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We explored the metabolic pathways in two industrially relevant marine microorganisms
to understand their core metabolic capabilities. It is necessary to track how an organism
distributes organic building blocks throughout its metabolic pathways so that we can
devise strategies to alter its metabolism and reroute substantial metabolic flux towards
target compound(s). Though we cannot measure intracellular metabolic fluxes directly,
we can retro-biosynthetically calculate them by supplying substrates labeled with non-
radioactive isotopes to an organism. We then measure the resulting isotope labeling
patterns of metabolites and calculate the fluxes that produced them.
We addressed three goals with our research, (i) resolving questions surrounding organic
carbon metabolism in the diatom Phaeodactylum tricornutum (P. tricornutum), (ii)
identifying reactions in a putative photosynthetic carbon concentrating mechanism in P.

tricornutum and (iii) mapping central carbon metabolism of the cellulolytic aerobe

Saccharophagus degradans (S. degradans).



Towards goal (i) we show that P. tricornutum is capable of predominantly consuming
glucose, as opposed to atmospheric CO,, under mixotrophic conditions by using the
Entner-Doudoroff (ED) glycolytic pathway instead of the more common Embden-
Meyerhof-Parnas pathway (EMP). We utilized metabolic flux analysis (MFA) to discover
that acetate is metabolized for energy production instead of for biomass formation during
mixotrophic growth on CO. and acetate. Finally, we developed a method for measuring
isotopic labeling in polyunsaturated fatty acids via gas chromatography-mass
spectrometry (GC-MS), and demonstrated its utility in resolving outstanding questions
about glucose metabolism by P. tricornutum. Towards goal (ii) we utilized isotope
labeling and gene silencing in combination to identify pyruvate carboxylase as a key
enzyme in a C4 carbon concentrating mechanism in P. tricornutum, while also ruling out
phosphoenolpyruvate carboxylase as a key enzyme in the pathway. Towards goal (iii) we
present *C-MFA of aerobic consumption of glucose, xylose, and cellobiose by S.
degradans. This is the first reported MFA of cellobiose metabolism and one of only a

handful analyzing xylose metabolism in an aerobic microorganism.
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Chapter 1: Organization, Background & Introduction

The discipline of chemical engineering arose at the beginning of the 20" century
from the need for industrial scale facilities that convert raw materials into fuels,
commodity chemicals, fertilizer, pharmaceuticals, and plastics and other myriad products.
Now, a century later, the scientific and engineering principles applied to chemical
refineries can be extended to biological systems at the cellular level. Rapid advances in
synthetic biology over the past 20 years allow for a future in which microorganisms are
treated in a modular fashion with packages of genes added or subtracted to allow an
organism to produce any of a range of desired products from specific a substrate(s).
However, the complexity of biological systems presents unique challenges necessitating
new engineering methods.

One of the major challenges for using microorganisms as cellular factories is
comprehensively solving the mass and energy balance equations around and within a cell.
Hundreds of compounds are involved in thousands of enzyme catalyzed reactions within
a cell at any given time. These systems are too complex for traditional kinetic analysis of
reaction rates given the enormous time and the number of measurments required to
develop the rate equations for each enzyme catalyzed reaction. Therefore, an alternative
approach is required that allows non-kinetic computation of reaction rates, or flux,
through metabolic pathways. Understanding these fluxes advances the field by (i)
elucidating previously unknown metabolic pathways (Mahmud, 2007), (ii) identifying

metabolic responses to environmental or cellular changes (Masakapalli et al., 2014), and
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(iii) providing strategies to optimize cellular biofactories for improved performance
(Chemler et al., 2010).

The state-of-the-art method for quantifying flux is known as isotope assisted
metabolic flux analysis (MFA). We used this technique (described in Chapter 2) to
investigate novel marine species. We focused on marine microorganisms because their
cultivation is inherently inexpensive compared to both terrestrial crops such as corn or
sugarcane, as well as common bacteria and yeast such as Escherichia coli and
Saccharomyces cerevisiae. Marine organisms grow in sea water, eliminating the need for
increasingly scarce and expensive arable land and fresh water. Furthermore, the two
organisms we investigated exhibit high growth rates on inexpensive carbon sources by
either sequestering atmospheric CO2 or degrading and metabolizing waste cellulosic
biomass. These combined benefits leave marine microorganisms ideally positioned to
turn abundant low-cost raw materials into high-value fuels and chemicals.

While both the algal diatom Phaeodactylum tricornutum (P. tricornutum) and the
cellulolytic bacterium Saccharophagus degradans 2-40 (S. degradans) are promising
candidates for the production of high value chemicals, they are widely divergent species
from an ecological and metabolic standpoint. The obligate aerobe S. degradans obtains
all of its energy and biomass by scavenging carbohydrates from decaying organic matter.
Like other heterotrophic proteobacteria, S. degradans metabolizes sugars to pyruvate
using three common glycolytic routes, the Embden-Meyerhof-Parnas, Entner-Doudoroff,
and pentose phosphate pathways (EMP, ED, PP) (Fuhrer et al., 2005). Metabolism via
these pathways yields differing amounts of energy in the form of adenosine triphosphate

(ATP), reductant in the from of nicotinamide adenine dinucleotide (phosphate)
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(NAD(P)H) and carbon concervation, as discussed in Chapter 6. Ultimately a significant
amount of the pyruvate is respired to CO> for ATP production in the TCA cycle. The
biomass, primarily amino acids, lipids and carbohydrates synthesized during metabolism
is typical of Gram negative bacteria, with the exception that S. degradans exports a
significant amount of its protein to the outer cell surface where it degrades complex
polysaccharides into their constituent monomers (Gonzalez and Weiner, 2000).

In contrast, P. tricornutum is a eukaryotic algal diatom with a substantially larger
range of metabolic capabilities. As evidence, sequencing of both species revealed that the
diatom genome (27.4 megabases) is more than five times larger than that of S. degradans
(5.1 megabases) (Bowler et al., 2008; Weiner et al., 2008). Diatoms arose from multiple
recombination events in their evolutionary history, that have allowed them to thrive
utilizing sunlight to photosynthetically fix dissolved CO> trace nutrients in seawater
(Prihoda et al., 2012). It was therefore somewhat surprising when genome annotation
revealed a variety of metabolic pathways that enable P. tricornutum to catabolize a range
of organic carbon sources (Fabris et al., 2012). These include the glycolytic EMP, ED,
and phosphoketolase pathways, as well as a functional urea cycle (Allen et al., 2011).
Over 50 years of research has examined the ability of P. tricornutum to grown under
heterotrophic conditions, however to date only photo-mixotrophic growth utilizing both
sunlight and organic carbon sources has been reported in wild type strains of P.
tricornutum (Ceron Garcia et al., 2006; Hayward, 1968; Ukeles and Rose, 1976).

Our investigations into the metabolic potential of novel marine species focus
primarily on understanding carbon substrate metabolism. We have broken our

investigations into three projects that will each be discussed seperately in detail, (1)
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understanding organic carbon metabolism in the diatom Phaeodactylum tricornutum, (2)
Identifying key genes in a photosynthetic carbon concentrating mechanism in P.

tricornutum and (3) elucidating saccharide metabolism in S. degradans.



Chapter 2: Computational Flux Analysis Methods

Flux through metabolic networks can be retrobiosynthetically calculated with the
assistance of isotope labeling experiments (ILEs) and MFA (Zamboni et al., 2009).
Calculating flux without isotopic data in networks with tens or hundreds of reactions is
hampered by the inability to measure fluxes other than those into and out of the organism.
It is essential to measure substrate uptake, as well as biomass, waste and product
synthesis rates. Nevertheless, the resulting system of mass balance equations is
underdetermined in a typical network. Multiple independent variables whose fluxes
cannot be determined require isotope labels that uniquely elucidate the flux profile based
upon the known molecular bond rearrangements of each reaction in a network.

The utility of isotope labels to resolve flux is shown in Figure 2.1, where
substrate [A] is converted to product [E]. The mass balance equations include the volume
(V), the metabolite concentration (M), the stoichiometric reaction coefficient (A), and the
fluxes that form (vin), and consume (vout) €ach metabolite (2.1). At metabolic steady state

the left side of the equation reduces to zero.
\Y %' =0=> Av, - > Av,, (2.1)

The full system of algebraic equations for each metabolite shows that there are

two routes for synthesizing [E] from [A] (2.2).



d[A] _
dt
d[B] _
dt
d[C]
dt
d[D]
dt
d[E]
dt

=0=v,-V, -V, (2.2)
=0=v,+2v; -V, -V,

=0=v,+V, -V,

If we independently measure two external fluxes (vo=1and v;=0), then we are left with
one independent variable in the system. This we designate as reaction vi. Flux of [A] can
be determined by feeding isotopically labeled [A] and measuring the resulting labeling of
metabolite [E]. Here, a 50% U-1C label resolves the fluxes because the carbon-carbon
bond breakage in reaction vz and subsequent synthesis in reaction vs create two unique
labeling states. We would find a fraction of [E] with only the final two atoms of [E] 3C
labelled, along with another fraction of [E] in which only the first atom was *C labelled.
In contrast, flux through vi would yield a 1:1 ratio of fully *C:*2C [E]. The relative
abundances of a differentially labeled metabolite is referred to as the mass isotopomer
distribution (MID) of each metabolite. Here we define isotopomers as isotopic isomers.
Thus there are 2" isotopomers for any compound, where n is the number of atoms within
the metabolite that can be isotopically labeled. We relate isotopomers to mass
isotopomers by noting that mass isotopomers are composed of all isotopomers with an

equal number of labeled atoms, and thus an equal molecular mass.
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Figure 2.1 Metabolic fluxes are calculated using information from isotope labeling experiments.
The synthesis of metabolite [E] from [A] in this network can occur via two separate pathways. The
carbon-carbon bond rearrangements in reactions vs and v, scramble the uniform label from 50% U-'3C
[A]. The resulting mass isotopomer distribution of [E] is therefore dependent upon the relative flux rate
between v1 and v3. There is one degree of Freedom (DOF) in this network with 8 fluxes, 5 metabolite
mass balance equations and two externally measured values, influx of [A] (vo) and efflux of [D] (v7).
Open circles indicate *2C atoms, while filled circles indicate 3C atoms.

Using the preceeding definitions we can see in Figure 2.1 that the flux through v,
can be resolved through direct analysis of the mass isotopomer distribution (MID) of [E].
A 50:50 ratio of the M+0 and M+3 mass isotopomers only occurs with 100% of the flux
directed through vi, while the case where the abundances of all the mass isotopomers are
equal indicates zero flux through vi.

In a standard ILE, substrates strategically labelled at specific atoms with non-

radioactive, naturally rare isotopes (**C, °N, 80, 2H) are fed to cell cultures. The
7



organism metabolizes these substrates, which are eventually incorporated into cellular
biomass and effluent products. The cell cultures are then harvested and the biomass
components including proteinogenic amino acids, soluble metabolites, lipids, and cell
wall components are then extracted and purified. The isotope labeling patterns on each
metabolite are then analyzed using either nuclear magnetic resonance (NMR) or mass
spectrometry (MS) (Wiechert, 2001). Typically the MS instrument is coupled to either
gas or liquid chromatography (GC/LC) in order to first separate each metabolite based
upon difference in elution time from the chromatography column. The MS then ionizes
each metabolite, generating charged fragments, whose mass to charge ratio is then
measured by a detector. The mass of an unlabeled molecule is equal to its molecular
weight when all isotopically labeled atoms are the most abundant natural isotope, such as
12C or N. This is called the molecular ion (M). Labeled molecules have a molecular
weight up to M+n, where n is the number of atoms of the element in question that can be
isotopically labeled.

Isotopomers can be treated as if they are unique metabolites, and thus mass
balance equations can be written for isotopomers of each metabolite in a given metabolic

network in the same manner as was done for metabolites (2.3).
dx
F:ZG'V”’ _ZG'VOU'( (23)

The isotopomer mass balance equations include the isotopomer concentration (X), the
stoichiometric reaction coefficient (G), and the fluxes that form (vin), and consume (Vout)
each isotopomer. In all cases the organism must achieve metabolic steady state, in which

the concentration of each meatbolite is invariant with time. Under these conditons the



system of partial differential equations reduces to a system of ordinary differential
equations.

The feasability of solving this problem improves under a particular set of
conditions where both metabolic and isotopic steady state are reached. Isotopic steady
state is satisfied once each isotopomer reaches its steady state value. In this case the
isotopomer balance equations reduce to algebraic equations where G is the matrix of
stoichiometric reaction coefficients and v is a vector of flux values.

Gv =0 (2.4)
Once the conditions of isotopic steady state have been satisfied it is possible include
isotopic measurments taken from cellular biomass, as the labeling profile of each
metabolite is identical to the labeling profile of its respective precursor(s) within the
metabolic network. Thus, it is possible to reduce the network size by consolidating
reactions in which no bond rearragments occur.

In spite of these simplifications, solving even this system of nonlinear algebraic
equations is computationally expensive given 2" isotopomers for each metabolite and
potentially hundreds of metabolites in a network. A number of methods have been
developed including cumomer (Wiechert et al., 1999), bondomer (Sriram, 2004; van
Winden et al., 2002), and elementary metabolite unit balancing (Crown and Antoniewicz,
2012a) to reduce the size of the problem. The detailed methods are explained in the
respective references; however we have used cumomer balancing in the NMR2Flux+
software developed by Dr. Sriram (Sriram et al.,, 2004). Cumomers, or cumulative
isotopomers, are sums of isotopomers that consider only the labeled [1] or undetermined

[X] state of an atom, instead of the labeled [1] or non-labeled [0] state of each atom in an
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isotopomer. For example, the first order [X1X] cumomer in a three atom molecule is the
sum of the [010], [110], [011], and [111] isotopomers of a metabolite. By transforming
from an isotopomer mass balance to a cumomer mass balance, what was a system of
nonlinear algebraic equations becomes a system of linear algebraic equations that can be
solved sequentially, in increasing order, by LU decomposition of the matrix.

The MFA in NMR2Flux+ begins with a set of guessed values for all independent
fluxes in the network. These values determine the dependent flux values based upon the
stoichiometric reaction network. Using cumomer balancing the program then calculates
the abundances of the cumomers in the network. These values are transformed into
isotopomers, which are compared with the measured values by computing the global sum
of square residuals (SSR) between the experimental and computationally determined
mass isotopomers. The optimal fluxes are then found using a Monte Carlo Metropolis-
Hastings algorithm, wherein the program guesses a new set of fluxes and then compares
the SSR value with the previous best value. The program converges on a global minimum
SSR utilizing a random walk with simulated annealing until a designated stop point is
reached (Press et al., 2007). Here, simulated annealing refers to the progressive decrease
in the probability of accepting a new set of flux values with an SSR higher than the
previous minimum. Worse solutions are initially accepted with a high frequency in order
to fully search the solution space and converge on a global, rather than local, minimum.

Confidence intervals for the fluxes are subsequently determined by running
bootstrap simulations. In each new simulation the measured mass isotopomers are
randomly perturbed in proportion to their measured error and the resulting flux values are

calculated. The mean and standard deviation of each flux are computed by running
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hundreds or thousands of simulations that each produce a new flux value. In essence, this
method tests the covariance of each reaction in the network with the isotopic
measurements, and allows us to report our confidence in the identifiability of the true flux
value.

In addition to solving steady-state problems, it is also possible to design
isotopically non-steady state experiments in which an isotope label is fed and samples are
harvested at multiple time points before isotopic steady state. This graphically illustrates
how the label propagates through the metabolic network (N6h and Wiechert, 2006;
Young et al., 2008). The method is particularly useful for measuring photoautotrophic
metabolism, because the *CO- label yields uniformly labeled biomass at steady state, as
there is only a single possible carbon label. (Szecowka et al., 2013; Young et al., 2011).
The nonsteady state flux computations require additional work compared to steady state
modeling, because each mass balance equation is in the form of an ordinary differential
equations instead of an algebraic equation (Méllney et al., 1999; Wiechert et al., 1999).
This type of analysis is computationally expensive, and can be solved rigorously, by
analyzing the isotopomers, or by considering the **C-enrichments.

Additional information about metabolic pool sizes is also necessary for an
instationary analysis (Heise et al., 2015). While these values can be estimated or treated
as optimization parameters, measured values will improve the fit and accuracy of MFA
(Young et al., 2008). Measuring the pool size of each metabolite within a biological
network is quite challenging, as typical mass spectrometry measurements do not detect
all of the metabolites in a network. The system is even less defined in compartmentalized

eukaryotes, where metabolites are distributed across organelles. Each organelle contains
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an independent pool size and isotope labeling profile (Allen et al., 2009). Typically the
bulk concentration and isotope labeling profile are measured, however separation of
metabolite pools using non-aqueous fraction has met with some success (Krueger et al.,
2011, 2014).

After choosing between a steady state versus a non-steady state experiment, it is
also important to wisely choose a single or multiple isotope label(s) for a given
experiment in order to maximize the identifiability of each flux in a network (Crown and
Antoniewicz, 2012b; Nargund and Sriram, 2013). For any given network, certain
positional isotope labels will provide more information than others. The information yield
is based upon the the bond rearrangements as well as the specific isotopic measurments.
Refering again to the example network in Figure 2.1, the U-13C label was able to identify
the flux distribution between viand vz, however it does not provide sufficent information
to calculate vs for all cases where v7> 0. This can be overcome with a second ILE carried
out in parallel, in which a single flux profile is computed that optimally fits the data from
both sets of experiments. In this network, a 1-C label would provide the missing
information, because flux through vs would uniquely yield fully unlabeled 2C [E] [000].

Combining isotope labeling measurments with metabolic networks derived from
genomic annotation allows us to precisely compute intracellular reaction rates at a system
wide level. As seen in the following chapters, we can utilize a diverse range of
isotopically labeled substrates for our investigations. This approach enables us to
precisely trace how substrates are catabolized to generate energy, or are utilized to

synthesize new biomass and products.
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Chapter 3: Mixotrophic Metabolism in Phaeodactylum tricornutum

3.1 Experimental evidence and isotopomer analysis of glucose metabolism in the marine

diatom Phaeodactylum tricornutum

The following sections* (3.1.1-3.1.7) and figures are either taken directly or modified
from our publication “Zheng Y**, Quinn AH**, Sriram G, Experimental evidence and
isotopomer analysis of glucose metabolism in the marine diatom Phaeodactylum
tricornutum, Microbial Cell Factories, 2013, 12:109”. The authors retain the copyright
and have approved of its usage.

* Only work conducted solely by AH Quinn or jointly by AH Quinn and Y Zheng is
included in this dissertation, unless otherwise stated

**  These author contributed equally and are listed in the order that they joined the

project.
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3.1.1. Introduction

The search for robust platform organisms suitable for manufacturing
economically valuable compounds such as fuels, commodity chemicals, pharmaceuticals
and dietary supplements has increasingly turned to unicellular algae. These eukaryotes
naturally synthesize many high-value compounds commonly found in plants whilst also
displaying the high growth rates and scale-up characteristics of bacteria and yeast. One
model species is the marine diatom P. tricornutum. Apart from their unique capability to
incorporate silica into their cell walls (Lopez et al., 2005), diatoms also synthesize
copious amounts of lipids. P. tricornutum typically produces lipids up to 30% of its dry
weight (Dunstan et al., 1993), nearly 40% of which is the nutritional supplement ®-3-
eicosapentaenoic acid (EPA) (Alonso et al., 1996; Yongmanitchai and Ward, 1991). This
high lipid content is indicative of significant reductive potential, which has been
harnessed through genetic engineering to produce the bioplastic poly-3-hydroxybutyrate
(PHB) in large quantities, up to 11% of dry weight (Hempel et al., 2011).

As evidence of the potential of P. tricornutum as a cell factory, recent research
has suggested or uncovered unique metabolic pathways and combinations of pathways
previously unseen in unicellular photosynthetic organisms (Allen et al., 2011; Bowler et
al., 2008; Fabris et al., 2012; Kroth et al., 2008). For instance, sequencing of the P.
tricornutum genome revealed that 7.5% of the genome is of bacterial origin, suggesting
the acquisition of many pathways through lateral gene transfer (Bowler et al., 2008). An
investigation of nitrogen metabolism in P. tricornutum determined that this organism
operates a urea cycle for nitrogen assimilation, contrasting with the nitrogen-eliminating

function of the urea cycle in metazoans. However, despite recent advances in
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understanding and utilizing P. tricornutum, several fundamental biological questions still
remain unanswered.

One question that first arose in the late 1950s is whether P. tricornutum can
metabolize glucose. The answer is relevant for utilizing P. tricornutum as a cell factory,
because heterotrophic fermentation using simple sugars such as glucose remains the most
cost effective bioproduction strategy, largely due to the significant challenges in
optimizing photobioreactors and race ponds for phototrophic growth (Morales-Sanchez et
al., 2013; Simionato et al., 2013; Wen and Chen, 2003).

Multiple research groups have reported that P. tricornutum cannot grow
heterotrophically on glucose in the dark, and that mixotrophic growth on glucose does not
noticeably increase growth rates under light (Hayward, 1968; Lewin, 1958; Ukeles and
Rose, 1976). On addition of **C glucose to P. tricornutum cultures under light and dark
conditions minimal radioactivity was observed in the cell extract after 1-48 h, suggesting
that P. tricornutum may be impermeable to glucose. These experiments give the
impression that P. tricornutum does not uptake or metabolize glucose. On this basis,
Zaslavskaia et al. (Zaslavskaia et al., 2001) engineered P. tricornutum to express the
human glucose transporter protein GLUT1. The transformants exhibited glucose uptake
as well as growth on glucose in both light and dark, in contrast to wild type or empty
vector control lines that neither grew in the dark, nor appeared to consume glucose.

Conversely, many researchers have reported results suggesting that P.
tricornutum may natively consume and metabolize glucose. For example, one study (Liu
et al., 2009) found that the addition of glucose enhanced the growth rate by 27%,

increased the respiration rate by 46% and decreased the net maximum photosynthetic rate
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by only 3%. This suggests that some glucose was respired for ATP production (Liu et al.,
2009). A separate study (Ceron Garcia et al., 2006) found that the supply of 5 g L*
glucose increased maximum biomass productivity and maximum biomass concentration
by 43% and 49%, respectively.

Given this conflicting evidence, the question of glucose metabolism by P.
tricornutum needed to be addressed by convincing molecular evidence. A unique
methodology available for resolving this problem is the isotope labeling experiment
(ILE), wherein organic carbon sources such as glucose containing different isotopes
(“labels™) of carbon (e.g. 13C and %C) are supplied to a cell culture. The incorporation of
the labeled carbon source into metabolites and biomass components such as
proteinogenic amino acids will produce unique *C-'?C patterns or isotopomers, which
can be detected by measuring mass isotopomer distributions (MIDs) of the metabolites or
biomass components. Furthermore, analysis of the isotopomer data by metabolic pathway
analysis (MPA) will also enable identification of carbon partitioning and flux through
metabolic pathways (Crown et al., 2011; Feng et al., 2010; Wiechert et al., 2001)

Apart from determining whether P. tricornutum consumes glucose, it is also
necessary to identify the metabolic pathways P. tricornutum uses to convert glucose to
biomass and products. Annotation of the P. tricornutum genome revealed two alternate
glycolytic pathways of bacterial origin in addition to the conventional reactions of the
Embden-Meyerhof-Parnas (EMP) pathway (Fabris et al., 2012). Of these, the Entner-
Doudoroff (ED) pathway splits one molecule of 6-phospho-D-gluconate to one molecule
of pyruvate and one molecule of glyceraldehyde-3-phosphate, whereas the

phosphoketolase (PPK) pathway coverts one molecule xylulose-5-phosphate to
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glyceraldehyde-3-phosphate and acetylphosphate, which subsequently forms acetyl-CoA.
It is important to resolve the carbon partitioning between these three pathways to develop
genetic engineering strategies for improved product yield from organic carbon sources.
As an example of the potential benefits of the ED and PPK pathways for cell factories,
these pathways have each been utilized to enhance production of PHB in bacteria (Hong
et al., 2003) and yeast (Kocharin et al., 2013) by increasing the availability of acetyl-CoA
and NADPH for PHB biosynthesis. Therefore, determining the role of the glycolytic
pathways in P. tricornutum could lead to strategies for enhanced production of PHB and
other economically attractive compounds.

This article reports various ILEs and MPA that evidence glucose consumption
and metabolism by wild type P. tricornutum cultures grown under light. Isotopomer
analysis revealed that in mixotrophic cultures receiving glucose and dissolved inorganic
carbon as carbon sources, glucose accounted for at least 90% of the carbon assimilated
into cellular amino acids, the remaining 10% being derived from dissolved inorganic
carbon. Furthermore, MPA revealed that the ED pathway is active in glucose
metabolism, and that glycine and serine are largely synthesized from glyoxylate through
photorespiratory reactions rather than from the EMP pathway metabolite 3-
phosphoglycerate (3PG). Additionally, gene expression measurements suggested that
glucose transporters may not be regulated to enable glucose uptake, but fructose-
bisphosphate aldolase 3 (Fba3), a rate-limiting step of the EMP pathway, is

transcriptionally activated by light, perhaps to facilitate glucose metabolism.
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3.1.2 Materials and Methods

3.1.2.1 Cell culture and counting

P. tricornutum (strain CCMP 632) was obtained from the Provasoli-Guillard
National Center for Marine Algae and Microbiota (NCMA) (East Boothbay, ME), and
maintained aseptically by subculturing biweekly. Cultures were grown at 24.5 °C under
constant light in 125 mL Erlenmeyer flasks containing 50 mL L1 culture medium
(NCMA) prepared in sea water (NCMA). Irradiance levels ranged between 40-80 umol
m? s of photons depending on the location of each flask in our shakers as measured
using a MQ-100: Quantum integral sensor with handheld meter (Apogee Instruments)
(Logan, UT). No changes in algal growth rates were observed across this range of light
intensities (data not shown). The flasks were placed in refrigerated New Brunswick
Innova 44R shakers (Eppendorf, Hauppauge, NY) with a 2-inch stroke and
programmable temperature, light and photoperiod controls. Flasks were sealed with a
porous foam stopper to prevent contamination and allow free exchange of air. Cell
numbers were measured daily by aseptically transferring small aliquots (10 pL) of cell
suspension from cultures to INCYTO C-Chip disposable hemacytometers (ThermoFisher
Scientific, Waltham, MA) and counting visible cells with an Axiovert 135 TV
microscope (Zeiss Oberkochen, Germany) at 20X resolution. Three biological replicates
each with two technical replicates were counted for each time point. During later stages
of growth, cell suspensions were diluted in sea water to prevent overcrowding and to
maintain cell densities at less than ~100 cells per chip. Glucose measurements were

performed in triplicate by pipetting ~1 ml of media into a 2 ml microcentrifuge tube, and
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inserting the tube into YSI 2300 STAT Plus Glucose & Lactate Analyzer (YSI Life

Sciences) (Yellow Springs, OH).

3.1.2.2 Mixotrophic ILEs, cell harvest, protein extraction, hydrolysis and derivatization
Steady-state, mixotrophic ILEs were performed by adding one of 100% U-1*C
glucose, 50% U-13C glucose, 100% 1-13C glucose, or 100% 2-1C glycerol to L1 medium.
Only one isotopically labeled substrate was added in each experiment. The addition was
performed aseptically before subculturing so as to result in the final concentration of 2 g
L of substrate. Each mixotrophic ILE was represented by 3 to 4 biological replicates.
Additionally, the 100 % U-'3C glucose experiment was repeated with matching results
(data not shown) on a second cell line of the identical strain of P. tricornutum purchased
from the NCMA. Cells from the mixotrophic ILEs were harvested at 21 d of culture.
Evidence supporting the establishment of isotopic steady state at this time point is shown
in Appendix Figure A3.1. The cell suspensions were centrifuged at 8000 min for 30
min, and the supernatant was removed. The cell pellet was briefly resuspended in 50 mL
deionized water to rinse out salts and then centrifuged again, after which the supernatant
was removed. Cellular metabolism was quenched by immersing tubes containing the
pellets in liquid nitrogen. The quenched cells were lyophilized overnight at room
temperature and 133 pbar. The lyophilized pellet was hydrolyzed by adding 3 mL 6N
HCI and incubating at 155 °C for 4 h to obtain proteinogenic amino acids. Before
hydrolysis, the hydrolysis tube was evacuated, then flushed with nitrogen to remove
residual oxygen, and then re-evacuated, followed by two more repetitions of these steps.

The resulting hydrolysate was cooled to room temperature, filtered by glass wool and
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dried overnight in a RapidVap evaporator (Labconco, Kansas City, MO) at 55°C, 80
mbar. The dried sample was mixed with deionized water and lyophilized again. After
lyophilization, this mixture was reconstituted in 200 pL dimethylformamide (DMF) and
derivatized with 80 pL  N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide
MTBSTFA + 1% tert-butyldimethylchlorosilane (TBDMCS) (Thermo Scientific,
Rockford, IL) at 70°C for 1.5 h. The derivatized sample was injected into a gas

chromatograph (GC)- MS, using DMF as solvent.

3.1.4.3 Quantification of mass isotopomer abundances by GC-MS

All GC-MS analyses were performed on a Varian 300MS quadrupole GC-MS
unit (Bruker Corporation, Fremont, CA), equipped with an autoinjector and a VF5-ms
column of dimensions 0.25 mm x 30 m x 0.25 um. Typically, 1 pL of derivatized amino
acids, in 3 technical replicates, was automatically injected at a split ratio of 1:15, with
helium as the carrier gas at a constant flow rate of 1.0 mL min™. The oven temperature
was initially held at 150°C for 2 min, then increased at 3°C min to 250°C and then at
10°C min to 275°C, where it was held constant up to a run time of 43 min. The MS ran
in electron ionization mode with a collection delay for 3 min. Mass spectra were recorded
in the selected ion monitoring (SIM) mode. All mass spectral data were analyzed and
quantified with the manufacturer’s Varian MS Workstation software (Bruker, Billerica,
MA). Raw mass spectral data were processed to filter out natural abundances of elements
other than metabolic carbon, using a previously developed in-house MATLAB program,
whose accuracy has been verified by us by processing a variety of amino acid isotopomer

mixtures of known isotopomeric compositions (data not shown). The resulting mass
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isotopomer distribution data were converted to 3C enrichments of individual amino acid
fragments by using singular value decomposition (SVD). The accuracy of the SVD
method for obtaining $3C enrichments was verified by processing a synthetic set of amino
acid MIDs and ensuring that the predicted enrichments were obtained (G. Sriram,
unpublished calculations). MIDs obtained from steady-state ILEs are listed in
Supplementary Tables A3.2 to A3.5. Selected MIDs and *3C enrichments are shown and
discussed in Results. The MIDs were adjusted to account for the presence of initially
present unlabeled material that was used to inoculate each flask, so that the MIDs would

reflect their true values if no unlabeled material were present. The corrected isotopomers

were calculated (data not shown) using the equation C. = (M, - D*NA)/(1- NA) for each

mass isotopomer i = 0:n, where n is the number of carbon atoms, C is the corrected
value, M is the measured value, NA is the natural abundance of that isotopomer, and D is
the dilution factor from initially present material. The amount of initially present material
was calculated as the ratio of the number of cells on day zero over the number of cells on
the final day (data not shown). The calculation of a single dilution factor for all amino
acids using the initial and final cell numbers is valid as long as both the weight percent of
protein and the amino acid composition do not vary during the experiment. We calculated
new dilution factors assuming the mass percent of protein could vary +50% over the
timeframe of the experiment and we found that the new mass isotopomers fell within the
standard deviations of our original calculations. We further analyzed the mass spectra of
P. tricornutum cells grown on multiple substrates and found that changes in the percent
composition of the amino acids again yielded smaller changes in the MID’s than the

standard deviations of our measurements.
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3.1.2.4 Evaluation of metabolic fluxes from steady-state isotopomer data

We used our computer program NMR2Flux+ (Nargund and Sriram, 2013; Sriram
et al., 2008, 2004) to evaluate and compare the nine different pathway models using
corrected MIDs from the steady-state 100% 1-*C glucose ILE. The program employs
cumomer balancing to simulate ILEs, a simulated annealing-based global optimization
algorithm to evaluate fluxes from MS- and NMR-derived isotopomer abundances and a
bootstrap Monte Carlo algorithm (Press et al., 2007) to evaluate standard deviations or
confidence intervals of fluxes. The SSR of each model is calculated with a lower limit on
the standard deviation of each mass isotopomer set at 0.01 to account for imprecision in
the MS and unknown *3C kinetic isotope effects (Wasylenko and Stephanopoulos, 2013).
SSR values are deemed acceptable if they fit a normal y?-distribution, with the degrees of
freedom equal to the sum of the redundant mass isotopomers. The metabolic models used
by us for flux evaluation from the 100% 1-'3C glucose ILE are listed in Appendix Tables
A3.6 to A3.14. The extracellular CO2 incorporated through anaplerotic and
photosynthetic fixation was labeled to the natural carbon abundance of 1.1% in all of the
simulations. Biomass effluxes were taken from the literature for the amino acid (Brown,
1991) lipid and starch composition (Rebolloso-Fuentes et al., 2001) under phototrophic
conditions. Metabolite effluxes, scaled per mole of glucose consumed, were allowed to
vary + 50% for the lower and upper bounds in the models in order to account for
potential variations in biomass composition. The biomass effluxes are listed in Appendix

Table A3.15.
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3.1.3. Results

To test our hypothesis that P. tricornutum metabolizes glucose, we attempted to
grow P. tricornutum cultures for 21 d on media supplemented with 1.917 + 0.012 g L™ of
U-13C glucose under both light and dark conditions. We measured cell growth only in
cultures where light was supplied. In these cultures we examined if the supplied 3C label
appeared in biomass components of P. tricornutum. Toward this, we harvested biomass
at the end of the 21-d steady state ILE, acid-hydrolyzed the biomass to degrade cellular
protein to amino acids and measured the 3C enrichments of the amino acids by mass
spectrometry (MS). We also analyzed the media and found that the final glucose
concentration was 0.791 + 0.008 g L™, indicating that 59% of the glucose was consumed.

On finding evidence of mixotrophic glucose metabolism, we employed MPA to
identify the metabolic pathways through which glucose is metabolized. Figure 3.1
depicts a diagram of potential metabolic pathways including the EMP, the pentose
phosphate pathway (PP), the tricarboxylic acid (TCA) cycle, anaplerosis, glyoxylate
shunt and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)-mediated
photosynthesis. The 15 proteinogenic amino acids measured by us are synthesized from
precursor metabolites belonging to these pathways; therefore, the labeling patterns in
these precursors can be retrobiosynthetically evaluated from those of the amino acids
(Szyperski, 1998). In our analyses, we also considered the alternative glycolysis

pathways (PPK using both hexose and pentose substrates; ED) (Figure 3.1, right).
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Figure 3.1 Principal pathways for the mixotrophic metabolism of glucose and CO, to amino
acids in P. tricornutum. Central carbon metabolic pathways convert glucose and/or CO, (fixed
photosynthetically or anaplerotically) to the 15 amino acids (metabolites shown as open circles)
experimentally detected by GC-MS in hydrolysates of P. tricornutum cell pellets. In most organisms,
glycolysis proceeds via the EMP pathway. However, two alternate glycolytic pathways of bacterial
origin were found in this organism’s annotated genome. Of these, the phosphoketolase (PKP) enzyme
converts phosphorylated pentose and/or hexose sugars to glyceraldehyde 3-phosphate/erythrose 4-
phosphate and acetylphosphate, which is then converted to either acetate via acetate kinase, or acetyl-
CoA via phosphate acetyltransferase. Both phosphorylated pentose and hexose sugars are shown as
substrates for the PPK pathway because the enzyme specificity in P. tricornutum is unknown. The
second alternative pathway (ED) uses two enzymes to convert 6-phospho-D-gluconate to pyruvate and
glyceraldehyde 3-phosphate. Differences in the carbon atom rearrangements of the EMP, PPK and ED
pathways become evident in the MIDs of glycolytic amino acids.

3.1.3.1 Carbon from U-33C glucose appears in proteinogenic amino acids of P.
tricornutum
The ILEs on U-'3C glucose supplied oppositely labeled glucose (100% U-C or

50% U-13C) and dissolved inorganic carbon (naturally abundant; hence, 1.1% 3C).
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Therefore, the 13C enrichments of amino acid fragments from these experiments can be
used as indicators of the extent to which the carbon atoms of glucose were assimilated
into the amino acids. Amino acid fragments from P. tricornutum cultures grown on 100%
U-13C glucose were *C-enriched to 88% + 3% (average across 38 fragments), whereas
fragments from cultures grown on 50% U-C glucose enriched to 45% + 1% (average
across 41 fragments) (Figure 3.2). These enrichments are substantially higher than the
1.1% enrichment expected if P. tricornutum solely consumed dissolved inorganic carbon.
In fact, these enrichments are close to those expected (100% and 50%) if P. tricornutum
solely consumed glucose.

In these U-13C glucose ILEs, substantial metabolism of glucose can be expected
to give a nearly uniform distribution of the 3C label throughout the central metabolic
network. In support of this, the ratios of the *C enrichments of different amino acid
fragments in the 100% U-13C:50% U-13C glucose ILEs are generally equal to 100%:50%
or 2:1. For example, the enrichment ratios of entire amino acid molecules originating in
upper glycolysis and the PP were 89%:45% (histidine) and 89%:45% (phenylalanine).
For amino acids originating in lower glycolysis, the ratios were 91%:46% (alanine) and
89%:45% (valine). Amino acids originating in the TCA cycle displayed the ratios

87%:44% (methionine) and 88%:44% (glutamate).
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Figure 3.2 13C-enrichments of amino acid fragments synthesized from 100% and 50% U—13C
glucose evidence significant glucose uptake. The 41 measured proteinogenic amino acid fragments in cell
hydrolysates of P. tricornutum are grouped according to their metabolic precursor(s) (Figure 3.1). In each

of the 100% and 50% U-lSC glucose ILEs, the fragments show a le'C—enrichment approximately
proportional to the 13C enrichment of the supplied glucose. In contrast, purely photoautotrophic cells would

3 . P
only be “C-enriched to the 1.1% natural abundance CO, from the flask headspace. A 2% dilution by
initially present biomass and a combination of anaplerotic and photosynthetic inorganic carbon fixation
explain the slightly lower average enrichments than would be expected for cells consuming glucose as their

sole carbon source: 88% + 3% in the 100% U-"C glucose ILE and 45% + 1% in the 50% u-"c glucose ILE.
Although a majority of the amino acid fragments showed nearly uniform 3C
enrichments in the two U-3C ILEs, some fragments derived from oxaloacetate and a-
ketoglutarate that contained carbon fixed through anaplerotic reactions were enriched to
lower extents. Given that the initially present, unlabeled cell mass constituted 2% of the
final mass (measurements not shown), the remaining ~10% of unlabeled carbon in the
100% U-3C glucose ILE could only have been assimilated from dissolved inorganic

carbon, which was ultimately derived from atmospheric, naturally abundant CO». P.
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tricornutum assimilates inorganic carbon through two mechanisms: direct, RuBisCO-
mediated photosynthesis or anaplerotic fixation mediated by multiple reactions including
phosphoenolpyruvate  carboxylase  (Chapter 4) (Zheng and  Sriram, in
preparation/revision). The latter mechanism incorporates naturally abundant carbon into
glutamate;. In our dataset (Figure 3.2), the anaplerotic mechanism was supported by the
higher $3C-enrichment of the glutamatezsss fragment compared to the enrichment of the
glutamatei234s fragment. The abundance of glutamate[01111] as calculated from the MID
data by singular value decomposition (SVD) was substantial (22% + 3%). This indicates
that the 12C dilution of some amino acids synthesized from TCA cycle metabolites was
primarily the result of 2CO, incorporation by anaplerotic reactions. In comparison,
RuBisCO fixes inorganic carbon through a series of plastidic reactions onto valine:. The
abundance of valine[01111] was significantly lower (3% £ 1%) than that of glutamate,
which indicates that during mixotrophic growth on glucose, the anaplerotic reactions

assimilate more carbon than the photosynthetic reactions.

3.1.3.2 MPA of a 100% 1-3C glucose ILE reveals flux through the ED pathway

Our initial MPA focused on constructing a flux map by using a commonly
observed set of central carbon metabolic pathways prevalent in most plants and algae
(Nargund and Sriram, 2013; Sriram et al., 2004; Young et al., 2011). This set included
the EMP pathway, the PP, the TCA cycle, RuBisCO-mediated photosynthesis and
anaplerotic fixation of unlabeled inorganic carbon. However, the goodness-of-fit for these
models, as quantified by the sum of squared residuals (SSR) between the measured MIDs

and MIDs simulated by the model, was well above the statistically acceptable threshold.
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Therefore, we constructed a series of nine metabolic models containing combinations of
various catabolic pathways identified in the annotated P. tricornutum genome, so that we
could identify (a) set(s) of pathways that would account for the experimental isotope
labeling patterns. All models were evaluated by using SSR as an acceptability criterion.
We limited our models to simulate the confirmed cytosolic and mitochondrial
amino acids from a 100% 1-13C glucose ILE, because amongst the glucose labels used, 1-
13C glucose has a higher information yield than U-*C glucose for a network consisting of
glycolysis and related pathways (Nargund and Sriram, 2013). Additionally, we wanted to
eliminate errors from amino acids with identical precursors but different MIDs due to
differing compartmentalization. The metabolic networks we examined are shown with
each constituent pathway distinguished by color. Models 1-1X contain different
combinations of pathways. A simple model, Model I, encompassed only the EMP and PP
pathways (Figure 3.3). This model simulated the MIDs of serine, glycine and alanine,
comprising 22 redundant mass isotopomers. Model | yielded an SSR of 87 (Figure
3.5b), which is much higher than the statistically acceptable SSR of 37 corresponding to
the set of 22 mass isotopomers. The two alanine fragments contributed a majority (58%)
of this SSR, specifically because this model was unable to mimic the high measured
abundance of alanine[100]. The inability of the Model | to account for the isotopomer
data is evident from the carbon atom rearrangements in Figure 3.5¢ (dark blue squares
denote 3C atoms). Processing of 1-3C glucose by the EMP pathway or the PP results in
alanine[001]. In contrast, the ED pathway cleaves the first three carbons of glucose
directly to pyruvate yielding the alanine[100] isotopomer that we experimentally

observed. Therefore, we extended Model | by incorporating the ED pathway, resulting in
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Model Il (Figure 3.3). This extension reduced the SSR from 87 in Model | to 42 in
Model Il (Figure 3.5b). The improvement of Model Il over Model | is evident from a

comparison of measured and simulated isotopomers of alanine (Figure 3.5d).
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Figure 3.3. Metabolic pathways used to assemble Model | (Left) and Model 11 (right). The
metabolic pathways are distinguished by line color. Metabolic Models | and 11 contain the EMP (black) and
PP (red) pathways, while Model Il also contains the ED pathway (green). Open circles represent amino
acids detected in cell hydrolysates, whose isotope labeling patterns were used in the MPA. The amino
acids are connected to their metabolic precursor(s) by dotted lines. Genes encoding proteins catalyzing all
reactions in these pathways were found in the annotated P. tricornutum genome.

We further extended Models I and 11 by including the TCA cycle and anaplerotic
fixation of a mixture of atmospheric 'CO, and '*CO, generated from multiple
intracellular decarboxylation reactions. The resulting Models 111 and IV simulated the
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MIDs of aspartate and glutamate in addition to alanine, serine and glycine, which
summed to 45 redundant mass isotopomers, corresponding to a statistically acceptable
SSR of 65 (Figure 3.4). Just as in Models I and I1, including the ED pathway in Model
IV significantly increased the fit compared to Model I11. In this case, the decrease in the
SSR from 222 in Model 111 to 50 in Model 1V was due to an increased fit of all the

amino acid fragments with the exception of Gly. (Figure 3.5b).
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Figure 3.4 Metabolic pathways used to assemble Model 111 (Left) and Model 1V (right). The
metabolic pathways are distinguished by line color. Metabolic Models Il and 1V contain the EMP (black),
PP (red), TCA (yellow) and anaplerotic (grey) pathways, while Model 1V also contains the ED pathway
(green). Open circles represent amino acids detected in cell hydrolysates, whose isotope labeling patterns
were used in the MPA. The amino acids are connected to their metabolic precursor(s) by dotted lines.
Genes encoding proteins catalyzing all reactions in these pathways were found in the annotated P.
tricornutum genome.
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Figure 3.5 MPA of the 100% 1-13C glucose ILE data suggests an active ED pathway. (a) Four
different Metabolic Models (I-1V) were constructed to explain the ILE data; each column represents a
different model. Pathways included in a model are denoted by a “Y”, color-coded according to the color
of the pathway in Figure 3. (b) Vertical bars represent the SSR of each model and horizontal lines
represent the acceptable SSR corresponding to the number of redundant isotopomer measurements in each
model. Models Il and IV, both containing the ED pathway show a significantly decreased SSR compared
to otherwise identical models lacking the ED pathway. (c) The carbon rearrangements of the EMP and ED

. 12 .
pathways are shown, with 13¢ atoms shown as blue squares and = C atoms shown as white squares. The

EMP pathway transfers “C from glucose C-1 to pyruvate C-3, whereas the ED pathway transfers C from
glucose C-1 to pyruvate C-1 (red boxes). (d) The isotopomers of pyruvate reflect those of the amino acid
alanine. The measured abundances of alanine isotopomers are compared against the simulated
enrichments of Models | and 1. Model | that lacks the ED pathway over-simulates the abundance
alanine[001], and under-simulates the abundance of alanine[100]. These errors are corrected in Model I,
which utilizes the ED pathway. Isotopomer notation is explained in text.
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The first four models consistently under-simulated the **C-enrichment of glycine..
As shown in Figure 3.9d, higher enrichments of glycine; are possible if a combination of
the PPK and the glyoxylate shunt are active. In this situation, ribose-5-phosphate; is
labeled through the transketolase reaction in the PP/Calvin cycle. The glyoxylate shunt in
combination with anaplerotic reactions allows for the label to reach glycine.. Adding the
PPK and the glyoxylate shunt in Model V to the previous reactions from Model 111
partially corrected this error and lowered the SSR in the glycine and serine fragments
from 33 to 20. Though the SSR decreased from 222 in Model 111 to 132 in Model V, it
was still high in comparison to Model 1V. This suggested that while the PPK pathway
helps fit the isotopomers of glycine and serine, the ED pathway is important for to
achieving an acceptable fit. We assumed in Models I to V that serine and glycine were
synthesized from 3-phosphoglycerate; however, they can be synthesized from glyoxylate
via flux through alanine-glyoxylate aminotransferase (vacat) and serine
hydroxymethyltransferase (vsumt) as shown in Figure 3.9c. We dramatically reduced the
SSR to an acceptable value of 30 in Model VI (Figure 3.6) by including these reactions

along with the ED and PPK pathways.
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Figure 3.6 Metabolic pathways used to assemble Model V (Left) and Model VI (right). The
metabolic pathways are distinguished by line color. Metabolic Models V and VI contain the EMP (black), PP
(red), TCA (yellow), ED (green), anaplerotic (grey), PPK (blue), and glyoxylate (orange) pathways, while
Model V1 also contains the SGAT (light grey) pathway. Open circles represent amino acids detected in cell
hydrolysates, whose isotope labeling patterns were used in the MPA. The amino acids are connected to
their metabolic precursor(s) by dotted lines. Genes encoding proteins catalyzing all reactions in these
pathways were found in the annotated P. tricornutum genome.

While Model VI fit the experimental MIDs extremely well, the high *C-
enrichment on C-1 of alanine that the ED pathway successfully mimicked could also
result from anaplerotic carbon fixation or photosynthesis. This would indicate that P.
tricornutum generates a significant amount of labeled 3CO; intracellularly from
decarboxylation reactions, which it then recycles through either of the carbon fixation
mechanisms (Figures 3.9e and 3.9f; light blue squares represent a mixture of 2CO; and
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13C0O,). Anaplerotic 3CO; fixation manifests on glutamate;, which was enriched to 6%.
This was far less than the 15% enrichment of alanine[100], indicating that anaplerotic
fixation alone could not account for the labeling patterns of alanine. A combination of
photosynthetic and anaplerotic fixation was also ruled out by Model VII (Figure 3.7),
which lacked the ED and PPK pathways and yielded a high SSR of 221. We were able to
produce a nearly acceptable simulation without the ED or PPK pathways in Model VI1I.
This model added photorespiration, with serine and glycine synthesized from glyoxylate,
to the pathways in Model VII. This lowered the SSR to 84; however, it was still above
the acceptable value of 65. Finally, we constructed Model IX with all of the pathways
used in previous models (Figure 3.8). This model yielded nearly identical results as

Model VI, with an SSR of only 27.
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Figure 3.7 Metabolic pathways used to assemble Model VI1I (Left) and Model VIII (right).
The metabolic pathways are distinguished by line color. Metabolic Models VII and VIII contain the EMP
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(black), PP (red), TCA (yellow), anaplerotic (grey), glyoxylate (orange), and photosynthetic RuBisCO

(light blue) pathways, while Model VIII also contains the SGAT (light grey) and photorespiratory
RuBisCO (brown) pathway. Open circles represent amino acids detected in cell hydrolysates, whose
isotope labeling patterns were used in the MPA. The amino acids are connected to their metabolic
precursor(s) by dotted lines. Genes encoding proteins catalyzing all reactions in these pathways were found

in the annotated P. tricornutum genome.
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Figure 3.8 Metabolic pathways used to assemble Model 1X. The metabolic pathways are
distinguished by line color. Metabolic Model IX and VIII contains the EMP (black), PP (red), ED (green),
PPK (blue), TCA (yellow), anaplerotic (grey), glyoxylate (orange), photosynthetic RuBisCO (light blue),
photorespiratory RuBisCO (brown), and SGAT (light grey) pathways. Open circles represent amino acids
detected in cell hydrolysates, whose isotope labeling patterns were used in the MPA. The amino acids are
connected to their metabolic precursor(s) by dotted lines. Genes encoding proteins catalyzing all reactions
in these pathways were found in the annotated P. tricornutum genome.

The average flux values for the three models that met the SSR acceptability
criteria (Models 1V, VI and 1X), calculated from 100 perturbed simulations, diverged
due to significant differences in their metabolic pathways. Despite these discrepancies,
we noticed a number of trends consistent across all three models. Both the lower and the

upper portions of the EMP pathway operated in the reverse direction in nearly all of our
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simulations, meaning that all of the carbon directed towards acetyl-CoA flowed through
the ED or PPK pathways. The ED pathway contribution to acetyl-CoA synthesis steadily
decreased from 100% in Model 1V to 33% + 22% in Model X, which corresponded to
an increase in metabolic cycling as evidenced by the decrease in the ratio of the forward

ED pathway flux to the reverse EMP flux from 75% + 12% in Model 1V to 44% + 13%

in Model IX.
a) pathway v ViV vl X  9) o 9
EMP Y Y Y Y Y T —
PPP Y Y Y Y Y 75 85
ED Y v Y ) H I
PPK v oy v 8 .70 .80
TCA Y Y Y Y Y ] ”
Anaplerosis Y Y Y Y Y .g A5 15
GOx Shunt Y Y Y Y Y >
RUBiSCO Y Y v '2 10 10
Photorespiration Y Y 05 H HI H 05 [_L‘ I H
250 o A : WI : 0 : T l
b) 200 | 123 123 123 123 12 12 12
& 150 Serine Isotopomers Glycine Isotopomers
100
U % Experimental [JModel VI W Model IX
0 a A A % A
VooV VI VIE X
Model # e) Anaplerosis f) PPP
HERESE [2][3][4][s][e] 6P
c) PSAT d) PPK/Photorespiration @@
O ] PSP
OAA co

] Gox Bl Pyr ;

o 71RIE 5] PsP
Bl (3] ser : RuBisCO
SHMT H S €O,
GOx 2 Gly {1 MTHF CO, 15C=0.18
Py

SGAT GDCH

Figure 3.9. Unique carbon-carbon bond re-arrangements explain abnormal isotope

abundances from the 100% 1-"C Glucose ILE. (a) Five different Metabolic Models (V-1X) were
constructed to explain the ILE data; each column represents a different model. Pathways included in a
model are denoted by a “Y”, color-coded according to the color of the pathway in Figure 3. (b)
Vertical bars represent the SSR of each model and horizontal lines represent the acceptable SSR (65)
corresponding to the number of redundant isotopomer measurements (45) in each model. (c) The

13 . .
carbon rearrangements of VsgaTt and VsHmt demonstrate how 3- C triose phosphates (derived from

1-"c glucose through glycolysis) result in 2-3C serine and glycine. Serine is conventionally
known to be synthesized directly from 3-phosphoglycerate without carbon rearrangements via

VpsaT shown with the dashed arrow. (d) The photorespiratory action of RuBisCO yields glyoxylate from
pentose phosphate, whereas the PPK pathway yields acetate that is converted to glyoxylate via the

glyoxylate shunt. Each pathway yields 2-"c glycine and serine from 1-°c pentose phosphate arising
from the reductive PP. (e) Anaplerotic fixation of a mixture of intracellular 12C02 and °c O, results in

13 . . . . . .
1-C pyruvate through reversible reactions in the TCA cycle. Succinate is a symmetric molecule;
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therefore C-1 and C-4 are equivalent. Oxaloacetate is 6% “C-enriched at the C-4 position and 13%
enriched at C-1. In comparison, pyruvate is 18% enriched at C-1, indicating that anaplerotic fixation

cannot fully account for the labeling on pyruvate. (f) The oxidative PP yields 13CO2 and U-C ribulose
5-phosphate from 1—13C glucose-6-phosphate. Photosynthetic fixation of CO, via RuBisCO then results in

1-13C pyruvate. (g) The predominant isotopomers of serine and glycine that were simulated in the poorly
fit Model VII and the well fit Model 1X are compared against the experimental abundance of each
isotopomer.

3.1.3.3 Glycine and serine are predominantly produced from glyoxylate rather than 3PG

Our models consistently explained isotopomer data if they included a biosynthetic
route for glycine and serine from glyoxylate via the photorespiratory flux vacat and
vsumT. This contrasts with the conventional biosynthesis of glycine and serine from 3-
phosphoglycerate. Particularly, the *3C enrichments on C-2 of both amino acids was
unexpectedly high (Figure 3.99). To test if serine and glycine can be synthesized under
mixotrophic conditions from glyoxylate in addition to 3-phosphoglycerate, we grew P.
tricornutum cultures on 100% 2-3C glycerol. An examination of carbon atom
rearrangements indicated that synthesis of serine from 3-phosphoglycerate via
phosphoserine transaminase (vesat) would yield serine[010]. Conversely, synthesis from
glyoxylate would yield serine[100] due to the loss of pyruvate: during decarboxylation to
acetyl-CoA and subsequent transamination of glyoxylate to glycine (Figure 3.10).
Isotopomer data from the 2-'C glycerol ILE revealed that as would be expected from
glycolytic processing of glycerol, the abundance of alanine[100] (6% 1%) was much
lower than that of alanine[010] (< 56%). However, the abundance of serine[100] (24% +
1%) was substantially greater than that of alanine[100] and nearly equaled that of

serine[010] (25% =+ 1%). We determined the relative contributions of SHMT (Vshmt =
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91%) and PSAT (vesaT = 9%) towards serine biosynthesis by assuming the MID of 3-
phosphoglycerate equaled the MID of pyruvate and solving:
serine,z3 = Vgymr * alanine ;s + Vpgar - glycine;, - MTHF; ... ... ... ......(3.1)

Although we assumed in our MPA that glycine was the only source of the methyl group
transferred to tetrahydrofolate (THF) via glycine decarboxylase (GDCH), there are other
methyl group donor reactions that form 5,10-methylene tetrahydrofolate (MTHF) from
THF. Therefore, the 3C-enrichment of this transferred methyl group was allowed to
freely vary along with v1 and v2 when we minimized the SSR between the calculated and
measured isotopomers of serine. In addition to estimating that 91% of the serine was
produced from the photorespiratory reactions, this calculation also estimated that MTHF
was only 8% *C-enriched. Since glycine; was enriched to 26%, this substantially lower
enrichment indicates that compounds other than glycine contribute the majority of the C-

1 methyl groups to MTHF.
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Figure 3.10 100% 2-'3C glycerol ILE shows that glycine and serine are predominantly synthesized
from glyoxylate rather than 3-phosphoglycerate. Feeding 2-3C glycerol to Pt confirmed the MPA
prediction that the MIDs of glycine and serine do not represent the labeling of 3-phosphoglycerate as is
usual in many organisms. Were this the case, the majority of the C label from 2-'3C glycerol would
appear on the C-2 of glycine and serine, contradicting observation. The observed isotope labeling patterns
in serine and glycine can be explained as follows. First, 2-3C glycerol is metabolized to pyruvate and
alanine. Carbon rearrangements in the TCA cycle (gray) and back-mixing through anaplerotic reactions and
the pentose phosphate pathway account for the small amount of label on Alanine;. As 3PG and pyruvate
are closely linked to one-another, their MID’s are assumed to be identical. The high abundance of the
glycine[10] and serine[100] result from the conversion of pyruvate to acetyl-CoA and glyoxylate.
Aminotransferases convert glyoxylate to glycine, which then combines with MTHF to form serine via
VsHMT. A linear combination of the fluxes from alanine to serine and (glycine + MTHF) to serine produced

a set of isotopomers that exactly matched the measured values when the VsHmT reaction contributed 91%
of the total flux and phosphoserine transaminase contributed 9% of the flux. Arrow widths correspond to
relative fluxes. See text for isotopomer notation.

3.1.4 Discussion

One of the goals for developing cell factories is finding flexible organisms that

can be rapidly tailored to produce any of a large range of products using the most cost
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effective substrate available. Unicellular diatoms have the potential to meet this role due
to their unique metabolic capabilities and the ease in which they can be genetically
manipulated. While P. tricornutum has demonstrated a host of advantageous
characteristics for cell factories, its utility has been limited by the perception that it
cannot consume simple sugars such as glucose.

The ILEs reported in this work have convincingly shown that P. tricornutum
mixotrophically metabolizes glucose and uses the resulting carbon to synthesize each of
the 15 amino acids we measured. As these amino acids are synthesized from multiple
nodes encompassing all of primary metabolism across at least three separate intracellular
compartments (cytosol, plastid, mitochondrion), it is reasonable to generalize that P.
tricornutum metabolizes glucose and uses its carbon for the full range of biosynthetic
activities. Given this information, it is natural to question why P. tricornutum
mixotrophically consumes glucose only under light.

We tested several models of carbohydrate metabolism in P. tricornutum. Based
upon the SSR criteria, it is clear that an accurate metabolic model includes multiple
glycolytic pathways. However, it is certainly possible that other reactions or different
combinations of the reactions we chose could produce equally valid results. For example,
Model V111 nearly approached the acceptable SSR threshold despite not utilizing the ED
and PPK pathways. In this instance, photosynthesis and photorespiration nearly
accounted for the unusual observed labeling patterns. If some variation of this model
were accurate, it would indicate that P. tricornutum uses photosynthesis to re-fix a
significant fraction of the CO. that it generates from intracellular reactions, thus

conserving organic carbon.
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These conflicting possibilities are ordinarily resolved through the use of parallel
labeling experiments using large sets of measured metabolites, which greatly increase the
confidence intervals of key fluxes and narrow the number of possible pathway models to
one or only a small handful of options (Crown and Antoniewicz, 2012b). However, the
high degree of uncertainty regarding the metabolic significance and role of these
pathways poses a significant challenge for large-scale 3C metabolic flux analysis in P.
tricornutum. In addition, the compartmentalization of various catabolic and biosynthetic
pathways between the cytosol, plastid and mitochondrion is incompletely defined, and
the possible effects of metabolic channeling have not been investigated (Tang et al.,
2012). As a result, we limited our MPA to a single compartment model only including
measurements of known cytosolic and mitochondrial amino acids (Bromke, 2013). Due
to these simplifications, this article does not report a full quantitative flux map for
glucose metabolism using the measurements from multiple ILEs, as was done for
multiple bacterial species with active ED pathways (Fuhrer et al., 2005). Nevertheless,
MPA unraveled much information on the usage of pathways, providing a basis for further
developing a quantitative flux map of glucose metabolism in P. tricornutum.

MPA suggested that the ED pathway plays an important role in glucose
catabolism. Our models consistently showed cycling from both the ED and PPK
pathways through the reverse EMP pathway. Such a cycle generates significant excess
NADPH that is available for numerous functions including increased lipid production,
quenching of reactive oxidative species, and nitrogen assimilation. The traditional
oxidative PP pathway maximally yields 2 moles each of NADPH and NADH per mole of

glucose with a 56% carbon yield for lipid synthesis. In comparison, the maximal ED/PPK
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pathway yields are 1.67/3.33 moles of NADPH and 2.33/0.67 moles of NADH with a
matching 67% carbon yield. This hypothesis that P. tricornutum can use a combination of
the ED and PPK pathways to enhance carbon and cofactor yields for lipid synthesis
agrees with the previously reported 17% increase in P. tricornutum EPA content when
glucose was used in a mixotrophic fed-batch system (Ceron Garcia et al., 2005). Such a
metabolic cycle need not be limited to mixotrophic growth on glucose, as the upper
reactions in the EMP shuttle carbon in this manner to replenish the supply of 5-C
compounds during photosynthesis. Therefore, it is also plausible this metabolic cycling
enhances P. tricornutum’s ability to synthesize such a high proportion of its biomass as
lipids (Alonso et al., 1996; Dunstan et al., 1993; Yongmanitchai and Ward, 1991).
Another key result we predicted by using MPA and subsequently confirmed
through a 2-C glycerol ILE was that serine and glycine are largely derived from
glyoxylate instead of 3-phosphoglycerate under some mixotrophic growth conditions.
The 2-3C glycerol label was used instead of a 2-°C glucose label in an attempt to
minimize scrambling of the label through the PP, ED, and upper EMP. Identification of
the precursor of serine/glycine could be complicated by PP carbon atom rearrangements
(mostly) and phototrophic *CO. re-fixation. Both these effects can produce 1-*C GAP
1-13C 3PG and 1-°C serine. However, since pyruvate and alanine are synthesized
downstream of 3PG without net carbon rearrangement, the aforementioned effects should
also manifest in the isotopomer distribution of alanine and should generate 1-*C alanine
with an abundance greater than the abundance of 1-*C serine (26%). However, our
measurements indicate that the abundance of 1-13C alanine is only 6%, substantially less

than 26%. Therefore, the caveats of PP carbon rearrangement and phototrophic *CO;
43



fixation are insufficient to explain the observed 1-13C serine, leaving glyoxylate-based
synthesis as the only remaining explanation.

These findings are important for future metabolic flux analysis on P. tricornutum,
as prior work on bacteria and plants grown on glucose has long held that 3-
phosphoglycerate (Libourel et al., 2007; Sriram et al., 2007; Szyperski, 1998) is the sole
source of serine and glycine. Further explorations into the mixotrophic synthesis of serine
and glycine using multiple organic carbon substrates are warranted, as both AGAT and
SHMT are key intermediate reactions in photorespiration and our analysis of the serine
and glycine isotopomers indicated that the reactions are active when grown on glycerol.
However, the calculated labeling on the transferred methyl group of THF was
significantly lower than the labeling on C-2 of glycine, indicating that GDCH is
minimally active. Formate is the other major methyl group donor to THF, which is
formed as a byproduct of reactions in sterol and cofactor synthesis pathways. Therefore,
it is possible that photorespiratory synthesis of glycine and serine is partially due to the
need for P. tricornutum to recycle THF and clear formate from the cell (Igamberdiev et
al., 1999). Formate is also enzymatically oxidized to CO2; however, the reincorporation
of formate into serine minimizes carbon loss and should thus be the metabolically

favored reaction.
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3.2 Isotope Tracing of Lipid Metabolism in Phaeodactylum tricornutum

3.2.1. Introduction

Subsequent to reporting our results on glucose uptake in P. tricornutum, we began
working with a third sample of the identical strain for which we did not observe glucose
uptake, as measured by 3C-enrichment. If our initial observations on glucose uptake
were valid, this observation suggests that glucose metabolism in P. tricornutum occurs
only under a set of conditions that may not always be reproducible. A likely possibility is
that the phycosphere of our P. tricornutum cultures contained undetected microorganisms
with the ability to metabolize glucose into a digestible carbon source for P. tricornutum.
Multiple reports have indicated that microbial symbionts, particularly species of
Proteobacteria and Bacteroidetes, are commonly isolated from the phycosphere of
diatoms including P. tricornutum (Amin et al., 2012; Bruckner et al., 2008; Chen et al.,
2014). Bacteria within the phycosphere can proliferate out to ~100 um from the surface
of a diatom, as diffusion dominates bulk flow within this boundary layer (Lazier and
Mann, 1989). Given this information, we felt it was important to re-examine earlier data
sets, in which we performed mixotrophic ILE’s on glucose, acetate, and glycerol to
determine (i) whether P. tricornutum actually took up glucose and other organic carbon
sources in these experiments, and (ii) if these experiments suggested significant bacterial
metabolism.

We focused on fatty acid metabolism, as P. tricornutum synthesizes a significant
quantities of m-3 polyunsaturated fatty acids (PUFASs), particularly eicosapentaenoic acid

(EPA, C20:5). The resulting characteristic fatty acid profile is unique among algae, and is
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dramatically different from the fatty acid composition of most bacteria, which for
instance, do not synthesize fatty acids with more than 18 carbon atoms. Therefore we
hypothesized that any significant bacterial growth within our samples would manifest in
an altered fatty acid profile. We also compared the isotopic labeling of acetyl moiety of
acetyl-CoA, the precursor of all fatty acids, as calculated from amino acids and from
EPA. This was done in order to further test that the labeling patterns we reported from
glucose metabolism actually aligned with the labeling patterns we could be certain
originated in P. tricornutum.

In order to analyze the mass spectrum of EPA from electron ionization in our
quadrupole mass spectrometer, we had to develop of a new method to calculate the
isotope labeling of PUFAs. PUFAs and derivatized PUFA-methyl esters lack a signature
molecular ion that would allow a simple deconvolution of the spectrum to calculate the
labeling of acetyl-CoA building blocks, as can be done with saturated fatty acids
(Tumanov et al., 2015). The complex mass spectrum of EPA and other PUFAs stems
from the formation of many low molecular weight ion fragments during electron
ionization in the mass spectrometer (Figure 3.11). The isotope labeling patterns on these
overlapping fragments cannot be analyzed individually; however they can be analyzed
simultaneously, as each fatty acid is synthesized solely from repeating acetyl-CoA
molecules.

We simulated the ion intensities of EPA from experiments with naturally
abundant carbon dioxide, 1-13C glucose, 2-13C glycerol, and 1,2-1*C acetate, and utilized

an error minimization script to fit our simulated values to measured values from each
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experiment. From this we were able to calculate the original labeling of acetyl-CoA in

each experiment.
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Figure 3.11 The Mass spectrum of eicosapentaenoic acid is too convoluted for analysis of individual
fragments. Electron ionization of EPA creates many intermediate length charged alkane and alkene
fragments. The masses are sufficiently close together that the signals become intermingled from mass shifts
in isotopically labeled samples. By analyzing a small subset of the spectra, it is possible to deconvolute the
ions and calculate the true abundance of the acetyl-CoA building block.

Our results from the fatty acid composition analysis indicated that if a bacterial
symbiont were present in our samples, it did not detectably perturb the fatty acid profile
of P. tricornutum. Thus, P. tricornutum represents the vast majority of total biomass in
our samples. The isotopic labeling of acetyl-CoA calculated from EPA also closely fit the
isotope labeling patterns measured from the hydrolyzed amino acids. As only P.
tricornutum can uniquely synthesize EPA and bacteria cannot synthesize it, this serves as
further evidence that the observed isotopic enrichments in the amino acid composition

represented the actual enrichment patterns within P. tricornutum.
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3.2.2 Materials and Methods

P. tricornutum (strain CCMP 632) was cultured and harvested according to the
methods described in Section 3.1.5. Steady-state, mixotrophic ILEs were performed in
parallel with 100% 1-3C glucose, 100% 2-3C glycerol, or 100% 1,2-13C acetate added to
L1 medium at a concentration of 11.1 mM . Each mixotrophic ILE utilized 6 replicates, 3
for analyzing the amino acid labeling and three for analyzing the fatty acid labeling. Cells
from the ILEs were harvested at 21 d of culture.

A mixture of 100% U-13C fatty acids donated by Cambridge Isotope Laboratories
(Cambridge, Ma) was used as a positive control. Total cellular lipids were extracted and
methylated from dry cell pellets or analytical standards at -18°C for 1 h after adding 200
pL of 3N methanolic HCI (Sigma Aldrich) (St. Louis, Mo) and vortexing for 1 min. The
sample was then mixed with 300 pL hexane (Sigma Aldrich), vortexed for 3 min and
centrifuged for 20 min at 12,000 min? and 4°C for 20 min. The hexane layer was
removed and analyzed with a Bruker 450-GC attached to a Varian 300MS quadrupole
GC-MS unit (Bruker Corporation, Fremont, CA), equipped with an autoinjector and a
VF5-ms column of dimensions 0.25 mm x 30 m x 0.25 um. Each biological replicate was
automatically injected 3x with 1 pL in splitless mode, with helium as the carrier gas at a
constant flow rate of 1.0 mL min™. The oven temperature was initially held at 100°C for
2 min, then increased at 10°C min* to 300°C where it was held for 5 min. The MS ran in
electron ionization mode at 70 eV with the transfer line and source at 280°C. Mass
spectra were recorded in the scan mode from mass to charge ratios (m/z): 30-430 with a
collection delay of 2 min. All mass spectral data were analyzed and quantified with the

manufacturer’s Varian MS Workstation software (Bruker, Billerica, MA).
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The raw ion intensities for each PUFA were converted to relative abundances
using excel by first rounding each m/z value to the nearest whole number and combining
any duplicate ions. The abundance of each ion was then divided by the total ion count to
yield the relative ion abundance (m/z). The relative ion abundances were then averaged
across all 9 replicates (3 biological x 3 technical). The value of each ion (m/z) was equal
to the weighted sum of mass isotopomers of lower molecular weight ions, where (y) is the

fractional abundance ratio of the fragment (3.2).
m/zi =vy; X (M + 0)1 +yi-1 X (M + 1)i—1 et Y X (M + 3)i—3 (32)

A set of mass isotopomer values (M+0.....M+2) for acetyl-CoA was then guessed, and
the resulting abundances of each fragment were calculated. The mass isotopomer values
of acetyl-CoA were then varied to fit the m/z values by minimizing the SSR error

between the measured and calculated intensities (3.3).

SSR = Z (m/zmeasured - m/anlc‘)z (3.3)
i

o

The specific workflow for this method is described below.

1. Raw m/z intensities are rounded to nearest whole number m/z value

2. Calculate relative intensities for each replicate

3. Calculate average relative intensities and SD for each sample

4. Re-normalize the relative intensities using only the data from the designated m/z
window

5. Guess a MID for acetyl-CoA and calculate resulting ion intensities for each
fragment.

6. Guess an a and B proton loss variable for each fragment along with another
“ratio” variable, which is the fractional abundance of that fragment
7. Calculate the M-2...M+n abundances of each fragment using the Klapa
equations(Klapa et al., 2003).
a. For the *2C samples use the natural abundances
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b. For the 13C labeled samples use guessed values

8. Multiply the M-2...M+n values by the ratio of each respective fragment to give
the absolute contribution of that fragment to the total m/z value

9. Sum the total calculated intensities for each m/z value (i.e. M/z 43 is (M+0)
[CsH7] + (M+2) [C3Hs])

10. Find SSR for calculated vs measured intensities

11. Minimize SSR by varying Klapa variables, fragment ratio, and guessed mass
isotopomer values for each fragment. Klapa values and ratio must be a single
value for all independent data sets. Any two fragments with same #C atoms must
have same mass isotopomer values.

3.2.3 Results

We surveyed the literature and found that the fatty acid composition we measured
fell perfectly within the range of values reported for P. tricornutum (Arao et al., 1987;
Cero6n Garcia et al., 2005; Domergue et al., 2003; Dunstan et al., 1993; Moreno et al.,
1979; Niu et al., 2013; Yongmanitchai and Ward, 1991). EPA constituted between 20%
and 25% of the total fatty acid content in cultures grown under autotrophic and
mixotrophic conditions with glucose, glycerol and acetate. These values fell within the
range of literature reports, in which the mean value for the content of EPA in the total
fatty acid extract was 23% * 8% (Figure 3.12). Based upon the known composition of
common diatom associated marine bacteria, as well as the reported composition of P.
tricornutum in the literature, we calculated that a bacterial contribution of fatty acids
greater than 5% would have created significant differences between our data and the

averages from the literature in these experiments.

50



OLiterature
45 - = Control N
+ Glucose i
40 7 o Acetate
g 35 | 4 Glycerol
- -
§ . ¢
= . i
3
8 i :
S 20 - ” £ T ®
<
> 15 -
= Z H
© 7 .
LL 10 N H H §
5| 7 [ L
0 **VJXLV—V—E—V—‘E T ri-l T = L ; @ @—T
o o o o o o — — (qV} (90] < n ©
< To) © 0 I\ < © 0 © © o o N
— — — — N — — — — (V] N (V]
O (@] O (@] O O O O ®) O @) O O

Figure 3.12 Fatty acid composition of P. tricornutum across growth conditions. The measured fatty
acid composition aligns with extensive reports from the literature. The characteristic fatty acid of P.
tricornutum is eicosapentaenoic acid (C20:5). Here we also found that the composition does not change
substantially when grown under autotrophic conditions, compared to mixotrophic conditions with glucose,
acetate, and glycerol as organic substrates. Grey box and whisker plots represent the value ranges reported
in the literature. Fatty acids unique to eukaryotic diatoms that cannot by synthesized by bacteria are
highlighted with the red box.

We further found from the measured *3C-Enrichments in the fatty acids that the
glucose, glycerol and acetate were directly utilized for biosynthesis of fatty acids (Figure
3.13). The saturated fatty acids in the 1-*C glucose, 2-3C glycerol, and 1,2-1*C acetate

ILE’s were enriched to an average of 11% = 2%, 29% + 2% and 39% = 2% respectively.
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Figure 3.13 Saturated fatty acid '*C-enrichment from 1-3C glucose, 2-3C glycerol and 1,2-3C
acetate ILE’s. The saturated fatty acids were substantially enriched in *3C during the experiment, which is
indicative of incorporation of organic carbon into biomass by P. tricornutum. The black line represent the
level of enrichment expected from the natural abundance of 3C.

The mass spectrum of EPA measured using GC-MS showed a positive mass shift
in the samples grown on isotopically labelled substrates. We were successfully able to
simulate the measured mass values by iteratively estimating the isotopomer distribution
of acetyl-CoA and then minimizing the error between the resulting simulated ion

intensities and the measured ion intensities (Figure 3.14).
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Figure 3.14 Comparison of the fit between measured and simulated ion intensities. The tight fit
between the measured (shaded) and simulated (white) ion intensities demonstrates that our method was
able to successfully deconvolute the mass spectra and identify a single MID of acetyl-CoA for each
experiment that fully fit the measured data.

We then compared the simulated mass isotopomers of acetyl-CoA from EPA with
three sets of independent isotopic data that contained acetyl-CoA labeling information.
To do this we directly examined pyruvatezs, which forms acetyl-CoA when pyruvate; is
lost to CO> through pyruvate dehydrogenase. We also calculated the MID of acetyl-CoA
using the information from glutamate and aspartate, as alpha-ketoglutaratezsss is formed
from oxaloacetatezss and acetyl-CoAz2 in the TCA cycle. Finally, we examined the MID
of palmitic acid (C16:0), which is composed of 8 units of acetyl-CoA, and calculated the

resultant MID of acetyl-CoA.
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We found excellent agreement in the MIDs of acetyl-CoA across all four methods
in the glucose ILE. Here the abundance of the M+1 MI was ~10% from all four
measurements, with the balance composed of the M+0 MI. The MID calculated from
EPA closely matched the MID from C16:0 in the glycerol experiment, however the M+1
MI was larger when the calculated from pyruvate or oxaloacetate/alpha-ketoglutarate. We
did not find as much agreement between the four data sets in the acetate ILE. Here the
MID of acetyl-CoA calculated from EPA most closely matched the value calculated from
oxaloacetate/alpha-ketoglutarate. In addition to reporting the MID of acetyl-CoA from
EPA, we also calculated the specific isotopomers of acetyl-CoA. We did this utilizing a
fragment containing just the single carbon in the carboxylic head of the fatty acid chain.
By specifically calculating the labeling of acetyl-CoA: and acetyl-CoA1> we were able to

calculate all four isotopomers (Figure 3.15).
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Figure 3.15 Comparing the fit of the calculated acetyl-CoA MID from EPA with values from three
independent isotopic sources. The MID of acetyl-CoA calculated from EPA closely fits the MID
calculated from pyruvatezs, deconvolution of oxaloacetate/alpha-ketoglutarate, and C16:0 fatty acid. These
three results from glucose (A), glycerol (B) and acetate (C) ILE’s indicate that we have developed a
reliable method for deriving the labeling of acetyl-CoA from the complex mass spectra of PUFAs. In
addition to the mass isotopomers, we also calculated values for the specific isotopomers, using odd carbon
atom fragments of EPA (D). Here however, we do not have independent measurements to corroborate the
accuracy of the [10] and [01] isotopomers.

3.2.4 Discussion

We have shown that our labeling results were only possible if P. tricornutum,
metabolized the carbon from glucose, while the exact mechanism that was utilized to
import the glucose remains unresolved. Taken together, the analysis of the fatty acid
profile of P. tricornutum, the measured isotopic enrichment in EPA, and our previously

reported 89% average enrichment in proteinogenic amino acids from U-13C glucose place
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a tight bound on the potential impact of an undetected microbial symbiont. We can
confidently state that the isotope labeling signatures that we measured from P.
tricornutum largely washed out any metabolic activity within a bacterial symbiont that
may have been present. Furthermore, the successful efforts to engineer Glutl into
different strains of P. tricornutum has demonstrated that metabolism of intracellular
glucose is not in question (Hamilton et al., 2016). Therefore, the mechanism by which P.
tricornutum transports glucose is the only question left unanswered.

The excellent fit between the four methods used to calculate the MID of acetyl-
CoA both serves to validate this experimental method, and to confirm that our reported
isotopic data from proteinogenic amino acids accurately reflected the labeling states
within the diatom. In each of the three datasets the isotopomer discrepancy between the
values calculated from EPA and from the other methods was no greater than
discrepancies between the other methods. Only in the acetate experiment did we notice a
significant incongruity between the methods for calculating the MID of acetyl-CoA. The
lack of fit in this data can partially be explained by the fact that the labelled acetate enters
the system downstream of pyruvate, and is either directly incorporated into fatty acids, or
enters the TCA cycle. Thus the results we observed are not surprising, in that the labeling
calculated from pyruvate»s is significantly less than the labeling calculated from the other
methods. The most surprising result is the high M+1 Ml calculated from the EPA dataset.
This indicated that a portion of the labeled acetate fed to the system did not remain intact,
but rather underwent a bond breakage before being reformed as M+1 labelled acetyl-CoA
before being incorporated into fatty acids. See Section 3.3 for additional analysis of this

observed acetyl-CoA bond breakage.
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3.3 Mixotrophic Acetate Metabolism in P. tricornutum

3.3.1. Introduction

Photosynthetic organisms behave in a multitude of ways when exposed to organic
carbon sources. Some are obligate autotrophs, others easily switch to pure heterotrophic
metabolism, while still others consume organic carbon only in the presence of light
(Lowrey et al., 2015). The ability of P. tricornutum to solely utilize organic carbon
sources for growth is still the subject of significant debate (Cerén Garcia et al., 2005;
Cooksey, 1974; Hayward, 1968). Prior study of mixotrophic growth using both organic
carbon sources and photosynthetic carbon fixation has focused both on better
understanding photosynthesis in diatoms, as well as the feasibility of cultivating P.
tricornutum on organic carbon sources for PUFA production (R Vazhappilly and Chen,
1998; Wen and Chen, 2003). In addition to glucose, acetate is commonly utilized for
heterotrophic and mixotrophic PUFA production in microalgae (Morales-Sanchez et al.,
2017; Springer et al., 1994; Rema Vazhappilly and Chen, 1998). The pathway for fatty
acid biosynthesis from acetate is quite short, as acetate is first converted to acetyl-CoA,
the precursor for fatty acid biosynthesis. As a growth substrate, acetyl-CoA must be
metabolized using the glyoxylate shunt, which bypasses the decarboxylation steps of the
TCA cycle to synthesize malate. Malate is then converted into carbohydrates utilizing the
reverse reactions of glycolysis. First it is converted to pyruvate by anaplerotic enzymes.
Pyruvate is then converted to glucose and other carbohydrates through the gluconeogenic

reactions of the EMP pathway that perform the reverse reactions of glycolysis.
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Previous studies of acetate metabolism in P. tricornutum have reported
contradictory results. A number have found no heterotrophic growth on acetate, and no
overall effect on growth rates or biomass utilization (Cer6n Garcia et al., 2005; Hayward,
1968; Ukeles and Rose, 1976). Another study found that acetate was weakly incorporated
into biomass in the light, while the majority of acetate was oxidized to CO,, probably by
the TCA cycle (Cooksey, 1974). Meanwhile more recent analyses have found acetate
metabolism leads to increased growth rates, productivity, lipid production, and
respiration rates, while also decreasing chlorophyll and carotenoid content, and
photosynthetic Oz evolution (Liu et al., 2009; Wang et al., 2012). Critically however,
metabolism seems only to occur natively in the presence of light, and in the case of
acetate, with an abundance of nitrogen (Huang et al., 2015). Circumstantial evidence for
acetate catabolism was also found during gene expression analysis of P. tricornutum,
where the expression of glyoxylate cycle genes decreased upon exposure to light and
clustered with the expression of genes linked to fatty acid p-oxidation and nitrogen
metabolism (Chauton et al., 2013). This suggested that the glyoxylate cycle plays a role
in metabolism of stored fatty acids during periods of darkness when photosynthetic
energy and biomass formation is shutdown.

We previously showed that acetate was metabolized and incorporated into fatty
acids and proteinogenic amino acids during mixotrophic growth. We decided to identify
the mechanism of acetate incorporation over a three day window with an instationary ILE
using U-13C acetate as a tracer. We found a strong incorporation of the label into TCA
cycle metabolites until an isotopic steady state was reached around 2 days into the

experiment. Upstream metabolites were significantly less enriched, which indicated that
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photosynthetic carbon assimilation was the predominant mechanism for biomass
formation. A steady state MFA revealed that the acetate was not metabolized via the
glyoxylate shunt, as expected, but was instead converted largely to CO; via the TCA

cycle.

3.3.2 Materials and Methods

P. tricornutum (strain CCMP 632) was cultured and harvested according to the
methods described in Section 3.2.4. Instationary, mixotrophic ILEs were performed by
adding sterile 1 ml aliquots of U-13C acetate dissolved in L1 media, to reach a final
concentration within each flask of 11.1 mM. Cultures were harvested and pelleted in
triplicate at the designated time-points, and then quenched in liquid nitrogen. The pellets
were extracted with a mixture of 628 puL methanol, 251 pL chloroform, and 251 pL
water, vortex mixed and held at —20°C for 90 min, with vortex mixing at 30 min and 60
min, after which it was centrifuged at 8000 min* for 5 min and the supernatant removed
to a separate vial. An additional mixture of 286 puL methanol and 286 pL chloroform
were added to the cell pellet. The sample was vortex mixed and held at —20°C for 30 min,
centrifuged at 8000 min* for 5 min, and the supernatant was added to the previously
removed liquid extract. 286 plL of water was added to the combined liquid extract to
achieve phase separation. The agueous methanol layer was removed from the chloroform,
20 pg norleucine was added to the methanol layer as an internal standard, and both liquid
phases and the cell pellet were dried under air. The dried aqueous layer was reconstituted
in 50 uL of a 20 mg mL™* solution of methoxyamine hydrochloride in pyridine and heated

at 33 °C for 90 min. 50 pL of N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide
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(MTBSTFA) + 1% tert-butyldimethylchlorosilane (TBDMCS) was added and the
solution heated at 65°C for 90 min. The samples were then immediately analyzed by GC-
MS as previously described. Metabolite concentrations were determined from total ion
chromatogram of each metabolite, which were compared to the known concentration of
norleucine standard.

The MID’s of measured metabolites were processed according to the method
defined in Section 3.1.4. Metabolic flux analysis was also performed according to the
method described in Section 3.1.4. The efflux values for biomass formation were
compiled from our own results on the fatty acid and proteinogenic amino acid
composition, as well as from the data compiled by Kim et al. in their FBA analysis of P.

tricornutum (Kim et al., 2016).

3.3.3 Results

The 3C enrichment patterns from an instationary U-*C Acetate ILE showed
significant enrichment in TCA cycle metabolites, with only slight enrichment in
metabolites derived from glycolytic reactions (Figure 3.16). While *3C-enrichment of
glutamate and succinate reached 20% and 18% respectively after 45 hours, the labeling of
alanine and lactate only reached 5% and 4% in the same timeframe. Two Separate
labeling profiles were displayed in the TCA cycle, with a clear M+2 signature from the
labeled acetate present in citrate, glutamate and succinate (Table A3.17). For example,
after 45 hours the abundance of the M+2 (0.26) MI was substantially greater than the
M+1 (0.13) MI in glutamate. In contrast, aspartate, malate, and fumarate exhibited a

much higher M+1 abundance, with the M+1 (0.15) much greater than the M+2 (0.08) of
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aspartate at the same timepoint. This labeling profile indicated substantial breakidge of
the BC-13C carbon bond from acetate. The order and extent of the isotopic enrichment did
not fit expected patterns however. Enrichment of citrate lagged considerably behind that
of other TCA cycle metabolites, and the labeling data vs time showed aspartate becoming
enriched before malate and then fumarate (Figure 3.16). Canonical flux through the TCA
cycle or the glyoxylate shunt would first synthesize enriched citrate, while fumarate and

malate would become enriched before aspartate.
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Figure 3.16 Instationary enrichment patterns from a U-1*C acetate ILE. (Top,L) The *C-Enrichment
of glutamate and succinate increases until approaching a steady state of ~20%. The enrichments of
aspartate, fumarate, and malate, increase at a slower rate before also levelling off at an enrichment of 5%-
10%. The enrichment of citrate displays a significant lag compared to glutamate and succinate, and
continues to rise to their enrichment level during the experiment. The altered labeling profile is probably
due to the large cytosolic pool of citrate. (Top, R) The *C-enrichments of the ‘C3’ acids alanine, lactate,
phosphoglycerate, and serine increase slightly and level off at steady state levels < ~5%. (Bottom, L) The
13C-Enrichment of measured citrate (black) was was simulated by including a predominantly (85%)
cytosolic pool (blue) along with a mitochondrial pool (green). The enrichment of glutamate (red) closely
followed the simulated enrichment of mitochondrial citrate. (Bottom,R) Measurments of intracellular
metabolite concentrations show that citrate, proline and glutamate are the most abundant cellular
metabolites.
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We found that citrate, proline, and glutamate/glutamine (glx) were the most
abundant intracellular metabolites. The large pool of citrate suggested that its delayed
enrichment resulted from metabolic compartmentation. Therefore, we used the pooled
metabolite concentrations and flux data from a subsequent MFA (below) to simulate the
13C-Enrichments of cytosolic (Citc) and mitochondrial citrate (Citm), along with alpha-
ketoglutarate (from glutamate). The simulated enrichments closely fit the measured
values when citrate was predominantly partitioned in the (> 85%) cytosol, and when the
reaction from Citm = Citc was significantly smaller (< 4%) than the flux through the
TCA cycle.

The ILE reached approximate isotopic steady state within 45 hours, and the data
from this timepoint was utilized in a steady state MFA (Figure 3.17, Table A3.18). Here,
we excluded citrate from the data set, though we found that the calculated Citrate MID
values matched the measured values from the 72 hour timepoint. The flux results
indicated that acetate was catabolized in the TCA cycle for aerobic ATP production, and
not metabolized via the glyoxylate shunt for gluconeogenic biomass formation. The
resulting 3CO, was washed out by free exchange with naturally abundant CO2, and thus
was not fixed by P. tricornutum. The calculated net rates of carboxylation/oxygenation
by RuBisCO varied within MFA, however the ratio of carboxylation/oxygenation
remaind fairly consistent, with CO; fixation accounting for 61% + 9% of the RuBisCO
activity. The CO supplied for photosynthetic fixation may have come via either a
biochemical C4 CCM or via a biophysical pump, as the isotopic data was insufficiant for

the MFA to discriminate between the two mechanisms.
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Figure 3.17 Metabolic flux map showing respiration of acetate during mixotrophic growth. The
plastidic flux through the calvin cycle and photorespiration was calculated as significantly larger than flux
through the TCA cycle, which operates in a cyclic rather than a bifurcated manner. No flux through the
glyoxylate shunt was calculated, meaning that the acetate was largely utilized for energy production, and
not biomass formation. Flux through the photorespiration pathway is shown on the lower left. Arrow
widths correspond to net flux rates. The flux is reported in mmol / (100 g DW *h).

We could not identify a specific isotopic signature that could provide
experimental justification for the lack of flux through the glyoxylate cycle, so we
compared a series of flux modes to uncover the isotope labeling patterns that would result
from anabolic flux through the glyoxylate cycle. We found that the sum of square
residuals (SSR) between our measurmed isotopomers and the simulated isotopomers was
2.9 times larger when acetyl-CoA was incorporated into biomass through the glyoxylate
cycle (Gox Fixation). We also found that the SSR was 2.6 times larger when internally
generated CO, was refixed in the calvin cycle (CO2 Fixation) instead of being freely
released and exchanged with atmospheric CO. (Respiration) (Figure 3.18). In both
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instances, the MFA found a flux profile that could fit the measured isotopomers of
metabolites such as malate and serine, but it struggled to fit the isotopomers of glutamate
fragments. The resultant M+2 MI of glutamate was substantially higher than the

measured value in both cases (Figure 3.19).
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Figure 3.18 The MFA is highly sensitive to the fate of metabolized acetate.

Aerobic respiration (green) of glyoxylate produces the best fit and lowest error (SSR) of the isotopic data
compared to biomass generation via photosynthetic refixation by RuBisCO (blue) or via the glyoxylate
shunt (yellow). Refixation of 3CO, from U-'3C acetate leads to higher overall carboxylation (RuBis-CO,)
and oxygenation (RuBis-O,) activity, along with higher flux through the photorespiratory pathway

(VscAT), while also lowering the TCA cycle flux. A slight increase in flux through malate synthase (MS)
leads to even higher error, with a similar shift in flux patterns.

We were able to determine the reason that the SSR increased substantially when
acetate was incorporated into biomass by analyzing the carbon atom rearrangements of
the network. U-'3C acetate was converted to acetyl-CoA and entered the TCA cycle. In
the absense of flux through the glyoxylate cycle, acetyl-CoA only entered the cycle once,
to form citrate. This generated a substantial M+2 MI in glutamate, whose signature was
then diminished in the rest of the cycle. The reduced M+2 signature was caused by rapid
exchange of unlabelled material from pyruvate + HCO3 to oxaloacetate that propogated

through the cycle due to the highly reversible nature of the reactions between
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oxaloacetate, malate, and fumarate. However in the alternate scenario, when additional
labeled material enters through the glyoxylate cycle via malate synthase, then the mass
balance dictates a net export of now isotopically labeled pyruvate + CO> from the TCA
cycle. This would create a cascade of poorly fit isotopc data due to their increased
enrichments. Thus, the MFA instead minimized the global error by decreasing net flux to
the TCA cycle from pyruvate to acetyl-CoA.The net effect of this was an increase in the

M+2 labeling on glutamate (Figure 3.19).
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Figure 3.19 Flux through the glyoxylate shunt yields a distinct isotopic signature.

The glyoxylate shunt is utilized to synthesize malate from acetyl-CoA for gluconeogenic biomass
formation. The shunt would rapidly cause labeled pyruvate to be exported from the cycle leading to
elevated isotopic enrichments throughout the network. Instead, the error minimization drove reduced flux
into the TCA cycle, which increased the M+2 abundance of glutamate above the measured values. The
ability of each flux scenario to fit the measured data is shown for comparison. The mass isotopomers of
malate and the isotopomers of serine are equally well fit by each scenario, while the respiratory scenario
fits glutamate significantly better than the other two scenarios. Net fluxes are depicted as either higher in
the Respiration scenario (green) or during the Gox Fixation scenario (yellow). Atoms numbers are based
upon the atoms of OAA[1234], Acetyl-CoA[AB], and R5P[abcde]. Red shading indicates *3C enriched
atoms.
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3.3.4 Discussion

The isotopic and metabolomic data from the 3C-acetate ILE illustrates some of
the challenges involved in computational flux analysis of P. tricornutum. Chiefly, that
subcellular measurements of reaction rates and metabolite concentrations within
organelles is necessary to fully understand metabolism. Here, the large pool of glutamate
showed a rapid increase in *C-enrichment over time, while the slightly larger pool of
citrate displayed a significantly slower enrichment rate. We found that this apparent
dichotomy could be explained by a large cytosolic pool (>85%) of citrate and a small
mitochondrial pool of citrate, with a flux rate Citn—=> Citc << vtca. Cytosolic citrate is
catabolized by the enzyme ATP citrate lyase, which performs the reverse reaction of
citrate synthase in the TCA cycle and cleaves a molecule of acetyl-CoA for fatty acid
biosynthesis (Montsant et al., 2005). Acetyl-CoA can also be synthesized in the plastid
and mitochondria from pyruvate dehydrogenase, and the phosphoketolase pathway,
however the simulated data fit our measured enrichments of glutamate better with a
higher flux through the TCA cycle that was equivalent to the flux necessary to support
fatty acid biosynthesis from citrate (Bowler et al., 2008; Kroth et al., 2008).

The predominant error in the MFA was clustered around aspartate, malate, and
fumarate. We can see from the MFA that the larger abundance of the M+1 MI of
aspartate, instead of the expected M+2 MI generated from the incorporation of fully
labelled acetate, was explained by the a rapid and extensive exchange with pyruvate and
COz via PYC or another anaplerotic enzyme. Nonetheless, we are currently unable to
explain why aspartate became enriched earlier and to a greater extent than malate and

fumarate. This pattern cannot be explained by known metabolic reaction in P.
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tricornutum. If the reactions were fast and highly reversible then the enrichments would
have increased simultaneously, whereas if the reactions were slow, then the enrichment
order from high to low should have been Fum->Mal->Asp for cyclic TCA cycle flux, or
Mal->Fum, Mal->Asp for flux through the glyoxylate shunt. No known reaction from
acetate, citrate, alpha-ketoglutarate, or succinate bypasses fumarate and malate and leads
directly to oxaloacetate. We therefore leave these results as an area for future study.

Our flux map is relatively simple compared to the complex metabolism within P.
tricornutum. Metabolic compartments, a multitude of duplicated reactions, and an
incomplete understanding of metabolic transporters combine to create a significantly
underdetermined network that cannot be adequately resolved using current measurement
techniques.

We were able to validate that acetate is respired to CO> for energy production in
spite of these limitation, by considering three separate fates of acetyl-CoA, and using
MFA to identify the isotope labeling patterns they would generate. In the first, acetyl-
CoA was converted to CO- in the TCA cycle, and the CO2 was able to freely diffuse out
of the cell. In the second, we considered the case where the respired CO. was re-fixed by
RuBisCO. This metabolism has been identified as a C CCM, and has been found to
minimize COz loss during photorespiration (Hagemann et al., 2016; Sage et al., 2012). In
the third scenario, the acetate was metabolized via the cononical glyoxylate shunt, which
yields pyruvate that can be utilized for gluconeogenic biomass formation. The drastic
change in the degree of fit, as seen in the SSR, demonstrated that our isotopic data was
highly sensitve to even small changes in CO2 exchange and carbon fixation through the

glyoxylate shunt. It is important to understand that we are not reporting isotope labeling
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patterns or flux profiles that we would observe with either of these two alternate
scenarios; rather these results show that aerobic generation of CO, from acetate provides
a significantly better explanation of the data we collected.

The Flux results reported here are qualitatively and quantitatively similar to
predicted fluxes for autotrophic and mixotrophic metabolism that were obtained via flux
balance analysis (Kim et al., 2016). Our calculated flux analysis did differ however in
calculating linear flux through the TCA cycle without glyoxylate shunt flux, while the
FBA predicted a bifurcated cycle with a small flux through the glyoxylate shunt. The
glyoxylate shunt is necessary for heterotrophic (dark) growth on acetate, because it
conserves carbon lost to CO> in the TCA cycle for gluconeogenic biomass formation.
Therefore the absence of calculated flux through this pathway aligns with prior reports
that acetate is primarily oxidized to COz by P. tricornutum (Cooksey, 1974). As such, it
IS not surprising that minimal change has been reported in biomass productivity with
acetate as a substrate. Oxidative metabolism of acetate drives ATP production within the
mitochondria. While this may be an additive process that improves cellular energy yield,
reported drop in photosynthetic efficiency and pigment concentrations during
mixotrophic growth on acetate suggests that the mitochondrial ATP replaces rather than
supplements the harvesting of photosynthetic energy in the diatom (Ceron Garcia et al.,

2006; Liu et al., 2009).
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Chapter 4: Silencing Pyruvate Carboxylase in Phaeodactylum
tricornutum Diminishes the Carboxylation Rate, Consistent with a

C4 Carbon Concentrating Mechanism

4.1 Introduction

Photosynthetic carbon assimilation of CO> by plants and algae is predominantly
performed using the Calvin-Benson-Bassham cycle, with the key enzyme Ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) catalyzing the carboxylation of COo.
The rates of photosynthesis and photorespiration are therefore dependent on the
concentrations of dissolved CO> and O in the vicinity of the RuBisCO enzyme. Due to
the low solubility [1.45 g/L] of CO2 in water the dissolved [COz] in the vicinity of
RuBisCO is typically half the level of the Michaelis constant of RuBisCO for CO:
(Hopkinson, 2014; Hopkinson et al., 2011). Therefore, RuBisCO in most phototrophs
fixes CO. at a sub-optimal enzymatic rate, which is exascerbated at high temperatures
where the solubility of dissolved CO2 and Oz shifts in the direction of Oz (Clement et al.,
2016, p. 2; Reinfelder, 2011). For these reasons, engineering efforts to increase plant
growth rates or adapt to higher climatic temperatures will benefit immensly from
increases in RuBisCO’s photosynthetic rate.

Some phototrophs have developed mechanisms to increase photosynthetic carbon
fixation by increasing the concentration of CO2 around RuBisCO (Roberts et al., 2007).
These carbon concentrating mechanisms (CCMs) share a number of common features
including 1) the conversion of CO; into an intermediary compound, 2) an energy

dependant enzyme that pumps the intermediate against a concentration gradient into a
69



separate organelle or cell, and 3) a CO2 impermeable meambrane that traps CO> in the
vicinity of RuBisCO. CCMs take two forms, either a biophysical DIC pump known as a
Cz CCM, or a biochemical shuttle pathway known as a C4 CCM. The biophysical Cs
CCM utilizes the enzyme carbonic anhydrase (CA) to convert CO, and water into a
bicarbonate anion and a proton (CO2+ H2O €-> HCOs + H") (Tachibana et al., 2011).
A bicarbonate transporter then shuttles bicarbonate across a membrane, where it is then
either enzymatically converted back to CO2 by carbonic anhydrase or it naturally shifts
CO: to satisfy the equilibrium relationship in acqueous solutions. This pathway is
therefore termed a C3 CCM, because the inorganic CO: is first fixed organically by
RuBisCO into the 3-carbon compound 3-phsophoglycerate.

The biochemical Cs4 CCM begins by carboxylating a Cs compound, such as
pyruvate or phosphoenolpyruvate, to a C4 compound, such as malate or oxaloacetate. The
Cs compound is then transported across a membrane to RuBisCO, where it is
decarboxylated and thus releases CO.. The resulting Cz compound is then transported
back across the membrane, completing the cycle.

Conflicting evidence for both a Czand a C4 CCM has been found in the diatom
Phaeodactylum tricornutum (Valenzuela et al., 2012). As a model diatom species it has
been extensively studied and is one of the few diatoms with a fully sequenced and
annoted genome (Fabris et al., 2012). The annotation revealed putatative enzymes that
could operate both a biophysical and biochemical CCM. Experimental evidence
supporting the activity of both CCMs has also been reported. The case for a biophysical
CCM was strengthened by the discovery of 9 isoforms of CA whose extracellular and

intracellular distribution allows for a “chloroplast pump” in which extracellular dissolved
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inorganic carbon (DIC) is successively pumped into the cytosol, chloroplast and pyrenoid
(Hopkinson, 2014; Tachibana et al., 2011). Transcription of CA and the efficiency of
HCOs uptake both increased with decreasing atmospheric COz levels, which is indicative
a a functional biophysical CCM.

Strong evidence of a biochemial C4 CCM has been found with stable H*CO3™ and
radioactive 4CO; isotope labeling experiments (ILEs) (Holdsworth and Colbeck, 1976;
Zheng and Sriram, in preparation/revision). The major C4 metabolites aspartate, malate,
fumarate, and succinate were rapidly enriched in **C during multiple instationary ILEs,
while C3 metabolites derived from the products of RuBisCO required substantially more
time to display *C enrichments. Additionally, the expression of both isoforms of
pyruvate carboxylase (PYC) was found to be stimulated by light, which is consistant with
an active Cs pathway. In spite of these promising results, silencing of pyruvate-
orthophosphate dikinase (PPDK) and inhibition of phosphoenolpyruvate carboxylase
(PEPC) and phosphoenolpyruvate carboxykinase (PEPCK) independently failed to
repress the rate of photosynthesis as was expected if a C4 CCM were active (Ewe et al.,
2018; Haimovich-Dayan et al., 2013).

With compelling evidence both for and against an active C4 CCM in P.
tricornutum, we decided to investigate DIC uptake using itosopically labeled H*3CO3
tracing to search for the presence or abscense of the characteristic C4 labeling signature.
We also generated silenced P. tricornutum lines with prospective Cs4 pathway genes
knocked down via RNA antisense. The uptake of H3CO3;™ was then compared to the wild
type line. We report results for two silenced lines. The first knockdown (sPEPC) silenced

the plastidic isoform of phosphoenolpyruvate carboxylase (PEPC1). The second
71



knockdwon (sPYC) silenced both the mitochondrial and stromal isoforms of pyruvate
carboxylase (PYC1 & PYC2). These cell lines were generated using targeted RNA
antisense provided by Dr. Zhongchi Liu and John Sittmann.

We targeted PEPC because it is traditionally thought to be part of C4 CCM’s
(Roberts et al., 2007) . Additionally, P tricornutum has no plastidic PEPCK isoform to
perform the irreversible decarboxylating step. Therefore, we investigated whether the
reversible PEPC reaction could be responsible for plastidic release of DIC. We targeted
PYC1 and PYC2 after gene expression analysis revealed that both genes are
oxerexpressed in light, compared to dark (Zheng and Sriram, in preparation/revision).
From this analysis we hypothesized that both genes play a role in the C4 cycle and may
respectively perform the carboxylating and decarboxylating functions in the cycle.

Prior research in our lab uncovered strong evidence of a biochemial C4 carbon
concentrating mechanism (CCM) in P. tricornutum (Zheng and Sriram, in
preparation/revision). The C4 cycle was clearly identified during multiple instationary
ILEs. Our goal was to learn more about its operation and to identify key carboxylating
enzymes in the pathway. We report here that glutamate plays a role as an intermediate
level storage compound for fixed DIC. We then show that silencing PEPC (SPEPC)
exhibited no changes in growth rates or DIC uptake, while silencing PYC (sPYC) led to
morphological changes in addition to substantial reductions in growth rate, cellular

protein content, and DIC uptake.
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4.2 Materials and Methods

4.2.1 Cell culture and counting

P. tricornutum (strain CCMP 632) was obtained from the Provasoli-Guillard
National Center for Marine Algae and Microbiota (NCMA) (East Boothbay, ME), and
maintained aseptically by subculturing biweekly. Cultures were grown at either 24.5 °C
or 22 °C under constant light in 125 mL Erlenmeyer flasks containing 50 mL L1 culture
medium (NCMA) prepared in natural sea water (NCMA). Engineered cell lines were
cultured with 25 pg / ml Zeocin™ (Fischer Scientific, Hannover Park, II) as a selection
agent. The seawater was sterilized using an autoclave and L1 media was sterilized using
0.22 um filters (ThermoFisher Scientific, Waltham, MA). The flasks were placed in
refrigerated New Brunswick Innova 44R shakers (Eppendorf, Hauppauge, NY) with a 2-
inch stroke and programmable temperature, light and photoperiod controls. Cell numbers
were measured by aseptically transferring small aliquots (10 uL) of cell suspension from
cultures to INCYTO C-Chip disposable hemacytometers (ThermoFisher Scientific) and
counting visible cells with an Axiovert 135 TV microscope (Zeiss Oberkochen, Germany)
at 20X resolution. Two biological replicates each with two technical replicates were

counted for each time point.

4.2.2 Isotope labeling experiments, cell harvest, metabolites extraction, and derivatization

Cell cultures were grown for 6 weeks to a constant density of approximately 2 x
107 cells / ml. The cell suspensions were centrifuged at 8000 min™ for 6 min, and the

supernatant was removed. For rapid experiments conducted within 30 minutes the cell
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pellets were then transferred to 2 ml microcentrifuge tubes and resuspended in 500 pL of
L1 media with 35 mg / ml of *C sodium bicarbonate (Cambridge Isotope Laboratories,
Cambridge, Ma). Cellular metabolism was quenched at the designated time point by
immersing the tubes in liquid nitrogen. At time-points longer than 10 minutes the tubes
were centrifuged at 13,300 min for 30 s and the supernatant was removed. For long term
labeling experiments up to 4 days the cell pellets were resuspended in 50 ml of fresh L1
media supplemented with 17.5 mg of *3C sodium bicarbonate. The media was removed
and the pellets quenched as per the rapid labeling experiments.

Soluble metabolites and lipids were extracted from frozen pellets with 700 uL
boiling methanol. The mixture was incubated at 35 °C for 1 hour and then mixed with
370 uL chloroform and 700 uL deionized water. The samples were vortexed for 1 min
and then centrifuged at 13,300 min for 10 min. The top aqueous layer and bottom polar
layer were removed into separate tubes. The extraction was repeated on the remaining
cell pellet and the extracts were combined and dried under nitrogen.

The soluble metabolites were heated for 1 hr at 35 °C in 50 pL of 20 mg/ml
methoxyamine hydrochloride in pyridine (Sigma Aldrich). The mixture was then
derivatized for 1.5 hr at 70°C with 50 pL of N-(tert-butyldimethylsilyl)-N-
methyltrifluoroacetamide (MTBSTFA) + 1% tert-butyldimethylchlorosilane (TBDMCS)
(Thermo Scientific, Rockford, IL) . The lipids in the nonpolar layer were converted to
fatty acid methyl esters (FAMES) following the protocol in [x]. Briefly, 1 mL of 3M
methanolic HCI (Sigma Aldrich) was added to the dried chloroform layer. The sample
was divided in half, and heated at 50°C for 10 min and 80°C for 2 hr to respectively

convert the free fatty acids (FFAs) and total lipids to FAMEs. The samples were cooled
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and extracted by vortexing 2X with 1 mL hexane. The FAME containing hexane layer
was removed, combined with a heptadecanoic acid methyl ester standard and dried under
nitrogen. The sample was then reconstituted in 100 puL hexane for GC-MS analysis.
Proteinogenic amino acids were extracted from quenched cells by lyophilizing
overnight at room temperature and 150 pbar. The lyophilized pellet was hydrolyzed by
adding 2 mL 6N HCI and incubating at 155 °C for 4 h. Before hydrolysis, the hydrolysis
tube was evacuated, then flushed with nitrogen to remove residual oxygen, and then re-
evacuated, followed by two more repetitions of these steps. The resulting hydrolysate was
cooled to room temperature, centrifuged to remove cell debris and dried overnight under
a nitrogen stream. The extracts were then mixed with deionized water containing a
norleucine standard and lyophilized again. After lyophilization, this mixture was
reconstituted in 150 pL dimethylformamide (DMF) and derivatized with 80 pL
MTBSTFA + 1% TBDMCS at 70°C for 1.5 h. The derivatized sample was injected into a

GC-MS, using DMF as solvent.

4.2.3 Quantification of mass isotopomer abundances by GC-MS

All GC-MS analyses were performed on a Varian 300MS quadrupole GC-MS
unit (Bruker Corporation, Fremont, CA), equipped with an autoinjector and a VF5-ms
column of dimensions 0.25 mm % 30 m x 0.25 um. Typically, 1 pL of derivatized amino
acids, in 3 technical replicates, was automatically injected at a split ratio of 1:15, with
helium as the carrier gas at a constant flow rate of 1.0 mL min™. The inlet, transfer line
and source temperatures were set at 250°C, 280°C and 280°C respectively. The oven

temperature for MTBSTFA derivatized samples was initially held at 150°C for 2 min,
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then increased at 3°C min™ to 250°C and then at 20°C min* to 300°C, where it was held
for 1 min. The MS ran in electron ionization mode with a collection delay for 3 min.
Mass spectra were recorded in both scanning and selected ion monitoring (SIM) modes.
The oven temperature for FAME analysis was set at 150°C for 2 min, increased to 205°C
at 10°C min, then increased to 230°C at 3°C min, and finally increased to 300°C and
held for 3 min at 10°C min™.

All mass spectral data were analyzed and quantified with the manufacturer’s
Varian MS Workstation software (Bruker, Billerica, MA). Raw mass spectral data were
processed to filter out natural abundances of elements other than metabolic carbon, using
a previously developed in-house MATLAB program, whose accuracy has been verified
by us by processing a variety of amino acid isotopomer mixtures of known isotopomeric
compositions (data not shown). The resulting mass isotopomer distribution data were
converted to *C enrichments of individual amino acid fragments by using SVD. The
accuracy of the SVD method for obtaining *C enrichments was verified by processing a
synthetic set of amino acid MIDs and ensuring that the predicted enrichments were
obtained (G. Sriram, unpublished calculations). MIDs obtained from steady-state ILES
are listed in Supplementary Tables A4.1 to A4.4. Selected MIDs and *3C enrichments are

shown and discussed in Results.
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4.3 Results

4.3.1 DIC assimilation in P. tricornutum

We observed rapid enrichment in the Cs metabolites aspartate, malate, and
fumarate over a period of 1-30 minutes of adding NaH!COs, which was in agreement
with previously reported results (Zheng and Sriram, in preparation/revision). The rapid
enrichment of these metabolites gradually propagated over 8 hours to measurable 3C
enrichment in other metabolites, including alanine, lactate and glutamate. In each
metabolite the isotopic label was incorporated exclusively into Cyy of both metabolites,
reaching a maximum enrichment of 6% in Ala[1] and Lac[1] and 14% in Glu[1]. This
pattern corresponds to the Ca fixation of *CO, onto oxaloacetate, which is then
metabolized via the TCA cycle and PYC to glutamate and alanine.

Unlike glutamate, citrate surprisingly did not exhibit an increase in 3C
enrichment over the 8 hour experiment. We expected that the enrichment of citrate would
rise slightly before, or in concert with, glutamate as the tracer moved through the TCA
cycle. However, we observed similar results in independent U-3C acetate ILE’s,
(Chapter 3.3) in which the enrichment of citrate lagged behind all other TCA cycle
metabolites. Citrate is exported to the cytosol from the mitochondria in order to support
fatty acid biosynthesis, and therefore it is probable that the majority of citrate exists as a
separate pool in the cytosol that does not participate in the mitochondrial TCA cycle.

Metabolomics measurements from the 8 hour experiment revealed that citrate,
glutamate, proline, and alanine were the most abundant measured cellular metabolites.

The intracellular concentrations of glutamate and alanine exhibited 4-fold and 12-fold
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increases respectively within 8 hours of supplementation with DIC. When combined with
the observed isotopic enrichments in each metabolite, we calculated that 91% of the
measurable 3C assimilated during the experiment was ultimately taken up into glutamate.

Thus, glutamate acted here as a sink to store fixed carbon in the presence of excess DIC

(Figure 4.1).
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Figure 4.1 Assimilation of *3C into metabolic sinks after supplementation with labeled bicarbonate.
Addition of isotopically labeled bicarbonate leads to increased intracellular glutamate labeled at position
C1, which is consistent with C4 fixation into oxaloacetate or malate. A) The carbon atom rearrangements for
C, fixation into glutamate are shown, with red squares indicating *3C enriched atoms. Metabolite pool sizes
are represented by shaded circles. B) Comparing the *C enrichment of glutamate; and glutamatesss shows
that the label is exclusively fixed to Ci. C) The aspartate[00XX] cumomer followed by the aspartate[1000]
isotopomer are the most abundant of the M+1 and M+2 isotopomers. Here “1” indicates **C, “0” indicates
12C and “XX” indicates the combined aspartate[0010] and aspartate[0001] isotopomers. D) The
intracellular concentrations of the five most abundant metabolites over time reveals glutamate and alanine
increased significantly over 8 hours, with glutamate being the most abundant metabolite by the end of the
experiment. Multiple isotopic measurements indicate that the citrate pool is predominantly outside of the
mitochondria in the cytosol, and plays a negligible role in the pathway.

78



We also traced the incorporation of H3CO3™ over a longer 72 hour time window.
By clustering metabolites we can see how the enrichment rises and then falls first in the
C4 metabolites as the pulse is washed out and migrates to other biomass components.

Critically, the C3 metabolites and sugars become enriched after the Cs4 acids (Figure 4.2).
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Figure 4.2 13C Enrichment profiles of metabolites during autotrophic growth. The progression of 13C
enrichment and subsequent depletion within metabolite classes traces the incorporation of DIC into
biomass. Here the C4 compounds spike immediately, before the label reaches C3 acids and sugars. Each
class includes multiple metabolites, C4: (red) aspartate, fumarate, malate; C3: (blue) alanine, glycerate,
lactate, serine; Saccharides: (grey) disaccharide, glucose, galacturonate, mannose, threose, xylose; C5/6:
(green) citrate, glutamate; FA: (yellow) palmitic acid, palmitoleic acid, stearic acid.
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4.3.2 Phenotypic response to C4 knockdown

The P. tricornutum sPEPC line exhibited no significant differences in cell
morphology, growth rate or biomass composition compared to the eGFP control cultures
as measured over a 2 week period. The specific growth rate (us) for eGFP cultures during
exponential growth was ps = 0.58 + 0.05 day* while the growth rate for the sPEPC line
was s = 0.78 = 0.04 day. Both cultures reached stationary phase by day 13 with cell
densities of 1.52 x 107 + 0.07 x 107 cells / ml and 1.75 x 107 + 0.03 x 107 cells / ml for

eGFP and sPEPC cultures respectively (Figure 4.3).
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Figure 4.3 Growth rate comparison between eGFP controls, sSPEPC and sPYC knockdown lines. The
specific growth rate of sPYC lines (red, ps = .14 + .05 day™) was substantially lower than the rate for eGFP
control (grey, Us = .58 + .05 day™) and sSPEPC knockdown lines (blue, ps = .78 + .04 day™). The respective
rates for eGFP and sPEPC lines were not statistically different from one another.

Unlike the sPEPC lines, the sPYC lines grew significantly slower than the eGFP

controls. The average growth rate was only us = 0.14 = 0.05 day™ and cultures did not
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reach stationary phase until day 37 at a density of 6.9 x 10° + 2.9 x 108 cells / ml. The
sPYC lines contained a substantially larger proportion of oval vs fusiform cells than was
observed in wild type or control cultures. We do not report the exact proportion however,
because some formed large aggregated clumps of cells the settled to the bottom of flasks
under standard agitation rates. These aggregates appeared to bind together through
formation of an extracellular biofilm.

The biomass composition of sPYC lines also shifted compared to controls. While
the total lipid content of the biomass did not vary, we measured a 50% decrease in the
abundance of polyunsaturated fatty acids (PUFAs). The PUFAs composed of
eicosapentaenoic acid (EPA), hexadecatrienoic acid and docosahexaenoic acid accounted
for 21% =+ 3% of the total lipid content of the sPYC lines, compared to 40% = 3% of the
total lipids in the controls. The protein composition did not vary in the sPYC lines,
however the total protein as measured by hydrolyzed amino acids exhibited a precipitous
drop in sPYC cells during exponential growth phase, only accounting for 15% + 2% of

DW in sPYC versus 29% * 3% in the eGFP line (Figure 4.4).

30% a Met 10%

uThr Brassicasterol
9%
25% . Asx ? mC24:0
0

E—
m0m 8% mC24:1
— = Dhpro mC22:0
20% Prodo % mC22:6

[a] [a)]
XX Pro NS u C20:0
(= o 6%
= Glx g uC20:5
T 15% mlys & 5% ci60 =C18:0
% ulle g C159 uCi8:1
o Leu a 4% mC18:2
810% —— mVal [ C16:0
(2(@ =Ala é 3% CLS:2 C16:1
C16:1
= Ser 206 C16:3
5% [— uGly u phytol
o c16:3 .
— oo e = o
0% = rhe 0% ’
sPYC eGFP sPYC eGFP

81



Figure 4.4 Macroscopic biomass composition comparison between eGFP controls and sPYC
knockdown lines. sPYC lines contained nearly 50% less protein by dry weight compared to controls
(Left), though the amino acid composition of the protein did not change. The total fatty acid content did not
change in abundance (Right), but it was altered in sPYC lines towards synthesis of saturated and
monounsaturated fatty acids instead of polyunsaturated fatty acids.

4.3.3 Rapid instationary isotope labeling experiment

We observed the characteristic signature of the C4 pathway in both eGFP and
SPEPC cultures during instationary isotope labeling experiments with 3C sodium
bicarbonate over a time span of 1-30 min. The C4 TCA cycle compounds malate,
aspartate and fumarate were the first compounds enriched in 3C (Figure 4.5). Analysis
of the mass isotopomers of the Cpi234) fragments revealed a nearly instantaneous increase
in the M+1 MI. Further analysis of the aspartate fragments revealed that the label
synthesized the Asppooo; and  Asppoxx] isotopomers, where “1” indicates *C, “0”
indicates *2C and “X” indicates one of the two atoms is 13C. The existence of the labeling
at Aspry is explained by the highly reversible nature of the TCA cycle reactions between
succinate and oxaloacetate, which coupled with the symmetry of succinate, caused the
assimilated 13C to flip to the Cpyj position.

In contrast to the SPEPC lines, the sPYC lines fixed bicarbonate at a decreased
rate in the instationary 3C ILE. Over the course of 30 minutes after incubating with
labeled NaH®COj; the 3C-enrichment was dramatically lower in aspartate, malate,
fumarate, lactate and glutamate compared to controls. Furthermore no corresponding
labeling was detected in Cz metabolites that would be indicative of a switch to a

biophysical Cz3 CCM (Figure 4.5).
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Figure 4.5 sPYC lines exhibit a reduced rate of **C enrichment, consistent with a reduction in a Cs
CCM. Knockdown of mitochondrial PYC1, or plastidic PYC2 and PEPC2 may inhibit the carboxylating or
decarboxylating steps of the C4 CCM. Knockdown of PEPC2 had no effect on the carboxylation rate as
seen in the *C enrichment profiles of aspartate, malate, fumarate and glutamate C;. In contrast, the
carboxylation rate was drastically reduced by knockdown of PYC1 and PYC2, where the enrichment of
aspartate (ASP), malate (MAL), and fumarate (FUM) was at least 60% less than the controls after 30
minutes. Only small amounts of labeling were measured in glutamate; (GLU) and alanine; (ALA).

4.3.4 Long-term instationary isotope labeling experiment

While silencing both isoforms of PYC inhibited Cs bicarbonate fixation, the
instationary ILE yielded no data about overall carbon fixation rates. We performed a long
term ILE over two days to investigate carbon incorporation into cellular biomass. The *3C
enrichments of biomass constituents harvested 2 days after adding NaH*3CO3 to eGFP
and sPYC cultures demonstrated that the sPYC lines retain the ability to assimilate HCO3

into biomass; however the eGFP cultures assimilated DIC significantly faster than the
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sPYC cultures. Fragments of hydrolyzed proteinogenic amino acids from the sPYC
cultures reached an average ‘3C enrichment of 14.2% =+ 3.1% after 2 days. In contrast, the
eGFP cultures reached an enrichment of 28.0% = 1.5% after 2 days. The extent of
isotopic label indicated the amount of new protein synthesized over the proceeding 48
hours, which demonstrated that the new biomass synthesis rate in the knockdown lines

were half that in the controls.

4.4 Discussion

Identifying the functional C4 pathway in P. tricornutum has proven elusive,
because numerous enzymes can perform the carboxylation and decarboxylation reactions
within the cycle. By combining the information on enzyme localization from the
literature and from available subcellular localization algorithms, we identified 15 possible
core C4 cycles in P. tricornutum (Kroth et al., 2008). We define a core cycle here as the
minimum number of enzymatic reactions necessary to complete the C4 cycle. Cycles with
additional intermediary reactions and metabolites should be viewed as subsets of each
core cycle. Within the core C4 cycles, mitochondrial PYCL1 is the carboxylating enzyme
in 6 cycles, while plastidic PYC2 and PEPC2 are each the decarboxylating enzyme in 5
cycles.

Our results suggest that either or both of PYC1 and PYC2 participate in the P.
tricornutum C4 cycle, while PEPC2 does not. Recent work inhibiting PEPC with a
specific inhibitor 3,3-dichloro-2-(dihydroxyphosphinoylmethyl)-propenoate also found
no effect on photosynthetic activity, as measured from O evolution rates. From these

combined results, we narrowed down the number of viable cycles to 7(Ewe et al., 2018).
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If we further utilize the results from Haimovich-Dayan et al. who showed that silencing

PPDK has no effect on the C4 pathway, then the number of viable cycles shrinks to 3

(Haimovich-Dayan et al., 2013). Each of these pathways share pyruvate as the Cs

compound. In two cycles it is carboxylated by PYC1 to oxaloacetate, and in the other it is

carboxylated by ME1 to malate.

Table 4.1 Comparison of potential C4 pathways in P. tricornutum against experimental results. The 15
core cycles here show the carboxylation, transport, and decarboxylation enzymes that could form a C4
pathway. Evidence from transcript knockdown or enzyme inhibition experiments has either supported or
negated the function of these pathways. (¥) indicates our results, (£) is from the work of Haimovich-Dayan

etal.
# Extreme C, Pathways Evidence Supported
1 |PEPCL PEPC2 ¥ -
2 |PEPC1 PYC2 PPBK £ -
3 |PEPCL MDH ME2 _PPBK Y £ -
4| PK  PYCL PEPCZ ¥ -
5| PK PYCL PYC2 pPBK £ -
6| PK PYCL MDH ME2 £ -
7| PK MEL MDH PEPC? ¥ -
8| PK MEL MDH £ -
9| PK  MEL ¥ £ -
10| ME1  MDH ¥ -
11| MEL MDH PYC2 ¥ +
12| ME1L ME2 ¥ =
13| PYCL PEPC2  PK ¥ -
14| PYC1 PYC2 ¥ +
15| PYC1 MDH ME2 ¥ -+

It would be possible, in principle, to discern which of these 3 routes is utilized in

P. tricornutum by using our instationary labeling experiments to measure labeling rates in

malate and oxaloacetate. However, oxaloacetate concentrations are typically below the

detectable limit in extracts from P. tricornutum cultures, and the reactions of the TCA
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cycle between succinate and oxaloacetate are rapid and highly reversible. As a result, we
are unable to identify which C4 compound is first formed from carboxylation of the DIC.

In spite of the present experimental limitations we were able to show that labeled
bicarbonate enters metabolism via a carboxylating enzyme before propagating through
the rest of metabolism. Some of that label was transiently stored in pools of glutamate,
however that may be a response to the artificially high DIC levels in our experiment.

We were aware that the putative activity of both a biophysical and biochemical
CCM in P. tricornutum could compensate for one another, and that the inhibition of one
mechanism would be compensated by the other. Here however, we found a dramatic
decreases on overall DIC fixation in the sPYC lines, which indicates that an active
biophysical DIC pump was unable to compensate for low levels of functional PYC
transcription.

Knockdown of PYC also appears to induce a high prevalence of the oval
morphotype. Studies of oval and fusiform cells have shown that oval cells produce a
complex extracellular polymeric substance, whose production lowers the measured
protein and lipid content as a percentage of biomass (Ukeles and Rose, 1976). The
reduction in protein content conforms to our results, however we do not know whether
the inability to synthesize sufficient protein induces the morphological change, or
whether the change regulates protein synthesis. Significant impairment of photosynthetic
carbon fixation may induce cells to enter a less active state, in which significantly less
protein for growth and energy harvest is required. The oval morphotype is already known

to proliferate due to stress induced low temperatures and hyposalinity. Interestingly, this
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morphotype also displays a disorganized plastid structure that may be indicative of an

impaired photosynthetic apparatus (De Martino et al., 2011).
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Chapter 5: 13C Metabolic Flux Analysis of the Marine Cellulolytic
Bacterium Saccharophagus degradans 2-40 Reveals Unique

Modes of Glucose, Cellobiose and Xylose Utilization

_The following chapter and figures are taken from our soon to be submitted manuscript
Quinn AH, Gastfriend BD, Hutcheson SW, Sriram G, 3C Metabolic flux analysis of the
marine cellulolytic bacterium Saccharophagus degradans 2-40 reveals unique modes
of glucose, cellobiose and xylose utilization. The authors retain the copyright and have

approved of its usage.
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5.1 Introduction

The search for a biosynthetic route to convert cellulosic biomass into high-value
fuels and chemicals has been a major goal in alternative energy research. Plant-derived
cellulosic biomass is abundantly available, is relatively inexpensive and does not conflict
with food supply. However, the efficient breakdown of this biomass is difficult because
of the complex polysaccharide bonds in hemicellulose, cellulose and lignin. Only a
limited number of microorganisms identified thus far innately express the necessary
cocktail of enzymes to digest these polysaccharides into sugar monomers. While attention
has also focused on numerous anaerobic bacteria such as Clostridium thermocellum, C.
cellulolyticum and C. cellulovorans that can ferment cellulose to lactate, acetate, formate
and ethanol (Liao et al., 2016), a few phylogenetically similar, cellulolytic bacteria, such
as Cellvibrio japonicus, Saccharophagus sp. Myt-1 and Saccharophagus degradans have
demonstrated an unparalleled ability to aerobically digest constituents of plant cell wall
biomass (Ekborg et al., 2005; Gardner, 2016; Sakatoku et al., 2012).

S. degradans (formerly Microbulbifer degradans) holds considerable promise as a
cellulose-fed biofactory. S. degradans is an obligately aerobic gammaproteobacterium
isolated from decaying salt marsh grass (Spartina alterniflora) in the Chesapeake Bay
(Andrykovitch and Marx, 1988). Previous work has experimentally confirmed S.
degradans’ ability to degrade more than ten polysaccharides, including agarose, chitin,
starch, cellulose, hemicelluloses, xylans and whole plant biomass (Suvorov et al., 2011).
Sequencing and annotation of the S. degradans genome revealed that the organisms
possess an inordinately large array of enzymes that act in consort to catabolize these

polysaccharides (Weiner et al., 2008).
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The S. degradans genome encodes 128 glycoside hydrolases and 127
carbohydrate-binding modules, suggesting that it is a powerful and versatile degrader of
carbohydrates (Weiner et al., 2008). Degradation of cellulose is accomplished in many
bacteria by the expression of an extracellular system of endoglucanases, which cleave
cellulose at random positions along its length, and cellobiohydrolases, which produce the
soluble cellobiose product by acting on the ends of cellulose fragments (Brady et al.,
2015). Cellobiose is the major product of cellulose degradation by S. degradans. While
this organism produces a large number of endoglucanases, it lacks a cellobiohydrolase,
instead employing an unusual system of glycoside hydrolase family 5 (GH5) processive
endoglucanases (Cel5G, Cel5H, Cel5J) that bind to and move along cellulose chains,
sequentially releasing cellobiose molecules (Watson et al., 2009).

Significant attention has focused on the catalytic activity and expression of
extracellular degradation pathways used by S. degradans to deconstruct polysaccharides
into monomers (Fraiberg et al., 2011; Hutcheson et al., 2011; Wang et al., 2016; Zhang
and Hutcheson, 2011), and other research has shown that the organism is a prolific
producer of poly-3-hydroxybutyrate (PHB), a carbon-storage polymer that is utilized as a
bioplastic (Alva Munoz and Riley, 2008).However, comparably little attention has
focused on intracellular metabolism of polysaccharide monomers to biomass and
product(s). Research to date has examined global changes in metabolite concentrations
between growth on various carbon sources such as glucose, cellulose, xylose, xylan and
agarose (Shin et al., 2010a, 2010b). They found significant changes in intracellular
metabolite concentrations, which the authors believed were indicative of flux changes

through various catabolic pathways. For example, metabolites in the pentose phosphate
90



pathway were more abundant during growth on the Cs sugars xylose and xylan than
during growth on Ce sugars such as glucose and cellobiose. Fatty acids were also
generally more abundant during growth on polysaccharides than during growth on
monosaccharides.

Understanding how hexoses, pentoses and lignin-derived monomers are
catabolized by such organisms is necessary to efficiently couple the catabolism to
reductive reactions leading to high-value chemicals. The results from cellulolytic
organisms that have been reported thus far show non-trivial metabolic changes that could
not be deduced a priori. This includes a steady-state kinetic analyses of Clostridium
cellulolyticum chemostats using macroscopic measurements, which found that fluxes
leading to biosynthesis differed between consumption of cellulose and cellobiose
(Desvaux, 2004; Desvaux et al., 2001). A tracer study utilizing unlabeled cellobiose and
13C bicarbonate in the anaerobic bacterium Clostridium thermocellum elucidated an
unknown reductive CO> fixation pathway that complements heterotrophic fermentation of
cellobiose to formate (Xiong et al., 2016). *3C tracing during co-metabolism of glucose
and cellobiose in strains of the cellulolytic ruminant Fibrobacter revealed differential
metabolism and partitioning of glucose and cellobiose (Matheron et al., 1998). Finally,
13C-metabolic flux analysis (MFA) in the lignin degrading soil bacterium Sphingobium sp.
SYK-6 found that metabolism of lignin-derived monomers significantly impacted CO-
release, C1 carbon metabolism, cataplerotic carbon pathways, and NAD(P)H reductant
synthesis (Varman et al., 2016).

In S. degradans, metabolomic analyses have reported significant metabolic

rearrangements between growth on glucose, cellulose, xylose, xylan, agarose, and
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galactose. These findings were based upon differences in absolute and relative
intracellular metabolite abundances (Shin et al., 2010a, 2010b). This included increases
in fatty acid and polysaccharide biosynthesis when grown on cellulose and xylan.
Furthermore, microscopic analysis revealed that cells become pleomorphic and produce
surface vesicles when grown on polysaccharides (Ekborg et al., 2005).

In this work, we report the use of 1*C MFA to investigate metabolism of biomass
sugars by S. degradans. Toward this, we performed and analyzed isotope labeling
experiments (ILEs) by feeding cellobiose (glucose dimer from cellulose), glucose (simple
Cs sugar) and xylose (Cs sugar from hemicellulose). We selected cellobiose (4-O-B-D-
glucopyranosyl-D-glucose) as a proxy for cellulose as it is the final product of cellulose
degradation in S. degradans, although the exact mechanism and location (intracellular vs
extracellular) of its conversion to glucose monomers in vivo is not fully understood
(Zhang et al., 2011). A significant advantage of using cellobiose is that positionally 3C-
labeled versions of it are commercially available, whereas positionally labeled cellulose
is not available.

We found that S. degradans utilizes the Entner-Doudoroff (ED) pathway instead
of the canonical Embden-Meyerhof-Parnas (EMP) pathway for glycolytic metabolism of
all three substrates. However, the organism utilizes a portion of the EMP pathway in
reverse to feed the oxidative oxidative-pentose phosphate pathway (oxPP) during xylose
metabolism. Flux through the oxPP was minimal and just sufficient to meet biosynthetic
demand during glucose metabolism, but was greater during cellobiose and Xxylose
metabolism. Biosynthesis of fatty acids was highest during xylose metabolism, which

also resulted in a reduced respiratory TCA cycle flux compared to glucose metabolism.
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For all three carbon sources, carbon was fixed anaplerotically into the TCA cycle from
pyruvate instead of from phosphoenolpyruvate. Our flux results are a starting point for

future analysis of the metabolism of complex plant biomass by S. degradans.

5.2 Materials and Methods

5.2.1 Cell culture and growth conditions

S. degradans (strain 2-40; ATCC 43961) cultures were maintained aseptically by
inoculating 200 pL of harvested cell suspension into 20 mL of a minimal medium
containing 23 g L Instant Ocean salts (Aquarium Systems, Mentor, OH), 2.0 g L urea,
1.0 g L yeast extract, 7.53 g L Tris buffer (pH 7.4) and 2.0 g L glucose. To transition
S. degradans from glucose to cellobiose, 10 mL of a glucose culture was added to 10 mL
of minimal media supplemented with 3 g L™ galactomannan (locust bean gum). After
48 h, 10 mL of this culture was added to 10 mL of minimal media supplemented with 4 g
L* cellobiose. After another 48 h, 200 pL of this culture was added to 20 mL of minimal
media supplemented with 2 g L cellobiose. Unless otherwise indicated, chemicals were
obtained from Sigma-Aldrich (St. Louis, MO).

Batch cultures were maintained in 125 mL Erlenmeyer flasks at 24.5 °C in New
Brunswick Innova 44 shakers (Eppendorf, Hauppauge, NY). Cell growth was monitored
by measuring ODsoo readings on a NanoDrop 2000 UV-Vis spectrophotometer (Thermo

Fischer Scientific, Waltham, MA).
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5.2.2 13C ILEs, cell harvest, metabolite extraction, and GC-MS analysis

Parallel, steady-state isotope labeling experiments (ILEs) were conducted in 3 mL
batch cultures in 6-well cell culture plates (Corning, Corning, NY) placed in a Biotek
Synergy HT microplate reader (Biotek Instruments, Winooski, VT) at 24.5°C with
continuous agitation. All ILEs were performed in biological triplicate, using a 30 pL
inoculum for each well. The glucose ILE was performed with 100% 1-*C glucose and
50% U-13C glucose (Cambridge Isotope Laboratories, Andover, MA) in parallel; the
cellobiose ILE was performed with 100% 1°-13C cellobiose and 40% U-1*C cellobiose
(Omicron Biochemicals, South Bend, IN) in parallel. The ¥*C-xylose ILE was performed
with 100% 1,2-13C xylose (Cambridge Isotope Laboratories, Andover, MA).

During the ILEs, cell growth was monitored by measuring ODeoo On the
microplate reader in which the ILE was performed. Cells were harvested in mid-
exponential phase growth and centrifuged at 13,300 min for 30 s. The supernatant was
removed for separate analysis and the cells were washed in 1 mL of seawater and
centrifuged again at 13,300 min for 30 s. The supernatant was discarded and the cell
pellet was quenched in liquid nitrogen and lyophilized.

To extract soluble metabolites, a mixture of 628 pL methanol, 251 uL chloroform, and
251 pL water was added to the dry cell pellet. This suspension was vortex mixed and held
at —20°C for 90 min, with vortex mixing at 30 min and 60 min, after which it was
centrifuged at 8000 min for 5 min and the supernatant removed to a separate vial. An
additional mixture of 286 uL methanol and 286 pL chloroform were added to the cell
pellet. The sample was vortex mixed and held at —20°C for 30 min, centrifuged at 8000

mint for 5 min, and the supernatant was added to the previously removed liquid extract.
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286 pL of water was added to the combined liquid extract to achieve phase separation.
The aqueous methanol layer was removed from the chloroform, 20 pg norleucine was
added to the methanol layer as an internal standard, and both liquid phases and the cell
pellet were dried under air. The dried aqueous layer was reconstituted in 50 puL of a 20
mg mL solution of methoxyamine hydrochloride in pyridine and heated at 33 °C for 90
min.

For analysis of sugars, 50 uL of N-methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA) was added and the solution heated at 33°C for 60 min. Alternatively, for
analysis of amino acids, 50 pL of N-methyl-N-(tert-butyldimethylsilyl)
trifluoroacetamide (MTBSTFA) + 1% tert-butyldimethylchlorosilane (TBDMCS) were
added and the solution heated at 65°C for 90 min. Lipids were analyzed by adding 200
puL of 3 N methanolic HCI to the dried chloroform layer and heating at 70 °C for 1 h.
After allowing the sample to cool to room temperature, 100 puL of hexanes were added
and the sample vortex mixed. The upper hexanes layer containing the methyl-esterified
lipids was collected. An additional 100 pL of hexanes was added to the acid raffinate and
vortex mixed. The upper hexanes layer was again collected and combined with the first
extract. 50 pg methyl heptadecanoate was added as an internal standard. The dry cell
pellet was hydrolyzed with hydrochloric acid and the proteinogenic amino acids were
derivatized and analyzed using gas chromatography-mass spectrometry (GC-MS) as
previously described (Zheng et al., 2013).

To quantify the uptake of carbon substrate and other media components, and to
quantify the excretion of metabolites, samples of fresh media and spent media (the

supernatant separated from the harvested cells after centrifugation) were frozen and
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lyophilized. These samples were processed using the extraction, silylation, and
esterification procedures described above. All samples were analyzed using a Bruker
450-GC gas chromatograph equipped with a Varian VF-5ms (30 m x 0.25 mm x 0.25
um) column coupled to a Bruker 300MS mass spectrometer (Bruker, Fremont, CA) in

electron ionization mode.

5.2.3 Elemental analysis and macroscopic measurements

Lyophilized cell pellets were analyzed for elemental carbon, nitrogen, and
hydrogen on a CHN Combustion Analyzer (Robertson Microlit Laboratories,
Ledgewood, NJ). Ash content was determined by dry oxidation of the biomass in a
Lindberg/Blue M box furnace (Thermo Fischer Scientific, Waltham, MA), ramped at 5°C
per minute from room temperature to 575°C and held for 12 h. Ash content was then
calculated from the weight difference of the biomass before and after the oxidation.

PHB content was measured gravimetrically and compared with a known amount
of PHB standard (Sigma-Aldrich, St. Louis, MO) as well as with E. coli as a negative
biological control. Three bacterial cultures were grown to mid-exponential phase and
harvested, dried to stability and weighed. The dried cells were mixed with 15 mL bleach
and incubated for 2 h at 37°C. The pellet was collected by centrifugation in glass tubes
and washed twice with water. The pellet was extracted twice with 20 mL acetone and
once with 20 mL 200 proof ethanol. The solvents were drawn off each time with a glass
pipette and the pellet was dried. The dried pellet was extracted three times with 2 mL
boiling chloroform. For each extraction, the sample was incubated at 70°C for 5 min. The

chloroform extracts were filtered through Whatman #1 filter paper and each filter was
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washed with 2 mL chloroform at the end. The combined chloroform extracts were
transferred to a weighed pan and allowed to air dry. The dried pellets were then re-
weighed. Soluble proteins were quantified using the colorimetric Bradford Assay.

5.2.4 Evaluation of metabolic fluxes from mass isotopomer distributions

Raw mass spectral data were processed using an in-house MATLAB algorithm
(Sriram et al., 2008) that corrects the mass spectral intensities by correcting for the
natural abundances of isotopes other than metabolic carbon and for the presence of M-n
peaks. We verified the accuracy of this algorithm by processing a set of isotopically
labeled amino acid standards mixed with known isotopic composition (data not shown).
Amino acid mass isotopomers were adjusted to account for measured uptake of non 3C
metabolites in the media (Tables A5.1-A5.5).

The flux evaluation program NMR2Flux+ (Nargund and Sriram, 2013; Sriram et
al., 2008, 2004) was used to fit the measured mass isotopomer distributions to a steady-
state metabolic flux model. As previously described, NMR2Flux+ uses a simulated
annealing global optimization method and cumomer balancing to evaluate fluxes from
ILE data. The goodness of fit of a model was evaluated using the sum of square residuals
(SSR) metric. A model was deemed statistically acceptable if the SSR values fit a x>
distribution with degrees of freedom equal to the number of measured mass isotopomers
(Figure AL.5). Additionally, NMR2Flux+ evaluates the confidence intervals of flux
values via a bootstrap Monte Carlo algorithm that perturbs the isotopomer values within
their respective standard deviations several hundred times. The metabolic model in this

work was initially constructed from genome annotation data in the Kyoto Encyclopedia
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of Genes and Genomes (KEGG) database and then refined when the refinement improved
goodness-of-fit as measured by SSR (Table A5.6).

NMR2Flux+ was also used, as previously described (Nargund and Sriram, 2013),
to design the *C xylose ILE by identifying a priori the specific, commercially available
13C xylose label or combination of labels that would maximize the identifiability of
specific intracellular metabolic fluxes. Briefly, we calculated the covariance of each flux
with respect to each measured isotopomers to determine the A-optimality criterion, which
is the trace of the covariance matrix Cov scaled by the number of rows or columns in
Cov. The A-optimality criterion is inversely proportional to flux identifiability. Thus,
repeating the above procedure for each label or combination of labels allows a
comparison of flux identifiability between these different experimental conditions. The
xylose labels evaluated were 50% U-13C, 100% 1-13C, 100% 2-13C, and 100% 1,2-13C.

(Table A5.8)

5.3 Results

5.3.1 S. degradans exhibits similar growth rates on cellobiose, glucose and xylose

The specific growth rate (1) did not vary significantly when glucose (0.184 +
0.001 h'Y), cellobiose (0.224 + 0.015 h%), and xylose (0.177 + 0.008 h'!) were used as the
predominant carbon sources (Figure A5.1). However, across various experiments, the lag
time before entering exponential growth varied substantially, from 12 h to 32 h after
inoculation. We found that cultures did not proliferate when cellobiose replaced glucose

as the sole carbon source without a transition step. We remedied this by inserting a
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transitory growth phase involving concurrent consumption of glucose and galactomannan
and lasting 48 h, before switching to cellobiose. We observed no effect on growth when
xylose replaced glucose as the carbon source.

5.3.2 Isotopic steady state, comparison of 6-well plate and shake flask cultures

We validated isotopic steady state in the S. degradans cultures by growing cells
on 20% U-'3C glucose, harvesting cells at three points during exponential growth (ODsgoo
= 0.14, 0.16, 0.18) spanning a two hour window and comparing their isotopomer
abundances. For each ODsoo value, we measured 166 amino acid mass isotopomers with
a technical standard deviation of 0.010. We found no significant differences in these
isotopomer abundances at any of the three ODsoo Values, as quantified by pairwise
Student t-tests. The deviation of the mean values across the time-points was < 0.005 in
84% of the mass isotopomers and < 0.010 in 93% of the data points. When plotted
against one another, the points align on the x =y = z axis (Figure A5.3).

We initially obtained isotope labeling data from U-'3C and 1-'3C glucose cultures
grown in both 20 mL shake flasks and in 3 mL 6-well plates. In the same way that we
tested for isotopic steady state, we examined the mass isotopomers data from parallel
labeling experiments in both vessels. The reduction in sample size led to decreased
signal/noise ratios, and thus the technical errors within replicates were larger in the 6-
well-plate experiments. Nonetheless a comparison via parity plot of the data shows that it
lies along the x=y axis, and a pairwise Student t-test of the mass isotopomers values

indicated no significant differences between the data sets (Figure A5.4).

99



5.3.3 The Entner-Doudoroff pathway is responsible for glycolysis of glucose and

cellobiose

The isotope labeling results resolved the flux between competing glycolytic
pathways, and revealed that S. degradans almost exclusively used the Entner-Doudoroff
(ED) pathway, rather than Embden-Meyerhof-Parnas (EMP) or the pentose phosphate
pathway (PP) for catabolism of glucose to pyruvate. The 1-13C isotope label was
particularly effective at resolving these fluxes, due to the differing cleavage mechanisms
in each pathway that yield unique isotopomers of multiple metabolites, including
pyruvate (Refer to Figure 3.5c for bond rearrangements). Phosphofructokinase (verk) in
the EMP pathway cleaves the bond between carbon atoms C3-C4 so that the labeled
glucose [100000] would become glyceraldehyde 3-phosphate [001] / [000]. 2-Dehydro-3-
deoxy-phosphogluconate aldolase (vepp) in the ED pathway also cleaves the Cs3-Cs of
glucose, however the labeled glucose [100000] would become pyruvate [100] and
glyceraldehyde 3-phosphate [000]. Finally, the labeled *3C of glucose would be lost to
13CO; via 6-phosphogluconate dehydrogenase (vercor) in the PP pathway, thus yielding
fully 12C pyruvate [000]. Thus predicted that EMP glycolysis would yield pyruvate with a
1:1 ratio of [001]:[000] isotopomers, ED glycolysis would yield pyruvate with a 1:1 ratio
of [100]:[000] isotopomers, and PP glycolysis would yield exclusively pyruvate [000].
Furthermore, the specific fluxes through each pathway could be calculated from the ratios
of these isotopomers.

We calculated the measured abundances of the alanine [000], [100] and [0XX]
isotopomers from the 1-3C glucose and 1°-*3C cellobiose ILEs by deconvolution of the

alanine,s and alaninei2s mass isotopomers. The labeling on Alanine; and Alanines could
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not be discriminated, and is therefore reported as the sum of their abundances. We
calculated that the fractional abundances of alanine [000], [100] and [0XX] were 0.54 +
0.01, 0.44 + 0.01 and 0.01 = 0.01 in the glucose ILE and 0.78 + 0.01, 0.22 + 0.01 and
0.01 £ 0.01 in the cellobiose ILE. These isotope labeling abundances closely matched our
prediction for exclusive ED flux in both the glucose and cellobiose ILEs (Figure 5.1).
The abundance of alanine [100] from the cellobiose ILE was roughly half that from the
glucose ILE, because 1°-13C cellobiose yields only 50% 1-3C glucose. While the isotopic
results showed a strong signal for ED pathway flux, the measured alanine [100]
isotopomers were slightly less abundant than the predicted values, which was indicative

of a small flux through the PP pathway.
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Figure 5.1: Alanine isotopomers fit predicted values for ED instead of EMP glycolysis. Comparison of
measured alanine isotopomers derived from alanine MIDs (white bars) from the (a) 1-*C glucose and (b)
1-13C cellobiose ILEs, with those predicted for exclusive ED pathway usage (blue), exclusive EMP
pathway usage (green) and exclusive PP usage (purple). The experimentally derived isotopomers are
matched most closely with the predictions based on exclusive ED pathway usage. Isotopomers are notated
with “0” for >C and “1” for *C. The carbon atoms of alanine, from left to right, are carboxyl, a and B. The
isotopomers were calculated by singular value decomposition of the alanine;; and alanineis mass
isotopomers.
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Our MFA matched the conclusions from manual inspection of the isotopomer
data that the ED pathway is the predominant glycolytic pathway, indicating that 83% +
3% of the glucose fed and 73% + 4% of the cellobiose fed was metabolized via the ED
pathway (Figures 5.2 a/b & A5.6) (Table A5.7 & A5.8). The remaining 15% + 5% of
the glucose and 38% + 6% of the cellobiose was metabolized via PP pathway. This
amount of flux was only sufficient for synthesis of PP derived biomass components in the
glucose experiment, however the flux through the PP pathway vyielded fructose 6-
phosphate that amounted to 17% + 4% of the cellobiose fed. Virtually all of the
synthesized fructose 6-phosphate was recycled back to glucose 6-phosphate and
ultimately metabolized via the ED pathway. Negligible net flux was calculated through a
putative phosphofructokinase enzyme (verk) from fructose 6-phosphate to glyceraldehyde
3-phosphate in both the glucose and cellobiose MFA.

Prior to the glycolytic pathways mentioned, the initial catabolism of cellobiose to
hexose monomers proceeded either via B-glucosidase, which yields two molecules of
glucose, or via cellobiose phosphorolase, which yields glucose and glucose-1-phosphate.
Glucose-1-phosphate was a branch point in the reaction network, leading either to
hexoses in biomass or to glucose 6-phosphate. When cleaved by the phosphorylase, 1°-
13C cellobiose (4-O-B-D-[1-13C] glucopyranosyl-D-glucose) formed 2C glucose and 1-
13C glucose 1-phosphate. Thus the abundance of 1-13C glucose 6-phsophate varied based
upon the proportion of hydrolytic to phosphorolytic cleavage of cellobiose. Our MFA
indicated that this particular network and data set lacked the sensitivity to precisely
measure these fluxes. While flux through the phosphorolytic reaction was favored (72%

+ 38%) over the hydrolytic reaction (28% + 38%), the large standard deviations in the
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fluxes indicated that further evidence is required to confidently identify the flux from

cellobiose to hexose monomers.
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Figure 5.2: Metabolic flux map of S. degradans on glucose and cellobiose. Metabolic flux analysis of S.
degradans shows flux through the Entner-Doudoroff (ED), Embden-Meyerhof-Parnas (EMP), pentose
phosphate pathway (PP), tricarboxylic acid (TCA) cycle, and folate/C, metabolism pathways. The flux
profiles for glucose, cellobiose and xylose show high glycolytic flux through the ED pathway. The flux
through the PP pathway is only sufficient for biomass requirements in glucose, but is utilized to catabolize
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xylose. The TCA cycle flux is higher on glucose than on cellobiose, and in both cases anaplerotic carbon is
fixed from pyruvate and not from phosphoenolpyruvate (a) Flux averages and standard deviation for
glucose metabolism are shown next to each flux, normalized per 100 mols of glucose. (b) Flux averages
and standard deviations for cellobiose are normalized to 50 mols of cellobiose consumed. Dashed arrows
indicate reactions in which the net flux was less than 10% of the substrate influx. Standard deviations were
determined by perturbing the isotopomer values and evaluating the flux profile over 500 times.

5.3.4 A 1,2-13C xylose ILE reveals no flux through EMP glycolysis

The 1,2-3C xylose ILE was specifically designed to precisely measure the flux
through the competing ED and EMP glycolytic pathways. Before performing the ILE, we
utilized NMR2FLUX+ to a priori identify the optimal xylose label for resolving flux at
the glycolytic branch points. The information yield from 1,2-13C xylose was greatest from
our list of four commonly available xylose labels (Table A5.10). We further found that
adding a second xylose label in a parallel experiment did not significantly increase the
information yield.

1,2-1C Xylose resolved glycolytic fluxes, because the resulting mass isotopomer
distributions (MID) of amino acids including serine, histidine, and phenylalanine vary
with the ED:EMP flux ratio. 1,2-*C Xylose must first be metabolized in the PP forming
exclusively unlabeled glyceraldehyde 3-phosphate [000] and fructose 6-phosphate
[111000] labeled at the first three carbon atoms. The EMP pathway reaction verk is the
controlling reaction step in the conversion of fructose 6-phosphate to two molecules of
glyceraldehyde 3-phosphate. Thus, flux through verk would yield an isotopic mixture of
unlabeled and fully labeled glyceraldehyde-3-phosphate (Figure 5.3a). In contrast, ED
glycolysis of fructose 6-phosphate yields exclusively unlabeled glyceraldehyde 3-
phosphate, as the first three atoms of fructose 6-phosphate are directly converted to

pyruvate [111]. New isotopomers are only generated in PP metabolites when unlabeled
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glyceraldehyde 3-phosphate is converted to fructose 6-phosphate by the reverse of verk,
fructose 1,6-bisphosphatase (vrsp), and some portion of fructose 6-phosphate is diverted
back to the PP pathway (Figure 5.3b).

We used this carbon atom rearrangement information to predict the MID’s of
serine, histidine, and phenylalanine under three conditions: 1) exclusive EMP glycolysis,
2) linear ED glycolysis of fructose 6-phosphate, and 3) ED glycolysis of fructose 6-
phosphate and glyceraldehyde-3-phosphate, coupled with some recycling of glucose 6-
phosphate into the PP pathway. The abundance of the M+3 mass isotopomer of serine
[111] changed substantially for exclusive ED flux (0.000) versus exclusive EMP flux
(0.400). Here our measured value (0.004 £+ 0.005) perfectly aligned with the mass
isotopomers value corresponding to zero net EMP flux through verk. EMP glycolysis
would also generate the M+3 mass isotopomer of histidine and the M+3, M+4 and M+6
mass isotopomers of phenylalanine, while ED glycolysis would not. The measured values
of all four mass isotopomers was no higher than natural abundance, (< 0.007 = 0.005)
which further confirmed the lack of EMP flux (Figure 5.3c). Assuming negligible flux
through verk, we calculated that reflux of glyceraldehyde-3-phosphate through vesp in
combination with flux of glucose 6-phosphate through vepepn Would generate M+0 and
M+1 mass isotopomers of histidine as well as the M+0 mass isotopomer of
phenylalanine. These mass isotopomers could not by synthesized from linear ED
glycolysis, nor could they be synthesized by flux through only one of vrep and VepcpH.
The measured mass isotopomers distributions of the histidine and phenylalanine best fit
this flux mode and included these three unique mass isotopomers. Thus the combined

isotope labeling patters gave a strong indication that glyceraldehyde 3-phosphate was at
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least somewhat converted back to fructose 6-phosphate by vrgp, and that fructose 6-
phosphate was shuttled into both the ED pathway as well as back into the PP pathway via

VercpH (Figure 5.3c).
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Figure 5.3: Xylose is not catabolized using the EMP pathway. 1,2-3C Xylose is converted to 1,2,3-3C
F6P and U-2C GAP in the PP pathway. Further metabolism via the EMP or ED pathways creates unigue
labeling patterns in measured metabolites that allow the flux discrimination. (a) Flux through the rate
controlling EMP reaction in the forward direction, 6-Phosphofructokinase (verk, green), yields 40% U-3C
GAP. (b) Complete flux through the ED pathway yields 100% unlabeled GAP and no change in the isotope
labeling of PP metabolites. Reverse flux through fructose bisphosphate aldolase (vege, Orange) and oxPP
conversion of 6-phosphogluconate to ribulose 5-phosphate yields further changes in measured metabolites.
(c) Measured MI’s of His, Ser, and Phe align with calculated values for flux through the ED pathway, with
some reflux through vesp and back into the PP pathway. In contrast, the measured values are starkly
different from the isotopomers that would be generated from flux through verk in the EMP pathway. The
MT’s of select metabolites are shown with boxes. Blue, green, or orange squares indicate *C atoms while
white boxes indicate '2C atoms. Further isotopic scrambling resulting from reversibility’s in the PP
pathway were not considered for this analysis.

Our flux profile prediction based upon a qualitative isotopomer analysis were

borne out in the MFA of xylose metabolism (Table A5.9). Fructose 6-phosphate
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synthesized in the PP pathway was not metabolized by the EMP pathway, but rather 49%
+ 3% was metabolized via the ED pathway, and the remaining 51% + 3% was recycled
back to the PP pathway via verepH. The glyceraldehyde-3-phosphate generated in the PP
pathway was largely metabolized via the lower EMP pathway, however a small portion,

11% + 1%, was converted back to fructose 6-phosphate by vesp (Figure 5.4).
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Figure 5.4: Metabolic flux map of S. degradans on xylose substrate. Flux averages and standard
deviation for xylose are shown next to each flux, normalized per 100 mols of xylose. Line widths
correspond to average net flux in the direction of the arrow. Dashed arrows indicate reactions in which the
net flux was less than 10% of the xylose influx. Standard deviations were determined by perturbing the
isotopomer values and evaluating the flux profile over 500 times.

5.3.5 Respiratory TCA cycle flux varies with fatty acid biosynthesis

Aerobic flux through the TCA cycle was highest on glucose with flux on
cellobiose equal to 78% + 15% of the normalized glucose flux, and flux on xylose equal
to only 43% * 6% of the normalized glucose flux (Figure 5.2, a/b, Figure 5.4). The

reduced TCA cycle flux on xylose corresponded to increased fatty acid biosynthesis that
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drove demand for Acetyl-CoA (Figure A5.2a). The fatty acid content increased from 4
W1t% on glucose to 17% on xylose. The composition of the fatty acids also changed, with
monounsaturated fatty acids compromising 2% + 1% of the fatty acids on glucose, 12% *
4% on cellobiose, and 71% + 4% on xylose (Figure A5.2b).

A glyoxylate shunt was not identified in the annotated genome, and the observed
isotope labeling patterns in all three experiments did not support flux through this
pathway. For example, in the cellobiose and glucose 1-13C ILE’s the abundance of the
aspartate [1000] isotopomer was highest due to anaplerotic fixation from pyruvate (See
Section 3.6). Aspartate: is lost to CO.in the TCA cycle, however it would be fixed onto
succinate, or succinates (succinate is symmetric) in the glyoxylate cycle. Therefore, an
active glyoxylate cycle would synthesize succinate with significant enrichments at these
positions, which would then be incorporated into other TCA cycle metabolites. The
absence of these enrichment patterns was therefore evidence of negligible net flux
through the glyoxylate shunt. We also performed a further check using metabolic flux
analysis (MFA) with a glyoxylate shunt in the network. Here too, no net flux was

calculated through this pathway (data not shown).

5.3.6 Pyruvate is the predominant source of anaplerotic carbon

We found in all three ILE’s that pyruvate as opposed to phosphoenolpyruvate was
the predominant carbon source for anaplerotic carbon fixation (Figure 5.5a). Manual
inspection of the MID of oxaloacetate as well as of the MID’s of metabolites leading
towards it, alpha-ketoglutarate, pyruvate + CO and phosphoenolpyruvate + COs,

suggested that the M+1 and M+2 mass isotopomers in oxaloacetate could only come
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from pyruvate + CO- in the 1-13C glucose and cellobiose ILE’s (Figure A5.7). Similarly,
the M+3 abundance of oxaloacetate from the xylose ILE could only be generated from
pyruvate + CO: (Figure 5.5b). We solved a simplified mass balance equation around
oxaloacetate and calculated the fluxes by fitting the evaluated isotopomers to the
measured values with the following equation:

ASP; 534 = v(me) X (ALA;33 X CO21) + v(pepc) X (SER 53 X C02;) + (1 —

v(me) — v(pepc)) X GLUz345 €4l

Here aspartate represents oxaloacetate, alanine represents pyruvate, and serine
represents phosphoenolpyruvate. Aspartate and cytosine were used to calculate the MID
of CO2. The respective contributions to oxaloacetate from vme, Veepc, and Vrumn Were:
Glucose (50%, -7%, 57%); Cellobiose (48%, -5%, 57%); and Xylose (45%, -2%, 57%).
The mass balance approach clearly indicated that flux through veerc Was negligible, and
we found that excluding veepc flux from our calculations successfully fit the isotopomers
of OAA, while excluding vme did not (Figure 5.5c).

The predominance of flux through vme over veepc for anaplerotic carbon fixation
was born out in each of the MFA’s. The anaplerotic network included the reversible
reactions in malic enzyme (vme) and phosphoenolpyruvate carboxylase (veerc), as well as
the decarboxylating reaction from phosphoenolpyruvate carboxylase (veerck) and
oxaloacetate decarboxylase (voaapc) in addition to the TCA flux from fumarate hydratase
(vrumn). The fluxes (mol / mol Substrate) in the glucose, cellobiose and xylose
experiments were respectively, vme = 0.33 £ 0.10, 0.23 £ 0.08, 0.18 + 0.03; vpepc = 0.04 +
0.05, 0.03 £ 0.04, 0.00 = 0.0; vrumn = 0.47 £ 0.05, 0.39 + 0.06, 0.16 + 0.02; voaapc =

0.24 + 0.10, 0.13 + 0.07, 0.04 = 0.03; and vmpr = 0.81 + 0.12, 0.61 + 0.13, 0.33 + 0.04
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(Figure 5.5d). The fluxes through vme, Voaapc and vmpn exhibited a higher standard
deviation, because the isotopic data was not as sensitive to cyclic flow from
OAA->PYR->MAL->0AA (Figure 5.5c). The flux values for vme and veepc were

statistically different from one another in each case with p < 0.001.
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Figure 5.5: Isotope labeling patterns reveal the mode of anaplerotic carbon fixation. Pyruvate (PYR),
as opposed to phosphoenolpyruvate (PEP) is the source of anaplerotic carbon fixation during growth on
glucose, cellobiose and xylose. (a) The C4 carbon backbone of oxaloacetate (OAA) originates from three
pools, PYR + CO; (green), PEP + CO; (pink), and alpha-ketoglutarate (aKG, light grey). The resulting
MID of OAA (dark grey) is equal to the sum of MID’s of each metabolite multiplied by the corresponding
flux through either fumarate hydratase (vsumn), malic enzyme (v, green) phosphoenolpyruvate carboxylase
(Vpepe, PInK) or oxaloacetate decarboxylase (Vosadc). (b) Comparison of the MID’s of each metabolite reveal
that the abundance of the M+2, M+3, and M+4 isotopomers differ substantially between PYR + CO; and
PEP + CO; in the 1,2-C xylose ILE. The MID’s for glucose and cellobiose ILE’s are shown in
Supplemental Figure A5.7. (c) Error minimization for the best fit of a linear combination of fluxes
contributing to OAA shows that flux through vme and vamn match the MID’s of OAA in all three
experiments, while the optimal linear combination of Vpepe and vaumn Yields mass isotopomers that differ
considerably from the measured values. Numbers in parenthesis indicate the SSR of error between
calculated and measured mass isotopomers of OAA (d) Calculated net fluxes from the large MFA agree
with our observations deduced from the reported MID differences in the glucose, cellobiose and xylose
ILE’s. There is a statistically significantly difference (p << 0.001) between the vpepc and me flux in all three
experiments. The irreversible Voaagc reaction allows for an Voaade, Vme, Vman Cycle that yields a net conversion
of NADPH to NADH. Oxaloacetate was measured via aspartate, pyruvate via alanine,
phosphoenolpyruvate via serine, alpha-ketoglutarate via glutamate, and CO; calculated via deconvolution
using aspartate and cytosine. Flux values are scaled per mole of substrate, with positive net flux defined as
in the direction of OAA formation.
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5.4 Discussion

First scaling down this experiment to 3 ml well plates while preserving the
characteristic isotopic signatures of metabolism was essential to completing this work,
and it will be essential moving forward with isotope labeling studies of cellulosic
biomass. Presently, isotopically labeled cellobiose is over 10 times more expensive than
the same quantity of labeled glucose, as are samples of 3C cellulose, lignin and
hemicellulose. Any future attempts to develop labeled xylan or positionally labeled plant
biomass components will be even more expensive, and therefore cost prohibitive at large
bioreactor scales. The limiting factor for the extent of reactor scale down was the ability
to generate sufficient biomass for accurate mass spectrometry analysis. Here the
abundance of many intracellular metabolites were too low to precisely measure, however
the most abundant amino acids and fatty acids from the biomass were still measured with
sufficient precision to complete the flux analysis.

Prior experimental results have shown that S. degradans can consume a vast array
of organic substrates. Our results indicate that central carbon metabolism is fairly stable
across the three substrates we tested and does not undergo substantial rearrangements in
order to consume glucose, cellobiose and xylose. In all three conditions, glycolytic flux
was predominant in the ED pathway as opposed to the EMP pathway.

Multiple explanations for the preference of ED over EMP and PP Flux are
possible, including that the ED:EMP:PP flux ratios are tightly controlled in order to
optimize the yields of NADH, NADPH and ATP. This is best illustrated with an extreme
pathway analysis that allows us to calculate the bounds on glycolytic NADH, NADPH

and ATP yields from glucose. Extreme pathways form the edges of a convex phenotypic
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flux space, which is defined by the steady-state equation.v =0, where S isan m x n
stoichiometric reaction matrix, m is the number of metabolites, n is the number of fluxes,
and v is the flux vector. The network containing the EMP, ED and PP pathways with
glucose 6-phosphate as an input and pyruvate and CO; as outputs yields five extreme
pathways (Figure 5.6). The critical insight from this analysis is that substantial NADPH
(< 12 mol / mol G6P) can be synthesized from glucose 6-phosphate, but it comes at a cost
of ATP and NADH synthesis, and/or a decreased yield from carbon lost to CO.. While
anabolic energy, reductant and biomass demands constrain the feasible solution space to
a small subset of the fluxes through these pathways, NADH and NADPH production
could change by up to £100% compared to a base case of linear ED glycolysis. In our
glucose and cellobiose experiments the optimum evaluated flux profile for S. degradans
almost perfectly matched EP 5, linear ED flux, which vyields a 1:1:2 ratio of

NADH:NADPH:ATP while also completely conserving carbon.
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Figure 5.6: The extreme pathways of glycolytic metabolism show the bounds of energy and reductant
biosynthesis. The EMP, ED, and PP pathways catabolize G6P to the end products pyruvate or CO,. The
five extreme pathways (EP 1-5) in this network bound the total solution space of viable fluxes (yellow
region), and therefore all real flux profiles are a linear combination of these extreme pathways. The
measured value of glycolytic ATP, NADPH, and NADH production in S. degradans lies along an edge of
the phenotypic space between EP’s 4 and 5, and were calculated from the MFA on glucose and cellobiose.

While the ED pathway has been identified in many gram negative bacterial
species for decades, **C MFA has identified a diverse array of bacteria that exclusively
utilize the ED over the EMP pathway during aerobic and anaerobic growth on glucose
(Conway, 1992). This includes the phylogenetically similar soil bacterium Pseudomonas
putida whose glycolytic flux profile closely matches that of S. degradans (Nikel et al.,
2015). However, the P. putida genome does not code for PFK, and thus cannot perform
linear EMP glycolysis. In fact, engineering P. putida with a functional PFK negatively
impacted cell growth, and caused cells to become highly susceptible to oxidative stress
that is counteracted with NADPH reductant pools (Chavarria et al., 2013). These results,
taken together with our own, raise the question as to what conditions could induce EMP
glycolysis in S. degradans, or whether the inferred PFK is in fact a miss-annotated gene
or is a moonlighting enzyme with unknown functions as has been shown for FBP in
Neisseria meningitides (Tunio et al., 2010).

We thought that changing from glucose to xylose as the primary carbon sources
might sufficiently change the flux profile that we would see some net flux through verk in
the EMP pathway. This seemed likely because fructose 6-phosphate and glyceraldehyde
3-phosphate are the major products of xylose catabolism in the PP pathway. As we knew
that this branch point was particularly important to investigate before beginning the

xylose ILE, we specifically chose our isotope label to maximize our ability to

113



discriminate the flux partitioning. The unique, telltale isotopic signatures of serine,
histidine, and phenylalanine for each of the possible flux modes allowed us to validate
the flux results independently from the MFA. We found that 100% of the fructose 6-
phosphate plus 12% of the glyceraldehyde 3-phosphate synthesized in the PP and EDP
pathways was recycled back into the ED and oxPP pathways, avoiding flux through verk
entirely. While the flux through the oxPP pathway was only sufficient to meet
biosynthetic demand on glucose, the flux was twice as large on cellobiose and four times
as large on xylose. Combined with the ED pathway fluxes, this yielded a net increase in
cellular NADPH production that normalized per mole of carbon substrate amounted to a
38% increase on cellobiose and a 46% increase on xylose compared to glucose. Such an
increase in NADPH production is frequently associated with a response to oxidative
stress (Chavarria et al., 2013). Furthermore, the gluconeogenic recycling of
glyceraldehyde 3-phosphate through vegp in the xylose MFA supports the hypothesis that
NADPH demand drove this flux mode. However, it will require further evidence to
determine whether the EMP pathway is functionally incomplete, or whether the lack of
flux through EMP glycolysis is just not favored under any of the conditions tested.

Our xylose flux profile in S. degradans is currently unique, as the other xylose
consuming aerobes that have been analyzed via *C-MFA utilize EMP glycolysis.
Nonetheless, flux through the oxPP was also reported during aerobic growth of E. coli on
xylose. Here the flux was slightly lower than on glucose, and the TCA cycle flux was
slightly higher than on glucose, both of which are the reverse of what we found in S.
degradans. For the sake of comparison, anaerobic growth on xylose completely shut

down oxidative pentose phosphate flux in E. coli and mostly shut it down during
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anaerobic growth on glucose (Gonzalez et al., 2017). 13C-MFA of a xylose metabolizing
strain of the fast growing thermophile Geobacillus also found that about 16% of the
xylose fed to the organism was shuttled through the oxPP pathway(Cordova and
Antoniewicz, 2016).

While we were unable to confidently resolve the in vivo partitioning of cellobiose
catabolism between the hydrolytic and phosphorolytic mechanisms, we believe that it is
in principle possible to take advantage of differentially labeled 1°-*C cellobiose to
calculate the in vivo reaction rates. Our efforts stemmed from earlier analysis of gene
expression data and enzymatic assays, which revealed that external hydrolytic cleavage
of cellobiose to glucose, as well as internal phosphorolytic cleavage to glucose and
glucose 1-phosphate both participate in cellobiose catabolism. Analysis of their
respective in vitro cellulolytic activity showed that the hydrolytic degradation was 3
times greater in vitro than that of the phosphorolytic degradation (Zhang et al., 2011).
Enzyme assays from anaerobes on the other hand have demonstrated higher in vitro
cellobiose conversion activity from the phosphorolytic cleavage of cellobiose (Matheron
et al., 1998). For these organisms, conservation of ATP was proposed as the reason for
favoring the phosphorylase over the hydrolase in anaerobes.

Our proposed method could directly calculate the relative in vivo activity in any
cellulolytic organism by taking advantage of the fact that *2C-glucose 1-phosphate is
derived from 1°-3C cellobiose by cellobiose phosphorolase. Glucose 1-phosphate would
be partially diverted to cellodextrin biosynthesis, and the remaining glucose 1-phosphate
would be converted to glucose 6-phosphate. This would create a pool of glucose 6-

phosphate with a 1-13C enrichment greater than the 50% enrichment we would observe
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from purely hydrolytic cleavage of cellobiose. Thus the proportion of phosphorolytic
cellobiose degradation would be directly proportional to the isotopic enrichment. In our
experiment, the measured downstream enrichment in atoms originating from glucose:
were also impacted by flux through the oxPP pathway. The loss of glucose; to CO»
therefore had an inverse effect on the calculated glucose: enrichments, which effectively
masked any signal that could have been observed from flux through cellobiose
phosphorolase. This issue could be eliminated in future experiments by using LC-MS or
NMR based methods to directly measure the isotopic enrichments of glucose and glucose
derivatives. A derivative of this method has been utilized in an investigation of the
anaerobic termite gut symbiont Hodotermopsis sjostedti. Here the authors fed U-3C
cellobiose to termites and noticed a strong correlation between the labeling dynamics of
glucose 1-phosphate and of other metabolites associated with hydrolysis of cellobiose in
the gut. In this case however, it was not possible to differentiate flux between the two
cleavage mechanisms (Tokuda et al., 2014).

Identifying key enzymes in anaplerotic carbon fixation is often a challenge using
metabolic flux analysis, because there are no differences in the carbon bond
rearrangements between the substrates and products of various anaplerotic reactions. The
problem is further complicated by the highly reversible nature of TCA cycle reactions,
which leads to nearly identical isotope labeling amongst the two major products of
anaplerotic reactions, oxaloacetate and malate. We, however, have found a particular
circumstance in which substantial ED glycolysis generates isotopic differences in

phosphoenolpyruvate and pyruvate that can then resolve anaplerotic carbon fixation.
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The genome annotation of S. degradans identified four genes encoding
anaplerotic enzymes. Two, PEPC and PEPCK, utilize phosphoenolpyruvate, while ME
and OAADC utilize pyruvate. However, only PEPC and ME operate in the direction of
anaplerotic carbon fixation under standard physiological conditions. Therefore, our
isotope labeling and MFA results point to ME as the key enzyme for anaplerotic carbon
fixation in S. degradans. The genome annotation for ME in S. degradans points to
NADPH as the preferred reductant consumed in this reaction. This enzyme showed a
strong affinity for NADPH in P. putidia, and if this holds in S. degradans, then our MFA
indicated the presence of an internal cycle from OAA - Pyr > Mal - OAA. The net
output from this cycle is the conversion of NADPH to NADH. This counteracts the
glycolytic reductant generation, where the lack of flux through PFK reduces NADH and
ATP yields, while increasing NADPH vyield. Thus, the cycle around oxaloacetate could
act as a regulatory mechanism to control the intracellular NADH:NADPH ratio.

We calculated the NADPH balance based upon production from our MFA and
consumption from measured biomass constituents, and found production exceeded
consumption by 16% on glucose (Figure 5.7). Without cyclic flux around oxaloacetate,
production exceeded consumption by 28%. Pure *C MFA is unable to close this equation
without further evidence of NADPH demand for NADPH oxidase, or of NADPH:NADH
ratios that are affected by pyridine nucleotide transhydrogenase and NAD® kinase
(Spaans et al., 2015). Nonetheless, these calculations show that our MFA results are not
only physiologically reasonable, but actually minimize the differential in the NADPH

balance.
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Chapter 6: Conclusions and Future Work

In this work we examined two marine organisms possessing unique metabolic
capabilities that could be exploited for biochemical synthesis. One of these organisms, P.
tricornutum, has been extensively studied for over 50 years, and yet substantial
disagreements remain about core metabolic functions such as organic carbon metabolism
and the existence of photosynthetic carbon concentrating mechanisms. The other was a
far simpler bacterium, S. degradans, whose ability to degrade complex polysaccharides
was not well understood. We found that applying isotope labeling experiments and
metabolic flux analysis to these separate problems could provide a wealth of information
concerning their core metabolic capabilities.

Our ILE’s convincingly showed that P. tricornutum metabolizes both glucose and
acetate under mixotrophic conditions. Under certain conditions that are not yet fully
know, glucose was utilized for biomass formation, contributing 90% of the carbon
assimilated into biomass during exponential growth in batch cultures, acetate was largely
oxidized for energy production. Our MPA provided strong evidence that glucose was
metabolized by P. tricornutum at least partially through the ED pathway. Importantly,
glucose and acetate were both used as substrates to synthesize high value PUFAs,
predominantly EPA. Together, our studies unraveled the mechanisms through which
these common feed sources are catabolized in P. tricornutum.

We also found that the pronounced changes induced by knockdown of PYC
strongly indicate that it is a critical enzyme for DIC assimilation in P. tricornutum. We

have shown that inhibiting the expression of both isoforms of the encoding gene inhibits
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the organism’s ability to assimilate DIC, while also leading to dramatic phenotypic
changes. This was the first instance where knockdown or inhibition of a putative Cs
associated enzyme directly led to lower DIC uptake rates, as expected in a C4 CCM.

S. degradans is a promising organism for biosynthetic purposes because of its
extraordinary ability to degrade complex polysaccharides, as well as its innate ability to
synthesize PHB. Our experiments utilized monomers and dimers of hemicellulose as
metabolic proxies for metabolism of this complex polysaccharide. As such, it is the first
flux analysis performed on an aerobic microorganism utilizing cellobiose as the primary
carbon source, and one of only a handful reporting fluxes from aerobic growth on xylose.
We showed that carbon catabolism through the oxPP and TCA cycle changed most
substantially between glucose and xylose. In all conditions the preference for the ED over
the EMP pathway for glycolysis, and the calculated internal anaplerotic cycle indicate
that S. degradans is naturally well suited to biosynthesis of NADPH requiring products

such as PHB, and that that further targets are available to enhance NADPH biosynthesis.

Future Work

We expect that this work will serve as a foundation for future experimental
interrogations of diatom metabolism, including an investigation of the conditions that
enable glucose assimilation. Future analyses of acetate metabolism in P. tricornutum
should focus on understanding its’ native activity or upon engineering an active malate
synthase in order to enable heterotrophic growth. The expression of the gene encoding
malate synthase has been reported to follow a circadian rhythm, where the expression

level clustered with genes associated with nitrogen metabolism and fatty acid oxidation.
120



This cluster all showed decreased expression immediately after transition from dark to
light (Chauton et al., 2013). Given these findings, a future experiment could search for
active flux through the glyoxylate shunt by repeating our ILE after cultures have been
switched either from light to a dark, or dark to light. Precisely tracking when organic
carbon metabolism shuts down might yield key insights towards understanding why
mixotrophic, and not heterotrophic metabolism is possible in P. tricornutum.

Future experiments are also warranted to fully understand the metabolic
significance of PYC in P. tricornutum. The two isoforms should be knocked down
individually in order to determine if one or both contributes to this altered phenotype.
Knockdown of MEL is also warranted in order to further identify the precise C4 pathway.
If it is involved in the pathway then a similar altered phenotype is expected. Finally,
knockdown of glutamate synthase would also be useful in order to measure the resulting
effects on growth rates and protein synthesis. It is possible that knockdown of PYC
principally affects protein synthesis, which could explain the dramatic cellular changes
we observed. However, the magnitude of the protein synthesis flux is dramatically less
than the C4 CCM flux, and thus this explanation is unlikely.

Our method for calculating the isotopic labeling of acetyl-CoA from EPA and
other PUFAs also holds significant promise for future *3C studies of co-cultured systems.
The ubiquitous nature of diatom-associated microorganisms suggests that they might play
a role in diatom health or nutrient acquisition (Bruckner et al., 2008). However, in order
to measure the interactions and metabolic cross-talk between species it is important to
analyze their respective metabolites separately, and not as a mixed pool. This task may

prove extremely challenging in practice, and thus this method could provide significant
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benefits. PUFAs are reliable biomarkers of diatom metabolism, and thus it would be
possible to measure the uptake and labeling states of acetyl-CoA within the diatom using
the workflow we have developed. In the future, further testing and validation of this
method with other isotope labels and other lipids would be beneficial, in order to discover
presently unknown limitations or conditions where the MID cannot be accurately
resolved.

Our flux analysis of S. degradans lay the groundwork for further experiments
utilizing combinations of 3C isotopically labeled hemicellulose components to study the
dynamics of aerobic cellulolytic biomass metabolism in S. degradans. Such an approach
has been utilized to study co-metabolism of glucose and xylose monomers in an evolved
strain of Thermus thermophiles, and it has been partially implemented in engineered
Saccharomyces cerevisiae that co-ferments xylose and cellobiose. To date however, no
comprehensive flux analysis has been attempted for tracking the metabolism cellobiose
and other sugars in S. cerevisiae or any other cellulolytic microorganism (Chen et al.,
2018; Cordova et al., 2016).

An even more ambitious approach could utilize biologically synthesized *C
hemicellulose and cellulose to fully map metabolism of cellulosic waste biomass. This
would require the development of a method to reliably synthesize and measure unique
isotopic labels within plant cell wall components that could then be purified and fed to S.
degradans or another cellulolytic microorganism. Such a scheme could plausibly begin
by feeding defined ratios of differentially labeled **C sugars such as glucose or sucrose to
heterotrophic plant cultures (ie Arabadopsis thaliana), utilizing known heterotrophic flux

profiles to create uniquely labeled hexose and pentose monomers within the resulting cell
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wall structures (Chen et al., 2013; Masakapalli et al., 2014, 2013; Verbancic et al., 2018).
The experimental cost and time required to synthesize sufficient labeled plant cell wall
material would be quite high. Therefore the resulting ILE would be highly amenable to
micro scale culturing in 6-well plates, which we have demonstrated gives reliable flux

information compared to traditional shake flask cultures.
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Figure A3.1 Evidence for isotopic steady state from 20-22 d. This analysis of P. tricornutum
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Tables A3.2 to A3.5 MIDs measured in 100% U-C glucose ILE (A3.2), 50% U-C glucose
ILE (A3.3), 100% 1-BC glucose ILE (A3.4) and 100% 2-*C glycerol ILE (A3.5). We
obtained MIDs from GC-MS analysis samples prepared from cell pellet hydrolysates, after
correcting for natural abundances of elements other than metabolic carbon (see Materials and
Methods). A few amino acids could not be detected in certain spectra or produced obviously
erroneous MIDs due to their low abundance; the corresponding MIDs are marked as not
determined (nd).
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Table A3.6 to A3.14. Stoichiometry’s and carbon atom rearrangements for Metabolic
Models 1-1X used for flux evaluation from the 100% 1-*C glucose ILE data. The columns
titled ‘DiatomCyc’ and ‘KEGG’ refer to the two annotated genome databases for P. tricornutum
(Fabris et al., 2012). The color-coded circles indicate whether genes coding for the proteins
catalyzing the reaction(s) listed in the row are identified in the database. Some reactions in the
models condense multiple metabolic reactions into a single step; therefore green circles indicate
that all reactions have corresponding genes, yellow circles indicate that some reactions have
corresponding genes, and red circles indicate that none of the reactions have corresponding genes.

Tables A3.15 to A3.17. MIDs of saturated and monounsaturated fatty acids measured in
mixotrophic 100% 1-*C glucose, 100% U-3C acetate, and 100% 2-3C glycerol ILE’s. We
obtained MIDs from GC-MS analysis samples prepared from cell pellet extracts, after correcting
for natural abundances of elements other than metabolic carbon (see Materials and Methods).
Average MI values and standard deviations are reported. The averaged raw ion intensities of EPA
are reported for the control sample and all three ILE’s.

Tables A3.18 to A3.19 MIDs measured a 100% U-°C acetate ILE over 72 hours. We
obtained MIDs from GC-MS analysis samples prepared from cell pellet hydrolysates, after
correcting for natural abundances of elements other than metabolic carbon (see Materials and
Methods). A3.18 The measured metabolites are shown with the metabolites they correspond to in
our MFA model. A3.19 The Flux values, standard deviations, minimum value and maximum
value calculated by MFA are shown for steady state metabolism. Carbon atom rearrangements for
each reaction are indicated by numbers and letters.

Tables A4.1 to A4.4 MIDs measured in H*COj; ILE’s over time points ranging from 0-72
hours (wt), 0-8 hours (eGFP, PEPC) and 0-30 minutes (sPYC). We obtained MIDs from GC-
MS analysis samples prepared from cell pellet hydrolysates, after correcting for natural
abundances of elements other than metabolic carbon (see Materials and Methods). A few amino
acids could not be detected in certain spectra or produced obviously erroneous MIDs due to their
low abundance; the corresponding MIDs are marked as not determined (nd).
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Figure A5.1: ODsy measurements for each ILE performed in 6-well plates

Values are averaged across all three wells that were utilized for each experiment. The data ends
when plates were harvested and quenched. Longer lag times before exponential growth were
observed when transitioning cultures to substrates other than glucose.
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Figure A5.3: Verification of isotopic steady during exponential growth. The measured mass
isotopomers from three time points during exponential growth are compared in order to verify
that isotopic steady state has been reached. Values along the y=x=z axis confirm this assumption
is valid. The 3-dimensional graph is shown above for all three time points, while the 2-d plots
below show the comparison between the three pairs of time points.
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confirm that no isotopic changes resulted from scaling the experiment down to 3 ml well plate
cultures.
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Figure A5.6: Box and whisker plots of evaluated fluxes. The net flux values for the glucose,
cellobiose and xylose MFA are shown as box and whisker plots. Fluxes were evaluated >500
times in order to calculate the range for each flux. The reactions are broken down into metabolic
pathways, whose abbreviations are shown below the reaction names. The reversibility of known
reversible reactions are shown in the lower graphs. Values range from 0-100%, where 0%
indicates a fully irreversible reaction and 100% indicates the rate of the forward and reverse
reactions are equal. Flux names and forward directions are as listed in the ‘Glucose Flux

Network’, ‘Cellobiose Flux Network’, and ‘Xylose Flux Network’ in Tables A.5.7, A5.8 and
A5.9.
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Figure A5.7: Calculated MID’s of metabolite pools contributing to Oxaloacetate. The
information contained in the MID comparison for the Glucose and Cellobiose ILE’s is identical to
that of the xylose ILE displayed in Figure 5.5b. As in the xylose ILE, the MID of PEP + CO;and
PYR + CO; differs, where the M+2 isotopomer seen in PYR + CO; is not present in PEP + CO..

Tables A5.1 to A5.5 MIDs measured in 100% 1-*C glucose ILE 50% U-**C glucose ILE,
100% 1°-3C cellobiose ILE, 40% U-C cellobiose ILE and 100% 1,2-3C xylose ILE. We
obtained MIDs from GC-MS analysis samples prepared from cell pellet hydrolysates, after
correcting for natural abundances of elements other than metabolic carbon (see Materials and
Methods). A few amino acids could not be detected in certain spectra or produced obviously
erroneous MIDs due to their low abundance; the corresponding MIDs are marked as not
determined (nd).

Table A5.6 The measured metabolites are shown with the metabolites they correspond to in
our MFA model.

Tables A5.7 to A5.9 The Flux values and standard deviations calculated by MFA are shown
for metabolism of glucose, cellobiose, and xylose. Carbon atom rearrangements for each
reaction are indicated by numbers and letters.

Table A5.10 Information yield of select xylose isotope labels. Commonly available xylose
labels are compared to determine the optimal label for resolving flux in the glycolytic and
anaplerotic reactions. The glycolytic pathways include the branch points between EMP, ED, and
PP glycolysis, while the anaplerotic reactions include flux through the reactions leading to
oxaloacetate. The information yield is a scalar value that corresponds to the sensitivity of a flux to
changes in measured mass isotopomers. Higher values indicate a greater ability to accurately
calculate the fluxes. The positional labels were all simulated at 100% abundance.
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