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ABSTRACT

In vivo 31P and ,3C Nuclear Magnetic Resonance Spectroscopy to Study
Cellular Metabolism

Brenda Kathleen Mann

Nuclear magnetic resonance spectroscopy has emerged as a valuable tool for 

engineers for noninvasive, real-time studies o f cellular metabolism. Two applications of 

NMR for studying cellular metabolism were investigated in this work: 3lP NMR for 

studying yeast in a bioreactor and l3C NMR for studying bioremediation. One acute 

challenge in NMR bioreactor design has been supplying enough oxygen for cell respiration 

in a suspension that contains sufficient cells for NMR signal detection. The use of 

cytoplasmic pH as an intracellular marker of adequate oxygenation was evaluated from 

3IP NMR spectra o f two strains of the yeast Saccharomyces cerevisiae at several cell 

densities, ranging from low (0.9% (v/v)) to very high (45% (v/v)) cell densities, in an 

airlift bioreactor. 3lP NMR spectra were obtained for derepressed yeast cells prior to, and 

during, glycolysis under non-growth conditions. During endogenous respiration, pH0*1 can 

be used as an intracellular marker for aeration for both strains and cell densities up to 18% 

(v/v). During glycolysis, pH**1 values were similar under aerobic and anaerobic conditions 

for one strain, but were different for the other; hence not all strains behave similarly to 

environmental changes, and the use o f pH®51 during glycolysis as a marker is questionable.

While studies in bioremediation are now common, they are generally invasive and 

may not reflect intracellular conditions acurately. The challenge here was to apply l3C
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NMR to a bioremediation problem. l3C NMR spectra were taken o f suspensions of 

Pseudomonas putida 27G utilizing I3C-labeled toluene in both in vitro and in vivo studies. 

Degradation was tentatively determined to follow the TOL pathway through catechol. 

The degradation conformed to Michaelis-Menten kinetics over a toluene concentration 

range o f 0.1% to 1.0%. Cell phase at harvest had no effect on the degradation. 

Suspensions bubbled with oxygen produced carbon dioxide faster than those with air. 

Suspensions bubbled with nitrogen removed toluene at a slower rate than air or oxygen- 

supplied cells, but no intermediates were found. The airlift reactor used with the yeast 

was modified and tested with the bacteria. Toluene volatility and foaming were both 

severe problems that must be overcome before the reactor can be used for bioremediation 

of an volatile compound.
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I. INTRODUCTION

In the last 25 years, nuclear magnetic resonance (NMR) spectroscopy has been 

increasingly used to study biological systems. Until recently, however, NMR was 

predominantly used to elucidate biochemical pathways using in vitro model systems. In 

vivo NMR consequently developed out o f the desire to study reactions in living cells in a 

non-invasive manner. Development in both technique and instruments has therefore 

opened up the application of NMR as an analytical tool to not only biochemists and 

biologists, but engineers as well.

In vivo NMR has paved the way for engineers concerned with growing cell 

cultures in bioreactors to study metabolic processes inside the cell instead o f merely 

studying the extracellular environment. Engineers in the lab often work with scaled-down 

industrial reactors called micro-reactors. The challenge has become to design and operate a 

micro-reactor compatible with the NMR spectrometer that will provide a controlled 

environment for the cells while inside the magnet. Two types of NMR bioreactors have 

emerged: a cultivator for use in a horizontal-bore imaging spectrometer (Meehan et al., 

1992) and an airlift reactor for use in a vertical-bore high resolution spectrometer (Kramer 

and Bailey, 1991; Santos and Turner, 1986; de Graaf et al., 1992; Chen and Bailey, 1993). 

Both types o f reactor can keep a cell suspension well-mixed and supply adequate 

nutrients and respiratory gases to the cells.
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Determining whether or not the cells are receiving adequate nutrients, however, is 

not always an easy task. Predictions from calculations, for instance, can be made as to 

how much oxygen is required for a given cell suspension. However, an independent check 

on these calculations would be helpful, such as an intracellular marker from the N M R 

spectrum that would indicate if  the amount of 0 2 supplied is adequate for cell respiration.

One possibility is to examine the cytoplasmic pH, as determined from the 31P 

NMR spectrum. The chemical shift o f P ^ 1 can be accurate to 0.02 ppm (Shanks and 

Bailey, 1990), leading to a precision in pH of 0.05 units, making pHcyt a viable option as 

an intracellular marker. Under derepressed conditions, yeast may have different pH cyt 

values under aerobic and anaerobic conditions and therefore may be used to test the 

aerobic operation of the reactor.

In the first part o f this thesis, the airlift reactor design is evaluated for metabolic 

studies using 31P NMR spectra o f a laboratory strain o f the yeast Saccharomyces 

cerevisiae at several cell densities, ranging from 0.9% (v/v) to 45% (v/v). Results on the 

use o f cytoplasmic pH as an intracellular marker for aeration for derepressed yeast cells 

prior to, and during, glycolysis under non-growth conditions are presented in Chapter III. 

Estimates o f the minimum cell density required to obtain adequate NMR spectra and o f 

the maximum cell density for sufficiently aerated conditions are also presented in Chapter

III. Cytoplasmic pH as an intracellular marker o f aeration was also tested with an 

industrial yeast strain to demonstrate strain difference, and those results are given in 

Chapter IV.
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In vivo NMR can also be applied to a common environmental engineering 

problem: bioremediation. Contamination o f soil and groundwater by gasoline components 

through spills or leaking underground storage tanks has become an increasing concern due 

to the toxicity o f  the contaminants. Removal o f the contaminants through bioremediation, 

the use of microorganisms to degrade the contaminants, has been the method o f choice 

lately. Bioremediation can take place either in situ, utilizing indigenous microbes, or in 

above ground bioreactors, using indigenous or non-indigenous microbes. There are 

advantages and disadvantages to each method, and a good review o f these has been done 

by Pollard et al. (1994). Efforts to treat soil and groundwater to remove aromatic 

hydrocarbon contaminants, both in situ and above ground, have met with limited success. 

Engineering successful bioremediation in the field requires knowledge o f the degradation of 

the contaminants, including: 1) the fate of the contaminants, 2) rates o f degradation, and 

3) factors affecting those rates. Knowledge o f  the kinetics of the aromatic compound’s 

degradation and the factors that influence these metabolic rates would improve current 

treatment processes.

Factors that can affect the degradation potential of the bacteria include 

temperature, pH, substrate concentration, and nutrient availability. Laboratory 

experiments must be performed to study how those factors affect the degradation in each 

situation. However, lab experiments and in situ experiments can often show different 

levels of degradation potential (Holm et al., 1992). This could indicate that the 

manipulation or invasiveness of many lab procedures could themselves affect the
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degradation potential. While several lab procedures are currently used to study 

bioremediation, including gas chromatography (GC) (Lee et al., 1995), mass 

spectrometry (MS) (Pettigrew et al., 1991), high-performance liquid chromatography 

(HPLC) (Shields et al., 1995), and the use o f radioactive tracers such as 14C (Kennedy and 

Finnerty, 1975), several approaches are necessary to get an accurate picture o f the entire 

metabolic process (Zylstra and Gibson, 1991). Nuclear magnetic resonance (NMR) 

spectroscopy is one metabolic analysis tool that has been underutilized for studying 

bioremediation. Only one study employing NMR has previously been reported (Koch et 

al., 1993), and only cell extracts were used in the study. The second part o f this thesis 

demonstrates the utility o f  in vivo 13C nuclear magnetic resonance (NMR) spectroscopy 

as a tool in determining the kinetics of biodegradation of aromatic hydrocarbons by 

microorganisms.

For a highly novel approach, the choice of systems is crucial. The approach here 

was to study the kinetics o f a pure culture, Pseudomonas putida 27G (Ridgway et al., 

1990), degrading a single substrate, toluene. P. putida 27G is a known degrader o f several 

groundwater contaminants, including toluene. Toluene is a common contaminant o f soil 

and groundwater and is a key target compound for bioremediation. While pure cultures 

and single substrates are rarely found in situ, it is a base from which to begin studying 

bioremediation with a new analysis tool.

The suspected metabolic pathway used by P. putida 27G in the degradation of 

toluene under aerobic conditions is presented in Chapter II and results from 13C NM R
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analysis o f  the pathway are presented in Chapter VII. The kinetics o f the degradation and 

effects o f  two o f the factors on the degradation, oxygen level and toluene concentration, 

are considered in Chapter VIIL Finally, the airlift reactor used in the yeast studies is 

tested for use with the toluene degradation system and the results are given in Chapter

IX.
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II. BACKGROUND

II-A. Nuclear Magnetic Resonance Spectroscopy 

II-A-1. Basic Principles of NMR

Nuclear magnetic resonance (NMR) spectroscopy refers to the ability to detect

nuclei with spin emitting energy when placed in a magnetic field. Most nuclei possess a

nuclear angular momentum, P, which has associated with it a magnetic moment, p, where:

p = yP  or (II-l)

p = y ( I ( I+ l) )1/2h / 2  7t (II-2)

where y is the gyromagnetic ratio, a proportionality constant for each nuclide, I is the spin 

quantum number, and h is Planck’s constant (Friebolin, 1993). According to Equation II-2 

above, then, nuclides with 1 = 0 have no nuclear magnetic moment, and would therefore be 

undetectable by NMR spectroscopy. *H, 31P, and 13C all have spin quantum numbers of 

1/2, whereas 12C has a spin quantum number o f  0.

When placed in a magnetic field, B0, a spinning nucleus will precess about B0 with 

a frequency v;, known as the Larmor frequency. The Larmor frequency for a given nucleus 

is related to B0 by Equation II-3:

V j ^ Y j B ^ T t  (II-3)

Since every nuclide (each isotope of an element) has its own gyromagnetic ratio, they will 

each have different Larmor frequencies in a given magnetic field. For example, for a field
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strength of 11.7 Tesla, the Larmor frequencies of *H, 3IP, and I3C are 500. 202, and 125 

MHz, respectively. This difference in frequencies enables one to observe a single nuclide 

in a given experiment

The energy of a magnetic moment p. in a field B0 is given by the product of B0 and

E = -Po B0 = - 7; (h/2 it) I B0 (H-4)

According to quantum mechanics, the nucleus may only occupy (21 + 1) different energy 

levels. Therefore, for nuclei with 1=1/2 (i.e. lH, I3C, 31P), only two spin alignments arise, 

+1/2 and -1/2, giving rise to an energy difference, AE, between the two levels of:

AE = E.,/2 - E+,/2 = 2 Po B0 = y (h/2 n) B0 (II-5)

In NMR experiments the nuclei are irradiated by a second, superimposed magnetic field, 

Bi, of the correct quantum energy, i.e. at the Larmor frequency, to induce transitions 

between different energy levels (Breitmaier and Voelter, 1987). If Bi was continuously 

applied, all the nuclei would precess against B0, no further absorption of energy would 

occur, and no signal would be detected. The same phenomenon occurs when rapid pulsing 

is used and the spins are not allowed to relax between pulses. The population difference 

between the energy levels decreases to zero along with the intensity of the absorption 

signal. This is known as saturation, and in experiments where rapid pulsing is used, such 

as in in vivo NMR, correction factors must be used for quantification.
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Due to differences in chemical and physical environment, the local magnetic field 

that a given nuclei experiences is modified, altering the resonating frequency of that nuclei 

from the exact Larmor frequency. This gives rise to various peaks seen in the absorption 

spectrum. The difference between the resonating and Larmor frequency is given as the 

chemical shift, expressed in parts per million (ppm).

The free induction decay (FID) represents the decay o f the transverse 

magnetization detected by the receiver o f the spectrometer. The FID decays with time 

due to field inhomogeneities and relaxation processes. Usually, the intensity of a single 

FID is very weak so that the signal-to-noise ratio, S/N, following Fourier transformation 

is small. Therefore, to increase S/N several FIDs are generally collected and summed, then 

Fourier-transformed to obtain the frequency domain spectrum. Exponential multiplication 

is also often used prior to transformation to improve S/N.

II-A-2. Application of NMR to Metabolic Studies

Metabolic processes occurring inside a cell are very sensitive to environment, and 

many conventional methods of detecting and measuring such processes must alter the 

cell’s environment in order to study the process. With NMR, metabolism can be studied 

in vivo since it is non-invasive. Other advantages to using NMR over other methods of 

metabolic analysis are: it is not radioactive, several compounds can be identified and 

quantified from a single spectrum, and transient measurements can be made easily.
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The two isotopes most often used in in vivo NMR metabolic studies are l3C and 

3IP. Since the natural abundance of l3C is low, 1.1%, isotopic enhancement is used. An 

advantage to isotopic enhancement through the use of labeled substrates is that the label 

provides an indisputable link between the substrate and any labeled products; therefore, 

I3C can be used to trace metabolic pathways. 3IP NMR is used to measure intracellular 

phosphate metabolites, including cytoplasmic pH, ATP, ADP, NAD", and other 

phosphorylated intermediates.

NMR has been used extensively to study metabolism in bacteria (Navon et al., 

1977; Chen and Bailey, 1994), yeast (den Hollander et al., 1986; Fernet et al., 1994), 

mammalian cells (Fernandez et al., 1990), and whole organs (Chance et al., 1983; Malloy 

et al., 1990). However, only one report in the literature exists on using NMR to study 

aromatic hydrocarbon metabolism by bacteria - an in vitro experiment using cell-free 

extracts (Koch et al., 1993). While the method used in that experiment can aid in pathway 

analysis, alterations in cell structure can occur in the process of making the extracts; 

furthermore, intracellular effectors and inhibitors are not present in vitro which would 

affect the metabolism o f  the bacteria in vivo.

II-A-3. pH Measurements Using 3IP NMR

Since metabolic processes often vary with pH, it is often useful to know the pH  

inside the cell or in a compartment inside the cell, which may differ from the external pH.
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Measurement o f pH in NMR spectroscopy relies on chemical exchange o f two forms of 

inorganic phosphate:

H2P 0 4' + H20  4— » HPO42- + H30 ‘ (II-6 )

The equilibrium constant for the exchange is defined as:

k = rHPô irH.on ai-7>
[h 2p o 4 ]

The interconversion o f H2P 0 4' to H P 0 42' is o f the order o f 109 - 1010 s 1, fast on the 

NMR timescale; therefore, a single resonance is observed for inorganic phosphate with a 

chemical shift, 5(Pj):

5(Pj ) = SfHPO^2TrHPO^ l + 5fH?POT)rH7POTl (II-8)
[PJ

Substitution o f Equation II-7 into Equation II-8  relates pH and 5(Pi):

pH = pK + log 5 fH?PQ4~) - 5(Pi) (II-9)
S(Pi) - 8(H P042 )

An in vitro titration curve can then be obtained by measuring the P; chemical shift 

corresponding to different proportions o f the two ions, and thus to different pH values, 

such as the titration curve in Femet (1992). Factors such as temperature and metal ion 

binding will affect the chemical equilibrium in Equation II-6  (Gadian, 1982) and should be 

considered to give the most accurate relationship between pH and Pj chemical shift.

II-A-4.i3C NMR Analysis of Kinetics

l3C NMR spectroscopy can be used for the analysis o f a pathway by monitoring
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either the degradation or accumulation of substrates, intermediates, and/or products. 

Kinetics o f metabolic pathways can be determined from plots o f the concentration o f a 

compound versus time. Relative intensities o f the carbon resonances can be calibrated to 

reflect the relative enrichment o f ,3C at each site (Femet et al., 1994). Identification of 

intermediates in metabolic pathways relies predominantly on chemical shift assignments. 

However, the complex nature of the l3C NMR pattern sometimes renders making these 

assignments difficult. In such situations, additional tools for shift assignments, such as 

carbon-carbon couplings, are needed. Due to the additional structural information available 

from C-C couplings, isotopic enrichment levels in final metabolites (and intermediates) are 

needed so that coupling constants can be observed. Multiply-labeled substrates can be 

used to raise enrichment levels. Ideally, the combination o f chemical shift and coupling 

constants should be used for absolute identification of metabolites.

Comparison of observed resonances to those found in the literature can often help 

identify metabolites. Initial estimates o f chemical shifts and coupling constants for the 

carbon atoms in suspected pathway intermediates can also aid in analyzing spectra. 

Spectral simulation software, such as gNMR (SoftShell International Ltd.), can also aid in 

analyzing spectra. The estimates o f chemical shifts and coupling constants for pure 

compounds or mixtures o f compounds are entered and the simulated spectrum is 

calculated. This simulated spectrum can then be compared to the experimental spectrum.

To study toluene degradation, [U-13C]toluene (toluene with all seven carbon 

atoms labeled) may be used. A great deal o f information could be obtained by using [U- 

l3C]toluene since many o f the coupling constants in intermediates of the known 

pathways are known and could be observed (Marshall, 1983). The amount of information 

obtained, however, also makes the spectra more difficult to analyze due to overlapping 

peaks which would require deconvolution. Spectra obtained using a singly-labeled 

substrate, such as [a-l3C]toluene, lose the information o f coupling, but are easier to
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analyze. Studies using substrates with different labeling patterns would yield the most 

information on the metabolic pathway.

The technique most often used in conjunction with NMR spectroscopy to study 

metabolic pathways is the use of 13C NMR to measure groups of isotopomers (isotope 

isomers) (Jeffrey et al., 1991). The objective o f the model is to relate useful biochemical 

information to the relative concentrations o f groups of isotopomers. The analysis relies 

on the measurement of fractional enrichments and the degree of labeling o f adjacent carbon 

atoms in a molecule. The analysis was first used by Walker et al. (1982) and Cohen 

(1983).

Isotopomer analysis is used extensively to determine relative activities of 

oxidative versus anaplerotic pathways in the tricarboxylic acid (TCA) cycle (Figure II-1) 

(Malloy et al., 1990). The TCA cycle is o f particular interest since scrambling o f the label 

will occur. Scrambling refers to the redistribution of the label in compounds. An example 

of how scrambling occurs is given for one turn of the TCA cycle in Figure (II-2). [1,2- 

13C]Acetyl-CoA combining with unlabeled oxaloacetate forms [l,2-I3C]citrate. Proceeding 

through the cycle, this compound will be converted to [l,2-I3C]succinate. However, since 

succinate is symmetrical, the label can actually appear at either the C-l or C-4 and C-2 or 

C-3 positions with equal probability. Continuing in the cycle, the final result o f  the first 

turn is the production of [1,2-I3C] and [3,4-l3C]oxaloacetate. Either of these may then 

combine with more labeled acetyl-CoA or, if available, unlabeled acetyl-CoA, causing 

further scrambling of the label. After 2 rounds, l3CC>2 is produced, and after just 3 turns 

of the cycle, [U-ljC]oxaloacetate is formed.

When [U-13C]toluene is used, as in this thesis, uniformly labeled acetaldehyde and 

pyruvate are produced, which can both enter the TCA cycle by first being converted to 

[l,2 -13C]acetyl-CoA. Initially, the labeled acetyl-CoA would combine with unlabeled 

oxaloacetate. After several turns o f the cycle, however, various patterns o f labeled
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oxaloacetate would be produced to combine with more labeled acetyl-CoA. However, 

when [a-13C]toluene is used, all o f the label will be lost to carbon dioxide before 

compounds that can enter the TCA cycle are made.

II-A-5. NMR Reactor

NMR has proven to be a powerful analytical tool o f in vivo cellular metabolism. 

However, many studies have relied on using NMR as a bioassay of non-growing cells 

(Fernet etal., 1994; Shanks and Bailey, 1990; Bailey and Shanks, 1991; Diaz-Ricci et al., 

1990) or as an on-line probe for immobilized cell reactors working with dense cell cultures 

(Fernandez et al., 1988; Galazzo and Bailey, 1989, 1990a; Briasco et al., 1990; Taipa et 

al., 1993). It would be advantageous to work with growing cells at lower cell densities, 

similar to conditions encountered in industrial fermentations. A bioreactor is required for 

such studies to keep the cells viable, supply adequate nutrients, and, remove toxic 

products. One challenge o f in vivo NMR work is designing a bioreactor that is compatible 

with the spectrometer; reactor size and material, gas flowrate, and media composition are 

all factors that must be considered in the design.

NMR reactors for both vertical- and horizontal-bore spectrometers have been 

developed (Kramer and Bailey, 1991; Santos and Turner, 1986; de Graaf et al., 1992; 

Chen and Bailey, 1993; Meehan et al., 1992). Through simultaneous bubbling and 

convection, these reactors keep the cell suspension well-mixed and supply nutrients and 

respiratory gases to the cells, while helping reduce toxic product build-up. Additionally, 

circulation of the suspension leads to an accelerated effective relaxation time, which
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lowers the time needed to accumulate a spectrum for a S/N comparable to the static case 

(Santos and Turner, 1986; de Graaf et al., 1992; Meehan et al., 1992). Due to the inherent 

insensitivity o f NMR, however, the minimal cell density required to achieve an adequate 

signal-to-noise ratio (S/N) is often larger than that used in industrial fermentors or batch 

reactors. In most cell suspension studies, the cells are concentrated via a 

centrifugation/resuspension method prior to use in a reactor, and will be done here as well 

before the cells are placed in the NMR reactor.

NMR airlift reactors for use in a vertical-bore spectrometer have been used with 

both yeast and bacterial cells (Kramer and Bailey, 1991; Santos and Turner, 1986; de 

Graaf et al., 1992; Chen and Bailey, 1993; Melvin and Shanks, 1996). In particular, a 

reactor was designed for studying cytoplasmic pH and mass transfer in yeast cell 

suspensions (Melvin & Shanks, 1996) and results from this work are presented in 

Chapter III. This study demonstrated the feasibility of working with low cell densities 

(0.9% (v/v)) in an NMR reactor and that cytoplasmic pH of yeast can indicate whether or 

not the cells are receiving adequate oxygen.

Airlift reactors used in conjunction with bioremediation have been previously used 

(Pettigrew et al., 1991; Freitas dos Santos and Livingston, 1993 a&b), although not in 

conjunction with NMR. Pettigrew et al. used a 580-tnL airlift bioreactor operated as a 

chemostat to degrade aromatic hydrocarbons. However, the effluent gas from the reactor 

was found to contain 15 to 25% of the added substrate. Freitas dos Santos and Livingston 

also found that air stripping was a major drawback of using a conventional airlift
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bioreactor for the removal o f dichloroethane. To avoid loss of their substrate in the 

effluent gas, they constructed an enclosed system, consisting of the basic airlift reactor 

design with a recycle gas stream. Carbon dioxide was stripped from the recycle stream 

and oxygen was added to maintain constant pressure. An airlift reactor can therefore be 

useful for studying aromatic hydrocarbons, and modification of an existing NMR airlift 

reactor to account for the volatility o f the hydrocarbon may be possible.

II-B. Microorganisms 

II-B-1. Yeast Strains

The yeast strains used in this study are Saccharomyces cerevisiae JBY10 and 

ADM 3493-144-001-055. S. cerevisiae JBY10 is a deletion-disruption mutant o f strain 

YPH499, a standard diploid strain, and shows typical growth and ethanol production 

rates as the wild-type in standard YEPD media (2%  Dextrose, 2% Difco Bacto-Peptone. 

and 1% Difco Bacto-Yeast Extract) but a reduced glycerol production under high 

osmolarity (Brewster, et al., 1993; Fernet et al, 1994). ADM is a strain used in industrial 

ethanol production. Strain JBY10 was a gift o f Michael Gustin (Biochemistry Dept., Rice 

University); ADM was a gift o f Archer Daniels Midland to Michael Gustin.

S. cerevisiae is a budding yeast and is used extensively for industrial 

fermentations, particularly for ethanol production. Due to its commercial importance, 

yeast has been studied by biochemists, geneticists, and engineers. It grows readily in a 

variety of media and on several carbon sources, yet is sensitive to environmental changes.
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Details on glycolysis and osmoregulation in yeast, as well as the specific genetic 

mutations o f JBY10, can be found in Femet (1992).

II-B-2. Bacterial Strain

The bacteria used in this study is Pseudomonas putida 27G (Ridgway et al., 

1990), a known degrader o f several groundwater contaminants, including toluene. P. 

putida 27G was one o f 297 bacterial strains isolated from well water and core material 

from a shallow coastal aquifer contaminated with unleaded gasoline at the U.S. Naval 

Weapons Station in Seal Beach, CA. P. putida 27G is a  gift o f Don Phipps (Orange 

County, CA).

P. putida is a fluorescent pseudomonad and can be found in a variety of natural 

environments. Fluorescent pseudomonads contain a number o f naturally occurring 

degradative plasmids, allowing them to occupy a diversity o f ecological niches (Boronin, 

1992). These plasmids are basically the products of genetic engineering performed in vivo 

by the microorganisms themselves, and have allowed the bacteria to adapt to growth on 

hydrocarbons, which are normally toxic to the cells.

II-B-3. Cell Density

As mentioned in the NMR reactor section above (II-A-5), it is often necessary to 

use suspensions o f  high cell density in order to get an adequate S/N. However, when 

working with a bioreactor, it becomes increasingly difficult to supply adequate nutrients
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to the cells as the cell density increases. Therefore, there will be both a maximum and 

minimum cell density that can be used in a given NMR bioreactor under a given set of 

environmental conditions.

When studying bioremediation, adequate cell density has been shown to be a 

major factor in the success of in situ (Corseuil and Weber, 1994) degradation. From this 

aspect, high cell densities are desirable. Microbial concentrations ranging from 0.25 to 5% 

(v/v) (Ohetal., 1994; Leeetal., 1995; Weber et al., 1994; Schwartz and Bar, 1995) have 

been used. The critical microbial population, or minimum density, required for 

biodegradation will most likely depend on a number of factors, including cell strain, 

substrate availability, temperature, and pH. Cell density may affect not only the lag time 

prior to degradation, but the degradation rate as well.

II-B-4. Cell Phase

When working with in vivo cell suspensions in NMR high cell density 

suspensions are achieved by concentrating the cells via a centrifugation/resuspension 

method as mentioned in II-A-5. This requires harvesting the cells at some point during 

their growth, usually during either exponential (log) or stationary phase. Cells in each 

phase may have different age characteristics associated with them: for example, as yeast 

cells enter stationary phase, the size of the vacuole increases, resulting in more intense 

signals for vacuolar compounds, such as polyphosphates, in the NMR spectrum (Shanks 

et al., 1991).
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Bacterial cells, as well as yeast cells, will have different characteristics depending 

on what phase they are in. For instance, cell phase may affect the degradation rate, as well 

as the pathways used by the cells. Cells in stationary phase may have produced enzymes 

needed further along in pathways than those required in log phase. As a result, the cell 

does not need to take the time to make these enzymes once in the reactor. This could in 

turn increase the degradation rate. Alvarez and Vogel (1991) and Chang et al. (1993) used 

stationary-phase cells while Heipieper and deBont (1994) and Loeser and Ray (1994) 

used cells in exponential phase. However, none of these groups give reasons for using the 

specific cell phase.

II-C. Toluene Biodegradation in Bacteria

II-C-1. Toluene Degradation Pathways

The aerobic biodegradation of toluene by bacteria is accomplished by oxygenative 

ring-cleavage. Several pathways are already known (Gibson et al., 1970; Kaphammer et 

al., 1991; Montgomery et al., 1989; Whited and Gibson, 1991; Worsey and Williams, 

1975), as shown in Figure II-3. Degradation may proceed by addition of hydroxyl groups 

to either the ring or to the methyl group. This attack may be initiated by a mono- or 

dioxygenase. Once two hydroxyls are suitably placed on the ring, fission o f  the ring can 

occur by either ortho or meta cleavage. Ring cleavage is performed by another 

dioxygenase. Both addition o f the hydroxyl groups and ring cleavage require oxygen. 

Following ring cleavage, further degradation leads to products which may enter the
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tricarboxylic acid (TCA) cycle or may be further used by the cell in assimilatory 

pathways. The pathways used by P. putida 27G in toluene degradation are currently 

unknown, although the TOL pathway (Figure II-4) is the suspected pathway due to the 

liquid culture turning yellow during degradation, which could indicate the presence of 

catechol.

The enzymes responsible for the oxidation of toluene via the TOL pathway are 

encoded by a catabolic plasmid, called the TOL plasmid (Assinder are Williams, 1990), 

although several TOL-type plasmids have been shown that share this same route of 

toluene oxidation (Shields et al., 1995). As well as oxidizing toluene, the TOL pathway 

plasmid will metabolize m- and /7-xylene, but not o-xylene or benzene. This is an 

important fact when working with mixtures o f benzene, toluene, and xylene (BTX), 

commonly found in situ, leading to incomplete biodegradation o f the mixture.

II-C-2. Surfactant Production

P. putida 27G produces a biosurfactant as a secondary metabolite beginning in 

early stationary phase. Surfactants are amphiphilic molecules (containing both 

hydrophilic and hydrophobic regions) that reduce the surface tension o f a liquid medium 

(Voet and Voet, 1990). Surfactants can be synthetic or natural, generally referred to as 

biosurfactants. Surfactant molecules can form micelles and surround slightly soluble 

molecules in order to disperse or emulsify them in the aqueous phase (Zhang and Miller,

1992).
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Biosurfactants have been shown to increase biodegradation rates of both aliphatic 

and aromatic hydrocarbons (Zhang and Miller, 1994 & 1995; Van Dyke et al., 1993; 

Churchill et al., 1995), affecting the rate in two ways: by increasing solubilization and 

dispersion of the hydrocarbon and by inducing increases in cell surface hydrophobicity, 

thereby changing the affinity between the microbial cells and the hydrocarbon. Interest in 

using biosurfactants in conjunction with in situ bioremediation has increased over the 

years and is considered more attractive than synthetic surfactants since they are natural 

products and are biodegradable (Zhang and Miller, 1992). Controversy has arisen 

surrounding their use, however, since the contaminants, once absorbed by the surfactant, 

are more susceptible to spreading beyond the original contamination site (Dutton, 1993).

The structure of a biosurfactant is generally a characteristic of the species 

producing it and the available carbon source during growth (Zhang and Miller, 1995). 

Most microorganisms produce mixtures o f surfactants that are structurally similar but 

which may have quite different physicochemical properties. The biosurfactant produced 

by P. putida 27G is believed to be a rhamnolipid, a general structure o f which is shown in 

Figure II-5, or mixture o f rhamnolipids. A rhamnolipid is composed of one or more 

rhamnose molecules and two (3-hydroxy fatty acids. The synthesis o f such fatty acids

begins with acetyl-CoA (Voet and Voet, 1990), and Hauser and Kamovsky (1957) 

showed that acetate can supply the carbon needed for the fatty acids in a rhamnolipid 

produced by P. aeruginosa. Since toluene degradation by the TOL pathway leads to the 

production of acetaldehyde and pyruvate, which can both be transformed into acetyl-
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CoA, carbons from toluene could be fimneled into the pathway for fatty acid synthesis 

for a rhamnolipid rather than through the TCA cycle as is generally assumed.

II-C-3. Degradation Kinetics

When substrate concentrations are low, concentration-dependent kinetics often

control the rate o f uptake by microorganisms, and degradation generally follows

Michaelis-Menten, or Monod, kinetics (Robertson and Button, 1987):

V = Vmair S X (11-10)
Km + S

where v is the substrate utilization rate, vmax is the maximum rate, S is the substrate 

concentration, X is the biomass concentration, and Km is the half-velocity coefficient.

Robertson and Button (1987) found the degradation of toluene to be governed by 

Michaelis-Menten kinetics over initial substrate concentrations o f 0.4 - 1077 pg/L for

cultures that had been grown on 35 mg toluene/L. Therefore, the toluene concentrations 

used for the rate studies could be considered low compared to the concentration fed to the 

culture for growth. Corseuil and Weber (1994) also observed Michaelis-Menten kinetics 

for toluene degradation using an initial substrate concentration o f  20 pg/L; however, they

observed zero-order kinetics at initial substrate concentrations o f 2000 pg/L and above.

Their upper concentrations may have been considered high compared to the 

concentrations the cultures had been growing on prior to use. Corseuil and Weber's 

observation of zero-order kinetics at high substrate concentrations, however, does not
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contradict Equation 11-10: when S »  Km, the equation simplifies to v = vmaxX, which is

zero-order with respect to substrate concentration.

Chang et al. (1993) observed Michaelis-Menten kinetics as well, but took into

consideration toluene’s volatility. Due to its volatility, toluene will be not only in the

liquid, but in the headspace as well. As the toluene is taken up by the bacteria, toluene

from the headspace will enter the liquid to be used by the bacteria Taking into account

the Henry’s Law constant for toluene to correct for this, equation 11-10 becomes:

v =  Vm^SXVL  01-11)
Km(VL + H cV G) + S

where VL is the liquid volume, VG is the gas volume, and He is Henry’s Law constant.

Oh et al. (1994) observed Michaelis-Menten kinetics when working with benzene, 

but found Andrews (Haldane) inhibitory kinetics to govern toluene degradation. They 

surmised that differences in their results and other researchers’ was probably due to strain 

difference in the bacteria used; their bacteria were not able to degrade p-xylene, while 

other bacteria displaying Michaelis-Menten kinetics could.

II-C-4. Effect of Toluene Concentration

Solvents such as toluene are extremely toxic to cells because they partition 

preferentially in the cell membrane; excessive accumulation o f the solvent causes an 

increase in membrane fluidity, expansion of the membrane, and impairment of membrane 

functions (Weber et al., 1994). Toluene degrading bacteria, such as P. putida 27G, are able 

to survive low concentrations o f toluene by degrading it immediately. However, at high
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concentrations of toluene, the bacteria cannot degrade the toluene fast enough to keep it 

from affecting the membranes. In this case, the microorganisms may adapt by modifying 

their membranes to maintain the proper fluidity. This mechanism is called homeoviscosic 

adaptation (Heipieper and deBont, 1994). A change in the fatty acid (FA) composition of 

membrane lipids, such as in the ratio o f saturated to cis unsaturated FA during growth, is 

one device employed by bacteria in the adaptation. Some strains are also able to isomerize 

cis unsaturated FA to trans unsaturated FA (Weber et al., 1994). This allows for a faster 

adaptation than the growth-dependent system. Another device the bacteria may use is to 

change the lipid-to-protein ratio of the membrane, the protein content helping to regulate 

the membrane fluidity (Heipieper and deBont, 1994). Any adaptation the cell makes due 

to varying toluene concentration could affect its degradation kinetics.

The toluene concentrations used previously in experiments have covered a wide 

range. Chang et al. (1993) used a liquid-phase toluene concentration of 10 mg/L while 

Alvarez and Vogel (1991) used 5 times that amount. These are both low concentrations of 

toluene considering Vecht et al. (1988) used up to 7000 mg/L toluene, although they 

found that complete inhibition o f degradation occurred at concentrations greater than 1400 

mg/L (15 mM). Heipieper et al. (1994) on the other hand did not find total inhibition o f 

growth until the toluene concentration reached 9% (v/v), or 78 g/L. Other researchers have 

generally used concentrations in the 1-10 mM range (92 - 920 mg/L) (Lovley and 

Lonergan, 1990; Utkin et al., 1992; Natarajan et al., 1994).
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II-C-5. Effect of Oxygen Concentration

Not all bacterial strains compete on the same level for oxygen, which could affect 

their survival in the environment. Some pathways appear to be more effective when 

competing for oxygen at low levels (Duetz et al., 1994). This may be due in part to the 

effect o f the dissolved oxygen tension (DOT) on the synthesis of the enzymes where 

oxygen is a substrate o f the enzyme, such as in toluene biodegradation. However, there is 

not much information o f the effect of DOT on the synthesis o f enzymes involved 

specifically in toluene degradation (Viliesid and Lilly, 1992). Viliesid and Lilly found that 

the synthesis o f catechol 1,2-dioxygenase by Pseudomonas putida was influenced by 

DOT, possibly as a result o f changes in metabolic activity; however, the bacterial 

concentration and the oxygen uptake rate were independent of DOT.

Mikesell et al. (1993) found that hypoxic growth on the substituted aromatics was 

poor, possibly due to a failure to induce metabolic pathways. They also found that the 

ratio o f dissolved oxygen available to hydrocarbon degraded was 3  to 1 , more than 

adequate for transformation as far as the ring cleavage step or farther.

How oxygen concentration affects toluene degradation may not be a simple matter 

of degradation ceasing when oxygen is depleted. Low oxygen concentrations may affect 

how the degradation proceeds. Clark et al. (1995) found that oxygen limitation in two 

bacterial strains acted in an analogous manner to substrate limitation imposed by 

dissolved nutrients; that is, it stimulated secondary metabolite production in some cases 

and inhibited it in others. This may be particularly important for P. putida  27G which
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produces a surfactant as a secondary metabolite. Clark et al. also found that under oxygen 

limitation their strains continued to assimilate glucose without an increase in biomass. 

They surmised that the glucose may have been assimilated to provide maintenance 

energy, and that a pigment they saw produced could be an “overflow metabolite” secreted 

as a consequence of maintenance metabolism. What that implies for the case o f P. putida 

27G is that under oxygen limitation, the bacteria may utilize the toluene for maintenance 

energy, and that the surfactant is produced as a “side-effect” o f this. Another possibility 

is that under oxygen limitation, the bacteria realize they cannot degrade all o f the toluene 

in their environment and use the toluene to produce the surfactant in order to sequester 

excess toluene outside the cell.

II-D. Summary

In vivo NMR spectroscopy has developed rapidly over the last several years and 

can assist engineers studying cellular metabolism. Since engineers are often concerned with 

cell cultures growing in reactors, a reactor that can be used in conjunction with NMR is 

needed. An airlift reactor is one such device that can be used. However, in order to 

maintain a viable cell culture, proper nutrients must be provided. It can be difficult to 

predict whether a given culture is receiving adequate nutrients, although calculations can 

give an estimate of the amount of oxygen required. It would be more useful, however, to 

have some intracellular marker of adequate aeration. The first part o f this thesis uses 3IP 

NMR to examine the use of cytoplasmic pH as a marker of aeration in a non-growing cell
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suspension of yeast in an airlift reactor. Two different strains of yeast are studied, a 

laboratory and an industrial strain, to determine if generalizations can be made between 

strains. Maximum and minimum cell densities that can be used with the reactor are also 

determined.

The second part o f this thesis moves on to examine cellular metabolism during 

bioremediation. While current methods are available for studying bioremediation, none 

study the cells in vivo. Here, toluene degradation by a bacterial cell suspension is studied 

using l3C NMR. Toluene is a common component of gasoline and has been targeted for 

clean-up from soil and groundwater resulting from spills and leaking underground storage 

tanks. The bacterial strain used is a known degrader o f toluene, although the degradation 

pathway is unknown. The degradation pathway is first examined, followed by an analysis 

o f the kinetics of the degradation, both in vivo and in vitro. The effect of cell phase, 

toluene concentration, and oxygen concentration are all considered. Finally, the airlift 

reactor used in the yeast studies is tested for use with the bioremediation system.
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III. INFLUENCE OF AERATION ON CYTOPLASMIC pH OF YEAST IN AN NMR 

AIRLIFT BIOREACTOR

Note: This chapter has been published in Biotechnology Progress (Melvin & Shanks, 

1996).

III-A. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy has emerged as a powerful 

analytical tool for noninvasive metabolic studies of native and metabolically engineered 

living cells. This development emanated from the capability of the technique to measure 

intracellular pH and metabolite levels as a function of time in intact cells and tissues. 

NMR has been applied as a bioassay for monitoring metabolic differences in wildtype 

and genetically altered cells (Femet et al., 1994; Shanks and Bailey, 1990; Bailey and 

Shanks, 1991; Diaz-Ricci et al., 1990) and as an online probe in immobilized cell reactors 

(Fernandez et al., 1988; Galazzo and Bailey, 1989, 1990a; Briasco et al., 1990; Taipa et 

al., 1993). Furthermore, data from the NMR bioassay has been used in conjunction with 

pathway models to quantify differences in flux control o f key enzymes between 

immobilized and suspended yeast cells (Galazzo and Bailey, 1990b) and to calculate 

fluxes in hybridoma cells (Sharfstein et al., 1994). The experimental design for all o f 

these studies circumvented a major disadvantage of NMR - its inherent insensitivity - by 

using high cell densities (greater than 1 0 % by volume), thus resulting in spectra with 

higher signal-to-noise (S/N) ratios and enhanced time resolution.

A current challenge is to extend NMR studies to we 11-adapted growing cell 

suspensions at cell densities encountered in many industrial or laboratory bioreactors. In 

the two methods described above, the NMR bioassay only measures spectra from non
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growing cells, whereas the NMR online probe typically monitors dense cultures o f 

growing cells in an immobilization matrix. One hybrid case is an NMR online probe for a 

suspension o f approximately 15% by volume growing E. coli cells circulated from a 3.5 

L laboratory bioreactor (Chen and Bailey, 1993). Recent research has focused on the use 

o f micro-reactors for experiments o f cell suspensions o f less than 1 0 % by volume 

(Meehan et al., 1992; Kramer and Bailey, 1991; Galt, 1988; Santos and Turner. 1986; de 

Graaf et al., 1992). The technical hurdle in the spectroscopy is in obtaining adequate S/N 

spectra from low cell density suspensions. The difficulty in the micro-reactor design and 

operation is in providing a controlled environment, including adequate oxygenation, for 

the cell suspensions within the NMR cavity.

The NMR reactor designs for cell suspensions are o f two basic types: a cultivator 

for use in a horizontal-bore imaging spectrometer (Meehan et al., 1992) and an airlift 

reactor for use in a vertical-bore high resolution spectrometer (Kramer and Bailey, 1991; 

Santos and Turner, 1986; de Graaf et al., 1992; Chen and Bailey, 1993). Through 

simultaneous bubbling and convection, these reactors may provide a well-mixed cell 

suspension and an adequate supply of nutrients and respiratory gases to the cells, while 

helping to reduce toxic product build-up. Moreover, circulation of the suspension leads to 

an accelerated effective relaxation time, which experimentally lowers the time needed to 

accumulate a spectrum for a S/N ratio comparable to the static case (Santos and Turner, 

1986; de Graaf et al., 1992; Meehan et al., 1992).

While these studies are encouraging, the technical challenges have only been 

partially met. In each report, at most spectra at one or two cell densities were reported. 

Thus, data for a strong knowledge base is lacking. A few data points define tentative
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boundaries o f optimal operation for an NMR bioreactor for cell suspensions. The lowest 

cell density of an aerobic cell suspension from which a NMR spectrum was acquired was 

7% (v/v) Saccharomyces cerevisiae cells, using 4000 scans and an acquisition time o f 8  

minutes (Meehan et al., 1992). The lowest cell density that was reported for anaerobic 

cells was for a 0.6% (v/v) suspension of Zymomonas mobilis using 25,000 scans and an 

acquisition time o f 30 minutes (de Graaf et al., 1992). However, since bubbling was not 

employed in this latter study, the S/N is likely higher than if  bubbling had been utilized. 

The biggest unknowns still remain. First, the highest respiration rate that can be 

supported for growing cells within an NMR reactor is unknown, and second, the NMR 

time resolution associated under these conditions needs to be determined.

The design for optimal oxygenation in an NMR reactor can be aided by the kLa 

and cell respiration rate. Only one mass-transfer study o f NM R reactors for cell 

suspensions has been reported (Kramer and Bailey, 1991). The mass transfer coefficient, 

kLa, was measured for an airlift reactor with the objective to provide one indication of 

adequate oxygenation. From the kLa of the reactor and respiration rate of the cells, the 

number o f cells needed to obtain a spectrum with a given S/N ratio can be estimated 

(Kramer and Bailey, 1991). However, good kLa values in a well-defined medium may 

vary minimally by + 10 - 20% (Linek et al., 1987; Drury et al., 1988; Steinberg and 

Andersson, 1988) from the actual bioreactor configuration with cells. This error alone 

would translate into a significant increase (roughly 20 - 40%) in the time for acquisition 

o f a spectrum. A further error would result in the kLa measurements if  one cannot 

simulate the medium in vitro to the medium conditions in vivo. In addition, the actual 

respiration rate o f cells in a micro-reactor also represents an unknown (Chen and Bailey.
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1993) since the estimated respiration rate o f cells is likely obtained from cells in a more 

easily monitored, larger bioreactor. An independent check on these calculations would be 

an intracellular marker from the NMR spectrum, which would indicate if the amount of 

O2 supplied is adequate for cell respiration.

Data exists from the NMR spectrum that could provide an independent marker of 

aeration. Cytoplasmic pH, as determined from the 3IP NMR spectrum, is an attractive 

possibility, since the chemical shift o f P1cyt can be accurate to 0.02 ppm (Shanks and 

Bailey, 1990), leading to a precision in pH of 0.05 units. Moreover, different pH ^ 1 values 

have been observed under aerobic and anaerobic conditions for several types o f cells (Ho, 

1994; Saint-Ges et al., 1991; Kuesel et al., 1990). For example, plant cells have different 

pH051 values under aerobic and anaerobic conditions, 7.4 and 6 .8 , respectively (Ho, 1994). 

Other factors under certain environmental conditions, such as buildup o f fermentation 

products like acetate (Chen and Bailey, 1993) and CO2 (den Hollander et al., 1981), may 

lower cytoplasmic pH. However, even for cells which do not have a straight-forward 

relationship between pH01 and aerobic state, such as the yeast S. cerevisiae, pH051 may 

prove useful as an intracellular marker. For example, S. cerevisiae, when catabolite- 

repressed, appears to have the same pH051 value regardless of the amount o f oxygen 

present (den Hollander, 1981). Nonetheless, this yeast may be sensitive to aeration when 

the cells are derepressed, when they have active mitochondria, leading to different pH**1 

values. Under derepressed conditions, this yeast may be used to test the aerobic operation 

o f the reactor.

In this paper, the airlift reactor design is evaluated for metabolic studies using 3IP 

NMR spectra of the yeast S. cerevisiae at several cell densities, ranging from 0.9% (v/v)
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to 45% (v/v). The use of cytoplasmic pH as an intracellular marker for aeration is tested 

for derepressed yeast cells prior to, and during, glycolysis under non-growth conditions. 

Estimates o f  the maximum cell density for sufficiently aerated conditions, using the 

method outlined by Kramer and Bailey (1991), is tested with the experimental data. 

Finally, the common practice o f adding 5% C 0 2 to the inlet aeration gas in an NMR 

experiment is evaluated by examining the effect on pHcvt when using a gas with C 0 2 

versus a control.

III-B. THEORY

The conflicting constraints for NMR studies of cell suspensions, optimal 

sensitivity and time resolution at a low cell density, can be examined in more detail by 

the NMR equations relating these variables. In NMR studies, the maximum possible 

signal-to-noise ratio, S/N, is desired while maintaining viable cells. S/N is proportional to 

the concentration o f cells, X, times the square root o f the number o f scans, Ns:

S/NaX-Ns05 (III-l)

The number o f scans equals the acquisition time, Ta, divided by the time for one pulse, 

T •ip-

Ns = T/rp (III-2 )
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Equations (III-l) and (III-2) may be combined so that when comparing two spectra with 

the same signal-to-noise ratio, the acquisition time is proportional to the reciprocal o f the 

square of the cell concentration:

Ta a  1/X2 (III-3)

In order for the cells to be viable they require an adequate supply o f oxygen, which 

becomes increasingly difficult as the cell concentration is increased in an attempt to 

decrease the acquisition time. To determine the maximum cell density that can be

supported by aeration, the following equation is used:

OTR > OUR (III-4)

where OTR is the oxygen transfer rate and OUR is the oxygen uptake rate. Equation (III- 

4) can be written as (Kramer and Bailey, 1991):

kLa (Cai - Ca) > X- q02 (III-5)

where kLa is the overall mass transfer coefficient, Caj is the saturation concentration of 

0 2, Ca is the dissolved oxygen concentration, and q0 2 is the respiration rate. Rearranging 

equation (III-5) gives (Kramer and Bailey, 1991):
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(III-6 )

Using the value for kLa determined by Kramer and Bailey (1991) for their airlift reactor, 

0.008 s '1, a value for AC o f 1 mmol/L (O2 saturation in aqueous media) (Bailey and Ollis,

1986), and values o f the respiration rate from the literature, the following calculations can 

be made for the yeast S. cerevisiae under conditions o f  endogenous respiration and 

glucose-limited growth, respectively:

Endogenous respiration:

q0 2 -  0.36 mmol Oi/gDW hr (Alger et al., 1982)

X < 80 gDW/L 

X* < 40% (v/v)

Respiration in glucose-limited growth :

qo2 = 2 - 7  mmol CtygDWhr (Barford, 1990)

X < 4 .1  -14  gDW/L 

X* < 2 -  7% (v/v)

where X is the cell density on a gram dry weight basis, and X* is the cell density on a 

volume basis, assuming that yeast cells have a ratio of 0 .2  g dry weight/g wet weight 

(Gancedo and Gancedo, 1973). Therefore, an airlift reactor with the given kLa estimate
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could theoretically provide adequate oxygenation for up to 40% (v/v) yeast cells that are 

utilizing endogenous carbon reserves and for 2 - 7% (v/v) cells growing under glucose 

limitation.

III-C. MATERIALS AND METHODS

III-C-1. Reactor Apparatus

The reactor used for the NMR experiments was a similar, scaled down version o f 

the reactor used in Kramer and Bailey (1991). A 10mm NMR tube (Wilmad, model 513- 

7TR-9) was modified with a 5mm-diameter tube (Wilmad, model 527-PP) inserted to 

form an internal loop airlift reactor (Figure III-l). The inner tube is 142 mm in length, 

reaches to within 2  mm of the bottom o f the reactor, and is held in place by three plastic 

stabilizers with notches cut out to allow flow past them. The cap was altered to 

accommodate a gas inlet capillary tube and an overflow tube. Both the capillary tubing 

and the overflow tube are Teflon (Cole-Parmer), and are 0.8 mm ID and 1.6 mm ID. 

respectively. The capillary tubing extends into the reactor to 10 mm above the RF 

detection region and connects to Teflon (Cole-Parmer) tubing from the gas supply. At 

this connection point glucose may be injected.

III-C-2. Yeast Strain

Saccharomyces cerevisiae strain JBY10 was the yeast strain used in this study. S. 

cerevisiae JBY10 is a deletion-disruption mutant o f strain YPH499, a standard diploid 

strain, and shows typical growth and ethanol production rates as the wild-type in standard
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Figure 1II-1. Schematic o f internal loop airlift reactor for NMR spectroscopy 
experiments. Gas enters through capillary tubing creating circulation of the solution 
up the draft tube and back down outside the draft tube. The draft tube is held in place 
by plastic stabilizers. The cap is fitted with an overflow tube as a safety precaution. 
The infection port for glucose is at a connection point in the tubing leading to the gas 
supply.
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YEPD media (2% Dextrose, 2% Difco Bacto-Peptone, and 1% Difco Bacto-Yeast 

Extract) but a reduced glycerol production under high osmolarity (Brewster, et al., 1993; 

Femet et al, 1994). Strain JBY10 was a gift o f Michael Gustin (Rice University).

III-C-3. CeU Culture

The strain was grown aerobically, as in Femet et al. (1994), in a rotary shaker at

30°C in 2-L flasks containing 1L o f  YEPD media. Cells were harvested at 24 hours; 

under these conditions, the cultures are catabolite derepressed. The cultures were first 

chilled on ice by manually shaking for 5 minutes; the cells were then harvested by low-

speed centrifugation at 4°C. They were washed twice in an ice-cold sterile buffer solution

containing: 0.85 g/L KH2P 0 4, 0.15 g/L K2H P04, 1.02 g/L M gS04-7H20 ,  0.1 g/L NaCl, 

and 9.76 g/L MES, adjusted to pH 6.0 using 1 M NaOH. Cells were resuspended in the 

wash media supplemented with an additional 15 mM Pj to a concentration o f 40% or 50% 

by volume (procedure modified from Shanks and Bailey, 1988). To obtain the 20, 10, 5 

and 1% (v/v) suspensions, the 40% (v/v) sample was diluted using DI water, adjusted to 

pH 6.0 using 1 M NaOH, to the appropriate concentration in order to scale the amount of 

phosphate to the cell density. Suspensions were kept on ice until used in the experiment.

III-C-4. Gas Flow Rate

In all experiments, the gas was supplied at a flow rate o f 350 mL/min. This 

flowrate was necessary at the high cell densities to keep the cells suspended for extended 

periods o f  time (2 hours).The flowmeter was calibrated using a bubble column and with
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the entire length o f tubing intact. The flowrate was scaled to correspond to the conditions 

exhibiting the maximum kLa value, 0.008 sec'1, as determined by Kramer and B ailey  

(1991). For a flowrate o f  350 mL/min, complete mixing is obtained in the reactor within 

one minute for all cell densities up to 36% (v/v), as determined by using the dye Orange 

G (Sigma Chemical Co.), and no foaming was observed.

III-C-5. NMR Spectroscopy

3IP NMR spectra were obtained in the Fourier-transform mode at 202.46 MHz on

a Bruker AMX-500 NMR spectrometer at 24°C. The pulse interval was 0.5 s and the 

pulse angle was 70°. The number of scans used for final cell densities o f 45, 36, 18, 9, 

and 4.5% (v/v) were 60, 60, 150, 300, and 1200, respectively. Spectra for the 0.9% (v/v) 

case were taken using 4800 and 14,400 scans. These acquisition parameters correspond to 

8 -kbyte free induction decays (FIDs) of 0.5 min, 0.5 min, 1.25 min, 2.5 min, 10 min, 40 

min and 120 min, respectively, for the different cell densities. FID files were analyzed 

using the LAB ONE™ NMR1 Spectroscopic Data Analysis Software System (New 

Methods Research, Inc.). The FIDs were exponentially multiplied by a line broadening of 

20 Hz, Fourier transformed and phased. Spectra o f  0.9% (v/v) cell suspensions were 

baseline flattened by a 7th degree polynomial.

Samples for the experiments consisted o f 5.4 mL of a cell suspension (50, 40, 20, 

10, 5, or 1% (v/v)) and 0.6 mL D20  as a lock. This gave the final cell densities for the 

experiments o f 45, 36, 18, 9, 4.5, and 0.9% (v/v) (90, 72, 36, 18, 9, and 1.8 gDW/L, 

respectively). Spectra were taken of cell suspensions in the following sequence: prior to
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addition of the gas supply, during supply o f gas with no exogenous carbon source 

present, and after addition o f glucose with gas supply. Glucose was injected to a final 

sample concentration o f 100 mM twenty minutes after gas flow was started. In the 

aerobic experiments a 95% 0 2 /5 % CO2 gas mixture or 100% O2 was supplied to the 

suspension; in the anaerobic experiments a 95% N2/5 % CO2 gas mixture was used. 

Glycerol phosphorylcholine, GPC, was used as an internal reference, occurring at 0.49 

ppm downfield from 85% phosphoric acid. Assignment o f resonances in 31P spectra were 

made according to literature (den Hollander et al., 1981; Navon et al., 1979; Gage et al., 

1984). Cytoplasmic pH was determined from the chemical shift o f the cytoplasmic 

inorganic phosphate peak using a calibration curve (Shanks and Bailey, 1988).

III-C-6 . Statistical Analysis

Cytoplasmic pH values were analyzed by Statview II (Abacus Concepts, 

Berkeley, CA). Student's unpaired /-test was used to determine the significance of 

differences in pH^ 1 values between aerobic and anaerobic conditions and between the 

cell densities. Differences were considered significant if  they exceeded the 90% 

confidence level.
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III-D. RESULTS AND DISCUSSION

III-D-1. NMR Spectra

3IP NMR spectra were taken for cell suspensions o f the yeast Saccharomyces 

cerevisiae JBY10, a laboratory diploid strain, at several cell densities in an airlift reactor. 

Cell densities o f 45, 36, 18, 9, 4.5, and 0.9 % (v/v) were examined. Cells for these 

experiments were harvested at 24 hours, or early stationary phase (data not shown), from 

cultures grown on 2% (wt) glucose complex growth medium. At this point, the cells were 

glucose derepressed. Typical yeast at this stage have active mitochondria (Alger et al., 

1982). For acquisition of the spectra, cells were resuspended in a phosphate and mineral 

salt buffer at pH 6 , with the phosphate level scaled to the cell density. Spectra were taken 

prior to the addition of a gas source, after addition of the gas source, and after addition o f 

100 mM glucose until glucose exhaustion. Experiments for all o f  the cell densities except 

for the 0.9% (v/v) concluded by 80 minutes (as determined by depletion of the sugar 

phosphates, discussed below in Stability o f Cytoplasmic pH); the 0.9% (v/v) cell case 

took a minimum o f 4 hours (see Table III-l). Since the doubling times of these yeast are 

on the order o f 1.5 hours in batch culture (data not shown), these NMR experiments are 

essentially o f  non-growing cells, but with the cell density controlled in each case for ease 

o f comparison.
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Cell Density 
% (v/v)

Number of 
Scans

Graphical
S/Na

Theoretical
S/N°

Acquisition
Time

(minutes)

Time Required for 
Depletion o f Sugar 

Phosphates
45 60 97 105 0.5 11.5
36 60 84 84 0.5 7.5
18 150 71 6 6 1.25 33.75
9 300 45 47 2.5 52.5

4.5 1 2 0 0 38 47 10 80
0.9 4800 18 19 40 ND*
0.9 14,400 29 32 1 20 ND

a Graphical S/N ratio o f polyphosphate resonance (PP5) shown in Figure III-2.
6 Not determined.

Table III- l. Variation in NMR parameters and glycolysis time with cell density.

Representative 31P spectra of cell densities o f 36 and 4.5% (v/v) under aerobic 

conditions are shown in Figure III-2a and Ill-2b. The spectra were taken at 3.5 and 40 

minutes, respectively, following glucose addition. At these time points, the cells are in 

the pseudo-steady state region of glucose utilization (Shanks and Bailey, 1988). For both 

of these spectra, several metabolites, such as cytoplasmic phosphate, vacuolar phosphate, 

ATP, sugar phosphates, and polyphosphates, are easily identified and the signal-to-noise 

(S/N) ratio is adequate (Shanks and Bailey, 1990b) for quantitation o f  intracellular 

metabolites from these spectra. Similar spectra were obtained at cell densities o f 45, 18 

and 9% (v/v) (spectra not shown). The lowest cell density case, previously unreported in 

the literature for the yeast S. cerevisiae, is shown in Figure III-2c. This 31P NMR 

spectrum o f a cell density o f 0.9% (v/v) was taken at 120 minutes following glucose 

addition, using 14,400 scans and an acquisition time of 120 minutes. All o f the 

resonances detected in Figures III-2a and III-2b are present in Figure III-2c.
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+
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Figure III-2.31P N M R  spectra of S. cerevisiae strain JBY10 for cell densities of (a) 36%. 
(b) 4.5%. and (c) 0.9% taken 3.5, 40, and 120 min following glucose addition, 
respectively. The gas supplied was 95% 0 2/5% C 0 2 at a flow rate of 350 mL/min. 
Glucose was injected to a final sample concentration of 100 m M . Peak identifications are 
abbreviated as follows: SP, sugar phosphate; PjC>\  cytoplasmic phosphate; Pjvac. vacuolar 
phosphate; Pjcx, external phosphate; PM, phosphomannan; A TPa P r  a.(3. and y 
phosphates of adenosine triphosphate; A D Pap, a  and (3 phosphates of adenosine 
diphosphate; P P |, pyrophosphate and terminal phosphates of polyphosphate; N A D (H ). 
nicotinamide adenine dinucleotide; PP3, penultimate phosphates o f polyphosphate; PP4.5. 
middle phosphates of polyphosphate. PP2 could not be resolved.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

Qualitatively, relative peak intensities appear similar in all the spectra for the chemical 

shifts upfield o f 0 ppm. However, calculation o f the theoretical signal-to-noise ratio with 

the acquisition time allows for more quantitative comparison o f these spectra.

III-D-2. Acquisition Time and S/N Ratio

The relationship between cell density, acquisition time, and S/N is shown in Table

III-1. Polyphosphate was used as a reference for indication o f S/N o f the spectra, since 

polyphosphate levels likely do not change greater than 5-10% under these conditions 

(Gillies et al., 1981). The graphical S/N ratios (signal height/peak-to-peak noise) are 

given for the polyphosphate peak, PP5, and are 97, 84, 71,45, and 38 for cell densities of 

45, 36, 18, 9, and 4.5% (v/v), respectively. These S/N ratios compare well with 

theoretical S/N ratios of 105, 84, 6 6 , 47, and 47, respectively, which are obtained by 

using equation (III-l) with the actual acquisition times and normalizing to the 36% (v/v) 

case.

This analysis for PP5 holds true for the lowest cell density case. Spectra 

accumulated using 14,400 scans and 4800 scans for the 0.9% (v/v) cell density case 

should provide S/N ratios o f 32 and 19, respectively. The actual graphical S/N ratios are 

29 and 18, respectively. In the best case for the 0.9% (v/v), shown in Figure III-2c, the 

resonance intensities for Pf*1, Pj6*, and the sugar phosphates appear lower in comparison 

to the PP5 resonance than for the other cell cases. The reasons for this are not clear. 

However, it should be noted that the acquisition times for the 0.9% (v/v) case are on the 

order o f times comparable to one doubling time o f the cells, and perhaps reflects a change 

from the other experiments which occur under non-growth conditions. An effort to
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further resolve this time period was not successful. When 4800 scans were used for the 

0.9% (v/v) case, corresponding to an acquisition time of 40 minutes, more time points 

could be taken throughout glycolysis; however, at the graphical S/N o f  18, many of the 

metabolite peaks, including Pf*1, were no longer discernible from noise (spectrum not 

shown).

Therefore, under conditions of non-growing cells in our reactor, 4.5% (v/v) is an 

appropriate cell density that can be used to obtain an adequate S/N ratio for all 

resonances in 10 minutes. Through optimization o f acquisition parameters, which was not 

done in this study, it may be possible to lower the acquisition time, and therefore use a 

lower cell density. One method of decreasing the acquisition time is to use rapid pulsing, 

such as used by Meehan et al. (1992) and de Graaf et al. (1992).

While only non-growing cells were studied here, the study o f actively growing 

cells is desirable. Long-term sterile culture needed for the study o f growing cells has been 

proven possible in NMR reactors (Ho, 1994; Meehan et al., 1992; Sharfstein et al., 1994). 

Growing cells could possibly have lower metabolite levels for some resonances than their 

non-growth counterparts, which would extend acquisition times from the non-growth 

condition. Therefore, when studying growing cells, longer acquisition times, such as the 

120 minutes used in this study for the 0.9% (v/v) case, may be considered appropriate, 

although optimization o f  acquisition parameters could decrease the time required to 

obtain a spectrum.
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III-D-3. Stability of Cytoplasmic pH

In order to determine if cytoplasmic pH could be used as an intracellular marker 

for indication o f aeration, spectra before and after glycolysis were analyzed for 

cytoplasmic pH. Figure III-3 is a plot o f pH^ 1 vs. time for a 9% (v/v) suspension under 

aerobic conditions, and illustrates two stable regions in the transient that are useful for 

comparison o f  data, one prior to glucose addition and one during glycolysis. The first 

spectrum in each experiment was taken prior to bubbling with gas. This spectrum is 

represented by the first time point on Figure III-3. 0 2 bubbling is started, and pHc>t rises 

due to endogenous respiration. Alternatively, when N2 was bubbled instead of 0 2. there 

was no increase in pH05* (data not shown). Twenty minutes after aeration commenced, a 

bolus o f glucose is added to a final sample concentration o f 100 mM. The point o f  

glucose addition is designated as the zero time point. Mixing o f glucose took less than 1 

minute for all cell densities up to 36% (v/v) (data not shown). Following glucose addition 

the pH03* increased and peaked at a maximum value of 7.6, followed by a decrease to a 

"pseudo-steady-state" value of 7.16. Once all o f the glucose in the system had been used, 

marked at 52.5 minutes by a return o f the sugar phosphate (SP) intensity to pre-glycolysis 

levels (data not shown), the pHcyt rapidly decreased. Den Hollander et al. (1981), using 

glucose-repressed cells o f S. cerevisiae under anaerobic conditions, saw a pH*131 profile 

similar to the one seen here, including the maximum, followed by a steady-state region, 

and then a sharp decrease. Taipa et al. (1993) also observed a sharp decrease in pHcyl 

following glucose depletion for 7.5% (v/v) cell suspensions of S. bayanus.

The length o f glycolysis depended upon the cell density in the suspension. For the 

45, 36, 18, 9, and 4.5% (v/v) cell suspensions, glycolysis lasted 11.5, 7.5, 33.75, 52.5,
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and 80 minutes, respectively (as estimated by the return o f  SP levels to pre-glycolysis 

levels). The increased glycolysis time for the 45% (v/v) cell density over the 36% (v/v) 

cell density may have been due to mixing problems in the reactor using the higher cell 

density. An indication o f mixing problems is that it takes longer for pH0** to reach its 

maximum following glucose addition for 45% (v/v) than for 9% (v/v) (data not shown). 

Another explanation for the longer glycolysis times and later maximum in pHcyt is cell 

lysis at the high cell density. However, samples o f  the cell suspension following the 

experiment did not appear to have any lysed cells under the microscope. This does not 

rule out sublytic effects, in which although the cell wall could be protecting the cells from 

lysis, there still could be stress on those cells in the high cell density environment, such as 

a change in cell size (Wase and Patel, 1985) or changes in O2 uptake and ATP generation 

(Toma et al., 1991), which in turn could possibly affect the cytoplasmic pH.

III-D-4. Cytoplasmic pH during Endogenous Respiration

As well as the reactor having a theoretical minimum cell density for an adequate 

S/N ratio, there is also a maximum cell density that can be used. This maximum is 

determined by mass transfer limitations; above the maximum cell density, the cells no 

longer receive adequate nutrients and oxygen. Measurements o f k La, the mass transfer 

coefficient, and the respiration rate can lead to an estimation o f the maximum cell 

density. However, since significant errors can exist in kLa and respiration rate 

measurements, another indication o f adequate oxygenation would be useful for this NMR 

bioreactor. Cytoplasmic pH was examined for its use as an indication of adequate 

oxygenation during endogenous respiration.
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The results of pH0*1 vs. cell density under aerobic and anaerobic endogenous 

respiration are shown in Figure III-4. Statistical analysis showed that the differences in 

pH051 between the aerobic and anaerobic conditions were significant for all cell densities. 

The pH05* during endogenous respiration under aerobic conditions was always at least 0.2 

pH units higher than the corresponding anaerobic value for all o f the cell densities. For 

example, for the 9% (v/v) cell density, the cytoplasmic pH was 7.14 + 0.09 under aerobic 

conditions as compared to 6.79 + 0.10 for the anaerobic environment, a difference of 0.35 

pH units. These results indicate that pH01  is promising as an intracellular marker of 

adequate oxygenation during endogenous respiration for strain JBYIO. Gillies, et al. 

(1981) and Ogino, et al. (1983) also found higher pHcyt values under aerobic conditions 

than under anaerobic conditions during endogenous respiration. Using synchronous 

cultures, Gillies, et al. (1981) found a difference o f 0.2 pH units at a cell density of 6.7% 

(v/v), while Ogino, et al. (1983) found a difference of 0.6 pH units for a cell density of 

33% (v/v) for asynchronous cultures.

Although at least a 0.2 pH difference always existed between aerobic and 

anaerobic conditions, the absolute value o f  pH0)1 differed with cell density under aerobic 

conditions with statistical significance. The pHcyt reached under aerobic conditions did 

not differ significantly among the cell densities up to 18% (v/v). Above 18% (v/v) cell 

density, however, the pH began to decrease. At 9% (v/v) cell density the pH was 7.14 + 

0.09, at 36% (v/v) cell density the pH was 6.92 + 0.07, and at 45% (v/v) cell density the 

pH was 6.92 + 0.14. One explanation for this decrease in pH0*' is that at the higher cell 

densities the cells may not be getting enough oxygen due to mass transfer limitations or 

mixing problems. Further detailed experim ents measuring dissolved oxygen
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concentration (DO) or respiration rates outside the spectrometer could indicate if any 

mass transfer limitations are contributing to a lower pH0*1. Additionally, high cell density, 

with accumulation o f possible toxic by-products, such as acetic acid and succinic acid, 

may have an adverse effect on the pH0*1 o f  the cells.

Since NMR spectroscopy measures an average over a volume, contributions to the 

NMR signal may be coming from some cells that are receiving adequate oxygen as well 

as cells that are not at the higher cell densities. This heterogeneous mixture o f cells would 

lead to a lower pH0*1 value under aerobic conditions as compared to lower cell densities, 

but the value would not be as low as the pHcyt value under completely anaerobic 

conditions. Statistical analysis indicates that there is a significant difference between the 

pH0*1 values under aerobic conditions o f 9% (v/v) vs. 36% (v/v) cell density at the 99% 

confidence level, but no significant difference (p=75%) between the values under 

anaerobic conditions (9% (v/v) case vs. 45% (v/v) case). If  the cell suspension were such 

a heterogeneous mixture of cells, one would also expect the cytoplasmic Pf resonance to 

broaden at the higher cell densities. This was indeed the case: the linewidth of P,0*1 for 

4.5, 9, and 18% (v/v) cell densities averaged 80 Hz, while those for 36 and 45% (v/v) 

averaged 130 Hz. These results support the premise that some cells are getting enough 

oxygen while other are not, and that this mixture of cells contributes to the lower pH0*1 

value under aerobic conditions at the higher cell density.

These results indicate that the maximum cell density that can be used in this airlift 

reactor lies between 18 and 36% (v/v). This maximum is based on two criteria: (1) at 

least a 0.2 difference in pH0*1 between aerobic and anaerobic conditions must be 

maintained; and (2) the value of pHcyt is between 7.1 and 7.2 under aerobic conditions.
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Surmising the maximum based on the first criterion does not completely describe 

adequate aeration. Theoretical calculations using the kLa and estimated respiration rate 

predicted a maximum cell density o f 40 + 8%, thus overestimating the experimental 

results here. Contributing errors could exist in either the respiration rate, the kLa estimate, 

or the saturation concentration used in the calculation. The respiration rate used here was 

obtained from Alger et al. (1982) who measured the rate in yeast under conditions similar 

to ours, and is likely not to be the major source o f error. The kLa value used in the 

theoretical calculations in this study was obtained from Kramer and Bailey (1991) who 

used low concentrations (4.5 % by volume) of E. coli suspensions. The difference in 

viscosity between our high cell concentrations of yeast and their concentration o f  E. coli 

could be one source o f  error. Another source o f error could be the saturation 

concentration, C^, used in the calculations, as this value in a 10% (v/v) cell suspension 

may be 14% lower than in water (Kramer and Bailey, 1991).

The difference between the calculated and the experimental maximum cell density 

for non-growing cells was nearly a factor of two. I f  the same difference applies to 

growing cells, a conservative recommendation for the maximum cell density would be 1 - 

4% (v/v), rather than the 2 - 7% (v/v) shown in the Theory section. Thus a combination 

o f engineering calculations and intracellular marker provide the best evaluation o f  the 

cells in the airlift reactor.

III-D-5. Cytoplasmic pH during Glycolysis

The use o f cytoplasmic pH as an intracellular indicator was also checked during 

glycolysis. The results o f pH031 vs. cell density during glycolysis for glucose-derepressed
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cells under aerobic and anaerobic conditions are shown in Figure III-5. For all cell 

densities, statistical analysis indicates that the value of pH0*1 is not significantly different 

when comparing the aerobic and anaerobic case. For the 9% (v/v) cell density, pH0** was 

7.16 + 0.06 under aerobic conditions and 7.10 + 0.08 under anaerobic conditions. For the 

0.9% (v/v) case, the pHcyt estimated from the weak resonance for P ,**1 in Figure III-2c 

was approximately 7.1. Similar values were seen at the other cell densities. These results 

indicate that cytoplasmic pH cannot be used during glycolysis as an intracellular marker 

for aeration for strain JBY10.

When comparing the results from this study for JBY10 at pseudo-steady-state 

during glycolysis to values seen by other researchers using S. cerevisiae, a pH**1 value o f 

7.2 appears to be a general rule for aerobic glycolysing yeast. For example, Brindle and 

Krikler (1985) obtained a pHcyt value o f 7.25 using 25% (v/v) glucose-repressed cells 

immobilized in agarose gel threads. Campbell-Burk (1987) found a pH**1 value o f 7.17 

for 40% (v/v) glucose-derepressed cells in suspension, and Gillies (1981) found a value 

of 7.13 for 6.7% (v/v) cells under similar conditions. These researchers' anaerobic pH**1 

values (bubbling employed) were also similar to their aerobic values, in accordance with 

the results found in this study. There may, however, be exceptions to the 7.2 pH**1 value, 

such as the high pH**1 values o f  7.5 and 7.3 under aerobic and anaerobic conditions, 

respectively, as reported by den Hollander et al. (1981) using 10% (v/v) cell suspensions 

of S. cerevisiae. One reason for the difference in pHcyt values between den Hollander's 

work and the other studies could be the difference in calibration curves used to determine 

pH**1 from Pjcyt, or possibly due to a difference in yeast strains. Further studies with
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several strains o f  yeast could help determine what effect strain difference has on 

cytoplasmic pH during glycolysis.

Values o f pH05* during glycolysis were not significantly different between the cell 

densities. The results for yeast under endogenous respiration indicated that cell densities 

o f 36 and 45% (v/v) were not receiving adequate oxygen yet the values for pH0*1 during 

glycolysis at these higher densities were similar to those at the lower cell densities. These 

results support the conclusion that pH03* cannot be used as an intracellular marker for 

aeration during glycolysis.

III-D-6 . Effect of C 0 2 on pH1? 1

In mammalian cell culture, carbon dioxide is added to the inlet gas to a 

concentration o f 5% to buffer the medium pH. The aerobic conditions in our NMR 

experiments described so far have used a mixture of 95% 0 2 and 5% C 0 2. In yeast cells, 

C 0 2 levels above 50% in the inlet gas inhibit growth and fermentation; however, C 0 2 

levels below 20% have essentially no effect on the growth of yeast (Chen and Gutmanis, 

1976). The utility o f the practice of adding 5% C 0 2 to the inlet gas stream for yeast 

suspensions was examined by comparing our results to the case of using pure oxygen gas 

as the inlet gas. Experiments were repeated for 9% (v/v) and 45% (v/v) cell suspensions 

with 100% 0 2 as the inlet gas, with unexpected results. Figure III-6 a is a plot o f pH^ 1 

versus time for a 9% (v/v) cell density using 100% 0 2 and 95% 0 2/5% C 0 2; Figure III-6 b 

is the same plot as 6 a, but for a cell density o f 45% (v/v). When 100% 0 2 was used 

instead of 95% 0 2 and 5% C 0 2, there was no change in the pHcyt profile for a cell density 

o f 9% (v/v); however, at a cell density o f 45% (v/v), pH031 when using 100% 0 2 was
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lower than that for the 95% 0 2 /5% CO2 condition. Clearly, 5% CO2 has a beneficial 

effect at the high cell densities. Mammalian cell cultures require C 0 2 in the inlet gas to 

provide buffer action, but this requirement stipulates that carbonate be in the buffer 

solution as well (Griffiths, 1992). Since we did not add carbonate to the buffer solution, it 

is unclear as to why the C 0 2 in the inlet gas might have been desirable at the high cell 

densities for yeast.

III-E. CONCLUSIONS

An airlift reactor can be used in conjunction with NMR spectroscopy to study the 

metabolism of cells in suspension under varying environmental conditions. However, 

there is a minimum cell density that can be used in the airlift reactor. This minimum cell 

density is determined by the S/N ratio o f  the NMR spectrum and the time needed to 

acquire the spectrum. For 3IP NMR of yeast in a 500 MHz magnet, a time o f 10 minutes 

for 4.5% cells, and 120 minutes for 0.9% cells is acceptable. By optimizing the 

acquisition parameters, or the NMR hardware, it might be possible to decrease the 

acquisition time and consequently increase the S/N ratio for a given cell density. While 

only non-growing cells were used in this study, more information could be obtained by 

studying actively growing yeast cells, and under balanced growth conditions, a longer 

acquisition time may be appropriate.

The maximum cell density for sufficiently aerated cells, which was estimated 

from theoretical calculations using k[,a and respiration rate estimates, was higher than that 

determined by experiment using pH0* as an indicator. Thus, the utility o f checking an 

independent marker against engineering design calculations was illustrated. In examining
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pHcyt as a measure o f physiological status, this study showed that simply an increase in 

pH031 upon oxygenation does not indicate adequate aeration. Furthermore, pH05* can be 

used as an intracellular marker o f adequate aeration for S. cerevisiae during endogenous 

respiration, but not during glycolysis. When comparing previous experimental studies 

with the results found here, there appears to be a general cytoplasmic pH value o f 

approximately 7.1 to 7.2 during glycolysis, aerobic or anaerobic when bubbling is 

employed, for yeast. Five percent CO2 in the inlet gas does have a positive effect on pH0*1 

for high cell density suspensions, although the reason for the protective effect o f C 0 2 on 

pH^ 1 at high cell densities is not clear. Although our experimental results are for non

growing cells, the methodology shown in this paper could be applied to growing cells as 

well.

While methods currently exist for determining adequate aeration o f  cells in 

bioreactors, such as measuring dissolved oxygen concentration or respiration rates, an 

NMR marker would be desirable for NMR studies to avoid performing duplicate 

experiments outside the spectrometer and to monitor unexpected changes in NMR reactor 

operation. Cytoplasmic pH does not appear to be a perfect marker, but other possibilities, 

although not as straight-forward, may also exist for yeast and algae, including 

polyphosphate degradation in the 31P spectrum (den Hollander et al., 1981) and ethanol 

formation in the 13C spectrum upon onset o f anaerobic conditions (den Hollander et al., 

1986). The results found here could be applied to other NMR bioreactor systems, such as 

that used by Meehan et al. (1992).
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IV. INFLUENCE OF AERATION ON CYTOPLASMIC pH OF YEAST IN AN NMR 

AIRLIFT BIOREACTOR: STRAIN DIFFERENCE

IV-A. INTRODUCTION

Cell strain can often affect metabolism: not all yeast strains utilize substrates in 

the same manner, nor will all yeast strains necessarily react in the same manner in 

response to environmental changes. In Chapter III, Saccharomyces cerevisiae JBY10 was 

found to have higher p H ^  values under aerobic than anaerobic conditions during 

endogenous respiration, but had similar pHcyt values under the two conditions during 

glycolysis. However, a S. cerevisiae strain used by den Hollander et al. (1981) had higher 

pHcyt values during glycolysis under aerobic than anaerobic conditions. This could 

indicate that p H ^  values in response to environmental condition could be strain- 

dependent. S. cerevisiae JBY10 is a laboratory strain and may behave differently than a 

strain used in industrial fermentations. This chapter examines the difference in 

cytoplasmic pH under aerobic and anaerobic conditions when using an industrial yeast 

strain and compares the results to those found in Chapter III for a laboratory yeast strain.
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IV-B. MATERIALS AND METHODS

IV-B-1. Yeast Strain

Saccharomyces cerevisiae strain ADM 3493-144-001-055 was the yeast strain 

used in this study (hereafter designated as ADM). S. cerevisiae ADM is a strain used in 

industrial ethanol production. Strain ADM was a gift o f Archer Daniels Midland to 

Michael Gustin (Biochemistry Dept., Rice University).

IV-B-2. Reactor Apparatus

The reactor used for the NMR experiments was the same airlift reactor used in 

Chapter III, and is shown in Figure III-1. In all experiments, the gas was supplied to the 

reactor at a flow rate o f 350 mL/min. In the aerobic experiments a 95% 0 2/5% C 0 2 gas 

mixture was supplied to the suspension; in the anaerobic experiments a 95% N2/5% C 0 2 

gas mixture was used.

IV-B-3. Cell Culture

The strain was grown aerobically, as in Melvin and Shanks (1996), in a rotary

shaker at 30°C in 2-L flasks containing 1L of YEPD media. Cells were harvested, also as 

in Melvin and Shanks (1996) at 24 hours; under these conditions, the cultures are 

catabolite derepressed. Cells were resuspended to a concentration of 40% by volume, 

followed by dilution with DI water, adjusted to pH 6.0 using 1 M NaOH, to either 10 or
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5% (v/v). This method was used in order to scale the amount o f  phosphate to the cell 

density. Suspensions were kept on ice until used in the experiment.

IV-B-4. NMR Spectroscopy

31P NMR spectra were obtained in the Fourier-transform mode at 202.46 MHz on

a Bruker AMX-500 NMR spectrometer at 24°C. The pulse interval was 0.5 s and the 

pulse angle was 70°. The number of scans used for final cell densities o f 9 and 4.5% (v/v) 

were 300 and 1200, respectively. These acquisition parameters correspond to 8 -kbyte 

free induction decays (FIDs) o f 40 min and 120 min, respectively. FID files were 

analyzed using the LAB ONE™ NMR1 Spectroscopic Data Analysis Software System 

(New Methods Research, Inc.). The FIDs were exponentially multiplied by a line 

broadening o f  20 Hz, Fourier transformed and phased.

Samples for the experiments consisted o f 5.4 mL of a cell suspension (10 or 5% 

(v/v)) and 0.6 mL D20  as a lock. This gave the final cell densities for the experiments of 9 

and 4.5% (v/v) (18 and 9 gDW/L, respectively). Spectra were taken o f  cell suspensions in 

the following sequence: prior to addition o f  the gas supply, during supply of gas with no 

exogenous carbon source present, and after addition of glucose with gas supply. Glucose 

was injected to a final sample concentration o f 100 mM twenty minutes after gas flow 

was started. Glycerol phosphorylcholine, GPC, was used as an internal reference, 

occurring at 0.49 ppm downfield from 85% phosphoric acid. Assignment o f resonances in 

31P spectra were made according to literature (den Hollander et al., 1981; Navon et al.,
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1979; Gage et al., 1984). Cytoplasmic pH was determined from the chemical shift o f the 

cytoplasmic inorganic phosphate peak using a calibration curve (Shanks and Bailey, 

1988).

IV-B-5. Statistical Analysis

Cytoplasmic pH values were analyzed by Statview II (Abacus Concepts, 

Berkeley, CA). Student's unpaired Mest was used to determine the significance of 

differences in pH®51 values between aerobic and anaerobic conditions and between yeast 

strains. Differences were considered significant if they exceeded the 90% confidence level.

IV-C. RESULTS

31P NMR spectra were obtained of 9 and 4.5% (v/v) cell suspensions of 

Saccharomyces cerevisiae ADM, an industrial yeast strain, to examine the effect of 

oxygenation on cytoplasmic pH during both endogenous respiration and glycolysis. The 

cell suspensions were placed in an airlift reactor and bubbled with either 95% 0 2/5% C 0 2 

or 95% N2/5% C 0 2 for aerobic and anaerobic suspensions, respectively. Both cell 

densities fall within the range that can be used with the airlift reactor, as determined in 

Chapter III. Spectra similar to those in Chapter III for 9 and 4.5% (v/v) suspensions of S. 

cerevisiae JBY10 were obtained.

Figure IV-1 shows the timecourse of pHcyl during glycolysis for aerobic and 

anaerobic 9% (v/v) cell suspensions of ADM. As with JBY10, there is a sharp rise in
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pH113'1 immediately following glucose addition, followed by a steady decline in pHcyt until 

the glucose is depleted. At the end o f glycolysis, nearing depletion o f the sugar 

phosphates, pH031 under anaerobic conditions decreases more rapidly than under aerobic 

conditions for ADM. For both aerobic and anaerobic suspensions there is a pseudo- 

steady-state pH®3* value during glycolysis, also seen for strain JBY10. However, since the 

pH03* profile shows a sharper decline during anaerobic glycolysis than aerobic, it was 

more difficult to determine the pseudo-steady-state pH*131 value.

Yeast Strain Cell Density in
% (v/v)

Endogenous pH031

o 2 n 2
Glycolytic pH031

0 ,  n 2

JBYIO 9 7.14 + 0.09 6.79 + 0.10 7.16 + 0.06 7.10 + 0.08
ADM 9 7.06 + 0.02 6.71 +0.01 7.07 + 0.07 7.32 + 0.05
JBYIO 4.5 7.08 + 0.12 6.85 7.11 +0.07 7.15
ADM 4.5 NDa 6.85 ND 7.28

° Not determined.

Table IV-1. Cytoplasmic pH for S', cerevisiae strains JBYIO and ADM under aerobic 
and anaerobic conditions during endogenous respiration and glycolysis. Values with no 
standard deviation were the average of 2  replicates; other values are the average o f at least 
3 replicates.

Table IV-1 compares the pH031 values for strains ADM and JBYIO under aerobic 

and anaerobic conditions. Values are given during both endogenous respiration and 

glycolysis, and for cell densities of 9 and 4.5% (v/v). During endogenous respiration, S. 

cerevisiae strain ADM had a significantly higher pH03* value under aerobic than anaerobic 

conditions. For a 9% (v/v) cell density, pH031 was 7.06 + 0.02 under aerobic conditions
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and 6.71 + 0.01 under anaerobic conditions. These results are similar to those found for a 

9% (v/v) cell density of JBYIO during endogenous respiration, which had pHcyt values of 

7.14 + 0.09 under aerobic conditions as compared to 6.79 + 0.10 for the anaerobic 

environment.

The pH ' 5'1 difference between aerobic and anaerobic conditions for ADM was 0.35 

pH units, meeting the m inim um  0.2 difference indicated in Chapter III required for using 

pH05'1 as an intracellular marker o f  aeration. The pH0*1 value o f 7.06 + 0.02 meets the 

second requirement necessary for using pH0*1 as a marker, namely a pHcyt value of 

approximately 7.1. Therefore, pH051 in strain ADM, in addition to JBY10, can also be 

used as an intracellular marker o f adequate aeration in an airlift reactor during endogenous 

respiration.

There was also a significant difference in pH0*1 during glycolysis for ADM under 

aerobic and anaerobic conditions at a cell density o f 9% (v/v). However, contrary to the 

results seen during endogenous respiration, pHcyt was higher under anaerobic than under 

aerobic conditions, 7.32 + 0.05 and 7.07 + 0.07, respectively. These results vary from 

those found in Chapter III for strain JBY10, in which no difference was seen in pH cyt 

during glycolysis between aerobic and anaerobic conditions.

The reasons for the increased pseudo-steady-state pHcyt value under anaerobic 

conditions during glycolysis for strain ADM are unclear. Increased intracellular pH has 

been demonstrated to increase the rates of glycolysis (Gillies, 1981); therefore, A D M  

may have a higher rate of glycolysis under anaerobic than aerobic conditions. The strain is
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used for industrial ethanol formation, and may have adapted to decreased amounts of 

oxygen available in industrial fermentors.

Den Hollander, et al. (1981), working with a different S. cerevisiae strain, also 

found the steady-state pH05* under anaerobic conditions during glycolysis to be 

approximately 7.3. Contrary to the results seen here, though, they observed a higher 

pH**1 value under aerobic than anaerobic conditions, 7.5 and 7.3, respectively. Results 

from den Hollander combined with the results given here and in Chapter III indicate that 

different yeast strains can behave differently under aerobic and anaerobic conditions 

during glycolysis.

A cell density of 4.5% (v/v) was also examined for strain ADM, although only 

anaerobic conditions were tested. The value of pH**1 under anaerobic conditions during 

endogenous respiration, 6.85, was similar to that observed for strain JBYIO. During 

glycolysis, however, a pH1*1 value of 7.28 was observed, higher than the value seen for 

JBYIO, 7.15, under the same conditions, but similar to that observed for a 9% (v/v) cell 

density o f ADM.

IV-D. SUMMARY

Cytoplasmic pH values under aerobic and anaerobic conditions during both 

endogenous respiration and glycolysis o f  cell suspensions o f S. cerevisiae strain ADM 

were examined using 3lP NMR spectra. ADM is an industrial yeast strain used for
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ethanol production, and pH1* 1 values obtained in this study were compared to those for 

strain JBYIO, a laboratory strain, given in Chapter III.

Both strains had higher pH0*1 values under aerobic than anaerobic conditions 

during endogenous respiration, indicating that pHcyt in both strains could be used as an 

intracellular marker for adequate aeration during endogenous respiration. A general pHcyt 

value o f 7.1 to 7.2 has been observed for yeast under aerobic endogenous respiration by 

several researchers (Campbell-Burk et al., 1987; Gillies et al., 1981; Brindle and Krikler, 

1985), and both JBYIO and ADM exhibited similar pH**1 values, 7.14 and 7.06, 

respectively, for a cell density of 9 % (v/v).

During glycolysis, on the other hand, ADM had higher pHcyl values under 

anaerobic than aerobic conditions. The results found here were in contrast to those found 

for JBYIO, which showed no significant difference in pH051 between aerobic and anaerobic 

conditions during glycolysis. This could be a reflection of the different uses for the two 

strains. JBYIO is a laboratory strain, while ADM is an industrial strain used for ethanol 

production. ADM may therefore have adapted to reduced oxygen levels, and show higher 

rates o f glycolysis under anaerobic than aerobic conditions. This higher rate o f  glycolysis 

could be reflected in the higher intracellular pH values and sharper decrease in pHcyt 

observed for anaerobic conditions as compared to aerobic conditions.

Den Hollander, et al. (1981), working with a different yeast strain, also found the 

steady-state pHcyt under aerobic and anaerobic conditions during glycolysis to be 

different. However, they found pHcyt to be higher under aerobic than anaerobic
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conditions, opposite o f the results found here. Results from den Hollander combined with 

the results given here and in Chapter III indicate that different yeast strains can behave 

differently under aerobic and anaerobic conditions during glycolysis. Therefore, metabolic 

trends observed for one yeast strain may not necessarily hold true for other strains.
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V-A. INTRODUCTION

Pseudomonas putida 27G is one o f 297 bacterial strains that were isolated from 

well water and core material from a site contaminated with unleaded gasoline (Ridgway et 

al., 1990). P. putida 27G has been shown to degrade several aromatic hydrocarbons, 

including toluene. When working with a new cell strain for the first time, it is often 

necessary to determine several characteristics about the strain; for instance, how quickly 

the strain grows on the substrate it is utilizing. Following isolation o f P. putida 27G, 

subsequent growth o f the strain had been maintained on gasoline vapors, providing a 

mixture o f substrates for growth. For this study, however, the bacteria would need to be 

adapted to growth on liquid toluene as its sole source of carbon and energy.

Growth o f P. putida 27G on gasoline vapors has been determined (Duston, 1996). 

However, growth on toluene as the sole source o f carbon and energy has not. For cell 

cultures used later in this study, growth on glucose and toluene were used. Adding glucose 

to the growth medium ensured that large quantities of bacteria would be formed; toluene 

was added to the growth medium to ensure that the ability to degrade toluene was not 

lost. Therefore, growth on glucose and toluene also needed to be determined. Growth 

curves on both glucose plus toluene and toluene alone can then provide a time frame for 

harvesting the cells and for experimental time.
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V-B. MATERIALS &  METHODS

V-B-I. Bacterial Strain

Pseudomonas putida 27G is the bacterial strain that was used in this study 

(Ridgway et al., 1990). P. putida 27G was one o f 297 bacterial strains isolated from well 

water and core material from a shallow coastal aquifer contaminated with unleaded 

gasoline at the U.S. Naval Weapons Station in Seal Beach, CA. Strain 27G was a gift of 

Don Phipps (Orange Co. Water District, CA). Strain 27G has been shown to degrade 

several aromatic compounds, including toluene. Strain 27G was maintained by parallel 

methods: (a) on plates o f  half-strength Nutrient Agar (Difco) and (b) on plates of 

HCMM2 mineral salts media (Ridgway et al., 1990) amended with 2% Agar Noble 

(Difco) and incubated with toluene vapor. Cultures were transferred to fresh plates once a 

month.

V-B-2. Cell Culture

Three colonies o f P. putida 27G grown on HCMM2 plates were transferred to 3 

mL HCMM2 amended with 2% glucose and 0.1% toluene. After 48 hours, the liquid 

culture was added to 97 mL HCMM2 amended with 2% glucose and 0.1% toluene in a 

250-mL flask and put on a rotary shaker at 225 rpm at room temperature. Subsequent 

growth studies on toluene alone were begun using 3 mL o f the above culture taken at 36 

hours and adding to 97 mL HCMM2 amended with 0.1% toluene in a 250-mL flask. 

These flasks were also put on a rotary shaker at 225 rpm at room temperature.
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V-B-3. Growth Determination

Samples of 1 mL were taken from the flasks periodically and the optical density at 

600 nm (ODgoo) checked on a Bausch and Lomb Spectronic 1 001  spectrophotometer for 

growth. Optical density is related to dry weight biomass concentration as shown in 

Figures V-l and V-2 for washed and unwashed cells, respectively. Dry weight 

determinations were made by filtering washed or unwashed liquid cultures through a pre

weighed 0.22 jim pore size membrane filter, rinsing twice with DI H20 , drying, and re

weighing.

V-B-4. Gas Chromatography/Mass Spectrometry

Gas chromatography was employed to determine the concentration o f toluene in 

suspension of the cultures growing on glucose plus toluene. 1 mL o f the suspension was 

taken at various timepoints and diluted to 5 mL with DI H20  prior to use. An HP 5890 

gas chromatograph equipped with a 5970 MSD mass selective detector was used. The 

column was a VOCOL 60 m x 0.25 mm ID column (Supelco, Inc.) and a flowrate o f 1.5 

mL/min was used. A purge and trap method was employed using a VOCARB 3000 trap 

(Supelco, Inc.) and an OI Analytical 4460A Sample Concentrator. Fluorobenzene was 

used as an internal reference, and the detection limit was roughly 10 ppb.
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V-C. RESULTS

Pseudomonas putida 27G was grown in a mineral salts media with either 2% 

glucose + 0.1% toluene (GT) or 0.1% toluene (T) as its carbon and energy source. 

Growth of the strain was monitored by checking the optical density at 600 nm (OD60o) 

periodically. Calibration curves relating O D ^  to dry weight biomass concentration were 

made and are shown in Figures V-l and V-2. Figure V-l gives the calibration curves for 

GT and T for cells that had been washed prior to determining the biomass concentration, 

while Figure V-2 gives the calibration curves for GT and T for cells that had not been 

washed prior to biomass determination. The difference seen between these two sets of 

curves is most likely due to the presence of a surfactant produced by the cells. By 

washing the cells, the surfactant was removed.

Growth o f P. putida  27G on GT is shown in Figure V-3 and subsequent growth 

on T is shown in Figure V-4. These growth curves were made using the calibration curves 

given in Figure V-l for washed cells. The lag time for growth on glucose and toluene, 20 

hr, is only slightly less than that on toluene only, 24 hr. Maximal cell growth on GT is 

0.36 mg/mL, while on T it is 0.14 mg/mL. It might be possible to get a higher maximal 

growth on toluene only by subsequent injections o f toluene throughout its growth, but 

care must be taken to avoid toxicity effects of the toluene. The doubling times for each 

substrate are 7.22 hr on GT and 4.67 hr on T. These correspond to maximum specific 

growth rate constants o f  0.10 and 0.15 hr'1, respectively. Vecht et al. (1988) obtained a 

similar specific growth rate constant, 0.13 hr'1, for growth of P. putida on toluene. The
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reason for the lower specific growth rate constant on glucose plus toluene is not clear, 

however, measuring the disappearance o f glucose and toluene over time along with 

biomass production would give a better understanding of how each substrate is used.

The biomass yield on GT is 17.25 mg biomass/g total substrate, while the yield on 

T is 163 mg biomass/g toluene. According to Vecht et al. (1988), the theoretical yield 

based on maximum conversion of the carbon in toluene to cell carbon is 1860 mg 

biomass/g toluene; however, the theoretical yield based on stoichiometry is 1240 mg 

biomass/g toluene using the general biomass formula C5H7O2N (Hoover and Porges, 

1952). Vecht et al. may have used a different biomass formula and could explain the 

difference in theoretical yields. The theoretical yield for maximum conversion o f glucose 

to cell carbon based on half-reaction calculations is 633 mg biomass/g glucose. The low 

biomass yields on both GT and T compared to the maximum theoretical yields indicate 

that a large portion o f  the substrate is not used for biomass production. Carbon provided 

to the cells must be used for growth and energy, including growth energy and maintenance 

energy; therefore, not all of the substrate provided can be used for growth. Small amounts 

of substrate may also be used in alternate pathways, such as surfactant production. It 

should also be noted that the yields were calculated based on the amount of substrate 

added and not the amount of substrate actually consumed by the cells. Glucose and 

toluene concentrations would need to be determined to find the yields based on the 

amount of substrate consumed.
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It should be noted that when the cells were not washed prior to filtration, the filter 

turned yellow, indicating that the surfactant was adhering to the membrane. Growth 

curves o f unwashed cells growing on GT and T are shown in Figures V-5 and V-6, 

respectively. Increase in mass in this case would indicate not only growth o f cells, but 

production of surfactant as well. Subtracting biomass production from biomass plus 

surfactant production, i.e. difference in Figures V-5 and V-3 or Figures V-6 and V-4, gives 

the amount of surfactant produced by the cells under the two growth conditions and is 

shown in Figure V-7. The amount o f surfactant produced at maximal growth when 

growing on GT is 0.08 mg/mL, while the amount o f surfactant produced when growing on 

T is 0.17 mg/mL. The higher amount of surfactant production when growing on T 

compared to GT, despite having less substrate available indicates that more carbon is 

being funneled through this secondary metabolite pathway.

Samples were also taken periodically from cultures growing on 2% glucose +0.1%  

toluene for analysis on GC/MS. Samples of 1 mL were diluted to 5 mL and run against a 

fluorobenzene standard. Samples taken at 0 hrs, or immediately after addition o f toluene 

to the growth culture, show peaks from only toluene and fluorobenzene. By 16 hrs, 90% 

o f the toluene has been removed from the solution, and by 22 hrs, no toluene remains in 

the solution. This implies that even though the bacteria have an alternate source o f growth 

and energy, glucose, they continue to remove toluene from the extracellular medium. 

Whether the cells degrade the toluene immediately or store it for later use is not known.
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However, cell extracts may provide a better understanding as to how long the toluene 

remains in the cell following uptake.

V-D. SUMMARY

The maximal cell growth on toluene only is much lower than that on glucose plus 

toluene, perhaps due to the fact that more substrate was supplied to the glucose plus 

toluene case. However, the growth rate on toluene only was higher than that on glucose 

plus toluene, possibly indicating that the mixture o f glucose plus toluene causes non

competitive inhibition. Biomass yield on toluene was far greater than that on glucose plus 

toluene, indicating that when growing on glucose plus toluene, there may be some 

substrate inhibition affecting the growth. Additionally, since yields on both GT and T 

were extremely low compared to maximum theoretical yields, the cells may be funneling 

the carbon through pathways other than the pathway for biomass production.
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VI. INTRODUCTION

Many studies in bioremediation rely on examining the cells and their metabolism 

in vitro. While this can be useful, it can also give a false sense o f what happens in the cell 

and how quickly degradation occurs in vivo. Often times in vitro studies require 

processing the cells in some way, which can lead to alterations in cell compartmentation 

and structure; furthermore, intracellular effectors and inhibitors may not be present in 

vitro which would affect the metabolism o f  the bacteria in vivo. Prior to performing in 

vivo NMR studies o f toluene biodegradation, in vitro studies can be done and later 

compared to the in vivo studies to determine any differences observed in either the extent 

or rate of degradation between the two techniques.

VI-B. MATERIALS & METHODS

VI-B-1. Bacterial S train

The bacterial strain used is the same as that used in the growth studies, described 

in V-B-l.

VI-B-2. Cell C ultu re

Cell cultures in 250-mL flasks were begun as described in V-B-2. The cells were 

harvested in stationary phase (36 hrs) by low-speed centrifugation at 4°C for 5 minutes.
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The cells were then washed twice in ice-cold HCMM2 and resuspended in HCMM2 to 

5% (v/v). 5 mL of the cell suspension was placed in a polypropylene test tube and 0.1% 

[a -I3C]toluene was added. One test tube was sacrificed every hour by the following 

method: the culture was centrifuged at 3000 x g for 10 minutes; the supernatant was 

drawn off and centrifuged at 10,000 x g for 10 minutes; the resulting supernatant was 

drawn off, placed in a polypropylene test tube, sealed, and placed in the refrigerator until 

use (no longer than 48 hours). To obtain NMR spectra, 2.7 mL of the sample and 0.3 mL 

D20  were placed in a 10-mm NMR tube.

Controls were tested to determine loss o f toluene in the tubes during the 

experiment. A control tube consisted of 5 mL HCMM2 with 0.1% [a-13C]toluene added

at the beginning o f the experiment. Control tubes were sacrificed in the same manner as 

the cell culture tubes, one at the beginning of the experiment and one at the end. 13C 

NMR spectra were obtained and the intensities o f the methyl peak of toluene were 

compared to determine loss.

VI-B-3. Cell Extracts

Cells were grown in 250-mL flasks and experiments begun in test tubes as 

described above in VI-B-2, except [U-l3C]toluene was used rather than [a -I3C]toluene.

Extracts were prepared by modification of the method in Worsey and Williams (1975): 

the cell suspensions were sonically treated for 10 minutes, followed by centrifugation at 

10,000 x g for 120 min. The supernatant and cell material were collected in separate
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fractions, the cell material was suspended in 2.7 mL HCMM2, 10% D20  was added to 

each fraction, and they were placed in 10-mm NMR tubes (Wilmad, model 513-7PP).

VI-B-4. NM R Spectroscopy

I3C NMR spectra were obtained in the Fourier-transform mode at 125.76 M H z 

on a Bruker AMX-500 NMR spectrometer at room temperature. Free induction decays 

(FIDs) were accumulated in consecutive 40-min blocks (1000 scans, 16K files), using an 

11 (is pulse width, 0.24578 s acquisition time, and 2 s delay. Inverse-gated composite- 

pulse [H decoupling (Bruker, WALTZ-16) was applied at a power of 15 dB (2 W). 

Samples were not spun. FID files were analyzed using the LAB ONE™ NMR1 

Spectroscopic Data Analysis Software System (New Methods Research, Inc.). The FIDs 

were exponentially multiplied by a line broadening of 3 Hz, Fourier transformed, and 

phased. When necessary, spectra were baseline flattened by a S^-degree polynomial.

VI-C. RESULTS

VI-C-1. Cell Supernatant

Following growth on GT in shake flasks, bacteria were centrifuged, washed, and 

resuspended to 5% (v/v) in HCMM2 in test tubes. These samples were then fed 0.1% 

[a-13C]toluene, and every hour a test tube was centrifuged and the supernatant retained. 

I3C NMR spectra were taken of the supernatants. A spectrum o f the supernatant from 

the 2-hour time-point is shown in Figure VI-1. The only peak seen in the spectrum is that
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of the methyl carbon of the toluene, occurring at 21.3 ppm, indicating that any 

intermediates that would still have the label are probably intracellular. However, since 

only [a -l3C]toluene was used, the label could be lost early in the pathway, and there 

could be unlabeled extracellular intermediates and/or products.

Intensities o f  the methyl carbon peaks are proportional to the amount o f toluene 

in the sample, and these intensities are plotted versus time in Figure VI-2. Degradation of 

toluene is generally thought to follow Michaelis-Menten kinetics at low concentrations 

(Robertson and Button, 1987). However, the data in Figure VI-2 indicates that the 

degradation here is first-order. The first-order rate expression:

v = kxS (VI-1)

where v is the degradation rate, k is the first-order rate constant, x is the biomass 

concentration, and S is the substrate concentration, can be rewritten as:

In (I/I0) = -kxt (VI-2)

where: t is time, I is peak intensity, and I0 is peak intensity at t = 0. Replotting the data 

as In (I/Io) vs. t, a  nearly straight line was obtained (r=0.95) with a slope o f 0.292 h r 1 = 

kx (Figure VI-3), corresponding to a toluene degradation rate o f 0.2529 mg/mL/hr. Control 

samples containing no cells showed negligible loss of toluene (< 2%) due to volatilization 

during the course o f the experiment.
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At low substrate concentrations (S «  Km), the Michaelis-Menten equation 

breaks down to a first-order expression:

v - C W K hOS (VI-3)

Since the bacteria have been adapted to growth on 0.1% toluene, that may be considered a 

relatively low initial concentration, and therefore the disappearance of toluene seen here 

could be conforming to Michaelis-Menten kinetics as seen by other researchers 

(Robertson and Button, 1987). Also, since data was only taken for the first 8 hours, there 

may not be enough data to determine overall kinetics, and those found above may be 

indicative of an initial rate of disappearance. By extending the in vitro experiment, the 

degradation kinetics might show Michaelis-Menten behavior.

VI-C-2. Cell Extract

Cell extracts of P. putida 27G utilizing [U-13C]toluene were taken at various 

points in the experiments, resuspended in media, and l3C NMR spectra taken. Figure VI- 

4 is an NMR spectra of the cell extract taken 2 hours into the experiment. The signal-to- 

noise ratio, S/N, of the extract is too low to reliably identify any peaks, including any o f 

the toluene peaks. The graphical S/N o f  the extract is 3 while that o f the cell supernatant 

is 9.7 (Figure VI-1). To increase S/N, the number of scans could be increased since S/N is 

proportional to Ns0 5; however, to get the same S/N as the cell supernatant, 10,450 scans 

would have to be used, increasing the accumulation time to 6.7 hrs. Alternatively, the
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Figure VI-4. I3C NMR spectra o f the extract of a 5% (v/v) cell suspension of P. putida 
27G 1 hour after addition of 0.1% [U-,3C]toluene.
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number of cells used for each cell extract could be increased, a more attractive option than 

increasing the time required for a single spectrum.

VI-D. Sum m ary

The S/N o f the NMR spectra o f cell supernatants was adequate for identification 

of the methyl peak o f toluene, while the S/N o f cell extracts was not. Since only methyl- 

label was used in the cell supernatant experiments, no information on the pathway used 

by P. putida 27G in the degradation of toluene was obtained. Kinetics o f toluene uptake 

by a 5% (v/v) cell suspension appeared to be first-order. This could indicate that the 

concentration o f  toluene used here, 0.1%, is low enough for the bacteria such that the 

Michaelis-Menten equation breaks down to a first-order expression. Alternatively, the 

experiment may have been too short to give a good indication o f the kinetics of toluene 

disappearance, and the first-order kinetics found here could be merely an initial rate.
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VII. IN  VIJ'O NMR STUDIES - METABOLITE IDENTIFICATION & PATHWAY

ANALYSIS

VII-A. INTRODUCTION

When studying cellular metabolism, it is most helpful to know the pathway(s) 

involved, including any intermediates and products. However, the pathways are not 

always known, as with this study. Here, a pathway is suspected, and NMR is used to 

try to confirm or deny the pathway. The initial degradation o f toluene by Pseudomonas 

putida 27G is thought to follow the TOL pathway, shown in Figure II-4. In the 

degradation of toluene by this pathway, 2 moles of COz are released in the transformation 

o f toluene to acetaldehyde and pyruvate. These compounds can then be used in various 

pathways by the cell for either production of energy (i.e. ATP, via the TCA cycle), or for 

secondary metabolite formation.

Since a specific pathway is suspected, chemical shifts in the NMR spectrum along 

with coupling constants for the intermediates and products can be calculated from 

formulas or estimated from the literature. Resonances appearing in the experimental 

spectrum can then be compared to those estimated for the intermediates. In addition, 

simulated spectra of the intermediates using a software package can be compared to the 

experimental spectra.

Here, 13C NMR spectra were taken o f 9% (v/v) cell suspensions of P. putida 27G 

utilizing either [a - ,3C] or [U-,3C]toluene. Toluene concentrations ranging from 0.1% to
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1.0% were used. Peaks in the NMR spectrum are compared to known chemical shifts of 

compounds for identifying metabolites. The suspected degradation pathway is also 

analyzed based on observed peaks.

Vn-B. THEORY

While chemical shifts for many compounds can be found in the literature, reported 

13C chemical shifts are often natural abundance shifts for the pure compound in solvent. 

These shifts will not have any coupling constants associated with them. Also, chemical 

shifts can vary depending on the solvent, so those found in the literature can only be 

considered estimates if they are not in the same solvent. For the purposes of this study, 

the solvent used is water. Chemical shifts and coupling constants for metabolites found in 

the literature (Memory and Wilson, 1982; Marshall, 1983) were used as estimates for this 

study whenever possible; chemical shifts for metabolites not found in the literature were 

calculated from formulas (Simons, 1983) or estimated based on the type o f carbon atom 

(i.e. methyl, carboxyl, etc.) and any other atoms attached to it (i.e. O, S, N, etc.).

Estimated chemical shifts for toluene and intermediates in the suspected TOL 

pathway are given in Table VII-1. Coupling constants for these compounds are given in 

Table VII-2. As mentioned in the Introduction to this chapter, transformation of toluene 

via the TOL pathway produces acetaldehyde and pyruvate. These compounds can then 

be used in the TCA cycle (Figure II-1), releasing more C 0 2 and producing ATP for
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energy, or they can be used in the production o f secondary metabolites. Chemical shifts 

for some o f the metabolites in the TCA cycle are given in Table VII-3.

Chemical shift for carbon # (in ppm)
Compound 1 2 3 4 5 6 7

I 137.8 129.2 128.4 125.5 128.4 129.2 21.3
II 141.8 127.7 129.1 128.1 129.1 127.7 65.1
III 129.4 130.2 128.4 133.7 128.4 130.2 168.0
IV 147.1 147.1 119.3 124.1 124.1 119.3 . . .

V 177.3 117.8 150.3 154.3 126.8 192.3 ----

VI 169.3 119.6 143.1 140.1 115.6 . . . . . .

VII 170 215 48.4 56.9 26.4 . . . . . .

VIII ---- ---- __ 199.7 30.7 . . . . . .

IX 170 200 24.2 — — ---- ----

Table VH-1. Estimated chemical shifts for intermediates in the TOL pathway. Names of 
the compounds are: I, toluene; II, benzyl alcohol; III, benzoate; IV, catechol; V, 2- 
hydroxymuconic semialdehyde; VI, 2-hydroxy-pent-2,4-dienoate; VII, 4-hydroxy-2- 
oxovalerate; VIII, acetaldehyde; IX, pyruvate.
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Compound
Coupling 

constant (Hz)
I II III IV V VI VII VIII IX

J l .2 57.3 60 60 — 72.0 72.0 60.0 — 60.0

Jl.3 0 .8 1 1 1 1 .0 1 .0 9.0 — 9.0

J 1.4 9.5 10 10 8 3.1 3.1 5.0 — —

J l,5 0 .8 1 1 <1 — — — — —

Jl.6 57.3 60 60 70 — — — — —

h j 44.2 47.7 71.9 — — — — — —

J2.3 56.5 55 57.4 70 70.0 70.0 40.0 — 40.0

J2.4 2.5 3 3 <1 2 .0 2 .0 2 .0 — —

J2,5 9.0 10 10 8 4.0 9.0 4.0 — —

J 2.6 — — — 1 — — — — —

J 2,7 3.1 3.4 2.5 — — — — — —

J 3.4 56.0 55 55.1 60 56.0 53.5 38.0 — —

J 3.5 — — — 3 1 .0 1 .0 2 .0 — —

J 3.6 9.0 10 10 — 5.0 — — — —

J 3.7 3.8 4.0 4.5 — — — — — —

J4,5 56.0 55 55.1 — 69.0 69.0 38.0 39.5 —

J4,6 2.5 3 3 3 2 .0 — — — —

J4.7 0.9 0.7 0.9 — — — — — —

J 5,6 56.5 55 57.4 60 40.0 — — — —

J 5.7 3.8 4.0 4.5 — — — — — —

J6,7 3.1 3.4 2.5 — — — — — —

Table VII-2. Estimated carbon-carbon coupling constants for intermediates in the TOL 
pathway. Roman numerals refer to compounds as given in Table VII-1.
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Compound Carbon# Chemical shift (ppm)

Malate 1 181.4
66 2 72.1
64 3 43.2
46 4 179.3

Citrate 3 76.1
66 2 + 4 45.7

Glutamine 1 175.2
66 2 55.1
66 4 31.6

Acetyl-CoA 1 206.0
66 2 27.2

Table VTI-3. Estimated chemical shifts for some o f the compounds associated with the 
TCA cycle, shown in Figure II-1.

Carbon # Chemical shift (ppm) Coupling Constant (Hz)

1 180 55.2 (1,2)
2 38.9 56.7 (2,3)
3 69.9 37.7 (3,4)
4 34.3 34 (4,5)
5 25.7 34 (5,6)
6 34 (6,7)
7 29.7 34 (7,8)
8 32.3 34 (8,9)
9 22.9 34 (9,10)
10 13.9

Table VII-4. Estimated chemical shifts and coupling constants for a fatty acid of a typical 
rhamnolipid. The fatty acid is J3-hydroxydecanoic acid. Shifts and coupling constants o f 
the second fatty acid o f the rhamnolipid are similar. Only the major coupling constant for 
each carbon is given; other couplings are less than 3 Hz each.
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One secondary metabolite produced by P. putida 27G is a biosurfactant, and is 

more than likely a rhamnolipid (see Chapter II - Background). A typical rhamnolipid is 

shown in Figure II-5. Production o f the fatty acids of a rhamnolipid typically begin with 

2 moles o f acetyl-CoA used to produce butyryl-CoA. More acetyl-CoA is then added to 

elongate the chain. Chemical shifts and major coupling constants for the carbon atoms in 

one of the fatty acids o f the rhamnolipid are given in Table VIM . Chemical shifts and 

coupling constants for the other fatty acid are similar. It is not likely that the carbon 

atoms of the rhamnose molecule o f the rhamnolipid could originate from toluene, but 

rather from stored compounds in the cell (Hauser and Kamovsky, 1957); therefore, 

chemical shifts for these carbon atoms are not given.

VH-C. MATERIALS &  METHODS

VII-C-1. Bacterial Strain

The bacterial strain used is the same as that used in the growth studies, described 

in V-B-l.

VTI-C-2. Cell Culture

Cell cultures in 250-mL flasks were begun as described in V-B-2. The cells were 

harvested in stationary phase (36 hrs) by low-speed centrifugation at 4°C for 5 minutes. 

The cells were then washed twice in ice-cold HCMM2, resuspended in HCMM2 to 10%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(v/v). 2.7 mL o f  the cell suspension was placed in a 10-mm NMR tube (Wilmad. model 

513-7PP) with 10% D2O as a lock. Either [U-,3C] or [a -l3C]toluene was added to 0.1, 

0.2, 0.3, 0.5, 0.75, or 1.0% concentration to begin the experiment. Cell suspensions 

flushed with pure 0 2 for 30 minutes prior to addition of D20  and toluene were tested in 

addition to those saturated with air. Biomass did not increase over the course o f the 

experiment as determined by checking OD^o-

VII-C-3. NMR Spectroscopy

13C NMR spectra were obtained as described in VI-B-4, except FIDs were 

accumulated in consecutive 57-min blocks (1500 scans, 16IC files) or 3 hr., 48 min blocks 

(6000 scans, 16K files). The NMR tube was shaken after each spectrum was obtained to 

keep the cell suspension mixed. FID files were analyzed using the felixND Software 

System (Biosym Technologies, Inc.). The FIDs were exponentially multiplied by a line 

broadening o f 3 Hz, Fourier transformed, and phased. When necessary, spectra were 

baseline flattened using a S^-degree polynomial.

Toluene chemical shifts were assigned in a sample containing [U-l3C]toluene and 

[ l - 13C]glucose in HCMM2 and using the resonance of the (3 anomer o f  [ l - 13C]glucose as a

reference, which resonates at 96.7 ppm  downfield from tetramethylsilane, designated as 

zero ppm.
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VII-D. RESULTS

VII-D-1. NMR Spectra

A I3C NMR spectrum of [U-13C]toluene in HCMM2 media using 1000 scans is 

shown in Figure VII-la. Peaks are observed at chemical shifts centered at 21.3, 126.3,

129.6, and 139.35 ppm, relative to Ci of p-glucose, occurring at 96.7 ppm. Using gNMR 

(SoftShell International Ltd.) and the estimates o f the chemical shifts and coupling 

constants o f toluene in solvent given in Tables VII-1 and VII-2, a simulated spectrum, 

similar in appearance to the observed spectrum, is obtained (Figure VII-2a). Differences in 

the chemical shifts indicate that toluene shifts are affected by the solvent. Differences in 

peak height between the simulated and observed spectra are caused by the line 

broadening. In the simulation, all line widths were assumed equal, whereas they are not 

necessarily equal in the observed spectrum.

Figures VII-lb and 2b are expansions o f the observed and simulated spectra at 

21.3 ppm. This peak is C7 o f toluene, and is split to a doublet by C| with a coupling 

constant o f 44.4 Hz. Figures VII-lc and 2c are expansions of the spectra from 142 to 124 

ppm. The peak centered at 126.3 ppm is C4, and is split to a triplet by coupling with C3 

and C5 with a coupling constant of 50.6 Hz. The peak at 129.6 ppm is C2_3-5-6, and is split 

to a quintet by coupling to one another and coupling to Q  and C4. The peak at 139.35 

ppm is Ci, and is split to a doublet of triplets, the doublet from coupling to C7 and the 

triplets from coupling to C2 and C6. Peak splittings in the observed and simulated spectra 

are similar.
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Figure V II-1. (a) 13C NMR spectrum of 0.1% [U-,3C]toluene in HCMM2 mineral salts 
media, (b) Expansion of the spectrum around 21.3 ppm. (c) Expansion of the spectrum 
around the downfleld peaks. Peak identifications are numbered according to the carbon 
numbers of toluene they represent.
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Figure VII-2. (a) gNMR simulation of a l3C NMR spectrum of [U-ljC]toluene using the 
estimated chemical shifts and carbon-carbon coupling constants given in Tables VII-1 and 
2. (b) Expansion of the spectrum around 21.3 ppm. (c) Expansion of the spectrum around 
the downfield peaks.
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P. putida 27G was grown in shake flasks utilizing glucose and toluene. Cells were 

harvested in early stationary phase, resuspended in HCMM2, placed in an NM R tube, 

and fed ,3C-labeled toluene. Figure VII-3a shows a typical NMR spectrum using 1500 

scans at the beginning o f the experiment when 0.1% [U-13C]toluene was used, with only 

peaks from toluene appearing. Expansion o f the regions (Figure VII-3b and c) around the 

peaks shows that resolution is slightly poorer than toluene in media due to the presence 

of cells, although the peaks are larger since more scans were taken. Peak splitting is still 

seen and the coupling constants do not change.

Figure V IM  compares the signal-to-noise ratio (S/N) using 1500 and 6000 scans. 

The graphical S/N are 36 and 79, respectively. The theoretical S/N for 6000 scans based 

on the observed S/N for 1500 scans (see III-B) is 72, in agreement with the observed S/N. 

Both S/N are adequate for the identification o f all 4 peak groupings of toluene, and are 

approximately 4- and 8-fold higher, respectively, than that for the cell supernatant in the 

in vitro studies (VI-B-2-b).

Figure VII-5 compares 13C NMR spectra at the beginning of the experiment for 

each initial toluene concentration. [U-13C]Toluene was used for concentrations o f 0.1% 

and 0.2%, therefore all peak groupings are seen for these two concentrations, [a- 

I3C]Toluene was used for the other concentrations and the peak grouping around 129.5 

ppm is visible at very low levels, representing natural abundance toluene. Figure VII-6 

compares spectra at 48 hours in the experiment for each toluene concentration.
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Figure VII-3. (a) ljC NMR spectrum of 0.1% [U-l3C]toluene in a 10% (v/v) cell 
suspension o f P. putida 27G. (b) Expansion of the spectrum around 21.3 ppm. (c) 
Expansion o f the spectrum around the downfleld peaks.
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Figure VII-4. l3C NMR spectra of 0.1% [U-l3C]toluene in a 10% (v/v) cell suspension of 
P. putida 27G taken using (a) 1500 scans and (b) 6000 scans.
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Figure VII-5. 13C NMR spectra of a 10% (v/v) cell suspension o f P. putida 27G 0.5 
hours after the addition o f (a) 1.0% [a -13C]toluene, (b) 0.75% [a -I3C]toluene, (c) 0.5% 
[a -l3C]toluene, (d) 0.3% [a - l3C]toluene. (e) 0.2% [U-13C]toluene, and (f) 0.1% [U- 
13C]toluene.
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Figure VII-6. I3C NMR spectra o f a 10% (v/v) cell suspension o f P. putida 27G 48 hours 
after the addition of (a) 1.0% [a -13C]toluene, (b) 0.75% [a -13C]toluene, (c) 0.5% [a- 
l3C]toluene, (d) 0.3% [a-l3C]toluene, (e) 0.2% [U-I3C]toluene, and (f) 0.1% [U- 
ljC]toluene.
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VII-D-2. Metabolite Identification

Cell suspensions utilizing 0.1% [U-,3C]toluene were examined first to check for 

peaks other than toluene in the NMR spectrum over the course o f  the experiment.

5 (ppm) Multiplicity Jc.c (Hz) Assignment Time in expt. 
(hrs)

Comments

21.3 singlet none C7 toluene a-tol std
21.3 doublet 44.4(1,7) C7 toluene 0 U-tol std, cells
126.3 triplet 50.6 (3,4) C4 toluene 0 44

129.6 quintet 47.8 C2JJ .6 toluene 0 • 4

139.35 d. o f trip. 48.9 Ci toluene 0 44

125.3 singlet none CO2 gas 19 dissolved in liq.
160.9 singlet none C 0 2 carbonate 19 in solution
23.2 doublet 40.24 23
43.5 triplet 37.73 21
65.6 NDa 21
182.3 ND 21
203.3 ND 36 20s delay
61.3 ND 6000 scans

70-78 several peaks
a Not determined.

Table VII-5. Resonances observed in the 13C NMR spectrum of a 10% (v/v) P. putida 
27G cell suspension utilizing 0.1% [U-I3C]toluene. Resonances o f  either [U-I3C] or [a- 
13C] toluene in HCMM2 media are also listed and are referred to as U-tol std and a-tol 
std, respectively, in the comments.

Table VII-5 contains chemical shifts o f all of the observed resonances along with 

any coupling constants and the time they first appear in the experiment. Around 19 

hours, the first peaks other than those for toluene appear. Two prominent peaks are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



107

found at 125.3 and 160.9 ppm. These peaks are singlets and both represent C 0 2: the peak 

at 125.3 ppm represents C 0 2 gas dissolved in the liquid, whereas the peak at 160.9 ppm 

represents C 02 as carbonate in the solution.

Other peaks in the NMR spectrum appearing around 21 hours are seen centered at

23.2,43.5,65.6, and 182.3 ppm. The peaks centered at 23.2 constitute a doublet with a 

coupling constant of 40.24 Hz. whereas those centered at 43.5 ppm compose a triplet 

with a coupling constant o f 37.73 Hz. The splitting pattern for the peaks centered at 65.6 

and 182.3 ppm could not be discerned in these experiments.

One compound the above-mentioned intermediates might represent is 4-hydroxy- 

2-oxovalerate (Figure II-B-2). Estimates of the chemical shifts and coupling constants for 

this compound are given in Tables VII-1 and 2. A simulated spectrum o f  4-hydroxy-2- 

oxovalerate using gNMR is shown in Figure V1I-7. The lack of an observed peak around 

200 ppm does not rule out this compound as the intermediate. Because rapid pulsing was 

used with 1500 scans in the experiment, the saturation factor for this compound, coupled 

with the fact that it is present in a small amount, could render the peak too small to be 

discerned from noise. When a delay of 20 seconds was used rather than 2 seconds, at 36 

hours in the experiment, a peak at 203.3 ppm is observed, and could be the missing peak 

(Figure VII-8).

Two peaks of malate are also similar to observed peaks in the spectrum, those for 

C l, occurring at 181.4 ppm, and C3, occurring at 43.2 ppm (see Table VII-3). Looking 

back to the observed spectrum, a large number o f  peaks between 70 and 78 ppm are
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Figure VII-7. gNMR simulation of a ,3C NMR spectrum o f 4-hydroxy-2-oxovalerate 
using the estimated chemical shifts and carbon-carbon coupling constants given in Tables
VII-1 and 2.
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Figure V1I-8. I3C NMR spectrum, taken using a 20 s delay, o f a 10% (v/v) cell 
suspension of P. putida 27G 36 hours after the addition of 0.1% [U-ljC]toluene. The 
arrow indicates the peak at 203.3 ppm.
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found, although no specific peaks can be picked out. A peak for C2 malate. occurring at 

72.1 ppm, therefore, may also be found within the large grouping o f peaks observed 

between 70 and 78 ppm. Also from the Background (II-A-4), the malate pool would 

eventually be labeled in all positions due to scrambling o f the label in the cycle. Therefore, 

if  the other peaks indicate the presence of malate, a peak for C4 of malate around 179 

ppm should also be detected, but is not seen in the experimental spectrum.

Table VIM  lists the chemical shifts o f carbon atoms in the fatty acids o f a typical 

rhamnolipid. Many of the peaks should be in the region between 23 and 35 ppm. In the 

absence of any of these peaks or others in Table VTI-4 in the observed spectrum, 

rhamnolipid is either not being made or not made in large enough quantities for the peaks 

to be seen above the noise in the NMR spectrum. It may also be the case, however, that 

not enough time has elapsed for rhamnolipid to be made, in which case studies o f longer 

length may give more insight. Biomass did not increase significantly during the 

experiment, as determined by checking OD60o periodically, therefore no peaks due to 

biomass were expected or observed in the NMR spectrum.

Table VII-6 lists the chemical shifts o f resonances observed in experiments 

utilizing 0.2, 0.3, 0.5, 0.75, and 1.0% toluene. When using 1% toluene, a peak at 64.5 

ppm builds up, then decreases as C 0 2 is produced at the end. This peak was seen only 

sporadically in experiments using 0.1% toluene and was therefore not mentioned above. 

However, the same trend seen for 1% is seen when using 0.2% toluene, although the peak 

is split to a doublet with a coupling constant o f 48.42 Hz. Since the peak is seen for 1%,
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when only methyl-labeled toluene was used, the peak must be from C7. The chemical 

shift of the carbon atom of the CH2OH group of benzyl alcohol should occur at 65.1 

ppm, with a coupling constant o f 47.72 Hz (Breitmaier and Voelter, 1987). The observed 

chemical shift o f 64.5 ppm and coupling constant o f 48.42 Hz suggest that this resonance

is from benzyl alcohol, an intermediate in the TOL pathway (Figure II-4).

8 (ppm) Multiplicity Jc.c (Hz) Assignment Experiment Label Used

21.3 singlet none C7 toluene 0.3 - 1.0% a
21.3 doublet 44.4 (1,7) C7 toluene 0.2% U
126.3 triplet 50.6 (3,4) C4 toluene 44 u
129.6 quintet 47.8 C2j .5.6 toluene 44 u

139.35 d. of trip. 48.9 C[ toluene u
125.3 singlet none C 02 gas all cell expts a , U
160.9 singlet none C 02 carbonate 44 a , U
23.2 doublet 40.24 0.2% U
43.5 triplet 37.73 ** U
65.6 ND“ “ U
182.3 ND - u
64.5 singlet none C7 benzyl alcohol 0.3 - 1.0% a
64.5 doublet 48.42(1,7) 44 0.2% U
61.3 ND 0.2% u
61.3 singlet none 0.3 - 1.0% a

70-78 all cell expts a , U
“ Not determined.

Table VII-6. Resonances observed in the l3C NMR spectrum o f a 10% (v/v) P. putida 
27G cell suspension utilizing toluene. Initial toluene concentrations o f 0.2, 0.3. 0.5, 0.75, 
or 1.0% were used.

Also appearing in 1% experiments is a peak at 61.3 ppm, which first occurs at

45.5 hours and remains at a constant level throughout the remainder o f the experiment.
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This peak may be due to some metabolic pool formed by natural abundance carbon. This 

peak was not seen in experiments of 0 .1% toluene when using 1500 scans, but was 

detected when using 6000 scans. The larger number o f scans is able to detect compounds 

present in smaller quantities. Using 6000 scans for the 0.1% experiment, the peak at 61.3 

ppm is first detected at 9.75 hrs and remains at a  low, steady concentration throughout 

the remainder o f the experiment.

The peaks seen for the intermediate(s) in the 0.1% experiment, at 23.2, 43.5, 65.6, 

and 182.3 ppm, are also seen in the 0.2% experiment when [U-l3C]toluene is also used, 

but not in any of the experiments using [a -l3C]toluene. This would indicate that these 

intermediate peaks must occur from carbon atoms originating on the ring o f  toluene.

The peaks seen between 70 and 78 ppm in the 0.1% experiment are also seen in 

low levels in the other experiments, indicating many are probably natural abundance 

peaks and may be from some metabolic pool. Both the C2 of malate and C3 o f  citrate in 

the TCA cycle have peaks in this region and are likely present in at least low levels while 

the cells are degrading the toluene.

Intermediate peaks detected when O2 is supplied include peaks around 72 ppm, as 

well as peaks centered at 23.3, 43.6, and 61.3 ppm. Noticeably missing are the peaks at

65.6 and 182.3 ppm that were present when air was supplied. The reason for this is 

unknown, although it could call into question the supposition that all o f the intermediate 

peaks were coming from a single compound, namely 4-hydroxy-2-oxovalerate. However, 

saturation factor experiments performed in the next chapter to determine concentrations
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indicate that the presence o f O2 causes saturation factors to be significantly lowered. 

Therefore, the large amount o f oxygen present may have caused these resonances to be 

lowered to the point where they were not discernible from the noise.

VII-D-3. Pathway Analysis

Attributing the intermediate peaks to either 4-hydroxy-2-oxovalerate or malate 

gives no indication as to which pathway the cells are using for the degradation since both 

would be found as intermediates in all pathways proceeding through meta ring cleavage 

(Figure II-B-1). However, as mentioned above, the presence of large pools o f labeled COi 

prior to the appearance o f  the other peaks when using 0.1% toluene indicates that C 0 2 is 

released early in the pathway, pointing toward the TOL pathway for degradation.

The presence o f  a peak at 64.5 ppm prior to C 0 2 production in experiments 

utilizing 1% [a -13C]toluene is a strong indication that toluene is transformed to benzyl 

alcohol. The peak must come from C7 of toluene, as mentioned above, and no 

intermediates in other known pathways of toluene degradation would have a peak from 

C7 in that region of the spectrum. This peak was also observed in studies using 0.2% [U- 

13C]toluene, split to a doublet with a coupling constant similar to the expected value for 

benzyl alcohol. While not absolute proof, it suggests the TOL pathway is the degradation 

pathway for toluene by P. putida 27G. These results, however, are not conclusive and 

should be used in conjunction with another method o f analysis to make a definite 

determination.
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It is not likely that the cells are able to switch degradation pathway for toluene 

and therefore, the TOL pathway is likely that used for all initial toluene concentrations. 

Experiments o f longer length using multiply-labeled toluene need to be done to determine 

if the higher initial toluene concentrations cause the cells to funnel carbon through 

pathways other than the TCA cycle, such as rhamnolipid production. Using toluene with 

other labeling patterns could also give more insight into the pathway. One drawback to 

selecting various 13C labeling patterns in toluene is that the experiments become very 

expensive. Resonances observed in the experimental spectrum could also be compared to 

those o f pure compounds in media. While there does not appear to be differences in the 

pathway when using different toluene concentrations, there may be differences in the 

kinetics of uptake and degradation of toluene, and this will be examined in the next 

chapter.

VH-E. SUMMARY

I3C NMR spectra were obtained of 10% (v/v) cell suspensions o f P. putida 27G 

utilizing labeled toluene, either [U-13C] or [a -13C]toluene. Spectra obtained using 1500 

scans had a S/N of 36, sufficient for identification o f the toluene resonances and some 

metabolites. Spectra obtained using 6000 scans had a S/N o f 79 and could detect at least 

one other metabolite not observed when using 1500 scans. However, the longer 

accumulation time required for 6000 scans allowed the cells to settle and may have caused 

mass transfer problems. Spectra taken at the beginning o f the experiment with [U-
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l3C]toluene showed only resonances from toluene and were similar to those of [U- 

13C]toluene in HCMM2 media.

Resonances for compounds other than toluene were observed after 19 hours when 

the cells were fed 0.1% toluene. Carbon dioxide, both as a gas dissolved in the liquid and 

as carbonate in solution, was detected. Other resonances in the spectra point toward a 

couple o f possibilities for intermediates: 4-hydroxy-2-oxovalerate and malate. The first is 

an intermediate in the TOL pathway for toluene degradation and the second is a 

metabolite in the TCA cycle. Absolute identification o f which intermediate the resonances 

represent requires more research: either a second method of identification, such as GC, or 

comparison to pure compounds in media. The secondary metabolite produced by the 

bacteria, a suspected rhamnolipid, was never detected in the spectra. Longer experiments 

may have shown such production.

The TOL pathway was tentatively confirmed as the toluene degradation pathway. 

Experiments using 0.2% [U-13C]toIuene and 1% [a - l3C]toIuene produced a resonance for 

benzyl alcohol prior to carbon dioxide production. While experiments using 0.1% [U- 

13C]toluene did not produce this resonance, it may have been at a concentration too low 

to detect. Absolute identification of benzyl alcohol could be made by another method, by 

comparison to a spectrum of the pure compound, or by another NMR method. While 

protons were decoupled here, leaving the protons coupled and performing an attached 

proton test would help determine the type o f carbon atom for each o f the intermediate 

peaks. Another NMR method that could be used is 13C homonuclear COSY (correlated
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spectroscopy), a 2-D experiment that will show which carbon atoms are coupled to each 

other. One drawback to attached proton tests and COSY is that long acquisition times are 

required, and therefore may be better suited for use with cell extracts rather than in vivo 

studies. Other labeling patterns of toluene could also aid in absolute pathway 

identification.
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Y in . IN VIVO N M R  STU D IE S - TO LU EN E B IO D E G R A D A T IO N  K IN E TIC S

VIII-A. INTRODUCTION

Toluene biodegradation has been found by several researchers (Robertson and 

Button, 1987; Corseuil and Weber, 1994; Chang et al., 1993) to follow Michaelis-Menten 

kinetics. In Chapter VI, in vitro samples were studied, and the degradation conformed to 

first-order kinetics, although the length of time over which the experiment was performed 

may have been too short to determine any overall kinetics. In vivo kinetics are examined 

in this chapter using l3C NMR and compared to those found in vitro.

Cell phase, initial substrate concentration, and oxygen concentration can all have 

an effect on the degradation of toluene. Both initial toluene removal from the extracellular 

medium as well as subsequent degradation in the pathway can be affected. Cells harvested 

in stationary phase may have produced enzymes necessary for the degradation that log- 

phase cells have not produced. Additionally, stationary-phase cells may have produced 

surfactants that could aid in toluene removal. As the amount of toluene in the system 

increases, it could become toxic to the cells and therefore affect the degradation. The 

presence of oxygen in the system is necessary for complete mineralization of the toluene, 

and could affect production of some of the enzymes in the pathway, thereby affecting the 

degradation rate. All three o f these factors, cell phase at harvest, toluene concentration, 

and oxygen concentration, will be examined for their effect on the degradation of toluene 

by Pseudomonas putida  27G.
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VTII-B. THEORY

The amount of oxygen required for the degradation o f toluene to acetaldehyde and 

pyruvate according to stoichiometry is 4 moles of O2 per mole of toluene, producing 2 

moles of CO2 in the process:

C7H8 + 4 0 2 ---- » C2H4O + C3H4O3 + 2C02 (VHI-1)

. If the acetaldehyde and pyruvate are used for growth, i.e. the production of bacteria, no 

additional O2 is required, as seen in Equation VIII-2:

C2H40  + C3H4O3 + H C 03‘ + N H /  „ C5H7O2N + C 0 2 + 3H20  (VIII-2)

However, if the intermediates proceed through the TCA cycle and are completely

degraded to C 02, additional O2 is required:

C2H4O + C3H4O3 + 5 0 2 ___„ 5C02 + 4H20  (VHI-3)

Therefore, for complete mineralization of 1 mole of toluene to CO2, 9 moles of O2 are 

required:

C7H8 + 9 0 2 ---- ► 7C 02 + 4H20  (V1II-4)

A typical experiment using an initial toluene concentration o f 10 mM would then require 

a 90 mM oxygen concentration for complete mineralization.

From the amount of headspace available in the NMR tube ( 1 1.5 mL), when air is 

supplied 0.10 mmol 0 2 is available to the cells, whereas 0.47 mmol O2 is available when 

the system is flushed with pure O2. For complete mineralization o f toluene, 9 mol O2 are 

required for every 1 mol of toluene degraded. Therefore, in the air-supplied case, only
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40% of the 0 2 required is available, but 185% is available in the 0 2-supplied case. If each 

experiment were allowed to go to completion, only part of the toluene taken up in the air- 

supplied case could be mineralized, but all o f  it could be in the 0 2-supplied case. Provided 

C 02 does not escape the system, partial or complete degradation could be reflected in the 

amount of C 02 produced after long periods o f time in each case.

VIII-C. MATERIALS & METHODS

VIII-C-1. Bacterial Strain

The bacterial strain used is the same as that used in the growth studies, described 

in V-B-l.

VIII-C-2. Cell Culture

Cell cultures in 250-mL flasks were begun as described in V-B-2. The cells were 

harvested in either stationary phase (36 hrs) or log phase (24 hrs) by low-speed 

centrifugation at 4°C for 5 minutes. The cells were then washed twice in ice-cold 

HCMM2, resuspended in HCMM2 to 10% (v/v). 2.7 mL of the cell suspension was 

placed in a 10-mm NMR tube (Wilmad, model 513-7PP) with 10% D20  as a lock. Either 

[U-13C] or [a -13C]toluene was added to 0.1, 0.2, 0.3, 0.5, 0.75, or 1.0% concentration to 

begin the experiment. For fully aerobic and anaerobic experiments, the NMR tube was 

flushed with pure 0 2 or N2, respectively, for 30 minutes prior addition o f  D20  or toluene.
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Biomass did not increase over the course o f the experiment as determined by checking

OD600.

VIII-C-3. NMR Spectroscopy

13C NMR spectra were obtained as described in VII-C-3. Delays o f 2, 20, and 60 s 

were used. FID files were analyzed using the felixND Software System (Biosym 

Technologies, Inc.). The FIDs were exponentially multiplied by a line broadening o f  3 Hz, 

Fourier transformed, and phased. When necessary, spectra were baseline flattened using a 

S'b-degree polynomial.

Toluene chemical shifts were assigned in a sample containing [U-13C]toluene and 

[ l -13C]glucose in HCMM2 and using the resonance o f the (3 anomer of [ l- l3C]glucose as a

reference, which resonates at 96.7 ppm downfield from tetramethylsilane. designated as 

zero ppm.

Peak integrals in the spectra were corrected for saturation due to the rapid pulsing 

used. In order to make corrections, calibration experiments were performed for estimation 

of concentrations by obtaining alternately fully relaxed spectra (with a 60 s delay) with 

spectra as taken previously on cell suspensions (with a 2 s delay) at the end o f  the 

experiment and on samples o f HCMM2 to which a known quantity o f [U-l3C]toluene 

and [ l - I3C]glucose was added (Bailey and Shanks, 1991).
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VIII-C-4. Statistical Analysis

Initial degradation rates were analyzed by Statview II (Abacus Concepts, 

Berkeley, CA). Student's unpaired /-test was used to determine the significance of 

differences in degradation rates between oxygen, nitrogen, and air-saturated samples, and 

between log- and stationary-phase cells. Differences were considered significant if they 

exceeded the 90% confidence level.

VIII-D. RESULTS

VIII-D-1. Disappearance of Toluene

13C NMR spectra were taken of 10% (v/v) cell suspensions of Pseudomonas 

putida 21G in a mineral salts media degrading toluene at various timepoints in the 

experiment. Experiments of cells utilizing 0.1% [U-13C]toluene with air in the headspace 

of the NMR tube were performed first as a basis from which to compare varying toluene 

and oxygen concentration. The initial toluene concentration o f 0.1% (9.4 mM) was chosen 

based on the solubility o f toluene in water, 732 mg/L (Truong and Blackburn, 1984) or 8 

mM, and based on other researchers’ studies using concentrations of 1-10 mM (Natarajan 

et al., 1994; Utkin et al., 1992; Vecht et al., 1988).

The intensity of the peak at 21.3 ppm was used to determine toluene 

disappearance during the course o f the experiment since peak intensity is proportional to 

concentration. The peak centered at 21.3 ppm was chosen since no other intermediates in 

the pathway would interfere with this peak. Figure VIII-1 shows the relative intensity of
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Figure VIII-1. Relative toluene concentration versus time for a 10% (v/v) P. putida 27G 
suspension fed 0.1% [U-,3C]toluene.
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toluene in the solution as a function o f time. Control experiments using heat-killed cells 

showed no loss of toluene (shown in Figure VIII-7). Since NMR measures the total 

amount o f toluene present, both extracellular and intracellular, toluene disappearance can 

be credited to degradation by the cells.

As mentioned in II-C-3, degradation of toluene has been implicated to follow 

Michaelis-Menten kinetics at low substrate concentrations and zero-order kinetics at high 

substrate concentrations. The in vitro studies above indicated kinetics were first-order. 

Data obtained in the first 24 hours o f the in vivo experiment also conform to first-order 

kinetics. Figure VIII-2 is a plot o f  In (C/Co) vs time, indicating a straight line in the first 

24 hours with a slope k = 0.1030 + 0.0382 hr'1. This slope corresponds to an initial 

toluene degradation rate o f 0.0892 + 0.0331 mg/mL/hr. This is significantly lower than the 

initial rate calculated in vitro (0.2529 mg/mL/hr) when a cell density o f 5% (v/v) was used. 

The difference in the initial rates determined in vivo and in vitro highlights the need to 

study degradation in vivo, since the method used to obtain the samples in vitro could 

affect the amount of toluene detected, and therefore the initial rate of degradation.

After 24 hours, however, the disappearance o f toluene no longer follows first- 

order kinetics, but begins to taper off, as expected for Michaelis-Menten kinetics. Once 

the initial degradation rates at the other toluene concentrations have been calculated, they 

can be fit to the Michaelis-Menten equation. The parameters obtained from that fit can 

then be used to determine how well they describe the degradation o f 0.1% toluene, and 

will be shown in VIII-D-4.
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Figure VIII-2. Same data as in Figure VIII-1 replotted on a semi-log scale.
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Experiments using both 1500 and 6000 scans were performed. The experiment 

using 6000 scans (Figure VIII-3) indicates a similar degradation rate to that found using 

1500 scans, although the curve is shifted to the right, and appears straighten The reasons 

for this are not clear since the experiment was performed in the same manner except for 

the number o f scans used. However, since the NMR tube was shaken after each set of 

scans to resuspend any cells that had settled, the cells in the 6000 scan case had to wait 4 

times as long to be shaken, were not as well mixed and settled to a greater degree during 

the experiment. This lack of proper mixing could have affected the degradation o f toluene; 

the cell suspension had time to separate, cells settling to the bottom and toluene 

congregating near the surface, providing less contact time between the cells and the 

toluene.

VIII-D-2. Production of Metabolites

Figure VIII-4 is a plot o f the total concentration o f C 0 2 versus time when using 

1500 scans. At the point where C 0 2 is first detected, 19 hours, 73% of the toluene has 

disappeared (Figure VIII-1). Since the NMR tube is capped, C 0 2 cannot escape and 

continues to build up in the cell suspension. It is possible that the build-up of C 0 2, either 

as carbonate or as the gas dissolved in the liquid, could affect the further degradation o f 

toluene or its intermediates. In yeast, for example, the buildup of carbon dioxide can lower 

the cytoplasmic pH (den Hollander et al., 1981). A change in the pH o f the system could 

in turn affect transport processes and production of ATP which rely on proton motive
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Figure VTII-3. Relative toluene concentration calculated using 1500 or 6000 scans for a 
10% (v/v) cell suspension fed [U-I3C]toluene.
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Figure VIII-4. Total carbon dioxide concentration produced by a 10% (v/v) cell suspension 
fed 0.1% [U -13C]toluene.
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force (Brock and Madigan, 1991). However, since no studies were done with removal of 

C 02, any effects it has on the degradation are not known.

The total concentration of carbon dioxide in the cell suspension at 51 hours is 6.58 

mM. Assuming the TOL pathway for toluene degradation (Figure II-4), as tentatively 

determined in Chapter VII, 1 mole o f C 0 2 is released per mole o f toluene to proceed to 

catechol, 2 moles o f C 0 2 total are released per mole of toluene to proceed to acetaldehyde 

and pyruvate, and 3 moles of C 02 total are released per mole o f  toluene to proceed to 2 

moles o f acetyl-CoA. Assuming for the moment that degradation has proceeded to acetyl- 

CoA, then:

1 mole toluene . 6.58 mmol CO? produced .  L__________
3 mole C 0 2 L 9.4 mmol toluene added

(89% disappearance)

or 26.2% o f the toluene has been degraded. It is not clear why there is a discrepancy in 

the amount o f  toluene that has disappeared at that point and the amount of C 0 2 

produced. One explanation is that various amounts of toluene will have been degraded to 

different extents at that time. This would have produced several metabolites in low 

quantities, which may or may not have been detected (see Chapter VTI for detected 

metabolites), and the totals of these metabolites may make up for the difference in the 

amounts of toluene. It is also possible that C 0 2 has escaped to the headspace and is not 

detected, although the concentration o f C 0 2 in the liquid phase is well below saturation. 

Also, since the NMR tube was sealed, it is unlikely that any C 0 2 escaped to the 

atmosphere.
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In addition to carbon dioxide, several intermediate peaks were also observed during 

the experiment, as mentioned in Chapter VII, namely peaks centered at 23.2, 43.5, 65.6, 

and 182.5 ppm in the l3C spectrum. As indicated in Chapter VII, these resonances may 

be due to 4-hydroxy-2-oxovalerate or a combination of compounds. Figure VIII-5 gives 

the timecourse of the intensity of these peaks during the experiment. The difference in 

intensities between the different peaks cannot be taken as a direct reflection of the 

difference in concentrations since the peaks will not necessarily have the same saturation 

factor, and saturation factors for these peaks were not determined. However, for any 

given peak, Figure VIII-5 gives a general trend in the rise and fall of the concentration 

during the experiment. It is interesting to note that the peaks have apparent maximums at

42.5 hrs, corresponding to a point where approximately 90% of the toluene has 

disappeared, and little, if  any, toluene disappearance is seen after this point. This kinetic 

profile is consistent with a build-up of an intermediate(s), then subsequent transformation 

of the intermediate(s).

VIII-D-3. Log- vs. Stationary-Phase Cells

Cells harvested in mid-log phase (24 hours) rather than stationary phase (36 

hours) were also used to determine if the phase the cells are in affect the degradation of 

toluene. Figure VIII-6 compares the toluene disappearance of log-phase and stationary- 

phase cells. The initial rates o f toluene disappearance are 0.0654 + 0.0141 and 0.0892 + 

0.0331 mg/mL/hr for log- and stationary-phase cells, respectively, and are not
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Figure VIII-6. Relative toluene concentration over time for stationary- and log-phase 
cells. Cell suspensions o f 10% (v/v) were fed [U-13C]toluene.
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significantly different (p=0.25). Intermediates, namely CO2, also appear at approximately 

the same time in log-phase and stationary-phase cells, 19 hours. Therefore, the phase the 

cells are in does not appear to affect toluene disappearance or degradation in the cells.

While cells harvested in stationary phase may have produced higher quantities of 

surfactant during growth that are released to the medium, the cells are washed twice 

during harvest to remove any surfactant that could aid in toluene uptake for stationary- 

phase cells. Experiments using unwashed cells could be done to determine if the presence 

of the surfactant would aid in toluene uptake.

The cells were grown on a glucose plus toluene mixture, and those harvested 

during log phase may not have all of the enzymes necessary for the complete breakdown 

of toluene currently made, depending on when each o f the substrates is used during 

growth. If this is the case, it does not appear to affect the early part o f the degradation of 

toluene. However, since long-term studies were not done (no spectra were taken of log- 

phase cells after 22 hrs in the experiment), it is not known how the cell phase at harvest 

might affect degradation later in the pathway.

VIII-D-4. Effect o f Toluene Concentration

Experiments with cells utilizing air in the headspace but varying initial toluene 

concentration were examined. Initial toluene concentrations of 0.2, 0.3, 0.5, 0.75, and 

1.0% were used in addition to the 0.1% toluene concentration used earlier. An upper limit 

of 1% was chosen since that was the highest concentration of toluene found in the
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literature at which bacteria survived (Weber et al., 1994). [U-l3C]toluene was used for 0.1 

and 0.2% experiments, while [a - ,3C]toluene was used for experiments with the remaining 

toluene concentrations. The reason for this was predominantly financial, as [U- 

13C]toluene is extremely expensive (the cost per experiment is given in the Appendix). 

Figure VII-5 compared NMR spectra at the different concentrations at the beginning o f 

the experiment and Figure VII-6 compared the spectra at 48 hours. Experiments where 

[a - l3C]toluene was used produced natural abundance peaks for carbons 1-6, as seen in the 

125-140 ppm range in Figure VII-5.

Figure VIII-7 shows the relative concentration o f toluene in the cell suspension 

versus time at these different initial toluene concentrations, along with the control using 

heat-killed cells. The peak at 21.3 ppm was used to determine toluene concentrations 

when both [U-l3C]toluene and [a -l3C]toluene were used, as mentioned above.

Experiments for all initial toluene concentrations appear to follow the same general time- 

course. Initial rates were determined in the first 24 hours as described above for the 0.1% 

case and are given in Table VIII-1.
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Toluene Concentration (%) Initial degradation rate (mg/mL/hr)

0.1 0.0892 + 0.0331
0.2 0.1566 + 0.0094
0.3 0.2481 +0.0449
0.5 0.2676 + 0.0849
0.75 0.4306 + 0.0390
1.0 0.5672 + 0.0589

Table VIII-1. Initial toluene degradation rates determined in the first 24 hours o f each 
experiment. Rates were determined from plots of the In (C/Co) versus time as described in 
Chapter VI - Results.

The Michaelis-Menten equation:

V  =  V fnax  S X  (VIII-5)
Km + S

where v = rate, vmax = maximum rate, S = substrate concentration, x = biomass 

concentration, and Km = the half-velocity constant, can be rewritten as:

I  = 1 + Km (VIII-6)
v  v m ax X  'm a x  S  X

and plotting 1/v vs. 1/S is commonly known as a Lineweaver-Burk plot. This should yield 

a straight line with slope = K nA v^  x) and intercept = l/(vmax x). A Lineweaver-Burk 

plot o f the initial rates and toluene concentrations determined here is shown in Figure

VIII-8, producing a straight line and indicating Michaelis-Menten kinetics. The maximum 

uptake rate and half-velocity constant were calculated to be: vmax = 9.569 mg toluene/mL 

cells/hr and Km = 8.4748 mg/mL. Both vmax and Km are high considering the range of
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toluene concentrations used. Ideally, an equal number of points on either side of Km is 

desired for the most accurate results.

To test the fit o f the Michaelis-Menten values obtained here, the predicted curve 

of relative toluene concentration vs. time using vmax and Km is plotted along with the 

experimental values in Figure V1II-9 for an initial toluene concentration of 0.1%. The 

experimental points all fall close to the predicted curve, implying a reasonable fit. The 

data was fit to the Michaelis-Menten equation assuming that toluene is the limiting 

substrate for toluene disappearance. If toluene disappearance is due to uptake into the 

cells via passive diffusion, this is a viable assumption. However, if toluene disappearance 

is due to degradation through the pathway, there may be a different limiting substrate: 

oxygen. When air is supplied to the cells, only 40% of the oxygen required for 

mineralization is available when 0.1% toluene is used (see VIII-B), and only 4% is 

available when 1.0% toluene is used. In this case, oxygen may be the limiting substrate in 

the degradation, and toluene disappearance may not be governed by Michaelis-Menten 

kinetics.

Table VIII-2 gives the total carbon dioxide concentration in the cell suspension at 

the end of the experiment for each initial toluene concentration along with the time it was 

first detected and how much toluene had disappeared at that point. C 0 2 was first 

detected in the system for a 0.2% initial toluene concentration at 18.5 hours.
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Figure VIII-9. Fit o f  the Michaelis-Menten values obtained from Figure VIII-8 to the 
data shown in Figure VIII-1.
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Toluene 
Concentration (%

Time CO2 first 
detected (hrs)

% Toluene 
Removed

Total C 0 2 at end 
of expt (mM)

Time expt ended 
(hrs)

0.1 19 73 6.58 51
0.2 18.5 83 5.67 63.5
0.3 71.5 97 1.50 71.5
0.5 48.5 95 0.84 48.5

0.75 NDa — ND 48.5
1.0 71.5 98 0.40 71.5

a Not detennined.

Table V 111-2. Carbon dioxide detection in the cell suspension at various initial toluene 
concentrations. ND: not detected.

corresponding to 83% toluene disappearance, compared to 19 hours and 73% toluene 

disappearance for 0.1%. CC>2 was not detected in the system for 0.3% until 71 hours, or 

97% toluene removal; however, a timepoint was not taken between 24 and 71 hours, and 

carbon dioxide could have been produced earlier than 71 hours.

C 0 2 was not detected in experiments of 0.5% until 48.5 hours or 95% toluene 

removal. Experiments using 0.75% toluene ended at 48.5 hours (89% toluene removal) 

with no CO2 production. CO2 was detected at the end o f  the experiments using 1% 

toluene, or 71.5 hours and 98% toluene removal. No spectra were taken between 59.5 and

71.5 hours, however, and CO2 production may have begun between these two time 

points.

The above data implies that while toluene continues to be removed as expected 

(per Michaelis-Menten kinetics) the amount of toluene that must be removed prior to 

C 02 production increases as the initial toluene concentration increases. Effectively, the
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overall degradation pathway slows down as the initial toluene concentration increases. 

This is to be expected: too high of a toluene concentration compared to what the cells 

have adapted to or grown on can be toxic to the cells. While the cells may be able to 

remove such high concentrations of toluene initially, they may not be able to fully degrade 

it, and the toluene can eventually kill the cells.

V1II-D-5. Effect of Oxygen Concentration

Experiments using 0.1% [U-l3C]toluene but varying the oxygen concentration in 

the headspace o f the NMR tube were also examined. Pure oxygen and pure nitrogen were 

introduced into the headspace by bubbling the cell suspension for 30 minutes with the 

respective gas prior to addition of toluene. Figure VIII-10 compares toluene 

disappearance between cells supplied with oxygen, air, or nitrogen in the headspace of the

NMR.

Gas supplied Rate (mg/mL/hr)

o 2 0.0924 + 0.0221
air 0.0892 + 0.0331
n 2 0.0292 + 0.0078

Table VTII-3. Initial toluene disappearance rates for 10% (v/v) suspensions of P. putida 
27G fed 0.1% toluene. Oxygen and nitrogen were supplied prior to toluene addition by 
bubbling in the suspension for 30 minutes.

The initial rates o f toluene disappearance for 0 2, air, and N2 supplied cells are 

given in Table VIII-3. The initial rates of toluene disappearance for the 0 2- and air-
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Figure VIII-10. Toluene disappearance over time for cell suspensions fed 0.1% toluene 
and supplied with air, oxygen, or nitrogen.
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supplied cases, 0.0924 + 0.0221 and 0.0892 + 0.0331 mg/mL/hr, respectively, are not 

significantly different. If toluene disappearance is due to uptake into the cells, then the 

rates should be similar. The rate o f toluene disappearance for the N2-supplied case, 

0.0292 + 0.0078 mg/mL/hr, is significantly lower than that for either oxygen or air.

Carbon dioxide first appears in the oxygen-supplied case at 22.5 hours when using 

1500 scans, although no spectra were taken between 10.5 and 22.5 hours, and it is likely 

that C 0 2 is produced sometime between these time points. This would coincide with 

when C 0 2 is produced in the air-supplied case, 19 hours. At 22.5 hours in the 0 2 case, 

however, only 62% of the toluene has disappeared, indicating that toluene degradation 

might proceed faster through the pathway when oxygen is supplied than when air is 

supplied. This coincides with Viliesid and Lilly’s (1992) conjecture that oxygen 

concentration can affect the production of enzymes necessary for degradation when 

oxygen is a substrate. If oxygen is not present at a high enough concentration, the 

enzymes required for degradation may take longer to be produced, even though toluene is 

present at a relatively high concentration.

Alternatively, when looking at the experiment using 6000 scans (Figure VIII-11), 

C 02 first appears in the 0 2 spectrum at 11.5 hours, much earlier than the 19 hours in the 

air spectrum (also using 6000 scans). This would imply that while initial toluene removal 

is not significantly different between 0 2 and air-supplied cells, subsequent degradation in 

the pathway proceeds faster when Oz is present in high quantities.
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Figure VIII-11. Toluene disappearance and C 0 2 production for a cell suspension fed 0.1% 
toluene and supplied with oxygen, determined by using 6000 scans.
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While toluene continued to be taken up by the cells in the N2-supplied case, no 

C 0 2 or intermediates were produced (experiments ended at 50 hours). Whether or not the 

cells were destroyed by the uptake of toluene into the cell membrane or if intermediates 

were produced, but in concentrations too low to be detected, is not known. It is currently 

not known if P. putida 27G has the capability to degrade toluene anaerobically. However, 

proposed anaerobic pathways for toluene degradation involve the transformation of 

toluene and intermediates to coenzyme A thioesters (Evans et al., 1992; Elder and Kelly, 

1994). These resulting large molecules might partially or fully immobilize the labeled 

carbon atoms, broadening the peaks such that they are no longer detectable in the NM R 

spectrum, and would explain the lack o f observable intermediates in the nitrogen-supplied 

case. The dissolved oxygen concentration (DO) has not been checked for any o f the 

solutions and is therefore unknown.

At 82.5 hrs in the oxygen-supplied case, corresponding to 93% toluene uptake, 

10.88 mM C 02 was produced. Using the same method as in VIII-C-2, this corresponds to 

41.5% o f the toluene removed that could have been degraded to acetyl-CoA. This is 

greater than the 26.2% degraded at 51 hrs for the air-supplied case, although more C 0 2 

may have been produced in the air-supplied case had the experiment been allowed to run 

longer. Figure VIII-12 shows the amount of C 02 produced per amount o f toluene 

removed versus time for both air- and 0 2-supplied cells. There does not appear to be a 

significant difference between the two cases in the carbon dioxide production for the 

amount of toluene removed from the system. However, as seen in the Theory for this
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chapter, there is not enough oxygen in the air-supplied case to completely mineralize all 

of the toluene. Therefore, it is possible that after more time has elasped in the air- 

supplied case that carbon dioxide production may slow down and even cease.

VHI-E. Summary

13C NMR spectra were taken of Pseudomonas putida 27G cell suspensions 

degrading toluene to determine the kinetics o f the degradation. Both stationary-phase and 

log-phase cells were used to determine if cell phase had an effect on the degradation. 

Initial toluene concentrations ranging from 0.1% to 1.0% were used to determine the 

effect of substrate concentration on the degradation. Cell suspensions saturated with air, 

oxygen, or nitrogen were examined to study the effect of oxygen concentration on the 

degradation.

The degradation followed Michaelis-Menten kinetics with a maximum substrate 

utilization rate vmax = 9.569 mg toluene/mL cells/hr and a half-velocity constant Km = 

8.4748 mg/mL. The type o f kinetics observed here is the same as that observed by other 

researchers studying toluene degradation (Robertson and Button, 1987; Corseuil and 

Weber, 1994; Chang et al., 1993), although it is difficult to compare exact numbers since 

different bacterial strains, cell densities, and media were used.

The phase the cells were in when harvested for the experiments did not have an 

effect on toluene removal or production o f C 0 2 in the pathway. Since the cells were 

washed prior to use in the experiments, any surfactant that may have been produced
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during growth that could have aided in toluene degradation was removed. Experiments 

using unwashed cells may show different results.

As the initial toluene concentration was increased, the length o f time elapsed prior 

to carbon dioxide production also increased, as did the percentage o f toluene that had been 

removed in the system at that point. While toluene continued to be removed according to 

Michaelis-Menten kinetics at the high substrate concentrations, subsequent degradation 

through the pathway decreased with increasing toluene concentration. Longer experiments 

at the higher initial toluene concentrations could give a better understanding of how 

quickly the degradation in the pathway is proceeding and to what extent.

Oxygen-supplied cells did not remove toluene any faster than air-supplied cells. 

However, carbon dioxide was produced faster when more oxygen was present in the 

system. This is to be expected if  oxygen concentration affects the production of enzymes 

necessary for degradation when oxygen is a substrate. The total amount of carbon dioxide 

produced per amount of toluene removed in the system was similar for air- and 0 2- 

supplied cells. However, since not enough oxygen is supplied in the air experiments to 

completely mineralize all o f the toluene, C 0 2 production may differ between the two 

conditions at later times in the experiment.
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IX. NMR AIRLIFT REACTOR STUDIES WITH TOLUENE

IX-A. INTRODUCTION

While the kinetics o f the degradation have been determined, the cell suspensions 

used to this point have been essentially in a batch reactor without continuous mixing and 

no supply of respiratory gases. Oxygen concentration could not be maintained, cells were 

allowed to settle, impeding mass transfer, and toxic products, such as C 0 2, were allowed 

to accumulate. It is more desirable to be able to control each of these functions.

One way to more effectively control conditions is to use a bioreactor. A bioreactor 

compatible with the NMR spectrometer must be used, and the airlift reactor used in 

Chapters III and IV for in vivo NMR studies o f yeast should work for bacterial cell 

suspensions as well. However, a major complication arises due to the volatility of 

toluene. If  the headspace remains open to the atmosphere, as it did in the previous 

studies, the toluene would be driven off due to the bubbling in the system. A closed 

system that would allow for bubbling and remove C 0 2, but keep the toluene in the 

system would be the best option.

Altering the current airlift reactor design to include a recycle loop with a C 0 2 

scrubber is one option. Freitas dos Santos and Livingston (1993b) used a similar reactor 

design. They altered their airlift reactor to include a recycle loop with C 0 2 scrubber. 0 2 

was added as necessary to maintain a constant pressure in the recycle loop. Alterations
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modeled after theirs were done to the NMR airlift reactor, and it was subsequently tested 

for use with cell suspensions of P. putida 27G.

IX-B. MATERIALS & METHODS

IX-B-1. Reactor Apparatus

The reactor used was a modification of the airlift reactor used in Chapters III & 

IV. The original reactor is shown in Figure III-l, while the modified reactor is shown in 

Figure IX -1. The core of the reactor is a similar, scaled down version o f the reactor used in 

Kramer and Bailey (1991). A 10mm NMR tube (Wilmad, model 513-7TR-9) was 

modified with a 5mm-diameter tube (Wilmad, model 527-PP) inserted to form an internal 

loop airlift reactor. The inner tube is 110 mm in length, reaches to within 2 mm of the 

bottom o f  the reactor, and is held in place by three plastic stabilizers with notches cut out 

to allow flow past them. The cap has been altered to accommodate a gas inlet capillary 

tube and a gas outlet tube. Both the capillary tubing and the outlet tubing are Teflon 

(Cole-Parmer), and are 0.8 mm ID and 1.6 mm ID, respectively. The capillary tubing 

extends into the reactor to 10 mm above the RF detection region and connects to Teflon 

(Cole-Parmer) tubing from the gas supply.

Due to the volatility of toluene, the reactor was modified to include a gas recycle 

stream. A peristaltic pump was connected to the recycle stream to circulate the gas. A 

pressure sensor, controller, and solenoid valve were connected to the recycle stream to 

allow the input o f gas (such as O2, N2, or air) if the pressure in the loop falls below a set
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Figure IX -1. Schematic of NMR airlift reactor with modifications to account for the 
volatility o f  toluene.
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point. The gas recycle stream was modeled after modifications made by Freitas dos 

Santos and Livingston (1993) to an airlift bioreactor for the biodegradation o f 1,2- 

dichloroethane (DCE).

IX-B-2. Cell Culture

Cells were grown and harvested as described above in IV-C-l-b. Cells were 

harvested in stationary phase (36 hrs).

IX-B-3. NMR Spectroscopy

13C NMR spectra were obtained as described above in IV-C-l-c. Samples placed 

in the airlift reactor contained either 5.4 mL HCMM2 or 5.4 mL of the cell suspension 

and 0.6 mL D20  as lock. [a - l3C]Toluene was added to 0.1% to the sample prior to being

placed in the reactor. The cap o f the reactor was then sealed with silicone. A flowrate of 

25 mL/min was used.

IX-C. RESULTS

The NMR reactor system used in the yeast studies in Chapters III and IV was 

modified to include a recycle loop. The reactor was then tested to determine if it could be 

used in conjunction with the suspensions of P. putida 27G degrading toluene. Initially, 

[a -13C]toluene was added to HCMM2 media with no cells to determine if toluene would 

remain in the liquid in detectable quantities. Toluene disappeared within 1 hour, indicating
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that the reactor system probably had a leak or that it was not remaining in the liquid. 

Water was then run through the tubing, and leaks were found and fixed. However, even 

after the leaks were fixed, toluene continued to disappear rapidly. The likely cause o f this 

is the volatility o f toluene; there is a large amount of headspace available in the reactor 

(10.6 mL) and in the length of tubing in the recycle stream (27.2 mL). A C 02 scrubber 

connected to the recycle stream, which was later taken off, was also a source of gas space 

for the toluene. Removing the C 02 scrubber would decrease the available headspace, but, 

as mentioned previously (Section IV-C-2-c), the build-up of C 0 2 in the system could 

affect further degradation of toluene. There may be no way to avoid having toluene escape 

into the recycle stream, although a higher initial toluene concentration, using either 100% 

labeled toluene or some fraction thereof, may prove to work a little better. Freitas dos 

Santos and Livingston (1993) found a steady-state DCE concentration in their gas loop as 

well.

The degradation of toluene could also be studied by following the build-up o f 

intermediates in the pathway rather than the disappearance of toluene. It also may make a 

difference to have the cell suspension in the reactor, as toluene appeared to be rapidly 

taken up by the cells (see Chapter VIII - Results). Therefore, the cells may aid in keeping 

toluene in the suspension and the toluene may then be better observed using NMR.

The reactor was tested with the cell suspension outside the spectrometer and 

found to have severe foaming problems. Within 1 hour, approximately 2/3 of the cell 

suspension had escaped the reactor through the outlet tube. Propylene glycol was tested
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as an antifoam up to 10% without any substantial decrease in foaming. A stronger 

antifoam is needed to eliminate the foaming problem; the antifoam should be one that 

could be effective at very low concentrations and have no effect on the degradation o f 

toluene. Another solution may be to use a decreased cell concentration; this would require 

more scans and therefore a longer experiment, but the degradation may be extended 

enough using a lower cell concentration to justify the longer experiment time. Cell 

concentrations as low as 0.9% (v/v) were found to give a reasonable S/N in 31P NMR 

spectra of yeast, requiring 120 minutes to acquire a spectrum (Melvin and Shanks, 1996), 

although optimization of acquisition parameters could lower the required time. The long 

acquisition time may also be reasonable for studying toluene degradation considering the 

total time over which the degradation take place (> 48 hours for 0.1% toluene).

IX-D. SUMMARY

Although studies using the reactor did not fair well here, it is nevertheless worth 

looking into further, especially considering the difference seen in toluene uptakes when 

using 1500 and 6000 scans in previous chapters, indicating the need for proper mixing. 

The volatility o f  toluene is a major problem that must be overcome. Using the airlift 

reactor, it may be possible to increase the initial toluene concentration in an effort to 

maintain a high enough concentration in the liquid that toluene uptake can be studied. 

However, it might be possible to follow the production of intermediates in the pathway 

instead o f toluene disappearance using the airlift reactor.
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Foaming in the reactor caused by the high cell concentration was another problem. 

A strong antifoam that does not affect the degradation o f  toluene needs to be found to 

combat this problem. If the cells produce enough of their own surfactant and the cells are 

not washed prior to use in the reactor, this surfactant may provide enough antifoaming 

action for the suspension. In conjunction with the antifoam, lower cell concentrations 

could be used, although there is a lower limit on the cell concentration that could be used 

in NMR studies (Melvin and Shanks, 1996). Other reactor systems compatible with the 

NMR spectrometer could also be studied, such as the cultivator used by Meehan et al. 

(1992) for use with a horizontal-bore spectrometer, and may prove to work more 

effectively when studying volatile compounds such as toluene.
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X. CONCLUSIONS AND RECOMMENDATIONS

Although nuclear magnetic resonance (NMR) spectroscopy has been available as 

an analysis tool for several decades, its use was dominated by chemists and biologists 

determining structures o f molecules and proteins. However, the ability o f NMR to detect 

and quantify intracellular compounds non-invasively was soon recognized, and 

improvements in equipment and technique have made in vivo NMR spectroscopy a 

valuable tool o f analysis for engineers and biochemists.

One emerging area of development for engineers using NMR is the use of 

bioreactors compatible with the spectrometer. Both cell suspensions and cells 

immobilized on beads or other particles can be used in the reactors. Bioreactors can keep 

cell suspensions well mixed, provide nutrients and respiratory gases to the cells, and 

remove toxic products from the suspension. An airlift bioreactor was used in this thesis 

with a suspension o f yeast cells to examine the effect of aeration on the cytoplasmic pH 

of the cells using 3lP NMR.

The airlift reactor was found to have both a minimum and a maximum cell density 

associated with it. The minimum cell density was determined by the S/N ratio of the 

NMR spectrum and the time needed to acquire the spectrum. For 31P NMR of yeast in a 

500 MHz magnet, a cell density of 0.9% (v/v), with an acquisition time o f 120 minutes, 

was acceptable for obtaining an adequate S/N for non-growing cells. However, this 

acquisition time approaches the doubling time of the cells. By optimizing the acquisition
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parameters, or the NMR hardware, it might be possible to decrease the acquisition time 

and consequently increase the S/N ratio for a given cell density.

A maximum cell density for sufficiently aerated cells in the airlift reactor was 

estimated from theoretical calculations using kLa and respiration rate estimates and was 

higher than that determined by experiment using pH05* as an indicator. Thus, it would be 

useful to have an independent marker to check against engineering design calculations. In 

examining p H ^  as a measure o f physiological status, this study showed that simply an 

increase in pHcyt upon oxygenation does not indicate adequate aeration. Furthermore, 

pHcyt can be used as an intracellular marker of adequate aeration for S. cerevisiae JBY10 

and ADM during endogenous respiration. However, pHcyt cannot be used as a marker 

during glycolysis for strain JBY10, but might be useful for strain ADM. This indicates 

that different strains may behave differently to environmental changes. Five percent C 0 2 

in the inlet gas had a positive effect on pH*01 for high cell density suspensions o f JBY10. 

although the reason for the protective effect o f C 0 2 on pHcyt at high cell densities is not 

clear.

It may be useful to study other yeast strains in the same reactor to determine if all 

strains behave similarly during endogenous respiration. Choosing other industrial and 

laboratory strains may also give some insight into the differences observed here during 

glycolysis between S. cerevisiae JBY10 and ADM. While only non-growing cells were 

used here, more information could be obtained by studying actively growing yeast cells. 

Under balanced growth conditions, the longer acquisition time required at the lower cell
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densities to obtain an adequate S/N may be appropriate. While pH**1 does not appear to 

be a perfect marker o f aeration, other possibilities may also exist for yeast that could be 

checked, including polyphosphate degradation in the 3IP spectrum (den Hollander et al., 

1981) and ethanol formation in the 13C spectrum upon onset of anaerobic conditions (den 

Hollander et al., 1986). The results found here could also be applied to other N M R 

bioreactor systems, such as that used by Meehan et al. (1992).

An area of engineering that has thus far not utilized in vivo NMR spectroscopy is 

the study o f  bioremediation. The goal here was to determine if NMR spectroscopy could 

be used as an alternative analytical tool for studying pathways and kinetics in 

bioremediation. Other methods currently used, such as GC and MS, are not able to 

continuously monitor the degradation non-invasively as NMR can. Using a simple 

system, a pure culture o f bacteria suspended in a mineral salts media degrading a single 

substrate (toluene), it was shown that in vivo NMR spectroscopy can be used to monitor 

the degradation, and that both pathway analysis and kinetic analysis are possible.

Studies o f Pseudomonas putida  27G growing on toluene and mixtures of glucose 

plus toluene were first done. The maximal cell growth on toluene only was much lower 

than that on glucose plus toluene, although the growth rate on toluene only was higher 

than that on glucose plus toluene. Biomass yield on toluene was also far greater than that 

on glucose plus toluene. This may simply be due to how the cells utilize the carbon 

sources provided, or it could indicate some inhibitions occurring when both substrates are 

present. Additionally, since yields on both glucose plus toluene and toluene alone were
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extremely low compared to maximum theoretical yields, the cells may be funneling the 

carbon through pathways other than the pathway for biomass production. Monitoring 

the disappearance o f  the substrates throughout the growth would give a better indication 

of how and when the substrates are being used.

Once growth on the substrates had been determined, in vitro studies were 

performed. Cell suspensions of P. putida 27G degrading 13C-labeled toluene were 

sacrificed at various timepoints in the experiment, and either supernatants or cell extracts 

were examined using 13C NMR. The S/N o f the NMR spectra o f cell supernatants was 

adequate for identification of the methyl peak of toluene, while the S/N of cell extracts 

was not. Since only methyl-label was used in the cell supernatant studies, no information 

on the pathway used by P. putida 27G in the degradation o f toluene was obtained. 

Kinetics of toluene uptake by a 5% (v/v) cell suspension appeared to be first-order. This 

could indicate that the concentration o f toluene used here, 0.1%, is low enough for the 

bacteria such that the Michaelis-Menten equation breaks down to a first-order expression. 

Alternatively, the experiment may have been too short to give a good indication of the 

kinetics o f toluene disappearance, and the first-order kinetics found here could be merely 

an initial rate. Improvements in the method o f obtaining the cell extract and the amount o f 

cell material needed to obtain an adequate S/N would be useful for a more complete 

examination of the in vitro kinetics.

Following the in vitro studies were in vivo studies o f the degradation. I3C NMR 

spectra were obtained o f 10% (v/v) cell suspensions of P. putida 27G utilizing labeled
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toluene, either [U-,3C] or [a -13C]toluene. Spectra obtained using 1500 scans were

sufficient for identification o f the toluene resonances and some metabolites. Spectra 

obtained using 6000 scans could detect at least one other metabolite not observed when 

using 1500 scans. However, the longer accumulation time required for 6000 scans allowed 

the cells to settle and may have caused mass transfer problems. Spectra taken at the 

beginning of the experiment with [U-l3C]toluene showed only resonances from toluene 

and were similar to those o f [U-13C]toluene in HCMM2 media.

Resonances for compounds other than toluene were observed after 19 hours when 

the cells were fed 0.1% toluene. Carbon dioxide, both as a gas dissolved in the liquid and 

as carbonate in solution, was detected. Other resonances in the spectra point toward a 

couple of possibilities for intermediates: 4-hydroxy-2-oxovalerate and malate. The first is 

an intermediate in the TOL pathway for toluene degradation and the second is a 

metabolite in the TCA cycle. Absolute identification o f which intermediate the resonances 

represent requires more research: either a second method o f identification, such as GC, or 

comparison to pure compounds in media The secondary metabolite produced by the 

bacteria, a suspected rhamnolipid, was never detected in the spectra. Longer experiments 

may have shown such production.

The TOL pathway was tentatively confirmed as the toluene degradation pathway. 

Experiments using 0.2% [U-13C]toluene and 1% [a -13C]toluene produced a resonance for 

benzyl alcohol prior to carbon dioxide production. While experiments using 0.1% [U- 

13C]toluene did not produce this resonance, it may have been at a concentration too low
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to detect. Absolute identification o f  benzyl alcohol could be made by another method or 

by comparison to a spectrum of the pure compound. Other labeling patterns of toluene 

could also aid in absolute pathway identification. Blocking part o f the pathway, either 

through genetic manipulation or addition o f an inhibitor, would cause an intermediate to 

build up and have a higher intensity in the NMR spectrum, providing further proof o f the 

degradation pathway.

Following pathway analysis, the kinetics of the in vivo degradation were 

examined. Both stationary-phase and log-phase cells were used to determine if cell phase 

had an effect on the degradation. Initial toluene concentrations ranging from 0.1% to 1.0% 

were used to determine the effect o f  substrate concentration on the degradation. Cell 

suspensions saturated with air, oxygen, or nitrogen were examined to study the effect of 

oxygen concentration on the degradation.

The degradation followed Michaelis-Menten kinetics with a maximum substrate 

utilization rate v ,^  = 0.9569 mg/mL/hr and a half-velocity constant Km = 8.4748 mg/mL. 

The type o f  kinetics observed here is the same as that observed by other researchers 

studying toluene degradation (Robertson and Button, 1987; Corseuil and Weber, 1994; 

Chang et al., 1993). Since NMR measures the total toluene present, both intracellular and 

extracellular, actual uptake of toluene into the cells could not be determined. 

Improvements in the cell extracts could assist in determining such uptake.

The phase the cells were in when harvested for the experiments did not have an 

effect on toluene removal or production o f C 02 in the pathway. Since the cells were
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washed prior to use in the experiments, surfactant that may have been produced during 

growth that could have aided in toluene degradation was removed. Experiments using 

unwashed cells could be used to determine if  the presence of the surfactant aids in toluene 

removal.

As the initial toluene concentration was increased, the length of time elapsed prior 

to carbon dioxide production also increased, as did the percentage o f toluene that had been 

removed in the system at that point. While toluene continued to be removed according to 

Michaelis-Menten kinetics at the high substrate concentrations, subsequent degradation 

through the pathway decreased with increasing toluene concentration. Longer experiments 

at all the toluene concentrations need to be done to determine if complete mineralization is 

achieved and to determine if other intermediates can be detected in the NMR spectrum.

Oxygen-supplied cells did not remove toluene any faster than air-supplied cells. 

However, carbon dioxide was produced faster when more oxygen was present in the 

system. This is to be expected if oxygen concentration affects the production o f enzymes 

necessary for degradation when oxygen is a substrate. The total amount o f carbon dioxide 

produced per amount o f  toluene removed in the system was similar for air- and 0 2- 

supplied cells, although the air experiments ended sooner than the oxygen experiments (51 

and 82.5 hours, respectively). Since not enough oxygen is supplied in the air experiments 

to completely mineralize all o f the toluene, C 0 2 production may differ between the two 

conditions at later times in the experiment. Cell suspensions supplied with nitrogen
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continued to remove toluene, although no CO2 or other intermediates or products were 

detected in the NMR spectrum.

Cell suspensions o f P. putida 27G were then placed in the NMR airlift reactor 

used in the yeast studies above. Problems involving the reactor with the bioremediation 

study here included loss o f toluene due to volatility and severe foaming of the cell 

suspension upon aeration. Despite these problems, using a bioreactor is worth looking 

into further, especially considering the need for proper mixing seen when cells settled 

using 6000 scans in the in vivo studies.

The volatility o f  toluene is a major problem that must be overcome. Using the 

airlift reactor, it may be possible to increase the initial toluene concentration in an effort 

to maintain a high enough concentration that toluene uptake can be studied. While toluene 

in the liquid might not be detected, it might still be possible to follow the production of 

intermediates in the pathway using the airlift reactor. Other reactor systems compatible 

with the NMR spectrometer could also be studied, such as the cultivator used by Meehan 

et al. (1992) for use with a horizontal-bore spectrometer. Foaming in the reactor caused 

by the high cell concentration could be decreased by using a strong antifoam that does not 

affect the degradation o f toluene. In conjunction with the antifoam, lower cell 

concentrations could be used, although there is a lower limit on the cell concentration that 

could be used in NMR studies (Melvin and Shanks, 1996).

While in vivo NM R spectroscopy is not a perfect method of analysis, it is an 

alternative that allows for examining cellular metabolism non-invasively on a continuous
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basis. Several compounds can be identified and quantified simultaneously, labels can be 

traced using 13C such that pathways can be determined, and kinetics and energetics can be 

studied. There are drawbacks, however: the equipment is extremely expensive, 13C-labeled 

compounds are also expensive, and identification of metabolites often requires a second 

method o f analysis for absolute identification. In vivo NMR is nevertheless a valuable 

analytical tool for studying cellular metabolism, and depending on the type of study 

needed, the advantages can far outweigh the disadvantages.
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APPENDIX
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NMR spectroscopy is a valuable tool for analysis, but is expensive, not only for 

equipment, but when using 13C-Iabeled compounds. The table below gives the estimated 

cost per experiment for using [U-,3C] and [a -13C]toluene.

Toluene 
Concentration (%)

Toluene Added 
(RL)

Label
Used

Cost per 
Experiment ($)

0.1 3 U 11.69
0.2 6 U 23.38
0.3 9 a 3.90
0.5 15 a 6.50
0.75 22.5 a 9.75
1.0 30 a 13.00

The price for 1 gram of [U-13C]toluene was $4500, whereas the price for 1 gram o f [a- 

I3C]toluene was $500. If the U-label had been used at the higher concentrations rather 

than the a-label, the cost per experiment when using 1.0% would have been $116.91.
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