ABSTRACT

ALMUHAYSH, FIDAA FAHAD. Using E. coli to Generate Internal Standards for LC-MS-
based Metabolomics (Under the direction of Xiaojing Liu).

Metabolomics is a large scale study of all metabolites which are small molecules that are
contained within cells, biofluid, tissues and organisms (1). Much progress in metabolomics has
been made in recent years and metabolomics has been applied in multiple fields to make new
discoveries and confirm hypotheses. However, substantial challenges in the field remain. Factors
such as sample extraction efficiency, instrumentation status, or metabolite stability lead to
variations of metabolomics quantification results. To reduce such unwanted variations and
improve metabolomic analysis accuracy, internal standards (IS) are often used during sample
preparations. Internal standards (IS) usually have similar chemical and physical properties to the
analyte in real samples but are not expected to be present in real samples. IS behave similarly to
experimental analytes during sample preparation and data acquisition and can be used to correct
the variations of analyte signals. An internal standard can be a structural isomer of the analyte or
a stable isotope-labeled analyte. This study demonstrates the utilization of stable isotope-labeled
internal standards in a high-performance liquid chromatography coupled to mass spectrometry
(HPLC-MS)-based metabolomics study. Stable isotope-labeled internal standards can be very
costly; thus we sought an alternative method of IS production. In this research, Escherichia
coli (E. coli) was utilized as a biological product generating system to produce a stable isotope-
labeled internal standard. This method which is an inexpensive, labor friendly, fast, and an
effective way to generate a large amount of IS to be used in multiple metabolomics-based

research projects.
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Chapter 1: Literature review

1) Isotope definition

Normal periodic table elements describe the most abundant atomic mass elements and
most stable atomic mass atoms; however, isotopes are less abundant and have a larger mass
number than the normal periodic table atoms. Isotopes have the same protons and electrons as
the normal atoms which means that they have the same atomic number but differ in the number
of the neutrons which makes a variety of isotopes with different masses; some exist more than
others (7).

This difference in the atomic mass results in a difference in physical properties for all
isotopes such as melting points and boiling points; however, some might also have unstable or
radioactive nuclei. The superscript number on the top left of an element abbreviation indicates
the number of neutrons and protons that exist in the isotope. For example, hydrogen could be
protium *H, deuterium 2H, or tritium 3H. Isotopes exist naturally by interacting with different

elements (8).

2) Isotope labeling

Supplementing a biological reproductive system with a specific heavy isotope-containing
precursor or nutrient make the starting material the only available source for synthesizing new
molecules. Stable isotopic labeling and radioactive isotopic labeling is a very common technique
used in metabolomic tracing studies because it allows for distinguishing the pattern in which the
added precursor was processed biochemically into another compound (8). The most commonly
used isotopes for labeling in proteomics studies include radioactive 32-phosphate, non-

radioactive 13-carbon, 15-nitrogen, 18-oxygen, 2-hydrogen (deuterium -D).



3) Standards

Standards are known compounds and are used to help in determining the concentration of the
unknown analyte. They are used widely in chromatography analysis; for example, in high-
performance liquid chromatography- mass spectrometry (HPLC-MS). There are two types of

standards: external and internal standards.

a) External standard (ES)
External standard (ES) is a known compound that is analyzed separately from the analyte run
(the unknown compound). It is external because it is run separately, and it is never added to the
analyte sample. External standards have similar chemical formula and behavior as the analyte
which helps in generating quantitative reports of the analyte (7). Usually, different
concentrations of the standard are used to make a linear concentration graph as shown in (Figure
1, B) Each point in the graph corresponds to a known concentration of the external standard
which then helps in calculating the absolute concentration of the analyte when it is compared
against it. The plot is generated by calculating the calibration coefficient (CF) as shown in

equation 1 where Ax = Area of the compound Cx= Concentration of the compound

CF = (Ax)/(Cx) equation. (1)

The external standard technique is used as a calibration approach where the response of
the instrument to the known sample (the external standard) is compared to the instrument
response of the unknown sample. The peak areas and concentrations of analyte and ES are
compared to generate the quantitative report (Figure 1 A and B). External standard technique is

an easy method that can be applied widely. It can help to know the concentration of different



compounds in the analyte, but it does not help in correcting for any sample preparation error
such as degradation or a loss of sample at any step during analytical processes assay like
extraction, evaporation, and centrifugation, or during the analytical processes such as late/ fast

injection in the HPLC or detector reading problems.

Concentration

Standard sample (ppm)

(component A: 100 ppm)

Peak area: counts

Component A

Unknown sample ‘
700

A Peak area: 700 counts B feak area

Figure 1: A schematic diagram showing how external standard (ES) is used to quantify the analyte concentration
after analyzing it by HPLC/MS. A: the LC-MS peak of the ES in green (top panel) and the analyte in red (bottom
panel). B: a representative calibration curve plot of the ES concentration and the area of the LC-MS peak. Figure B
shows how the calibration coefficient (CF) graph is used to facilitate the quantitation of the analyte with unknown
concentration (shown in red lines) (2).

As shown in Figure 1, the use of the external standard is the approach that fits the purpose of this
research because it has separate peak than the analyte and it can be used to quantify the analyte

content in the sample.

b) Internal standard (1S)

The use of an internal standard (IS) is a helpful technique widely used in LC-MS
analysis. During the sample preparation, a known concentration of a known compound is added
to each sample. The IS could be added at the beginning of the experiment, which is preferred,
and be subjected to subsequent sample handling processes or be added right before the analysis

by HPLC-MS. IS has to be similar in the chemical formula as the analyte, it could be the same



analyte but labeled with heavy isotopes. IS usually does not have the exact composition as the
analyte; if the 1S and the analyte have the same chemical formula and molecular weight, then
they have to be structural isomers which can be separated by LC, otherwise HPLC-MS would
not distinguish between them and would give only one peak for both. Therefore, a very similar
molecular composition should be used to have similar ionization and eluting times, yet different
mass-to-charge ratios and hence, different LC-MS peaks (1). In (Figure. 2) We see the similarity
in peak shape between injection #12 and injection #94; a good IS should conserve the same peak
shape overall samples which help in diagnosing any issue could have gone wrong in the analysis
process; however, if it is added after hydrolysis it can correct for differences is injected volume,
ionization, retention but it cannot correct for preparation deficiency as shown in the Retinol
sample on the left in Figure 2 in both injection #12 and injection #94 (9). On the other hand, if
the IS is added before sample preparation it would give a more consist peak as shown in Figure 2

for the D4 sample in both injection #12 and injection #94.

Qcx (injection #12) Qa (injection #94)
Retinol D4 Retinol Retinol D4 Retinol

d> ‘Asuagy
sd ‘Asuay|

Figure 2: A representative example demonstrating the use of an internal standard to reduce variations due to
instrumentation variations. The chromatogram and MS signal of an analyte in a quality control sample were altered
after consecutive injections. on the left (A) the D4 Retinol was used as the internal standard (1S) and was added
before hydrolysis. A good internal standard was able to help with identification of any problems that could happen
during LC-MS analysis (9).

Figure 2 demonstrates a representative example of variations in the peak area and shape, which
were likely due to of instrumentation conditions. A good internal standard was able to help with

identification of any problem that could happen in LC-MS analysis. Hence, an external standard



would help in limiting the analysis variation in the ovarian cancer cells research to mention a
base line through the different analyte analysis.

Using IS not only minimizes analytical preparation and systematic errors, but also allows
us to quantify the absolute sample concentration from the peak height and area. For example,
during the analysis process analytical sample could be lost; when IS is added prior analysis, if
any amount of the sample is lost between injection and elution time an equivalent loss would be
seen in the IS signal.

The instrument response of both the analyte and the IS change linearly (over the linear

dynamic range of the instrument) in response to any change as shown in equation 2.

AA=AIS equation (2)

For absolute quantification, both IS and known concentrations of standards are added to samples
to make a calibration plot, which is based on the relationship between ratios of peak areas of IS
peaks to the analyte peaks and the concentration ratios.

Using IS not only helps in determining the absolute concentration of the analyte, but also,
improves the reproducibility of any assay because the analysis it gives reveals the exact expected
behavior of the sample (Figure 3 and Figure 4). Also, using IS minimizes error throughout
different sample sets. Having small error bars in a graph of a sample set means that there is no

large deviation from the mean through all the samples in the sample set.



Caegory | Caregory 1

Series | Series 2

Figure 3: A schematic diagram illustrating the linear relationship between the analyte and the internal standard. A.
Category 1 shows the original volume of the analyte and internal standard in the sample mixture. B. Category 2
shows a 25% loss in of the sample mixture volume. IS (gray) and analyte (orange).

Figure 3 illustrates the concept of using internal standard to correct for the variations of analyte
in real samples: when there was a 25% sample loss of the IS and the analyte mixture, there was
an equal reduction both the analyte and the IS which was a 25% reduction of both. Hence, the
ratio of IS and the analyte remains the same. using an external standard would help to have a
more constant reading even if some of the sample quantity is lost during preparation steps.
Therefore, internal standards are best for testing biological compounds throughout different

treatments and experiments.
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Figure 4: A schematic diagram showing the relationship of the intensities between the peptide analyte and the IS.
(2). A: The intensity of an experiment trial is shown B: The intensities of another trial of the same experiment is
shown.

As shown in Figure 4, the constant linear relationship between the analyte and the internal
standard is a good base line used throughout a number of different experiments and treatments to

be able to compare between the different treatments effect on the biological sample. Thus, it is



suitable for the purpose of the ovarian cancer cell research study. A and B show that whenever
there is a change in the intensity of one of signals, the other signal reflects the same change
through different trials.

In summary, using IS in analytical chemistry is invaluable for HPLC-MS analysis because
it: 1) involves an unbiased and reliable measurement after analysis; 2) IS can be separated from
the analytes in samples during analysis; 3) IS does not interact with analytes in samples and co-

elutes with analytes in the sample without compromising the capacity of analytical method.

4) Different types of internal standards

IS could be synthesized chemically or generated and extracted from a living cell system
which includes two different approaches. The two different ways to benefit from a living cell
system to generate standards are metabolic labeling using whole cells and cell-free approach

using cell lysates.

a) Chemical synthesis approach

When chemically synthesized internal standards are available, it is easy and convenient to
use them for LC-MS analysis, depending on the structures and the labeling positions, synthesized
internal standards can be very expensive. Moreover, some IS are harder to synthesize than others
and labor intensive. It can be cost-prohibitive when research projects require testing of many

samples and purchasing IS could be very costly.



b) Biological synthesis approach

Generating standards for both cell-based and cell-free approaches require the presence of
labeled precursors in the culture. Labeled precursors could be an isotopically labeled amino acid,
a protein, or a metabolite containing a heavy stable isotope including carbon, nitrogen, and
oxygen. Choosing a labeled precursor depends on the desired IS labeling pattern. For example, if
we are looking to distinguish between the analyte and the IS by carbon weight, then a **C-
glucose could be used as the carbon source in the culture. Utilizing labeled glucose as an
essential nutrition source in the culture ensures that any carbon involving compounds that are
made along the metabolic pathway will be 13C labeled. 3C, °N, 2H, 80 are all heavy isotopes
(Table.1 Appendix) that are commonly used in the internal standard to distinguish the 1S from
the analyte which contains periodic table atoms.

Labeled amino acids are widely available commercially; as shown in Table. 2 and
appendix (10). All the L-amino acids are available commercially with a wide variety of labeling
patterns and isotopic abundance. Adding a labeled amino acid to the culture can incorporate the
amino acid directly into proteins While using a labeled fundamental precursor would be just a
source of the labeled element which would be incorporated into many cellular biochemistry

activities products.

i) The cell-free approach

The cell-free approach was first developed in late 1950s (11). The approach utilizes
programmed endogenous mRNA found in the ribosomes of the lysate to synthesis proteins.
Nirenberg and Matthiei were able to remove endogenous mRNA by preincubation of an E. coli

ribosomal extract and then synthetic polynucleotide or exogenous mMRNA were added to the



extract. This enables this mixture to be a cell-free synthesizing system that could be used to

synthesize any desired protein (12). The concept was further developed to not only use E. coli

extract but also rabbit reticulocyte lysates and wheat germ extract system could be used.

However, the E. coli system is widely used and more understood (13).

The cell-free approach couples both processes of DNA transcription and mRNA

translation which enable us to produce the protein from the DNA template. In his paper,

Becker.W discusses the cell-free approach advantages and disadvantages shown in Table 1 (10).

Table 1: Advantages and disadvantages of using a cell-free approach to generate internal standards

Advantage Comments Disadvantage Comments

No culture is needed | The system is commercially available and | Cost Commercial
can be purchased ready lysate could be

expensive

Simple system/ no No cell growth is necessary Labor Manual work

need for sterilization intensive.

Only protein of No cell biology byproducts are found Some IS are Depending on

interest is labeled harder to the availability

synthesize of the precursor

Stability

Controlling reaction conditions, accessory
element if needed can be added, elements

Produces only
labeled

Disrupted cell
system

that inhibit the process can be removed proteins

Many techniques are used for making IS by the cell-free approach. However, the best
way is continuous exchange cell-free mode. It is a system with two chambers. One of the
chambers is the reaction chamber and the second chamber is a feeding chamber that supplies
fresh substances (Figure 5). A semipermeable membrane separates the two chambers. The
membrane allows the small molecules such as amino acids and nucleotides to pass out the
reaction chamber but does not allow the large molecules such as enzymes, proteins, and DNA to
leave the reaction chamber. Also, the membrane allows the fresh substances to pass through to
the reaction chamber. This allows the unwanted or inhibiting by-products to leave the reaction

chamber resulting in a pure labeled desired IS (3).
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Figure 5: A schematic workflow showing the setup of the continuous exchange cell-free approach. Two champers
are used. One is the feeding chamber to provide free starting substances and a reaction chamber which contain the
enzymes, proteins, and DNA the two champers are separated by a semipermeable membrane (3).

Figure 5 describes the cell-free internal standard generation approach, which can be very precise
in what is being synthesized. A DNA template, DNA polymerase and RNA polymerase,
nucleotides and amino acids are added to make the specific protein of interest is used. However,
For the Liu’s lab research purpose, the cell-free approach is not helpful because the research is
focused on a wide scheme of biological metabolites including protein, and metabolism

downstream products and lipids.

i) The cell-based approach

The cell-based approach is also named stable isotope labeled-internal standard (SIL-1S)
approach. SIL-IS utilizes the cellular biochemistry activities to generate the internal standard.
The cell-based approach is easy, cheap, and simple. SIL-IS is very common in comparative
proteomics studies (3). For this approach different prokaryotic and eukaryotic cell systems could
be used including Escherichia coli, insect cells, yeast, and mammalian cells as shown in (Table 3
appendix) (10). The cell system choice depends on the complexity of the desired IS and how
much IS is required. Also, cells can be programmed to overexpress a gene of interest which
increases the amount of the desired IS. There are advantages and disadvantages of using the SIL-

IS approach shown in Table 2 (10). The main downside of using this technique is the need for
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sterilization. Any contamination happening during the preparation steps would require

reperforming the whole experiment. Contamination could be sourced from the air or non-sterile

equipment and environment. Contamination refers to having another population beside the E.

coli present including: another bacteria or fungi. Sterilization requires time and effort. For

example, it requires, autoclaving all equipment and purifying solutions. As well as paying close

attention during the workflow not to contaminate any used equipment or breathe over them

(14)(15).

E. coli-derived internal standard and LC-MS have been used previously to analyze acyl-

CoA compound levels in the liver of the mice. In the Liu et al. paper (16), NCM3722 E. coli

strain was utilized to generate internal standards to measure the relative changes of acyl-CoA in

the mouse liver in response to a nutritional stress. The general idea of generating the internal

standard is shown below (Figure 6).

Table 2: The advantages and disadvantages of generating internal standards by the cell-based approach

Advantage Comment Disadvantage Comment
Easy Easy to prepare and Sterilization To avoid any
maintain contamination,
sterilized
environment is
required

Large quantities

A large amount of
labeled protein is
produces at one time

Metabolites’ turnover

Loss of labeled
metabolites by
degradation

Cheap

Pieces of equipment
are cheap

All proteins are
labeled

All the biosynthesis
of endogenous
proteins synthesized
are labeled

Bioengineering

Overexpression the
desired compound

All metabolites are
labeled

Monitoring the cells’
biological activities
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Figure 6: A schematic model using E. coli to generate a stable isotope-labeled internal standard by the cell-based
approach. Step 1: Start with adding heavy isotopic labeled precursors; Step 2: the heavy isotope will be integrated in
the biological metabolic pathway activities; Step 3: isotopically labeled proteins, lipids, DNA, and RNA are
produced; Step 4: extracting the metabolites from the E. coli culture.

5) Study model

a) Escherichia coli (E. coli)

Previously, our lab has used E. coli (strain NCM3722) to generate internal standards of acyl-
CoA to facilitate a study in which we evaluated high fat diet effects on the acyl-CoA profile in
mouse liver. E. coli is cheap and easy to maintain if they are handled in a sterilized environment.

In this study, I continued using E. coli as the study model.

b) The use of E. coli to generate internal standards (1S)
E. coli cells consist of “55% protein, 25% nucleic acids, 9% lipids, 6% cell wall, 2.5%
glycogen, and 3% other metabolites” (17). E. coli is easy to grow in a plate or liquid culture at

37 °C. E. coli grows exponentially every 20 minutes in the laboratory on a variety of simple
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media which make E. coli easy to grow (17). In addition, E. coli can grow using glucose as the
sole carbon source, which allows the labeling of E. coli metabolites using *3C labeled glucose.
The chemical composition of the culture supplementation substances depends on the
desired chemical composition of desired products. For example, if the goal of the culture is to
produce 13C labeled IS, then *C -glucose is provided to the culture and then it is left to be
incubated overnight to optimize the integration of the desired label and avoid the stationary
growth phase where cells may eventually die. Simple proteomics and lipids extraction protocols
follow, and large quantities of the internal standard are then prepared and can be stored in -80 °C
until needed. When the internal standard is needed it can be thawed and then added to the analyte

before or after the sample has been prepared.

E. coli uses glucose as a carbon source which helps in labeling all the metabolic pathway
products because it uses the provided glucose to make up all the downstream metabolites, so all

products are labeled.

c) Optimizing of E. coli labeling

E. coli grow exponentially and follow a 3-phase growth cycle until the growth medium is
expired. Spending a long time in the stationary phase means that the nutrients are being
consumed more and more and shortage in nutrients may lead to cell death. The stationary phase
is represented with a plateau at the end of exponential growth (see Figure 7) (18). To measure
growth, an E. coli colony from an agar plate is first transferred to X mL liquid culture under the
conditions described in Methods (chapter 2) and after overnight incubation, E. coli culture is

diluted. An optical density (OD) reading is then taken hourly to measure the concentration of the
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E. coli population in the culture. The optical density reading refracts the optical components in
the media and the delay in the transmitted light correlates with the culture density (19). The OD
readings are plotted in the Y-axis against the time in the X-axis to produce the growth curve. The
graphs are then analyzed to provide E. coli concentrations and determine growth stages of the
strain | am using in this research. After finding the growth stages, stable isotope labeling
protocol is followed cells are harvested at a high OD reading but still in the exponential phase

(20).

Stationary

phase
Log, or Death, or
logarithmic
decline, phase

Log of numbers of bacteria

0 5 10

Time (hr.)

Copyright © 2004 Pos

Figure 7: A representative curve of the log growth of E. coli as a function of time. E. coli that grows in a liquid
culture goes through multiple growth phases including: a lag phase, a log phase a stationary phase, and finally the
death phase. The x-axis represents the time, and the y-axis represents the log of the E. coli growth. (4).

As shown in figure 7, the E. coli growth representation helps in visualization of the general
growth phases of E. coli which helps in determining the best time for harvesting the cells before
they start to die. The growth curve starts with the lag phase which is and inert phase that includes
no growth and happens when E. coli from a stationary phase is transferred into a fresh media
(21), then a log phase where the population doubles in number almost every 20 minutes, then a

stationary phase where nutrients and space are limited and the number of the dead cells are equal
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to the number of the growth phase where cells are deprived of nutrients and they die and their

number decreases.

To find out the growth stages of the E. coli strain that is used in this research to harvest
the cells mid to late exponential phase is the best timing. For the E. coli population that is used in
this research and by adapting the growth curve shown in Figure 7, a growth curve was generated
by Dr. Likun Duan (Liu Lab) (Figure 9) following the protocol shown in (Figure 8), and at five
hours E. coli is still in the exponential phase. After concluding the best way of extraction, a
larger quantity of IS is prepared for the as a stock IS for experimental use, For the purpose of this
research, the E. coli cells are aimed to be collected during the log phase. Therefore, an eight-hour
growth monitoring is sufficient for this research to make sure that the population is still in the log
phase when they are being harvested (for the time limitation a 24 hrs. growth curve was not

completed)

Incubation at 37 °C,

600 rpm, overnight Test OD at 650 nm

—— of E.coli suspension
every hour

A J

Agar plate Liquid culture in minimal medium

Figure 8: A schematic diagram showing the experimental protocol used to measure E. coli growth. A: E. coli were
first streaked on an agar plate and grown at 37 °C for 24 hours, B: A colony was inoculated into a minimal liquid
culture, C: the E. coli liquid culture was diluted by a factor of 25 Finally, D: the OD was checked every hour at 650
nm.
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Figure 9: A E. coli growth curve generated by following the protocol described in Figure 8. The x-axis represents the
time, and the y-axis represents the OD reading at 650 nm. The Figure was generated by Dr. Likun Duan.

We are aware that E. coli may grow slower in minimal growth medium, compared to in nutrient-
rich full growth medium (i.e., LB broth). We tracked E. coli growth in minimal growth medium
by monitoring the OD reading at 650 nm. As shown in figure 9, at five hours (the time when
metabolites were harvested), the E. coli is still in the log phase and at eight hours, its OD is close
to 1. This figure is helpful for the purposes of this research and demonstrates that E. coli didn’t

enter stationary phase at the time when metabolites were harvested.

d) LC-MS based metabolomics technique

Metabolomics measures a profile of small molecules derived from cellular metabolism
(endogenous metabolites) and from exogenous sources (e.g., diets or environment). Measuring
the culture metabolic profiles helps us to understand the outcome of complex networks of
biochemical reactions, which then further provide information about E. coli concentration in the
culture and determine multiple aspects of cellular physiology. Technological advances such as
instrumentation, database curations, and data analysis software, have enabled rapid and
increasingly expansive data acquisition with samples. In this study, I specifically focus on liquid

chromatography-mass spectrometry (LC-MS)-based metabolomics.
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LC-MS consists of two different technologies (LC and MS). In 1968, an attempt by
Victor Talrose to couple these two techniques together was described in the Russian Journal of
Physical Chemistry. In 1973, Baldwin and McLafferty redesigned it by spraying the liquid into a
chemical ionization source and paved the way for coupling LC with MS. Since 1979,
commercial LC-MS has gone through multiple upgrades including: ultra-high performance liquid
chromatography (UHPLC) and high performance liquid chromatography (HPLC), (22)(23)(24).
In the HPLC system, the injected sample is carried through into the MS by two different phases:
the mobile phase and the stationary phase.

After injecting the sample into the HPLC column, the sample is incorporated into a
solvent which is known as the mobile phase. The mobile phase passes through a column that is
packed with chromatography packing material which is called the stationary phase. The retention
time (exiting the HPLC column) depends on the strength of the interaction between the analyte
and the mobile and stationary phases. The polarities of both phases can be changed depending on
the polarity of the analyte because as the analyte travels through the column, it interacts with
these two phases. Molecules that interact with the mobile phase would elute (exit) faster than the
molecules that interact more with the stationary phase. For mass spectrometry analysis the
sample is ionized which charges the analytes, that are then detected based on their mass (m)-to-
charge ratio (z) (m/z). The LC-MS technique helps in detecting compounds even if the
concentration is very low up to parts per trillion (25).

LC-MS has advantages over other analytical techniques (e.g., NMR, LC-UV) LC-MS
has broad metabolite coverage, simple sample preparation, high sensitivity, high flexibility in
compound separation and detection (i.e., options of LC column, mobile phase, or MS method

settings). LC-MS has a wide application range including pharmaceutical, forensic, chemical, and
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environmental fields. HPLC plays a very important role in different clinical laboratories for tests
that look for unambiguous identifications in different samples such as urine (26). A

representative Triple Quadrupole LC-MS setting is shown in Figure 10.
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Figure 10: High-performance liquid chromatography-mass spectrometry set up showing the sample traveling path
inside the system after injection going from the injection site into the liquid chromatograph and then into the mass
spectrometer (5).

As shown in figure 10, when the sample is loaded to the instrument its pathway is: the HPLC
pump, then the HPLC column which helps is separating the components in the sample, the
splitter which further separate the compound in the sample by their charges, the electrospray
sprays the sample and the sample get ionized by the electrospray ionization source. After this
the ions go through the tripe quadrupole which works on filtering and directing the ions to the
detector which measures the mass to charge ratio of the ions.

LC-MS also offers advantages for the analysis of molecules which are unstable
thermally. For example, electrospray ionization (ESI) is the most frequently used technique in
LC-MS to assist the transfer of ions from solution into the gaseous phase using high voltage,
followed by detection in MS. Compared to other ionization methods, ESI is considered as a
“soft” ionization, and it does not cause significant fragments (in source fragmentation) of

degradations of analytes. In this study, we used a heated ESI (HESI) ionization method, which
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allows a decent sensitivity of a majority of polar metabolites and lipids without significant
fragmentations in the ion source.

MS can be classified into high-resolution and unit-resolution mass spectrometry. MS can
be operated in different modes, depending on the analytes of interest. The detection method in
MS can be set to detect positive or negative ions (28). If a global view of metabolite profile is
desired, MS will be set as full scan mode with positive and negative ion switching. For example,
in this study, a high-resolution mass spectrometer, Thermo Scientific Orbitrap ID-X Tribrid
Mass Spectrometer System was employed (Figure 11). The ID-X MS allows for capturing low
abundance small molecules in the analyte sample. ID-X high-resolution MS was employed and
operated at full scan mode with a scan range of m/z 70-900 and positive ion mode and negative
ion mode were alternated, allowing the detection of ions within this m/z range. The alternating
positive and negative ion scan modes further increase the coverage of metabolites detected in one

LC-MS method.
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Figure 11: Showing the setup of the Orbitrap ID-X mass spectrometer which has been used to analyze the data in
this research (6).

In addition to the full scan modes to facilitate metabolite identification, the tandem mass

spectrometry (MS/MS) mode is also frequently used. Essentially, ions of interest (precursor ions)
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are isolated and then sent to an ion chamber, in which ions are fragmented, and the ion fragments
(product ions) are then analyzed by the mass detector. The ID-X MS in this study uses collision-
induced dissociation (CID) and higher-energy C-trap dissociation (HCD) fragmentation
techniques. Fragmentation techniques are used to allow for a better identification of ions of
interest, especially ions with identical m/z values but different structures (structural isomers).
Fragmentation works on breaking down the large molecules into smaller fragment ions.
Structural isomers may appear in the liquid chromatograph as multiple peaks, but occasionally
they are not separated by LC and hence, co-elute as one peak. In this case, structural isomers are
identified based on the presence of fragment ions (6) (29).

CID refers to fragmentation of the molecules by the collision between ions and inert gas
molecules like helium or nitrogen. The energy that results from the collision transfer to the
molecules resulting in fragmentation as a result of bond breakage. After that, fragments are sent
and accelerated toward the detector to be analyzed based on their mass-to-charge ratios (30) (31).
Higher-energy C-trap dissociation is a version of CID. lons are fragmented in HCD cell and then
are sent to the C-trap to be cooled down and stored before they are injected into orbitrap mass
detector and analyzed based on their mass-to-charge ratios (32) (30).

Another factor to consider when LC is coupled to MS is the compatibility of LC peak
width and the scan speed of MS. The scan speed of MS is described as Hz, the number of scans
per second. For example, 12 Hz at resolution setting of 17,500 means there are 12 scans per
second at this setting, and if polarity switching is used, then it is expected to have a maximum of
6 scans in positive mode and 6 scans in negative mode. If LC peak width is around 10 seconds,
and it is expected to get a maximum 60 scans across the peak. However, the actual scan number

is always less than this maximum scan number, because in a dual cycle, other events such as ion
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isolation and injections also take up time. Generally speaking, for molecular detection purposes
at least three MS scans are needed for a molecule to be identified, and at least 5 scans for
quantitation purposes.

After data acquisition, raw data generated from LC-MS is read by special programs such
as Freestyle (Thermo Fisher Scientific), a software provided by instrumentation vendors.
Freestyle can be used to check both total ion chromatograms (TIC), the total ions detected, and
also extracted ion chromatograms by providing the charge to mass ratio of a particular analyte to
Freestyle. Freestyle works on chromatography alignment to maximize the overlapping surface
area between the generated chromatographs. Then, it uses the mass-to-charge ratio and the
retention time to identify the peaks based on the in-house and online library data base and finally
is the peak quantification (33). Freestyle generated chromatographs are presented in the results
section of Chapter 2.

SIEVE software (Thermo Fisher Scientific) is developed to identify metabolite peaks and
perform peak area integration and help analyze semi-quantitative metabolic profiles or
differential expression of proteins. SIEVE analysis typically includes three parts:
chromatography alignment, peak detection, and analyte identification. A metabolite library was
built in-house using metabolite standards. This metabolite library contains metabolite
information (the mass-to-charge ratio, retention time and MS/MS spectra), which are generated
using standard compounds. The peak area of each metabolite is used to represent the MS

intensities and generate the graphs which are displayed in Chapter 3.
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Chapter 2: E. coli for the use of generating internal standards for LC-MS-

based metabolomics

1) The purpose of the study

This research employs stable isotope labeled-internal standard (SIL-IS) approach which
aims to utilize E. coli as a biological system to make stable isotope-labeled internal standards by
labeling E. coli using *C, or °N labeled nutrients in liquid culture. This internal standard is used
experimentally to probe cancer metabolism. First, | evaluated if formic acid improves extraction
efficiency of polar and non-polar compounds from E. coli. In the second step | optimized
extraction methods to extract polar and non-polar molecules from E. coli. Formic acid was tested
because it helps acidic compounds such as fatty acids to enter the MTBE phase more efficiency
because they carry a negative charge at neutral pH and no charge at low pH (in the presence of
the formic acid). On the other hand, Basic compounds may be free of charge at neutral pH and
positive charged at low pH, hence, formic acid will favor basic compounds to enter

aqueous phase.

2) Methods and Materials
a. Agar plates
To prepare the agar plate . Dissolve 30.0 g of agarose in 1.00 litter of mili-Q water, stir
and autoclave it. On the bench top, around 40 ml of the liquid agar is poured into each Petri dish
and they should be left in a clean environment until the plates solidify, and then the plates are

stored upside down in a 4 °C fridge until needed.



23

b. E. coli
In this research, the E. coli strain NCM3722 was used, and it was stored frozen in 50% glycerol

at -80 °C. E. coli was generous gift from Joshua Rabinowitz’s group (Princeton University) (34).

c. Minimal salts liquid culture

Minimal salts (miliQ H-O and salts mixture) culturing stock solution is composed of
3.46E-2 M KH2POs4, 5.730 E-3 M K2S0s, 7.750 E-2 M KoHPO4, 4.057E-4 M MgSO4-7H20 in
HPLC grade water. The medium is then sterilized by filtration through Nalgene rapid disposable
filter to remove any chemical contamination from the sample. The pH of this mixture is aimed to
be around 7.5. This mixture should be stored in a 4 °C refrigerator.

To make the stock solution of the 1 M N sourced from *NH4ClI, in a small glassware
vessel add 1 ml of water by micropipette then dissolve 54.48 mg *°NH4Cl and then sterilize the
mixture by filtering it through Nalgene rapid filtration system 0.2um to remove microorganisms.

In this research the different extraction techniques were tests at small scale. A volume of
8 ml of E. coli culture was used in each trial. The E. coli minimal liquid culture is made of a
mixture of the salt mixture solution, the °N source, and glucose as the carbon source. To prepare
the culturing media that contain 4% glucose concentration and 10 mM of the labeled nitrogen
mix 8 ml of the minimal salts stock solution and 1.47E-6 of the 1 M *N-NH.CI stock solution to
an 8 ml tube. The glucose choice depends on the aim of the test if we are looking to use 13-
carbonlabeling, then labeled glucose is used and if we are not looking for carbon labeling, then
regular glucose is used. Finally, the culture media is filtered through the rapid filtration system to

sterilize it. Now, the minimal medium is ready E. coli inoculation.
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d. Plating and culturing E. coli:

This step aims to grow E. coli colonies on an agar plate in order to inoculate one into a
liquid culture with a labeling media. Streak frozen E. coli over an agar plate using a sterilized
loop to produce individual colonies. Then incubate it in an incubator overnight at 37°C. After 24
hours of growth, an E. coli colony is transferred from the plate using a 10 ul disposable pipette
tip and then inoculated in 8 ml of the liquid culture media. The culture is then incubated in a
water shaking incubator at 37 °C overnight. After incubation, an OD reading is taken at 650 nm

to monitor E. coli growth.

e. Extraction and separation of lipids and metabolites
One mL of E. coli culture was transferred into a 15 ml centrifuge tube. Six replicates
were prepared. After centrifugation at 5000 x g for 3 min at 4 °C, the supernatant was discarded.
Then 3 tubes were extracted with methyl tert-butyl ether (MTBE), water, and methanol with 1%

formic acid and three tubes were extracted without formic acid.

i. Extraction regents with formic acid:
This step aims to separating the polar from the non-polar compounds. Three of the six
tubes were placed over ice and treated as follows: 1 ml ice-cold 80% methanol containing 1%
formic acid was added, the sample was vortexed, after which 2.4 ml ice-cold MTBE was added,
vortexed, and finally 0.6 ml ice-cold water was added and vortexed. The final ratio of MTBE,

methanol and water is 2:1:1 (v/v).
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ii. Extraction regents without formic acid:

The other three tubes were placed over ice and treated as follows: 1 mL ice-cold 80%
methanol was added, vortexed, then added 2.4 ml ice-cold MTBE was added, vortexed, and
finally 0.6 ml ice-cold water was added and vortexed. The final ratio of MTBE, methanol and
water is 2:1:1 (v/v).

All six tubes were centrifuged at 4500 x g for 10 min at 4°C and separation of two layers
was observed: a lipid layer and metabolites layer. Each top layer which contains the lipids was
transferred into a microcentrifuge tube; each bottom layer which contains the metabolites was
transferred separately into a new tube. The final step was to vacuum dry the tubes by using the
speed vacuum (model number: 7385020 from Labconco Corporation) and the dry pellets were

stored at -80 °C freezer until LC-MS analysis.

iii. Sample preparation for HPLC-MS analysis

For metabolite analysis, the dry pellets were first dissolved in 50 pl water, and then 50 pl
50% methanol and acetonitrile (ACN) stock solution were added. The mixture of water and
organic solvent (methanol and acetonitrile) minimizes the sample solvent effects on the retention
of metabolites on the Xbridge amide column (Waters) used in LC-MS analysis. The column
length is 100 mm, the diameter is 2.1 mm, and the volume is 0.35 ml (35) After centrifugation at
20000 x g for 5 minutes at 4°C, the solution was transferred into LC vials.

For the lipid analysis, a 1:1 ratio of isopropyl alcohol (IPA) and ethyl acetate stock
solution was prepared and used to dissolve lipids. However, since the lipid profile of E. coli

differs from the lipid profile of mammalian cells, using E. coli to generate lipid internal
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standard will not be very helpful. Therefore, using E. coli to generate lipid internal standard is

not the focus of this research.

iv. HPLC method

The analysis of metabolites was performed using Vanquish UHPLC (Thermo Fisher
Scientific). Stationary phase: A hydrophilic interaction chromatography method (HILIC) with an
Xbridge amide column (100 x 2.1 mm i.d., 3.5 um; Waters) was used for compound separation
at 25 °C. Mobile phases: Mobile phase A was water with 5 mM ammonium acetate (pH 6.8) and
mobile phase B was 100 %acetonitrile. Linear gradient used was as follows: 0 min, 85% B; 1.5
min, 85% B; 5.5 min, 35% B; 6.9 min, 35% B; 10.5 min, 35% B; 10.6 min, 10% B; 12.5 min,
10% B; 13.5 min, 85% B; 17.9 min, 85% B; 18 min, 85% B; 20 min, 85% B. For Vanquish
UHPLC , the flow rate was as follows: 0-5.5 min, 0.11 ml/min; 6.9-10.5 min, 0.13 ml/min; 10.6-

17.9 min, 0.25 ml/min; 18-20 min, 0.11 ml/min.

v. Mass Spectrometry method
The analysis of metabolites was performed using ID-X Tribrid mass spectrometer
(Thermo Fisher Scientific), which is equipped with a HESI probe and operated in the
positive/negative switching mode. The relevant parameters are as listed: vaporizer temperature,
350 °C; ion transfer tube temperature, 300 °C; sheath gas, 35; auxiliary gas, 7; sweep gas, 1,
spray voltage, 3.5 kV for positive mode and 2.5 kV for negative mode; RF-lens (%), 35. The
resolution was set at 60,000(at m/z 200). Automatic maximum injection time (max IT) and

automated gain control (AGC) were used.
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vi. LC-MS data analysis

Freestyle software, SIEVE and Compound Discoverer (Thermo Fisher Scientific) were
used to analyze the raw data that were generated by the MS instrument. Extracted ion
chromatograms were generated by extracting ions with theoretical mass-to-charge ratio (+/- 5
ppm). Metabolite retention times were determined using standard compounds. Statistical analysis
was performed using Excel (Microsoft) or GraphPad Prism (GraphPad).

The overall workflow for using E. coli to generate internal standards is summarized in
Figures 12-13. The protocol begins with streaking frozen E. coli (strain# NCM3722), incubating
it in at 37°C for 24 hrs. inoculating a colony into a salt culture containing *>-Nitrogen sourced
from ®N-NH.CI and incubating the tube in a shaking incubator at 37 °C for 24 hrs. Lastly, 3 mL
of the E. coli liquid culture was transferred into a new tube (making 2 tubes). E. coli extraction
solvents were: 80% methanol, methyl tert-butyl ether (MTBE), and H20 in the presence or
absence of formic acid. Finally, the samples were dried using vacuum centrifugation and
analyzed by LC-MS. The revised protocol is similar. It begins with streaking frozen E. coli
(straint NCM3722) and the incubation time was shortened to 15 hours after inoculating a colony

into a salt culture containing *>-Nitrogen sourced from **N-NH4CI.
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Figure 12: A schematic diagram showing the experimental protocol used to labeled E. coli with heavy isotope-
labeled nutrients.

M}, - o
Plate on =
Frozen agar plate Inoculate colonies Incubates for Centrifuge Discard
E.coli for 24 hrs,  INtO Iab;l::iaminimal 15 hrs. supernatant
Centrifuge
Lipids
Polar ’ e
Ana.lyze Speed ‘
using vacuum o < m i :
LM all = - ) T Add
# u N |~ 80% MeOH,
[ MTBEH,0

Figure 13: A schematic diagram showing the experimental protocol used to label E. coli with heavy isotope-labeled
nutrients.
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3) Results
As shown in Figure 14, alanine was detected in positive ion mode. Unlabeled alanine

(m/z, 90.054) and labeled alanine (m/z, 91.0502) have identical elution profiles (retention time,
7.57 min), but they differ from each other on their m/z. The difference of m/z of labeled and
unlabeled alanine is large enough to be distinguished by the mass detector. Since this extracted
ion chromatogram is normalized to the highest peak in the retention time window, then the
normalized, the (NL) value represents the highest peak height in this window. To demonstrate
the labeling efficiency, the peak heights of unlabeled and labeled alanine were recorded (Figure
14). Unlabeled alanine has a peak height of 5.31E4, while labeled alanine peak height is 4.29ES6,
and hence, the enrichment fraction of alanine is more than 98%, which makes it a good internal
standard. Similarly, other essential and non-essential amino acids such as proline and tyrosine

also show similar trends (Figures 15-16).

a. Metabolite extraction without formic acid
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Figure 14: A representative extracted ion chromatogram of alanine extracted from E. coli grown in the presence of
heavy isotope '°N nitrogen source. The peaks represent >N-alanine (bottom panel in red) and unlabeled alanine (top
panel in black) in metabolite extract of E. coli grown in minimal media containing *®*N-NH,CI and incubation at 37
°C for 24 hours. NL refers to normalization of peak intensities to the highest intensity in the extracted ion
chromatogram panel. m/z refers to the mass-to-charge ratio of a specific analyte. The y-axis represents the relative
abundance (intensity), and the x-axis represents the elution time of analytes eluted from LC column and
subsequently detected by MS.
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Figure 15: A representative extracted ion chromatogram of proline extracted from E. coli. The peaks represent *°N-
proline (bottom panel in red) and unlabeled proline (top panel in black). NL refers to normalization of peak intensities
to the highest intensity in the extracted ion chromatogram panel. m/z refers to the mass-to-charge ratio of a specific
analyte. The y-axis represents the relative abundance (intensity), and the x-axis represents the elution time of analytes
eluted from LC column and subsequently detected by MS.
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Figure 16: A representative extracted ion chromatogram of tyrosine extracted from E. coli grown in the presence of
heavy isotope '°N nitrogen source. The peaks represent 1°N-tyrosine (bottom panel in red) and unlabeled tyrosine
(top panel in black). NL refers to normalization of peak intensities to the highest intensity in the extracted ion
chromatogram panel. m/z refers to the mass-to-charge ratio of a specific analyte. The y-axis represents the relative
abundance (intensity), and the x-axis represents the elution time of analytes eluted from LC column and
subsequently detected by MS.

Besides amino acids, | also evaluated the labeling percentage of nucleotides. As shown in
Figure 17, major nucleotides (GTP, ATP, CTP, UTP) were detected in negative ion mode. The
peak height of unlabeled UTP is much lower than that of labeled UTP, and hence, the enrichment
fraction of UTP is more than 99% (Figure 18). Unlabeled GTP is below the detection limit which
reflects 100 % enrichment (Figure 19). In summary, nucleotides generated from E. coli have
labeling percentages which are high enough (more that 95%) for them to serve as internal

standards.
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Figure 17: Extracted ion chromatographs of **N-GTP (black), >N -ATP (red), **N -CTP (green), and **N-UTP
(blue) in the metabolite extract of E. coli grown in minimal media containing **N-NH4CI. NL refers to normalization
of peak intensities to the highest intensity in the extracted ion chromatogram panel. m/z refers to the mass-to-charge
ratio of a specific analyte. The y-axis represents the relative abundance (intensity), and the x-axis represents the
elution time of analytes eluted from LC column and subsequently detected by MS.
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Figure 18: A representative extracted ion chromatogram of UTP extracted from E. coli grown in the presence of
heavy isotope *°N nitrogen and **C carbon sources. The peaks represent [**C,'N]-Uridine-5"-triphosphate (UTP)
(bottom panel in red) and unlabeled UTP (top panel in black) in the metabolite extract of E. coli culture grown in
minimal media containing *®N-NH4CI and [U-3C]-glucose. NL refers to normalization of peak intensities to the
highest intensity in the extracted ion chromatogram panel. m/z refers to the mass-to-charge ratio of a specific
analyte. The y-axis represents the relative abundance (intensity), and the x-axis represents the elution time of
analytes eluted from LC column and subsequently detected by MS.
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Figure 19: A representative extracted ion chromatogram of GTP extracted from E. coli grown in the presence of
heavy isotope *°N nitrogen and *3C carbon sources. The peaks represent [**C,*>N]-guanos’ne-5'-triphosphate (GTP)
(bottom panel in red) and unlabeled GTP (top panel in black) in the metabolite extract of E. coli culture grown in
minimal media containing **N-NH,CI and [U-*3C]-glucose. NL refers to normalization of peak intensities to the
highest intensity in the extracted ion chromatogram panel. m/z refers to the mass-to-charge ratio of a specific
analyte. The y-axis represents the relative abundance (intensity), and the x-axis represents the elution time of
analytes eluted from LC column and subsequently detected by MS.

b. Metabolite extraction with formic acid

It was suggested that the pH of the extraction solvent may affect extraction efficiency of
metabolites from E. coli since it affects the charge states of metabolites, and hence, may affect
polar compounds to enter the polar layer during phase separation in the extraction step. To
compare the LC-MS signals of metabolites obtained from E. coli using extraction solvent with or
without formic acid, | prepared six E. coli samples, and three were extracted without formic acid,
while the other three were extracted with formic acid (as described above). All samples were
then analyzed by LC-MS in the same batch.

Surprisingly, the alanine signal was very low in the presence of formic acid in the
extraction solvent (Figure 20) compared to that in °N labeled E. coli extracted without formic
acid (Figure 14). The inefficient extraction of alanine by formic acid also leads to misleading

LC-MS results (Figure 20). Based on this LC-MS result, alanine N enrichment is only 77%,
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which is much lower than 98% shown in Figure 14. | think the explanation is that the trace
amount of unlabeled alanine observed in Figure 14 and Figure 20 indicates the background
noise, which is likely due to carryover in the LC-MS. The low extraction efficiency of alanine
from E. coli samples leads to underestimation of alanine labeling efficiency. The reason why
alanine was poorly recovered in the presence of formic acid remains unclear. Nevertheless,
proline and tyrosine signals were not largely affected by formic acid (Figures 21-22). This

reduction in the alanine extraction could be due to the very low polarity of alanine.
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Figure 20: A representative extracted ion chromatogram of alanine extracted from E. coli grown in the presence of
heavy isotope '°N nitrogen source. The peaks represent >N-alanine (bottom panel in red) and unlabeled alanine
(top panel in black). NL refers to normalization of peak intensities to the highest intensity in the extracted ion
chromatogram panel. m/z refers to the mass-to-charge ratio of a specific analyte. The y-axis represents the relative
abundance (intensity), and the x-axis represents the elution time of analytes eluted from LC column and
subsequently detected by MS.
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Figure 21: A representative extracted ion chromatogram of proline extracted from E. coli grown in the presence of
heavy isotope 1°N nitrogen source. The peaks represent *>N-proline (bottom panel in red) and unlabeled proline

(top panel in black). NL refers to normalization of peak intensities to the highest intensity in the extracted ion
chromatogram panel. m/z refers to the mass-to-charge ratio of a specific analyte. The y-axis represents the relative
abundance (intensity), and the x-axis represents the elution time of analytes eluted from LC column and

subsequently detected by MS.
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Figure 22: A representative ion chromatogram of tyrosine extracted from E. coli grown in the presence of heavy

isotope °N nitrogen source. The peaks represent °*N-tyrosine (bottom panel in red) and unlabeled tyrosine (top

panel in black). NL refers to normalization of peak intensities to the highest intensity in the extracted ion

chromatogram panel. m/z refers to the mass-to-charge ratio of a specific analyte. The y-axis represents the relative

abundance (intensity), and the x-axis represents the elution time of analytes eluted from LC column and

subsequently detected by MS.

Besides labeling percentages, | also evaluated the formic acid on the overall metabolite

signals. As shown in Figure 23, 97 metabolites were identified from E. coli extract using

compound discoverer (Thermo Fisher Scientific) based on metabolite information: mass-to-

charge ratio, retention time and product ion spectra. The heatmap consists of 97 metabolite

signals from 6 E. coli extracts (3 without formic acid and 3 with formic acid). The red color
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indicates higher intensity signals, while green color represents lower intensity signals. Indeed, 6
samples were clustered based on the presence or absence of formic acid, indicating that formic
acid has a significant effect on metabolite signals. However, formic acid increases the signals of
certain metabolites, but it also decreases the signals of other metabolites. Overall, for the
majority of metabolites, formic acid does not improve their LC-MS signals. Therefore, in the
following studies, MTBE, methanol and water without formic acid was used as the preferred

extraction solvent.

Data Source: Compounds
Distance Function: Eucidean
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Scaling: Scale Before Clustering
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Figure 23: The effect of formic acid in extraction solvent on the signals of E. coli metabolites detected by LC-MS.
A heat map was generated based on the relative MS intensities of metabolite extracted from E. coli using extraction
solvent with or without formic acid. Samples were prepared in triplicate. 97 metabolites were identified based on
mass-to-charge ratio, retention time and MS2 spectra. This in-house metabolite library was built by Dr. Likun
Duan, and the related results are not presented here. The red color indicates higher intensity signals, while green
color represents lower intensity signals.

6) Analysis
For the aim of this research the intensity and the number of the extracted molecules are

important. | set out to determine the extraction technique and reagents that yield the largest
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quantity of extracted polar and non-polar molecules. Also, | determined if the desired labeling
isotope has been integrated into the extracted material meaning that the technique helps to grow
a healthy E. coli population that uses the starting materials provided and integrating the isotopes
in all the biological reactions in the cell.

By using Freestyle software (Thermo Fisher Scientific), | can generate chromatograms of
targeted ions in LC-MS raw data collected using LC coupled an ID-X mass spectrometer. The
labeling enrichment is calculated using Equation 3, and a good intensity of at least 95%.

Figures 12 and 13 show the detailed scheme performed to generate the IS. After the
samples were prepared, the extract is stored in -80 until LC/MS analysis. To analyze metabolites
using LC-MS, 100 pL LC-MS grade H20, and 100 pl of acetonitrile (ACN) and methanol
(MeOH) at 1:1 ratio were added sequentially to dissolve metabolites. After centrifugation, the
supernatant was transferred to LC vial and 3 pl was injected for metabolite analysis. The
difference between Figure 12 and 13 is the incubation time of the cells and the extraction
reagents: in Figure 12 the cells were incubated for 24 and were extracted with only 80%
methanol, methyl tert-butyl ether (MTBE), and miliQ H20 or with of 1% formic acid 80%
methanol, methyl tert-butyl ether (MTBE), and miliQ H-O.

Figures 14-16 and 20-22 all show the enrichment pattern of °N in alanine, proline, and
tyrosine from the same sample set. However, Figures 14-16 show extraction efficiencies of the
extraction reagents 80% methanol, methyl tert-butyl ether (MTBE), and miliQ H20 while
Figures 20-22 shows the extraction efficiency of 1% formic acid 80% methanol, methyl tert-
butyl ether (MTBE), and miliQ H20. the samples shown in Figures 14-16 and 20-22 are extracts
from E. coli that were grown in minimal media containing *®N-NH4ClI to test if *°N-NH4Cl can

label E. coli metabolites. E. coli was grown in minimal media containing *®N-NH4Cl and
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incubation at 37 °C for 24 hours. To harvest metabolites from E. coli, we used extraction
reagents composed of methanol, methyl-tert-butyl-ether (MTBE), and H>O. The raw data was

analyzed, and the plot was generated using Freestyle software (Thermo Fisher Scientific).

Labeling Enrichment =

Labeled compound intensity

Equation (3)

(Labeled compound intensity + unlabeled compound intensity)

Table 3: The enrichment percentage of °N labeled amino acids extracted using different extraction solvents.
Metabolites were extracted following the revised protocol that is shown in Figure.10, and enrichment was
calculated based on Equation 3.

°N enrichment 1N enrichment 1% formic
Metabolite 80%MeOH/MTBE acid 80%MeOH/MTBE
Alanine 98.7% 77.0%
Proline 98.9% 96.0%
Tyrosine 97.8% 97.6%

Comparing the enrichment values from Table 3 and the chromatograms for Figures 11-
13, extracting metabolites with the use of only 80% methanol, methyl tert-butyl ether (MTBE),
and miliQ H20 was shown to yield more labeled metabolites. On the other hand, the values in
Table 3 and the chromatogram in Figures 17-20 show that extracted metabolites with use of 1%
formic acid in 80% methanol, methyl tert-butyl ether (MTBE), and miliQ H20 as extracting
agents yield lower intensity with lower number of extracted metabolites. From these results, we
conclude that extraction with 80% methanol, methyl tert-butyl ether (MTBE), and miliQ H.O is

sufficient for extracting metabolites from E. coli cells.
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Next, I looked into optimizing the heavy isotope enrichment in the sample by reducing
the number of incubation hours. Harvesting E. coli cells at 15 hours (Figure 13) allows for
harvesting the cells before they start getting close to the death phase where they go under food
deprivation and space limitation. Figure 17 shows four different metabolites chromatographs
including: GTP, CTP, ATP, and UTP. Harvesting the cells at 15 hours incubation time provides
the enrichment of 15-nitrogen in the nucleotides unlike the incubation for 24 hours (data not
shown). Figures 17-19 show that using the revised protocol that is shown in Figure 13 efficiently
extracts labeled metabolites with a high enrichment percentage as shown in Table 4. For scale up
production, E. coli is first incubated for 15 hours in the presence of stable isotope labeled
nutrients, and then the next day, labeled E. coli is diluted 50 times and then incubated in the
presence of stable isotope labeled nutrients for additional 5 hours. The growth curve shown in
Figure 9 suggests that E. coli is still in exponential growth phase when metabolites are harvested

5 hours after dilution.

Table 4: The enrichment percentage of >N labeled nucleotides extracted using different solvents. Metabolites were
extracted following the revised protocol shown in Figure.10. Enrichment was calculated based on Equation 3.

Metabolite 5N enrichment
UTP 99.6%

GTP 100%
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Chapter 3: Applications

The internal standard that is used in this chapter uses harvested cells at five hours of
growth which falls in the exponential phase of E. coli growth which is the phase that E. coli is
growing and doubling in population number every around 80 minutes. E. coli cells are at their
healthy statues in the middle of exponential phase (36) as shown in Figure 9.

After generating the labeled IS, it was characterized by LC-MS and stored in -80 °C. In
this chapter | am presenting the use of IS in two different projects. The first project is to monitor
the oxidation events in the absence or presence of different antioxidants. Briefly, the heavy
labeled IS was used by adding IS to media which have been treated with three antioxidants:
pyruvate, Trolox, and both. Figures 24 and 25 demonstrate the effect of normalization to the
corresponding amino acid internal standards on signal variations. This experiment was
performed by Grace Scheidemantle a PhD student in Dr. Liu’s lab. She grew mammalian ovarian
cancer cells then harvested the cells and rinsed them with water containing 0.9% NaCl to
maintain cells osmotic potential. After that she extracted the metabolites using 80% methanol
supplemented with *3C-labeled internal standard the regular extraction protocol was followed.
Figures 24 and 25 show methionine and it is oxidized form which is methionine sulfoxide. In
both cases we see that without normalization (left), there are larger error bars and with
normalization (right), the error bars are smaller. Error bars here represent the standard errors.
Having smaller error bars means that there are smaller variations among replicates in a sample

set. Smaller error bars communicate measurements readings with better reproducibility.
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Figure 24: The use of E. coli internal standards to measure the relative changes of the amino acid methionine over
time when it was exposed to pyruvate, Trolox, and both pyruvate and Trolox. The left graph shows the relative
changes of methionine over time without the use of [*3C]-methionine as the internal standard. The right graph shows
the relative change of methionine over time with normalization to the corresponding [**C]-methionine internal
standard. Black is control, green is sample with pyruvate, brown is sample with Trolox, and orange is sample with

both Trolox and pyruvate.
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Figure 25: The use of E. coli internal standards to measure the formation of methionine sulfoxide overtime in the
absence or presence of pyruvate, Trolox, and both pyruvate and Trolox. The left graph shows the relative changes of
methionine sulfoxide over time without the use of [*3*C]-methionine sulfoxide as the internal standard. The right
graph shows the relative change of methionine sulfoxide over time with normalization to the corresponding [*3C]-
methionine sulfoxide internal standard. Black is control, green is sample with pyruvate, brown is sample with
Trolox, and orange is sample with both Trolox and pyruvate.

The second project was led and performed by Dr. Likun Duan who is a post-doctoral
fellow in Dr. Liu’s lab. He was looking into the metabolic profile in cancer cells. The cancer
cells were grown in 6-well plates in RPMI-1640 medium supplemented with 10% fetal bovine

serum. Then cells are harvested and extracted with 80% methanol supplemented with E. coli
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internal standard from E. coli cultured in the presence of [U-*3C]-glucose and [**N]-ammonium
chloride. As shown in Figure 26, unlabeled glutamine (m/z 145.061) and labeled glutamine (m/z,
152.069) have an identical elution profile, but they differ from each other based on their m/z. The
difference of m/z of labeled and unlabeled glutamine is large enough to be distinguished by the
mass detector. To evaluate the effect of internal standard normalization on glutamine signal
variations among replicates, the coefficient of variation (CV) was calculated (Figure 27). The

CV decreased from 0.07 to 0.03 when internal standard normalization was performed.
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Figure 26: Extracted-ion chromatograms of glutamine and [**C, *>N]-glutamine extracted from mammalian ovarian
cancer cells. Metabolites were extracted using 80% methanol supplemented with *3C and *°N labeled internal
standards generated from E. coli culture. The top chromatogram in black represents the glutamate from the cancer
cells and the bottom chromatogram in red represents the [*°C, *N]-glutamate which serves as the internal standard.
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Figure 27: A bar graph of the relative MS intensities of glutamine extracted from cancer cells with or without
normalization to the corresponding internal standard. This graph shows the relative MS intensity of metabolites in
ovarian cancer cells with or without normalization to *3C and *>N labeled internal standard. The bar on the left
represents glutamine abundance without normalizing the intensity value with the IS; the bar on the right represents
the glutamine abundance with the IS normalization. The coefficient of variation (CV) was calculated to represent the
effect of internal standard-based normalization on MS signal variations.

Similarly, as shown in Figure 28, unlabeled glutamate (m/z, 145.045) and labeled
glutamate (m/z, 152.057) have identical elution profiles. They are detected in negative ion mode
and their difference based on their m/z allows them to be distinguished by the mass spectrometer.
To evaluate the effect of internal standard normalization on glutamine signal variations among
replicates, the CV was calculated (Figure 29) and decreased from 0.05 to 0.03 when internal
standard normalization was performed.

For this thesis chapter, | have illustrated these two metabolites as proof of concept. Dr.
Likun Duan and other lab members are further evaluating the role of E. coli internal standards in

reducing signal variations in LC-MS based metabolomic analysis of biological samples.
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Figure 28: Extracted-ion chromatograms of glutamate and [**C, ®N]-glutamate extracted from mammalian ovarian
cancer cells. Metabolites were extracted using 80% methanol supplemented with *C and *°N labeled internal
standards generated from E. coli culture. The top chromatogram in black represents the glutamate from the cancer
cells and the bottom chromatogram in red represents the [**C, *°*N]-glutamate which serves as the internal standard.
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Figure 29: A bar graph of the relative MS intensities of glutamate extracted from cancer cells with or without
normalization to the corresponding internal standard. This graph shows the relative MS intensity of metabolites in
ovarian cancer cells with or without normalization to *3C and N labeled internal standard. The bar on the left
represents glutamine abundance without normalizing the intensity value with the IS; the bar on the right represents
the glutamine abundance with the IS normalization. The coefficient of variation (CV) was calculated to represent the
effect of internal standard-based normalization on MS signal variations.
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Chapter 4: Conclusion

In summary, when cultured in the presence of stable isotope labeled nutrients, E. coli
culture is suitable for generating a broad range of stable isotope labeled metabolites, such as
amino acids, sugars, nucleotides in less than a day. The mixture of methyl tert-butyl ether
(MTBE), methanol, and water (2:1:1, v/v/v) can efficiently separate polar metabolites and lipids
in one extraction to harvest stable isotope labeled compounds from an E. coli liquid culture.
HILIC chromatography coupled with high resolution mass spectrometry allows the detection of
unlabeled and labeled metabolites derived from the E. coli culture. The addition of formic acid to
the extraction solvent did not improve metabolite signals, hence, extraction without formic acid
was the preferred method. In addition, the *3C or *°N labeling percentage is more than 96% for a
majority of metabolites extracted from E. coli cultured in the presence of *3C or °N labeled
nutrients, hence the E. coli extract can serve as internal standards for real biological samples.

E. coli-derived metabolites are then used in metabolomics analysis of real biological
samples. When the intensity of labeled internal standards are compared with the corresponding
metabolite signals, the use of internal standards efficiently reduces the variations of LC-MS
signals of these metabolites. Even though E. coli can generate a broad range of polar metabolites
which are also detected in mammalian species, the E. coli lipid profiles are quite different from
mammalian species. Hence, the use of E. coli for producing lipid internal standards for lipidomic

analysis of mammalian species is limited.
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Chapter 5: Future directions

The extraction method used in this study allows the detection of over 90 stable isotope
labeled E. coli metabolites. Nevertheless, this number is much lower than the number of
metabolites detected from mammalian cells or tissues. To further expand the range of stable
isotope labeled metabolites in E. coli, different strategies will be tested such as optimization of
extraction methods to enrich metabolites which are not extracted using current method. For
example, folate and their derivatives are produced by E. coli, but the extraction efficiency is not
high using our current method. In addition, neutralization after acid extraction may also affect
the extraction efficiency. | am suggesting repeating the same experiment (with the presence of
formic acid) and adding the base ammonium bicarbonate (NH4HCO3) after the extraction is done
to neutralize the solution and stop any acid-catalysis activity or degradation that could happen.

Ammonium bicarbonate is volatile, so it can be easily removed by a speed vacuum
concentrator and won’t cause any ion suppression in mass spectrometry analysis. This
experiment has been described by Wenyun et al. (32) to optimize the LC-MS method to cover
more metabolites. The number and types of metabolites detected are also LC-MS method-
dependent. The majority of the data generated in this study was from a HILIC LC-MS method,
and in the future, it will be necessary to include a reversed-phase LC-MS method to expand the
number of metabolites we can detect.

In addition, metabolic profiles in biological samples of different origins vary. Further
studies are required that replicate the exact protocol on different E. coli strains to better
understand which E. coli-derived metabolites can improve signal variations in biological samples
of different origins. For metabolites which are high in samples of interest, but low in E. coli,

genetic approaches will be employed to increase the expression of specific metabolites. Since
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this research did not focus on quantification of the different concentration of the extracted
metabolites, further analysis is suggested. Looking at the profile of the extracted metabolites
using the software Compound discover was to have a general idea about all the extracted
metabolites. If needed, overexpression a certain metabolite could be achieved by genetic
engineering.

Furthermore, in this study, we have demonstrated the use of E. coli internal standards for
relative quantitation, which means we can compare the relative abundance of metabolites in
different types of samples without measuring the absolute concentrations. To further expand the
capacity of this method to allow absolute quantification using E. coli internal standards, the
concentrations of E. coli internal standards can be determined by comparing to a known
concentration of standard compounds. Then, by comparing the intensity of E. coli internal
standards to analytes in unknown samples, the concentrations of analytes in the unknown

samples can be determined.
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Table 1: Different isotopically labeled reagents available commercially

Ammonium Chloride (**N, 99%)

Ammonium Hydroxide (**N, 98%+) (3.3N in H;0)
Ammonium Hydroxide (**N, 98%+) (6N in H20)
Ammonium Sulfate (**N2, 99%)

Ammonium Sulfate (**N2, 99%; D8, 98%)

Potassium Nitrate (**N, 99%)

D-Glucose (U-12C6, 99.9%)

D-Glucose (U-13C6, 99%)

D-Glucose (1,2,3,4,5,6,6-D7, 98%)

D-Glucose (U-13C6, 99%; 1,2,3,4,5,6,6-D7, 97-98%)

Deuterium Oxide (D, 99.9%)

Table 2: Commercially available heavy isotop-labled amino acids.

L-Alanine (U-13C3, 98%) D-Leucine
L-Alanine (*°N, 98%) L-Leucine
L-Alanine (U-13Cs, 98%, 15N, 98%) L-Leucine

(2,3,3,3-D4, 98%; BN,
L-Alanine 98%) L-Leucine

L-Alanine (*80,, 90%+) L-Leucine

(U-13Cs, 98%; U-Dy,

L-Alanine 98%; °N, 98%) L-Leucine
B-Alanine (*N, 98%+) L-Leucine
B-Alanine (3-13C, 98%; 5N, 99%) L-Leucine

(U-13Cs, 98%+; °N, 96-
B-Alanine 99%) L-Leucine

(15N, 98%)
(U-13C6, 98%)

(5,5,5-D3, 98%)

(15N, 98%)
(15N, 98%)

(U-13C6, 98%; 15N, 98%)
0.05G

(5,5,5-D3, 98%; 5N,
99%)

(D10, 98%; 1N, 97%) 0.5
G

(U-13C6, 98%; U-D10,
98%:; 1N, 98%)
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L-Arginine
L-Arginine

L-Arginine

L-Arginine

L-Arginine

L-Arginine

L-Asparagine

L-Asparagine

L-Asparagine

L-Asparagine

L-Aspartic Acid

L-Aspartic Acid

L-Aspartic Acid

L-Aspartic Acid

L-Aspartic Acid

L-Aspartic Acid

L-Cysteine
L-Cysteine

L-Cysteine

(U-13Cs, 98%)
(U-13Cs, 98%)
(U-15N,, 98%)

(U-13Cs, 98%; U-15N,
98%)

(D7, 98%: 15N, 98%)

(U-13Cs, 98%; U-Dy,
989%; U-5N, 98%)

(15N, 98%)

(U-13Cy, 98%; U-1N,,
98%)

(2,3,3-Ds, 98%; 1Ny,
98%)

(U-13C,, 98%; U-Ds,
989%; U-15N,, 98%)

(U-1°C,, 98%)

(U-13C,, 95%+)

(5N, 98%)
(U-13C4, 98%: 15N, 98%)

(2,3,3-Ds, 98%; ©N,
98%)

(U-13C4, 98%: U-Ds,
98%); N, 98%)

(U-13C3, 98%; U-Ds,
98%:; 15N, 98%)

(U-13C5, 98%)

(15N, 98%)

L-Lysine: 2HCI
L-Lysine: 2HCI

L-Lysine: HCI:H,O

L-Lysine: 2HCI

L-Lysine: 2HCI

L-Lysine: 2HCI

L-Methionine

L-Methionine

L-Methionine

L-Methionine

L-Methionine

L-Methionine

L-Methionine, S-
Benzyl

L-Ornithine

L-Ornithine

L-Ornithine

L-Ornithine
L-Ornithine

L-Phenylalanine
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(U-13C6, 98%) 0.05 G
(N2, 96%+) 0.1 G
(14N2, 99.99%)

(U-13C6, 98%; U-1N2,
989%)

(D9, 98%; SN2, 98%)

(U-13C6, 98%; U-D9,
98%; U-15N2, 98%)

(U-13C5, 98%)

(5N, 96-98%)

(1-13C,99%; methyl -D3,
98)

(U-13C5, 98%; BN,
989%)

(D8, 98%; 5N, 98%)

(U-13C5, 98%; U-DS,
98%:; 1N, 98%)

(U-13C4, 98%; 1N,
98%)

(U-13C5, 98%)

(05N, 98%)

(15N2, 98%+)

(U-13C5, 98%; SN2,
98%)

(D7, 98%:; '5N2, 98%)

(U-13C9, 98%)



L-Cysteine

L-Cysteine

L-Cysteine, S-P-

Methylbenzyl

L-Cysteine, S-Trityl

L-Cystine

L-Cystine
L-Glutamic Acid

L-Glutamic Acid

L-Glutamic Acid

L-Glutamic Acid

L-Glutamic Acid

L-Glutamic Acid, N-

Acetyl

L-Glutamine

L-Glutamine

L-Glutamine

L-Glutamine

L-Glutamine

Sodium Glutamate

(U-13C3, 98%:; 15N, 98%)

(2,3,3-Ds, 98%; N,
98%)

(5N, 98%)

(U-13C, 98%; 15N, 98%)

(13Cs, 98%; 15Ny, 98%)

(15N, 98%)
(U-13Cs, 98%)

(5N, 98%)

(U-13Cs, 98%:; 15N, 98%)

(2,3,3,4,4-Ds, 98%; N,
98%)

(U-13Cs, 98%; U-Ds,
98%:; 15N, 98%)

(Glutamate-*3Cs, 98%)

(U-13Cs, 98%)

(15N, 98%)

(U-13Cs, 98%; U-15N,
98%)

(2,3,3,4,4-Ds, 98%; 5N,

98%)

(U-1%Cs, 98%; U-Ds,
98%; U-15N,, 98%)

(U-13C5, 97-98%)

L-Phenylalanine

L-Phenylalanine

L-Phenylalanine

L-Phenylalanine

L-Phenylalanine

L-Phenylalanine,
Methyl Ester

L-Proline

L-Proline

L-Proline

L-Proline

L-Proline

L-Serine

L-Serine

L-Serine

L-Serine

L-Serine

L-Threonine

L-Threonine

(5N, 98%)

(2, 3-13C2 99%:1N,
98%)

(U-13C9, 98%; BN,
989%)

(D8, 98%; 15N, 98%)

(U-13C9, 98%; U-D8,
98%; 15N, 98%)

(U-13C10, 98%)
(U-13C5, 98%)
(5N, 98%)

(U-13C5, 98%; N,
98%)

(D7, 98%; 15N, 98%)

(U-13C5, 98%; U-D7,
98%:; 1N, 98%)

(U-13C3, 98%)
(15N, 98%)

(U-13C3, 98%; N,
98%)

(2,3,3-D3, 98%; 5N,
98%)

(U-13C3, 98%; U-D3,
98%:; 1N, 98%)

(U-13C4, 98%)

(15N, 98%)
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Glycine
Glycine

Glycine

Glycine

Glycine, N-Acetyl

Glycine, N-Acetyl

Glycine, N-Benzoyl

Glycine, Ethyl Ester

L-Histidine (<5% D):

HCI: H,O

L-Histidine (<5% D):

HCI: H,0O

L-Histidine (<5% D):

HCI: H,O

L-Histidine (<5% D):

HCI: H.0

L-Histidine (<5% D):

HCI: H.0

Homoarginine: HCI

L-Homoserine

L-Isoleucine

L-Isoleucine

L-Isoleucine

(5N, 98%)
(U-13Cy, 98%:; 15N, 98%)
(2,2-D,, 98%; 5N, 98%)

(U-13C,, 98%; 2,2-D,
98%; 15N, 98%)

(5N, 98%)

(U-13C2, 98%; 5N,
98%)

(Hippuric Acid) (*N,
98%)

(13C,, 98%; 5N, 98%)

(U-13Cg, 98%)

(5N, 98%)

(U-13Cg, 98%; U-15Ns,
98%)

(U-Ds, 98%; U-15N3,
98%)

(U-13Cs, 98%; U-Ds,
98%; U-1°N3, 98%)

(U-13C7, 98%-+; °Ny,
98%+)

(15N, 95-99%)

(U-13Cg, 98%)

(U-13Cq, 95%-+)

(15N, 98%)

L-Threonine
L-Threonine

L-Tryptophan

L-Tryptophan

L-Tryptophan

L-Tryptophan

L-Tryptophan

L-Tyrosine

L-Tyrosine

L-Tyrosine

L-Tyrosine

L-Tyrosine

L-Tyrosine

L-Valine

L-Valine

L-Valine

L-Valine

L-Valine

(U-13C4, 98%; N,
98%)

(D5, 97%; N, 98%)

(U-13C11, 98%)

(15N2, 98%)

(U-13C11, 98%; U-15N2,
989%)

(D8, 98%:; '5N2, 98%)

(U-13C11, 98%; U-Ds8,
98%; U-1°N2, 98%)

(U-13C9, 98%)

(15N, 98%)

(U-13C9, 98%; 1N,
989%)

(2,3-13C2, 99%; 1N,
98%)

(D7, 98%:; 15N, 98%)

(U-13C9, 98%; U-D7,
98%; N, 98%)

(U-13C5, 98%)
(5N, 98%)

(U-13C5, 98%; N,
98%)

(D8, 97%; 5N, 97%)

(U-13C5, 98%; U-D8,
98%; 15N, 98%)
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L-Isoleucine (U-*3Cs, 98%; 1°N, 98%) L-Valine, N-Acetyl (N, 98%)
L-Isoleucine (D10, 98%; 5N, 98%) L-Valine (D8, 97%; N, 97%)
(U-13Cg, 98%; U-Dao, (U-13C5, 98%; U-D8,
L-Isoleucine 98%; 1°N, 98%) L-Valine 98%; 1°N, 98%)
L-Valine, N-Acetyl (*N, 98%)

Table 3: Different labeling media for protein production in cells for cell-based approach

BioExpress® Cell Growth Media, Unlabeled

BioExpress® Cell Growth Media (U-13C, 98%)

BioExpress® Cell Growth Media (U-D, 98%)

BioExpress® Cell Growth Media (U-°N, 98%)

BioExpress® Cell Growth Media (U-13C, 98%; U-D, 98%)

BioExpress® Cell Growth Media (U-13C, 19%; U-°N, 98%)

BioExpress® Cell Growth Media (U-D, 98%; U-1°N, 98%)

BioExpress® Cell Growth Media 10x Concentrate (U-13C, 98%; U-5N, 98%; U-D, 50%)
BioExpress® Cell Growth Media 10x Concentrate (U-13C, 98%; U-5N, 98%; U-D, 50%)
BioExpress® Cell Growth Media 10x Concentrate (U-13C, 98%; U-5N, 98%; U-D, 80%)
Cell Growth Media 10x Concentrate (U-13C, 98%; U-5N, 98%; U-D 98%)

E. Coli-OD2 (Rich Growth Media for E. Coli) Unlabeled

E. Coli-OD2 (Rich Growth Media for E. Coli) (U-13C, 98%)

E. Coli-OD2 (Rich Growth Media for E. Coli) (D, 98%)

E. Coli-OD2 (Rich Growth Media for E. Coli) (**N, 98%)

E. Coli-OD2 (Rich Growth Media for E. Coli) (U-13C, 98%; U-'°N, 98%)

E. Coli-OD2 (Rich Growth Media for E. Coli) (13C, 98%; D, 98%; *°N, 98%)
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MonoExpressTM Cell Growth Media Natural Abundance
MonoExpressTM (Natural Abundance-N) (U-12C, 99.95%)
MonoExpressTM Cell Growth Media (U-12C, 99.95%; U-°N, 98%-+)
MonoExpressTM Cell Growth Media (U-12C, 99.95%; U-*N, 99.97%)
BioExpress®-2000 (Insect Cell) Unlabeled

BioExpress®-2000 (Insect Cell) (U-°N, 98%)

BioExpress®-2000 (Insect Cell) (U-13C, 98%; U-'°N, 98%)
BioExpress®-2000 (Insect Cell) Custom Media

BioExpress®-4000 (Yeast) Unlabeled

BioExpress®-4000 (Yeast) (U-13C, 97-98%; U-15N, 96-99%)
Yeast-OD2 Growth Media (13C, 98%)

Yeast-OD2 Growth Media (**N, 98%)

Yeast-OD2 Growth Media (U-13C, 98%; U-'°N, 98%)
BioExpress®-6000 (Mammalian) Unlabeled

BioExpress®-6000 (Mammalian) (U-1°N, 98%)

BioExpress®-6000 (Mammalian) (U-13C, 98%; U-15N, 98%)

BioExpress®-6000 (Mammalian) Custom Media



