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Abstract Accurate, reliable and reproducible measure-
ment of intracellular metabolite levels has become impor-
tant for metabolic studies of microbial cell factories. A first
critical step for metabolomic studies is the establishment of
an adequate quenching and washing protocol, which
ensures effective arrest of all metabolic activity and
removal of extracellular metabolites, without causing
leakage of metabolites from the cells. Five different pro-
cedures based on cold methanol quenching and cell sepa-
ration by filtration were tested for metabolomics of Pichia
pastoris regarding methanol content and temperature of the
quenching solution as key parameters. Quantitative evalu-
ation of these protocols was carried out through mass
balance analysis, based on metabolite measurements in all
sample fractions, those are whole broth, quenched and
washed cells, culture filtrate and quenching and washing
solution. Finally, the optimal method was used to study the
time profiles of free amino acid and central carbon
metabolism intermediates in glucose-limited chemostat
cultures. Acceptable recoveries (>90%) were obtained for
all quenching procedures tested. However, quenching at
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—27°C in 60% v/v methanol performed slightly better in
terms of leakage minimization. We could demonstrate that
five residence times under glucose limitation are enough to
reach stable intracellular metabolite pools. Moreover, when
comparing P. pastoris and S. cerevisiae metabolomes,
under the same cultivation conditions, similar metabolite
fingerprints were found in both yeasts, except for the lower
glycolysis, where the levels of these metabolites in
P. pastoris suggested an enzymatic capacity limitation in
that part of the metabolism.

Keywords Pichia pastoris - Metabolite quantification -
Quenching - Chemostat

Abbreviations

eDCW Grams of dry cell weight
MeOH Methanol

Go6P Glucose-6-phosphate

T6P Trehalose-6-phosphate
FBP Fructose-1,6-bisphosphate
6PG 6-Phospho gluconate

F6P Fructose-6-phosphate

GIP Glucose-1-phosphate

M6P Mannose-6-phosphate

2PG 2-Phospho glycerate

3PG 3-Phospho glycerate

PEP Phosphoenolpyruvate

PYR Pyruvate

oKG a-Ketoglutarate

G3P Glycerol-3-phosphate

S7pP Sedoheptulose-7-phosphate
UDP-glc UDP-glucose

PGI Phosphoglucose isomerase

PGM Phosphoglucomutase

PMI Phosphomannose isomerase


http://dx.doi.org/10.1007/s11306-011-0308-1

Metabolomics of P. pastoris

285

ENO
FMH

Enolase
Fumarase

1 Introduction

The study of the properties of metabolic networks and their
regulation in vivo is a key field in systems biology and,
together with proteomic, transcriptomic or fluxomic studies
has become a tool towards strain optimization (van Gulik
2010; Bolten et al. 2007; Oldiges et al. 2007; Douma et al.
2010b). Besides, among the main ‘-omics’ technologies,
metabolomics is expected to play a significant role in
bridging the phenotype—genotype gap, since it amplifies
changes in the proteome and provides a better representa-
tion of the phenotype of an organism than other methods
(Cascante and Marin 2008).

The metabolomics field has experienced a strong
development over the recent past, mainly due to the
improvements in MS-based analytical procedures
(Mashego et al. 2004; van Dam et al. 2002; Dettmer et al.
2007; Oldiges et al. 2007). In combination with the
advances in analysis of microbial metabolic fluxes via '>C
isotopic labelling (Tang et al. 2009) this has greatly
expanded the possibilities for quantitative analysis of
metabolic pathways.

Although there have been many improvements in the
field, an important step in the study of metabolic reaction
networks is to obtain representative and accurate snapshots
of the metabolome. Many metabolites, not only those
related to the central carbon metabolism but e.g. also free
amino acids, have turnover times in the order of seconds or
less, which highlight the need for a rapid sampling tech-
nique to quantify their actual levels, as well as a proper,
leakage-free, quenching procedure to ensure absence of
losses or (inter)conversion of metabolites (Canelas et al.
2008; van Gulik 2010). Moreover, if substantial amounts of
metabolites are present in the extracellular medium, those
need to be efficiently removed. Therefore, a sample treat-
ment procedure allowing separating the intracellular and
extracellular metabolite pools, as well as a degradation-free
extraction method are required (Canelas et al. 2009).

Although many efforts have been directed towards the
development of a universal method, no consensus solution
has been found because of the vast diversity in cell prop-
erties (Villas-Boas et al. 2005; Bolten et al. 2007; van Gulik
2010). Recently, proper sampling, quenching, separation
and extraction protocols for the intracellular metabolite
quantification in Saccharomyces cerevisiae have been pre-
sented and successfully applied, allowing accurate, reliable
and reproducible metabolite determinations (Canelas et al.

2008, 2009). Unfortunately, it appears that for different
microbial species, different sampling and quenching
methodologies need to be developed and quantitatively
evaluated and validated (Bolten et al. 2007; Bolten and
Wittmann 2008; Taymaz-Nikerel et al. 2009).

The methyltrophic yeast Pichia pastoris has become an
outstanding cell factory, not only for recombinant protein
production (Cereghino et al. 2002; Macauley-Patrick et al.
2005; Cos et al. 2006; Bollok et al. 2009) but also
for producing other active pharmaceutical ingredients
(Pscheidt and Glieder 2008). Notably, some metabolic
network studies in P. pastoris, focused on the metabolic
effects of recombinant protein production have been
reported. However, these were performed using stable
isotope labeling (**C) whereby only isotopologue ratios,
but no absolute metabolite level determinations were nee-
ded (Sola et al. 2004, 2007; Heyland et al. 2010; Baumann
et al. 2010). Moreover, two genome-scale metabolic net-
work models have been recently published opening the
door to a better understanding of the metabolic network of
P. pastoris (Sohn et al. 2010; Chung et al. 2010).

Recently, the impact of the oxygen availability on bio-
mass composition (Carnicer et al. 2009), as well as on the
transcriptome, proteome and metabolic fluxes (Baumann
et al. 2008) of recombinant P. pastoris grown in glucose
limited chemostat cultures has been investigated. In the
present study, the same strain and similar conditions were
applied as experimental model for further metabolomic
studies. In particular, a systematic evaluation of five
quenching protocols applied to P. pastoris was carried out
in order to obtain a reliable intracellular metabolite quan-
tification method. Methanol concentration and temperature
were the selected variables to be optimized for minimizing
metabolite leakage during quenching and subsequent
washing. Thereafter, the best performing quenching pro-
tocol was used in two applications: (1) determination of the
time needed for each intracellular metabolite to reach a
metabolite steady state and (2) a metabolome comparison
between P. pastoris and S. cerevisiae.

2 Materials and methods
2.1 Strain and cultivation conditions

Analytical grade reagents were supplied by Sigma-Aldrich.
HPLC-grade methanol and ethanol were supplied by J.T.
Baker.

In this study the P. pastoris X-33 (wild type phenotype,
Invitrogen) transformed with pGAPaA (Invitrogen) as
mock vector was used. Chemostat cultivation was per-
formed in a 7-1 fermentor (Applikon, The Netherlands)
with a working volume of 4 1. The culture media used were
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derived from previously described media (Baumann et al.
2008). In particular, the C-source of the chemostat medium
was reduced to obtain a steady state biomass concentration
of approximately 4.5 g/l. The other components were
adjusted accordingly to obtain similar residual concentra-
tions as with the original medium, thereby considering the
biomass composition of P. pastoris (Carnicer et al. 2009).
The composition of the batch medium was: 8 g/l glycerol,
0.9 g/l citric acid monohydrate, 12.6 g/l (NH,4),HPOy,,
0.5¢g/l MgSO47H,0, 1.5g/1 KH,PO,  0.02 g/l
CaCl,-2H,0, 5 ml/I trace salt solution, 2 ml/l Biotin solu-
tion (0.2 g/l). The composition of the chemostat medium
was: 8.80 g/l glucose monohydrate, 0.92 g/l citric acid
monohydrate, 2 g/l (NH4),HPO,4, 0.3 g/l MgSO,-7TH,0,
1.4 g/1 KH,PO4, 0.01 g/l CaCl,-2H,0, 0.5 ml/l trace salt
solution, 0.3 ml/l Biotin (0.2 g/l). The trace salts solution
was the same as described previously (Baumann et al.
2008).

One liter shake flask containing 300 ml of YPD medium
(10 g/l yeast extract, 20 g/l peptone, 10 g/l glucose) was
inoculated with a 1.0 ml cryostock of P. pastoris cells. The
culture was grown for approximately 24 h at 30°C with
shaking at 200 rpm, and used to inoculate the reactor. After
complete termination of the batch phase, approximately
24 h after performing the inoculation, the feed of the
chemostat culture was started. During the chemostat, the
cells were grown under carbon-limited conditions at a
dilution rate (D) of 0.1 h™!, and an aeration rate of
0.5 vvm, controlled by mass flow meters (5850 Smart Mass
Flow Controller, Brooks Instrument). During the entire
cultivation the pO, was maintained above 50% ensuring
fully aerobic conditions. The O, and CO, concentrations in
the bioreactor off-gas were measured on-line using a
combined paramagnetic/infrared analyzer (NGA 2000,
Rosemount, USA). Pressure, pH, stirring speed and tem-
perature were maintained at 1.2 bars, pH 5 (with 20%
v/vNH3), 400 rpm and 25°C, respectively.

In the leakage evaluation experiment, a first chemostat
culture was maintained for five residence times until a
stable off-gas reading was obtained. This measure was used
as an indicator for obtaining a steady-state condition.
During steady state five duplicate samples were taken, i.e.
two for each quenching protocol, for metabolite measure-
ments in quenched and washed cells, and in quenching and
washing solutions. Furthermore three filtrate samples and
five whole broth samples were taken.

Once the protocols were evaluated, using the best of
the tested protocols, two additional chemostat cultures
were run to study the time needed for P. pastoris to
reach a metabolic pseudo steady-state. Duplicate samples
for intracellular metabolite measurement were taken
approximately each 24 h during a period of 10 residence
times.
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2.2 Sampling

Samples for intracellular metabolite analysis were taken
using a dedicated rapid-sampling setup (Lange et al. 2001).
With this setup approximately, 0.63 + 0.01 g of broth was
rapidly withdrawn and immediately injected in 5 ml of
precooled quenching solution. The tubes were quickly
mixed by vortexing and introduced in the filtration unit
after weighting the tube (Douma et al. 2010a). All sam-
pling tubes were weighted before and after the sampling
procedure in order to determine the exact amount of sample
taken. Briefly, the cell suspensions were filtered with
membrane disk filters (Pall Corporation, East Hills, NY,
USA, 47 mm diameter, 0.45 pm pore size) using a vacuum
pump. A washing step was performed to remove as much
extracellular metabolites as possible. This washing step
consisted of rapidly pouring a fresh amount of 10 ml of the
previously mentioned quenching solution on the filter cake
as soon as the biomass started to fell dry, thereby main-
taining the vacuum on the filtration unit. The average total
contact time between the cells and the quenching solution
(from taking the sample until the washing solution com-
pletely passed through the filter) was 1 min £ 7 s.

For accurate quantification purposes by using Isotope
Dilution Mass Spectrometry (Mashego et al. 2004; Wu
et al. 2005), 120 pl of a 13C internal standard solution
(0°C) was pipetted on top of the dry filter cake. The *C
internal standard solution contained all relevant metabo-
lites as U-'*C-labeled isotopes and was obtained from a S.
cerevisiae fed-batch culture grown on 100% U-'*C-labeled
glucose and ethanol. Metabolite extraction with 75% (v/v)
aqueous ethanol at 95°C and further sample processing
were carried out as described previously (Douma et al.
2010a).

The quenching and washing liquids (QWS) were col-
lected in 50 ml Falcon tubes. After thorough mixing, ali-
quots of 3.0 ml of the solutions were mixed with 120 pl of
a '°C internal standard solution and subsequently extracted
in 75% (v/v) aqueous ethanol at 95°C, to eliminate possible
enzymatic activity in these samples. The exact sample
amounts taken were determined by weighting all tubes
before and after sampling.

Samples from the culture filtrate (CF) and the complete
culture broth (WB) were withdrawn and further processed
as described earlier (Canelas et al. 2008).

2.3 Metabolite analysis

Metabolite quantification was carried out with LC-ESI-
MS/MS and GC-MS based isotope dilution mass spec-
trometry (IDMS) (Canelas et al. 2009). Each sample was
analyzed in duplicate. In total, 37 metabolites, with a wide
variety of chemical and physical properties, were analyzed.
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Table 1 Tested quenching protocols to investigate the effects of
temperature and methanol concentration on metabolite leakage

Protocol Temperature Concentration of Concentration of

(°C) methanol solutions methanol after
vIv) (%) sampling (v/v) (%)
A —27 40 36
B -27 60 54
C —40 60 54
D —40 80 71
E —40 100 89

However, only 34 of these could actually be measured,
because the concentrations of glyoxylate, mannitol-6-
phosphate and fructose-2,6-bisphosphate were found to be
below the detection limit in all the samples analyzed.

2.4 Consistency check and data reconciliation

The amount of each metabolite was quantified in different
sample fractions, that is, in whole broth (WB), quenched/
washed cells (QC), culture filtrate (CF) and quench-
ing 4+ washing liquid (QWS). Because the '*C internal
standard mix was in all cases added to the different sample
fractions prior the metabolite extraction procedure, possi-
ble metabolite losses due to partial degradation could be
corrected for. This implies that the following mass balance
should be satisfied for each metabolite i:

Fig. 1 Full mass balances of

Mannose-6-phosphate

M;(WB) = M;(CF) + M;(QC) + M;(leakage) (1)

This mass balance allows calculating, from measure-
ments in total broth, filtrate and cells, which amount was
lost into the quenching and washing solutions as a result of
leakage. However, because in addition also metabolite
quantifications were carried out in the quenching
+ washing solutions, a second mass balance can be
written, namely:

M;(WB) = M;(QC) + M;(QWS) (2)

This balance states that the total amount of each
metabolite (i.e. the extracellular + intracellular amount)
present in a whole broth sample should be equal to the
amounts measured in the cell cake sample and in the
quenching + washing solution. This means that the data
set contains redundant information, i.e. more information
than strictly necessary to quantify metabolite leakage,
allowing to perform a statistical consistency check, using
the calculated y*-distributed consistency index #, as well as
data reconciliation (van der Heijden et al. 1994).

Briefly the data reconciliation was performed as follows:
under the constraint that the mass balances (Egs. 1, 2)
should be satisfied, the best estimates of the measured
metabolite amounts in the different sample fractions as
well as the calculated amount of leakage were obtained by
least squares minimization of the differences between the
measured and estimated amounts, weighed by their mea-
surement errors (Verheijen 2010).
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Table 2 Direct and differential intracellular quantification comparison

pmol/gDCW ICS protocol B WB-CF

Value SD Value SD
G6P 54 0.3 5.9 0.7
F6P 1.22 0.09 1.21 0.06
FBP 0.70 0.07 b b
2-3PG 1.93 0.22 2.14 0.12
PEP 0.33 0.04 0.33 0.02
Citric acid 7.3 0.6 ¢ ¢
oKG 2.09 0.15 2.25 0.18
Succinate 2.94 0.18 2.79 0.27
Fumarate 1.37 0.06 1.09 0.15
Malate 6.9 0.6 7.0 0.9
GI1P 0.80 0.06 0.68 0.06
6PG* 0.67 0.10 0.57 0.09
M6P 1.47 0.03 1.66 0.09
Trehal.-6P 0.09 0.01 b b
G3P 0.06 0.01 0.05 0.04
S7p 2.08 0.09 2.08 0.16
UDP-glc 1.18 0.31 0.95 0.17
Ala 23.5 0.1 23.8 2.4
Val 1.97 0.07 1.99 0.05
Leu 1.48 0.10 1.50 0.02
Ile 0.53 0.04 0.55 0.01
Thr* 3.94 0.02 4.19 0.12
Pro 10.8 0.4 11.7 0.2
Asn 7.1 0.2 7.6 0.2
Asp 26.4 1.0 30.1 0.9
Met 0.97 0.15 1.03 0.15
Glu 200 8 208 5
Phe 0.51 0.04 0.52 0.01
GIn® 177 8 178 5
Orn 56 3 54.8 0.6
Lys 12.8 0.7 12.9 04
His 7.4 0.5 73 0.1
Tyr 0.80 0.06 0.82 0.02
Trp 0.24 0.02 0.23 0.01

* No CF quantification available. WB-CF was replaced by WB
measurements

® Metabolite lower than the detection limit
¢ Metabolite higher than the calibration range
SD Standard deviation

3 Results and discussion
3.1 Chemostat cultivations
Pichia pastoris was grown in aerobic, glucose limited

chemostat cultures at a dilution rate of 0.1 h™'. Under these
conditions biomass and carbon dioxide were the only
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products. Once steady state was obtained, the consumption
rates of glucose and oxygen and the production rates of
biomass and carbon dioxide were calculated from mea-
surements of biomass dry weight, residual glucose and the
concentrations of oxygen and carbon dioxide in the off-gas.

The experimental data consistency was verified using
standard data reconciliation procedures, under the con-
straint that the elemental conservation relations were sat-
isfied (van der Heijden et al. 1994; Verheijen 2010). For all
chemostat cultivations performed the statistical consistency
test, carried out with a confidence level of 95%, was
acceptable, indicating that there was no proof for gross
measurement errors. Therefore, under the applied chemo-
stat conditions, the balanced steady state input—output rates
obtained were —0.97 (£0.01), 3.65 (4+0.01), 2.19 (£0.09)
and —2.11 (£0.09) mmol/(gDCW-h) for glucose uptake
rate, Biomass production, CO, evolution rate and oxygen
uptake rate respectively. As expected, the rates were
equivalent to the ones obtained in previous studies, thereby
making the data sets comparable (Carnicer et al. 2009;
Baumann et al. 2010).

3.2 Quenching optimization

3.2.1 Effect of methanol content and quenching
temperature

To study the effect of the quenching procedure on metab-
olite leakage, a full mass balance analysis was performed
as described in Canelas et al. (2008). Briefly, the fate of the
metabolites was identified by quantification of metabolite
levels in four different fractions: whole-broth fraction
(WB), culture filtrate (CF), quenched/washed cells (QC)
and quenching 4+ washing methanol solution (QWS). The
actual intracellular metabolite levels were estimated from
the difference between the levels measured in whole
broth (WB) and culture filtrate (CF) (Canelas et al. 2008;
Taymaz-Nikerel et al. 2009). However, this approach for
estimation of intracellular metabolite levels has drawbacks
compared to the direct measurement of quenched/washed
cells. In particular, it requires a double analytical effort, as
two samples have to be analyzed, and whole broth and
supernatant samples may contain high amounts of salts,
potentially interfering (ion suppression) with the analytical
techniques (Canelas et al. 2008). On the other hand, in the
quenched/washed cells, metabolism needs to be properly
arrested, while avoiding leakage and degradation.
Therefore, a comparison of the determined intracellular
metabolite levels between the direct measurement (QC)
and the differential method (WB-CF) was performed for
the five different variations of the cold methanol quenching
protocols, to determine for which condition metabolite
leakage from P. pastoris cells was minimal. The methanol
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«Fig. 2 Evolutionary changes in intracellular central carbon metabo-
lite pools associated with adaptation to glucose-limited conditions in
two chemostats. The lines represent the exponential decay curve fitted
and dashed lines the weighted average of the last five residence times

content of the quenching solution and the quenching tem-
perature were the parameters changed to investigate their
impact on possible metabolite leakage as shown in Table 1.

The metabolites analyzed consisted of a wide range of
different chemical compounds, such as phosphorylated
intermediates, organic acids and amino acids. In some
cases the fate of the metabolite could not be followed
properly and therefore the mass balances could not be
calculated. For example, the amounts of FBP and T6P in
CF, QWS and WB were below the detection limits while
for citric acid the differential method could not be applied
due to a too high extracellular level outside measuring
range and therefore, QC was the only measurement which
could be carried out.

As a first step of the data evaluation, the average mass
balance closure was calculated ((QC + QWS)/WB) being
on average 108% (424%). This was considered acceptable
due to the analytical challenge and was in the range of
values obtained in previous studies employing the mass
balance approach (Canelas et al. 2008). Nevertheless, the
data consistency was also checked individually for each
metabolite to detect any gross errors in the measurements
(see Sect. 3.2.2).

Secondly, the full mass balances were analyzed metab-
olite by metabolite. In Fig. 1 some examples are shown,
representing different classes of metabolites. Comparison
of the intracellular metabolite levels obtained with the
differential method (WB—CF) and the quenched cell mea-
surements (QC) revealed that metabolite leakage occurred
to some extent in all treatments, independent of the
methanol content of the quenching solution, the quenching
temperature or the compound type. This could be attributed
to the so called “cold shock” phenomenon, leading to a
sudden release of metabolites from the cells when the broth
is rapidly cooled, as reported for the bacterium Coryne-
bacterium glutamicum (Wittmann et al. 2004; Wellerdiek
et al. 2009).

However, in a previous study performed with the yeast
S. cerevisiae (Canelas et al. 2008) the extent of metabolite
leakage was found to be heavily influenced by the metha-
nol content used in the quenching solution; whereby
decreasing the methanol content resulted in increased
leakage. These results highlight the need to fine tune the
quenching protocol for each microorganism. On the other
hand, the much smaller influence of the methanol content
observed for P. pastoris could also be attributed to the
shorter contact time with the quenching solution (about
1 min) when applying the cold filtration method. In the
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work of (Canelas et al. 2008) the cold centrifugation
method was used, whereby the cells were between
20-30 min in contact with the quenching solution. Detailed
data of the metabolite quantification results for each pro-
tocol is provided as supplementary material (see Additional
file 1).

3.2.2 Protocol evaluation

From the evaluation of the mass balances for each
metabolite, as shown in Fig. 1, no clear distinction could be
made between the different protocols. Therefore, data
reconciliation was applied under the constraint that for
each metabolite both mass balances which could be eval-
uated (Egs. 1, 2) were satisfied (see Sect. 2). Thus for each
metabolite the data consistency was evaluated at 95%
confidence level and one degree of freedom. Under these
conditions the calculated, xz-distributed, consistency index
h should have a value of 3.84 or less. The calculated
h-index values are shown in the Appendix. When
inspecting these values it can be seen that in some cases
proof is obtained for gross measurements errors (h > 3.84).
Only, for two metabolites, namely Pyr and Gly, the data
were inconsistent for all the treatments tested. In case of
Pyr these systematic errors could be related to quantifica-
tion errors in Pyr peaks due to analytical difficulties.
However, for Gly no clear reason could be identified for the
data inconsistency.

Interestingly, the free amino acid quantifications showed
higher global consistency, having lower 4 values compared
to the central carbon metabolites, thereby indicating more
accuracy in the GC-MS analysis of amino acids.

In the subsequent calculation of the average metabolite
yield (QC/(WB — CF)) for the different quenching proto-
cols (A to E) only the statistically consistent data
(h < 3.84) were taken into account. The recoveries and the
standard error for each protocol were 93.1 £ 1.1,
954 £ 0.7, 92.6 £ 1.3, 943 £ 1.1 and 93.4 £ 1.5 for
Protocols A to E respectively (Table 1). Although the
differences were small, application of Protocol B resulted
in the highest average yield, being approximately 95%.

Consequently, based on the data consistency and aver-
age metabolite yield, protocol B was considered as the
optimum quenching procedure for quantification of the
intracellular metabolites in P. pastoris. Moreover, in order
to evaluate the applicability of direct measurement using
quenching protocol B, the obtained results were compared
with the results obtained using with the differential method
(see in Table 2). To test for significant differences between
the results obtained with both methods a two tailed Stu-
dent’s T test was performed. Results show that, only in the
case of Asp the obtained values were significantly
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«Fig. 3 Evolutionary changes in intracellular amino acid pools
associated with adaptation to glucose-limited conditions in two
chemostats. The lines represent the exponential decay curve fitted and
dashed lines the weighted average of the last five residence times.
*Data taken from Canelas et al. (2008, 2011)

different, while no significant difference was detected in
any other metabolite.

Therefore it is concluded that, in spite of the fact that for
one metabolite (Asp) the values were slightly deviated,
direct measurement, using quenching protocol B is the
preferred methodology for quantification of intracellular
metabolites in P. pastoris. In comparison to the differential
method, this procedure results, on average, in smaller
measurement errors. Furthermore, it requires less analytical
effort because for each measurement only one sample has
to be analyzed instead of two (WB and CF) for the dif-
ferential method. Besides, as for the WB and CF no
medium components are eliminated, they could potentially
interfere (ion suppression) with the analytical techniques
(Canelas et al. 2008). For these reasons, we applied, for the
experiments described in the next section, quenching pro-
tocol B for the quantification of the P. pastoris
metabolome.

In a recent paper of Tredwell et al. (2011), published
after our paper had been submitted, also the evaluation of
procedures for sampling and cold methanol quenching of
P. pastoris for metabolome analysis is described. Although
the quenching conditions were different from ours with
respect to temperature, methanol content and the addition
of buffers, they also found that the different variations of
the cold methanol quenching method used gave very sim-
ilar results. Apparently P. pastoris is a relatively robust
microorganism, resistant to cold methanol quenching with
respect to metabolite leakage. Also Tredwell et al. present
baseline metabolome data for chemostat cultured P. pas-
toris cells and present a comparison between the P. pas-
toris and S. cerevisiae metabolome. The conditions they
applied were, however, highly different with respect to the
strains of P. pastoris and S. cerevisiae, the cultivation
conditions (batch vs. chemostat) and the substrates
(methanol and glycerol vs. glucose) used. Most important
difference is that the study of Tredwell at all aimed at

metabolic profiling, using non-targeted analytical tech-
niques, whereas in our work a targeted, quantitative
approach was used, applying isotope dilution mass spec-
trometry (IDMS) aimed at obtaining highly accurate me-
tabolome data.

3.3 Steady-state evaluation

Typically, the first approach in metabolomic studies is the
quantification of the (pseudo) steady-state metabolite con-
centrations in order to obtain a better understanding of the
cell behaviour during fixed environmental conditions.

For measurement of metabolite levels in steady state
chemostat cultivation, it is generally assumed, but seldom
verified, that the intracellular metabolites have reached
their steady state levels after five residence times. To verify
this for chemostat cultivation of our P. pastoris strain, two
replicate chemostat cultures were carried out. Rapid sam-
pling, combined with quenching according to protocol B
and filtration, was applied for intracellular metabolite
measurement at 24 h intervals, from the start of the che-
mostat phase until a period of 10 residence times.

For the metabolites of which the levels evolved towards
different steady state values, an exponential decay curve
was fitted (Eq. 3), whereby each measurement was
weighted by its standard deviation.

Ci(t) = Ciss + (Ci(0) — Ciss) e (3)

Herein C; (0) is the average quantification pool for each
metabolite at the end of the batch phase, C; ss is the steady
state level and b is a time constant.

For the metabolites which were already at a stable level
from the beginning, a weighted average of the five last
residence times was taken as the steady state value.
Moreover, this was also done for the metabolites which
showed changing levels to compare the results from both
calculations.

The results are shown in Figs. 2 and 3. Globally, the
small differences between the profiles obtained for the two
chemostats shows the high reproducibility of the cultiva-
tions. Furthermore the relatively small errors in the indi-
vidual metabolite measurements indicate a high analytical

Table 3 Physiological parameters of P. pastoris and S. cerevisiae grown in aerobic carbon-limited chemostat at a D of 0.1 h™'

Y Gec q0, qco, RQ"
gDCW/C-mol glc mmol/(gDCW-h) mmol/(gDCW-h) mmol/(gDCW-h) mmol/(gDCW -h)
P. pastoris 16.90 0.97 2.11 2.19 1.04
S. cerevisiae® 14.80 1.10 2.70 2.87 1.06

* Yield of biomass (gDCW/(C-mol glc consumed)
P Respiratory Coefficient (gco,/qo,)
¢ Data taken from (Canelas et al. 2008)
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Fig. 4 Intracellular metabolite 9 P.pastoris @S. cerevisiae*
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reproducibility for most of the metabolites reinforcing the
choice of the Protocol B as the optimum one for the
intracellular metabolite quantification. However, some
biological differences were observed for few metabolites
when the pool sizes of the two independent chemostat were
compared.

Focusing on the profiles of metabolites from the upper
glycolysis and the pentose phosphate pathway (Fig. 2), for
most metabolites no significant changes were observed
during the 10 residence times of chemostat cultivation.
This could be explained by the absence of pool size dif-
ferences between the two growth conditions (batch phase
and continuous phase) or a very fast adaptation after
shifting from batch to continuous operation mode for that
part of the metabolism. However, a slight increase of the
G6P and F6P levels were observed as well as a more
pronounced decrease in the pool size of G3P, probably
because the carbon source was changed from glycerol to
glucose when the continuous culture phase was started. In
the TCA cycle, fumarate and malate could be described
using an exponential decay profile as indicated by the fitted
curve showing slower adaptation compared to other
metabolites. Moreover, no changes were observed in the
levels of other TCA cycle metabolites, such as «KG and
succinate, during 10 residence times. A metabolite related
to the storage metabolism, such as T6P, was below the
detection limit at the end of the batch phase and increased
to higher steady state levels in less than 24 h, reflecting the
regulatory role of this metabolite in the glucose uptake as

described elsewhere (Eastmond and Graham 2003). Also,
the UDP-glucose level was higher during the batch phase
and, after 24 h of chemostat cultivation, reached a lower
stable value showing a different regulation of storage
metabolism during the two cultivation conditions.

It is remarkable that most of the measured central
metabolites show no or relatively little change during the
transition between batch cultivation on glycerol and che-
mostat cultivation on glucose as sole carbon source. One
reason could be that the decrease in the growth rate during
the transition is relatively small, i.e. from g = 0.17 to
0.1h".

Recently, a study was performed comprising a total of
32 growth conditions of S. cerevisiae, covering a range of
growth rates from 0.02 to 0.38 h! (Canelas et al. 2011).
The complete set of conditions spanned a large range of
metabolic fluxes with, as the median for 27 reactions
investigated, a 35 fold change. The associated changes in
intracellular metabolite levels for these highly different
flux profiles were, however, much smaller, with, as the
median, a maximum change of 3.5 fold. This shows how
tightly metabolism is regulated to keep the metabolite
levels between narrow regions (homeostasis).

The evolution of the free amino acid pools are shown in
Fig. 3. The observation that the levels of many free amino
acids decreased to lower levels could be related to the
change in growth rate between the batch phase
(p=0.17 hfl) and the chemostat phase (u = 0.1 hfl).
This relation is strengthened when considering that usually

Table 4 Mass action ratios of some enzymes related to the central carbon metabolism of S. cerevisiae and P. pastoris

Enzyme Mass action ratios This study Canelas et al. (2008) Canelas et al. (2011)
P. pastoris S. cerevisiae In vivo keq

PGI F6P/G6P 0.22 £ 0.11 0.26 £ 0.05 0.259 £ 0.002

PGM G1P/G6P 0.13 £ 0.09 0.05 + 0.02 0.063 £ 0.004

PMI MGO6P/F6P 1.27 + 0.06 1.17 £ 0.03 1.183 £ 0.013

ENO PEP/2-3PG* 1.67 + 0.10 3.99 +0.13 4.01 £ 0.09

FMH Malate/fumarate 5.25 + 0.38 4.82 £ 0.12 5.15 £ 0.14

S. cerevisiae data were derived from Canelas et al. (2008). The apparent in vivo k., were taken from Canelas et al. (2011)

* The 2PG total amounts were calculated assuming that 3PG and 2PG were in equilibrium (keq = 0.1)
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Fig. 5 Intracellular turnover times of the central metabolism metab-
olites of P. pastoris and S. cerevisiae. *Data taken from Canelas et al.
(2008)

the total protein content in the biomass increases with the
growth rate, being higher at higher growth rates (Abbott
et al. 1974; Nielsen 1997) and therefore requiring higher
protein synthesis rates. Moreover, a recent genomic-scale
metabolic network reconstruction for P. pastoris showed
higher biosynthetic amino acid flux requirements when the
cells were grown on glycerol compared to glucose (Chung
et al. 2010). Remarkably, the amino acids belonging to the
glutamate family, the largest intracellular amino acid pool,
did not show any significant changes during 10 residence
times of chemostat cultivation, which could also be the
result of lack of variation in terms of pool sizes between the
two conditions or to a fast rate of adaptation to the new
growth conditions. On the other hand, for the other amino
acids, the fitted curve could adequately describe the pool
trends highlighting that, for most of them, five residence
times were sufficient to achieve the steady-state values
considering the experimental error. In these amino acids,
the steady-state values of the fitted curves (C; ss parameter
in Eq. 3) were compared to the values from the weighted
average of the last five residence times, showing less than
10% difference between two calculations except for Trp

@ P. pastoris
62 04 29 58 48 124 44
J . - @ D --- e--J

»
[=)

20 20 60 8,0

o o o o o o) )
© comgLu © S‘a ®
© & L s & S 3 £ g
& 2 8 E

= 3 =

(&) 4] L

Fig. 6 Extracellular levels of central metabolites in glucose limited
cultures of P. pastoris and S. cerevisiae. The bubble areas represent
the percentage of the total pool which is present in the culture filtrate.
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and Asn with a 17 and 15% of difference, respectively.
These results were considered satisfactory considering the
analytical challenge involved (See supplementary material
2 for detailed data).

3.4 Interspecies quantitative metabolome comparison

By using the optimized quenching protocol, an accurate
determination of intracellular and extracellular metabolite
amounts were determined in P. pastoris growing in aerobic
carbon-limited chemostat cultures at a dilution rate of
0.1 h™'. These values were then compared with the pool
sizes found in S. cerevisiae grown at equal culture condi-
tions (Canelas et al. 2008). In Table 3, a summary of the
rates obtained for both yeast are represented indicating
higher gco,, go, and gy rates in S. cerevisiae which lead
to a lower biomass yield compared to P. pastoris.

3.4.1 Intracellular metabolite pools

When comparing the intracellular metabolite pools of
P. pastoris and S. cerevisiae (Fig. 4), no significant dif-
ferences in the profiles could be seen in upper glycolysis.
Nevertheless, in the lower part of glycolysis, the 2PG/3PG
and PEP pools were lower in P. pastoris indicating possible
differences in the thermodynamic behaviour among the
yeasts. The metabolite levels of the TCA cycle were sim-
ilar whereby the citric acid and malate were the most
abundant in both microorganisms. Also for 6PG, G3P and
MG6P the levels were similar. However, the T6P pool in
S. cerevisiae was one order of magnitude larger than in
P. pastoris. As it is known that this metabolite has an
inhibitory effect on the hexokinases (Eastmond and
Graham 2003) a lower glucose consumption rate could in
principle be expected in S. cerevisiae if the capacity of
hexokinase is similar in both organisms. However, as the
maximum glucose uptake rate is higher in S. cerevisiae, i.e.
20.2 mmol/gDCW-h (Heyland et al. 2009), compared to
P. pastoris, i.e. 2.88 mmol/gDCW-h (Sohn et al. 2010), it
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The numbers above each the bubbles represent the exact value. The
metabolites without value could not be detected. *Data taken from
Canelas et al. (2008)
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Fig. 7 Intracellular amino acid 2 P. pastoris ® S cerevisiae*
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seems logical that the T6P level is higher in the former
microorganism to get similar glucose consumption rates,
assuming similar regulation in both yeasts.

Moreover, the mass action ratios (MAR) of enzymes
from the central carbon metabolism which are expected to
operate close to equilibrium (i.e. PGI, PGM, PMI, ENO
and FMH) were calculated (Table 4) giving more infor-
mation about the thermodynamic properties of these
enzymes in both yeasts. Except for enolase, no significant
differences could be observed in the calculated MAR’s for
these enzymes for both yeasts and they were all close to the
equilibrium constant. However, the calculated MAR of
enolase for P. pastoris was significantly lower than the
equilibrium constant indicating a lower capacity of enolase
in P. pastoris compared to S. cerevisiae. A comparable low
value of the MAR of enolase in S. cerevisiae was measured
at a much higher growth rate of 0.33 h™' (Canelas et al.
2011).

3.4.2 Estimated turnover times of central metabolites

When using the accurate determination of intracellular
metabolite levels combined with the metabolic flux
data from P. pastoris grown under analogous conditions
(Baumann et al. 2010) an estimation of the turnover times
for these metabolites can be calculated (Fig. 5). These
turnover times are known to be an overestimation of the
real turnovers inside the cell due to the usage of net fluxes
instead of forward and reverse fluxes. However, even

9 P. pastoris
0,3 14 20 38 04 05 02
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Fig. 8 Extracellular amino acid comparison of P. pastoris and S.
cerevisiae. The bubble areas are proportional to % extracellular pools
of each intracellular metabolite. The numbers over the bubbles are the

assuming that, it is interesting to see that there are already
values in the order of seconds or less (FBP, PEP and
2-3PG) which highlight the importance of the rapid sam-
pling and optimized quenching to obtain the most accurate
quantification. It can be seen from Fig. 5 that the turnover
times of the central metabolite pools of P. pastoris and
S. cerevisiae cultivated in glucose limited chemostat under
the same conditions have the same profiles, showing
smaller turnover times for the intermediates of the gly-
colysis pathway compared to the TCA cycle.

3.4.3 Extracellular metabolite pools

In addition to intracellular metabolite amounts, the extra-
cellular metabolite levels (Fig. 6) were compared for both
yeasts. In this case, the P. pastoris culture filtrate samples
were taken from the quenching experiment, hat are, under
validated metabolic steady state conditions. Interestingly,
in P. pastoris chemostat cultivations much lower extra-
cellular metabolite levels were observed, i.e. in total
4.9 pmol/gDCW were found in P. pastoris, compared to
the 41.8 umol/gDCW for S. cerevisiae. In Fig. 6, the
extracellular amounts are expressed for each metabolite as
percentage of the whole broth sample amount. It can be
seen from this figure that for all measurements metabolites
the extracellular amounts are much lower in P. pastoris
compared to S. cerevisiae and that in the latter the majority
of the metabolites present outside were intermediates of
TCA cycle and G3P.
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3.4.4 Intracellular amino acid pools

The free amino acid pools measured for P. pastoris were
compared with those previously published for S. cerevisiae
under the same conditions (Fig. 7). Overall, amino acid pools
sizes seem to follow similar trends in both microorganisms,
with Glu, Ala and Asp being the major amino acids. However,
in P. pastoris the Gln, Orn and Lys pools were larger than in S.
cerevisiae indicating differences in the cell physiology
resulting in higher accumulation levels of the amino acids
derived from KG. Moreover, Val and Met amounts were one
order of magnitude higher in S. cerevisiae, even though the
protein production demand of these amino acids was similar
for both yeasts (based on amino acid composition of the bio-
mass protein content taken from for P. pastoris (Carnicer et al.
2009) and for S. cerevisiae (Lange et al. 2001)).

In order to have a general view of the amino acid dis-
tribution, the pool sizes of all the amino acids with the
same precursor were combined. Interestingly, all amino
acid families were within similar range in both strains
except for the glutamate family which was higher in
P. pastoris as mentioned before which leads to a larger
intracellular amino acid content in P. pastoris (425 pmol/
gDCW) compared to S. cerevisiae (340 nmol/gDCW).

3.4.5 Extracellular amino acid pools

In the same way as for the extracellular levels of the central
metabolites, the extracellular amino acids levels were com-
pared for both yeasts. As was found for the central metabo-
lites, also the total level of extracellular amino acids in
P. pastoris chemostat cultivations was much lower (total
extracellular amino acid pool of 0.7 pmol/gDCW) compared
to S. cerevisiae (13.7 pmol/gDCW). In Fig. 8, the extracel-
lular amounts for each amino acid are expressed as percentage
of the whole broth sample amount. It can be concluded from
the low extracellular metabolite amounts in P. pastoris that
total broth extraction would be a valid alternative for the cold
filtration method because for the majority of the metabolites
measured, the extracellular amounts are too low to interfere
significantly with the intracellular measurement. Removal of
the extracellular medium, e.g. by cold filtration or cold cen-
trifugation) would then only be required if constituents of the
medium would interfere with the analysis method applied.
Furthermore, these low extracellular metabolite levels make
P. pastoris attractive as a cell factory because a less contam-
inated broth facilitates the downstream processing.

4 Conclusions

The aim of this study was to perform a systematic inves-
tigation of a cold methanol quenching method, combined

@ Springer

with filtration for removal of extracellular metabolites,
specifically optimised for P. pastoris, thereby providing a
validated technique for metabolomics studies of this yeast.
Moreover, this methodology has been successfully applied
to investigate the evolution of P. pastoris cells after a shift
from batch to continuous operation mode under well-
defined and controlled bioreactor cultivations. Notably, the
obtained data has allowed performing a vis-a-vis compar-
ison of P. pastoris and S. cerevisiae metabolomes,
revealing similar profiles except for the lower glycolysis.

Overall, the outcome of this study will provide a starting
point for the microbial metabolomics community future
studies related to systems biology and systems metabolic
engineering of P. pastoris.
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Appendix

Specific metabolite consistency index for each protocol
tested. Values above 3.84 are an indicator of gross mea-
surement errors with a confidence level of 95%. Higher
h values are represented by bold, bold italics, italics, italics
underlined and underlined fonts with increasing index
values (see Table 5).

Table 5 Specific metabolite consistency index for each protocol
tested

Protocol h-Index
A B C D E

G6P 8.2 15 7.7 4.1 1.6
FopP 4.4 0.8 0.1 0.0 1.8
2-3PG 34 0. 54 0.0 0.2
PEP L5 54 14 27 3.1
Pyruvate 7.8 25.8 16.3 12.6 9.0
oKG 2.8 0.0 11.1 0.0 2.9
Succinate 0.2 4.6 0.2 0.8 19
Fumarate 9.7 6.4 1.9 0.6 1.0
Malate 0.1 0.1 0.1 0.1 0.2
GI1P 2.8 19 1.5 0.8 23.0
6PG 0.4 0.6 0.0 0.0 0.2
M6P 3.2 14 3.9 8.7 4.7
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Table 5 continued

Protocol h-Index
A B C D E

G3P 04 0.3 4.2 11.2 0.0
S7p 0.0 0.2 0.8 1.7 0.0
UDP-glc 0.7 0.4 0.0 0.0 0.3
Ala 0.5 1.3 0.0 0.0 1.6
Gly 9.0 6.5 14.2 54 4.0
Val 2.9 4.0 0.0 0.8 23
Leu 2.1 14 0.0 5.8 2.7
Ile 3.3 2.1 0.6 3.6 33
Thr 0.1 0.8 0.2 04 0.2
Pro 0.0 0.1 1.1 2.8 0.1
Asn 0.1 0.1 0.9 2.1 0.1
Asp 22 0.6 2.1 3.1 0.0
Met 0.8 0.0 0.0 2.4 0.2
Glu 0.0 0.2 0.6 2.0 0.0
Phe 2.1 3.0 7.0 24.0 8.5
Gln 0.0 0.0 1.1 12 0.1
Orn 0.0 0.2 0.3 1.6 04
Lys 0.0 0.0 04 1.4 0.1
His 0.2 0.4 0.2 12 1.1
Tyr 1.3 0.3 0.0 0.1 1.7
Trp 3.7 0.1 0.1 15 14
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