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Random Forest (RF), a supervised ensemble learning method for classification, when

applied to this dataset had less than a 5% QOB error in its identification over six groups Random. for.est identified tc?p significant time course metabolltes mea'sured. relazlve to 24 hc?ur, mid If)g phase
. . . . as seen in Figure 8: A-media glucose (key carbon nutrient), glucosamine, citrate® (TCA cycle intermediate),
(Figure 3A & B), and defined a number of important compounds in each group.
o . . . hydroxy glutamate, propanoate, fructose 6-phosphate (Pentose phosphate pathway)¢, oxobutanoate; B-cell
Principal Components Analysis (PCA — Figure 3 C & D — unsupervised), cleanly separated : , , , , , , . . )
pellets) hypoxanthine?, leucine (amino acid)?, phenylalanine (amino acid)?, oxidized glutathionine?, adenosine

In any fermentation or bioproduction process it is useful to understand the Sample Preparation: Pooled cell pellet samples were homogenized in a mini-ball the samples representing the media and the pellets. monophosphate® (de novo NAD biosynthesis), ornithine (biosynthetic intermediate)®, glutaminet and n-acetyl-
compounds and processes that are involved at any point during the growth. The mill. Into each sample 400 ul of 40% aqueous methanol, ~270 mg of 0.7 mm A: Media (RF OOB error =5%) B: Pellets (RF OOB error = 5%) glutamate (precursors in the synthesis of glutamate and AMP), succinate (TCA pathway)q, cytidines,
global IROA labeling protocol (Figure 1) provides an ideal mechanism to achieve this zirconia beads (Biospec.com), and two 3mm borosilicate beads (Kimble Chase) was - — Bl ' — guanosine®, uracil, kynurenine. (a) levels tend to rise in all forms of starvation; (b) levels tend to rise in carbon
with unequalled sensitivity and accuracy. In this study we examine a fungal added. Samples were then homogenized for 10 minutes (at the maximum rate) and - ax o e " ' ﬁi starvation but fall in nitrogen starvation; forms of starvation; (d) tend to rise in yeast starvation, and (e) levels
fermentation and examine the metabolic changes occurring in the cells and in the centrifuged for 10 min at 4750 RPM. 300 ul of supernatant was withdrawn to a 3 - ) N N are known to rise in nitrogen starvation but to fall in carbon starvation. Results correlated with studies
media. They both are very complex pictures as the cells move through early lag filter-plate, and filtered. The resulting filtrate was dried under a gentle 30° nitrogen - . 1 s 2 gue 1. ue reported by Brauer et al.**
phase through log, and into senescence. Biochemically these stages are extremely stream. The dried sample was brought up in 50 ul of distilled water for analysis. = e : -
well differentiated from one another. The metabolite fluxes are clearly quite Pooled media samples were filtered and treated as above. ) .| e 1 e i
different depending on the stage of fermentation. The examination of the media | IE l
also demonstrates a very complex picture; not only is it straight-forward to witness Culture Incubate Treat Composite : - ] > ot . & . L y . Ig
the depletion of nutrient components, but to also monitor with complete certainty, _ N T T 'ﬁ: N T o y y ele " o= N ffl o =
the complex assortment of compounds exported by the cells not only as final Wash MI Cooranate 1 Coaranate 1 (= |5 Hooo— | : . ﬁQ b -
products but also as adjuvants to the cells growth. In addition to completely y sample C: Media (PCA) D: Pellets (PCA) Ble oo dfl o —ofiie eeedil oo fL o Lo Jele teedd =0
characterizing each state, these data make it possible, in a single experiment, to e 'TI h . Preparation N = ® - —_— g s R _—
pinpoint metabolic bottlenecks, nutrient depletions, and wasteful production. The - mediadfree | | o e - . & 1 a : - e iE
IROA protocol provides an ideal way to follow any fermentation. ﬂp Heells N . : N ,,,:: L - : . |z Ll * . LR - Sl !Qi
° - ™ s | s | - o - . ] -
The primary and surprising finding of this preliminary study was the extremely R i N o o . N > _ K e g _
dynamic interaction that was witnessed in the media, wherein a sole carbon source Biological . : X : i w_f‘ d =
was fed to the yeast and the yeast transformed it so rapidly that at the first time Experimental ; . . o R Bt ir vl s e el v g S BN S T i
point there were already a number of compounds derived from it. These ’lh N |‘ N X 2 - Figure 8A : Media
compounds were then consumed by the yeast in later stages of its growth. Other N°er2:';zed T T v v T r T o o _ -
compounds were exported into the medium at later stages, some were later ‘o - — . . Software for ion analysis: per pet T I
consumed, and some accumulated. The IROA protocol made these changes obvious N . . : J;a:‘rorf::;g:gﬂ?ation Figure 3 A & B: Random Forest and C&D: Principal Components Analysis H I l l
and highly quantifiable. The dynamic nature of any fermentation may easily be I R L R Y P L R TR T isotopic ratios el & . o . o
missed without the use of similar techniques. 5.0 . . . The 40 most significant compounds all had p values <2.1E-6 (media) or <7.3E-7, and _ L .. _ A - ) | B
this subset was an arbitrarily large enough group to be representative of the major e e e ditt e obee Jlem o ceer el
Figure 1: The “Basic” IROA method grows isotopically labeled cells which are then treated trends but small enough that it could be analyzed as a single body (see Figure 3). The R —— R R
BAC KG ROUN D experimentally. When pooled cells are processed the signals for the compounds from both correlation matrices (Figure 3 A & B) of these compounds over all phases, organized < Y Tley e N &
the control and experimental cells may be distinguished and differences between the ratio of hierarchically (Figure 3 C & D), suggests the 40 most significant compounds cluster into et HI; q. 0 F 7' S ﬂj . J
their areas are directly indicative of the ratio of the respective sizes of their metabolic pools. two groups and that of the compounds in both are either highly correlated with one R A R A AN . B
Metabolic profiling is a useful analytical approach which can be applied to the Pooling the cells reduces sample-to-sample variance, and increases data quality. Outliers to another or anti-correlated with one another. B :_ o = I - ;i
rational development of industrial cell culture processess'®. The most difficult aspect the normalized ratios are metabolic pools that are impacted by the experimental treatment. A: Media (Correlations) . B: Pellet (Correlations) T A T B e e T

of most metabolic profiling experiments is the ability to separate peaks of biological

Mass Spec Analysis: Samples were stored at 4° C during mass spec analysis. Mass
Spec analysis was performed on an Agilent 1200 LC/6530 QTOF LC-MS system. The
LC system consisted of an Agilent 1200 Binary Pump, an h-ALS-SL cooled sample

origin from artifactual peaks, and once identified as biological, to accurately identify
and quantitate the peaks of interest. The IROA protocol®1° (Figure 1), utilizes

! T = —
isotopically-defined media in which all nutrients are labeled with either 5%'3C, “C12 compartment, and a TCC-SL column heating compartment. An injection of 7 uL for o " - E -
IROA media” (experimental), or 95%!3C, “C13 IROA media” (control), so that all positive mode 12uL for negative mode of sample was injected and B e e e el == T : z T
biological compounds carry a distinct molecular signature and can be distinguished chromatographed as follows: A Waters (MI||f0r9|, MA, USA) Acquity UPLC HSS-T3 T T | e
f h | t [ tal trol they h differi column (1.8 pm, 2.1 x 50 mm) with the Accquity VanGuard HSS T-3 pre-column C: Media (Hierarchical) D: Pellet (Hierarchical) | | | Figure 8B : Cell pellets
rom €ac samp.e >€L exp(.erlr.n.en al or control, as they ave. Terng mass.es. (1.8 um) was used. The column was heated to 40 C for separation of metabolites. ’ ' H '

Therefore, experimental variability may be removed by prepping and analyzing For positive mode, the mobile phase was A: house distilled water with 0.1% Formic - N
control and experimental samples as a single composite sample. IROA software can acid, and B: Methanol (JT Baker, LC-MS grade) with 0.1% Formic acid. For negative : SRR I
readily find all biological compounds as they will have two perfectly paired peaks mode the mobile phase was: A: distilled water with 0.1% Ammonium Bicarbonate ' N

(Sigma) and B: 95% Methanol, 5% distilled water, 0.1% Ammonium Bicarbonate.
labeled natural abundan tifacts. The IROA softwar form b . The LC gradient was: 1% B (isocratic, 0.5 min), linear gradient from 1-99%B, (1.5 |
uniabelied natural abundance artifacts. 1nhe Software pertforms a scan-by-sca min), 99%B (isocratic, 4 min), 1%B (ramp and hold 3 minutes to return to starting B e s et Q7 T T e

conditions.) The flow rate for both positive and negative mode was: 0.35 ml/min.

(see Figure 2 - each IROA envelope is half control and half experimental) and remove
B

p.value
nmf5-1  1.86E-09
nmf5-2  2.79E-07
nmf5-3  0.000276
nmf5-4  4.33E-11
nmf5-5 5.5E-06

analysis of the LC-MS dataset and identifies IROA peaks based on their extended

Figure 4: Relationships within the 40 most statistically significant metabolite

isotopic envelopes. The ratio of peak pairs quantitates the response relative to the responses.

Data Processing: The Agilent raw datafiles “.D” file we exported as mzdata files

control. The distance between these peaks readily identifies the number of carbons
P Y which were imported directly into the IROA Software Program and IROA portal.

average  5.64E-05

in the compound. IROA software also calculates molecular formula based on

In Figure 5, compounds A, B, and C demonstrate the most common pattern in which

compound number and accurate mass. The experimental design embedded in the A '“:,:T,f“' e s B oG M3 peak | Sh3peak the production of the compound increases throughout the fermentation. Compounds
# of carbons 120 N::+T piaplfak { iC M-F;L peak i i
IROA software and the complete dataset may be submitted to the IROA portal for an / e D, E, and F demonstrate a common consumption pattern, reflecting early glucose = = e
g | g £ all ' ¢ g ¢ 3o «vfku. ”CTogzisowpfck?eak N (T (3¢ base peak) activity. G, H, & | represent other patterns found. The strong red and blue patterns PERRRERRRER i nnnninmni
automated analysis, to identify all statistically significant compounds, significant = ¢ basepee R : : : : . : . : : o
ya1s, y y Sl8 P » 318 seen in the correlation matrices (Figure 3) are primarily the result of the first two Figure 8: NMF (k=5) of the compounds found in the cells interact as five significant subsystems.
patterns of growth, and statistically significant processes involved. o patterns. The white areas are representative of these other temporal types.
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U S carbon moiecule 3 g i i ‘ | : This study was preliminary in nature and a test of the ability to discriminate between
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Apply the Basic IROA protocol, software and portal to grow and characterize two | o= : : : ; & fermentation phases by examination of the biochemical responses that are present in each
. . . ors . . L. *1 ." Ll 27 H %ﬁ £ . . . . . .
cultures of Saccharomyces cerevisiae in order to test the ability of IROA to Figure 2: With the IROA protocol where the percentage of 13C is increased to 5%, the M+1 for g | ' ‘ - ) _ phase. The biochemistry of each stage of the fermentation was easily discovered using the IROA
discriminate between fermentation phases by examination of the biochemical a six-carbon molecule is significantly larger, namely 32%. Likewise, when the percentage of 13C e e Che == I el protocol. In a fully non-targeted analysis 455 compounds were discovered and their temporal
. . o _ . _ . 0 . . . . . .
responses that are present in each phase. Ir;gc]cc)rii?)igdizo 2;(6, ;E:nnil::bzﬂr gffgrsoi:z iC:;bgirz)lrgmilci(llur:]eo;zcilfeoC?;iﬁ(:f:ﬁsse(;g?;zfi;z; D:Glucose E: Oxobutanoate Filactate patterns were easily discovered. The analysis of the media demonstrated that there is a complex
topIc peak. . . 1gz Pyase : . I = o - : ; interplay of compounds continuously produced, and continuously consumed by the fermenting
by the distance between the two monoisotopic peaks, **C and *3C. Since the relative height of l ol S -E] _ T ) _ o
the M+1, the relative height of M-1, and the distance between the monoisotopic peaks all . [FEE s, . 1 - N S organism. Contrary to initial assumptions the media appears not to be initially consumed and
provide confirmation of this fact, this results in a triply redundant quality control check point. e os o T | 1 then a dumping ground for cellular waste but rather a medium in which a cell is able to adapt and
MET I ODS Also, the shape of the entire isotopic envelope is different for every number of carbons. : ! use its environment as a strategy for growth.
Moreover, knowledge about the number of carbons present in an unknown molecule the N I : ) - 1 =
ability to calculate the remaining elements is significantly enhanced; indeed for molecules Y R _ il eme N ——| sl eeeds _
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