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ABSTRACT

ODOR ENCODER: COMPUTATIONAL DESIGN OF A NOVEL ALLOSTERIC ENZYME
ACTIVATION SYSTEM FOR PROVIDING ENHANCED OLFACTORY ABILITIES TO

TRAINED ODOR DETECTING SENTINEL ANIMALS

From the perfume of a flower, to the aroma of a favorite food, to what for bioengineers is the all-
to-familiar smell of E. coli, olfactory senses play in important role in how animals interact with
the world around them. An offensive odor can inform us that an object is unsafe to eat or be
around, a familiar scent can recall memories of events from decades in our past, and even our
natural body odors can affect our mating selection preferences. Yet there are many chemicals,
both natural and synthetic, for which we do not possess the ability for olfactory detection. An
everyday example of this is the natural gas that we use in our homes and which is naturally
odorless, but which is commonly spiked with the odorant tert-butyl mercaptan (TBM) to provide
the characteristic sulfuric smell we associate with natural gas. Because of this added odorant we
can rapidly detect a leaking gas via the smell of the TBM and address the situation as needed to
ensure the safety of ourselves and our community. Unfortunately, there are some hazardous and
odorless chemicals which we cannot simply spike with an odorant molecule, and for these
situations it would be ideal to have alternative options for facilitating a rapid olfactory detection.
Therein lies the goals of the Odor Encoder project; to create enhanced olfactory abilities via a
conditionally activated enzyme which produces a smellable product in the presence of a target
odorless molecule. The approach to achieving this goal was creation of a genetically modified

bacterial organism which could be engineered for conditional expression of an odorant producing
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enzyme in-situ within the nasal microbiome of trained odor detecting animals. The odorant
producing enzyme chosen for this purpose was salicylic acid methyltransferase, a.k.a SAMT,
which produces the characteristic odorant molecule methyl salicylate via methylation of salicylic
acid. The probiotic E. coli strain Nissle 1917 was selected as the bacterial organism for
inoculation of the nasal microbiome, and an expression plasmid was created which could
produce both salicylic acid and methyl salicylate from endogenously produced metabolites via
dual expression of SAMT along with a salicylate synthase enzyme known as irp9. Conditional
production of methyl salicylate was achieved via two methods. The first method involved
conditional enzyme expression via use of a riboswitch specific to the small molecule
theophylline. The second method involved conditional enzyme activity via constitutive
expression of a crippled form of SAMT which may potentially have its enzymatic activity
restored via theophylline induced allosteric activation. The allosteric rescue method utilized
computational design methods to design novel theophylline-specific allosteric cavities in SAMT,
and theophylline induced allosteric reactivation of enzyme activity will be investigated via

production and screening of the computationally designed enzyme library.
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CHAPTER 1: INTRODUCTION AND PROJECT MOTIVATIONS

Project Motivation
Olfactory senses are one of the primary ways for animals to detect, perceive, and interact

with the world around them. Odors can be used to determine what is likely edible or inedible,
can influence mating choices, be used to identify familiar individuals and locations, and can
signal the presence of possible harmful compounds in the environment or the presence of
possible food items [1,2,16,18]. Olfactory detection occurs when an odorant molecule binds to
the olfactory receptors in an animal’s nose, signaling to the brain that the specific molecule is
present and in what quantity. For a molecule to be detected via olfaction it must have a
corresponding olfactory receptor, with each unique mixture of odorants having a unique
characteristic scent based on the combination of receptors activated [2]. This ability to
distinguish between unique mixtures of odorant compounds is why a molecule such as indole can
contribute to diverse odors ranging from the pleasant scent of jasmine flowers to the repulsive
scents of feces and rotting flesh [16,17]. However, the olfactory abilities of different species
vary based on differences in the number and types of olfactory receptors, with humans in
particular having relatively limited olfactory abilities when compared to many other animal
species due to the loss of many human olfactory receptor genes due to a combination of mutation
and a lack of evolutionary pressure for maintenance of that gene — a phenomenon known as
pseudogenization [2, 4]. While the natural range of human olfaction may have been sufficient for
navigation in the natural environment, due to modern artificial manipulation of our environment,
particularly with chemicals which are olfactorily indetectable, problems can arise due to our

natural olfactory limitations.



As olfaction is primarily an investigatory sense, an olfactory limitation can lead to the
inability to detect potentially hazardous or harmful chemicals. Sometimes these limitations can
arise due to desensitization to an odorant upon repeated exposure, or loss of olfactory abilities
due to injury or biological infection, but often olfactory limitations arise from a simple lack of
olfactory receptors for that specific chemical [2]. Common examples of these types of odorless
hazards include volatile gasses such as the explosive alkane gasses used as domestic and
industrial fuel sources, or the lethally toxic carbon monoxide (CO) which is a byproduct of
burning these fuels [19,20]. For hazards such as these, we have developed alternative methods of
detection such as electronic detection for CO, or the spiking of alkane gasses with volatile
compounds with low thresholds of human olfaction such as methyl mercaptan or other sulfuric
compounds [21]. However, there are many chemicals of concern for which these methods are,
for one reason or another, not feasible methods of alternative detection.

In cases where artificial detection methods are not feasible, humans will often utilize the
greater natural olfactory abilities of animal species such as canines and rodents to effectively
increase human olfactory detection abilities. These animal sentinel species have both a greater
number of possible detectable odorants, as well as increased sensitivity to odorants which may
be found in small concentrations. This allows detection of chemicals such as drugs and
explosives, many of which are indetectable to the human olfactory system, or for which human
exposure would pose too great of a threat. However, these animal sentinels also possess natural
limitations to their olfactory abilities, either due to inability to olfactorily detect the compound or
due to toxicity issues with the compound of interest [2]. To overcome this limitation, this project
aims to enhance the ranges of natural olfactory abilities via allosteric activation of an odor

producing enzyme via binding of an analyte with a less intrinsic odor. Deployment of this system



in either humans or animals would theoretically allow tunable olfactory detection systems for

chemicals for which normal olfactory detection is not feasible.

Olfactory Detection Mechanism and Limitations
Olfactory detection itself can be characterized as a fairly straightforward mechanism in

which the binding of an odorant molecule to an olfactory receptor (OR) induces nerve
transduction from the olfactory bulb to the central nervous system, thereby communicating to the
brain the presence of that given molecule. So long as a molecule is able to enter the nasal
passage, dissolve into the mucous which coats the olfactory epithelium, and bind to an OR, then
that molecule should be able to be detected via olfaction. However, this signaling system is made
more complex due to the fact that a given odorant molecule can interact with multiple different
types of ORs, as well as given ORs having various affinities for various different odorant
molecules, which leads to a complex combinatorial signaling process in which a mosaic of
neural signals combine to form the final olfactory detection signal. In addition, within a
population there are genetic variations in the ORs themselves, with different alleles leading to
discrepancies in olfactory sensitivity [2]. As such, while the overall mechanism remains
relatively simple and universal, individual variations in olfactory abilities can make it difficult to
predict exactly how a given odorant molecule will be detected by a given individual.

Previous works at elucidating the mechanism of olfactory detection have focused on the
structural relationship between a given odorant molecule and the ORs it interacts with. These
structural investigations have yielded some interesting insights into the complexity of olfactory
detection in regard to structure-odor relations. One insight gained was the fact that a given odor
type is not necessarily specific to a given molecular structure, with evidence that four relatively

different types of molecules can all produce a similar “musky” smell despite these molecules



having drastically different structures from one another. On the other hand, it has also been
shown that very minor structural differences can lead to dramatically different olfactory
perceptions, with the R/S-enantiomers of many molecules producing highly contrasting olfactory
responses. A good example of this would be 2-methyl-butanoic acid, which has either a sweet
and fruity odor in its S-enantiomer form, and a “cheesy” or “sweaty” odor when in its R-
enantiomeric form [2]. These observations demonstrate the complexity of structure-odor
relationships in the olfactory detection system, and showcase how olfactory detection can
produce such a wide range of sensations in response to olfactory stimuli.

Another aspect of olfactory detection which leads to variation in olfactory abilities is the
genetic variation in ORs that occurs between different individuals of a species, as well as
between different species. Because ORs are highly specific to certain odorant molecules, genetic
variations in these ORs can lead to variations in both the type and intensity of the resultant odor
detected. For example, the odorant molecule androstenone typically has a smell described as
similar to animals or urine; however, for some individuals with mutations to the OR7D4
receptor, androstenone has a sweet smell described as reminiscent of honey and vanilla. Another
mutation to the same OR7D4 receptor can induce a greatly increased sensitivity to androstenone,
demonstrating how variations in OR genes can lead to different olfactory sensations for the same
odorant molecule [2]. On the opposite side of this spectrum are cases of genetic linked anosmia
such as the X-linked genetic inability to smell the toxic compound hydrogen cyanide, or
differences in detection thresholds for the compound cis-3-hexanol that are related to
polymorphisms within the OR2J3 gene [2,3]. These examples demonstrate the important

relationship between the structure-odor relationship active in olfactory detection, and how even



small changes in the physical structure of an OR can result in drastic changes in olfactory
detection abilities.

This relationship between OR genetic variability and olfactory detection abilities is also
the primary reason for the differences in olfactory abilities between species. Genomic
investigations have shown that human have approximately 600-900 OR genes, while canines,
mice, and rats have approximately 1100, 1300, and 1600 OR genes respectively. In addition,
humans have a much higher rate of pseudogenization that occurred within their OR genomes.
The dramatic differences seen between humans and other mammals is hypothesized to be a result
of humans lessening their dependance on olfaction over the course of our evolutionary history.
This results in a less variable set of ORs being expressed in humans as compared to other
mammalian species, and consequently decreased relative olfactory abilities. While humans may
still have the ability to detect certain chemicals, other mammals’ increased sensitivity or ability
to identify a given compound from a mixture are often due to increased relative OR variety and
expression levels [4]. Some common examples of chemicals which canines have been trained to
detect are the piperonal in the street drug MDMA, the 2,4-DNT decomposition product of TNT,
and the 2-ethyl-1-hexanol in C-4. In addition, canines have been shown to differentiate between
the odors of decaying human and swine remains, despite these sources having highly similar
volatile chemical profiles [23]. It is for this reason that mammals such as canines have been
adapted for the olfactory detection of chemicals which are essentially indetectable to human
olfaction. Trained odor scenting canine and other so-called sentinel species are just one of the
methods that humans have developed to overcome our own natural olfactory limitations.

The use of chemical smelling mammals is one of the more common and widely

applicable methods of enhancing human olfactory abilities due to the fact that if an odorant can



be detected by an animal, and that animal can be trained to demonstrate that detection, that
molecule can then be readily detected without having to engineer any novel devices or biological
expression systems. However, even sentinel species have their olfactory limitations due to either
the lack of ORs to detect a given molecule, low vapor pressure of a compound preventing it from
entering the nasal cavity in appreciable concentrations, or due to possible toxicity thresholds that
are lower than the olfactory detection thresholds [4,5]. For example, there have been reports of
police canines being exposed to synthetic opioids during drug searches that were at a low enough
level the canines did not detect the drugs, but were still in significant enough concentrations to
induce a life-threatening overdose [5]. Because of these limitations, other methods to enhance
human olfactory detection abilities have been developed which do not rely on sentinel species.
The most common examples of these artificial olfactory enhancers would be the spiking
of natural gas with highly olfactory detectable sulfuric compounds such as ethyl mercaptan in
order to allow humans to detect the otherwise odorless alkane gases, or the use of electronic
detector/signal devices such as the carbon monoxide detectors found in our homes. However,
even these methods have limitations, as spiking with highly olfactorily detectable volatile
molecules is only viable for other highly volatile compounds, and electronic detection methods
also require high levels of airborne particles to reach a detection threshold [6]. It is because of
these limits that sentinel species are advantageous when attempting to detect low volatility
compounds due to their ability to draw these low-to-non volatile compounds into their nasal
passage via active inhalation or insufflation. However, as previously mentioned, this is only an
effective method of detection if the animal used for detection has ORs which can bind the

molecules in question.



In order to overcome the natural limitations in sentinel species olfaction, it would be
useful to combine natural animal olfactory abilities with the concept of spiking with a highly
detectable volatile compound. In the same way we provide humans with a method for smelling
an odorless compound by adding in a volatile odorant, by ensuring an olfactorily detectable
molecule is present whenever our target odorless molecule is present we can provide sentinel
species with an alternative molecule of detection for which they already possess the necessary
ORs. By creating a biological expression system which will produce an odorant molecule when
in the presence of a target odorless molecule, we can in essence spike the nasal cavity of our
sentinel animals with an olfactorily detectable odorant molecule. This method would overcome
the natural limitations of olfaction which arise due to a lack of molecule specific ORs, as
theoretically any odorless molecule for which an activation system could be designed could
induce downstream production of an olfactorily detectable molecule. Because of this wide
ranging possible applications, it is this approach which we decided to use in our attempts at

creating an enhanced olfactory system for sentinel species.

Theophylline Background
To test the validity of this concept, we needed to demonstrate that we could design a

system which could produce an odorant in the presence of an odorless molecule, and thus it was
necessary to select an appropriate odorless molecule for activation of this system. The odorless
molecule that was selected for this purpose was a methylxanthine known as theophylline which
is structurally and chemically related to caffeine and other dietary methylxanthines. Theophylline
has also been used for over 70 years in the treatment of COPD, asthma, and other bronchial
inflammatory conditions, although it’s use has decreased overtime as more effective substitutes

have been discovered. Because of this long history of medicinal use in humans, theophylline has



an established history of relative safety and low toxicity risks when inhaled [11]. This was
deemed particularly important since our enhanced olfactory system was designed to be
implemented in the nasal cavity of sentinel species, and as such the odorless molecule that is
activating the system will necessarily be inhaled by the sentinel animal. By selecting a molecule
that was known to be not only safe at low doses, but which was already in use as an inhaled
medication which had been tested and confirmed as safe for human use, we were able to have
greater confidence in the safety of our design for animal trials.

Another reason that theophylline was considered an attractive choice for our odorless
activator molecule was due to the fact that there are preexisting riboswitches which have been
designed for activation by theophylline. A theophylline inducible riboswitch has an mRNA
structure such that the ribosome will not bind the RBS on the mRNA until theophylline binds to
the mRNA theophylline riboswitch (Fig.1). This process ensures that proteins under control of
the riboswitch will only have been induced when theophylline is present in sufficient
concentrations, and has been shown to be highly effective at controlling gene expression with
minimal levels of background expression when compared to the more common but leaky
induction systems such as the /ac or fet expression systems. When the theophylline riboswitch
was utilized to control RFP production, no RFP was detected when theophylline was not present,
and at any given level of IPTG induction, RFP expression occurred on a dose-dependent manner
with theophylline induction, with roughly twice the RFP expressed with 1.0mM theophylline
induction as was detected with 0.5mM theophylline induction. In addition, the theophylline
riboswitch has been shown to drastically decrease overall expression, with expression levels
approximately 2.3% of those seen for identical gene expression systems lacking a riboswitch

component [12]. Thus, a theophylline induced riboswitch can result in a highly regulated low-



level expression system, something which would be ideal for producing small concentrations of a
potent odorant molecule in the nasal cavity of an animal sentinel species.

Working with a theophylline induced riboswitch allows for design of a biological
expression system which would express a specific enzyme when exposed to the odorless
molecule theophylline. If this enzyme produces an odorant as its product, then activation of this
enzyme in the nasal cavity of a sentinel animal would result in the enhanced olfactory abilities
the project is aiming to achieve. However, one downside of the riboswitch method of enzyme
expression and activation is that there is necessarily a lag time between the activation of the
riboswitch by theophylline and ultimate expression and activation of the enzyme. When
considering the project applications, this would mean our sentinel species would experience a
delay between exposure to the odorless molecule and the delayed detection of an odor. In
addition, sustained exposure to an analyte is only consistent with certain applications which
could cause the presence of the odorant to be too transitory for easy detection. Alternatively, a
sentinel animal may be required to screen multiple samples in relatively short succession in
which case delayed detection could confound screening results. As such, while the slower-
activated riboswitch method is not without benefit, it does make a more rapid activation system
desirable. However; despite the somewhat delayed nature of riboswitch facilitated expression
regulation, this does not preclude the use of the riboswitch method as a viable method for

achieving the project goals of controlled in-situ enzyme expression.



riboswitch ]
__RBS conformation change

v

; ey, theophylline
hydrogen bond ;< / RBS is released
- from pairings.
. ribosome
IPTG

o 4‘ * i translation

mrr— 1 RNA

> T transcription @
rrr——  Plasmid

trc promoter T REP

riboswitch sequence
Figure 1. Schematic of the theophylline riboswitch as originally depicted by Kamiura et al. In this schematic, IPTG
is used to remove Lacl repression of the trc promoter, resulting in transcription of the theophylline-inducible
riboswitch mRNA for red fluorescent protein (RFP). In the absence of theophylline, the secondary structure of the
mRNA prevents the ribosome from binding the ribosome binding site (RBS) and consequently prevents RFP
expression. Upon binding of theophylline to the riboswitch, this secondary structure is modulated such that the RBS
becomes available for ribosome binding and the subsequent expression of RFP [12].

A final advantage to using theophylline as our odorless activator molecule is the cyclic
nature of theophylline and its relative structural similarity to the cyclic amino acids. Specifically,
it is the fact that theophylline has a similar size to some of the larger amino acids, a well as
possessing a planar aromatic structure. While the theophylline riboswitch is one of the methods
which will be utilized to achieve our stated enhanced olfaction goals via induced expression of
our odorant producing enzyme, the other approach used, and the main focus of this thesis, was
development of an allosteric activation system which activates the enzyme upon binding of
theophylline to a designed allosteric activation site. Because allosteric activation requires binding
of the activator into a cavity within the enzyme, having an activator molecule which could
readily take the physical space that was previously occupied by a wild-type residue sidechain
would theoretically facilitate an easier binding event. For example, it would be much easier to
replace a tryptophan side-chain with the theophylline molecule than it would be with a molecule

such as carbon monoxide (CO), simply due to the chemical nature of CO in comparison to amino

10



acid side chains. While theophylline does not have the same level of structural similarity to

tryptophan as does a molecule like indole, it still possesses enough of the basic chemical

properties which make it a relatively viable replacement for larger amino acids. Figure 2

demonstrates the physical structures of theophylline, tryptophan, indole, and CO for visual

comparisons of structural similarities and differences.
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Figure 2. Molecular structures of theophylline (A), tryptophan (B), indole (C), and carbon dioxide (D). Notice how
the structure of indole is exactly the same as the tryptophan sidechain, how the structure of theophylline possesses
characteristics such as amine groups and a planar cyclic structure which are also found in tryptophan, and how the

structure of carbon dioxide is drastically different from the other three molecules depicted.

SAMT Background

When selecting an odorant producing enzyme, considerations to both product odor and

preexisting structural knowledge were taken into consideration, and the odorant producing

enzyme ultimately selected was salicylic acid methyltransferase (SAMT). This enzyme,

originally extracted from the petals of the flowering plant Clarkia breweri, is responsible for

transferring a methyl group from the coenzyme s-adenosyl methionine (SAM) onto the main

substrate salicylic acid (SA) to produce the odorant molecule methyl salicylate (MSA), the

molecule responsible for the characteristic odor/flavor known as wintergreen mint (Fig. 3).

11



o OH

°H+SAM®X‘Z> OH + SAH

SAMT

salicylic acid methylsalicylate

Figure 3: Schematic of the mechanism of action for the SAMT catalyzed methylation of salicylic acid to produce
methyl salicylate. S-adenosyl methionine (SAM) is the co-enzyme which acts as the methyl donor, while S-
adenosylhomocysteine (SAH) is the byproduct of this reaction. Endogenous pathways recycle SAH back to SAM
(pathway not shown). Image originally produced by Zubieta et al [7].

In C. breweri, SAMT activity has been associated with increased resistance to pathogens,
as well as acting as a chemoattractant for the moth species which are involved in flower
pollination [7]. Structurally, SAMT is a homodimeric enzyme which demonstrates high affinity
for SA as a substate, but also has moderate methylation activity towards benzoic acid, and
limited but measurable activity towards a variety of organic acid substrates. The active site of
SAMT is structured such that the methyl group on SAM is positioned approximately 3A from
the carboxylic acid moiety of SA, with this proximity what gives SAMT its high affinity and

specificity for SA as a substrate (Fig. 4).

—— C-Termini

Figure 4: Cartoon depiction of the SAMT crystal structure and active site. A) SAMT homodimer with SA and SAH
bound in the active site of each monomer. B) Close-up of one SAMT active site. Visible is the 3 A proximity
between the methyl group of SAH (yellow) and the carboxylic acid moiety of SA (red) which allows effective

catalysis of SA methylation. Both images originally produced by Zubeita et al [7].
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SAMT is just one of many different methyl transferase enzymes involved in the
production of similar molecules which play similar myriad roles in plant metabolism,
communication, and defense such as methyl jasmonate, methyl benzoate, and caffeine. While
chemicals like caffeine are not known for their odor, the methyl ester class of compounds are
often associated with specific odors due to their highly volatile chemical natures [7]. For
example, cis-jasmone — an ester associated with the scent of green tea and jasmine flower — has
been found to be one of the major components responsible for the attraction of the New Zealand
flower thrip to the scent of Japanese honeysuckle [24,25]. Other examples include certain plant
species use of methyl jasmonate and methyl salicylate as airborn communication molecules of
pathogenic threats, or the highly diverse impact environmental acetate esters have on the
communication and general behavior of the ant species Solenopsis invicta [26,27]. In general,
esters are known for being highly volatile odiferous molecules which are often utilized for their
unique flavor and scent profiles. MSA itself has a relatively low vapor pressure of 0.0343 mmHg
at 25°C [28]. It is this highly volatile nature, coupled with a unique characteristic odor, which
makes an ester such as MSA a favorable odorant for use in our engineered enhanced olfactory
system.

Another benefit to the selecting MSA as our odorant is the fact that MSA can be
produced from the central metabolite chorismate using only two enzymes, SAMT and irp9
respectively. Chorismate is an endogenously produced metabolic precursor in the production of
aromatic amino acids as well as a variety of other biologically important molecules including
coenzymes and co-enzymes [29]. The enzyme irp9 originates in the pathogenic species Yersinia
enterocolitica and 1s common to many Yersinia species, including the species Y. pestis which

was responsible for the bubonic plague. However; irp9 is not involved in the direct production of

13



pathogenic proteins, but instead is involved in a single-step conversion of chorismate to SA. This
is preferable to the more common two-step process which occurs in Pseudomonas species of
bacteria because it allows ready production of SA from a single highly available endogenous
precursor (Fig. 5) [30]. Inclusion of the irp9 gene in the SAMT expression circuit will allow both
irp9 and SAMT to be expressed simultaneously, and ultimately allow production of MSA

without artificial supplementation of non-endogenous substrates.
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Figure 5. Enzymatic pathway from chorismate to methyl salicylate via the action of irp9 and SAMT
respectively. This facilitates the production of MSA from the endogenous chorismate precursor via a two-step
enzymatic process.

While SAMT was originally isolated from C. breweri, naturally derived MSA is often
extracted from the wintergreen plant (Gaultheria procumbents), and in low concentrated
amounts is commonly used as both a flavoring and perfumery ingredient, often being associated
with the smell/flavor of wintergreen mint [8,9]. Concentrations of MSA found in common foods
range from 27ppm in iced creams to 8400ppm in wintergreen flavored chewing gum [10]. Due
to these uses, we know that at relatively low concentrations, MSA is safe for consumption and
can be detected through both olfaction and gustation (taste).

MSA also has medicinal applications as a topically applied anti-inflammatory and
analgesic drug due to the conversion of MSA into various salicylate products which have pain

relieving effects. These pain-relieving salicylate compounds consist of acetylsalicylate, a.k.a.
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aspirin, in addition to other analgesic or anti-inflammatory salicylate compounds. While MSA
does has mild skin irritation effects, the resultant muscular pain relief is sufficient to make MSA
topical application a viable method for treatment of muscular pain, with SmL of 98% MSA being
roughly equivalent to 21.7 adult aspirin tablets worth of salicylate [8]. While this would be a
potentially fatal amount of MSA as a single dose, in appropriate therapeutic volumes MSA
should pose no threat upon topical or dermal exposure [10]. As such, methyl salicylate should be
a relatively safe compound for low-level expression and exposure in animal nasal cavities, with
an LDS50 ranging between 887 — 1250 mg/kg in rats, and 2100mg/kg in canines. Despite this
relative safety, it should be noted that doses of 600mg/kg have been showed to produce negative
effects in canines, and prolonged and/or gastrointestinal exposure to methyl salicylate has been
associated with salicylate toxicity [8]. In fact, gastrointestinal exposure is the least safe, with
ingestion exceeding 150mg/kg having toxic effects on humans [10]. As such, any expression
system for expression of MSA in the nasal cavity must be designed to express in concentrations
great enough for olfactory detection but without exceeding the thresholds of toxicity.
Fortunately, the low threshold of detection for MSA — determined by Ruth et al. to be 0.62 - 0.87
mg/m3 for human detection — allows for olfactory detection at concentrations below the
threshold of toxicity [31]. This is one more reason the highly volatile chemical nature, coupled
with the low threshold for olfactory detection, makes MSA such an ideal odorant molecule for
our enhanced olfaction system.

Another major benefit of using SAMT as our enzyme design target is the previous
elucidation of the crystal structure for the C. breweri isoform of SAMT. Determined by Zubieta
et al. via x-ray crystallography, the crystal structure was determined in the presence of both

salicylic acid and the demethylated version of the coenzyme SAM, s-adenosylhomocysteine
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(SAH). This structure demonstrates that SAMT is a 41kD protein which exists in solution as a
homodimer, and showcases the specific orientation of the SAM/SAH coenzyme in relation to the
methylation site on salicylic acid, and the SAMT residues involved in maintaining those binding
orientations [7]. This crystal structure is accessible via the online protein databank, accession
number Imée.

Having a preexisting crystal structure was deemed particularly essential for the
computational design component of an allosteric enzyme switch responsive to theophylline.
Creation of this allosteric activation system required mutating a cavity within the SAMT
enzyme, with the mutation targets chosen based on where in the SAMT structure the
theophylline molecule would potentially have space to fit, while simultaneously avoiding
residues which were involved in active site binding or coordination. By selecting an enzyme with
a preexisting crystal structure, we were able to begin computational design without having to

first determine a novel enzyme crystal structure.

Previous SAMT Expression and MSA Production in E. coli
Previous work has demonstrated the ability to both express a version of salicylic acid

methyltransferase (BSM1) and produce MSA in standard lab strains of E. coli utilizing the two-
enzyme mechanism which was adapted from P. fluorescens. This method utilized this two-step
mechanism to produce SA from chorismate, and the BSMT1 benzoic/salicylic acid
methyltransferase, to produce significant amounts of MSA in the E. coli Mach 1 strain.
Subsequent codon optimization and precursor supplementation was able to further increase the
yields of MSA in comparison to the WT-BSMT1. However, this method did not report any
olfactory detection of MSA, with the presence of MSA only confirmed via chromatographic

techniques [48]. In addition, this same expression system was replicated during the 2006
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International Genetic Engineered Machine (IGEM) competition by the team from MIT, and this
team did claim to smell MSA production from their engineered E. coli; however, there were no
quantitative results reported for this work, and currently the results have not been officially
published but simply reported by the IGEM team [49]. As such, there is currently no published
work which has explicitly expressed MSA levels at significant enough levels to confirm via
human olfactory detection, and our enhanced olfaction project is thus the first known attempt at

olfactory detection of E. coli produced MSA.

Allostery Background
Because the major linchpin in successful engineering of the enhanced olfactory abilities

was the computational design of the theophylline dependent allosteric activation system, it is
important to discuss what allosteric regulation is, and why this was the method we opted to use
for this project. Allosteric regulation refers to the process in which a enzyme’s function is
regulated via the binding of a secondary ligand distally to the enzymes substrate-binding active
site (Fig.6). Upon binding of this allosteric regulatory ligand, a conformational change will occur
in the enzyme such that binding affinity of the substrate ligand becomes either increased or
decreased, effects referred to as allosteric activation or inhibition respectively [13]. Allosteric
regulation is almost ubiquitous among proteins to some extent, and plays a major role in

regulation of many enzymes which have an identical substrate but different biological roles.
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Figure 6. Basic model of allosteric enzyme activation. Prior to the binding of the activator, the active site does not
readily bind the substrate. Upon binding of the activator to the allosteric activation site, a conformational change
occurs in the active site such that substrate binding and subsequent catalysis can occur. Note how the allosteric
binding site is inherently separate from the catalytic active site, a requirement for an activation system to be
considered allosteric [15].

Because of the benefits provided by highly tunable enzyme activation, allosteric
regulation is commonly utilized when attempting therapeutic drug design. This is done in order
to minimize the chances of off-target side effects through unintentional non-specific protein
regulation. For example, a cancer drug which is intended to downregulate the activity of a
oncogene must not have the effect of unintended downregulation of tumor suppressive genes. By
utilizing an allosteric regulator method rather than one which explicitly targets the enzyme’s
active site, one can design drugs which have highly specific regulatory effects without a high risk
of drug toxicity [14]. Having this ability to highly regulate enzyme activity makes allosteric
regulation an ideal route of action for attempting design of system which requires conditional
activity and would be highly important for a system designed for molecule specific olfactory
enhancement.

Some examples of proteins which utilize allosteric regulation to ensure situational

activation are the highly ubiquitous membrane bound G-protein coupled receptors (GPCRs) or
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ATP dependent kinases, both of which involve binding of fairly ubiquitous co-substrates
(GDP/GTP or ATP respectively), and thus are dependent upon allosteric regulation to ensure
proper situational activity. If these proteins were allowed to be active whenever their ubiquitous
co-substrates were present, then they would almost always be active. By possessing allosteric
regulatory mechanisms, these enzymes can ensure they are only active when they are
biologically beneficial but can remain dormant when their activity is not needed, even if their
substrates and co-substrates are present in significant concentrations [14]. This ability to
facilitate highly specific activation of the enzyme allows for highly regulated enzyme control and
is very beneficial when it comes to engineering conditionally active biological systems.

In addition to allowing situational enzymatic activation, allosteric activation is also
beneficial for the significant increases to enzymatic activity they impart, as well as the speed at
which they are able to induce their allosteric activation. For example, the enzyme imidazole
glycerol phosphate synthase (HisFH) is an allosterically activated enzyme which has been shown
to have a 4500-fold increase in catalytic activity upon allosteric activation. The conformational
change for HisFH from inactive to active upon allosteric activation occurs at a rate of 5s! ,
while the transition back from active to inactive occurs at a rate of 9 s!. This is significantly
faster than the rate of turnover for the WT version of HisFH of 0.2 s!, demonstrating that the rate
of allosteric activation is not the rate limiting step in the overall enzymatic mechanism [45]. This
rate of allosteric activation can also be modulated via targeted alterations in either the allosteric
site or the activator/inhibitor molecules. An investigation into allosteric activation of 3-
phosphoinositide-dependent kinase 1 (PDK1) by variations of its regular allosteric activating
polypeptides (PIFtides) demonstrated that variations in the sequence of the PIFtides would result

in either increased or decreased allosteric activating abilities. All PIFtide variants investigated
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demonstrated an ability to allosterically activate PDK1, with one even increasing the fold-
activation from 3.9-fold activation to 5.2-fold activation [46]. And with current engineering
techniques, allosteric activators can even be modified to fit a desired biological environment.
One example of this was the engineering of a version of the clotting protein thrombin which had
its allosteric activator molecule changed from Na* to K*. While the resultant mutant still had an
allosteric effect of an 18-fold enhancement to enzymatic activity upon binding of Na*, this was
significantly less than the 72-fold activity enhancement which occurred in the K* activated
mutant [47]. While these examples are all unique to the biochemical mechanisms for each given
pair of enzyme and activator(s), they demonstrate the ability of allosteric regulation in general to
rapidly and significantly increase the rate of activation and overall enzyme activity for
allosterically activated or inhibited enzymes.

Inspiration for this approach came from a previously published engineering of an
allosteric switch designed for indole specific allosteric activation of B-glycosidase and [3-
glucuronidase enzymes. In this work by Dr. Katelyn Deckert and colleagues, a specific
tryptophan to glycine mutation in each enzyme, W33G and W492G respectively, resulted in a
collapsing of the enzyme active site and a loss of enzymatic activity. Upon subsequent exposure
to indole, the enzymes regained their activities in a dose dependent manner, with increased
indole concentrations leading to increased enzyme activity in the mutant enzymes. This
phenomenon was hypothesized to occur due to restoration of the enzyme active site upon binding
of indole to the location where the wild-type tryptophan had once existed (Fig. 7). This would be
feasible due to fact the structure of indole is identical to the structure of the tryptophan side chain
and thus is able to completely fill the engineered cavity space with a structure which is

physically and biochemically identical to the initial tryptophan residue [15]. It was this idea
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which was applied to our design approach, in that we attempted to mutate residues in SAMT so
that theophylline could bind into the previous location of those residue side-chains in such a way
as to fill the cavity space and restore the enzymatic structural integrity. While theophylline does
not share an identical structure with any specific amino acid side chain, it does possess enough
polar and planar structural aspects that it could theoretically replace naturally occurring amino

acids with respect to their role in providing a functional protein structure.

Figure 7. (Top) Cartoon depiction of wild-type enzyme with intact Trp residues and functional active site depicted
in yellow. After the W33G mutation, a subsequent displacement of W433 causes the active site to collapse and the
enzyme to become inactive (red cartoon). Upon exposure to indole, the indole binds to the space previously
occupied by the sidechain of W33 within the active site, and in doing so restoring active site structure and function.
(Bottom) Frame A demonstrates how the W33G mutation causes W433 to shift position and loose contact with the
substrate molecule. Frame B shows indole binding in the location of W33, filling the space previously occupied by
the sidechain of W33, and consequently restoring the original position of W433 proximal to the substrate to restore
enzyme activity. Frame C shows the almost identical nature of the electron densities for indole and the tryptophan
side chain, confirming their structural similarities. All images originally produced by K. Deckert et al [15].

Adaptive and Directed Evolution
In the act of engineering an organism which could metabolize SA to MSA, it was deemed

important to attempt to create a strain of E. coli which had an increased ability to both tolerate
and metabolize SA relative to standard lab strains of E. coli. Towards that end, basic adaptive
and directed evolution techniques were applied in attempts to create these high-SA tolerant E.

coli strains. Adaptive evolution is simply the process through which a population evolves
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through positive selection to better withstand a specific environmental condition, and involves
genetic impactors such as genetic drift, immigration/emigration within a population, effective
population size, initial frequency of mutation, and an allele’s selection coefficient — the
coefficient which describes how a given allele type is beneficial towards a given trait while being
potentially detrimental against other traits — to determine whether or not a given mutant allele
will be preserved or lost within the population [50]. This concept has been adapted in the
laboratory to create biological organisms with desired phenotypical and metabolic traits,
including increased substrate tolerance, investigations into gene knockouts, and overall increases
to desired metabolic abilities [52]. Adaptive evolution is an effective way to induce
metabolically advantageous mutations in a protein when there is a lack of knowledge about the
protein itself or what regions might be advantageous to target for mutation, as it simply requires
the creation of biological conditions which the desired metabolic traits are advantageous and
then allows the organisms to “figure it out” on their own. So long as multiple rounds of
subsequent culturing and subculturing can be done under the specific biological conditions,
eventually it would be expected that alleles which provided advantageous traits towards that
given biological condition would be preserved within the population. The result of this is the
evolution of organisms which have naturally evolved and preserved the desired metabolic or
phenotypical changes. Subsequent genetic sequencing and metabolic investigations can elucidate
which genetic changes were associated with which evolved metabolic abilities, and which
biomolecules the organisms has either upregulated or downregulated in response to the
biological conditions in which it exists [50,52]. However, while the results of adaptive laboratory
evolution itself can be quite impactful on the resultant metabolic abilities, this method is limited

to natural mutations and evolution with fairly minimal interference by the scientist outside of
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creating and maintaining the specific biological conditions and doing the downstream
investigations.

In order to increase the effectiveness of evolutionary strain design, directed evolution
(DE) techniques can be applied on top of the simpler adaptive evolution techniques. DE is
similar to adaptive evolution in that it is a technique for evolving desirable traits in an organism
through repeated rounds of mutation and subsequent selection for the desired traits of interest.
This is a fairly straightforward iterative process in which the first step is to create a variant
library via either targeted or random mutagenesis, followed by a screening and selection step in
which library variants with increases in the desired phenotypical or metabolic trait are
maintained and utilized as the starting organisms for the next round of mutation and selection.
Initially, the results of DE were similar to those of adaptive evolution in that they simply
increased the natural metabolic abilities of an organism, usually through the targeting of one
specific protein within that metabolic pathway. With recent advancements in biotechnology, DE
technique have been applied to entire genomic operons or metabolic pathways, and have even
been utilized to create novel biochemical processes which were previously unknown to exist in
the natural world. Many of these DE approaches have simply relied on the random mutagenesis
process to produce the protein variants which can be maintained through appropriate screening
and selection; however, recent applications of computational design to DE has allowed targeted
evolution strategies which can use the predictions of computational design programs to help
determine where in a protein sequence would be best to target for mutation [51]. This project has
primarily utilized the basic adaptive evolutionary techniques in our attempts to create high-SA
tolerant strains of E. coli, with plans to implement directed evolution as the limits of adaptive

laboratory evolution begin to be reached. In addition to attempting to evolve higher SA tolerance
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in general, directed evolution techniques will be applied to the larger enzyme library itself, with
those library variants that show success at recover of a crippled SAMT being used as the starting

templates for future DE of higher activity SAMT variants.

Computational Design Background
To properly design an engineered protein, it is beneficial to supply a known crystal

structure to the computational design algorithms due to the large amount of possible variation
which occurs upon modelling mutation of even a single residue. Aspects such as residue size,
rotational angle, and interactions with neighboring residues are difficult to predict, and each
change to one parameter will affect the other parameters in some way, leading to a situation in
which there is a combinatorial explosion of possible structures. For example, if you consider one
residue and how it energetically interacts with all its proximal atoms, then consider how those
interactions could vary if a given residue were to have a different rotational angle or were to be
mutated to another residue type, there is a factorial increase in the number of possible result
structures for even a single change. Because of this, thorough investigations of theoretically
designed protein structures require some form of computational modelling. This is particularly
important when attempting to create an allosteric binding cavity that is specific to a specific
activator molecule, as this will require mutation of multiple residues, and calculating how the
activator binding to the allosteric cavity will affect the overall enzyme structural energy given
each possible variation in residue composition. For this project, all design scripts were designed

in house by either Dr. Christopher Snow or PhD. candidate Jacob DeRoo.
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Overall Project Goal
Due to the natural limitations in human olfactory abilities, coupled with the increasing

prevalence of odorless environmental chemical threats, creating a technique for enhancing
human olfactory detection abilities is increasingly important for ensuring safe interaction with
the potentially hazardous chemicals which we may come into contact with. While some methods
of enhanced olfaction, such as spiking natural gas with sulfur compounds or utilizing audible
electronic detectors can be utilized directly by humans, detection of other chemical threats
necessarily requires the use of animal sentinel species due to their naturally increased sensitivity
and perceivability of odorant molecules. This method is in essence enhancing human olfactory
abilities through the proxy of the animal sentinel detectors and is one of the most widely
applicable methods of enhancing human olfaction, with current limitations being those arising
from natural lack of a molecule specific olfactory receptor, or potential toxicity of the
compounds being olfactorily detected. By creating a novel biological expression system which
can express an odorant producing enzyme and incorporating a molecule specific allosteric
activation system to that enzyme, it is possible to increase the natural detection abilities of
sentinel animals, and consequently enhance olfactory warning systems. By providing these
enhanced olfactory abilities, this project aims to create a system for safer detection of and
interaction with potentially hazardous chemicals present in the surrounding environment. This is
the first known example of a system which has produced an odorant molecule in situ within the
nasal cavity of sentinel animal species, and the first known attempt at creating an allosteric

activation system for an enzyme expressed for such purposes.
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CHAPTER 2: DETERMINATION OF ENZYME ACTIVITY

Introduction

Due to the fact the project goals rely upon theophylline dependent expression or
reactivation of SAMT, it was necessary to determine the basic enzymatic behavior of the wild-
type SAMT to use as a baseline for which to compare our engineered systems. For the
theophylline dependent riboswitch method of conditional expression, it would be prudent to
compare the enzyme activity observed in the theophylline induced strains to the wild-type
enzyme activity to determine the ratios of expression levels between the riboswitch-controlled
expression system and the constitutively expressed system. Similarly, when investigating the
computationally designed mutant SAMT for significant loss of activity, it is prudent to use the
activity observed in the constitutively expressed wild type as a baseline of activity for which to
compare the activity of the crippled mutants. By that same merit it would be useful to compare
the enzymatic activity of the crippled SAMT mutants which do show recovery upon exposure to
theophylline to the wild-type activity to numerically compare how effective the allosteric
enzymatic restoration effect is. For these reasons, a major component of this project involved the
development of E. coli SAMT expression strains, and development/validation of methods for
which to prove SAMT expression, as well as measure and calculate enzymatic activity in E. coli
constitutively expressing wild type SAMT, E. coli expressing wild type SAMT under control of
the theophylline riboswitch, and E. coli expressing the computationally designed mutant SAMT

both with and without exposure to theophylline.
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Materials and Methods

Commercial Gene Procurement
G-blocks containing a theophylline inducible riboswitch-regulated SAMT gene iISAMT) or a

constitutively expressed irp9 gene were purchased from TWIST Bioscience. A G-block
containing a constitutively expressed SAMT gene (cSAMT) was purchased from IDT. G-blocks
containing gene circuits consisting of irp9, either cSAMT or iSAMT, and GFP were purchased

from Genscript.

Chemical Procurement
Methyl Salicylate (MS) was commercially procured from Perfumers Apprentice (Scotts Valley,

CA). Miller LB, salicylic acid (SA), and theophylline were commercially procured from Sigma

Aldrich. Terrific Broth (TB) was purchased from MP Biomedicals.

Bacterial Strain Procurement
The dam-/dcm- strain (dam(-) E. coli) was obtained from New England Biolabs, Inc., the E. cloni

EXPRESS BL21 (DE3) strain (BL21 E. coli) was purchased from VWR, the JW3686 strain was
purchased from the Yale University Coli Genetic Stock Center (CGSC), the Nissle strain was
generously provided by Dr. Joshua Chan, and the DH5a strain was obtained from preexisting
Snow lab E. coli stocks [76]. S. carnosus TM300 containing pCT20 was obtained from DMSZ

[80].

Preparation of Glycerol Stocks
All plasmids which were sequence confirmed were transformed into one or more strains of E.

coli and glycerol stocked. Glycerol stocks were also made of any relevant plasmid-free strains of

E. coli. In 14mL round bottomed culture tubes, SmL of either LB or TB were aliquoted, laced
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with antibiotics if appropriate, and inoculated with the organism to be glycerol stocked. Cultures

were incubated overnight at 37°C, and stored in 25% (v/v) glycerol at -80°C.

Transformation of Chemical Competent Cells
100uL aliquots of chemical competent cells stored at -80°C were thawed on ice and split

into two 50uL aliquots. Purified plasmid DNA was added to one of these SOuL aliquots, with the
amount of plasmid DNA varying based on expected transformation efficiency for that plasmid in
that strain of E. coli. The other 50uL aliquot was maintained free of any foreign DNA sources to
be used as a negative control. Tubes were incubated on ice for 30 minutes, subjected to a 30
second heat shock via submergence in a 42°C hot water bath, and allowed to rest once ice for an
additional 5 minutes. Post incubation on ice, 950uL of liquid growth media (LB or TB) was
added to each tube and tubes were placed into 37°C shaking incubation for 1.5 hours to recover
cells. Post recovery incubation, 100uL aliquots of either the experimental transformation
reactions or the no-DNA negative controls transformation reactions were plated onto LB/agar
without antibiotics (non-selective) and onto LB/agar with the appropriate selective antibiotics for
that plasmid and E. coli strain. The remaining transformation reaction solutions were centrifuged
at 14000rpm at room temp for 1 minute to pellet cells, and supernatants were drawn off to a
volume of 100uL. Pelleted cells were then resuspended in this 100uL residual supernatant, and
these concentrated transformation reaction solutions were then plated onto LB/agar with
antibiotics. All plates were then incubated overnight at 37°C. Subsequent observations of lawn
growth on all non-selective plates, a lack of growth on antibiotic selective plates for the no-DNA

negative control transformations, and colony growth on the antibiotic selective plates for the
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experimental plasmid transformed transformations was considered irrefutable evidence of

successful plasmid transformations.

Creation of pSC-b-amp/kan/(AmyP)SAMT plasmid vectors via Blunt End Cloning
Both the cSSAMT and iSAMT genes were transferred into pSC-b-amp/kan plasmid backbones

using the Agilent Blunt End Cloning kit (Part Number:240207). Gene inserts were PCR
amplified using the primers listed in Table 1 below. PCR utilized Phusion polymerase (GoldBio)
and reaction cycle was as follows: 5 minutes at 98°C, 35 cycles of 15 seconds at 98°C followed
by 30 seconds at 59°C followed by 32 seconds at 72°C, and a 10 minutes final extension at 72°C.
PCR products were stored at 4°C prior to use. Primers were commercially produced (IDT).
Reaction conditions were as indicated in the kit’s provided instructions. Transformants were
plated on LB/agar w/ampicillin (100ug/mL) and X-gal (2% v/v), and incubated at 37°C
overnight. White transformant colonies were selected and plasmids were purified using the
GeneJET Plasmid Miniprep Kit (ThermoFisher). Resultant pSC-b-amp/kan/(AmyP)SAMT

plasmids were commercially sequence confirmed (Genewiz).

Table 1. SAMT Blunt End Insert PCR Primers
¢SAMT Forward TTGTGAGCGGATAACAATTTGGGCTAACAGGAGGAATTAACC
cSAMT Reverse TTTGGGCTAACAGGAGGAATTAAC
iSAMT Forward TTGTGAGCGGATAACAAGGTACCGGTGATACCAGCATC
iSAMT Reverse GGTACCGGTGATACCAGCATC

Creation of pSC-b-amp/kan/(PlacZ)SAMT plasmid vectors via SLIM Cloning
Both ¢cSAMT and iISAMT were placed under control of the lac promoter via deletion of the

preexisting AmyP promoter using the site-directed ligase independent cloning method (SLIM).
Primers for PCR were commercially produced (IDT). Primer sequences are listed in table 2

below. Template DNA was either pSC-b-amp/kan/cSAMT or pSC-b-amp/kan/iSAMT
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respectively. PCR reaction cycles consisted of an initial denaturing at 98°C for 30 seconds,
followed by 5 cycles of 98°C for 10 seconds, either 68°C (cSAMT) or 69°C (iSAMT) for 30
seconds, and 72°C for 6 minutes, followed by 25 cycles of 98°C for 10 seconds, 71°C for 30
seconds, and 72°C for 6 minutes, followed by a final extension at 72°C for 10 minutes. Resultant
PCR products were Dpn1 digested via incubation at 37°C for 4 hours followed by 65°C for 25
minutes. PCR products were then hybridized via incubation at 98°C for 5 minutes, a slow
cooling to 38°C over 1 hour, incubation at 65°C for 5 minutes, and final incubation at 30°C for
15 minutes. Resultant hybridization products were transformed into chemically competent
JW3686 E. coli via a standard heat-shock transformation, with heat shock at 42°C for 30
seconds. Transformants were plated on LB/agar w/100ug/mL ampicillin and incubated overnight
at 37°C. Antibiotic selected transformants were harvested, and resultant pSC-b-
amp/kan/(PlacZ)SAMT plasmids were purified (GeneJET Plasmid Miniprep Kit) and

commercially sequenced confirmed (Genewiz).

Table 2. SLIM Primers
¢SAMT Forward Long TTGTGAGCGGATAACAATTTGGGCTAACAGGAGGAATTAACC
¢SAMT Forward Short TTTGGGCTAACAGGAGGAATTAAC
iISAMT Forward Long TTGTGAGCGGATAACAAGGTACCGGTGATACCAGCATC
iSAMT Forward Short GGTACCGGTGATACCAGCATC
Reverse Long TTGTTATCCGCTCACAATTCCACAC
Reverse Short TTCCACACAACATACGAGCCGG

Creation of pSC-b-amp/kan/(PlacZ)cSAMT/mNG Fusion Protein Vectors via HiFi Cloning
HiFi1 cloning was used to create a gene circuit for constitutive expression of a SAMT-mNG

fusion protein containing a Tobacco Etch Virus (TEV) specific cleavable linker between the
respective proteins. PCR primers were commercially produced (IDT). Primer sequences are

listed in table 3 below. Template DNA for the SAMT gene was pSC-b-amp/kan/(1PacZ)cSAMT,
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while template DNA for mNG was pUC19/mNG. PCR consisted of initial denaturing at 98°C for
30 seconds, followed by 30 cycles of 98°C for 10 seconds, either 61.1°C (SAMT) or 67.1°C
(mNG) for 30 seconds, and 72°C for 6 minutes, followed by a final extension at 72°C for 10
minutes. Resultant PCR products were Dpnl digested with incubation at 37°C for 4 hours
followed by 65°C for 25 minutes. Hi-Fi reactions were performed at both a 1:1 mass ratio and a
1:2 molar ratio of vector:insert, with the vector being pSC-b-amp/kan/(PlacZ)cSAMT .
Reactions were performed using standard commercially produced Hi-Fi cloning mix (NEB), with
incubation at 50°C for 1 hour. Resultant Hi-Fi products were transformed into chemically
competent DH5a E. coli via standard heat shock transformation, with heat shock at 42°C for 30
seconds. Transformants were plated on LB/agar w/100ug/mL ampicillin and incubated overnight
at 37°C. Antibiotic selected transformants were harvested, and resultant pSC-b-
amp/kan/(PlacZ)SAMT/mNG plasmids were purified (GeneJET Plasmid Miniprep Kit) and

commercially sequenced confirmed (Genewiz).

Table 3. HiFi Cloning Primers for Fusion Protein Vector Production
SAMT CATCATCATCACCACCACTAATAACCAGGCATCAAATAAAACGAAAGGCTCAGTCG
Forward
SAMT CTTTCCTTGGAAATACAAGTTTTCATCACTTTTGCGTATTAAAC
Reverse
mNG-TEV GAAAACTTGTATTTCCAAGGAAAGATGGTGAGCAAGGGCGAGGAGG
Forward
mNG-TEV GATGCCTGGTTATTAGTGGTGGTGATGATGATGCTTGTACAGCTCG
Reverse

Creation of SAMT Knockout Plasmid pSC-b-amp/kan/(PlacZ)cSAMT-KO
The Agilent QuikChange Site-Directed Mutagenesis kit (Part Number:200523) was used

to introduce mutations M150G & W151G into cSAMT. Template DNA was pSC-b-
amp/kan/(PlacZ)cSAMT. Primers were designed using the online Agilent QuikChange primer
design software and produced by IDT (Table 4). The QuikChange reaction cycle consisted of 30
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seconds at 95°C, followed by 18 cycles of 95°C for 30 seconds, 55°C for 1 minute, and 68°C for
6 minutes. Resultant plasmids were Dpnl digested in via incubation at 37°C for 4 hours, and
digest products were transformed into kit-provided XL1-Blue supercompetent cells.
Transformants were plated on LB/agar w/100ug/mL ampicillin and incubated overnight at 37°C.
Antibiotic selected transformants were harvested, and resultant pSC-b-amp/kan/(PlacZ)cSAMT-
KO plasmids were purified (GeneJET Plasmid Miniprep Kit) and commercially sequenced

confirmed (Plasmidsaurus).

Table 4. QuikChange Mutagenesis Primers
SAMT _point | CGTAACACATTACACTTTATTCATTCATCTTATTCTTTAGGGGGGTTATCACAAGTGCCA
2_fwd
SAMT _point | TGGCACTTGTGATAACCCCCCTAAAGAATAAGATGAATGAATAAAGTGTAATGTGTTAC
2_rev

High Performance Liquid Chromatography (HPLC)
Chromatography was performed using the Shimadzu LC-20AB, with a Phenomenex Luna® C18

column, Sum, 250mm x 4.6mm, and with LC solution software used for recording and
processing of data. The mobile phase was 85%-orthophosphoric acid, acetonitrile, 18MOm water
(2:400:600 V/V/V), and was filter sterilized prior to use (0.2um filter). Separation was achieved
under isocratic conditions at a flow rate of 1.0 ml min~', and the effluent was monitored at 237
nm. Samples were maintained at 10°C, and stationary phase was maintained at 40°C. Run time

was 50 min.

HPLC Sample Collection
Cultures had OD600 measurements taken at the point of every sample collection event

(Nanodrop 2000C). 1.5mL of culture was centrifuged at 14000rpm at 24°C for 5 minutes

(Beckman Coulter Microfuge 22R). Resultant supernatants were immediately syringe filtered
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through 0.2um nylon filters (Agilent) and transferred to 1.8mL HPLC sample vials (VWR).
Samples were maintained at room temperature until placed into HPLC to prevent salicylic acid

from precipitating out of the sample solutions.

Enzyme Expression and Activity Confirmation Assay
50mL solutions of Miller-LB spiked with 100ug/mL carbenicillin and 10ug/mL SA were

prepared in 250 flasks and inoculated with either dam(-) E. coli w/pSC-b-amp/kan/(PlacZ)mNG
or dam(-) E. coli w/pSC-b-amp/kan/(PlacZ)cSAMT, or were left non-inoculated (cell-free
cultures). Cultures were incubated at 28°C while shaking at 215rpm for 24 hours, with samples
taken at the point of inoculation and hours 1, 3, and 24. Each culture variant was cultured and

analyzed in triplicate. Sample analysis was performed via described HPLC protocol.

SA Consumption Rate and MSA Accumulation Rate Assays
50mL solutions of terrific broth (TB; MP Biomedicals) spiked with 100ug/mL carbenicillin and

100ug/mL SA were prepared in 250 baffled flasks and inoculated with dam(-) E. coli w/pSC-b-
amp/kan/(PlacZ)cSAMT. Cultures were incubated at 28°C while shaking at 215rpm for 24
hours, with samples taken at the point of inoculation and hours 12, 14, 16, 18, 20, and 22.
Cultures were prepared in biological triplicate, with HPLC sample analysis performed in
triplicate via described HPLC protocol. Cultures were also olfactorily screened by humans at

every point of sample collection for qualitative confirmation of MSA.

iSAMT Induction Assay
50mL solutions of terrific broth (TB; MP Biomedicals) spiked with 100ug/mL carbenicillin and

100ug/mL SA were prepared in 250 baffled flasks and inoculated with dam(-) E. coli w/pSC-b-

amp/kan/(PlacZ)iISAMT. Cultures were incubated at 28°C while shaking at 215rpm for 36 hours,
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with samples taken at the point of inoculation and hour 36. Culture induction with 5.0mM
theophylline occurred after 4 hours incubation. Non-induced cultures were used as comparisons
for baseline non-induced expression. Culture variants were prepared in duplicate, with HPLC
sample analysis performed in triplicate via described HPLC protocol. Cultures were olfactorily

screened at the 36-hour point by 3 humans for qualitative analysis.

cSAMT-KO Activity Assay
35mL solutions of terrific broth (TB; MP Biomedicals) spiked with 100ug/mL carbenicillin and

100ug/mL SA were prepared in 250 baffled flasks and inoculated with JW3868 E. coli w/pSC-b-
amp/kan/(PlacZ)cSAMT-KO. Cultures were incubated at 28°C while shaking at 215rpm for 36
hours, with samples taken at the point of inoculation and hour 36. Culture variants were prepared
in duplicate, with HPLC sample analysis performed in triplicate via described HPLC protocol.

Cultures were also olfactorily screened at the 36-hour point by 3 humans for qualitative analysis.

Assay for Glucose Dependence for the pDF-cSAMT/GFP-irp9 Expression Plasmid
50mL solutions of TB (MP Biomedicals) spiked with 100ug/mL carbenicillin were prepared in

250 baffled flasks and inoculated with JW3686 E. coli w/pDF-(PblaZ)cSAMT/GFP-(AmyP)irp9.
Cultures were incubated at 28°C while shaking at 215rpm for 48 hours, with samples taken at the
point of inoculation and hours 24 and 48. After 24 hours incubation, experimental cultures were
spiked with glucose to a working concentration of 5%(v/v). Non-spiked cultures were used as
comparisons for baseline activity. Sample analysis was performed via described HPLC protocol.
Cultures were also olfactorily screened at the 24 and 48-hour points by 3 humans for qualitative

analysis.
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Salicylic Acid HPLC Standard Curve Determination
0.0815 g of pure SA was dissolved in ethanol (EtOH) and pH adjusted to a final volume of

10.0mL, pH 6.7, to produce a stock solution of 8.150 mg/mL. This 8.150 mg/mL stock was then
diluted to make a 0.80mg/mL SA standard, and a series of 2-fold serial dilutions were performed
to produce additional standards of 0.40mg/mL, 0.20mg/mL, 0.10mg/mL, 0.050mg/mL,
0.025mg/mL, and 0.0125mg/mL respectively. These solutions were then subjected to triplicate
HPLC measurements according to the previously mentioned HPLC protocol. When measuring
absorbance at 237nm, HPLC peaks were observed at approximately 9.5 minutes in all SA
samples which was not observed in the pure EtOH blank. Average peaks were calculated for
each SA concentration triplicate measurement, and linear regression was applied to model
concentrations of SA as a function of peak amplitude. The slope for this line equation was
calculated to be 3.70572E-08 (unit?) and the intercept was calculated to be 0.008226423

(mg/mL). Figure 8 shows the standard curve produced from this data.
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Figure 8. Standard curve for HPLC measurement of SA.
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Methyl Salicylate HPLC Standard Curve Determination
10.2 uLL of MSA was dissolved in EtOH to a final volume of 12.0mL to produce an initial

standard solution of [99.5ug/mL] MSA. This [99.5ug/mL] MSA solution was then subjected to
3x 10-fold serial dilutions to produce MSA solutions of [9.95ug/mL], [0.995ug/mL], and
[0.0995ug/mL] respectively. This process was repeated 3 times to produce 3x of each respective
standard concentration. These standard solutions were then subjected to HPLC measurement
according to previously mentioned HPLC protocol. When measuring absorbance at 237nm,
HPLC peaks were observed at approximately 32 minutes in all MSA samples which was not
observed in the pure EtOH blank. Average peaks were calculated for each MSA concentration,
and linear regression was applied to model concentrations of MSA as a function of peak
amplitude. The slope for this line equation was calculated to be 3.07246E-06 (unit?) and the
intercept was calculated to be -0.061048303 (ug/mL). Figure 9 shows the standard curve

produced from this data.

- 3E-06x- 0.061
WG standard Curve TR

120
100 .
80
60

40

[WG] ug/mL

20
.

5000000 10000000 15000000 20000000 25000000 30000000 35000000
-20
Peak at 32 min

Figure 9. Standard curve for HPLC measurement of MSA.
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Olfactory Threshold of Detection Screen
A 1:100 (v/v) solution of MSA in 18MQ H>0 was produced and serially diluted to produce

1:10,000, 1:1,000,000, 1:100,000,000, 1:10,000,000,000, and 1:1,000,000,000 samples. For each
sample concentration, 6x ImL samples were prepared in 1.5mL microcentrifuge tubes. Samples
were incubated at room temperature overnight to allow MSA in solution evaporate into the
0.5mL headspace to a point of thermodynamic equilibrium. Individual concentration series were
screened by random lab members for odor, and screeners were not informed of what scent to
screen for. Upon detection, the threshold for detection was considered to be somewhere between

the first sample in which MSA was detectable and the last sample in which it was indetectable.

Results

Olfactory Threshold of Detection Screen
When screened for olfactory detection of MSA, 75% of those surveyed first detected

MSA in the 1:1,000,000 (v:v) solutions, while 25% first detected MSA in the 1:100,000,000
(v:v) solutions. As such, the limit of detection for 75% of respondents is some concentration
between 1:1,000,000 and 1:100,000,000 (v:v) concentrations of MSA, and some concentration
between 1:100,000,000 and 1:10,000,000,000 (v:v) concentrations of MSA for the other 25% of

respondents.

Confirmation of Constitutive SAMT Expression and Activity
Initial confirmation of constitutive SAMT expression and activity was achieved via

HPLC confirmation of SA consumption in dam(-) E. coli containing the pSC-b-
amp/kan/(pLacZ)cSAMT plasmid expression circuit, with a simultaneous lack of SA

consumption in cell-free culture media or dam(-) E. coli containing the pSC-b-amp/kan/mNG
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plasmid expression circuit (Fig. 10). The lack of SA consumption in the cell-free cultures
demonstrated that SA did not degrade when kept in the culture media under the specified culture
conditions. The lack of SA consumption in the mNG expression culture demonstrated that when
an E. coli strain that was genetically identical as the cSAMT expression culture, but which
constitutively expressed mNG instead of SAMT, was not engaging in any non-SAMT related
endogenous SA consumption. In addition, MSA accumulation was observed in the dam(-) +
pSC-b-amp/kan/(PlacZ)cSAMT cultures, but was never observed in the cell-free or mNG-
expressing cultures (Fig. 11). In addition, an identical culture of dam(-) E. coli constitutively
expressing SAMT but without addition of SA did not show any HPLC peaks associated with
either SA or MSA, demonstrating that the dam(-) E. coli expressing pSC-b-
amp/kan/(PlacZ)cSAMT did not produce endogenous metabolites which could be confused for
either SA or MSA (data not shown).

Average SA Consumption Trends in Cell-Free, mNG Expressing,
and cSAMT Expressing Cultures
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Figure 10. SA consumption trends for cell-free cultures, as well as dam(-) cultures constitutively expressing either
mNG or SAMT in the pSC-b-amp/kan/(PlacZ) genetic background. SA consumption was only observed in the
cultures in which SAMT was expressed.
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Average MSA Accumulation Trends in Cell-Free, mNG Expressing,
and cSAMT Expressing Cultures
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Figure 11. MSA accumulation trends for cell-free cultures, as well as dam(-) cultures constitutively expressing
either mNG or SAMT in the pSC-b-amp/kan/(PlacZ) genetic background. MSA accumulation was only observed in
the cultures in which SAMT was expressed in the presence of SA.

Enzyme Activity for Constitutively Expressed SAMT
The experimentally determined average rate of SA consumption for dam(-) E. coli

constitutively expressing SAMT was 0.0603 + 0.000332 (ugsmL'+min'). The average rate of
consumption over the first 12 hours was limited at 0.00341 + 0.00139 (ug=mL'+smin™"). The
average rate of consumption increased between hours 12 and 18, with average consumption
peaking at 0.102 + 0.00491 (ug=mL!+min’') between hours 16 and 18. The average rate of
consumption decreased between hours 18 and 22, with the average rate of consumption between
hours 20 and 22 being 0.0493 + 0.00669 (ug=mL'+min!). The rate of rate-increase was greatest
between hours 12 and 16, with the rate of increase decreasing between hours 16 and 18 as overall
enzyme rate reached a maximum. Figure 12 shows the trend for the average rates of SA

consumption with respect to time.
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Average Rate of SA Consumption Over Time
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Figure 12. Average rates of SA consumption over 22 hours for dam(-) E. coli expressing SAMT at 28°C.

Rate of Methyl Salicylate Product Accumulation
The experimentally determined average rate of MSA accumulation for dam(-) E. coli

expressing SAMT in the presence of SA was 0.00362 + 0.00227 (ug+mL'«min'). The average
rate of accumulation over the first 12 hours was limited at 0.000319 + 0.0000309 (ug+mL"'+min-
1. The average rate of accumulation increased between hours 12 and 16, with average rate of
MSA accumulation peaking at 0.00646 + 0.000740 (ug=mL"'+min™") between hours 14 and 16.
The average rate of accumulation decreased between hours 16 and 22, with the average rate of
accumulation between hours 20 and 22 being 0.00221 + 0.000221 (ugsmL'+min!). The average
final concentration of MSA was 2.74ug/mL. Figure 13 shows the trend for the average rates of

MSA accumulation with respect to time.
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Average Rate of MSA Accumulation Over Time
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Figure 13. Average rates of MSA accumulation over 22 hours for dam(-) E. coli expressing SAMT at 28°C.

pSC-b-amp/kan/(PlacZ)iSAMT Theophylline Induction and Enzyme Activity Assay
Cultures which received theophylline induction at the 4-hour point showed significant

consumption of SA and accumulation of MSA after 36 hours incubation. The average rate of SA
consumption observed in dam(-) E. coli expressing pSC-b-amp/kan/(PlacZ)iSAMT was
approximately 0.00158 (ugsmL!+min) for the theophylline induced cultures. Of the cultures
which did not received theophylline induction, one culture showed no significant SA
consumption, while the other consumed SA at an approximate rate of 0.000700 (ug=mL 'smin™).
The rate of SA consumption observed in the induced cultures was approximately 1.26-fold
higher than the rate of SA consumption in the one non-induced culture. The average MSA
accumulated in the theophylline induced cultures was measured to be approximately 6900
ug/mL, while the non-induced cultures did not show any measurable MSA accumulation. Upon
human olfactory screening, the theophylline induced cultures presented a mild but noticeable
odor of MSA, while the non-induced cultures presented a sour odor associated with highly dilute
MSA. The rate of SA consumption observed in the theophylline induced cultures was
approximately 2.6% of the SA consumption rate observed in the constitutive SAMT expression

cultures, representing an approximately 38-fold decrease in measured SA consumption rates
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between theophylline induced expression and constitutive expression of SAMT by dam(-) E.

coli.

Assay for Glucose Dependence with the pDF-cSAMT/GFP-irp9 Expression Plasmid
Both the glucose spiked experimental cultures and the non-glucose spiked control

cultures showed significant production of SA. The SA accumulation was 18.0 ug/mL in the
glucose spiked culture and 15.6 ug/mL in the non-spiked culture, representing a 15.3%
difference in SA accumulation between glucose spiked and non-spiked conditions. Both the
glucose spiked experimental culture and the non-glucose spiked control culture showed
significant production and accumulation of MSA. The maximum MSA accumulation was 0.567
ug/mL in the glucose spiked culture and 0.113 ug/mL in the non-spiked culture, representing a
403.5% difference in maximum MSA accumulation between glucose spiked and non-spiked
conditions. Maximum MSA levels were observed in the 48-hour time point sample for the
glucose spiked culture, whereas maximum MSA levels for the non-spiked cultures were

observed in the 24-hour time point sample.

SAMT Knock Out Mutant Confirmation
No MSA accumulation was measured in cultures of JW3686 E. coli expressing the

SAMT knockout mutant expression plasmid pSC-b-amp/kan/(PlacZ)cSAMT-KO after 36 hours
incubation at 28°C. This was supported by a lack of olfactorily detectable MSA when these
cultures were olfactorily screened by 3x humans. Both cultures did show significant increases in

the HPLC peak which occurred at the 9.5-minute time point and is associated with SA.
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Discussion
Expression System Development

Development of the Plasmid Expression Systems

Because the initial goal was expression in S. carnosus, but the original cloning and strain
development was to be performed in E. coli due to its ease of use as a major model organism for
genetic engineering, it was deemed important to develop our plasmids as S. carnosus to E. coli
shuttle vectors. Shuttle vectors are genetic expression vectors, usually plasmids, which have been
designed specifically for the easy transfer of genetic information between different species.
Shuttle vectors are commonly used to transfer genetic expression systems either to or from a
more complex expression species such as Porphyromonas or Bacteroides species to a simpler
expression species such as E. coli [57]. For that reason, our initial plasmid vectors had our
SAMT and irp9 genes under control of the AmyP promoter as this promoter was believed to
facilitate expression in both E. coli and S. carnosus. However, an inability to confirm expression
of SAMT in E. coli led to the suspicion that the AmyP promoter may have been less than
successful at inducing expression in E. coli. For this reason, it was decided to replace the AmyP
promoter with the promoter for the lac operon (PlacZ).

In addition to the changes to promoter, another significant aspect of the final plasmid
design was the transition from the commercially produced plasmid backbones (pIDT and
pTWIST) into the pSC-b-amp/kan plasmid backbone (Agilent). This step was performed to
allow eventual SAMT expression in the JW3686 strain of E. coli due to that strain’s indole
deficiency, and the belief a lack of indole expression would facilitate an easier olfactory
detection of low-level MSA production. However, the mutation utilized to induce indole
deficiency in the JW3686 strain also provided resistance to kanamycin, and the commercially

provided plasmids utilized kanamycin resistance as their selection markers, and thus JW3686 E.
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coli transformed with the commercially provided plasmids were unable to be selected for using
antibiotic selection on kanamycin [58]. To overcome this issue via providing of ampicillin and
carbenicillin resistance, the irp9 and SAMT genes were transferred into the pSC-b-amp/kan
backbone using a commercially produced blunt-end cloning kit. This allowed subsequent
antibiotic selection for successful transformation of our SAMT expression circuits into JW3686
E. coli.

Unfortunately, even with expression being placed under the PlacZ promoter, expression
of SAMT in E. coli was still unable to be confirmed through SDS-PAGE or biochemical
analysis. To address this issue, attempts were made to link the fluorescent reporter protein
mNeonGreen (mNG) to the SAMT enzyme via a tobacco etch virus (TEV) cleavable linker. The
idea behind this was visual confirmation of plasmid expression via observation of fluorescence
in the cells expressing the SAMT-mNG fusion protein. This attempt was successful for the
constitutively expressed version of SAMT (cSAMT), but for unknown reasons was unsuccessful
for the theophylline-inducible riboswitch version of SAMT (iSAMT). However, the cSAMT-
mNG fusion protein expression vector was useful in obtaining an initial visual confirmation of
plasmid expression in E. coli.

In addition to the pSC-b-amp/kan/(PlacZ) plasmid vectors, the full expression circuit
containing both SAMT and irp9 was developed in the both the pSC-b and pDF1 plasmid
backbones. Unlike the previously discussed plasmids which were designed to only express
SAMT, but which required artificial SA supplementation, the larger SAMT+irp9 expression
systems were designed to produce both SA and MSA from the endogenous chorismate precursor,
a necessity for the eventual deployment in the nasal microbiome of animal sentinels. The pDF

plasmid backbone was introduced due to its increased ability to be expressed in various bacterial
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species outside of E. coli and the hopes this would allow for a viable E. coli to S. carnosus
shuttle vector. The promoter utilized for controlling expression of SAMT and irp9 in the pDF
backbone was AmyP, but with unique promoter cites for SAMT/GFP fusion gene and irp9.
While this plasmid was not utilized in the development and assaying of the final enzyme library
due to its incompatibility with the assay techniques, it was utilized upon eventual transition into

animal studies.

E. coli Strain Choices
Various strains of E. coli were employed throughout the plasmid development process,

including DH5-alpha, E. cloni EXPRESS BL21-(DE3), IW3686, dam(-)/dcm(-), and E. coli
Nissle. The initial use of DHS5-alpha as our cloning strain was simply due to its prevalence and
ready availability in the lab at the start of the project, and its successful use in previous cloning
projects. However, SDS-PAGE analysis of the crude lysate and His-tag purified SAMT-mNG
fusion suggested protease degradation was occurring in this strain. For this reason, the decision
was made to transition into the BL.21 strain of E. coli, as BL21 is a protease deficient E. coli
strain which had previous been used with success in the Snow lab for expression of protease
sensitive proteins. As previously mentioned, the use of the JW3686 strain was for the purpose of
creating a strain of E. coli which could produce MSA in the absence of the highly odiferous
indole produced by standard E. coli. This was deemed ideal for human olfactory screening of
cultures producing MSA at lower levels which might be masked by the presence of indole.

Due to issues with successfully transforming our E. coli produced shuttle plasmids into S.
carnosus, the dam(-)/dcm(-) strain was obtained due to its deficiency in the dam and dcm
methylases which are responsible for in vivo methylation of DNA. Methylation of DNA by these
enzymes has been shown to reduce transformation efficiency of E. coli produced DNA into other

bacterial species, and thus it was believed that use of the dam(-)/dcm(-) strain would facilitate
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production of more effective E. coli to S. carnosus shuttle vectors [59]. One potential issue with
use of the dam(-)/dcm(-) strain of E. coli is that when DNA produced in the absence of dam
methylation is used at a template for cloning techniques such as PCR, it is unable to be
subsequently digested away using the enzyme Dpnl. This enzyme functions by cleaving the in-
vivo produced dam methylated DNA, allowing the template DNA to be removed and only the in-
vitro produced DNA products to be maintained for further downstream applications [60].
However, an unforeseen benefit of this strain is suspected increased bioavailable SAM due to the
fact the dam and dcm methylases utilize SAM as their methyl donor, and thus by having these
enzymes inactive there was the potential for increased bioavailable SAM for the SAMT reaction.
Ultimately, due to continued issues with transformation and expression of our shuttle vectors
into S. carnosus, a decision was made to transition our target organism from S. carnosus to the E.
coli Nissle 1917 strain. The Nissle strain of E. coli was selected due to its non-pathogenic nature,
its current use as a digestive probiotic, and its widespread presence as a member of the
enterobiome of mammals including humans and rats [61]. For this reason, it was believed that E.
coli Nissle would be a safe organism for inoculation of the sentinel animal’s nasal microbiome.
This was seen as a good temporary alternative to the use of S. carnosus for our animal studies as
it provided a biologically safe alternative species for which genetic engineering techniques are
widely available, and for which the lab has already established genetic engineering success in.
While use of the Nissle strain of E. coli facilitated a more rapid ability to engage in animal
studies, creating a bypass for the issues with transformation and expression in S. carnosus, it
does not mean E. coli Nissle will completely replace S. carnosus in the longer-term project. As
mentioned earlier, S. carnosus has the ability to be dry-frozen and reconstituted on demand while

E. coli requires more demanding storage and maintenance conditions. For this reason, it would
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be ideal to eventually obtain successful expression of our engineered olfaction system in S.

carnosus while the E. coli Nissle is used in the meantime for the animal studies.

Enzyme Activity Assay Development

Initial Enzymatic Assays
In addition to basic olfactory screening for qualitative confirmation of SAMT expression

and activity, the desire for quantitative data led to an attempt at determining SAMT activity via
measuring the conversion of the SAM coenzyme into its SAH byproduct. These attempts relied
on a combination of specific enzymatic reactions coupled with spectroscopic measurements of
product accumulation or depletion. These assays utilized multienzyme processes to convert SAH
into spectroscopically measurable products, thereby allowing tracking of methyltransferase
activity as well as preventing SAMT reaction stalling due to product inhibition. For example, as
assay adapted from Akhtar et al. utilized SAH-nucleosidase (SAH-Nuc) to convert SAH to
adenine, xanthine oxidase (XO) to convert the adenine to 8-hydroxyadenine and the 8-
hydroxyadeneine into 2,8-dihydroxyadeneine and produce 2 molecules of H>Oz in the process,
and horseradish peroxidase (HRP) to utilize that H>O> to convert to colorless Amplex Red into
the red colored resorufin [62]. Similarly, the commercially produced SAM510 SAM
Methyltransferase Assay from G-biosciences utilized multienzyme processes to convert SAH to
spectroscopically measurable biomolecules but through a different enzymatic pathway than was
adapted from Akhtar. Unfortunately, lack of clear SAMT activity confirmation with these
methods led us to adopt an alternative method of confirming and measuring enzyme activity via

high performance liquid chromatography (HPLC).
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High Performance Liquid Chromatography (HPLC) Assay
Because of the lack of success with use of the spectroscopic investigations of in vitro enzyme

activity via metabolism of SAM, the decision was made to instead investigate enzyme activity by
measuring depletion of SA from the growth media of E. coli expressing SAMT. Like all
chromatography techniques, HPLC functions by separate components of a mixture in a time
specific manner, with HPLC utilizing differences in a molecule’s solubility within the solid or
liquid phases to separate compounds in a liquid solution in a very predictable and repeatable
manner. In addition to the ability to separate chemical compounds in a very specific manner,
HPLC can also be used to determine concentrations of a compound in a solution when
measurements are compared to a known standard [64]. This was deemed to be ideal for tracking
of SA depletion from the growth media of E. coli expressing SAMT due to the ability to
determine with high accuracy the concentrations of SA in the growth media and how these
concentrations changed when in the presence of SAMT expressing E. coli. Subsequent
confirmation of the lack of endogenous SA metabolism in our E. coli confirmed the viability of
the HPLC assay as a manner of confidently tracking changes in SA concentrations when SAMT
either was or was not expressed in a given culture.

In addition to being able to track SA levels from the liquid media, HPLC provided the added
benefit of being able to confirm MSA production and measure MSA accumulation in the same
growth media for which SA depletion was being measured. This was seen as an additional
benefit of using the HPLC method of confirming and measuring enzyme activity, as this allowed
confirmation of MSA production even when the concentrations of MSA being produced were
below the olfactory thresholds for humans. The high accuracy and threshold of detection
provided by HPLC was particularly important due to the high volatility of MSA and the

consequential tendency for MSA to readily evaporate out of the liquid media. Because of this
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issue, MSA quantitative detection methods had to be sensitive enough to measure even low
concentrations of MSA with high accuracy and reproducibility. As previous published work had
already demonstrated the ability for HPLC to measure both SA and MSA with high accuracy, it
was decided that HPLC would be utilized at the primary method for confirming enzyme
expression and activity, and subsequent quantitative determination of enzyme activity [65,66].
The determination of HPLC as a valid method for tracking enzyme activity provided the ability
to move forward with measurement of enzyme activity in WT-SAMT and the eventual SAMT
library variants and confirmed the necessary techniques had been established to allow the

production and in-lab investigation into the resultant computationally designed SAMT libraries.

Wild-Type Enzyme Activity in dam(-) E. coli Expressing pSC-b-amp/kan/(PlacZ)cSAMT
Results of the HPLC assays demonstrate that SA is being consumed and MSA in being

produced and accumulated at significant rates in cultures of dam(-) E. coli constitutively
expressing SAMT. The conclusion that this SA consumption is due to the expression and activity
of SAMT is supported through the measurable presence of MSA in cultures which demonstrate
SA consumption in the presence of SAMT expression (dam(-) + pSC-b-cSAMT), and the lack of
either SA consumption or MSA production in cultures without any SAMT expression system
(cell-free or dam(-) + pSC-b-amp/kan/mNG).

In cultures with measurable MSA production, SA consumption during the first 12 hours
was limited, suggesting that during these first 12 hours the cells had yet to begin expressing
SAMT at high enough levels for enzyme activity to be observable. After 12 hours, enzyme
activity began to increase at a relatively constant rate for approximately four hours before
increases in enzyme activity began to slow and the enzyme reached maximum activity between

hours 16 and 18. Between hours 18 and 22, the cultures still displayed significant consumption
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of SA; however, the rate of consumption began to decrease, suggesting that peak enzyme activity
for SAMT occurs between hours 12 and 18 when expressed in dam(-) E. coli grown at 28°C. The
observation that the rate of rate-increase begins to decrease between hours 16 and 18 could be
indicative of a maximum rate of enzyme expression occurring between hours 12 and 16, and
expression levels decreasing after hour 16; however, further analysis would need to be done to
confirm this hypothesis.

The detection of MSA in cultures shown to consume SA above a certain rate, and a lack
of MSA in cultures not consuming SA, is highly indicative of SAMT activity in these cultures
resulting in the conversion of SA into MSA at levels significant enough for detection via HPLC.
The lack of any HPLC peak around the 32-minute point in the cultures expressing mNG instead
of SAMT confirms that the peaks are truly due to the production and accumulation of MSA as a
result of SAMT activity, and not an artificial measurement caused by some other endogenous
metabolite. In addition, the presence of significant MSA after approximately 12 hours for was
corroborated via qualitative analysis using basic human olfactory detection. In all cultures
cultured under the SAMT expression conditions while in the presence of SA — either artificially
supplied or produced via irp9 activity) — a definite MSA odor was detected by all other lab
members who participated in olfactory screening for MSA (number and identity of screeners
varied between screening events).

Due to the one-to-one stochiometric nature of the SA to MSA reaction, it would be
expected that for every lug of SA which was consumed, roughly 1.1 ug of MSA would be
produced; however, this one-to-one ratio was not observed in the HPLC measurements. This was
to be expected due to the fact MSA is highly volatile and thus prone to evaporation out of the

culture media over the course of prolonged incubation at 28°C. This is why MSA concentrations
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and rates were referred to as accumulation rather than production, as the limitations of HPLC
measurement prevented measurement of MSA product which had evaporated out of the media
prior to sample collection. This evaporative loss is also believed to be why no MSA was
detectable in the non-induced iISAMT cultures despite SA consumption being observed (to be
discussed), as the very low rate of MSA production which would occur under these leaky
expression conditions would likely be lower than the rate of evaporation out of solution, causing
MSA concentrations in the culture media to remain beneath the threshold of HPLC detection.
However, by applying the one-to-one stoichiometry of the reaction to the measured
concentrations of SA and MSA in a given culture at a given time point, it should be possible to
roughly determine the amount of MSA which has evaporated out of the culture media and would
therefore be accessible for olfactory detection.

The experimentally determined average rate of enzyme activity for constitutively
expressed SAMT, as expressed in terms of SA consumption per minute, was 0.0603 + 0.000332
(ug=mL'smin™") for dam(-) E. coli when cultured at 28°C in TB in the presence of 100ug/mL SA.
This was thus considered the wild-type enzyme activity for the Im6e version of SAMT when
cultured under the specified culture conditions in the dam(-) strain of E. coli. It should be noted
that this rate of activity was determined in the dam(-) strain of E. coli, and could theoretically be
different in other strains of E. coli. This is due to the fact that dam/dcm methylases utilize SAM
as the donor for their methylation reactions, and as a result most strains of E. coli will have
limited amounts of bioavailable SAM for use in the SAMT reaction [23]. Due to a deficiency in
these enzymes in the dam(-) strain of E. coli, it was hypothesized that there would be an
increased amount of bioavailable SAM which could be utilized to drive the SAMT reaction [24].

This hypothesis is supported by previous work which demonstrated that methylases which utilize
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SAM as a methyl donor have increased activity when bioavailable SAM is increased [25].
Unfortunately, there was not a simple method to measure concentrations of endogenous SAM,
but considering the implications of potential increased bioavailable SAM on SAMT activity, it
would be plausible to suspect an increased overall enzyme activity in the damy(-) strain.
Individual cultures of BL21 or JW3686 constitutively expressing SAMT in the presence of SA
did demonstrate activities of 0.0610 (ugsmL+min™!) and 0.0649 (ug+mL'min') respectively;
however, due to a lack of biological replicates in this assay, a statistical conclusion to these

strain’s activities could not be made.

pSC-b-amp/kan/(PlacZ)iSAMT Theophylline Induction and Enzyme Activity Assay
Significant SA consumption was observed in both theophylline induced cultures and one

of the two non-induced cultures of dam(-) E. coli expressing pSC-b-amp/kan/(PlacZ)iSAMT;
however, at no point was MSA accumulation detectable via HPLC in either non-induced culture,
while MSA was measurable in both theophylline induced cultures. This is suspected to be due to
mild leaky expression of SAMT in the non-induced cultures which resulted in SA consumption
and MSA production, but with the rate of MSA production being less than the rate of MSA
evaporation from the media, resulting in accumulated MSA concentrations being consistently
below the threshold of HPLC detection.

This suspicion is supported by the results of the human olfactory screen which
demonstrated a clear odor of MSA in the theophylline induced cultures, with this odor readily
described as “minty” by all screeners. In contrast, the non-induced cultures possessed a slightly
sour odor reminiscent of Greek yogurt which was notably different than the characteristic odors
which emanate from E. coli cultures not containing the SAMT gene. This odor was also detected

during the early enzyme activity assays in which E. coli constitutively expressing SAMT were
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cultured in the presence of 10ug/mL SA and which showed full consumption of SA and very
minor accumulation of MSA. This supports the idea that this characteristic scent is associated
with highly dilute gaseous MSA, and that the presence of this odor in the non-induce iISAMT
cultures is representative of low levels of MSA in the headspace despite there being no
measurable MSA in the HPLC sample analysis.

The rate of SA consumption in the theophylline induced expression system was
approximately 2.6% the rate of SA consumption observed in the constitutively expressed SAMT
cultures of the same genetic background. This represents an approximately 13.3% difference
between the observed ratio of induced expression to constitutive expression (2.6%) and the ratio
of induced expression to constitutive expression reported in the theophylline riboswitch literature
(2.3%) [12]. This 1s a relatively minor difference and demonstrates that the theophylline
controlled riboswitch method of inducing expression is effectively able to induce low-level
expression such that there is measurable activity and olfactorily detectable MSA, but at levels
much lower than would be observed with a constitutive SAMT expression system. This should
allow confidence that the amount of MSA produced in the nasal microbiome of the animals will
be great enough to be olfactorily detected, yet low enough to not pose a risk of toxicity.

It should be noted that there has not been any explicitly determined toxicity level for
mammalian inhalation of MSA as previous toxicity studies involved either topical or
gastrointestinal administration, and there also has not been any explicit determination of gaseous
MSA concentrations produced by our engineered expression systems, so there is a chance the
levels produced are above the range of toxicity, and as such animals being exposed to the
expression system should be initially monitored for potential MSA related health effects. This

may pose a greater concern with the constitutive expressed computationally designed mutants as
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the amount of MSA they will produce is currently unknown, whereas with the inducible cultures
the levels will likely always be low enough to be non-toxic simply due to the relatively low-level
expression which occurs under the riboswitch.

One thing that is odd in the results for the theophylline induced cultures is the fact that
the amount of MSA which accumulated in the media is significantly greater than the amount of
SA which was measured to be consumed over the course of the 36 hours. All previous assays
into SAMT activity showed a level of SA consumption which was dramatically greater than the
measured accumulation of MSA, which makes sense given the fact MSA would be expected to
evaporate out of the media solution such that only a fraction of what was produced would remain
in the culture media. Furthermore, the initial concentrations of SA in these cultures were
measured to be significantly lower than the 100ug/mL which was used as an initial SA
concentration. This is odd given the same solution of SA was used to produce all enzymatic
assay cultures. This is also not suspected to be due to issues of improper loading of samples into
the HPLC due to the fact no samples showed SA concentrations near 100ug/mL which would
have occurred if samples were placed into the HPLC in the wrong order, nor is it suspected to be
due to inaccurate HPLC measurements since each sample was measured in triplicate and all

measurements for a given sample were essentially equal outside of the normal expected variance.

SAMT Knockout Mutant
Results of the SAMT-knockout investigation indicated that the knockout mutations were

successful in preventing catalysis of SA to MSA, as evident by both the complete lack of any
detectable MSA in the HPLC analysis coupled with the lack of any MSA detection in the
qualitative human screenings. This suggests the M150G and W151G mutations were successful

in disrupting the active site to such an extent that catalytic ability as completely lost. This is
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suspected to be due to the fact that M150 and W151 are both critical active site residues which
are involved in securing SA in the appropriate place necessary for methylation to occur, and thus
changing these residues to glycine can effectively prevent the binding of SA within the active
site. Furthermore, the fact that no MSA was detectable via human olfactory screening indicates
that the lack of MSA in the culture media after 36 hours was truly due to a lack of MSA
production and not due to MSA production and subsequent evaporation into the headspace. This
confirms the viability of the SAMT-KO expression plasmid as a control for MSA production in
the ultimate animal inoculation studies.

The increases in HPLC peak amplitude at the 9.5-minute point were unexpected and
currently are inexplicable. The assays into enzymatic activity for constitutively expressed WT-
SAMT all demonstrated no HPLC peak at the 9.5-minute point in the absence of artificial
spiking with SA. Furthermore, SA consumption assays on E. coli which did not express SAMT
but where cultured in the presence of SA demonstrated no significant change in SA levels,
demonstrating that E. coli of the same genetic background minus SAMT did not produce or
consume SA over the course of incubation. The only time there were observed HPLC peaks at
9.5-minutes where in either cultures which had been artificially provided with SA in the absence
of irp9 expression, or which expressed irp9 and thus produced SA endogenously, and the only
time the HPLC peaks at 9.5-minutes were observed increasing was in the cultures explicitly
expressing irp9 and consequently producing SA endogenously. However, the pSC-b-
amp/kan/(Placz)cSAMT-KO plasmids did not possess the irp9 gene and thus would not be
expected to produce increased HPLC peak amplitudes at the 9.5-minute point.

Considering the only mutations to this strain occurred explicitly within the SAMT gene,

and the only effect they were expected to have was the prevention of reaction catalysis due to an
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inability for SA to bind the active site, it would not be expected that these mutations would result
in production of novel metabolites which would also possess an HPLC peak around the 9.5-
minute point. However, these results were observed in both biological replicates and in all three
HPLC measurements of each sample, indicating these results were not due to sampling errors or
some abnormality in a singular culture. Why these increases in HPLC peak amplitude at the 9.5-
minute point occurred needs to be further investigated to understand what metabolites are
producing these peaks and why they are being produced; however, their presence does not negate
the fact that the SAMT-KO was unable to produce any detectable MSA and thus can still operate

as the negative control for the animal studies.

Assay for Glucose Dependence with the pDF-cSAMT/GFP-irp9 Expression Plasmid
Results for the glucose spiking investigation demonstrate that glucose spiking does not

have a dramatic effect on the rate of SA production by irp9, but does seem to produce a
significant and dramatic difference in overall MSA production by SAMT. One potential
explanation to this could be the fact that chorismate is a product of the Shikimate pathway which
itself is dependent upon significant carbon sources in order to produce the large number of
essential metabolites which can arise from this important microorganism metabolic pathway.
Previous work has demonstrated that glucose spiking can increase the products of the Shikimate
pathway in E. coli, and it is suspected that glucose spiking could increase the availability of
chorismate in order to drive forward the reaction [74]. This hypothesis is somewhat refuted by
the observation of similar levels of SA production in both the glucose spiked and non-spiked
cultures which would likely only occur if there were similar levels of chorismate available to
convert to SA. Furthermore, the somewhat similar final concentrations of SA between the two

culture conditions, and the fact that neither culture was artificially provided with SA, indicates
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that the activity of irp9 was not dramatically increased due to the presence of glucose. However,
it should be noted that the glucose spiked culture showed approximately 15% greater
accumulation of SA while also accumulating over 400% greater concentrations of MSA,
indicating a significant amount of SA produced in these cultures was converted to MSA which
somewhat discredits the similar final concentrations of SA observed between culturing
conditions.

An alternative hypothesis to why the spiking with glucose could affect such a dramatic
increase in MSA accumulation levels is that the additional carbon provided by the glucose
somehow led to additional metabolites being fed into the SAM/SAH recycling pathway known
as the active methyl cycle. This pathway is responsible for recycling the demethylated SAH back
into SAM, and has been shown to be dependent upon bioavailable levels of methionine and
homocysteine. Since both methionine and homocysteine are utilized in metabolic pathways
outside the activated methyl cycle, it is possible that additional glucose resulted in increased
bioavailability of certain undetermined metabolites which ultimately fed into the activated
methyl cycle. Methyltransferases which are dependent upon SAM as a coenzyme have been
shown to have their activity increased by increasing bioavailable concentrations of SAM, and if
glucose spiking were to ultimately result in increased bioavailable SAM, this could explain the
dramatic differences in MSA accumulation between glucose spiked and non-spiked cultures [68].
This would make sense since the results seem to indicate that the real metabolic bottleneck lies in
the ability of SAMT to convert the SA produced by irp9 into MSA when glucose either is or is
not present, rather than the inability to produce significant SA preventing significant MSA

production.
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To make concrete conclusions about exactly how the additional glucose was affecting the
overall rate of conversion of SA to MSA will require further metabolic investigations; however,
it is safe to say that there is a significant and dramatic increase in the rate of MSA production
upon spiking with glucose for E. coli expressing pDF-(Pblaz)cSAMT/GFP-irp9. This result is
important to keep in mind when attempting to utilize this expression plasmid in the nasal
microbiome of sentinel animals as it suggests having significant glucose in the cell would be
useful, and potentially necessary, to produce olfactorily detectable concentrations of MSA, as as
such, further metabolic engineering may be required to facilitate increased glucose production in

the final engineering organisms.

Olfactory Threshold of Detection Screen
Results of the olfactory threshold screen indicated that reliable human olfactory detection

of MSA in the 0.5mL headspace of a 1.0mL liquid sample occurred when initial MSA liquid
concentrations were greater than 1:100,000,000 (v:v) and less then or equal to 1:1,000,000 (v:v),
with all individuals surveyed indicating clear MSA detection in the 1:1,000,000 (v:v) sample.
Considering the previously determined threshold for human olfaction of MSA is 0.62-0.87
mg/mL, this suggests that the concentration of MSA in the headspace of the 1:1,000,000 (v:v)
sample of MSA must be greater than 0.62mg/mL. A concentration of [0.62mg/mL] MSA was
calculated to be approximately 530ppm. This is well within the range of MSA concentrations
found in common foods and is indicative MSA levels should be non-toxic when at the lower
range of olfactory detection. By that same merit, MSA concentrations of 8400ppm — the higher
end of those found in food approved for human consumption — would not occur until MSA vapor

concentrations reached approximately 98.3mg/mL.
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It is worth noting that this screen for olfactory threshold of detection utilized a somewhat
low-tech approach with a limited number of samples and individuals surveyed. In addition, the
liquid and headspace volumes being investigated were not equal to the volumes and headspaces
of the 50mL cultures used in the HPLC analysis and which were olfactorily confirmed to
produce significant amounts of MSA. As such, it is somewhat difficult to make comparisons
between olfactory detection events in the larger HPLC analyzed cultures versus the smaller
olfactory screening samples. For example, it is possible that the limited headspace volume of
0.5mL in the olfactory screening samples prevented sufficient buildup of MSA for olfactory
detection, whereas that same volume and concentration of MSA solution may have produced
olfactorily detectable concentrations of gaseous MSA with a larger available headspace. Despite
this lack of direct comparability, knowledge of olfactory thresholds of detection in any size
sample is still important information which confirms the ability for human olfactory detection of
MSA at relatively low concentrations.

Another important thing to note about this screen is that it is determining a rough
threshold for human olfactory detection of MSA and as such would not be expected to be the
same between species. While the threshold for canine and rodent olfactory detection of MSA has
not been previously determined, it would be expected that these animals would have a greater
sensitivity to low concentration odorants than would humans due the fact non-human mammals
tend to have greater olfactory detection sensitivity than do humans [23]. As the final deployment
target for this enhanced olfaction system would be mammalian sentinel species, it would be
expected that different sentinel species would have different average thresholds of detections for
MSA, and thus a unique threshold of olfactory detection should be determined for any species

for which the technology is going to be applied. However, the fact that olfactory detection in
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humans was confirmed, coupled with the fact that animal sentinel species would be expected to
have greater olfactory sensitivity, gives confidence that the amount of MSA produced should be

well above the thresholds of detection for any sentinel animal species.

Conclusions
The investigation into enzymatic activity for the various SAMT expression systems

demonstrated that there was significant constitutive expression and activity of SAMT for E. coli
strain expressing the pSC-b-amp/kan/(PlacZ)cSAMT or the pSC-b-amp/kan/(PlacZ)cSAMT-
mNG expression plasmids, with a salicylic acid consumption rate of 0.0603 (ugsmL'+min')
determined for dam(-) E. coli expressing pSC-b-amp/kan/(PlacZ)cSAMT. This rate of salicylic
acid consumption has been and will continue to be used as the baseline for enzymatic activity
when investigating enzymatic activity in the theophylline inducible gene circuit and in the
mutant SAMT computational library members.

The measured rate of SA consumption in the theophylline induced expression system was
significantly lower than that observed for the constitutive expression system, with the maximum
consumption rate observed in the theophylline induced expression systems being approximately
2.6% of that observed in the constitutive expression system. This suggests that the theophylline
induced riboswitch is not able to replicate the expression levels observed upon constitutive
expression, but were still able to reach a high enough expression level that MSA odor was
detectable by all human olfactory screeners. Given the higher general sensitivity to odors
possessed by rodents in comparison to human, it is suspected that even at the relatively low
expression levels observed with theophylline induced SAMT expression there should still be

sufficient enough MSA production to be detected by trained MSA detecting rats, although that is
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a speculatory statement at this point due to the lack of fully trained MSA detecting rats for which
to test this hypothesis.

For the SAMT knockout mutant, results show a lack of any MSA production in either the
HPLC analysis or in the human olfactory screen. This is highly supportive of the fact the SAMT
knockout mutant was successful in preventing any catalytic conversion of SA to MSA, and as
such it can be utilized as a negative control for the eventual animal studies as it is genetically
identically to the constitutively expressed wild-type SAMT outside of two amino acid mutations.
While the increase in HPLC peak around the 9.5-minute point is definitely interesting and
deserving of further investigation, it should not preclude use of the knockout mutant as a

genetically identical negative control in the animal studies.

Future Work

High-throughput SAMT Activity Screening via SA-Repressed mNG Expression System
While use of HPLC to track SAMT activity has been the method of choice for the initial

enzyme activity screening, it does have a relatively low throughput which limits the size of the
libraries it can effectively screen. To overcome this limitation, a high throughput screening
method has been proposed by Dr. Kevin Morey. This method would involve creation of a
secondary expression vector for SA induced expression of a repressor protein which in turn
would repress expression of a fluorescent reporter protein such as mNG. This idea combines two
previously validated expression systems with slight modifications to specifically allow screening
for SAMT activity.

The first previous validated component of this screening expression vector is an SA
activated expression system in which SA binds with the S E. coli transcription factor AraC to

induce expression of downstream genes. This system utilizes a mutant SA-specific version of
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AraC, AraC-SA, which has been shown to greatly limit expression of downstream of
downstream genes in the absence of SA. Furthermore, this system was shown to be highly
specific to SA, with little activity shown in the presence of molecules structurally similar to SA
such as vanillin or benzoic acid or in the presence of the WT-AraC inducer molecule L-arabinose
[69]. While this system utilized SA to allow expression of a desired reporter protein, we will
instead be taking this system and modifying it to control expression of a repressor protein which
will subsequently repress expression of a fluorescent reporter protein.

The second previously validated component of this proposed expression system involves
the chemically alleviated repression of a fluorescent reporter protein, specifically the repressed
expression of enhanced yellow fluorescent protein (EYFP) in the presence of the repressor
protein TetR. This system constitutively expressed the TetR inhibitor protein to inhibit
expression of EYFP, then alleviated that inhibition via treatment with the TetR inactivator
molecule anhydrotetracycline (aTc). This system was shown to increase EYFP expression with
increased aTc concentrations, providing evidence that the TetR repressor effectively inhibits
downstream gene expression while present and active, with these downstream genes
subsequently show significant expression when active TetR is absent [70]. While this system
utilizes an externally provided chemical to explicitly inactivate the TetR repression of EYFP
expression, this system can be modified to instead stop total expression of TetR under specific
chemical conditions, thus allowing TetR to naturally degrade and the subsequent expression of
the TetR inhibited downstream genes.

The proposed expression system for high-throughput SAMT activity screening combines
the two aforementioned expression systems into a single system in which the presence of SA will

lead to TetR inhibition of mNG expression (Fig.14). Modifications to the SA induced expression

62



system will involve swapping out the expressed gene from a fluorescent reporter gene to the
TetR repressor. With this modification, expression of the TetR inhibitor will only occur when the
AraC-SA transcription factor has been activated by SA, with TetR expression levels decreasing
as SA is converted to MSA by SAMT. The secondary component of this expression system will
be functionally identical to the previously validated example in which TetR inhibits expression
of EYFP, only instead of EYFP the fluorescent reporter gene will be mNG. By combining these
two gene elements into a single expression vector, an expression system will be created in which
cells with active SAMT will slowly become fluorescent while those with inactive will remain
white. This will allow a rapid visual identification of cells with active or inactive SAMT variants

via simple observation under UV transillumination.

Piar.z Pi.tll-Dl
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Figure 14: Schematic of the proposed SA inhibited mNG expression system for high-throughput screening for
SAMT activity. A) When SA is present in the system, it will bind AraC-SA and cause AraC-SA to associate with
the operator region upstream of the TetR gene. This induces expression of the TetR inhibitory protein and
subsequent inhibition of mNG expression. This would be the expected scenario if SAMT was inactive and would
result in cells remaining white in color. B) When SA is not present in the system, AraC-SA will unbind from the
operator region and expression of TetR will cease. As TetR inhibitory effects cease, expression of mNG will begin
and cells will develop green fluorescence. This would be the expected scenario if SAMT was inactive, allowing
identification of cells with active SAMT based on the development of fluorescence.
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With this expression system, the presence of SA will activate AraC-SA to induce
expression of TetR and subsequently inhibit expression of mNG. As SAMT converts SA to
MSA, AraC-SA will become inactive and TetR expression and subsequent mNG inhibition will
cease, and cells will begin to turn fluorescent. In cells with inactive SAMT, SA levels will not
deplete, and as a result of continued inhibition of mNG the cells will remain white. And
theoretically, the rate at which a given cell converts SA to MSA would impact the rate at which
mNG expression would occur, allowing the time it takes for a cell to display fluorescence to be
used as a rough measure of enzyme activity for the different library members. This method
should allow for a high-throughput screening method for SAMT activity by simply culturing and
plating the library variant transformants on media with artificial supplementation of SA. This
will ensure a constant presence of SA during the initial culturing process and the early stages of
plate growth and prevent any premature expression of mNG. As the growth plates are allowed to
incubate at growth temperature over an extended period of time, cells which contain active forms
of SAMT should begin to display fluorescence as the TetR inhibition of mNG ceases. This
would allow the plating and subsequent screening of potentially billions of library variants on a
single growth plate, with screening facilitated via simple visual selection under UV
transillumination. If this method is successfully implemented, it will facilitate high-throughput
library screening, and allow far more ambitious library sizes to be investigated with minimal

time or resource investment.

Creation of SAM Upregulated E. coli strains
As SAM is the methyl donor for the SAMT methylation reaction, a lack of bioavailable

SAM would be expected to decrease overall SAMT activity. Support for this hypothesis comes

from previous research into SAM-dependent methyltransferases and the effect of low SAM
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bioavailability on ultimate enzyme product accumulation. This research investigated the activity
of an O-methyltransferase that is responsible for the transformation of protocatechuate to the
flavoring compound vanillate in an attempt to increase overall vanillate titers in E. coli.
Ultimately, this research determined that the rate limitations in the O-methyltransferase were due
to a lack of bioavailable SAM, with increases in bioavailable SAM leading to E. coli-based
production systems in which the final titers of vanillate were significantly increased, while final
titers of protocatechuate were significantly decreased [68]. The increases to bioavailable SAM
were achieved in two different manners, both of which resulted in improved
vanillate:protocatechuate titers, but each of which utilized different biochemical pathways to
achieve the increases in bioavailable SAM.

The first method to increase bioavailable SAM involved artificially provision of amino
acids which are involved in the endogenous pathway of SAM anabolism, namely methionine
(Met) and homocysteine (Hcys). Because E. coli have shown an inability to take up SAM from
the environment, artificial provision of SAM itself was not feasible; however, the ability of E.
coli to take up amino acids from the environment allowed for artificial provision of these SAM
precursors and resulted in increased overall vanillate titers. Further investigations into the
artificial provision of Hcys showed that these overall increases in vanillate titers were not due to
simple increases in overall biomass production, but actually due to increased concentrations of
vanillate within the biomass itself. To further investigate these results, mutations were made to
the normal methionine biosynthesis pathway which led to increased methionine biosynthesis.
Specifically, these mutations were the deletion of the methionine biosynthesis regulation gene
metJ, and the utilization of feedback inhibition repressed genes MetE* and CysE*. The metJ

gene is involved in various regulatory mechanisms of methionine biosynthesis, and deletion of
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this gene allowed increased overall methionine production and increased yields of both
protocatechuate and vanillate but did not result in vanillate dominated product ratios. The genes
MetE and CysE are responsible for initiating the methionine or cysteine biosynthesis pathways
respectively and are both inhibited by high levels of either methionine or cysteine respectively.
The variant genes MetE* and CysE* are versions which have had this feedback inhibition
repressed, allowing for the buildup of higher levels of methionine and its precursor cysteine.
Expression of these genes in conjunction with the deletion of metJ resulted in product titers that
were both increased in total yield, and which showed the desired higher ratio of vanillate to
protocatechuate. Considering that the only known relation between the O-methyltransferase
reaction and methionine is the utilization of methionine-derived SAM as a methyl donor, these
results were highly indicative of SAM bioavailability being the limiting factor in O-
methyltransferase activity [68]. However, because this method focused on affecting methionine
biosynthesis to theoretically effect SAM bioavailability, it did not explicitly show SAM
bioavailability was increased in response to increased bioavailable methionine or that increased
SAM bioavailability was explicitly linked to greater methyltransferase activity, but simply
supported this hypothesis.

To investigate explicitly the role of SAM bioavailability on methyltransferase activity, a
different set of mutations was used to directly increase SAM bioavailability via increasing the
rate of recycling of SAH back into SAM. Endogenous SAH recycling occurs via a pathway
known as the activated methyl cycle, and involves a number of different chemical intermediates
including methionine and Hcys, and begins with the conversion of SAH to Hcys via either the
action of SAH-hydrolase (sahH) or the duel actions of methylthioadenosine nucleosidase (min)

and s-ribosylhomocysteinease (/uxS). Mutations were made to upregulate either the sahH gene or
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both the mn and luxS genes, and investigations into final product titers were conducted both with
and without the artificial provision of methionine. While the sahH upregulated version itself
showed reduced vanillate titers compared to a wild-type control, the combined mitn and luxS
upregulations resulted in increased production of both vanillate and protocatechuate, although
with similar final concentrations of vanillate to protocatechuate. When artificial methionine
supplementation occurred, both the sahH and the mtn/luxS upregulated strains showed increased
overall vanillate titers compared to wild-type strains, and also showed significantly higher titers
of vanillate relative to protocatechuate. These results demonstrate clearly that upregulation of the
genes involved in recycling SAH to SAM has a significant effect on activity of SAM-dependent
methyltransferases, and that product accumulation can be maximized when this upregulation is
combined with an increased supply of bioavailable methionine. Furthermore, this research
establishes that the limiting aspect of SAM-dependent methyltransferase activity is not due to
limitations in the conversion of methionine to SAM, but due to limitations in the upstream
methionine biosynthesis and SAH catabolic processes which provide the methionine precursors
necessary for SAM biosynthesis [68]. Due to the fact SAMT is also a SAM-dependent
methyltransferase, these same biochemical processes should have similar impacts of overall
SAMT activity and MSA production.

Due to the general similarities in the SAM-dependent enzymatic mechanisms of O-
methyltranferase catalyzed conversion of protocatechuate to vanillate and the SAMT catalyzed
conversion of SA to MSA, it would be expected that SAMT and MSA production levels could be
improved by applying the same genetic induced metabolic enhancers used to improve vanillate
production by O-methyltransferase. As such, creation or procurement of an E. coli strain which

incorporates the AmetJ, MetE*, CysE*, Mtn, and LuxS genotypes should result in increased
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bioavailable SAM due to deregulation of the upstream methionine biosynthesis inhibitory
pathways in conjunction with the upregulation of the SAH recycling enzymes involved in the
active methyl cycle. While these mutations could theoretically be induced in any common lab
strain of E. coli, it would be ideal to create this strain in the dam(-) E. coli background due to this
strain not using SAM as a methyl donor for dam/dcm methylase induced DNA methylation.
However, due to the fact all enzymes involved in the aforementioned pathways are already coded
for by endogenous E. coli genes, incorporation of these mutations into new strains of E. coli
should be relatively simply without the need for introduction of any novel non-endogenous

metabolic pathways.
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CHAPTER 3: COMPUTATIONAL ENZYME DESIGN

Introduction

As the crux of the odor encoder project is the computational design of a theophylline
binding cavity within SAMT which can transmit allosteric changes that result in the resurrection
of a crippled SAMT mutant, the computational design component was integral to overall project
success. While the theophylline inducible riboswitch demonstrated successful theophylline
dependent MSA production from our engineered E. coli, there are minor issues with the
riboswitch regulated expression system such as the limited MSA production compared to
constitutively expressing SAMT cultures or the delay in MSA production that is inherent to
riboswitches in general. As the riboswitch method depends upon theophylline binding to the
riboswitch prior to the translation of SAMT mRNA into a functional enzyme, there is an inherent
delay in MSA production due to the time required to translate the SAMT mRNA into functional
enzyme and express a sufficient concentration of SAMT to produce appreciable levels of MSA.
This principle was supported by observations from the enzyme activity assays which
demonstrated significantly olfactorily detectable levels of MSA production after approximately
14 hours for cultures with constitutive expression of SAMT, while theophylline induced
expression cultures required approximately 24-36 hours to produce mildly olfactorily detectable
levels of MSA.

One of the benefits of producing an allosterically activated version of SAMT is that this
time delay should be mitigated as there would be constitutive expression of the crippled SAMT
mutant which would allow for a pool of crippled enzyme to be produced and held ready for

future theophylline induced allosteric activation. This should allow for a more rapid response
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time due to the lack of any need for additional protein expression between the theophylline
exposure and the enzymatic production of MSAand produce a stronger olfactory signal than the
theophylline riboswitch regulated expression. In addition, this system should produce MSA at a
similar level as that seen in the constitutive expression cultures if theophylline binding is able to
restore activity to wild-type levels due to the relatively high number of SAMT enzymes which
this system would produce relative to the riboswitch activated system.

In order to create such a system, it is necessary to design an allosteric activation system
which is highly specific to an analyte of interest, and the best approach to facilitating such a
design is via use of common combinatorial design programs such as Rosetta or PyMol. These
programs work via underlying Python codes and are able to perform a variety of modelling
algorithms to design proteins with a variety of desirable traits. For the odor encoder project,
these computational design methods were utilized to design the potential theophylline allosteric
cavities and to model potential allosteric behaviors in these mutant versions of SAMT both with
and without theophylline present. By using combinatorial optimization design methods to
determine which mutations would be optimal for facilitating the binding of theophylline into an
artificially produced cavity space within SAMT, a library of potential SAMT mutants was
determined which demonstrated both the potential for theophylline to bind the designed allosteric
cavity within SAMT, and potential perturbation of the SAMT backbone structure to an extent

that would potentially facilitate theophylline induced allosteric recovery.
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Materials and Methods

Mutation Palette Selection
An allowable mutation palette for each wild-type residue was determined using a combined

volumetric and biochemical approach. The volumetric cutoff allowed no residues with volume
greater than 5A3 larger than the respective wild-type residue. The biochemical limitation
prevented non-charged residues from mutating into charged residues or visa-versa. Table 4 lists

the mutation palettes for each wild-type amino acid.

Table 4. Mutation Palettes for each Wild Type (WT) Amino Acid
WT ID Allowable Mutation Palette (Single letter code)
Gly G
Ala GAS
Val GASPNTV
Cys GAS
Pro GASPT
Leu GASPNTVQHMLI
Ile GASPNTVQHMLI
Met GASPNTVQHMLI
Trp GASPNTVQHMLIFYW
Phe GASPNTVQHMLIFY
Ser GAS
Thr GASPNT
Tyr GASPNTVQHMLIFY
Asn GASPNT
Gln GASPNTVQ
His (+) GASPNTVQHMLIK
Lys (+) GASPNTVQHMLIK
Arg (+) GASPNTVQHMLIKR
Asp (-) GASDPT
Glu (-) GASDPNTEV

Theophylline Pocket Modelling
Custom Python scripts were created to model potential theophylline binding pockets within

SAMT. A 3D-grid representation of theophylline was created and rotated 360° in the x, y, and z
dimensions to create a 3D-grid model of all possible rotational positions theophylline could take
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on. Another custom Python script was used to create a 3D-grid representation of the cavity space
within a fixed position SAMT backbone structure via mutating all residues to glycine and turning
the grid off in locations where backbone atoms exist, as well as anywhere within 4A of the
substrate or coenzyme. Another custom Python script created a convex hull around the enzyme
surface, with the points of the hull extending from the alpha carbons on surface residues. Any
points lying outside this hull, or closer to the hull exterior than any protein alpha carbon, were
also excluded from the final 3D-cavity grid. The 3D rotational model of theophylline was then
docked within this grid and a complementation score was assigned to each individual
theophylline pose. Poses which showed stability in a given location within the 3D-cavity grid
were maintained while those which were unstable were eliminated, with the clusters of
remaining poses constituting the individual theophylline pockets. Residues proximal to the
theophylline poses for a specific pocket were selected based on relative distance to the
theophylline molecule, with a 5A distance used as a cutoff for proximity. In addition, residues
constituting a given theophylline pocket were confirmed via a visual inspection in PyMol.

Residues targeted for mutation in each theophylline pocket can be found in table 5 below.

Table 5: SAMT Residue Ids for Each Theopyhlline Pocket
Pocket Pocket Residue IDs
2,4,8, 151, 155, 226, 251, 254, 315, 319
166, 226, 229, 233, 248, 251, 253, 308, 312, 315, 316, 320, 328, 329, 332
166, 226, 229, 230, 233, 236, 243, 248, 251, 253, 312, 316, 319, 320, 324, 328
55,67,70,71,74,92,94, 96, 107, 112, 114, 117, 121, 123
67,70,71,74,92, 94,96, 107, 111, 117, 121, 123
56, 58, 134, 135, 140, 143, 191, 195, 198, 199, 205
130, 145, 149, 188, 191, 192, 205, 207, 209, 262, 266, 272, 352, 354
149, 184, 188, 191, 192, 207, 209, 258, 262, 265, 266, 350, 352, 354
40, 43, 44, 49, 53, 55, 77, 90, 92
29, 32, 36, 40, 49, 69, 73, 76, 142, 144, 206, 208
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Computational Library Determination
A mutation pallet for each wild-type residue was determined based on imposed volumetric and

biochemical limitations. All theophylline poses from each pocket were modelled 10 times in
Rosetta. Combinatorial optimization compared all possible side chain rotamers and all permitted
mutations to determine which residue mutations would best stabilize that theophylline pose.
Mutations suggested more than 5% of the time were included in the final library design. At
locations targeted for mutation, wild-type residues were excluded from the library design unless
explicitly stated. A custom Pareto optimization analysis program was run on the designed
libraries to produce a set of Pareto optimized libraries for each theophylline pocket, and Pareto
optimized libraries was selected based on expected screening throughput limitations. An initial
combinatorial optimization which utilized the same comparison of mutations and rotamers as
described for the Rosetta designs but with the backbone atoms fixed in place was performed
using the systematic hierarchical algorithms for rotamers and proteins on an extended network
(SHARPEN) computational design program [22]. Modelling in SHARPEN was performed once
for each theophylline pose, and a selection of the resultant SHARPEN designed SAMT mutants

were utilized as base structures for subsequent modelling of allostery in Rosetta.

Modelling of Active Site Perturbation
From the SHARPEN designs, a singular representative theophylline pose and was selected from

the center of each individual theophylline pocket cluster, and the mutant designed for this
theophylline pose was used to investigate potential pocket allostery. The theophylline molecule
was allowed to dock anywhere within the space for that specific pocket cavity, and combinatorial
optimization of theophylline docking position and SAMT side chain rotamers was performed

100x times. The 100 modelled SAMT structures were relaxed and aligned with the WT-SAMT
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structure, and for each structure an RMSD was determined for the alpha and beta carbons of the
specified active site residues. Next, the same SHARPEN designed mutant SAMT sans
theophylline were modelled 100x, and these 100 structures were relaxed and aligned to the WT-
SAMT structure and the RMSDs were determined. The total set of active site residues which
were targets for investigation were residues 10, 25, 57, 65, 98, 99, 129, 130, 147, 150, 151, 210,
225, 226, 255, 308, 311, 347. The set of determined RMSDs for a given pocket were compiled
into comparative histograms, and a two-sided Welch’s t-test was conducted on the RMSD
comparative histograms to investigate for statistically significant differences in mean RMSD
between SAMT with theophylline absent versus with theophylline present, with P-values < 0.05
considered statistically significant. An ANOVA F-test was conducted to investigate for
statistically significant differences in RMSD variance between SAMT with theophylline absent
versus with theophylline present, with P-values < 0.05 considered statistically significant.
Statistically significant differences were considered to be evidence of significant active site
perturbation dependent on the presence of theophylline. Statistical tests were performed using
the SciPy Python stats package, specifically scipy.stats.ttest_ind for the Welsh's t-test and
scipy.stats.f.cdf for the ANOVA F-statistic . Comparative histograms for each pocket can be

found in the Appendix.

Results

Comparative RMSD Modelling of Allostery
Results of the two-sided Welsh’s t-test showed significant differences between the means

RMSD when theophylline was present and when it was absent for pockets A, E, F, and I. The
results of the F-test showed significant differences between the RMSD variance when

theophylline was present and when it was absent for pockets A, B, E, F, G, and I. Combining
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these results indicates that pockets A, E, F, and I have the greatest potential for theophylline

dependent allosteric perturbation of the key active site residues in SAMT. The p-values for the F-

test and Welch’s t-test, as well as the absolute RMSD variance and mean RMSD both with and

sans theophylline are provided in table 6 below, in which pockets with both significantly

different mean RMSD and RMSD variances are indicated in green.

Table 6: p-Values for the F-test and Two-sided t-tests analyses of the RMSD Comparative Histograms
Pocket F statistic Welsh's t test variance no variance w/ mean no mean w/
p-value p-value Theo Theo Theo Theo

A 0.00167427 0.00014020 1.21231668 0.66832921 2.66264981 | 1.33601968
B 0.00321162 0.91741828 0.46022626 0.26482456 0.86811359 | 0.87293142
C 0.65234996 0.07419014 0.28569315 0.30915933 1.00310400 | 0.92987676
D 0.98180348 0.18046747 0.35852464 0.54742784 1.00544613 | 1.10034734
E 0.00007077 0.01410311 0.84424979 0.38845788 1.14626256 | 0.88912952
F 0.00079571 0.00470319 0.41898229 0.22056264 1.03810689 | 0.90004212
G 0.00000098 0.07867567 0.70979933 0.26711385 1.03294630 | 0.89547734
H 0.09153851 0.12679434 0.42608403 0.32569097 1.05818553 | 0.97321131
I 0.00000000 0.00023248 0.54087467 0.15039226 1.05296187 | 0.82982271
J 0.00357 0.000908 0.32080319 0.161139175 0.96884751 | 0.85298143

Enzyme Library Computational Design
The number of designs for pockets A-J were 90, 540, 250, 60, 110, 160, 830, 340, 50, and

20 respectively. After removal of mutations suggested less than 5% of the time, the total number
of possible libraries for pockets A-J ranged from as low as 27 for pocket-J to as high as
452,168,325 for pocket-G. Subsequent Pareto optimization reduced the number of possible
libraries by including only those which were Pareto optimized. The total number of Rosetta
designed variants, number of potential libraries, and total number of Pareto optimized libraries
for each pocket are detailed in table 7 below. Note that the total number of potential libraries

listed in the aforementioned table are the total number after the mutants which occurred at a
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frequency of less than 5% were removed due to those mutations which occurred at a frequency

of less than 5% not being considered as potential library constituents.

Table 7: Total Number of Potential Libraries for Each Pocket
Number of Modelled | Total Number of Potential Number of Pareto Optimized
Pocket . . . . .

Variants Libraries Libraries

A 90 99225 20

B 540 12252303 31

C 250 13395375 32

D 60 972405 20

E 110 205065 16

F 160 4306365 33

G 830 452168325 53

H 340 415256625 45

I 50 3444525 24

J 20 27 3

Pareto optimized libraries will be selected for each pocket based on expected screening
capabilities at the time of purchase, with larger libraries being possible once higher throughput
screening method is achieved via construction of the SA-repressed mNG expression plasmid.
Final library sizes for any pocket containing W226 will be twice as large as indicated by in the
Pareto optimized library due to the inclusion of the wild type Trp residue in addition to the
Rosetta determined mutations, and as such smaller Pareto libraries will be chosen for these
pockets. Figure 15 contains a sequence logo for the complete set of 540 modelled variants for
pocket-B and a sequence logo for the same set of 378 modelled variants which remained after
discarding mutations suggested at a frequency of less than 5%. Figure 16 shows sequence logos
for 5 different potential Pareto optimized libraries for pocket-B, with these 5 Pareto optimized

libraries including both the smallest and largest possible Pareto optimized libraries, as well as 3
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intermediate sized Pareto optimized libraries which would be within the size range plausible for

investigation with current screening methods.

166 226 229 233 248 251 253 308 312 315 316 320 328 329 332

A Residue Number

“| ]
V

Y

166 226 229 233 248 251 253 308 312 315 316 320 328 329 332

B Residue Number

Figure 15: Sequence logos for the entire computatinally determined set of mutations for pocket-B. Image (A) shows
a sequence logo for the enitre original set of computatinally determined mutations without any reductions, while
image (B) shows the same set of computationally determined mutations but after those mutations suggested at a

frequency les than 5% were eliminated. The relative heights of each letter are representative of the relative
proportion at which that mutation was suggested for at that residue site. For example, in (B) the ratio of M/I/V
suggested for residue 233 were relatively equal, while the ratio of P/T suggested for residue 253 shows a greater
protportion of P than T. The letters which are so small as to be effectively illegible in (A) reprent mutations
suggested at very low frequency, and which are absent from logo (B) as a result of the elimimation of low frequency
mutations. Logos made via Web Logo 3 [77].
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E Residue Number
Figure 16: Sequence logos for 5 different Pareto optimized libraries for pocket-B. Image (A) shows the sequence
logo for the smallest possible Pareto optimized library which would result in a single varient library which would
cover 24 of the 378 variants from the reduced original library. Image (B) shows the sequence logo for the smaller
Pareto optimized library that is reasonable with current screening limitations. This would result in a library of 32
varients which would cover 102 of the 378 variants from the reduced original library. Image (C) shows the sequence
logo for the medium sized Pareto optimized library that is reasonable with current screening limitations.This would
result in a library of 72 varients which would cover 140 of the 378 variants from the reduced original library. Image
(D) shows the sequence logo for the larger sized Pareto optimized library that is reasonable with current screening
limitations.This would result in a library of 108 varients which would cover 164 of the 378 variants from the
reduced original library. Image (E) shows the sequence logo for the largest possible Pareto optimized library which
would not be reasonable with current screening limitations.This would result in a library of 15,552 varients which
would cover all 378 variants from the reduced original library. It should be noted that the discrepancies between
column height between residue numbers are not indicative of sequences having discrepancies between sequences
sizes as all designed sequences spanned the entirety of the SAMT sequence. It should be noted that for residues
which show multuple suggested mutation types the heights of the letters in the logo are the same. Logos made via
Web Logo 3 [77].
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It should be noted that the sequence logos for the reduced original library and the largest
possible Pareto optimized library have the same variations indicated at each residue location;
however, the sequence logos for the Pareto optimized libraries do not indicate the ratios at which
the mutations were suggested while the sequence logos for the complete and reduced original
libraries do indicate the ratios at which each mutation type was suggested. This is because any
mutation suggested at a certain residue site at a frequency of greater than 5% was included in the
final library design which resulted in degeneracy within the reduced original library. However,
the subsequent Pareto optimization scripts removed these degenerate variants from the final
designs and ensured every variant in the Pareto optimized library will be unique. As such, in a
Pareto optimized library for residue sites containing variation the ratios of different mutations
will inherently be equal. This degeneracy in the reduced original library is why the number of
variants included in a Pareto optimized library can cover a larger number of the total variants
from the reduced original library. Table 8 contains one Pareto optimized library example for
each pocket, with that example being the one most in line with the current screening methods,
with the Pareto optimal library for pocket B being the same one as shown in Figure 16-c.
Mutations listed in this table correspond to the same residue IDs in the same numerical order as
described in table 5. A complete list of all Pareto optimized libraries for each pocket can be

found in the Appendix (Appendix Table 3).

Table 8: Example Pareto Libraries for Each Pocket
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Discussion

Library Design Rationale
With the previously discussed success at allosteric engineering by Deckert et al. as our

inspiration, our approach focused on attempting to cripple the active site of SAMT via targeted
mutations in such a way as to allow restoration of enzymatic structure and function upon binding
of theophylline. Deckert noted that they could only achieve enzymatic restoration when their
mutations occurred in what they referred to as “second-shell” residues, or residues which were
directly involved in active site catalysis, but which were proximal enough to active site residues
to cause a disturbance to the active site structure upon mutation. In contrast, mutations which
targeted active site residues were essentially fatal to the enzyme, with no recovery observed even
with saturation levels of indole [15]. For this reason, residues targeted for mutation were
primarily focused on these second-shell residues in SAMT, with attempted conservation of

residues believed to be essential to active site catalysis. Due to this precaution, second-shell
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residues targeted for mutation did not have the wild-type residue included in the final designed
library, as it was believed that these locations could withstand any incorporated mutations
without losing the potential for overall enzymatic recovery. For residues which were believed to
be viable mutation targets, but which also were suspected to be important to active site catalysis,
both the wild-type residue and the Rosetta-suggested mutant residue were included in the
designed library. For example, the Rosetta output for the Pocket-A designed library consistently
suggested a W226L mutation; however, due to the suspected high importance of Trp226 in
active site function, both Trp226 and Leu226 were included in the final library design.

Deckert solely utilized Trp to Gly mutations due to the fact it was necessary to make
enough space in their designed cavity for indole to successfully enter and bind. Due to the fact
indole is essentially a structural analog for the Trp sidechain, this highly aggressive mutation was
needed to ensure enough space was created to allow binding of indole in the created cavity [15].
Following this approach, we opted to limit our mutation pallet in a volumetric manner to ensure
theophylline had sufficient space for binding into the ultimate designed cavity. Due to the fact
theophylline is not an exact structural analog for a specific amino acid, there was no single
amino acid deletion which could have singularly accommodated the theophylline molecule, and
thus any cavity that could fit theophylline would necessarily require the mutation of multiple
amino acids. Due to this necessity, it was possible to be less aggressive in our singular mutations
than Deckert, and instead incorporate amino acids which were larger than Gly but still within the

volumetric constraints necessary to accommodate the theophylline molecule.

Computational Library Design
Computational design algorithms were designed in house by Dr. Christopher Snow and

PhD. candidate Jacob DeRoo. These design scripts were created in Python and utilized Rosetta
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for rapid investigation of the SAMT structure and its wild-type residues with respect to potential
changes in residue type and rotational isomer (a.k.a rotamers) [67]. Initial custom Python scripts
allowed for an investigation of the locations within the SAMT backbone which could spatially
accommodate a theophylline molecule, with these locations considered as possible locations for
the introduction of a theophylline binding cavity. Subsequent Rosetta Python scripts were used to
design a combinatorial optimized mutant library, as well as model potential allostery for the
different theophylline pockets. This information was then utilized to determine the final mutant
libraries which would be investigated for functional dependency on theophylline in the designed
SAMT variants.

First, a series of custom Python scripts were created to investigate where theophylline
could potentially fit within the C. breweri isoform of SAMT (PDB ID: 1m6e). The first script
took the spatial coordinate information for a theophylline molecule and created a 3D grid around
the molecule. This 3D grid was designed such that any point within 1.8 Aofa theophylline atom
was included in the grid, while those points greater than 1.8 A from any theophylline atom were
excluded from the final grid. The next script took the 3D grid representation of theophylline and
rotated that grid 360° in the X, y, and z directions to make a 3D gridded representation of all
rotational orientations a single theophylline molecule could exist in. The third script created a 3D
grid representation of potential space within the SAMT backbone to examine where theophylline
could possible fit within SAMT if side chains were absent but the backbone was fixed in place.
This was achieved by first mutating all residue in SAMT to glycine, then creating a 3D grid
representation of the resultant cavity space, with the grid active in locations without any

backbone atoms but turned off wherever a backbone atom existed.
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In addition, a 4 A exclusion zone was created around SA and SAE to ensure our
modelling of potential theophylline binding locations did not place theophylline too close to the
substrate or the coenzyme. To ensure the grid was solely representative of potential cavities
within SAMT and exclusive of any surface clefts, a 3D convex hull was created around the alpha
carbons of SAMT, and any locations which either fell outside of this convex hull or were closer
to the exterior of the hull than to any alpha carbon in SAMT were excluded from the final
determined 3D cavity grid. The final resultant 3D grid described locations within SAMT where
theophylline could potentially fit with the proper sidechain mutations. The final part of this
process was modelling docking of the theophylline molecule within the 1m6e cavity grid space
to investigate how complementary a theophylline molecule is to a theoretical position within the
cavity. This was achieved by scoring how complementary the theophylline molecule grid was to
a given location within the SAMT cavity grid. The complementary score is indicated by the
coloration of the theophylline molecules in figure 17 below, where more blue coloration is
indicative of greater grid complementation.

Investigation of these modelling results demonstrated that there were approximately 6
locations within the backbone of 1m6e in which theophylline molecules could theoretically fit
given the previously discussed imposed limitations. These pockets were further broken up into
10 final pockets, denoted as pockets A-J, with some pockets being created by segregating the
larger pockets into smaller sub-pockets based on the proximity of the theophylline poses to
groups of 1m6e sidechains and other theophylline poses. While this modelling was able to
demonstrate where theophylline could potentially bind within the backbone of SAMT, it did not

provide any information about whether these locations had potential allosteric interference with
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the active site; however, it was the first step in determining where potential induced allosteric

cavities could be designed within the SAMT structure.

Docked
theophylline

Pose Shape Complementarity Score

Figure 17. Computationally determined theoretical theophylline docking poses within the backbone of an 1mb6e
structure in which all residues had been minimized to glycine. The 5 clusters of theophylline poses shown were
subsequently broken down into the 10 individual pockets A-J via a manual investigation of individual theophylline
pose and 1m6e wild-type residue proximities.

Once theoretical docking positions had been determined, a custom Rosetta script was
used to determine which SAMT residue mutations and sidechain rotational orientations would
best accommodate a given theophylline pose. This script applied combinatorial optimization to
compare all possible side chain rotamers, as well as all possible residue mutations for residues
targeted for mutation as allowed by the mutation pallet for that wild-type residue type. This
comparison was based on which mutations and sidechain rotamers would best decrease steric
clashing between SAMT and a given theophylline pose. The modelling was then performed 10
times for all theophylline poses for a given pocket, and the set of suggested mutations for each

targeted residue within that pocket were compiled for further analysis.
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For target residues which were designed with a single consistent mutation, that
mutation was necessarily included in the final library design; however, for target residues which
were designed with multiple suggested mutations, a decision needed to be made as to which
mutations would be included in the final library and which would not. It would be possible to
include every suggested mutation variant; however, this would increase the number of
degenerate library members and cause a combinatorial explosion in which the number of
ultimate library members would simply be too great to realistically screen. While this approach
would ensure total coverage of all designed library members, and thus theoretically increase the
chances of a observing a successful library member, it would also create a library size so large
that screening would not be feasible given the financial and temporal limitations of the project.
In contrast, the library could have been limited to a minimal number of allowable mutations to
decrease the total number of library members to levels which could be easily screened; however,
this this would come at a cost of overall library coverage as it would only produce a single
library variant, and as a result would greatly decrease the chances of having successful
theophylline induced SAMT recovery. As limitations in total library size due to screening
throughput limitations made it infeasible to create and investigate all possible designed
mutations, only mutation which were suggested in at least 5% of the designs were maintained as
potential mutations to decrease the overall number of library variants.

To optimize the effectiveness of the screening process, a Python script was designed
which could determine the Pareto front with respect to library member coverage and overall
library size. When looking at a scenario in which two parameters are considered highly desirable,
the Pareto front will be the set of parameter pairings which optimize both parameters to such an

extent that increase of one parameter would result in a decrease in the other parameter [32]. By
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only considering mutation combinations which would result in Pareto optimized libraries, it was
ensured that the final library size would be small enough to reasonably screen while maximizing
the coverage of the library members for that given library size. Figure 18 shows the Pareto front
determined for pocket-B, with three examples of Pareto optimized libraries indicated in red. As
can be seen, the left-most indicated point is representative of a library which would cover 112
out of 378 Rosetta-designed library members (including some degenerately designed members)
whilst only requiring a total library size of 36. The center most indicated point is representative
of a library in which 140 out of 378 possible library members would be covered in a library with
a total size of 72, while the right most indicated point is representative of a library in which 164
out of 378 possible library members would be covered in a library with a total size of 108.
Because standard library screening procedures involve screening each member in triplicate, these
three potential libraries would require 108, 216, or 324 individual sample screens for the
respective potential libraries. In such a scenario, considerations must be made regarding the
accuracy, precision, time, and financial costs of the screening method, and whether the costs of

screening is worth the increased chances of successful screening hits.

Pareto Optimized Set of Variant Libraries for Pocket-B

400

Total Number of Library Members

X= 140 e
Vi
100 E;) | ©
Xj. N -
oY ¥=108
0 PP UIPOT PP Lo il S

50 100 150 2

Number of Total Rosetta Designed Variants Included in the Library

86



Figure 18. The Pareto optimized set of potential libraries for Pocket-B. The left-most indicated point
represents a library of size 36 which would cover 112 out of 378 proposed library members, while the right-most
point represents a library of size 108 which would cover 164 out of 378 proposed library members. The library
which would correspond to the left-most point would be easier to screen but would have a lower chance of
observing a successful screen, whilst the library corresponding to the right-most point would have a greater chance
of a successful screening event but would require more time and resources to fully screen.

Innovative Design Aspects
One of the innovative aspects of the computational approach to this project was the

imperfect structural match between our analyte molecule and the residues targeted for mutation,
and how that impacted the approach at creating the theophylline accommodating pockets.
Previous allosteric engineering approaches, such as the previously mentioned work by Deckert et
al. and by Rana et al, tended to utilize highly specific residue targeting to explicitly
accommodate their novel allosteric analytes. Deckert was able to mutate a single tryptophan
residue to glycine with confidence this mutation would create enough space for indole to bind in
the space formally occupied by tryptophan, while Rana was able to substitute explicit loops in
the transmembrane proteins from those known to be specific to Na* to those which were known
to be specific towards K™ [15,47]. In both these cases, the structural changes which were
necessary to achieve their modified allosteric abilities were already known, and thus the design
had very limited wiggle-room in which to vary their designs. In contrast, theophylline’s lack of
an amino acid structural analog meant that wiggle room was seen as advantageous as it would
theoretically allow more freedom for theophylline to move into the designed cavity. This
approach, deemed a “fuzzy design”, seems to be unique within the currently published

computational designed allosteric regulation approaches.
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Modelling of Potential Allostery
Due to the fact the allosteric switch is dependent upon movement within the active site

when theophylline binds to the allosteric site, having confidence that there was at least some
significant likelihood of this occurring was important prior to investing time and resources into
production and screening of the library for a given pocket. This was why the decision was made
to model each pocket in Rosetta and investigate for movement within the active site when
theophylline was or was not present. This process was performed using two custom Rosetta
scripts which investigated potential active site disturbance and recovery upon mutation of wild-
type residues and subsequent binding of theophylline. This was made possible due to the ability
of Rosetta to model mutations, the predicted movement of the SAMT backbone, and the
presence of three small molecules simultaneously. Since our allosteric switch design is
dependent upon allosteric binding of theophylline inducing a conformational change in the active
site of SAMT that would restore enzyme activity, knowing whether a specific theophylline
binding event could plausibly induce this change was important in predicting a given
theophylline pocket’s possible allosteric abilities.

The allostery investigating Rosetta script examined structural differences between critical
active site residues in a Rosetta designed SAMT mutant when theophylline either was or was not
bound to the designed allosteric cavity. This script investigated the RMSD between the backbone
alpha and beta carbons in specific active site residues of SAMT either with or without
theophylline present. The reason RMSDs were determined by looking at perturbations in the
alpha and beta carbons of the backbone and not the entire sidechain is due to the fact it is
backbone motion which is truly necessary for transmission of allostery. First, the spatial
information for the SA substrate and the coenzyme s-adenosylhomocysteine (SAH) — the

byproduct of SAM demethylation which was utilized by Zubieta to elucidate the original SAMT
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crystal structure — were extracted from the published 1m6e structure. These small molecules
were then spliced into the active sites of the Rosetta designed mutant SAMT structures. It should
be noted that there were slight perturbations of the exact position of these molecules in the
SAMT mutants relative to their positions in the published SAMT structure, but these
perturbations were not dramatic enough to be considered issues of concern.

A singular representative theophylline pose was selected from the center of each
individual theophylline pocket cluster to be used as the representative pose for that specific
pocket. This theophylline molecule was then allowed to dock anywhere within the specific
pocket cavity, and combinatorial optimization of theophylline docking and side chain rotamers
was performed 100x times. Due to the fact theophylline was allowed to move around in the
docking modelling events, and because there were 100 docking events modelled per pocket, the
single representative theophylline pose was used in place of analyzing all poses from a pocket
due to computational limitations and to prevent combinatorial explosion. The 100 designed
mutant SAMT for a given theophylline pocket pose were relaxed and aligned with the WT-
SAMT structure, and an RMSD was determined for a select group of critical active site residues.
Next, the same mutant SAMT, but this time with theophylline removed, was modelled 100x,
those resultant structures were relaxed and aligned to the same WT-SAMT structure, and the
RMSD was determined. This process was repeated for each theophylline pocket, and the RMSD
values for a give pocket were compiled into a histogram. RMSD histograms which indicated a
significantly higher RMSD when theophylline was absent compared to when theophylline was
present were taken to be indicative of potential for allostery in that theophylline pocket.

Active site residues that were investigated for potential allosteric translocation were 10,

25,57, 65, 98, 99, 129, 130, 147, 150, 151, 210, 225, 226, 255, 308, 311, 347. Because these

89



residues are active site residues that were deemed highly critical to substrate or co-enzyme
binding, significant perturbation of these residues upon the binding/unbinding of theophylline
was deemed to be evidence of a high potential for translating allosteric effects to the active site.
Residues closer to SA were considered better options for potentially inducing allostery due to the
fact SA makes fewer natural contacts with SAMT than does SAM. For this reason, it was
suspected that effective disruption of SA binding would be easier to achieve than would
disruption of SAH binding. As such theophylline pockets with evidence of potential allostery in
residues in contact with SA were considered to have greater potential than pockets which
affected SAH contacting residues.

The results of this comparative histogram of RMSD values indicated that pockets A, E, F,
and I demonstrated the greatest perturbation of the active site residues upon theophylline binding
and were thus determined to have the greatest potential for allostery according to the modelling
performed. However, this is only a modelling event, and as such it does not supersede basic
visual investigations of the theophylline pockets within SAMT which can demonstrate aspects of
the protein structure which cannot be properly modelled computationally. As such, despite
pockets A, E, F and I showing the greatest potential for allostery in the RMSD analysis, pockets
such as pocket B and H which demonstrated relative proximity to the active site and seemed to
have plausible routes for transmission of allostery when viewed in PyMol were considered more
viable for transmission of allostery and were thus still dominant in the initial investigation into
pocket allostery. These potential allostery routes which were observed in PyMol will be

discussed in greater detail in the next section.
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Initial Investigation into Pocket Allostery
Due to the high financial and resource costs associated with the procurement and

screening of a full enzyme library, it would be prudent to perform a preliminary investigation
into each pocket’s potential for transmitting significant active site allostery. For the overall
design to work, the initial mutations must disturb the active site to such an extent that enzyme
activity is crippled. If the induced mutations do not lead to a crippling of enzyme activity, the
ability to accommodate theophylline binding is irrelevant as the enzymatic production of MSA
would occur both with and without theophylline being present. As such, the ability for a given
theophylline pocket to transmit allostery to the active site can be initially investigated via
screening a select number of sample library variants from each pocket and observing for
disruption of enzymatic activity. If screening the representative fraction for a given pocket
demonstrates loss of enzyme activity, this would be taken as a sign that this pocket location was
indeed able to affect active site catalytic abilities and was thus a candidate for allosteric recovery.
If, in contrast, screening the representative fraction does not demonstrate clear loss of catalytic
abilities, this would be taken as a sign that this pocket was less likely to transmit allostery to the
active site and was not as viable of a target for induced allostery.

From all 10 theophylline pockets a total of 30 unique SAMT variants were selected, with
at least one variant included from each pocket. To determine which specific pocket variants
would be selected for these initial 30 variants, the results of the Rosetta allostery modelling was
used in conjunction with a visual inspection for potential allostery routes in theophylline-bound
SAMT in PyMol. This information was used to indicate which pockets showed the greatest
allosteric potential and thus deserved greater representation in the initial 30 investigatory
variants. From the visual inspection pocket-B demonstrated the most apparent route for allostery

due to its proximity to the alpha-helix containing residues 312-320, the sheet-helix containing

91



residues 248-253, and the beta-barrel containing residues 229-233, which are structurally
connected to SA contacting active site residues V311, Y255, and W226 respectively. Pockets C
and A shared these potential allostery routes with pocket-B; however, due to these pockets being
increasingly more distal to the active site than pocket-B, they were considered a less viable route
for allostery than was pocket-B. Pockets G and H both demonstrated potential routes for
allostery due to their proximity to residues 146-153 which coordinate directly with both SA and
SAM, as well as their ability to potentially disrupt coordination of SAM with residues 129-131
and 59-61. Pocket-F shared these potential allosteric routes; however, due it being more distal
from the active site it was also considered a less viable option for allostery than were the more
active site proximal pockets. Pockets D and E both demonstrated potential allostery in the
Rosetta analyses; however, in the PyMol inspection their highly distal positioning relative to the
active site showed no obvious routes through which this allostery might be occurring. For this
reason, these pockets were considered to show relatively low potential for allostery. Lastly,
pockets I and J both demonstrated no signs of allostery in the Rosetta analyses, and the only
possible visually observed route was via possible movement of the alpha-helix containing
residues 25-29 which interact with SAM, or possible interact with residues 143-145 which could
disrupt the position of active site residue Y 147. However, due to the highly distal nature of
pockets I and J relative to the active site, these potential allostery routes would need to be
translated across a relatively large distance and were thus considered highly unlikely to be
successful at inducing allostery. For easy reference, these pocket-specific routes of potential
allostery can be found in Appendix Table 1. For the aforementioned reasons, there were 8

variants selected from pocket-B, 4 each from pockets C, G and H, 2 each from A, D, and E, and

92



1 each from pockets J and 1. The variants selected from each pocket where those which would
cover the greatest number of Rosetta designs for that pocket.

The logic behind emphasizing the proximity of a theophylline pocket to the active site as
a major predictor of potential allostery was based on the idea that with greater distance between
the pocket and the active site allowed more opportunities for the predicted allosteric route to fail.
A metaphor for this would be the concept of falling dominoes where each domino in the path
must correctly hit the domino in front of it to facilitate the next domino falling, and where each
additional domino and each additional complexity in the pathway represents another possibility
for the falling “chain-reaction” to fail. In contrast, a pocket which was highly proximal to the
active site such as pocket B would be expected to have a more reliable transmission of allostery
from the pocket location to the active site, increasing the likelihood of successful theophylline
induced allosteric regulation. For this reason, when ranking theophylline pockets in order of
potential for success, the visual inspection in PyMol was considered slightly more relevant than
demonstration of allostery in the Rosetta modelling. Figure 19 shows the relative proximity of

each theophylline pocket to the active site of SAMT.
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Figure 19: A 2-D representation of SAMT with the locations of pockets A-J indicated. Of note are the
relative proximities between the pocket locations and the active site, particularly for pockets which share potential
physical routes for allosteric translation from the theophylline binding site and the SAMT active site. Pockets more
proximal to the active site are suspected to have a greater allosteric potential while those more distal from the active
site are suspected to have lower allosteric potential. This image was produced using PyMol and Inkscape software

[78,79]

These 30 selected variants will be commercially synthesized and individually sequence
verified to ensure a known sequence for every variant being investigated in this initial
investigation. Pocket samples which demonstrate a loss of enzymatic activity will be considered
to have the potential for allosteric recovery, and thus will have justification for procurement of a
larger library for that specific pocket. Pocket samples which do not demonstrate loss of
enzymatic activity will be considered less viable for transmission of induced allostery — although
not necessarily incapable of inducing allostery — and library procurement for that pocket will be
delayed until necessary.

A metaphor for this initial investigation is the act of prospecting an area for natural
minerals before deciding to invest in a larger mining operation. If a prospector’s investigation
shows there to be minerals in the area, that could be justification to assume there are more
minerals of interest in the area, and that investment in further mining is reasonable. However, if a
prospector’s investigation did not show clear enough evidence of minerals to justify mining, that
would not necessarily prove there are no minerals in the area, but further prospecting would need
to be done to justify investing in any large-scale mining. In our “prospecting” for potential
allostery, a lack of enzyme inactivation in variants sampled from a specific pocket does not
necessarily mean that pocket does not have the potential for transmitting induced allostery, but
simply that the variants selected from that pocket for the initial investigation did not explicitly
show allosteric potential, and that further prospecting is needed to justify working with that

specific pocket.
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These initial 30 variants will be transformed into E. coli and cultured in 10mL of culture
media at 28°C for 24-36 hours prior to screening via human olfaction. Any variants which
demonstrate olfactorily detectable levels of MSA will be deemed a negative hit due to their lack
of effective catalytic crippling in the absence of theophylline, while those which do not
demonstrate olfactorily detectable MSA will have their culture media sampled and analyzed via
HPLC. Minor amounts of activity in the absence of theophylline might be acceptable so long as
the levels are below even those observed under the theophylline riboswitch expression system.
Pocket survey variants which do show a lack of activity in the absence of theophylline will be
considered positive hits and indicators of allosteric potential for that pocket, and a larger site
directed combinatorial library will be ordered for that pocket. These libraries will be
commercially produced by TWIST Biosciences using their proprietary SOLD library

construction methods.

Conclusions
Currently no explicit conclusions can be drawn about the success of the computational

design process as any explicit conclusions are dependent upon the results of laboratory analyses
into the library variants. Once the initial investigation into pocket allostery via screening of the
initial 30 investigatory variants, and evidence for potential allostery in a pocket is demonstrated
by a clear crippling of the enzyme upon mutation, conclusions can be made about the potential
each pocket has for transmitting allostery to the active site. This initial investigation may not
provide clear evidence that the computational design process created allosteric pockets which
can facilitate theophylline dependent allosteric recovery, but it will at least allow conclusions to
be made in regard to a given pocket having the ability to effect active site function via

hypothetical disturbance of the active site. Once a larger library has been obtained and screened
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for theophylline dependent enzymatic recovery further conclusions can be made regarding the
success of the overall computational design process.

Conclusions can be made in regard to the effectiveness of the various custom design
scripts despite the lack of physical evidence for induced allosteric regulation. Both the Rosetta
and SHARPEN designs were able to computationally design large numbers of potential libraries
for each theophylline pocket, and the suggested mutations seemed logical when the mutant
structures were visually investigated in PyMol. The Pareto optimization script was successfully
able to reduce the number of potential libraries and provide a set of Pareto optimized libraries
which could be selected from with ease. The scripts for allosteric modelling were successfully
able to produce a set of RMSDs and the related comparative histograms for those RMSDs, and
while conclusions cannot be drawn regarding how successfully the comparisons were able to
actually model allostery, the statistical indications that some libraries had potential for allostery
while others did not suggests that the allosteric modelling scripts were able to draw out
statistically real information regarding differences between modelled SAMT active site structure
when theophylline was present or absent. The success observed in these scripts’ functionalities
may not provide definitive evidence that the computational design process will be successful
when tested in-vivo, but it does give confidence that the design process was based on valid

computational design scripts.

Future Work

Initial Investigation into Pocket Allostery
The initial 30 variants will be transformed into dam(-) E. coli and cultured in

10mL of culture media containing SA at 28°C for 24-36 hours prior to screening via human
olfaction. Any variants which demonstrate olfactorily detectable levels of MSA will be deemed a
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negative hit due to their lack of effective catalytic crippling in the absence of theophylline, while
those which do not demonstrate olfactorily detectable MSA will have their culture media
sampled and analyzed via HPLC. Minor amounts of activity in the absence of theophylline might
be acceptable so long as the levels are below even those observed under the theophylline
riboswitch expression system. Pocket survey variants which do show a lack of activity in the
absence of theophylline will be considered positive hits and indicators of allosteric potential for
that pocket, and a larger site directed combinatorial library will be ordered for that pocket. These
libraries will be commercially produced by TWIST Biosciences using their proprietary Spread-
Out Low Diversity (S.0.L.D.) library construction methods.

When it comes to commercially produced enzyme variant libraries, most companies
currently on market offer either a standard random mutagenesis library or more complex libraries
which have the ability to create site specific mutations with specific residue mutations and
specific residue frequencies. Because the variant library has been computationally designed with
site-specific suggested mutations, the best method for producing the desired libraries would be
these more complex library options, as this would prevent undesirable random mutations which
would not be expected to facilitate theophylline binding and drastically decrease the amount of
screening required as compared to a random mutagenesis library. We plan to utilize the S.O.L.D.
library preparation method offered by TWIST Biosciences due to the fact the S.O.L.D library
allows for the highly specific site-specific mutations at a specific ratio that are desired for the
library and was also determined to be the most price competitive company offering this service.
The S.0.L.D method will be used to produce a Pareto optimized library of a size which can be
readily screened with the current screening methods at the point of purchase, with larger libraries

possible once the high throughput screening method has been fully developed.
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Library Expression and Screening
Once the initial investigations into pocket allostery are completed and have informed as

to which pockets demonstrate the greatest potential for successful transmission of allostery,
complete pocket libraries can be procured and screened for loss of SAMT activity and
subsequent recovery of activity upon exposure to theophylline. The library will be produced by
TWIST and delivered in the form of linear dsSDNA which will be cloned into the pSC-b-amp/kan
backbone and then transformed into dam(-) E. coli and E. coli Nissle (and potentially other E.
coli strains if they are deemed beneficial), then screened for MSA production in the absence of
theophylline. As mentioned earlier, for the allosteric activation approach to have an effect, the
mutant SAMT must not produce MSA in the absence of theophylline. As such, only library
variants which do not demonstrate MSA production in the absence of theophylline will be
considered successful in the first round of library screening. The library variants which do
demonstrate a lack of enzymatic activity in the absence of theophylline will be graduated to the
next round of screening for theophylline conditional enzyme recovery. These variants will have
theophylline provided at various concentrations and production of MSA or lack thereof will be
investigated via both human olfactory screening and HPLC analysis of the culture media.

The HPLC method of tracking SAMT activity is the current validated method for
screening for enzyme activity, and it can be reliably used to investigate either the activity of
individual mutant variants or the larger enzyme variant library members. However, as previously
discussed, one of the detriments of HPLC analysis is the relatively long time required to produce
and analyze the necessary samples for even a single library variant, let alone analysis of an entire
library. One way to reduce the amount of screening required for a given library would be to do

initial culture screens for olfactorily detectable MSA due to the fact that if a mutant library
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variant was still able to produce MSA in the absence of theophylline subsequent allosteric
activation with theophylline would not be feasible. This will be a highly useful initial qualitative
screen for enzyme crippling upon mutation as it allows library members which have not been
crippled to be discarded from the subsequent HPLC screening process. Current plans for both the
initial investigation into pocket allostery as well as the investigation into the subsequent
complete pocket libraries plan to utilize this dual screening method to facilitate a more efficient
screening for SAMT inactivation due to mutation. This will involve culturing E. coli containing
the library variant to be screened in a 10mL liquid culture within a 15mL falcon tube, providing
these cultures with sufficient SA, and investigating these cultures for olfactorily detectable MSA
after approximately 24 hours incubation.

Once this initial screen for enzyme deactivation due to mutation is complete, those library
variants which displayed a loss of enzymatic activity will then be exposed to theophylline and
analyzed for recovery of enzyme activity. A dual-step screening process will occur in which
olfactory qualitative screens are used to initially investigate for recovery upon exposure to
theophylline, and subsequent HPLC analysis used on library variants which olfactorily
demonstrate significant MSA production. There is a chance a library member will have its
catalytic ability restored by theophylline but so poorly that MSA production levels are too low to
detect olfactorily. Because the overall purpose of the project is to demonstrate catalytic recovery
significant enough to produce olfactorily detectable concentrations of the signal odorant, library
variants which were technically recovered by theophylline but unable to produce qualitative
olfactory detection would still be considered “non-recovered” and would not be worth further

HPLC analysis.
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Directed Evolution
Once a full library has been purchased and screened for successful theophylline induced

allosteric recovery of SAMT activity, directed evolution techniques can be applied to those
successful library variants to produce SAMT expression strains with even greater enzymatic
activity or other desirable traits. This will be achieved identification and isolation of the
successful library variants, subsequent chemical induced random mutagenesis, and a final
screening of the mutagens for either increased SAMT activity or whatever other desirable train
we would like to select for. While an increase in overall SAMT theophylline dependent catalytic
restoration is expected to be the primary trait for which directed evolution would be focused on,
alternative traits which could be focused on include increased SA-tolerance, increased irp9
activity, or possible increased heat tolerance for potential use in sentinel animals with natural
body temperatures outside the temperature range of standard lab E. coli. For example, canines in
general have a higher body temperature than do humans, with healthy canine temperatures
ranging from 38.3 to 39.2°C [75]. As such, creation of SAMT expression strains of E. coli which
were evolved to function best within this temperature range could be a desirable trait to evolve

using directed evolution.
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CHAPTER 4: ANIMAL STUDIES

Introduction
Because the ultimate goal of the odor encoder project is application within the nasal

microbiome of trained odor detecting sentinel animals, testing the system in laboratory animals is
a necessity for final proof of concept. To achieve this, a training protocol was developed for
teaching handling-acclimatized Sprague Dawley rats to signal olfactory detection of MSA. In
addition, an investigation into the nasal microbiome of Sprague Dawley rats was performed to
better understand the microbiome environment in which we intent to inoculate our engineered
organism when eventual in-vivo animal testing occurs. The nasal microbiome information will
be used to help establish some basic information about the relative abundance of different
bacterial phylum within the natural nasal microbiome of Sprague Dawley rats, as well as
establish a proven protocol for the long-term tracking of nasal microbiome colonization and

clearance by upon inoculation with the engineered organisms.

Investigation into the Nasal Microbiome

Materials and Methods
To obtain intranasal samples, 50 pL sterile 0.9% NaCl was pipetted into each nostril of 4

isoflurane-anesthetized handling-acclimatized Sprague Dawley rats and samples were stored at -
20°C. Collected samples were aliquoted into halfs, and the DNA was extracted using one of two
separate kits manufactured by Macherey-Nagel, the bead-based NucleoMag DNA Microbiome
kit (Item # 744330.4) or the filter-based NucleoSpin Soil Microbiome kit (Item # 740780.50).
The DNA extracted from these two kits were both subjected to 16-s sequencing to compare
relative DNA extraction yields. Subsequent sample DNA extractions were performed using the

filter based NucleoSpin Soil Microbiome kit, and these new DNA samples were subjected to
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[lumina Next Generation Sequencing (NGS). [llumina NGS was performed by the staff at the
Colorado State University Sequencing Core, with quality filtering, read alignment, and taxonomy
assignments performed using the online QIIME?2 software and the Silva RNA sequence database.
Organisms were classified at either the phylum or genus level depending on the analysis.

After baseline microbiome analysis was performed, a single rat which was scheduled for
humane euthanasia due to development of a tumor was nasally inoculated with 100uL of an
overnight culture of S. carnosus cultured in Miller-LB. 24 hours post-inoculation, the rat was
sacrificed and the mucosal layer was sampled with a swab and lavage in 50uL of sterile 0.9%
NaCl, followed by shallow and deep tissue collection. DNA extraction, Illumina NGS, and
taxonomic abundance analysis were performed as previously described. This rat was not one of
the 4 rats from which the baseline investigation samples were obtained but was from the same

cohort of handling-acclimatized Sprague Dawley rats.

Results and Discussion
It should be noted that this investigation into the rat nasal microbiome was performed

with a focus upon identification and relative quantification of the phylum Firmicutes of which
the Staphylococcus genus exists because the original plan was to utilize S. carnosus as the
expression organism which would eventually be inoculated into the rat nasal microbiome. Since
the project has transitioned to E. coli Nissle as the expression organism, it would be ideal to redo
this investigation with a specific focus upon quantifying relative abundance of the phylum
Proteobacteria of which E. coli is a member. None the less, the information gained regarding the
background nasal microbiome is still relevant regardless of which expression organism is
ultimately in use, as are any insights gained about the increases in relative abundance of an

inoculum species post-inoculation.
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Protocol optimization for DNA extraction was necessary due to the relatively low biomass
environment of the rat nasal microbiome. This was why the initial samples had DNA extracted
via two separate kits, and the higher DNA yields obtained from the filter-based Soil
Microbiome kit were the justification for exclusively using that extraction kit going forward.

The baseline relative abundance investigation demonstrated that the Firmicutes phylum was
the most abundant phylum within the nasal microbiome in 75% of the rats sampled, and
represented greater than 35% of the nasal microbiome members for all rats sampled.
Proteobacteria relative abundance was less than Firmicutes in all rats sampled, but was still
observed in significant abundance in all sampled rats. Figure 20 shows the relative abundance

of 9 common bacterial phylum between the 4 sampled rats.
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Figure 20: Baseline relative abundance of different nasal microbiome phylum observed in 4 different Sprague
Dawley rats. The phylum Firmicutes of which S. carnosus is a member was the most abundant phylum in 75% of
rats, and was at a relative abundance greater than 35% in all rats sampled. The phylum Proteobacteria of which E.
coli is a member was observed in significant relative abundance in all rats, but represented no more than 25%
relative abundance in any rats sampled.
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Quantification of the relative abundance for S. carnosus was analyzed at the genus level,
with figure 21 showing the relative abundance of the Staphylococcus genus within the nasal
microbiome samples. Staphylococcus species represented no more than 4% relative abundance
within the nasal microbiomes of the 4 rats sampled. This demonstrates that Staphylococcus
species represent only a small percentage of the nasal microbiome despite the Firmicutes phylum

being a major representative fraction of the total microbiome.
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Figure 21: Baseline relative abundance of the genus Staphylococcus observed in 4 different Sprague Dawley rats.
Relative abundance of Staphylococcus species represented less than 4% of the total microbiome in all 4 rats
sampled, with one rat having essentially no observable Staphylococcus species within their nasal microbiome.

The investigation into the relative abundance of nasal microbiome organisms of a single
Sprague Dawley rat 24 hours post nasal inoculation with S. carnosus demonstrated Firmicutes
being the most abundance phylum in the swabbed mucosal sample as well as in both the deep
and shallow tissue samples, representing more than 30% relative abundance in all three sample
varieties. Firmicutes organisms were most abundant in the swabbed mucosal sample and lowest
in the shallow tissue sample. The Proteobacteria phylum was also showed a relative abundance

of greater than 15% in all tissue sample types but was lowest abundance in the deep tissue
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sample. There was no obvious trend showing a clear relationship between levels of relative
abundance for a phylum and the type of tissue sample, with the location of dominant abundance
for various phylum varying between the mucosal swap, the shallow tissue, and the deep tissue.
Figure 22 shows the relative abundance of different phylum within the different tissue sample
varieties as observed in the single Sprague Dawley rat 24 hours post-inoculation with S.

carnosus.
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Figure 22: Relative abundance of different nasal microbiome phylum observed in a single Sprague Dawley rat 24

hours post nasal inoculation with S. carnosus. The phylum Firmicutes was the most abundant phylum observed in

the mucosal tissue swabs, the shallow tissue, and the deep tissue, representing greater than 30% relative abundance
in all three tissue sample varieties.

In the 24-hour post inoculation tissue samples, the relative abundance of Staphylococcus
species in the mucosal swabs, shallow tissue, and deep tissue samples were approximately 37%,
5%, and 3% respectively (Fig. 23). The relative abundance of the Staphylococcus genus in these
samples were significantly higher than those observed in the baseline investigations, although the
access to both swabbed and tissue samples for the post-inoculation samples compared to just the

nasal lavage samples for the baseline investigation likely impacted the overall sample collection
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efficiency between the two assays. Furthermore, the rat which was inoculated with S. carnosus
was not one of the 4 rats used in the baseline investigation, and there is clear evidence that the
relative abundance of nasal microbiome phylum varies between individual rats. Therefore, we
cannot draw explicit conclusions about increases in relative abundance between the baseline
samples and the post-inoculation samples, but we can take the dramatic increase in the relative
abundance of Staphylococcus species observed between the single S. carnosus inoculated rat and
the 4 rats with non-inoculated microbiomes as a positive indication of potentially successful

nasal microbiome colonization by the inoculated S. carnosus.
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Figure 23: Relative abundance of the genus Staphylococcus observed in a Sprague Dawley rat 24 hours after nasal
inoculation with S. carnosus. Relative abundance of Staphylococcus species was 37%, 5% and 3% in the mucosal
swab, shallow tissue, and deep tissue samples respectively.

Conclusions
The results of the nasal microbiome relative abundance assay demonstrate that despite the

phylum Firmicutes commonly beings a dominant member of the natural nasal microbiome of
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Sprague Dawley rats, the genus Staphylococcus only represents a small percentage of the
Firmicutes species present in the natural nasal microbiome. The relative abundance of the
Staphylococcus genus was much higher in the rat which had been subjected to nasal inoculation
with S. carnosus which suggests inoculated S. carnosus are able to effectively colonize the nasal
microbiome of Sprague Dawley rats, although this will not be confirmed until comparisons
between baseline and post-inoculation relative abundance of Staphylococcus species are
determined for a single rat. This assay also demonstrated the superior ability of the filter-based
Soil Microbiome DNA kit to extract DNA from the relatively low biomass samples obtained
from the nasal microbiome lavage samples. This assay also demonstrated that there are
differences in the relative abundance of nasal microbiota members observed between the deep
tissue, shallow tissue, and mucosal layers of the nasal microbiome, although no clear trends in
these differences between phylum was observed. The genus level analysis should be repeated
with a focus on the Escherichia genus due to the transition to E. coli Nissle as the intended

expression organism.

Animal Training for Signaling of Olfactory MSA Detection
As the ultimate goal of the Odor Encoder project is to provide enhanced olfactory

abilities to trained odor detecting sentinel animals, it is imperative that the engineered biological
system is tested and proven effective in animals as a final confirmation of project success and
concept validation. A set of Sprague Dawley rats was select for this purpose and have been
undergoing training to specifically signal detection of MSA over the course of the project. This
effort has been led by undergraduate student Michael Burns utilizing a training protocol
developed in-house to train the rats to both detect MSA and successfully signal that detection.

This process has involved regular trainings in which rats are placed into an enclosure which
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contains two pressure activated levers, exposed to a puff of air either with or without MSA, and
allowed to press one of the levers, with one lever being specific to air samples with MSA and
another lever being specific to air samples without MSA.

Initially, there is an opaque barrier between the section of the training cage in which the
rats are initially placed and the section of the training cage which contains the pressure activated
levers. Rats are allowed to sit in this initial preparation chamber until they have adjusted to being
inside of the testing cage, with adjustment determined by the rats no longer being actively
investigatory towards the testing cage. During this time within the preparation chamber of the
larger training cage, there exists an diffuser within the preparation chamber which is constantly
emitting an diffused solution of theophylline such that the preparation chamber is believed to be
thoroughly saturated with theophylline before the removal of the opaque barrier. This ensures all
rats are exposed to theophylline during every training session regardless of the type of air sample
they are eventually exposed to. This is done to ensure the rats are being trained to specifically
signal detection of MSA and not detection of the theophylline which they will eventually be
exposed to during downstream testing for theophylline conditional enzyme expression or
activity.

Once rats have been allowed to adjust to the preparation chamber, a sample of air
containing either MSA or non-odorant-laced air is administered into the preparation chamber via
puffing the air sample through a small hole in the side of the chamber. This is done so that the
rats are not aware of air sample administration but are simply detecting what to the rats would be
a spontaneous presence of MSA. This should be similar experience to that which would occur
upon in-situ production of MSA in the nasal cavity as in this scenario the rats would not detect a

specific source of MSA but have in-situ MSA production such that their entire nasal cavity
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would be exposed to MSA and anything else they smelled afterwards would necessarily smell
like MSA. For this reason, the rats should not be trained to indicate “this object/space smells like
MSA” but simply to indicate “yes I do or no I do not smell MSA”. Whether MSA or a no-
odorant air sample is provided on a given day is determined via a coin flip to ensure randomness
in the training regimen and prevent any pattern in sample administration to influence the rats
behaviors.

Once the rats have been exposed to the air sample either with or without MSA, with
sufficient time allowed for the air sample to disperse within the preparation chamber and enter
the rat’s nasal cavity, the opaque barrier separating the preparation chamber from the lever-
containing response chamber is removed and rats are allowed to interact with the levers. As such,
it is act of removing this opaque barrier which poses the question to the rats “do you smell MSA
or not?”, and it is after the removal of the barrier that the rats are allowed to interact with the
levers and indicate detection of MSA or not. Figure 24 shows a rough depiction of the overall

training cage. The general training protocol can be found in more detail in the appendix.
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Figure 24: Training cage for the MSA-detection training process. The rear chamber is the preparation
chamber in which the rats are initially placed and exposed to both theophylline and the air sample variant for that
test. As such, the preparation chamber contains the theophylline diffuser and a hole for covert administration of the
air sample. The front chamber is the response chamber and contains the levers which are to be pressed upon removal
of the opaque barrier. The grey lever platform is associated with a no-MSA air sample, while the black lever
platform is associated with an MSA spiked air sample. The testing cage also has a lid (not depicted) to ensure the
theophylline and air samples do not simply diffuse out of the cage and into the surrounding environment. Graphic
creation credit goes to Michael Burns.

The rats were initially directed towards the correct lever for a given air sample via
presentation with a small food treat on the correct lever after exposure to the air sample in order
to develop an association between air samples with or without MSA and the respective correct
lever for that air sample type. Eventually this directing was ceased, and rats were allowed to
freely interact with either lever upon exposure to an air sample. Rats which interacted only with
the correct lever for that air sample type, and did so within a specific set time limit, were
rewarded with a food treat and that trial was counted as a “success”. In contrast, those rats which
interacted with the incorrect lever or did not interact with any lever within the time limit were
not given a treat and were counted as a failed trial. The success/fail rate for each rat was tracked
over time, with the time limit for lever interaction also decreased as training progressed, and rats
which showed clear improvements in their success/fail rate were considered to be successfully
demonstrating detection of MSA and were maintained for further training and downstream
animal testing. Those rats which did not show clear improvements in their success/fail rate were
considered to have not shown potential as MSA detecting animals and were thus removed from

future animal studies.

Future Work: Concept Validation via Testing in Trained MSA Detecting Rats
In the future, rats which have passed through this training program and have successfully

demonstrated their ability to detect MSA and signal that detection will be inoculated with E. coli

Nissle with expression plasmids containing either an allosterically activated cSAMT/GFP-irp9 or
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iISAMT/GFP-irp9 gene circuits and tested for successful in-situ production and subsequent
detection of MSA upon exposure to theophylline. These animal investigations should show
definitively that our genetically engineered strains of E. coli Nissle are able to successfully
produce MSA within the nasal microbiome of a trained odor detecting sentinel animal through
conditional expression via the theophylline dependent riboswitch or through conditional
activation via theophylline induced allosteric enzymatic restoration. For these future tests, E. coli
Nissle with non-theophylline dependent constitutively expression of SAMT would be utilized as
a genetically equivalent positive control of for in-situ MSA production, while E. coli Nissle
expressing the SAMT knockout mutant would act as a genetically equivalent negative control.
This final animal testing will not occur for a while due to the fact the rats are still undergoing
training now, in addition to the fact that the E. coli strains and related expression plasmids which
will ultimately be utilized for animal inoculation are still being developed. However, the training
is already underway, with significant progress already made in regard to development of and

optimization of training techniques and production of trained MSA detecting rats.
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CHAPTER 5: EXPANDED APPLICATIONS

Alternative SAMT Activator Analytes
While the hopes of the project are to design a crippled version of SAMT which has its

activity restored through theophylline induced allosteric activation, it is not expected that every
designed library member will actually produce these desired results. However, due to the fact all
of the allosteric cavities were designed to accommodate theophylline, there is a chance library
members which were not successfully recovered by theophylline could being recovered upon
binding of molecules with structural similarities to theophylline. For example, caffeine only
differs from theophylline by one methyl group (Fig. 25), is also odorless, and has a low vapor
pressure of 9.0x10”7 mm Hg at 25 °C [33]. For these reasons, caffeine would be an ideal
molecule with which to screen for enzymatic recovery of the library members which were unable
to be recovered by theophylline. This could be relevant considering caffeine is currently the most
consumed psychoactive compound in the world, and there is evidence in the U.S of caffeine and
caffeine metabolites — including theophylline and other structurally similar methylxanthines such
as paraxanthine and 1,3,7-trimethyluric acid — being urinarily excreted in significant
concentrations [34]. While caffeine usage by humans within recommended dosages is considered
safe, there are a number of metabolic functions which are affected by caffeine, and which can be
seriously impacted by heavy caffeine intake. These effects include psychological impacts of
increased anxiety, noticeable physical conditions such as tachycardia, and metabolic impacts
such as increasing the activity of CYP1A2 enzymes in some humans. In fact, toxic effects from
caffeine in humans often occur at levels above 15mg/L, although discrepancies do exist between

individuals [35]. As such, it could be important to investigate if caffeine contamination in the
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environment could be unintentionally impacting nearby human populations, or even for simple

tracking of environmental caffeine contamination due to exposure to human sewage systems.
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Figure 25: Structures of theophylline and caffeine. Note that caffeine only differs from theophylline by one methyl
group, with the location of difference indicated in red.

Furthermore, caffeine can be highly toxic to animals such as canines, with cases of
canines being lethally poisoned after consumption of ground meat containing 1% caffeine [36].
Canines have a oral median lethal dose (LDso) for caffeine of only 140mg/kg, while albino rats
have been shown to have a caffeine LDso of 367mg/kg [36,37]. This relatively high toxicity in
canines has led to instances of canines being intentionally poisoned by being tricked into eating a
single 200mg caffeine pill, the strength commonly found in over the counter human-intended
caffeine tablets [36]. Due to the fact the high use of caffeine within a population can lead to
unintended environmental exposure to caffeine, and due to the fact it can be so toxic to animals
including canines, it would be useful to have a ready method of detection for environmental
caffeine contaminations. This could be particularly useful in preventing sentinel canines from
being intentionally or unintentionally poisoned due to caffeine exposure while performing their
duties.

While molecules such as caffeine which share structural similarities to theophylline

would be an easy alternative molecule to potentially activate our theophylline-specific designed
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allosteric cavity, the idea of designing an analyte specific allosteric regulation system could be
expanded to any molecule of interest which has at least some of the aforementioned amino acid-
like physical characteristics possessed by theophylline. Some examples of molecules of interest
which could potentially match these criteria are fentanyl and rohypnol, both of which are
dangerous illicit drugs which are commonly found in drug searches. In fact, across the United
States overdoses due to fentanyl have been increasing, often due to fentanyl being mixed with
stimulants such as cocaine or methamphetamine without the user’s knowledge, with the number
of fentanyl laced cocaine samples increasing 300% between 2015 and 2016 [38]. This is
particularly dangerous for the police drug detecting canines, with overdoses due to fentanyl
exposure occurring often enough that police canine handlers have been trained to administer the
opioid-overdose reversing drug naloxone to canines upon potential exposure to fentanyl [39].
There is also clinical evidence that police canine handlers who are administering the naloxone
are prone to accidental exposure to powered drugs which may be on the canines themselves, with
internasal administration of naloxone shown to be more likely to contaminate the handlers than
intramuscular administration [40]. For all these reasons, having a system which could increase
the ability of police canines to detect fentanyl or other dangerous drugs in the environment could
be useful in preventing accidental exposure and/or overdose of fentanyl or other highly toxic
compounds for police drug detecting canines.

In addition to providing drug detection canines with the enhanced olfactory ability to
detect dangerous compound such as fentanyl through the detection of an allosterically expressed
proxy odorant compound, our enhanced olfaction system also comes with the benefit of allowing
increased sensitivity to low concentrations of these compounds due to the natural signal

amplification which occurs upon enzyme activation. Theoretically, it would only require a single
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analyte molecule to be present and bind the allosteric site to induce continued enzyme activity.
As aresult, a single activator analyte molecule could cause the activated enzyme to produce
large concentrations of the detectable odorant molecule, and a sample with a relatively low level
of analyte could still be olfactorily detected. This is particularly relevant for highly toxic
compounds such as fentanyl, as it would allow drug detection canines to be exposed to non-toxic
levels of these compounds while still producing enough odorant signal molecules for the canines

to detect.

Expansion into Non-animal Sentinel Species
While the current project applications are geared towards the enhancement of animal

olfactory detection systems, the concept of utilizing sentinel species is not limited to animals, but
can also include species such as plants, lichen, and theoretically even bacteria. Plant and lichen
have both been utilized as sentinels for environmental contamination, monitoring for
atmospheric pollutants, water contamination, or biological pathogens [41,42]. These sentinel
species tend to be naturally occurring species which display characteristic responses to specific
environmental changes, and as such they are limited to those species which naturally undergo
phenotypical changes under these specific conditions [41]. However, through the application of
the same engineered allostery concepts being utilized to create the enhanced olfactory system, a
similar analyte-specific enzyme activation system could be applied to plant or lichen sentinel
species to produce an observable signal in the presence of the chosen analyte. For example, if
there was concern for a hazardous industrial chemical leaching into the environment, a plant or
lichen species could be engineered so that the chemical of concern allosterically activates a
fluorescent reporter protein, a pigment producing enzyme, or even an odorant producing enzyme

such as SAMT. As a result, when the chemical of concern was present in the environment, the
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sentinel species would either become fluorescent, experience a color change, or begin to produce
a noticeable odor respectively. This is just one possible example of how the concepts developed
in the enhanced olfaction project can be expanded to plant and lichen sentinel species.
Expansion of this technology to create bacterial sentinel species would be even more
straightforward due to the fact this project has already developed these expression systems in E.
coli. The current system has been designed to produce MSA in the presence of theophylline,
which means a simple culture of these engineered E. coli could be exposed to a sample suspected
to have theophylline in it and produce a detectable amount of MSA if theophylline was indeed
present in the sample. By simply altering the activation analyte from theophylline to another
chemical of concern, this simple bacterial culture method could be an easy way to screen
environmental samples for the chemical of concern and have an easily olfactorily screening
method. What’s more, this method would not require further engineering of the genetic
components necessary for successful genetic expression in plant or lichen species but would
simply be able to incorporate alternative allosterically regulated engineered enzymes into the

current E. coli verified plasmid expression vectors.

Non-Sentinel Based Applications
While the current discussion has revolved around using engineered allostery to provide

enhanced abilities to sentinel species, this same technology can be broadly applied to produce a
variety of novel allosteric enzyme regulatory systems. Any enzyme could theoretically have this
concept applied to it with any activator analyte which fits the necessary biochemical stipulations.
One theoretical example of this would be creating an allosterically regulated enzyme for use in
enzyme replacement/supplementation therapy. This enzyme could be engineered for activation

by an artificially supplied drug, or by a relevant endogenous metabolite, resulting in a system
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which could produce highly regulated and rapid activation of the therapeutic enzyme either on
demand or under specific biochemical conditions. Another theoretical example could be
engineering of a biofilm which could have specific metabolic enzymes activated in the presence
of specific environmental pollutants. Biofilms are commonly used in water and sewage treatment
systems for their ability to metabolize pollutants out of aqueous solutions, with the variety of
species which makeup a biofilm providing that biofilm’s filtration abilities [43,44]. By
engineering pollutant specific allosteric activation systems into the organisms which constitute a
biofilm, a customizable biofilm could theoretically be created which would be able to have any
desired metabolic activity activated by a pollutant molecule of interest. This could even be
combined with the sentinel species technology to create novel biofilms which are both uniquely
detoxifying and able to signal the presence of toxins in the fluids they filter. Ultimately, any
enzyme for which highly specific activation conditions would be desirable could theoretically be
processed through the same design pipeline as was used for production of the enhanced olfaction
system, and the result would be an enzyme with novel, unique, and situation-specific allosteric
regulatory abilities.

In addition to the ability to regulate enzymatic catalysis, allosteric regulation can regulate
conformational behaviors of non-enzymatic proteins as well. As such, the technology of
engineering allostery could be applied to control of proteins for which conformational changes
are important to ligand binding. One theoretical example of this could be a conditional scaffold
protein which has its aggregation and polymerization events regulated via binding of a chosen
allosteric activator. Considering protein polymerization is dependent upon conformational
complementation by the various monomers, having monomers which were unable to polymerize

in the absence of a specific allosteric activator molecule could be a useful way of regulating the
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formation and breakdown of protein scaffolds or other protein polymers. Given the wide-ranging
applications of proteins in industry, medicine, and general scientific research, having the ability
to create allosteric regulatory systems which are specific to chosen analyte molecules could have
wide ranging impacts in the overall field of protein engineering and metabolic regulation.
Another interesting application of this technology is the simple utilization of MSA
producing E. coli for the benefit of biological researchers. As anyone who has worked with E.
coli can attest, the metabolism of most lab strains of E. coli results in the production of highly
indolic metabolites which are usually considered unpleasant to smell. Having a strain of E. coli
which can naturally produce and secrete a desirable odorant molecule such as MSA could be an
attractive way to reduce the odors associated with E. coli metabolism, thereby creating a more
pleasant work environment for the numerous biological researchers who utilize E. coli as their
model organism of choice. While this may not be the most impactful to the wider community,
and pleasant-smelling E. coli may not be of necessity in the same way as an enhanced olfactory
detection system is, production and marketing of MSA producing lab strains of E. coli would be

relatively simple and could be an additional financially lucrative avenue for this technology.

Nasal Microbiome Expression System
Outside of the enzyme specific innovative components of this project, the work of

engineering the nasal microbiome in such a manner is so-far unprecedented. The microbial
makeup of the nasal microbiome has been shown to play a role in general human health, with
healthy microbiota preventing colonization by potentially pathogenic bacterial species. In
addition, competition between non-pathogenic nasal microbiota and the pathogenic species
Staphylococcus aureas has been utilized to treat S. aureus infections by allowing microbiota

species which can secrete compounds which kill S. aureus and prevent further infection. For
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example, some Corynebacteria species such as C. pseudodiphteriticum were shown to inhibit
growth of S. aureus, and downregulate genes involved in S. aureus colonization and virulence. In
contrast, the species C. accolens was shown to increase S. aureus viability. In addition, many of
the competitive regimes seen between S. aureus and other nasal microbiome species were shown
to be dependent on specific metabolic conditions such as iron or methionine availability, with
some Staph species showing competitive inhibition when iron levels were limited which could
be reversed via supplementation with iron [71]. By engineering nasal microbiome members to
engage in specific metabolic processes, an engineered microbiome organism could directly affect
the chemical nature of the nasal microbiome to prevent colonization by pathogenic organisms.
This would in essence be a nasal probiotic which could be used to create and maintain a healthy
nasal microbiome.

Another example of how engineering the nasal microbiome to control overall microbiota
variation could be beneficial can be found in the links between nasal microbiota and asthma.
There is clinical evidence of statistically significant differences in the ratios of common nasal
microbiota between non-asthmatic, non-exacerbated asthmatic, and exacerbated asthmatic
individuals. Not only were the overall levels of nasal microbiota members higher in asthmatics
compared to non-asthmatic individuals, but there were significant differences in the ratios of the
microbiota members investigated between individuals with exacerbated and non-exacerbated
asthma [72]. An expansion of the previously mentioned method of controlling the nasal
microbiome makeup via engineering of competitively advantageous non-pathogenic nasal
microbiota members would be to explicitly control the nasal microbiota of asthmatics to reduce

their risk of experiencing exacerbated asthma conditions. While this may not be able to
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completely reduce the risk posed by asthma, it could be a useful way to apply the nasal probiotic
concept to provide increased protection from severe asthma episodes.

A final interesting expansion of nasal microbiome engineering could be engineering nasal
microbiota members which secrete medically useful compounds. For example, there is clinical
evidence that nasally administered insulin can improve the cognitive functions of individuals
with Alzheimer’s. This is believed to be partially due to the nature of insulin in the brain and its
ability to readily pass the blood brain barrier when administered intranasally, although the
underlying mechanisms behind this phenomenon are not well understood [73]. Still, there is
interest in improving the intranasal administration of insulin, and the engineering of an insulin
secreting nasal microbiota member could be an effective way of achieving this goal. This could
be a system in which insulin was constitutively expressed and secreted at low levels appropriate
for a continuous secretion, or one could adapt the allosteric activation method used for the
enhanced olfaction project and create an organism that only produced insulin when exposed to a
specific activator molecule, that molecule being delivered via simple inhalation or nasal spray.
And while this concept is based on the clinical evidence that nasally administered insulin can
improve Alzheimer’s symptoms, this could possibly even be used as an alternative to the current
injection method for providing insulin to type-1 diabetics, although much work would need to be

done to validate this concept and fully develop this system.

Covert Communication
A final potential application of this technology which could be particularly attractive to

the Department of the Navy or other U.S. military institutes is the potential for a olfactory based
covert communication system. Successful covert military operations depend on maintenance of

secrecy, and often utilize undercover agents who are not at liberty to openly communicate with
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one another. For instances such as this, it would be useful to have method by which these
undercover agents could communicate with one another, and which would necessarily only be
detectable by allied agents. One possible example would be the application of a “signal cologne”
which would be indetectable to normal human olfaction, but which could be detected by allied
agents who had been inoculated with the appropriate engineered organism. Another possible
example would be a covert “scratch-and-sniff” signal in which an invisible activator molecule
could be applied to a specific location on a document or object, and which an agent would know
to sniff to covertly receive an odor-specific informative signal. This method of covert
communication would be invisible, inaudible, highly specific, and only detectable by allied

agents, allowing safe and effective communication between covert agents who must maintain

their covert status while still communicating effectively in real time.
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CHAPTER 6: OVERALL PROJECT CONLCUSIONS

General Conclusions
This project has demonstrated an effective and reliable workflow for expression of

SAMT in E. coli and subsequent enzyme activity analyses via HPLC. The validation of HPLC
methods for tracking in-vivo enzymatic activity is particularly noteworthy due to both the
integral role it plays in the odor encoder project, and as a validation for the HPLC technique as a
method for tracking changes in small organic molecules that occur in a liquid sample over time.
This allows HPLC to be applied to measurement of many enzymes in a in-vitro method which
only relies on tracking depletion of substrate and/or production of product, as well as applying
HPLC to numerous possible non-biological processes such as determining degradation of a
molecule in solution over time or under various conditions. HPLC is fairly straightforward, and
while the initial machinery and software is not cheap to purchase, once it has been obtained the
major costs of HPLC use are in the sample preparation methods, and these costs do not seem
particularly prohibitive. As such, it is recommended that HPLC be considered for any process
which may benefit from tracking the changes in chemical concentration over time.

The project has demonstrated successful development of design scripts which can model
the physical structures and interactions between an enzyme and multiple small binding molecules
in order to perform combinatorial optimization to produce combinatorically designed mutant
enzyme variants which stand up to visual inspection in PyMol. However, the overall validation
of the script’s successful designing of theophylline binding pockets is unable to be determined
until the laboratory screening of designed libraries for theophylline conditional catalytic

restoration has been performed. In addition, the script for determining the set of Pareto
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Optimized libraries from a larger computationally designed set of libraries was successful in
producing easily digestible sets of Pareto optimized libraries when provided with the raw
original design data. The script designed to investigate differences between SAMT structure
when theophylline either was or was not present was able to produce comparative histograms
that captured statistically real trends in RMDS variations between theophylline conditions,
although the overall validity of this investigation will require laboratory testing of the libraries
from the various pockets. In general, any positive indications of potential theophylline binding
induced allostery which are produced from computational algorithms are inherently just
modelling events and may not match the physical results observed upon laboratory testing, and
as such all of the computational design scripts require physical laboratory data for complete
validation.

Constitutive expression of SAMT in E. coli was able to result in enough SAMT
production that MSA production could be detected both via HPLC quantitative analysis and
human olfactory qualitative analysis. Induced expression of SAMT via use of the theophylline
dependent riboswitch was able to successfully result in expression of SAMT and production of
MSA in significant enough levels to be detected by both HPLC and human olfaction, but with
MSA production being significantly less than that which is observed with constitutive
expression. However, this is to be expected and is in line with previous reported relative
expression levels for theophylline riboswitch expression methods. Non-induction of theophylline
riboswitch dependent expression systems did still result is some SA consumption, but at no point
was MSA production great enough to be measured via HPLC or definitively detected via human
olfaction. This shows that non-induction seems to be successful at preventing significant enzyme

expression or activity, although MSA production at levels low beneath the threshold for HPLC
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or human olfactory detection might still be within the range of rat olfaction and thus must be
monitored for unexpected signs of trace MSA production. If it is desired to increase overall MSA
production in the theophylline riboswitch expression system, various previously discussed
metabolic engineering approaches could be made to achieve this goal such as directed evolution
or upregulation of metabolic pathways involved in SAM biosynthesis.

The full circuit system that includes both SAMT and irp9 genes was able to show
successful production of SA and MSA; however, the significantly higher levels of MSA
production which occurred in conjunction with glucose spiking indicates this expression system
has not yet been perfected and could be greatly improved via further metabolic investigations
and engineering. Investigations would need to be performed to determine what role supplemental
glucose plays in increasing MSA production and how to engineer strains which are optimized
with respect to the elucidated glucose-impacted metabolic pathways. This may be particularly
necessary for the eventual in-vivo use in the trained MSA detecting rats as these rats will likely
not have an artificial glucose spiking of the nasal microbiome occur post-inoculation and thus
will be solely reliant upon the engineered organism’s endogenous glucose production to provide
enough glucose for high-level MSA production. However, there is also the possibility the lower
level of MSA produced in the absence of an artificial glucose spiking would be enough for the
trained MSA detecting rat to detect, thus eliminating the need for producing an MSA upregulated
strain. Future work in this regard will thus depend on the results from future animal studies and
cannot be explicitly determined at the moment of thesis submission.

Progress in the animal training so far seems positive and indicative of certain rats
demonstrating increasing abilities to signal the presence or absence of MSA; however, as the

initial training process is still in progress and the data so far collected is fairly limited, no real
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conclusions about the animal training process can be made until the training has reached a point
where the data supports making statistically significant statements in regard to each rat’s MSA
detection success/fail rate. Despite this, the successful design of the training cage and
development of the training protocol were significant steps in allowing the animal training to
proceed as smoothly as it has thus far and should be noted as points of success in the overall
project

The investigations into the nasal microbiome of Sprague Dawley rats have provided
baseline information that has been informative when forming a highly generalized picture of the
natural rat nasal microbiome. The first notable success was demonstrating an ability to extract
DNA from small volume intranasal lavage samples taken from the low biomass environment of
the rat nasal microbiome, as well as determining which DNA extraction kit would work best for
such low biomass samples. In addition, the NGS sequencing results provided solid insights into
the nature of Sprague Dawley rat nasal microbiomes. While the relative abundance of the
different phylum and the Staph genus varied between rats, the overall trends of relative
abundance were essentially the same between all rats sampled and gives a good general idea of
the relative abundance of each phylum and the Staph genus likely to occur in all Sprague Dawley
lab rats held in this particular laboratory facility. However, the due to the fact longitudinal
studies into individual rat nasal microbiomes have not been performed yet, no clear conclusions
can be made in regard to how the relative abundance of each phylum or the Staph genus might
change upon artificial inoculation with S. carnosus. It also prevents conclusions from being
made into how the relative abundance of each phylum or the Staph genus might vary between the
mucosal swab, shallow tissue, and deep tissue samples between different rats or for a single rat

pre and post inoculation with S. carnosus. Lastly, these investigations into the nasal microbiome
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were performed with a focus upon S. carnosus whereas they should be reperformed focusing on

E. coli due to the transition into E. coli Nissle as the new expression organism.

Innovative Aspects of the Project
One of the innovative aspects of the computationally designed enzyme allostery is that

this is the first known example in which this approach has been designed to produce an odiferous
enzyme product. As previously mentioned, the work which inspired this by Deckert et al. was
used to produce an indole induced allosteric activation of B-glycosidase and B-glucuronidase,
neither of which produce highly volatile and odiferous compounds [15]. The previous work by
Rana er al. was able to change the allosteric activator of their enzyme, but once again this
enzyme did not produce an odiferous compound, nor was it’s activity fully crippled and restored
in the manner used by Deckert and in this project [47]. As such, this will be the first time an
enzyme with a volatile odiferous product will have been crippled and then allosterically revived
to such an extent that the restored enzyme activity can produce clearly detectable levels of

odorant.

Another innovative aspect of this project is that it is the first known example of an in-situ
expansion of natural olfactory abilities. As previously mentioned, current methods of enhancing
olfactory detection include electronic detectors, spiking of the odorless compound with a distinct
and easily detectable odorant, or harnessing of the expanded natural olfactory ranges of trained
odor detecting animals. While these methods have all proven effective at detecting their odorless
compounds of interest, none involve an explicit in-situ production of an odorant molecule within
the nasal cavity of an animal. This in essence replicates the principles of enhancing olfaction

which are used in the spiking of odorless compounds with odorants, but does not require a
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pretreatment of the odorless compounds with a odorant and allows the technology to be applied
on demand with respect to both time and location. This on-demand application and ability to
detect the odorless compounds wherever they may be present would be a necessity for trained
odor detecting animals to perform screening of unknown samples which potentially contain

odorless targets of interest.
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APPENDIX A: SUPPLEMENTAL RESULTS AND DISCUSSION

Adaptive Evolution of High-SA Tolerant E. coli Strains

Material and Methods
E. coli Nissle and dam(-) E. coli without plasmids, and dam (-) E. coli with either pSC-b-

amp/kan/mNG or pSC-b-amp/kan/(PlacZ)_SAMT were inoculated into in SmL TB or 5SmL TB +
100ug/mL carbenicillin for the no-plasmid or plasmid strains respectively. SA was added to a
concentration of 1mg/mL and cultures were incubated at 28°C while shaking at 210 rpm.
Cultures were allowed to incubate until cell density resulted in the growth media becoming
translucent to the eye, the density considered significant, at which point the culture was used to
inoculate (1:100 (v/v)) a new culture of the same SA concentration. This process was repeated
until significant density was reached in 24 hours for 3 subsequent rounds of subculturing, at
which point the concentration of SA was increased by 0.5mg/mL. This process was repeated

under increasing concentrations and is still actively in progress.

Results
At the point of thesis submission the adaptive evolution cultures were able to survive in

SA concentrations of 6.0 mg/mL and 5.5 mg/mL for the no-plasmid strains and the dam(-)
w/plasmid culture lineages respectively, each of which have been glycerol stocked for posterity.
Sequencing of plasmid and chromosomal DNA for all adaptive evolution strains still needs to be

done.

Discussion
The adaptive evolution process demonstrates the basic principles behind adaptive

evolution in that the E. coli subjected to the high [SA] cultures demonstrated increasing tolerance
to SA overtime. When the adaptive evolution process began, the limit at which the E. coli were
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able to survive was approximately 1.0mg/mL SA, and growth at that concentration took over 48
hours of incubation at 28°C to reach significant outgrowth. As cultures were continually
incubated and sub-cultured in the high [SA] cultures, they eventually displayed increased rate of
growth such that significant outgrowth in 1.0mg/mL occurred within 24 hours of incubation at
28°C, demonstrating the culture lineages had developed an increased tolerance to SA through
some undetermined method. As the concentration of SA was increased over time, this same trend
of significant outgrowth reached in approximately 48 hours upon initial increases in SA, and
significant outgrowth within 24 hours after numerous rounds of sub-culturing. The number of
rounds of sub-culturing which were necessary to reach significant outgrowth in 24 hours varied
between the various concentrations of SA, but there was no obvious trend to these numbers.

It was observed that sub-culturing into higher SA concentrations was more successful if
the cultures which displayed significant outgrowth in 24 hours were allowed to incubate for an
additional 24-48 hours after reaching significant outgrowth. When this occurred, the time
required to reach significant outgrowth for the first sub-culture into increased [SA] was
approximately 24 hours less than when the sub-culturing event happened without allowing the
additional time to culture after reaching significant outgrowth. The reason for this trend is
unknown, but one hypothesis would be that allowing additional time to incubate in media that is
slowly losing its nutrient content could be leading to a greater rate of genetic mutation or
metabolic regulatory changes which results in more rapid adaptive evolution. However, further
investigation needs to be done to draw any clear conclusions as to how the adaptive evolution
process is occurring on a molecular basis.

The observed increase in tolerance to SA in the adaptive evolution strains is promising in

that is allows both a higher level of artificial spiking with SA for in-vitro metabolic assays and
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allows the upregulation of irp9 in the SA producing strains of E. coli, both of which should allow
for a higher level of MSA production so long as other metabolic considerations are met. It should
be noted that in the glucose spiked cultures expressing pDF-(PblaZ)cSAMT/GFP-irp9, the levels
of SA produced in both cultures was relatively similar while the glucose spiked culture produced
significantly more MSA. This indicates that just increasing the concentration of SA is not
sufficient to increased MSA production, but this does not change the fact that having additional
tolerance to the substrate allows for further downstream development of metabolic routes for

increased MSA production.

S. carnosus Plasmid Curing
Materials and Methods
5x SmL cultures of LB inoculated with S. carnosus containing pCT20 were incubated at 40°C

while shaking at 215rpm. Cultures with significant outgrowth such that cultures were translucent
upon visual inspection were used to inoculate fresh SmL cultures of LB at a 1:100 inoculum
level. Upon every subculturing event, 100uL of culture was plated on both LB/agar with
15ug/mL chloramphenicol and non-selective LB/agar and incubated at 37°C until colony growth
was observed on the non-selective LB/agar plates. This process was repeated until colony growth
was observed on non-selective plates but not on chloramphenicol laced plates. Colonies were
selected from the final non-selective plates and streak-plated onto both non-selective and
chloramphenicol laced plates. Streak-plated colonies which grew on non-selective media but did

not grow on chloramphenicol media were considered to be fully cured and glycerol stocked.

Results and Discussion
The curing process was ultimately believed to be successful in production of a plasmid-

cured strain of S. carnosus due to the cured S. carnosus meeting the standards for proof indicated
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in the methods for this assay, and due to a lack of banding in a subsequent gel electrophoretic
analysis of a plasmid purification miniprep product for the cured S. carnosus. It is worth noting
that there were some previous issues in successful miniprep of the S. carnosus which did have
plasmids in them, with the resultant purified plasmids being very low in concentration and
showing unexplained degradation after even brief storage at -20°C. As such, there is the
possibility that there were still plasmids in the “cured” S. carnosus but that these plasmids were
either too low in concentration or too degraded to show up in the gel electrophoretic analysis.
However, this is also in no way indicative of the curing not being truly successful but is simply

something to keep in mind in case future work shows unexpected plasmid recovery.

Attempted pSC-b-amp/kan/(PblaZ)iSAMT/GFP-(AmyP)irp9 Plasmid Construction
An attempt was made by Ethan Shield to insert the iISAMT/GFP-irp9 gene circuit into the

pSC-b-amp/kan backbone; however, subsequent sequencing indicated that the gene circuit was
inserted backwards and as such there was no expression of the gene circuit with this plasmid. In
the future, attempts will be made to correct this issue and create a functional pSC-b-
amp/kan/(PblaZ)iSAMT/GFP-(AmyP)irp9 plasmid.

Technical Issues of Note

Inability to Successfully Observe Plasmid Expression in S. carnosus
Initially the project plan was to utilized S. carnosus as the nasal microbiome expression

organism due to the benefits of S. carnosus discussed earlier; however, an inability to
demonstrate expression of the E. coli produced expression plasmids in S. carnosus led to the
transition into E. coli Nissle as the expression organism. It is not known if the lack of expression
observed in S. carnosus was due to a lack of successful expression of the E. coli expressed

plasmids despite these supposedly being E. coli-Staph shuttle vectors, or if there was simply a
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failure to transform the plasmids into S. carnosus in the first place. Due to S. carnosus being a
gram-positive bacterium with a thick peptidoglycan cell wall, heat shock transformation of
chemical competent cells was not an option and instead electroporative transformation was
required. While electroporative transformation of Staphylococcus species has been reported in
various literature, the in-house achievement of electroporative S. carnosus transformation was
unable to be confirmed despite numerous attempts. In contrast, the techniques for transformation
of E. coli are well established and validated and project members were already experienced
working with E. coli. For that reason, the transition into E. coli Nissle was chosen to prevent any
workflow bottlenecks associated with S. carnosus. Despite this change, it would be ideal to
eventually return to S. carnosus as the model organism for its benefits in application when

compared to E. coli such as desiccation tolerance and lack of significant indole production.

Difficulties in Measuring Gaseous MSA
One issue that was unable to be overcame by the point of thesis submission was the

inability to directly measure the gaseous concentrations of MSA in the headspace of the MSA
producing cultures. While the presence of gaseous MSA was able to be confirmed and a
qualitative relative concentration was able to be determined via human olfactory screening, and
MSA accumulation in the culture media was able to be confirmed via HPLC, measurement of the
gaseous MSA which was escaping into the headspace or outside atmosphere was unable to be
achieved. This was simply due to a lack of a clearly established method for which to measure
gaseous MSA concentrations. While the amount of MSA which evaporated out of solution
should theoretically have been calculatable via application of conservation of mass wrt the 1:1
stochiometric conversion of SA to MSA by subtracting the remaining concentration of SA and

the accumulated concentration of MSA from the initial concentration of SA. However, due to the
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lack of perfect accuracy that is inherent to HPLC analysis, there would be some error in these
calculations. As ultimately only consumption of SA was required to demonstrate enzyme
activity, and proof of MSA production could be proven via the detection of MSA in the culture
media, the inability to directly measure gaseous MSA was not deemed a critical issue to
overcome in order to achieve project success. However, it would be ideal to eventually develop a
method for direct measurement of gaseous MSA concentrations in order to obtain quantitative

data on the concentrations of MSA which occur under various conditions.

Inability to Confirm SAMT Expression with SDS-PAGE
In addition to the inability to confirm SAMT expression via the in-vitro enzymatic

assays, attempts at confirming SAMT expression via SDS-PAGE analysis were also
unsuccessful. Crude cell lysates containing from E. coli expressing either SAMT, SAMT/mNG,
or just mNG were His/Ni>*-NTA purified and the crude lysate as well as representative fractions
from the His/Ni**-NTA purification flow through, lysis buffer rise fractions, wash buffer rinse
fractions, and final elution fractions were analyzed via SDS-PAGE. While the elution fractions
from both samples showed bands at the expected sizes for their respective expressed proteins, the
mNG sample also contained bands around the 72kD and 41kD mark which were representative
of SAMT/mNG and SAMT respectively (results not shown). These proteins were not in these
samples since they were not in the genetic background of the pure mNG culture strains, but this
indicated that either the wash step was simply not efficient enough to fully wash all non-his
tagged proteins from the chromatography resin, or that there were other endogenous proteins of
these sizes which were expressed in the background genetics of that strain. Issues with
overcoming these confounding results led to a transition to the colorimetric enzyme activity

assay approach.
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Failure of in-vitro Colorimetric Analyses
As earlier discussed, the initial methods for determining SAMT enzymatic activity was

via various enzyme based colorimetric assays that functioned by tracking the conversion of SAM
to SAH via subsequent downstream reactions which produced colored products while
simultaneously preventing recycling of SAH back to SAM or product inhibition due to SAH
buildup. Some of these methods were adapted from previously published literature while others
utilized commercially available kits specifically designed to measure methyltransferase activity,
but unfortunately none were able to definitively confirm SAMT activity, let alone determine any
enzyme kinetics. One of the reasons for this failure was the fact there was significant signal
produced in the crude extracts from E. coli expressing the pSC-b-amp/kan/(PlacZ)mNG
expression plasmid which indicated that there were methyltransferases besides SAMT which
were endogenously expressed in that genetic background. This produced a spectroscopic signal
of similar intensity as E. coli expressing either pSC-b-amp/kan/(PlacZ)cSAMT or pSC-b-
amp/kan/(PlacZ)cSAMT/mNG which prevented any inferences about differences in signal
intensity being due to the presence or absence of SAMT. In addition, assay attempts made with
His/Ni>*-NTA chromatographically purified samples of SAMT did produce a statistically
significant difference in signal intensity compared to the background control reactions which
prevented measurement of enzyme activity from these purified samples. It was not known if this
was due to a lack of sufficiently concentrated SAMT to produce a signal, or if perhaps something
occurred during the His/Ni>*-NTA purification which caused SAMT to lose its catalytic abilities,
however reaction controls indicated the assay reactions were working as intended. Validation of
HPLC as a method for confirmation of SAMT expression and activity resulted in a transition

away from the in-vitro colorimetric assays; however, it would be good to figure out why these
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assays did not work so that they may be utilized in the future for more precise determination of

methyltransferase kinetics.

Unexpected Protease Degradation in DHS5-alpha E. coli
Initial attempts at expression of SAMT in the DHS5-alpha strain of E. coli were analyzed

via SDS-PAGE of His/Ni**-NTA purified SAMT samples. Unfortunately the elution fractions
for these samples showed a high concentration of small protein fragments of around 5kD which
were not observed in either the lysate buffer rinse or the wash buffer rinse fractions. This
indicated that there was successful capture of His-tagged protein, but that these proteins had
somehow been degraded into small fragments prior to capture in the His/Ni**-NTA resin. Fellow
Snow lab member Alec Jones deserves credit for suggesting a transition into alternative strains
due to his experiences with unexpected protease activity with the DHS-alpha strain. Due to this,
a transition was made into the BL21-Gold E. coli as they are known to be protease deficient;
however, both the JIW3686 and the dam(-) strains demonstrated a lack of protease degradation
for SAMT despite these strains not being marketed as protease deficient, allowing their use in

addition to the BLL21-Gold strain.

Failures in Construction of iSAMT-mNG and iSAMT-GFP-irp9 expression plasmids
For unknown reasons the attempt at creating an expression plasmid for and iISAMT/mNG

fusion protein via HiFi cloning was unsuccessful despite the same reaction being successful for
construction of the cSAMT/mNG fusion protein vector. Sequencing of the iISAMT/mNG
plasmids demonstrated odd insertions and deletions at various locations in the gene which did
not occur in the cSAMT reactions, and it is suspected this was due to some unexpected
interaction between the HiFi reaction primers or reaction mixture components and the riboswitch

element of the iISAMT plasmid as this was the only difference between the cSAMT and iSAMT
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templates. Production of an iSAMT/mNG expression vector could be reattempted, although

currently there is no explicit need for such a vector.

Initial Failures with Cloning Attempts
Early attempts at cloning the SAMT g-blocks into the pUC19 vector backbone were

made using basic restriction digestion techniques using enzymes such as EcoRI and Xbal. For
unknown reasons, these cloning attempts did not produce the results expected, and gel
electrophoretic analysis of the reaction products seems to indicate issues with successful
digestion by both restriction enzymes used. Various other restriction enzymes were used in place
of EcoRI and Xbal in an attempt to overcome this issue but without success. In addition new
restriction enzymes, pipette tips, nuclease fee water, and other reagents/equipment used in the
cloning reactions under the hypothesis that there was something wrong with one of the
commercially purchased reagents or equipment which were causing the reactions to fail, but
none of the mitigating attempts were successful. Due to the continued issues with the restriction
digestion cloning methods, the Agilent Strataclone Blunt End cloning kit was used and was
successful on the first attempt, eliminating the need for further troubleshooting of the restriction
digestion reactions. While it would be interesting to know why these reactions were continually

unsuccessful, that information is not necessary for project success at this point in time.
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APPENDIX B: SUPPLEMENTAL INFORAMTION AND DATA

S. carnosus background
Initially, the organism for which the final expression system was being designed was the

bacterial species Staphylococcus carnosus. This organism was chosen to be the species which
would be used to inoculate the sentinel animal’s nasal microbiome and express the final genetic
constructs due to its safety, ease of on-site deployment, and previous development of species-
specific engineering techniques. S. carnosus is naturally occurring human enterobacteria which
has been shown to play a role in diverse actions ranging from basic digestion to production of
neuromodulating amine compounds [53]. Regarded as a food safe organism, S. carnosus has
been used to control and optimized the fermentation processes involved in sausage production
since the 1950’s, acting to both provide unique flavors as well as preventing the growth of
potentially pathogenic bacterial species [54]. In addition, S. carnosus has been shown to lack the
pathogenic genetics found in other Staph species and is commonly used to investigate the
pathogenic nature of other Staph species [55]. In addition to the general safety of the species, S.
carnosus was also considered an ideal choice of expression species due to the fact the entire
genome of the TM300 strain of S. carnosus has been sequenced, allowing an informed
understanding of potential genetic modifications and how to best engineer these modifications
into the S. carnosus TM300 strain [56]. Another benefit is that S. carnosus is commonly sold in a
freeze-dried form, and this ability to be safely freeze-dried and then reconstituted on demand
makes S. carnosus ideal for use in scenarios in which culturing conditions for E. coli would not
be feasible such as on-site deployment. For these reasons, S. carnosus was considered a safe

organism for inoculation into the nasal microbiome of animal sentinels, and an ideal organism
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for potential genetic engineering. However, due to the aforementioned difficulties with
successful transgenic expression in S. carnosus the choice was ultimately made to transition to E.

coli Nissle as the expression organisms of choice.

Animal Study Training Protocol Developed by Michael Burns
Preparation
e  When first entering the training room, get out the treats and put them into the black tray

e Turn on the diffuser with the theophylline mixture, we will fill the diffuser
to the recommended amount. Leave it running while you do the rest of training.

e Turn on the ventilation system as well

e Now put on gloves, we don't want the gloves or the ambient smell of the room to
wintergreen. This means that if you are to spray the wintergreen scent with one hand, make
sure not to touch anything else with this hand. The scent is quite strong and will get
everywhere. The best idea so far is to take the hand that you sprayed wintergreen with, and
with glove on, put it in the lab-coat pocket, do not touch anything besides the wintergreen
spray bottle with this hand. The other worker with you will take care of the activities you
cannot perform with one hand.

¢ You can go and get one set of rats now, removing the water bottle ahead of time so that they
don't get wet.

e One person will administer the scent and remove the divider. The other person will press
record on the filming device, give the treat when the correct lever is pressed and remove the

levers after the treat is given.

Testing protocol
e This is the most important of all the sections. We must keep it consistent.

e We all want to treat these rats like the cute creatures they are, but please do not give verbal
praise after they press a lever or any sort of cues for them to pick up on.

e The treat is their only reward and the only stimulus they should have is the scent administer
to the cage. AKA no calling to it and no tapping.

e Both trainers should have both hands free, no need to take notes.
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The scent will either be wintergreen or no scent. Based on a random number generator or
coin flip. If the number is 1 on the generator use wintergreen. If the coin flip is heads, use
wintergreen.

Select the marked rat first, and place into the training cage. Put them on the opposite side of
the plastic divider. The levers should be pushed inside of the cage, but the plastic blocking
the rat from touching them. Give time to acclimate to the training cage.

Start to record using the filming device so we can verify consistency, and data collection.
Verbally say whether there is wintergreen or no scent for the camera. Also say last two digits
of the cage number and the number on the rats tail. Just loud enough for the microphone to
pick it up.

While the rat is in the cage spray the scent, make sure they smell it. Once you have made
sure that the rat has smelled a sufficient amount of the scent, lift the divider and observe.
You must reward the rat as soon as it presses the correct lever. Nothing happens if the rats
are to press the wrong lever.

Once the rats presses a lever remove the two levers from the cage.

If the rat got the lever correct, let it finish eating its treat, then place it back in the home cage.
If the rat got the lever in incorrect, place it back in the home cage without the reward of a
treat. Each rat gets one training attempt for a treat per training session. This means you will
have 2 attempts total if there are 2 rats per home cage. (Each rat will be tested once a day as
long as we keep to the schedule).

Make sure to write down in this moment, when there is no rat in the training cage whether
the wintergreen scent was used, or the no scent, also write down whether the tail of the rat
was marked or not. The rat with the mark is P (for positive), and unmarked rats are N (for

negative.)
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Comparative RMSD Histograms
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pocket G active site alignment: near SAL and SAH pocket H active site alignment: near SAL and SAH
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Table of Pocket-Specific Visually Identified Potential Allosteric Routes

Appendix Table 1: Visually Identified Routes for Potential Allosteric Translation

Pocket| Visually Identified Potential Route Residues Active Site Connection

A “heli i

alpha-helix (312-320) (V311, Y255, and W226)
B sheet-helix (248-253) SA structural connection
C beta-barrel (229-233)
F

. (146-153) SA/SAM coordination

(H3 Residues (146-153) (129-131) & (59-61) SAM coordination
I alpha-helix (25-29); (25-29) SAM interaction;
J residues (143-145) Y147 disturbance
D
£ N/A Allosteric Modelling Only
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Plasmid Maps
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Gene Sequences

Appendix Table 2: Gene Sequences

SAMT

ATGGATGTTAGACAAGTATTACACATGAAAGGTGGTGCGGGCGAAAATAGTTATGCAATGAACTCT
TTCATTCAACGTCAAGTTATATCAATTACTAAGCCAATCACAGAAGCTGCAATCACGGCATTATATAG
CGGAGATACAGTTACAACAAGATTGGCTATTGCAGATCTTGGATGTAGTAGTGGCCCTAACGCATT
ATTCGCTGTAACTGAACTTATTAAAACGGTTGAAGAATTACGTAAAAAAATGGGTCGTGAAAACTCA
CCGGAATATCAGATCTTTTTAAATGACTTACCTGGTAACGATTTTAACGCAATATTCAGAAGETTGCC
GATCGAAAATGATGTTGATGGAGTGTGTTTTATCAATGGTGTTCCAGGTAGTTTTTATGGACGTTTA
TTCCCACGTAACACATTACACTTTATTCATTCATCTTATTCTTTAATGTGGTTATCACAAGTGCCAATA
GGTATTGAATCTAACAAAGGCAACATTTATATGGCTAATACATGCCCTCAATCAGTATTAAATGCAT
ACTATAAGCAATTTCAAGAAGATCATGCATTATTCTTACGTTGTCGTGCTCAAGAAGTGGTGCCGGG
TGGTAGAATGGTTTTAACGATTTTAGGACGTCGTAGTGAAGATCGTGCATCTACAGAGTGTTGCTTA
ATTTGGCAATTATTAGCTATGGCTTTGAACCAAATGGTCAGTGAGGGATTAATCGAAGAAGAAAAA
ATGGATAAATTCAATATTCCACAATATACTCCTTCACCTACAGAAGTTGAAGCAGAAATTTTGAAAG
AAGGTTCTTTTTTAATTGACCATATTGAAGCATCAGAAATTTACTGGAGTAGCTGTACAAAGGATGG
TGATGGTGGAGGTTCTGTTGAAGAAGAGGGTTATAATGTAGCAAGATGTATGCGTGCAGTTGCAG
AACCTTTATTGTTGGACCATTTCGGTGAAGCGATCATCGAAGATGTTTTTCATCGTTATAAACTTTTA
ATCATCGAACGTATGTCTAAAGAAAAAACTAAATTTATCAATGTAATTGTAAGTTTAATACGCAAAA
GTGAT

irp9

ATGAAAATTTCAGAGTTTTTACATTTGGCGTTACCGGAAGAACAATGGTTACCTACTATTTCAGGTGT
GTTGCGTCAGTTCGCAGAAGAGGAATGTTACGTTTACGAACGTCAACCATGTTGGTATTTAGGTAAA
GGATGCCAAGCTagaCTTCATATCAATGCAGACGGTACACAAGCAACATTTATTGATGATGCLGGTG
AACAAAAATGGGCTGTTGATTCAATAGCGGATTGTGCACGTCGATTTATGGCACATCCACAAGTTAA
AGGTCGTAGAGTTTATGGCCAGGTCGGTTTTAATTTTGCTGCACATGCGCGTGGCATTGCATTTAAC
GCtGGTGAATGGCCATTATTAACATTGACAGTACCTCGTGAAGAACTTATTTTTGAAAAAGGAAATG
TAACGGTGTATGCTGATAGTGCTGATGGCTGTCGTCGTTTATGCGAATGGGTTAAAGAAGCAAGCA
CAACAACTCAAAATGCTCCTTTAGCAGTAGATACGGCATTGAATGGCGAAGCATACAAACAACAAG
TAGCACGAGCAGTTGCTGAAATTCGCCGTGGTGAATATGTCAAAGTTATAGTGTCACGTGCAATACC
ATTACCAAGTCGTATAGATATGCCAGCTACATTATTATACGGTCGTCAAGCGAACACACCTGTTCGC
TCATTTATGTTTCGACAAGAAGGCCGTGAGGCATTAGGTTTCAGCCCAGAATTAGTAATGTCTGTAA
CAGGCAATAAAGTCGTGACAGAACCTCTTGCAGGTACTCGAGATCGAATGGGAAACCCAGAACATA
ACAAAGCAAAGGAAGCGGAATTATTGCATGATTCTAAGGAAGTTTTGGAACATATCTTATCAGTAA
AAGAAGCAATCGCAGAACTTGAAGCAGTATGCCTTCCTGGTTCAGTTGTAGTAGAAGALCTTATGAG
CGTACGTCAACGAGGCTCTGTACAACATTTAGGCAGCGGTGTCTCAGGTCAATTGGCTGAAAATAA
AGATGCTTGGGATGCATTTACAGTGTTATTTCCGAGTATCACAGCATCAGGTATCCCTAAAAATGCA
GCATTGAATGCGATTATGCAGATTGAGAAAACACCTCGTGAGTTATATAGTGGCGCGATTTTATTAT
TGGATGATACGCGATTCGACGCAGCATTAGTGTTACGTAGTGTGTTCCAAGATTCACAAAGATGTTG
GATTCAAGCTGGTGCAGGAATCATTGCTCAAAGCACACCTGAACGAGAGTTAACAGAAACACGCGA
AAAATTAGCGAGCATTGCACCTTACTTAATGGTTTGA
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mNeon
Green

ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCTCTCTCCCAGCGACACATGAGTTACACATCTTT
GGCTCCATCAACGGTGTGGACTTTGACATGGTGGGTCAGGGCACCGGCAATCCAAATGATGGTTAT
GAGGAGTTAAACCTGAAGTCCACCAAGGGTGACCTCCAGTTCTCCCCCTGGATTCTGGTCCCTCATA
TCGGGTATGGCTTCCATCAGTACCTGCCCTACCCTGACGGGATGTCGCCTTTCCAGGCCGCCATGGT
AGATGGCTCCGGATACCAAGTCCATCGCACAATGCAGTTTGAAGATGGTGCCTCCCTTACTGTTAAC
TACCGCTACACCTACGAGGGAAGCCACATCAAAGGAGAGGCCCAGGTGAAGGGGACTGGTTTCCC
TGCTGACGGTCCTGTGATGACCAACTCGCTGACCGCTGCGGACTGGTGCAGGTCGAAGAAGACTTA
CCCCAACGACAAAACCATCATCAGTACCTTTAAGTGGAGTTACACCACTGGAAATGGCAAGCGCTAC
CGGAGCACTGCGCGGACCACCTACACCTTTGCCAAGCCAATGGCGGCTAACTATCTGAAGAACCAG
CCGATGTACGTGTTCCGTAAGACGGAGCTCAAGCACTCCAAGACCGAGCTCAACTTCAAGGAGTGG
CAAAAGGCCTTTACCGATGTGATGGGCATGGACGAGCTGTACAAG

GFP-
mut

ATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTA
ATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTA
AATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCGCGTATGGT
CTTCAATGCTTTGCGAGATACCCAGATCATATGAAACAGCATGACTTTTTCAAGAGTGCCATGCCCG
AAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAG
TCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGG
AAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAA
CAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTA
GCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCT
GTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTT
GTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAATAA

Table of Pareto Optimized Libraries for Each Theophylline Pocket

Appendix Table 3: List of all Pareto Optimized Libraries for All Theophylline Pockets

# of Total
Pocket Pareto Optimized Libraries Variants Lib.rary
Covered Size
(('T'), (L), (T), (L), (V'), (L"), (T',), (V',), (A"), (L)) 1 14
(('T"), (L), (T), (T, LY, (V',), (L), (T"), (V'), (A"), (L)) 2 22
(('T), (L), (T), (T, 'M', L"), ('V'), (L"), ('T",), (V"), (A"), (L)) 3 23
(('T"), (T, 'L, (T,), (T, L), (V'), (L), (T"), (‘V'), (A"), (L") 4 29
(('T"), (T, 'LY), (T, (T, M, 'L), (V'), (L"), ('T",), (‘'V'), (A"), (L") 6 34
(G, 'T), (L), (T'), (T, L), ('V'), (L"), ('T"), (V',), (A"), (V','LY)) 8 39
(T, (T, L), (T, L), (T, M, L), (‘V',), (L), (T"), (‘V'), (A"), (L") 12 44
(G, 'T), (T, LY, (T), (T, L), (V'), (L"), ('T"), (V'), (A"), (V','L)) 16 47
A (('T), (T, L), (T, M, L), (T, M, L), ('V'), (L"), ('T"), (V"), (A"), 18 48
(L))
(T, (T, L), (T, L), (T, 'M', L), (V',), (L"), (T, (V'), (A"), (V', L)) 24 58
(('T), (T, 'LY), (T, M, L), (T, M, L), ('V'), (L"), ('T"), (V",), (A"), (V', 36 62
L))
((G,'T), (T, L), (T, L), (T, M, L), (‘V'), (L"), (T"), (V"), (A"), (V', 48 70
L)
((G,'T), (T, L), (T, 'V', L), (T, M, L), ('V',), (L"), ('T"), (V'), (A"), 7 74
(‘V,'L)
((G,'T), (T, L), (T, 'V, M', L), (T, M, L), (‘V'), (L), ('T"), (‘V')), 96 73
(A'), (VL))
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(G, '), (T, M, L), (T, 'V, L), (T, ML), (V5), (L), (T), (VY),
(A, (VL)

108

80

((‘G‘, vTv)’ ('I', VM', 'L'), (vIv’ '
(A, (V,'L))

=<

'M'7 'L')7 ('I" ' '7 'L')5 ('V")5 ('L'5)’ ('T")5 ('V")B

144

84

((G,'T), (T, M, L), (T,'

Vv, M, L), (T,"'
V'), (A", (V' 'L))
v

LM, L), (V'), (L), (T'),

192

85

(G, 'T), (T,'M', L), (T,
(A, (T,'V, L))

216

88

M
\\4

LML L), (T, M L), (VY), (1Y), (), (V).
\\4

((G,T), (T, M, L), (T, V', M, L), (T,
(V). (A, (1, 'V, L)

LM, L), (V'), (L), (T'),

288

89

((G,'T), (T,'M', L), (T, 'V, M, L), (T, 'W', M, L"), ('V",), (L"), (N,
). (V). (A, (T, 'V', L))

576

90

(%), (L), (1), (M), (P, ('), (PL), (M1), (AL, (M), (M), (F)
(V'), (F.). (1))

24

((), (L), (1), (VM) (), (T, (P, (M), (A, (M), (M),
(F.). (V'). (F)). (T.,)

39

(('1'7)’ (VLV’)7 ('I")7 ('V'7 '1'7 'M')7 ('P'7)7 ('T'7)7 ('P:), ('M")’ ('A")’ ('M")’ ('M")’
(F), (V'). (F), (T))

44

((T,), (L"), (T,), (V', M), (P'), (T"), (P'), (M), (A"), (M), (L', M),
(F), (V'). (F), (T))

54

((T,), (L"), (T.), (V', M), (P'), ('T"), (P'), (M), (A"), (M"), (L, T,
M), (F.), (V). (F), (T.)

60

((T). (L), (T), (V'.'M), (P"), (T). (P, (L', M), (A, (M"), (L’
M), (F.). (V). (F). (1)

69

((T,), (L"), (T.), (V', MY, (P"), (T, (P'), (L', M), (A"), (M"), (L, T,
M), (F.), (V'), (F), (T.)

12

76

(('1'7)’ (VLV’)7 ('I")7 ('V', 'M'), (‘P',), ('T',), ('Pv,), ('L" 'M')’ ('A")’ ('I" 'M')’ ('L"
‘M), (F), (V'), (F), (T.))

16

83

((T,), (L"), (T,), (V', T, M), (P'), ('T"), (P'), (L', ' M), (A"), (M), (L,
T,'M'), (F',), (V'), (F',), (T.))

18

89

((T,), (L"), (T), (V. M), (P'), (T"), (P'), (L', M), (A", (L', T, M),
(L', M), (F'), (V"), (F'), (T,))

24

96

((T,), (L"), (T, 'M), (V', M), (P, ('T",), (P, (L', M), (A"), (T, M),
(L','M), (F'), (V"), (F"), (T.))

32

102

((T,), (L"), (T), (V. T, M), (P'), ('T"), (P'), (L', M), (A", (L', M),
(L, T,"M), (F), (V"), (F,), (T))

36

112

((T,), (L"), (T, 'M), (V', M), (P"), ('T",), (P"), (L', M), (A"), (L', T,
M), (L', M), (F',), (V"), (F",), (T.))

48

117

((T,), (L"), (T), (V. T, M), (P'), ('T"), (P'), (L', M), CA"), (L', T, 'M),

(L, T, M), (F), (‘V"), (F,), (T))

54

126

((T), (L), (V' ), (VL T, M), (P, ('), (P, (L M), (AL, (M),
(L, T, M), (F, M), (V4), (F), (T.)

72

140

((T), (L), (T, M), (VY M), (P, (T, (P, (L, M), (A, (L, M),
(L, T, M), (F, M), (V3), (F), (T.)

96

141

(), (L), (V' T, M), (V4 T, MY, (P, (T, (P, (L M), (AL
(M), (L, T, M), (F, M), (V'), (F), (T.))

108

164

((T,), (L"), (T, 'M), (V', T,'M), (P",), ('T",), (P",), (L', M), (A", (L,
M), (L', T, M), (F, M), (V",), (F',), (T"))

144

172

152




((T,), (L"), (T, 'M), (V', T,'M), (P',), (T",), (P",), (L', M), (A", (L,
‘M), (T, 'M), (F', M), (V'), (F',), (T, M)

192

180

((T,), (L"), (V, T,'M), (V', T, ' M), (P"), ('T",), (P"), (L', M), (A"), (L,
M), (L', T, M), (F', M), (V",), (F',), (T.))

216

209

((T,), (L"), (T, M), (V', T,'M), (P',), ('T",), (P",), (L', M), (A", (L,
M), (L', T, M), (F', M), (V'",), (F',), (T, 'M))

288

218

((T), (L), (V' T, M), (VT M), (P, (T4, (P, (L MY, (A, (L,
T, M), (L T, M), (F, M), (V') (FL), (1))

324

238

((T,), (L"), CV, T, M), (V', T, M), (P"), ('T",), (P"), (L', M), (A", (L,
M), (L', T, M), (F', M), (V",), (F',), (T, 'M))

432

255

((T,), (L), (T, 'M), (V', T, M), (P"), ('T",), (P',), (L', M), (A','S"), (L,
M), (L', T,'M), (F, M), (V",), (F',), (T, 'M))

576

256

((T,), (L"), CV, T, M), (V, T, M), (P"), ('T",), (P"), (L', M), (A"), (L,
T,'M’), (L, T,'M), (F', M), (V",), (F',), (T, 'M))

648

288

((T,), (L"), (VL T, M), (V', T, M), (P"), ('T",), (P"), (L', M), (A", 'S"),
(L,'M), (L, T, M), (F, ' M), (V",), (F',), (T, 'M'))

864

293

((T,), (L"), (V, T, M), (V', T, M), (P"), ('T"), (P), (L', 'M), (A", 'S"),
(L,T,"M), (L', T, M), (F, ' M), (‘V',), (F,), (T, M)

1296

332

(('1'7)’ (VLV’)7 ('V'7 '1'7 'M')7 ('V'7 '1'7 'M')7 ('P:), ('T'7)’ ('P")’ ('L" ‘M')’ ('A" 'S')’
(L, T, M), (L T, M), (F, M), (V), (F, T), (T, M)

2592

346

(('1'7)’ (VLV’)7 ('V'7 '1'7 'M')7 ('V'7 '1'7 'M')7 ('P:), ('T'7)’ ('P")’ ('L" ‘I" 'M')’ ('A"
'SH, (L, T, M), (L, T, M), (F, M), ('V",), (F, T), (T, ' M"))

3888

360

(('1'7)’ (VL" 'I')’ (VV'7 'I'7 'M')7 ('V'7 'I'7 'M')7 ('Pv7)7 ('T'7)’ ('P")’ ('L" ‘1‘7 'M‘)7 ('Al,
'S, (L, 'T, M), (L', T,'M), (F', M), (V')), (F, T), (T, 'M")

7776

372

((1,), (L, 1), (VYT MO, (VT MY, (P, (T, (T P, (L T, M),
(AL'S), (LT, M), (LY T, M), (F, M), (V4), (F, ), (T, M)

15552

378

(1), (L), (L), (AL, (T), (M), (V'), (T, (T%), (P, (AL, (),
(V). V'), (1), (V')

15

(1), (L), (L), (A%, (1), (M), V'), (T), (T%), (P, (AL, (),
(V). (V. T). (1), (V')

24

(1), (L), (L), (A%, (T), (M), V'), (T, (T%), (P, (AL, (),
(V). (V' T, M), (1), (V')

28

((T), (L), (L), (A, (V4 T), (M1, (V1) (T, (T4, (), (AL, (T,
(V). (VL T). (1), (V)

30

((T), (L), (L), (A, (V5 1), (M1, (V1) (T, (T4, (), (A, (T,
(V). (VLT M), (1), (V)

34

((T), (L), (L), (A, (VL T, (T, M), (V5 (T4, (T4, (P), (A%,
(1), (V). (V' T, M), (1), (V')

12

35

((T%), (L), (T, (AY), (L), (M), (V3), (A, (T, (P, (A, (M, L),
(VLT MY, L), (M, F), (L), (V)

16

37

((T), (L), (T, L), (A, (V1) (MY), (V5 (T, (T4, (P), (A%,
(1), (V). (V' T, MY, (1), (V)

24

38

((T,), (L"), (T,), (A"), (L"), (M), (V'), (P',"'A), (T"), (P'), (A"), (M,
L), (v, T,'M', L), (M, 'F), (L), (V')

32

43

(1), (L), (T), (AL, (L), (M1, (V'), (A, (T,), (P, (S, "A), (T,
ML), (VT ML), (MY F), (LY, (V')

48

46

(), (L), (T), (AL, (L), (M), (V3), (P, °A), ('), (P, (S''A),
(ML), (V. T, M. L), (ML F), (L), (V')

64

51

153




((T,), (L"), (T,), (A", (L"), (M), (V'), (P',"A"), (T"), ('P',), ('S, "A), (T,
'M" VLV)’ (VV'7 'I" 'M'7 'L')7 ('M" 'F')7 ('L'7)7 ('V'7))

96

57

(), (L), (), CAY), (L), (M), (V). (P AL T, (T4, (P), (S’ A),
(I M, L), (V' T, MY L), (MY F), (LY, (V')

144

58

((T,), (L"), (T,), CA"), (L, 'V, T), (T, M), (‘V',), (A, 'T"), (T"), (P',), ('S,
‘A). (M, L), (T, L), (M, 'F), (L"), (V"))

192

62

((T,), (L), (T,), (A", (L', T), (T, M), (V',), (A, 'T"), ('T"), (P"), ('S,
A). (ML L), VLT, ML L), (M, F), (L), (V')

256

63

((T,), (L"), (T,), CA"), (L, 'V, 'T), (T, M), (V',), (A, 'T"), (T"), (P',), ('S,
‘A). (T, M, L), (T, 'L), (M', 'F), (L"), (V"))

288

71

((T,), (L"), (T,), CA"), (L, 'V, 'T), (T, M), (V',), (A, 'T"), (T"), (P',), ('S,
A). (ML L), VLT, ML L), (M, F), (L), (V')

384

77

((T,), (L"), (T,), CA"), (L, 'V, 'T), (T, M), (‘V',), (A, 'T"), (T"), (P',), ('S,
‘A). (T, M, L), (T, M, L), (M', 'F), (L), (V')

432

79

((T,), (L"), (T, L), (A", (V% T), (T, M), (V"), (T"), ('T",), (P"), (S',
‘A", (T, M), (V, L), (V,'T, M, 'F), (T, L), (‘V'))

512

80

(('1'7)’ (VLV’)7 ('I" 'L')7 ('A'7)7 ('Ll, 'V'7 'I')7 ('1'7 'M')7 (‘V")’ ('A" ‘T‘)’ ('T")’ ('P")’
(S.A). (T, M, L), (T, L), (M, F), (L', (V')

576

102

((T,), (L"), (T, L), (A"), (V, T), (T, M), (V",), (T"), ('T",), (P"), ('S',
‘A, (T,'M), (V, T, L), (V, T, M, 'F), (T, L"), (V")

768

103

(('1'7)’ (VLV’)7 ('I" 'L')7 ('A'7)7 ('Ll, 'V'7 'I')7 ('1'7 'M')7 (‘V")’ ('A" ‘T‘)’ ('T")’ ('P")’
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