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Abstract

Riboswitches are special structures of RNA typically found in bacteria. They respond to
the presence of certain molecules, called ligands, within the bacterial cells to regulate expression
of certain genes. Genes expression is the process by which information encoded in a segment of
an organism’s genetic material is used to produce functional molecules utilized by that organism.
Riboswitches are currently being researched as a possible new class of antibiotic targets amid the
growing public health threat of antibiotic resistance.

In order to compare the effects of guanine (the natural ligand of the riboswitch),
guanosine (a biological molecule similar to guanine) and SK4 (a molecule synthesized by
previous Bard College seniors based on the structure of guanosine) on the xpt-pbuX riboswitch, I
used a reporter gene assay in a model organism: a harmless type of bacteria called Bacillus
subtilis. The structure of the xpt-pbuX riboswitch allows it to interact with ligands of shape
similar to guanine. For the reporter gene assay, a gene (called LacZ) that encodes the enzyme
beta-galactosidase is specially inserted into the bacterial genome next to the riboswitch. The
production of this enzyme is measure by adding a chemical called ONPG to the bacterial
cultures. The enzyme reacts with ONPG to produce a yellow color that can be measured. The
less intense the yellow color, the less active enzyme has been produced by the bacteria. Thus,
expression of the LacZ gene “reports” back on the activation of the riboswitch. If incubating
bacterial cultures with a given ligand results in less production of active enzyme as compared to
incubation without the ligand, this is presumed to mean that the ligand has activated the
riboswitch.

In this project | worked to develop an alternative method for the traditional beta-
galactosidase assay, minimizing the quantities of chemicals and bacterial cultures required.
Instead of incubating bacterial cultures in vials with the study ligands and using cuvettes of
bacterial cultures for the enzyme assay, | incubated very small volumes of bacterial cultures in
the wells of 96-well microplates and then performed the assay in 96-well microplates. The
intensity of yellow color in these bacterial cultures can be directly measured in the microplates
using a plate-reader. I also implemented a kinetic assay in which the changing intensity of yellow
color is monitored over time instead of waiting for yellow color to develop and then measuring
it, with the hope of minimizing timing error in the assay.
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1. Introduction

1.1 The public health challenge of overcoming antibiotic resistance

Antimicrobial resistance is one of the major public health threats of today. The discovery
of antibiotics was an incredible step in modern medicine, but as the years have gone by, more
and more antibiotic resistant bacteria have emerged. Few new effective antibiotics have been
developed recently, and those that are put into use meet with resistance very quickly. Different
tactics such as reducing the prescription of antibiotics and the industrial use of antimicrobials,
altering the length of antibiotic courses, combining antibiotics, and treating bacterial infections
by the introduction of other bacteria all being attempted both to slow the rapid emergence of
“super bugs” and to treat infections by resistant bacteria. Another highly promising approach is

phage therapy, the use of bacteriophages (a type of bacteria-targeting virus) to treat infections

[1].
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Figure 1. Several major types of antibiotic resistance mechanisms. [2]



Many antibiotics are bacteriocidal, meaning that they induce cell death. Other antibiotics
are bacteriostatic, meaning that they halt the growth and reproduction of bacteria but do not
necessarily Kill them. Bacteriostatic antibiotics most commonly target protein synthesis pathways
[3] . One hypothesis is that bacteriostatics may be less likely to trigger the emergence of
resistance since they put less selective pressure on the bacteria. However, it has also been posited
that bacteriostatics may allow the surviving bacteria to mutate and develop types of resistance
that may have been avoided at least in part by using bacteriocidals [4]. If an antibiotic can target
something key to successful life and growth of bacteria, something that is involved in the
regulation of many genes, this may also make it more difficult or less likely that the bacteria will
be able to circumvent the action of the antibiotic. If an antibiotic targets something specific to
bacteria that is not present in humans or animals, this could also possibly reduce the toxic effects
of antibiotics on the patient being treated with the antibiotic. These are promising aspects of

riboswitches [5].

1.2 Genetic regulation in microbes and the discovery of the riboswitch

Incredible discoveries have been made about genetic material and gene regulation in the
past few decades. Until recently, it was thought that additional enzymes and cellular machinery
were required for gene regulation and that noncoding DNA was simply passive. It was also
thought that RNA simply existed to carry information contained in the DNA genome. It has now
been shown that noncoding genetic material does play a role in the regulation of gene expression
and that some types of RNAs are able to regulate themselves. [6]

Functional RNA structures called riboswitches are an example of this. They are most
commonly found in the 5’ untranslated regions of bacterial mRNAs. These RNA structures

respond to the presence of specific ligands, such as metabolites, to regulate gene expression.



When a ligand binds to the aptamer domain of the riboswitch, this induces a structural change in
the expression platform of the riboswitch that can affect transcription and translation of
downstream genes without the help of intervening proteins. Riboswitches respond to changes in
the cellular environment to adjust protein production and help the cell respond appropriately to

changing conditions. [7, 8]

1.4 Effects of modified ligands on riboswitch function and gene expression

Since analogs of natural riboswitch ligands mimic natural bacterial metabolites, they
present a possible means of overcoming bacterial resistance pathways. The xpt-pbuX guanine
riboswitch is involved in bacterial metabolism. When the aptamer domain of the riboswitch is

bound by an appropriate ligand, the adjacent expression platform changes conformation (Figure

2).
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Figure 2. Ligand-bound and ligand-free xpt-pbuX riboswitch.The left-hand structure shows
the conformation of the riboswitch when bound by its ligand. When the ligand (represented by a
star) is bound, the terminator stem prevents the ribosome from binding to the mRNA molecule.




The right-hand structure shows the conformation of the riboswitch when no ligand is bound. In
this conformation, the anti-terminator stem allows translation of the mRNA. The binding pocket
of the riboswitch is able to accommodate ligands with modified structures [9].

The natural ligand of the xpt-pbuX riboswitch is guanine, which has very poor solubility.
Guanosine shares the same chemical backbone and is much more soluble than guanine. Previous
students synthesized the molecule SK4 (Figure3), based on the structure of guanosine, with the
goal of creating a riboswitch ligand with greater solubility that also may bind more tightly to the

riboswitch because of its functionalization. [10, 9]
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Figure 3. Structures of the three riboswitch ligands compared in this project. Guanine, the
natural ligand of the xpt-pbuX riboswitch, is a purine nucleobase. Guanosine is the nucleoside of
guanine, comprising guanine with a ribose group substituted on the nitrogen at position 9. SK4 is
a synthetic analogue of guanosine that has an oxime group at position 6 in place of the carbonyl
and an amine substituent at position 2 in place of the amine. [9]

1.5 Reporter gene assay to evaluate the impact of ligands on riboswitch-function
Because the expression of native bacterial genes associated with the xpt-pbuX riboswitch
cannot be easily monitored, the commonly used LacZ reporter gene was artificially fused to the

xpt-pbuX riboswitch. The LacZ reporter gene is used in beta-galactosidase assays, of which



Miller assays are a type. The transformed B. subtilis cells used in this project came from a stock
received from the Breaker group at Yale University. The parent bacteria is B. subtilis 168 and the
cells were transformed so that they contain DNA for the xpt-pbuX riboswitch in its necessary
context fused with the LacZ gene from E. coli. The xpt-pbuX-LacZ fusion is inserted into the
amyE locus of the bacterial genome via double-crossover recombination involving the

homologous recombination of the pDG1661 plasmid (Figure 4).
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Figure 4. Integration vector map of the pDG1661 plasmid. Successful double-crossover recombination
for integration of the LacZ construct into the amyE locus in B. subtilis can be checked by screening the
bacteria for tolerance to chloramphenicol 5 ug/mL and sensitivity to spectinomycin 100 ug/mL. [11]

The LacZ gene encodes the enzyme beta-galactosidase, which is naturally responsible for
catalyzing the transgalactosidation of lactose to allolactose and the hydrolysis of lactose to
galactose and glucose [12]. This enzyme can also hydrolyze o-nitrophenyl-beta-D-

galactopyranoside (ONPG) and produce o-nitrophenol (ONP), which has a yellow color and

absorbs light in the ~420nm region (Figure 5). Actuation of riboswitches by effective ligands



usually leads to suppressed expression of their associated genes, and this is the case with the xpt-
pbuX riboswitch. Bacterial cultures that produce less of the active beta-galactosidase enzyme
will produce yellow color less quickly. Thus, the level of expression of the LacZ gene reports

back on the actuation of the riboswitch, and less yellow color indicates more suppression of gene

expression.
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Figure 5. Beta-galactosidase-catalyzed hydrolysis of ONPG to produce the yellow ONP.

The most typical beta-galactosidase assay used with the LacZ reporter gene is called the
“Miller” assay, after Jeffrey Miller [13]. The bacteria in question are first cultured on agar plates,
then in nutrient growth medium, then in chemically defined minimal medium with whatever
experimental conditions are being tested. Then aliquots of the cultures are added to reaction
buffer, and chloroform and SDS are added and the mixtures are vortexed to permeabilize the
cells. Then ONPG substrate is added. Once “sufficient color” has developed, 1 M Na>COs stop
solution is added to stop the reaction (as the ONP production is enzymatic, all samples may
eventually reach the same color intensity if left too long).

Beta-galactosidase activity in the assayed cultures is then calculated as “Miller Units”

(MU) using the following equation:

1 MU= 1000 * (OD420 - 1.75 * OD550)




t*v*>0D600
Where t = reaction time, v = volume of culture used (mL), OD600 is the OD600 of the culture
before being used in the assay, OD420 is the OD420 of the assay tube at the end, OD550 is the
OD550 of the assay tube at the end (1.75*OD600 is an optional term to correct for light
scattering due to cell debris). These MU are not absolute enzyme activity units—they are relative
units expressing relative beta-galactosidase activity.

Optical density at 600nm (OD600) reflects cell density and is used as a proxy indicator of
bacterial growth in liquid media. Beta-galactosidase activity cannot be determined solely on the
basis of the intensity of the yellow color and must be calculated with a correction factor for
bacterial density (OD600), as differences in the sheer number of bacterial cells in a volume will
affect the total amount of beta-galactosidase enzyme produced in that volume. OD600 of liquid
cultures must be tested at the beginning and end of incubation periods to ensure the OD600 falls
within the desired range, and sometimes must be tested several times throughout the incubation
period to track progress. This usually requires the removal of aliquots from the cultures to be
tested. One option is to use to fill cuvette with culture to test the OD600 in a spectrophotometer,
but this requires the removal of significant volumes of culture over time, drastically increasing
the overall volume of culture required for the experiment. Another option is to use the droplet
setting of a NanoDrop machine to test the OD600, but this approach is very imprecise and time
consuming. The numerous liquid-handling steps involved in the Miller assay are already time
consuming, and the time required climbs steeply as the number of tubes to be tested increases.
When multiple samples must be assayed, this makes conducting the assay step with accurate

timing very difficult.

1.6 High-throughput and kinetic approaches to the reporter gene assay



Various adaptations of the Miller protocol have been made that employ the use of
microplates (plastic plates containing multiple wells in the microliter volume range) and plate
readers (spectrophotometers designed to take readings through the wells of microplates) in order
to reduce the number of liquid handling steps, reduce overall bench time, and allow a large
number of samples to be assayed at once. [14, 15]

In this project | attempted to adapt the high-throughput, plate-reader-assisted beta-
galactosidase assay presented by Schaefer, Jovanovich, Kotta-Loizou, and Martin in 2016 [16,
17]. In a further effort to reduce the number of liquid-handling steps, they designed a “one-step”
approach in which the assay is performed directly on a culture instead of on cell extracts, and cell
lysis and the introduction of ONPG substrate occur in one step. The assays are conducted on 200
uL reaction volumes containing 80 uL of bacterial culture and 120 uL of lysis/substrate solution.
Instead of using chloroform or toluene for cell lysis, which are difficult to pipette and are
hazardous, they used lysozyme and a detergent-based reagent. In addition to performing the
assay in a microplate, they also calculate MU based on kinetic data, eliminating the need for
making a decision that “sufficient color” has developed, eliminating the OD550 reading, and
reducing the impact of timing error on calculated MU.

1 kinetic MU = 1000 * (AOD420/min)

(OD600 * 2.5) * v
Where AOD420/min is the slope of the OD420 signal (read once per minute) in the assay
mixture over a linear range, OD600 is the OD600 of the reaction mixture at the first reading, 2.5
is a volume correction for the OD600 since it is read in the reaction mixture instead of in the

culture, and v = volume of culture (mL) used in the assay mixture.
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Figure 6. Partial UV-Vis absorbance spectra of ONPG, ONP, and beta-galactosidase, showing
the regions of maximum absorbance for ONPG and ONP. [18]

Due to the availability of color filters for our plate reader, the reading for ONP was taken
at 410nm rather than 420nm. 410nm is still within the strong absorbance range for ONP and
should significantly cross over with signals from other reagents (Figure 6). Schaefer et al. used a
FLUOstar Omega Microplate Reader (BMG LABTECH) and I used the FLUOstar OPTIMA.
Only 3 flashes per well were used in my project (as opposed to the more precise 20 flashes) and
the cycle time was 90 seconds (instead of 60 seconds) because of physical limitations of the plate
reader that increased the minimum time required to read the entire plate. The slope of the OD410

signal curve was still calculate in terms of minutes.
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2. Materials and Methods

2.1 Individual items and reagents

beta-mercaptoethanol (“BME”) (SIGMA)
chloramphenicol (“CHL”)

DMSO (ACS Grade, not molecular biology grade) (SIGMA)
ONPG

PopCulture

guanine (“GUANine”)

guanosine (“guanOSINE”)

SK4 (MW: 340.30 g/mol)

L-tryptophan

L-lysine (or L-lysine monohydrochloride, which is more shelf stable and soluble—adjust
media recipe accordingly)

L-methionine

L-glutamate

glucose

LB powder

LB with agar (Lennox) powder (SIGMA)
(NH4)2S04

K2HPO4

KH2PO4

MgSQO4+7H20

CaCl;

MgCl;

MnCl;

NaHPO4

NaH2PO4

KCI

MgSO4

sodium citrate dibasic sesquihydrate
lysozyme from chicken egg white

X/
X4

L)

sterile reagent reservoirs (“troughs”)

non-sterile reagent reservoirs

disposable glass culture vials and their matching plastic caps

bacterial streaking dowels

96-well microplates (chimney well, flat-bottom, non-TC treated, clear, sterile, with lids)
AeraSeal gas permeable sterile plate seals

small plastic container with lid (large enough to fit a microplate in it_

K/ X/ K/
LCIIR X X4

7/
X

L)

7/ K/
X GIR X 4

7/
X

L)

incubator oven at 37 °C

incubator shaker at 37 °C and 200-250 rpm
water bath at 55-60 °C

multichannel pipettor (8-channel)

7/ K/
X GIR X 4

e

A



11

2.2 Reagent mixtures and preparations

> 1000X CHL stock (0.005 g/L stock)
Dissolve 0.025 g chloramphenicol in 5 mL 200-proof EtOH. Filter-sterilize into aliquot
tubes. Store under tinfoil at -20 °C.

> 10 mg/mL lysozyme stock
Reconstitute the entire vial of lysozyme in the appropriate volume of DI-H,O. Separate
into aliquots (preferably enough for one assay at a time) and store at -20 °C. Keep on ice
before use.

> LB agar with 5 ug/mL CHL
Dissolve 35 g/L LB agar powder in DI-H20 in a beaker with a stir bar on a stir-plate,
with heat if necessary. Pour the mixture and the stir bar into an autoclavable bottle with
thick walls. Put tinfoil over the opening, but not super tightly. Autoclave. After
autoclaving, put the bottle in a 55-60°C water bath for at least half an hour to let it cool
more but keep the agar from congealing (melting of agar occurs at a much higher
temperature than does its gel-formation). Take the bottle out of the water bath and place it
on the stir plate. Stir gently (avoid bubble formation) and add CHL to 5 ug/mL as long as
the bottle is cool enough to touch (heat destroys antibiotics). Without delay (to avoid the
agar congealing prematurely), pour the mixture from the bottle into empty, sterile petri
dishes that are prepared. Stack the poured plates to help reduce condensation. Wait about
30 minutes until the agar sets, then flip the plates agar-side up and label. Leave out for
several hours to let more excess moisture evaporate. Place in a loosely closes petri dish
bag (or partially wrap the stacks with Parafilm) and place in fridge. Using a bottle with
thick walls will reduce the likelihood of premature agar gelling.

> lysis/substrate solution

made from

volume of reagent needed
in recipe for 10,800 uL.:

reagent solution needed

7,200 uL

(2.7 uL BME)/mL solution

2,700 uL (4 mg ONPG)/mL solution ONPG in Z-buffer
720 uL PopCulture
180 uL 10 mg/mL lysozyme

BME in Z-buffer

The solutions of BME and ONPG must be mixed fresh.
Dissolving the ONPG may require sonication.

> Z-Buffer
REAGENT FINAL CONCENTRATION
Na2HPO4 60 mM
NaH2PO4 40 mM
KCI 10 mM
MgSO4 1 mM
add DI-H20 to volume




> Chemically Defined Medium—Variation 1 (CDM-1), based on [19]
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> Chemically Defined Medium—Variation 3 (CDM-3), based on [21]
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All growth media used in the beta-galactosidase assay procedure for cultures and blanks were
supplemented with 1 uL of filter-sterilized 1000X CHL per mL of growth medium.

Some reagents cannot withstand the heat of the autoclave or may have dangerous reactions with
each other or with metal in the machine. When working with a new reagent or mixture of
reagents, do not autoclave without making sure that it is okay to do so.

Antibiotic, amino acid, and glucose solutions were filter-sterilized into sterile tubes using
disposable syringes with 0.22uM sterile syringe filters.

DMSO solvent and ligand solutions were not filter-sterilized, as the acetate membrane syringe
filters that were available are not designed to withstand solvents such as DMSO. DMSO is not a
hospitable medium for most typical bacteria and fungi, so this at least reduces the risk of the
DMSO as a significant source of microbial contamination.

Ligand stocks of various concentrations were not made via serial dilution, as | was conserving
the SK4. Each ligand was made in an initial stock solution of 1 mM. Each diluted stock was
made by adding an aliquot of 1 mM stock to a tube containing additional DMSO.

Ligand stocks and DMSO were stored at room temperature under tinfoil to protect them from
light.

The specific strain of B. subtilis 168 used in this project is either 1A40 or 1Al. Based on the ID
and year labelling on the cryoculture stock vials in the box, the literature cited by previous
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students, and screening experiments | conducted (see Appendix), | believe it is 1A40, but |
cannot absolutely verify this. 1A40 is the wild-type riboswitch strain mentioned in a senior
project from 2013, wherein the mutant riboswitch strain identified conversely was 1Al [22].
There appears to have been some confusion in projects within the last seven years regarding the
true identity of bacteria used. The most recent cryostock subculture made and used by previous
students is dated 2018 and had been used under the impression that it was correct, but antibiotic
screening conducted during the course of this project (see Appendix) showed that the bacteria
did not have a profile consistent with the proper transformants intended for use in the riboswitch
beta-galactosidase assays.
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2.3 Beta-galactosidase assay
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Figure 7. General Scheme of the Plate-Read Beta-Galactosidase Assay Procedure.
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Plate-Read Beta-Galactosidase Kinetic Assay—Description of General Scheme (Figure 7)

(The progression of steps #1.-#4. leading up to the assay takes 5-6 days.)
Basic considerations before attempting the procedure:

All steps requiring contamination-prevention were performed using “quasi-aseptic
technique” (see next section).

All steps involving microbial work, even when contamination of the work was not a
concern, were conducted in such a way as to prevent contamination of the general lab
space or of anyone else’s work and followed by disinfection.

Assume that incubators and shakers are covered in bacteria.

Communicate with other biochemistry students about who needs to use what equipment
at what times with what settings. Label equipment such as the shaker very obviously with
the settings you need it to have and your name and contact information—putting a paper
sign on the lid and over the settings buttons seemed to be the most effective means of
preventing unintended multi-user interference.

Be conscious of whatever you may need to touch after touching something that may have
contaminated your gloves, and be sure to disinfect your gloves in between steps.

Always include a negative control in any step involving culturing bacteria. Only proceed
to the next step if the intended bacterial culture show growth and the negative control
shows no growth.

Always include an appropriate blank when testing OD.

Ensure that the plate-reader is on and warmed up, that the computer software is
functioning, and that the settings and plate-layout in the software are prepared ahead of
time for any step involving the plate-reader.

Continually restock any necessary sterile materials (sterile culture tubes and streaking
sticks, for example). You will need a continual supply of autoclaved yellow pipette tips.

Check OD600 at the beginning and end of liquid incubation steps (I used 100 uL aliquots
in a microplate in triplicate against triplicate blanks for most steps).

Make sure to mix up a culture each time before you remove an aliquot from it or measure
its OD.

Separate blanks for each of the ligand conditions must be used, as the ligands affect OD
differently.

Media used in negative control and blank wells must be the proper ratio of LB and CDM
media according to the ratio in which cultures from the incubation steps have been mixed
with fresh media.

Pipetting bacterial cultures and lysis/substrate solution (which contains detergent from
the PopCulture) without blowing bubbles is difficult and may take practice.

BME is a volatile irritant and has a strong odor.

Viability of stock cultures decreases with every freeze-thaw cycle. Avoid letting the
cryoculture stock thaw.

Do not touch the bottom of the microplates or allow them to touch dirty or rough
surfaces. Smudges and scratching will affect OD readings.



Procedure:
1. Revival of cryoculture on LB agar plate

a.

b.
C.

n.
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Prewarm two LB agar plates (agar-side-up) for 30 minutes in the 37°C incubator,
then put them on your disinfected work area.

Prepare a small bowl of dry ice.

Wearing gloves, take the intended vial of B. subtilis cryoculture out of its box in
the -80°C freezer and put it into the dry ice.

Put the box back in the freezer and shut the door.

Wipe down the outside of the vial with 70% EtOH. Be careful to remove clumps
of melting ice that may cause slipping or drippage.

Flip one of the agar plates lid-side-up.

Loosen the lid of the cryoculture vial. Be very careful not to let the vial tip over.
Use a sterile streaking stick (dowl) to scrape a small amount of frozen cryoculture
off of the surface in the vial. It will melt quickly--be swift.

Immediately streak the cryoculture-end of the stick across one third of one of the
LB agar plates while keeping the lid of the plate “clam-shelled” over it to prevent
contamination. Put the used stick bacteria-side down into a “used stick” beaker
and immediately tighten the cap of the cryovial.

Disinfect your hands and the outside of the vial. Put the vial back into its place in
the box in the -80 °C freezer.

Use fresh sterile sticks to continue the streaking process. (Please refer to plate-
streaking instructions available from many sources elsewhere.)

Wait a few minutes. Return the streaked agar plate (“cryoculture revival plate”) to
an agar-side up orientation and label the bottom of the plate with the strain ID,
your initials, and the date.

. Turn the other agar plate lid-side-up. Use sterile sticks to streak the plate, but

without any bacterial culture. Return the plate to its agar-side-up orientation and
label the bottom as a negative control with your initials and the date.

Place both agar plates agar-side-up in the 37 °C incubator and incubate for up to
24 hours.

2. Restreak of single colony onto LB agar plate

3.

a.
b.

Prewarm two LB agar plates.
Use a sterile streaking stick to select a single colony from the cryoculture revival

plate and streak it on one of the fresh, prewarmed plates (“restreak plate”). Use generic
plate-streaking methods as before. Set up a new negative control streak plate as well.

C.
hours.
d.

Incubate the restreak plate and the new negative control plate at 37 °C for up to 24

Wrap the cryoculture revival plate in Parafilm and store in fridge. It can be saved

for use for up to 1 week.
Inoculation of LB broth in a culture tube with single colony from the restreak plate

a. Prewarm two blue-cap culture tubes containing 5 mL of LB broth medium in the
shaker.
b. Use a sterile stick to retrieve a single colony from the restreak plate and dip it

into one of the tubes.

C.

Use another sterile stick without bacteria to dip into the other tube without, as a

negative control.



4.

6.
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d. Incubate culture tubes in shaker (37°C, 200-250 rpm) for ~24 hours, to an OD600

of ~0.7.

e. Wrap the restreak plate in Parafilm and store in fridge. It can be saved for use to

up to 1 week.

Inoculation of chemically defined broth medium (“CDM broth”) in a culture tube
(“Phase 1 Culture”) with an aliquot of the LB broth culture

a. Take the LB broth tubes out of the shaker and allow them to cool for a few

minutes to minimize evaporation.

b. Check the LB broth negative control for visible growth. Test the OD600 of the

LB broth culture.

c. Prewarm green-cap culture tubes containing 8 mL of CDM broth.

d. Pipette 2 mL of LB culture into one tube to initiate a Phase 1 Culture.

e. Pipette only air into the other tube as a negative control.

f. Incubate the tubes in the shaker (37 °C, 250 rpm) for ~24 hours, by which time

the culture OD600 should be in the 0.7-1.1 range.

Inoculation of CDM broth in 96-well microplate (“Phase 2 Incubation Plate”, see
example layout below) wells containing ligand solution or solvent control with
aliquots from Phase 1 Culture

a. Add fresh CDM medium to each well of the Phase 2 Incubation Plate

b. Add ligand solutions, solvent control, and control media to the appropriate wells
of the plate as indicted by the layout. Record any errors.

c. Pour the Phase 1 Culture into a sterile trough and mix back and forth

d. Use the multichannel pipettor to transfer aliquots of Phase 1 Culture into each
appropriate well of the Phase 2 Incubation Plate, changing pipette tips and
agitating the trough gently between columns.

e. Press sterile, gas permeable plate seal over the microplate, make sure it adheres to
the chimneys of each well.

f.  Wet some paper towels and place in the plastic container. Set the microplate on
top of its lid (to protect the bottom) on the paper towels. Close the plastic
container and tape it down in the shaker. Incubate in shaker (37 °C, 250 rpm) for
~24 hours, by which time OD600 should be in the 0.7-1.1 range. The container
with wet paper towels is necessary to prevent the cultures in the incubation plate
from drying out. Clearly post a notice on the shaker that you have cultures
incubating in the container, as other people may not realize anything is in it.

Transfer of Phase 2 Incubation Plate culture aliquots into new 96-well microplate
(“Assay Plate”, see example layout below). Addition of lysis/substrate solution to
Assay Plate

a. Take the Phase 2 Incubation Plate off of the shaker and let sit for a few minutes to
minimize evaporation. Then remove the seal from the plate.

b. Add the appropriate blanking mixtures to the appropriate wells in the Phase 2
Incubation Plate, 200 uL per well.

c. Use the multichannel pipettor to gently stir up each well by gently pumping up
and down. Change pipette tips between each column. Take an OD600 reading of
the plate.

d. Use the multichannel pipettor to transfer 80 uL from each well of the Phase 2
Incubation Plate into the appropriate well of the Assay Plate.



19

e. Pour the lysis/substrate solution into a trough. Use the multichannel pipettor to
transfer 120 uL lysis/substrate solution into each occupied well of the Assay
Plate, changing pipette tips between columns.
f. Check for large bubbles. Pop with fresh pipette tips of possible. Take a picture of
the plate as a record.
7. Kinetic readings of the Assay Plate (plate reader software must be set up well ahead
of time with proper plate layout and settings for wavelengths, shaking, timing,

movement pattern, etc.)
a. Immediately insert the Assay Plate into the plate reader and initiate the kinetic

reading protocol.
b. Make sure the protocol is running properly and check on the assay progress by

viewing the current state signal curves.
c. Atthe end of the assay, take another picture of the plate as a record.

d. Export data to a spreadsheet.

Plate reader settings used for the Kinetic assay in this project:

Plate mode flying settings
No. of cycles: 50
Cycle time [s]: 90
No. of flashes per well: 3
Optic settings
No. Excitation Emission
1 600 empty
410 empty
Shaking settings
Shaking width [mm]: 2
Shaking mode: double orbital
Additional shaking time: 26s before each cycle
General settings
Bottom optic used
Reading direction: unidirectional, horizontal left to right, top to
bottom
Target temperature [°C]: 30
Absorbance path length correction volume [pl]: | 200
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Sample layouts of “Phase 2 Incubation Plate” and “Assay Plate™:

PHASE 2 INCUBATION PLATE LAYOUT [condition blanks will be added to the shaded wells in
rows G and H after the Phase 2 Incubation period]

1 2 3 4 5 6 7 8 9 10 11 12
A GUANiIne | guanOSINE SK4 DMSO | GUANine | guanOSINE SK4 guanOSINE ‘ (-) GUANine |(-) GUANine 50
25uM 25uM 25uM 50 uM 50 uM 50 uM 100 uM 50 uM uM

B GUANine | guanOSINE SK4 DMSO GUANine | guanOSINE SK4 guanOSINE - (-) guanOSINE

25uM 25uM 25uM 50 uM 50 uM 50 uM 100 uM guanOSINE 50 uM
50 uM

C GUANine | guanOSINE SK4 DMSO GUANine guanOSINE SK4 guanOSINE (-) SK4 50 |(-) SK4 50 uM
25uM 25uM 25uM 50 uM 50 uM 50 uM 100 uM uMm

D GUANine | guanOSINE SK4 DMSO | GUANine | guanOSINE | SK4 guanOSINE ()bMso | (-) DMsO
25 uM 25 uM 25 uM 50 uM 50 uM 50 uM 100 uM

E GUANiIne | guanOSINE SK4 DMSO GUANine guanOSINE SK4 guanOSINE
25 uM 25uM 25 uM 50 uM 50 uM 50 uM 100 uM

F GUANine | guanOSINE SK4 DMSO GUANine guanOSINE SK4 guanOSINE
25uM 25uM 25uM 50 uM 50 uM 50 uM 100 uM

e -

e 140 uL fresh CDM per text-labelled well.

e 20 uL 10X ligand solution or DMSO solvent control per appropriate well (i.e., wells A through F in column
4 and wells D11 and D12).

e 40 uL Phase 1 Incubation culture per text-labelled well (but substitute with 40 uL of LB:CDM 1:4 media
mixture in the (-) control wells) (the (-) control wells can serve as a blank for the beginning of incubation
but not the end)

ASSAY PLATE LAYOUT

A GUANiIne 25] guanOSINE 25 | SK425uM | DMSO |GUANine 50JguanOSINE 50§SK4 50 uM guanOSINE
um um uM uM 100 uM

B GUANiIne 25] guanOSINE 25 | SK425uM | DMSO |GUANine 50JguanOSINE 50§SK4 50 uM guanOSINE
uM uM uM uM 100 uM

C GUANiIne 25] guanOSINE 25 | SK4 25uM | DMSO |GUANine 50JguanOSINE 50§SK4 50 uM guanOSINE
uM uM uM uM 100 uM

D GUANine 25] guanOSINE 25 | SK425uM | DMSO JGUANIne 50] guanosine 50 |SK4 50 uM guanOSINE
um um uM uM 100 uM

E GUANiIne 25] guanOSINE 25 | SK4 25uM | DMSO |GUANine 50JguanOSINE 50§SK4 50 uM guanOSINE
um um uM uM 100 uM

F GUANiIne 25] guanOSINE 25 | SK4 25uM | DMSO |GUANine 50JguanOSINE 50§SK4 50 uM guanOSINE
uM uM uM uM 100 uM

G GUANine 25| quanOSINE 25 | SK425uM | DMSO |GUANine 50 |JguanOSINE 50{SK4 50 uM guanOSINE
um uMm um um 100um

|

H GUANine 25| quanOSINE 25 | SK425uM | DMSO |GUANine 50 |JguanOSINE 50{SK4 50 uM guanOSINE

um um um um 100 um

e 80 uL Phase 2 Incubation culture per well for wells Al through F10 from the corresponding well of the
Phase 2 Incubation Plate.

e 80 uL of the appropriate condition blanking mixture per well for wells G1 through H10. Blanks have all the
same contents as the sample wells, except LB and CDM media mixed in the proper ratios are used in place
of bacterial culture.
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“Quasi-Aseptic Technique”

o Make sure your hair is tied back (without any dangling in front of you—this is less about
keeping something from getting on your hair and more about keeping any debris from
your hair from falling into your work and contaminating it) and that none of your
clothing can trail down if you lean or reach for something.

o Make sure your workspace is clean. Wash if necessary. Minimize airflow and dust (dust
carries microbial contaminants).

e Wash hands before beginning work.

e Put on gloves and wipe them with 70% EtOH before working with any sterile materials
or microbial cultures.

« Do not breathe on your work. Do not talk, whistle, or sing while performing sterile work.

e  Wipe down with 70% EtOH the surface you will work on immediately before conducting
any microbial work or work with sterile reagents and materials.

e Wipe down with 70% EtOH all tools and the outsides of all containers, packages and
bottles you will be using or handling before you put them in your sterile area.

e Wipe down with 70% EtOH the cap area of bottles and tubes before opening them. (The
one incident I had with a bottle of liquid growth media becoming obviously contaminated
occurred after | had opened it without specifically wiping down the cap/neck area of the
bottle.

o Always check growth media for signs of contamination before using them for any culture
or blank.

« Do not reach into a bag of sterile supplies.

« Do not put anything non-sterile into a sterile reagent.

« Only open bottles, sterile supplies, plates and culture vials just long enough to do what
you need to do. Close them again immediately.

o Never reach over an open container of sterile material or a over a culture.

o Never set down the lid of a container. If you must, place it open-side down on a cleaned
surface.

« Do not pour out of sterile reagent bottles. Use a sterile pipet to work with liquids, and use
each pipet only once. Do not put the same pipet back into a bottle.

« Disinfect your gloves and pipettor with 70% EtOH after using it with a culture and before
moving on to any other culture or reagent! Note that evaporating microbial cultures also
contaminate areas of the pipettor that never directly touched the liquid.

o Use standard, careful pipetting methods. Use the smallest possible size pipettor and
pipette tips for any step (e.g., use a P100 to pipet 100 uL, not a P1000). Depress the
pipettor plunger to the “first stop” before placing the tip into the liquid. Avoid injecting
air into the liquid. Aspirate liquids into the pipette very slowly. Dispense liquid from the
pipette tip very slowly to avoid aerosolization and bubbling.

« Label your sterile reagents and materials so that others know that they are not to be used
without aseptic technique.

e Make sure that other colleagues know not to disturb required supplies or workspace.

o Keep a supply of necessary sterile materials (such as autoclaved pipette tips) at hand in
your specific workspace.
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Notes on ethanol use:

« Do not spray ethanol near open containers, exposed microbial cultures, or computers.

« Do not use ethanol near heat sources or flame.

o Make sure that surfaces wiped with ethanol have dried before you continue. This is in
order to ensure disinfection and to prevent the evaporating ethanol from affecting your
cultures and reagents.

« To avoid the labels on bottles and vials getting washed off by the ethanol, put clear tape
over your labels. Be mindful of labels that may become obscured when disinfecting
containers.
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3. Results and Discussion

3.1 Bacterial biofilm production in variations of chemically defined growth media

Difficulties performing the beta-galactosidase assay have been reported in the past due to
excessive biofilm formation in the steps requiring chemically defined medium (CDM). Biofilm
formation in the liquid medium leads to non-homogenous cultures and to viscous globs that plug
pipette tips. | cultured the B. subtilis bacteria in three major variations of chemically defined
media—CDM-1, CDM-2, and CDM-3—whose recipes are listed in the materials section and
qualitatively compared the extent of biofilm formation in each type of medium (previous work
may refer to these media as “GMM”). Cultures grown in CDM-3 broth showed little to no
problematic biofilm formation in most attempts. whereas cultures grown in CDM-1 broth or
CDM-2 broth regularly contained major biofilm globs. The difference in biofilm production in
these media may be due to the presence of MnCl2 and MgCI2. Theses are not variables that |
was able to independently assess. | believe that CDM-1 (which contains only one amino acid:
tryptophan) is designed for use with B. subtilis strain 1Al while the other two variants of CDM
(which contain multiple amino acids) are designed for use with strain 1A40, a the Bacillus
Genetic Stock Center lists strain 1A1 with a trpC2 description and 1A40 with a lys-3 metB10

trpC2 description [23].

3.2 Bacterial solvent tolerance in ligand condition cultures

Trials were first attempted with the DMSO ligand solutions or solvent control making up
1 fifth the volume of each Phase 2 Incubation well, in order to make it possible to incubate
cultures with ligand concentrations up to 200uM (The solubility of guanine in DMSO is ~ 1mM).

This meant a final DMSO concentration of 20% in the cultures. The bacteria were not able to
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grow at this concentration of DMSO, and a laboratory staff member indicated than even 10%
DMSO is harsh for most bacteria. In order to keep the DMSO concentration in the cultures at
10%, DMSO ligand solutions were added as 1 tenth the volume of each Phase 1 Incubation well,

making that the maximum ligand concentration in the test cultures 100 uM.

3.3 Kinetic and stop-solution beta-galactosidase assays performed in microplates

Kinetic Beta-Galactosidase Assay (TestID 75)

160
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Figure 8. Kinetic MU calculated for bacteria incubated with GUANIne, guanOSINE, or SK4,
each at concentrations of 25 uM, 50 uM, and 100 uM. DMSO is solvent control. The slopes of
the OD410 curves were calculated using the data from minutes 45 to 60.
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Figure 10. Endpoint analysis of the assay plate used in the TestID 75 kinetic assay (Figure
8). These MU were calculated using OD410 and OD550 readings taken at the end of the kinetic

assay (t = 80 min) and the OD600 reading taken at t = 0.
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Stop-Solution Beta-Galactosidase Assay
(TestID 77)
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Figure 11. Stop-solution assay performed with aliquots from the same Phase 2 Incubation Plate
as the TestID 75 Kinetic assay (Figure 8). 80 uL cell culture were added to the wells of a
microplate. 120 uL lysis/substrate solution was added per well as usual. The plate was incubated
at 30 °C for 1 hour and then 75 uL of 1 M Na,CO3 was added per well before taking OD410 and
OD550 readings.

Kinetic Beta-Galactosidase Assay (TestID 82)
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Figure 12. Kinetic MU calculated for bacteria incubated with GUANine, guanOSINE, or SK4,
each at concentrations of 25 uM, 50 uM, and 75 uM. DMSO is solvent control. The slopes of the
0DA410 curves were calculated using the data from minutes 45 to 60.
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,o. .

" et '-°-*;!",
.l-_ggg 0%s® z o° tt S
il fisihi .'-I

)

0D410
0D600

3 .
ovl 2~e

HEH .;,xll.. °H cll|8 o 'g.'.l-

".u

8 o
¥ Nealy
o8 c'll ' . atgectil 30
20°ge O'i' l" ' -, LI -."°' 50 "‘.‘. t] = "". . 0‘.'0
o0 0 °
. -0.2
e o o . £

0.3

Time (minutes) ime (minutes)

Figure 13. Representatlve OD410 and OD600 signal curves from one of kinetic beta-
galactosidase assay trials.

The only reasonable conclusion I can make from these data about the effects of the
ligands on endogenous beta-galactosidase enzyme activity in the bacterial cultures is that all
three test ligands (GUANIne, guanOSINE, and SK4) each cause an increased reduction in
enzyme activity with increasing concentration of the ligand from 25 uM to 100 uM. Whether the
three ligands have significantly different effects on gene expression in these experiments is not
clear. Of the few assays successfully brought to completion, only the results using bacteria from
one assay appeared to indicate a significant drop in beta-galactosidase activity in the cultures
incubate with SK4 as compared to with guanine or guanosine. The effects of guanine and
guanosine in those assays relative to each other were very close. In the final kinetic assay trial
conducted (TestID 82), many negative Miller Unit values were yielded, and the spread of values
for each condition was very large. The data from that trial cannot be interpreted. Several other
attempted trials were rendered unusable due to excessive bubbles in the assay plate wells or

aborted due to closure of the labs at several points.
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Miller Unit calculations are not meant to meaningfully accommodate negative signals,
especially not negative OD410 slopes in the Kinetic assays. Further assays would need to be
performed in order to clarify any significant difference in effect between the ligands, possibly
with denser bacterial cultures. It is possible that the apparently low production of active beta-
galactosidase in the bacteria cultured lead to signals too close to the lower detection limit and in
too narrow an intensity range for adequate resolution. | surmise that the generally low OD410
signals in all of the assay cultures are due to low baseline enzyme activity in the bacteria used.
Towards the beginning of this project, | performed X-Gal blue/white and antibiotic screening
tests on several different cryocultures belonging to the lab that had been unclearly labelled. The
cryoculture that | ended up selecting for use in my experiments had the appropriate antibiotic
susceptibility and tolerance profile, but it had very little production of blue color (blue color is
the indicator of beta-galactosidase production in the X-Gal test). It is likely, over years of
storage, that the expression of LacZ in the stock culture of modified bacteria diminished.

Schaefer et al. indicated that lysis did not significantly affect OD600 in their assays, and
that the OD420 signals began to rise immediately from the beginning of the beta-galactosidase
assay upon the addition of the lysis/substrate solution (called “BGal mix” in their text). The trials
in this project, however, showed a steep decrease in both OD600 and OD410 for approximately
45 minutes, which is a quite long period of time, followed by relatively steady OD600 readings
and rising OD410 readings (in cases when beta-galactosidase detectable by this means was
present, with regard to the OD410). The only time | saw an immediate rise in OD410 was when |
performed a test run of the apparatus with stock beta-galactosidase enzyme and with some
leftover Phase 1 Incubation liquid culture (not shown). I wonder whether the significant drop of

OD600 in my cultures could be due to a lower initial growth density, although it was within the
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range used by Schaefer. The main problematic differences observed between my kinetic assay
signal curves and the signal curves in Schaefer’s work is the prolonged lysis period, as “slow
permeabilization [can] reduce ONPG availability within the cell and have adverse effects on
OD420 production and Miller units” [16].

It is important to note that the Schaefer protocol is designed for use with E. coli, which is
Gram-negative, as are most beta-galactosidase assays found in the literature. The cell walls of
Gram-positive bacteria are stronger and more elastic than the cell walls of Gram negative
bacteria, and this renders Gram-positive bacteria more difficult to lyse [24]. Typical beta-
galactosidase assays of either Gram-negative or Gram-positive bacteria usually involve
performing enzymatic assays on cell extracts that have been separated by centrifugation from
cells previously lysed by mechanical or chemical means [25]. Another high-throughput option
found in the literature proposed by Griffith and Wolf in 2002 involves performing the assay on
cultures where the cells were permeabilized by toluene or chloroform and SDS, without
extracting the lysate, but this approach requires the use of polypropylene 96-well blocks for the

lysis stage, as toluene and chloroform can both damage plastic microplates [26].
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4. Conclusion

4.1 Riboswitch-mediated gene suppression by analogue ligands

The guanine, guanosine, and SK4 ligands each cause a decrease in endogenous beta-
galactosidase activity in exposed cultures of model bacteria containing the xpt-pbuX-LacZ fusion.
Over the 25 uM to 100 uM ligand concentration range tested, an increasing ligand concentration led to
further decrease in beta-galactosidase activity, indicating more powerful suppression of the riboswitch-
mediated LacZ gene expression. Cultures from one batch showed more powerful gene suppression by
SK4 than by guanine or guanosine across the tested range of concentrations, but more testing would be

necessary to confirm or disqualify these results.

4.2 Experimental approach for high-throughput and kinetic beta-galactosidase assays

While the “one-step” beta-galactosidase method described for use in E. coli by Schaefer offered
hope for decreasing the number of liquid handling steps, increasing the time-efficiency of the assay
process and reducing the quantity of reagents required, cell lysis in the B. subtilis used in this project was
not rapid enough for the sake of evaluating beta-galactosidase activity via the colorimetric evaluation of
its hydrolysis product, ONP. With the awareness (informed both my own experience and the reports of
previous students) that any otherwise-functional assay can become infeasible if it involves an impractical
number of handling steps, quantity of materials or amount of bench time, especially for an undergraduate
researcher, | encourage future students to pursue a beta-galactosidase assay that resembles the one
proposed by Griffith and Wolf and is ultimately analyzed using a plate reader but involves a more
rigorous, separate lysis step than incorporated by Schaefer. Hopefully, the basic outline of my procedure
could be retained up through step , with the exception of adjustments to volumes and the cell-culture
vessels used. It should be noted that the high-throughput scheme presented by Griffith and Wolf is
intended for screening the beta-galactosidase production of multiple strains of bacteria, not for screening
the same type of bacteria subjected to multiple experimental conditions. Because of this, | would

recommend working with a batch culture as much as possible up until the ligand-incubation step, rather
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than starting off by separately inoculating multiple polypropylene wells. The aliquots of bacterial culture
introduced to the wells of the of the Phase 1 Incubation plate (or block) should all have the same origin
and have experienced the same manipulations and environment as each other leading up to this step.
Another potential option could be to simply conduct the lysis step separately by adding lysis solution to
the assay cultures, waiting a sufficient amount of time, and then introducing substrate solution, as done by

Robinson et al. in 2014 [27].

4.3 Additional features of riboswitch-mediated gene suppression to evaluate
Increased gene suppression due to the presence of a ligand can be due to multiple possible
factors, including solubility, ability of the ligand to enter the cell, and binding affinity of the ligand to the
riboswitch [28]. Once a feasible beta-galactosidase assay is implemented, there are additional experiments
key to evaluating the interactions between the riboswitch and the ligands and any relevance this may have
to antibiotic utility.
o Inhibitory concentration test (MIC) and Kirby-Bauer disc diffusion assay to evaluate
effects of ligands on bacterial growth
e Control test with bacteria containing a riboswitch inactivated by a mutation to evaluate
whether effects on the bacteria are due to riboswitch activation or other possible factors
e Isothermal titration calorimetry (ITC) analysis of the aptamer domain of the riboswitch
(synthesized in house) to characterize the kinetics and thermodynamics of isolated
riboswitch-ligand binding in vitro.
Growth inhibition tests should be performed to show whether the ligands have an appreciable
effect on the growth of the bacteria. Beta-galactosidase assays should be performed with bacteria
that have an inactivated riboswitch, to show whether gene suppression by the ligands is, in fact,
mediated by the riboswitch. ITC analysis of the riboswitch aptamer domain with the ligands

could be performed in order to examine their binding affinity and kinetics to explore why certain

ligands have more prominent effects on riboswitch-meditated gene regulation.
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6. Appendix

X-Gal and antibiotic screening LB agar streak plates, Nov-21-2019
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G

[no growth]

[no growth]

[no growth]

[no
growth]

[no growth]

SPT = spectinomycin, CHL = chloramphenicol

This is what | observed on the plates as | had them. This is not absolute information. Some cross

contamination (such as by dripping, which appears to have happened) is possible. Blue showing up in

white could be due to later development, a mixture of lacZ transformed and non-transformed cells of the
same culture/vial, and/or a mix of cultures/vials. (Did | check all the actual tube labels as I took them out
and not just go by slot number? | know I did for some.)

The cultures from slots E4 and E8 appear to be untransformed parent strains (1A40 and 1A1,

respectively). Both are dated June 2012.

The cryoculture stock I selected to use in my project came from slot E6, in the vial marked “B. sub WT

lacZ 12/7/12”.
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