they are polyploid species hybrids formed

from Saccharomyces cerevisiae and a closely related Saccharomyces species (1). In

cases where the gene content of lager strains has been investigated in more detail, e.g.

ILV1 (2), HIS4 (3) and MET2 (4), two divergent forms of the gene in question has

mostly been found. One of these forms has been shown to exhibit sequence similarity

(e.g. by DNA hybridisation) to the corresponding S. cerevisiae gene. In the case of the

non-cerevisiae ILV1 and the cerevisiae ILV1 the encoded proteins are 86% identical.

In general, the similarity at the protein level seems to be in the range 78 – 88% (1).

Boucherie and co-workers found that in the two-dimensional electrophoresis pattern

of lager beer strains a number of abundant proteins appeared as “double spots”,

supporting the hybrid nature of these strains (5). They also found that the lager strains

displayed similar protein 2D patterns, however, no analysis of the specific

quantitative differences between the strains was performed. With the recent

publication of full genome sequences for a number of Saccharomyces species (6,7)

the understanding of the evolutionary history of lager strains should be more easily

deciphered, extending the potential of applying proteomics technologies in the

analysis of this important and interesting class of yeasts.

In this study we have analysed the proteome of three different commercial

strains of lager yeast and found numerous quantitative differences among them. In
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particular, the protein content was in all three cases very different to a standard

laboratory strain of S. cerevisiae. Our results strongly support the hybrid nature of

these three lager strains. In particular, it is interesting to note that the expression

interplay between the cerevisiae and the non-cerevisiae part of the genomes (we

provide evidence that the latter is most similar to S. bayanus) is for some specific

proteins rather different. The present initial characterisation of these industrial strains

will be of value for future more detailed analyses of how the cerevisiae and the non-

cerevisiae (S. bayanus) part of their genomes respond during industrial scale

fermentation. An understanding of the molecular features of these strains may have

important industrial implications for strain improvements.

MATERIALS AND METHODS

Strains, Media and Growth Conditions

The strains used in this study were the laboratory strain BY4742 (Mata

his3∆1, leu2∆0, ura3∆0, lys∆0) and the three industrial lager strains OG2252, A15

and CMBS33. The OG2252 strain was supplied by professor M. Kielland-Brandt

(Carlsberg Laboratory, Denmark) although this strain originates from Alfred

Jorgensens Laboratory, Denmark. A15 is a bottom fermenting industrial brewer's

yeast provided for the present work by J.Londesborough, VTT Biotechnology, Espoo,

Finland (the full name of the strain is VTT-A-63015). CMBS33 is a commercial lager

strain from the KULeuven-CMBS collection. (Centre for Malting and Brewing

Sciences) obtained through Prof. J. Thevelein and Prof. F. Delvaux (Leuven,

Belgium).

All strains were cultivated at 30°C in SD medium (0. 14% yeast nitrogen base

(Difco), 2% (w/v) glucose, 0.5% ammonium sulfate and 1% succinic acid, pH 5.8)

supplemented with 120mg/l of uracil, histidine, leucine and lysine. Cells were

inoculated, cultivated, radiolabeled and harvested as previously described (8). Protein

concentration was measured with trichloroacetic acid precipitation using a Lowry-

based commercial kit (Sigma P-5656).
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Two-Dimensional Electrophoresis

Two-Dimensional electrophoresis was performed using 18 cm long non-linear

immobilized pH gradient strips covering pH 3-10 (Amersham Bioscience). Protein

extracts with a total radioactivity of 2 x 106 dpm was loaded on each analytic gel, 1

mg of protein was loaded on each preparative gel and 200µg protein was loaded on

each Sypro-Ruby and Pro-Q Diamond gel. Rehydration of pH strips, first dimension,

second dimension and comassie blue staining were carried out as previously described

(8) using a Multiphor II (Pharmacia Biotech) for running the first dimension and an

Ettan DALT II (Amersham Bioscience) for running the second dimension. Image

preparation and analysis of radiolabeled gels were carried out as described elsewhere

(9). For qualitative analysis of gel images using pseudo colour overlay, images where

first warped into alignment as described elsewhere ((10); only warping step II). A

CMBS33 gel where used as reference image in the pairwise image alignments. Sypro

Ruby and Pro-Q Diamond staining were performed according to manufacturers

protocol (Molecular Probes).

Protein Trypsinization, Mass Spectrometry and Analysis of MS/MS data

Gel pieces were cut out and in-gel trypsinated as described elsewhere (8) and

peptides were subsequently eluted in 8ml elution buffer containing 2% acetonitrile and

0.05% formic acid. Peptides were separated on a Finnigan Surveyor chromatography

workstation. The liquid chromatography (LC) device was directly coupled to an

Finnigan LCQ ion trap mass spectrometer (Finnigan Corp., San Jose, CA). Peptide

separation and peptide mass analysis were carried out as previously been described

(9).

The SEQUEST search algorithm was used to correlate experimental spectra to

theoretical spectra. Spectra were derived from the yeast.fasta database from the

National Center for Biotechnology Information (NCBI) or from a fusion between the

yeast.fasta and four databases containing open reading frame translations from S.

paradoxus, S. mikatae, S. bayanus and S. castelli. ORF translation databases were

retrieved from the SGD ftp-server

(ftp://genome-ftp.stanford.edu/pub/yeast/data_download/sequence/fungal_genomes/)

and are based on sequence information from Cliften et al. and Kellis et al. (6,7). For

proteins where no complete amino acid sequence information was available non-

cerevisiae Saccharomyces DNA sequences retrieved from GeneBank (NCBI) were
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manually translated into peptide sequences and added to the database. Protein

identifications based on tandem mass spectra correlating to at least two tryptic

peptides were considered valid for identification. For single charged peptides, only

spectra with a cross correlation to a tryptic peptide of 1.5 or more were accepted. The

corresponding value for multiple charged peptides was 2.0. Only peptides with a ∆Cn

score larger than 0.1 were accepted (11).

Phylogenetic analysis of non-cerevisiae proteins was carried out by compiling

identified peptides into consensus sequences corresponding to amino acid sequences

of the brewery strain proteins. ClustalW (1.83) multiple alignments of the regions

covered by the MS/MS analysis were subsequently performed between the brewery

strain sequences and the corresponding regions of the five Saccharomyces species

included in the assay. The total length of the sequence analyzed was 1237 amino acid

residues. The hierarchical tree was constructed as a N-J tree within ClustalW using

multiple sequence alignment data.

RESULTS

Global protein expression differences between lager and laboratory strains

Proteome analysis of the three industrial lager beer strains CMBS33, OG2252

and A15 were conducted and their global protein content under standardised

laboratory growth conditions was compared to the laboratory S. cerevisiae strain

BY4742. Cultures were grown in defined minimal medium with glucose as the sole

carbon and energy source and proteins were in vivo labelled during mid-exponential

growth phase by the addition of 35S-methionine. Cells were harvested, protein extract

prepared and an equal amount of radioactivity was loaded onto the first dimensional

isoelectric focusing gels spanning a pH range of 3 to 10. After second dimension

separation gels were scanned and the obtained protein spots in the 2D pattern

quantified by image analysis (roughly 500 spots were identified and matched in each

of the patterns; in cases of uncertainty 2D patterns obtained after mixing of samples

helped to elucidate the correct positional matching between spots). For all samples

three independent experimental replicates were analyzed.

A first visual overview of the generated 2D patterns of the three lager yeast

strains indicated that the overall spot pattern adhered mostly to the one generated
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from the laboratory strain BY4742. However, detailed manual matching made clear

that for quite a number of proteins qualitative differences could be scored

(presence/absence of specific protein spots). In the colour overlay display in Figure

1A the individual gel patterns have first been warped according to a methodology

developed earlier by us (10) to generate positionally identical 2D patterns, using

CMBS33 as a standard. The warped patterns were then colour coded so that all spots

from the CMBS33 strain appear red and all the spots from the other strain in the

comparison appear blue (blue is the complement colour to the red; thus, when protein

spots overlap in position the spots become black in this display). It is easily seen that

the lager strains (exemplified in Figure 1A with the CMBS33 strain) displayed quite a

number of qualitative differences compared to the laboratory strain. However, the

differential colour display of the lager strains (compared to the CMBS33 strain)

indicated that these three lager strains are very similar with few qualitative

differences.

These visually observed qualitative differences were also reflected in the

quantitative data; we found 62 proteins (15%) to exhibit a substantial difference in

expression when comparing the laboratory strain BY4742 to CMBS33 (21 proteins

were up-regulated and 41 down-regulated more than 5-fold in the CMBS strain).

Roughly the same number of differences were found when comparing the two other

lager strains to the laboratory strain (data not shown). However, in the comparison

between the lager strains only a small number of proteins displayed quantitative

differences greater than 5-fold (5 proteins in the case of OG2252 and 3 in the case of

A15, in relation to CMBS33).

In order to get an overall similarity measure between strains based on

quantitative data (all expression changes were taken into account) hierarchical

clustering was performed (12). The cluster clearly shows that the lager strains were

much more similar to each other than to the laboratory strain (Fig. 1B). However, it

should be noted that the lager strain OG2252 stands out as the one with the largest

quantitative discrepancy among the industrial strains. We conclude that the protein

content of these three lager strains are rather similar, irrespective of if qualitative or

quantitative differences are considered, while they differ quite substantially in both

respects to the laboratory strain BY4742.
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The non-cerevisiae proteins in the lager strain 2D pattern are most similar to S.

bayanus proteins

It has earlier been reported that protein spots for many of the more dominant

proteins appear in two different but closely situated variants in 2D analysis of lager

strains (5); a cerevisiae spot plus a neighbouring spot with about the same intensity

that is not found in the laboratory strain. We found ample examples of this in our

detailed analysis of the three lager strains CMBS33, OG2252 and A15. Figure 2

displays some of these double spots in three zoom-in regions of the gels for lager

strain CMBS33. It is clear that compared to the BY4742 strain, the CMBS33 strain

displayed additional spots with roughly equal expression levels close to many of the

more dominant proteins. Corresponding double spots to the ones found for CMBS33

was also found in the other two industrial strains (data not shown).

To identify these additional spots in the lager strains, spots were subjected to

mass spectrometry based identification. Protein spots were cut-out from preparative

2D gels and in-gel trypsinized. The generated peptides were eluted and subjected to

tandem mass spectrometry analysis on an ion-trap type mass spectrometer. Initially,

generated peptide mass fragmentation spectra were matched to the S. cerevisiae

proteome database. For 24 spots with no counterparts in the 2D pattern of the

laboratory strain protein identities were revealed by matching to the S. cerevisiae

protein database. In all cases a S. cerevisiae identity for the spot was also found. To

find out if these extra protein spots belonged to the non-cerevisiae part of the lager

genome we extended the fragmentation database matching to include also the

proteomes from some of the other sequenced genomes of the sensu strictu

Saccharomyces class (Saccharomyces paradoxus, Saccharomyces mikatae and

Saccharomyces bayanus; (6)) as well as one non-sensu strictu species,

Saccharomyces castellii (7). In doing so, we obtained for each of the species a

catalogue of the peptides that was found to correspond to the MS generated

fragmentation pattern. The analysis including all the other Saccharomyces proteomes

was initially conducted on 7 different non-cerevisiae proteins taken from the CMBS

strain. Using the data on the number of amino acids being identical in each of the

species we constructed a phylogenetic tree based on the non-cerevisiae spots (Fig. 3).

It is clear from the MS data that the non-cerevisiae spots are clearly most similar to

sequences found in S. bayanus (Fig. 3). It should be noted that despite the fact that

only a total of 1300 amino acids were included in this phylogenetic analysis, the
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overall pattern of relatedness among the included species follows closely phylogeny

data obtained either from full genome comparison (6) or from comparing 18S-28S

rRNA spacer regions (13). The analysis was then extended to include all the non-

cerevisiae proteins identified in the 2D analysis and in all cases the fragmentation

pattern matched more closely to S. bayanus than to S. cerevisiae. Thus, our data on

the non-cerevisiae spots found in these lager strains (protein spots not found in the

laboratory strain) strongly support that these industrial lager strains are hybrids

between S. cerevisiae and S. bayanus, or at least stem from a species/strain highly

related to the sequenced MCYC623 strain of S. bayanus.

Expression differences between the lager strains are found for both cerevisiae-

and bayanus-like proteins

For a central portion of the 2D gels with a high density of protein spots we

conducted a much more thorough mass spectrometric analysis to identify most of the

resolved proteins (Fig. 4). We cut out 150 proteins in this region from preparative 2D

gels of CMBS33 and from the laboratory BY4742 strain. For the S. cerevisiae spots it

was apparent that most of them occupy the same position in the two patterns (names

indicated in green). A notable exception was found for the Adh1p protein for which

there is a dominant spot in BY4742 while this protein was not found at the

corresponding position in the CMBS33 strain. On the contrary, in the lager strain we

found this cerevisiae Adh1p spot at a more acidic position; in addition, the expression

of this S. cerevisiae variant of Adh1p was strongly down-regulated in the lager

strains. However, in the lager strains we also identified the protein encoded by the

isogene ADH4 (the substantial similarity between cerevisiae and bayanus for this

protein makes proper identification of its origin impossible). Unfortunately, the Adh4

protein overlaps with some other rather dominant proteins in the 2D pattern like

Fba1p, which makes proper quantification of this interesting form of alcohol

dehydrogenase impossible. Also the major spots for Tdh3p (this is clearly the S.

cerevisiae derived protein) alters its position slightly to the acidic side in the lager

strain CMBS33 indicating minor sequence differences or changes in post-translational

modifications.

From this more detailed analysis quite a number of changes in position were

apparent in the lager strains, highlighting the importance of independent MS based

identity confirmation when analyzing these industrial strains. It is clear that many of
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the major proteins, such as Eno1p, Eno2p and Fba1p, can be easily recognized in the

lager strain patterns. However, for minor spots the identity was much less clear and

MS identification actually revealed a rather large positional variability; e.g. the

migration of protein spots like Adh1p, Gln1p, Tdh3p and Cys4p were rather different

in the laboratory- and the industrial strains. It is clear from this more detailed analysis

of these lager strains that one can not rely on protein identifications obtained from the

analysis of laboratory S. cerevisiae strains. In this zoom-in portion of the gel we

identified 32 proteins with a clear S. cerevisiae origin and 19 proteins with S. bayanus

origin. Thus, our estimate for the overall contribution of proteins from S. cerevisiae to

these lager strains are 63%. Currently, we have identified by MS roughly 300 proteins

from the three different lager yeast patterns, and information from all the strains is

summarised into the identification of 104 proteins in the lager strains (provided as

supplementary material, SFig. 1).

After the confirmatory identification of proteins in the lager pattern a more

detailed analysis of the expression of different proteins could be conducted.

Comparing the different lager strains there are quite a number of significant changes

in expression and even in the case of the two strains being most similar, CMBS33 and

A15 (Fig. 1B), in total 38 proteins displayed at least a 2-fold change (Table I). A

notable example is the down-regulation of both the cerevisiae and the bayanus-like

Pdc1p forms in the A15 strain. Some examples of coordinated regulation of the

cerevisiae and the bayanus-like forms were also found in the comparison between

CMBS33 and OG2252; in the cases of Pyk1p/sbPyk1p (the prefix sb indicates a S.

bayanus origin) and Eft1p/sbEft1p both protein forms were, for example, more highly

expressed in the OG2252 strain. However, as in the case of aldehyde dehydrogenase

Ald6p, where the cerevisiae form was down-regulated whereas the bayanus-like form

was up-regulated, we could also find interesting examples of protein pairs being

oppositely regulated in the OG2252 strain.

In Figure 5 the expression of all 19 spots for which both a cerevisiae and a

bayanus-like variant was found and where proper quantification could be performed

is displayed. For comparison the expression of the cerevisiae protein in the laboratory

strain is also shown. For the cerevisiae spots it is clear that the strain differed slightly

and in most cases the glycolytic enzymes appeared most highly expressed in the

laboratory strain. Some clear examples of this are Tdh3p and Adh1p. However, for

the industrial strains both the cerevisiae and the bayanus spots should be taken into
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account and thus the total amount of that particular enzyme would be estimated by

summing up the different forms in the industrial strains. In doing so it became

apparent that for most of the proteins/enzymes, e.g. Tdh3p, Fba1p, the industrial and

laboratory strains did not substantially differ in total amount of that protein.

It also became apparent that for many proteins the level of co-regulation of the

cerevisiae and the bayanus-like variants varied between the strains. One can note that

in the OG2252 strain the bayanus form of Tdh3p was roughly 20-fold more abundant

than the cerevisiae form, while in the other two lager strains the two variants of

Tdh3p were expressed to about the same level. Another example of this was Pyk1p

for which the bayanus-like form is rather highly expressed in OG2252, while the

cerevisiae form was kept low; once again the two forms were expressed to about the

same level in the other two lager strains. Plotting all the pairs (cerevisiae versus

bayanus-like form) it becomes apparent that the co-regulation for most pairs is rather

strict in the CMBS33 and the A15 strains, while in the OG2252 strains the two

evolutionary variants of many proteins displayed rather different levels of expression

(Fig. 5b). We find these different regulatory pattern of genes from the two genomes in

these hybrids interesting and conclude that they most certainly underlay many of the

feature differences between these production strains.

In addition, taking both forms of the stress induced protein Sti1p into account

the total expression appears to be much higher in the lager strains as compared to the

laboratory strain (Fig. 5A). A general trend of high expression of stress proteins in the

lager strains, exemplified by the 9 members of heat-shock proteins identified in the

2D gels (Fig. 6), was also observed. In particular the OG2252 strain consistently

expressed these proteins to higher levels. It can be hypothesised that this is a

reflection of the low optimal growth temperature for these strains, where the 30ºC in

this laboratory setting is experienced as a heat-shock.

Analysis of the phosphoproteome of the lager strains.

We also extended this initial characterization of the proteome of these

industrial strains to include analysis of post-translational modifications. The phospho-

proteome of the strains was analyzed by use of the phospo-protein specific stain Pro-

Q Diamond (14). The assay was found to function to our satisfaction on some test-

proteins known to contain various amount of phosphorylations and the specificity for

the phosphorylated forms of the proteins was clearly much higher (compare to the
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band intensity in the phosphatase treated samples) (Fig. 7A).. The stain was then

applied to the analysis of the whole phospho-proteome resolved in the 2D pattern. In

comparison to the general protein stain Sypro Ruby it can clearly be seen that the

phospho-specific stain detected much less proteins. Since the background activity for

the Pro-Q Diamond stain is not totally abolished for non-phosphorylated proteins

(Fig. 7A), we normalized for the amount of protein in the spots (a dominant protein

spot could otherwise be scored as phosphorylated just because of its high abundance).

The signal from Pro-Q Diamond was thus normalized to the signal from Sypro Ruby

(d/s ratio) and to the length of the protein, and the resulting ratio for proteins

displayed in Figure 7D. As can be clearly seen most of the strongly stained proteins

by Pro-Q Diamond turned out to have high d/s ratios, but for some proteins, like

Tdh3p, the ratio came out low, indicating the rather high Pro-Q Diamond signal only

to be a result of their high expression. The spots with a high Pro-Q Diamond/Sypro

Ruby ratio were cut out for identification by tandem MS (identified spots indicated in

Fig. 7C). Roughly half of these proteins have previously been reported

phosphorylated. We also found some novel phospho-proteins, namely Rsp12p, Efb1p,

Rsp5p and Leu1p. However, when comparing the Pro-Q Diamond pattern for the

three different lager strains we could not see any qualitative differences between the

strains.

The lager strains displayed similar N-terminal acetylation as in S. cerevisiae

Another type of frequent post-translational modification is N-terminal

acetylation, which also in some cases have been shown to be functionally important

(9). The loss of this modification can easily be identified in the 2D pattern by a shift

in pI (15). In the case of the industrial strains in our study we can not exclude that

some of the spots, even being found at the same position in the 2D gels, could be

protein forms with altered N-terminal acetylation. We thus analyzed our MS spectra

for the identification of acetylated N-terminal peptides. For 8 proteins we identified

an acetylated N-terminal tryptic peptide (Table II). In all these cases the acetylated

peptide sequence appear to follow the same sequence rules as earlier found for S.

cerevisiae (16), indicating that differences in the properties of these industrial strains

might not be found in mutated N-terminal acetylation transferase systems with altered

substrate specificity.
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DISCUSSION

Minor but distinct differences between the proteomes of lager strains

The three lager yeast strains CMBS33, A15 and OG2252 displayed

qualitatively very similar protein content. Thus, our data is in line with an earlier

report where it was indicated that the 2D pattern between different lager yeasts were

similar (5). However, we here also report on quantitative differences between the

analysed lager strains. In particular we find it interesting that many of these

differences in expression was scored for both cerevisiae and bayanus-like proteins

(Fig. 5). The OG2252 strain stands out as most diverging from the other two with its

highly unique expression pattern for some proteins, e.g. Tdh3p, sbPgk1p and Eft1p.

However, the functional importance of these differences in protein regulation during

industrial brewing conditions can not be ascertained at this stage since: i) the

conditions under which we here have analysed these strains are far from the industrial

process. This was not the intention of this study; on the contrary, we wanted to

compare these lager strains under standardised laboratory conditions to be able to

compare to the BY4742 strain. Which of the expression differences that will prevail

or be enhanced during industrial scale fermentation will be the focus of follow-up

studies where the here developed information about the 2D pattern of these industrial

lager strains will be instrumental. ii) differences in performance of these lager strains

can also depend on slightly different properties of the encoded enzymes. This can be

exemplified by the result from a recent report where the authors overexpressed two

variants of the ATF2 gene, encoding an alcohol aetyltransferase, originating either

from the lager strain CMBS33 or the ale yeast CMBS212 (these two proteins exhibit

only 2 amino acid differences). It was found that overexpression of the lager version

of Atf2p yielded substantially higher amounts of ester production (17).

Protein modification differences appear to be of minor importance

Differences in performance between strains could also be due to alterations in

protein modifications that might alter protein functionality. A large variety of protein

modification have been shown to occur on eukaryotic proteins, where the most

common modification is N-terminal acetylations (16). This wide-spread modification

has in some cases been shown to be essential for protein functionality (9). 2D analysis

can be used to identify novel substrates by scoring for pI changes in N-terminal acetyl
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transferase mutants (15). Differences in 2D position between the laboratory strain and

the lager strains (Fig. 1A) could thus be caused by modification differences. MS

analysis, however, revealed that for none of the analysed proteins that are known to

be, or not to be, acetylated in the laboratory strain could we detect a change in the

acetylation status in the lager strains. Even for the bayanus-like proteins there were no

difference in N-terminal acetylation compared to the cerevisiae spots, indicating that

the cerevisiae and bayanus-like NAT modification systems appear to show overlap in

substrate recognition. This is in line with reports indicating that the N-terminal

recognition sequence in proteins are the same when comparing different eukaryotic

organisms (16). Another important modification is protein phosphorylations. In order

to analyse this type of modification on a global scale we applied a recently developed

phospohorylation specific dye. However, for none of the lager strains could we detect

a substantial qualitative difference in phosphorylation pattern. Thus, differences in

modifications, at least for N-terminal acetylations and phosphorylations, appear not to

play a major role in setting physiological differences between these strains.

The phylogenetic classification of lager strains

Lager brewing strains are currently classified to belong to the S. pastorianus

group. They seem to result from hybridisation between S. cerevisiae and another

Saccharomyces yeast (1,18). There has been some uncertainty in the taxonomy of this

species because of unclear features of certain type strains: e.g. in a 2D analysis of type

strains of S. pastorianus that were supposed to be identical the proteome analysis

revealed clear differences between the two (5). The relation to S. bayanus has also

been unclear since some of its type strains appear themselves to be species hybrids,

i.e. the type strain CBS380 of S. bayanus appears to contain two versions of many

genes (1). It has more recently been indicated that S. bayanus (isolates IFO0359 and

IFO1948) might represent lines which correspond to the non-cerevisiae genome of

lager yeast (referred to as unpublished data in (1)). We here found that the non-

cerevisiae protein spots in the 2D pattern were most closely related to the sequence

from the recently sequenced S. bayanus strain MCYC623 (6). The lager yeast

Weihenstephan 34/70 has been fully sequenced (referred to as unpublished data in

(1)) and the average sequence identity to S. bayanus MCYC623 for the non-cerevisiae

proteome is reported to be 92%. The other fully sequenced genomes S. paradoxus and

S. mikatae of the Sacharomyces sensu stricto group display a much lower sequence
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identity (84 and 82%, respectively) to the non-cervisiae part of the lager yeast

genome. Thus, both full genome sequence analysis of the Weihenstephan 34/70 and

the here reported MS analysis of non-cerevisiae proteins of the three commercial

lager strains CMBS33, A15 and OG2252 support the close evolutionary relationship

of the non-cerevisiae part of the lager genomes to the strain MCYC623 of S. bayanus.

The cerevisiae and bayanus-like proteins are differentially regulated in the lager

strains

It now seems that hybrids and aneuploidy represent a rather common

phenomenon in the Saccharomyces genus, especially among species and isolates used

for industrial purposes (19). The minimum total size of the lager brewing yeast

genome was found to be 23.3 million bp in the recently completed sequencing of the

lager strain Weihenstephan 34/70 (unpublished data, cited in (1)). This genome size is

approximately twice the size of the cerevisiae genome, and the number of non-

cerevisiae genes is predicted to be more than 5294 (to be compared to the roughly

6193 cerevisiae genes in lager strains; i.e. 54% S. cerevisiae genes). In an earlier 2D

based analysis of the qualitative pattern similarities between S. cerevisiae and the

lager yeast k11 a somewhat larger number of S. cerevisiae proteins in the lager strain

was indicated (83 - 89%) (5). Our detailed analysis of a smaller part of the 2D pattern

(Fig. 4) indicated a S. cerevisiae contribution of proteins of 63%, more in line with the

sequence-based data.

These Saccharomyces hybrids experience a highly intricate challenge in the

proper regulation of the expression of genes encoded by the coexisting two sets of

genomes. From our analysis we conclude that for most of the proteins a rather strict

balance between the expression levels exists. For many of the genes the cerevisiae

and the bayanus-like proteins are equally strongly expressed, in particular for the

CMBS and A15 lager strains. However, in the case of OG2252 the situation was quite

different. For a number of proteins we found quite divergent expression between the

two gene sets, with Tdh3p and Ald6p being two extreme cases. Too little is known

about the differences in biochemical features (kinetics, affinity, stability etc) when

comparing cerevisiae and bayanus protein variants. Thus, whether the recorded

expression of the cerevisae and bayanus-like variants is a prerequisite for proper

performance of these strains in the industrial scale fermentation can not at this stage

be determined.
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The availability of the whole genome sequence and the here produced 2D map

will enable the scientific community to carry out comprehensive expression analyses

and genome structural analyses of lager brewing yeast strains. Application of such

analyses to quality control in beer production and development of new products will

be highly beneficial to the brewing industry. In addition, the unique protein features

revealed by quantitative 2D analysis indicate that electrophoresis-based analysis could

be used for patent protection to secure the uniqueness of specific industrial lager

strains. The dynamics of cerevisiae and bayanus-like proteins during industrial scale

fermentation and stress conditions will be highly interesting topics for future

investigation. However, the complexity of the 2D pattern that were revealed by MS

analysis of the lager strains indicated that proteomics analysis of these industrial strain

has to based on thorough parallell MS identification, and can not be based on

matching to previously identified 2D patterns from S. cerevisiae laboratory strains.
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FIGURE LEGENDS

FIGURE 1. Comparison of protein expression in BY4742, CMBS33, OG2252 and

A15. (A) a colour overlay display of warped images from the different lager strains

and the laboratory strain. CMBS33 was used as the template in the warping step. In

each of the comparisons the image/spots of the CMBS33 strain is coloured red while

the image/spots from the other strain is coloured blue. In cases where the two spot

patterns overlap the spot will appear black with the complementary colours chosen

(B) phylogenetic tree of the four different yeast strains based on the positional (same

x- and y- position) matching of the 2D gels. The tree is based on hierarchical

clustering of expression data (12).

FIGURE 2. Examples of double spots in the CMBS33 strain for three zoom-in

regions of the whole 2D image.

FIGURE 3. Origin of non-cereviseae proteins in CMBS33. Seven dominant spots

on a CMBS33 gel lacking corresponding spots on BY 4742 gels were identified as

Eft1p, Shm2p, Ilv5p, Pdc1p, Met6p, Pgk1p and Pyk1p using ESI-MS/MS. The

SEQUEST algorithm was subsequently used to correlate MS/MS spectra from these

spots to theoretical mass data derived from a FASTA database containing the amino

acid sequences of the identified proteins and their homologs in S. paradoxus, S.

mikatae, S. bayanus and S. castelli. For each protein the peptide sequences identified

were compiled to a sequence for the CMBS33 form of the protein. In total, the

peptides identified contained 1237 amino acids covering 32% of the seven proteins.

Multiple alignment of the regions covered by the MS/MS analysis were performed

between the five Saccharomyces species and the brewery strain using ClustalW and a

hierarchical tree based on the result was constructed. The brewery strain differed with

one amino acid from S. bayanus, with 36 amino acids from S. cereviseae, with 34

amino acids from S. paradoxus, with 32 amino acids from S. mikatae and with 134

amino acids from S. castelli.

FIGURE 4. Zoom-in on the central portion in the 2D pattern. The protein names

for spots that have been identified as corresponding to S. cerevisiae in green and spots

most similar to S. bayanus in red. The spots with their name in blue correspond to
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cerevisiae spots that have changes in their position in the lager strains compared to

their 2D position in the laboratory strain. Black names indicate proteins that have

been identified via MS analysis but for which no clear link to either S. cerevisiae or S.

bayanus was found. The range of molecular weight and pI is roughly 30 – 65 kDa and

5.5 – 7.2, respectively.

FIGURE 5. Proteins with dual forms in lager strains. (A) 24 proteins where both a

S. cerevisiae and a S. bayanus form were identified are displayed. For each protein the

scale on the y-axis of the two diagrams are the same. Error bars indicate ± SD. (B) the

expression of 19 S. bayanus proteins plotted against the expression of the

corresponding S. cerevisiae proteins. Relative expression is given as parts per million

(ppm). Both axes are on logarithmic scale.

FIGURE 6. Expression data for heat-shock proteins. Error bars indicate ± SD.

FIGURE 7. Analysis of the phosphoproteome of the yeast strains by use of the

phospoho-specific stain Pro-Q Diamond. (A) test of staining conditions using

standard proteins know to be phosphorylated. For one lane is displayed the result after

phosphatase treatment of the protein mixture. (B) the Sypro Ruby staining of total

protein for strain CMBS33. (C) the Pro-Q Diamond staining of strain CMBS33. (D)

the ratio between Pro-Q Diamond and Sypro Ruby staining was estimated for roughly

150 proteins. The ratio is also normalized for the length of the protein (longer proteins

have stronger staining in Sypro Ruby). Numbers refer to the numbered arrows in

Figure C.
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 Table 1. Differences in protein expression between the lager strains. The expression

differences in A15 and OG was compared to CMBS33. Differences relate to statistical

significance (individual p<0.05) and at least a 2-fold differences.

# of proteins
up-regulated

identified up-
regulated
proteins

# of proteins
down-
regulated

identified
down-regulated
proteins

CMBS vs A15 16 Eno2, Hom6 22 Pdc1, sbPdc1,

CMBS vs OG 43 Kar2, Eft1,
sbEft1, Pyk1,
sbPyk1, Ade17,
Adh1, sbAdh1,
sbFba1, sbAld6,
sbTdh3

22 Ald6, Cys4,
Pgk1, Tdh3
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Table 2. Acetylation status of CMBS33 proteins (for information about Xcorr and

Delta CN see Materials and Methods).

N-terminally acetylated proteins MH+a charge Xcorr Delta CN

Prc1 Ac-SEITL 789.86 1 1.63 0.63

Prc1 (bayanus) Ac-SEITL 789.86 1 1.76 0.62

Gln1 Ac-AETSI 819.84 1 1.44 0.52

Pgk1 Ac-AFTFK 2345.60 3 0.57 0.33

Sti1 Ac-SLTAD 968.99 1 2.06 0.65

Sah1 Ac-SAPAQ 920.95 1 2.81 0.70

Efb1 Ac-ASTDF 797.80 1 2.63 0.71

Act1 Ac-MDSEV 2690.81 3 1.85 0.41

N-terminally unacetylated proteins

Met6 VQSAV 1074.26 2 3.58 0.67

Eft1 VAFTV 1083.24 2 3.34 0.6

Eft1 (bayanus) VAFTV 1083.24 2 1.64 0.54

Ilv5 MLRTQ 1720.97 3 1.3 0.09

Dld3 TAAHP 1668.88 3 4.66 0.61

Cys3 TLQES 1268.4 2 2.8 0.73

Ade13 PDYDN 1529.59 2 3.92 0.69

Fba1 GVEQI 786.94 2 2.53 0.67

a) the N-terminal peptides ion mass
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