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IMPROVING THE SENSITIVITY OF
APTAMER-DRIVEN FLUORESCENT PROTEIN
COMPLEMENTATION FOR RNA LABELING AND DETECTION
HARRY DRISCOLL
ABSTRACT

In eukaryotic cells, some mRNAs localize to distinct areas of the cell where RNA
is translated and the encoded protein is specifically localized. Recent studies have
suggested that even though prokaryotic cells lack internal compartmentalization, different
RNAs can localize to distinct regions of the bacterial cell. Our lab is developing methods
for labeling and detecting RNA with the goal of determining localization of endogenous
RNAs within single cells. We currently employ an elF4a protein-specific aptamer for
RNA labeling using one of two methods. (1) Target RNA is tagged with the aptamer
sequence at the 3’ end and the aptamer triggers protein complementation of two fusion
proteins, each containing split EGFP and split e[F4A proteins. (2) Two RNA probes, each
containing a half of a split e[F4a-specific aptamer and an antisense sequence
complementary to the target RNA, bind the unmodified transcript through
complementary interactions. This binding brings the two fragments of the split aptamer
in close proximity and allows proper folding of a split aptamer. A fluorescent signal is
generated by the aptamer-driven reassociation of the fusion proteins. In this work, we
investigate the sensitivity of the first method for detecting transcripts expressed from
their natural chromosomal loci, and describe attempts to increase the sensitivity of the

method by using multiple aptamer tagging. We also present results suggesting that the



second method, combining protein complementation and split aptamer approach,
provides high sensitivity enabling detection of endogenous bacterial RNAs expressed at

low level.
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1. Background and Goals

1.1. RNA labeling and detection methods

The most direct way of labeling and detecting RNA within cells is to use a
hybridization method such as RNA fluorescence in situ hybridization (FISH)'. RNA
FISH uses probes complementary to the target RNA that are attached to one or more
fluorophores. The probes hybridize to the RNA and create a fluorescent signal at its
location. Other hybridization methods include molecular beacons® and FRET probes’,
which offer higher sensitivity by using the concept of quenching to kill the fluorescent
signal when the probes are not bound (in the case of molecular beacons) or until a second
probe binds (in the case of FRET probes)’. All hybridization techniques must be
performed on fixed cells (when working with bacteria), because the RNA must be cross-
linked and the cells must be permeabilized to allow delivery of the probe.

RNA labeling and detection in live cells is often accomplished using a system that
consists of an aptamer (a region of the RNA with strong secondary structure) and a
protein that can bind to the aptamer with high affinity. Aptamer sequences are often
selected by SELEX, in which a large RNA library is used to find the sequence with the
secondary and tertiary structure that has highest affinity for a ligand®. The first and most
widely used aptamer system is the MS2 system, which uses the MS2 viral coat protein
that binds to a known RNA stem-loop structure®. This system has been used with MS2-
GFP fusion proteins to label and track RNAs in live E. coli cells’. The system is most

often utilized with several tens of repeats of the 19 nucleotide stem-loop aptamer. A



system similar to the MS2-GFP system that has been used in the same way is the bgl-

mCherry RNA labeling system8

. In this system, the ligand is adapted from the E. Coli
protein BglG RNA-binding domain and binds to a 29 nt RNA stem-loop aptamer. This
system is typically employed with 18 or more stem loops. The Ax-GFP aptamer system
consists of four repeats of a bacteriophage A coat protein that bind to a ~80 nt sequence
added to the target RNA’. This system necessitates addition of less nucleotides to the
target RNA than the MS2-GFP or bgl-mCherry systems because the ligand proteins are
bound to three GFP molecules. The major disadvantage of the methods using aptamers
(MS2, bgl, AN and others) and fusion proteins is that the fusion proteins are fluorescent
and create high background that makes quantitative studies difficult.

To increase the signal-to-background ratio for more efficient detection of RNAs a
new aptamer system based on protein complementation was developed in the lab' (Fig.
1). The system consists of elF4a protein that has been shown to bind to a specific
aptamer (isolated by SELEX) with high affinity''. The elF4a protein (eukaryotic
initiation factor 4a) is a eukaryotic RNA helicase. The system differs from the MS2
system and others in that the elF4a/EGFP fusion is not intact, but is split so that it
consists of two parts, each a fragment of elF4a linked to a fragment of split EGFP.
Valencia-Burton et al. showed that two fusion proteins are not fluorescent when
expressed in the cell, but in the presence of the aptamer will assemble on it, bringing the
EGFP fragments in close proximity and restoring fluorescence' (Fig. 2). The RNAs used
in the experiments were expressed at high level from a strong T7 promoter and high copy

number plasmids.
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Figure 1: Schematics of protein complementation triggered by eIF4A protein-RNA
aptamer interactions. The aptamer binds to the elF4a protein, and so the split halves of
this protein come together on the aptamer. The split EGFP protein halves are brought
into close proximity when the elF4a binds to the aptamer, and fluorescence is restored.
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Figure 2: The reassociation of the fusion proteins on the aptamer results in a
fluorescent signal. This figure (adapted from Valencia-Burton et al. 2007'%) shows the
results of control experiments performed with the system used in our lab. It can be seen
that split proteins alone result in a low signal (A), and split proteins with the aptamer
present result in a strong signal above background (C), though not as strong as full intact

EGFP (B).
1.2. RNA and protein localization within bacterial cells

The interior organization of bacterial cells is currently a topic of interest and the
subject of many experimental studies. A decade ago, the interior organization was
assumed to be a more or less homogeneous soup with no organelles for

compartmentalization. However, studies have shown that proteins can be distinctly



localized within individual cellslz, and RNA localization studies have followed. One of
the first indications that RNA could be localized in bacterial cells was obtained in a study
that used the eIF4A-based protein complementation method for RNA labeling'’. 5S RNA
and LacZ mRNA were expressed in E. coli cells in separate experiments from the same
vector plasmid but displayed different localization patterns. LacZ mRNA was evenly
distributed throughout the cell, whereas 5SS RNA was mostly localized to the poles, in

13,14
7. Because RNAs were

agreement with previous data on the localization of ribosomes
overexpressed from a multicopy plasmid with a strong T7 promoter in these experiments,
the transcript levels were above the physiological levels (about 3 orders of magnitude
higher than MreB mRNA'"). This fact and the lack of functional tests did not allow
conclusions to be drawn on the biological relevance of these distinct localization patterns.
Later, Russel and Keiler showed, by using FISH, that the tmRNA in C. crescentus cells is
localized to structures resembling helices in a cell cycle-dependent manner'”.
Montero-Llopis et al. used RNA and DNA FISH to label RNA species and their
corresponding coding regions on the bacterial chromosome in fixed E. coli cells'®. This
group also used MS2 method to label mRNAs (LacZ and GroESL mRNAs) in live cells.
The results in fixed cells showed that the location of the mRNA within the cells
overlapped with the location of the corresponding gene locus. The same localization
patterns were observed in live cells using the MS2-GFP aptamer labeling technique. The
team concluded that bacterial cells use the chromosomal layout to spatially organize the

processes of transcription and translation, in much the same way that eukaryotic cells

utilize different cellular compartments. The mechanism that keeps the mRNA near its



transcription site and prevents its diffusion is unknown.

Another group found that some mRNA can localize independently of the DNA in
the cell, and that transcription and translation are not spatially coupled for some genes.
Nevo-Dinur et al. studied the distributions of several mRNAs encoding proteins
localizing to different sites in bacteria (membrane, cytosol, or the poles) using the MS2
method'”. Tt was found that the localization of mRNA correlated with the localization of
the encoded protein. For example, a transcript encoding cytoplasmic chloramphenicol
acetyltransferase (cat) was localized in the cytoplasm in helical structures, whereas the
lacY transcript encoding membrane-bound lactose permease was localized to the
membrane. It was also shown that both plasmid-encoded and chromosome-encoded
transcripts were localized similarly, which implied that factors other than the
transcription site were playing a role in RNA localization. Inhibition of translation by
antibiotics or by mutations that prevented translation did not affect mRNA localization.
These results suggest that bacterial RNA transcripts contain sequence information that
defines their localization site and that mRNAs migrate to particular sub-cellular sites
where the encoded proteins are translated. RNA localization is one mechanism in
eukaryotic cells that allows site-specific protein expressionlg. The mechanism of the

RNA movement to its translation site is currently unknown in prokaryotic cells.

1.3. Limitations of an aptamer system in combination with protein complementation for
detection of endogenous RNAs

As previously discussed, the elF4a split protein/ aptamer system has been used to



19,11 It

detect and localize RNA transcripts expressed from high copy plasmids in E. coli,
had not been used previously to detect RNA at endogenous expression levels and the
sensitivity of this method had not been tested. Another limitation of the aptamer-based
approaches is that the target RNA must be modified with the aptamer, which can affect
RNA stability and or translation. To overcome this limitation an alternative method for

labeling RNA in live cells using protein complementation and a split aptamer approach

has been developed20.

1.4. Project goals

My first goal was to investigate the sensitivity of the elF4a protein
complementation system at detecting endogenous RNAs expressed from their natural
promoters in chromosomal DNA (SgrS small non-coding RNA, RNaseE mRNA, and
LacZ mRNA) in live cells. These genes were chosen as targets since they were already
studied in the lab (SgrS RNA and LacZ mRNA). RNase E protein is a major component
of the bacterial degradosome, therefore it was interesting to study localization of this
mRNA in bacterial cells. Towards this goal, these genes were tagged at the 3’ end with
the elF4A-specific aptamer using the recombineering method developed by Datsenko and
Wanner”'. The results showed that one copy of the el[F4A aptamer was not enough to
produce fluorescent signal above background. Experiments were also performed to
increase the sensitivity of the method by using multiple aptamer tagging.

At this time another graduate student in the lab, Paul Toran, showed that the new

method for labeling endogenous RNAs that uses a combination of protein



complementation and split aptamers displays high sensitivity”. Therefore, we did not
pursue labeling of RNAs tagged with aptamers but studied the localization of endogenous
bacterial PstC mRNA in E. coli cells. My goal was to perform RNA FISH to confirm the
live cell PstC mRNA localization results and to study localization of the mRNA and

encoded protein, PstC.



2. Materials and Methods

2.1. Genetic tagging of SgrS RNA, RNaseE mRNA, and LacZ mRNA with the elF4a
aptamer using recombineering.

The aptamer was inserted into the chromosome using a version of the Datsenko-
Wanner protocol for lambda-red recombination*. For each gene, two PCR primers were
constructed (Table 1). The forward primer consisted of 50 nucleotides (nt) homologous
to the 3’ end of the gene, the aptamer sequence, and 24 nt that were upstream of the
flippase recognition target (FRT) flanked kanamycin resistance (kanR) cassette in
plasmid pKD4. The reverse primer consisted of 24 nt complementary primer to amplify
the FRT flanked kanR cassette and 50 nt reverse complementary to the 50 nucleotides
immediately following the gene of interest. The PCR product generated was therefore a
~1500 base pair (bp) linear DNA fragment consisting of the aptamer and an FRT flanked
KanR cassette with flanking regions homologous to the region of chromosomal insertion.
Next, E. coli MG1655 cells were transformed with the plasmid pKD46, which creates the
proteins required for lambda-red recombination under arabinose induction. The cells
were grown overnight (at 30° C, pKD46 has a temperature sensitive origin of replication
and will be cured from a strain at 37° C), supplemented with 1 mM arabinose, diluted
1:100 in media containing 1 mM arabinose, and grown (30° C ) to exponential phase. To
make the cells electrocompetent, they were spun down at 4° C, resuspended in sterile ice-
cold water, washed twice with ice cold 10% glycerol, and resuspended in 1/100 initial

culture volume of 10% glycerol. These cells were divided into 50 ul aliquots, and mixed



with approximately 100 ng of gel-purified PCR product. The mixture was transferred to
electroporation cuvettes, left on ice for 20 minutes, and electroporated at 2400 V. The
outgrowth was performed for 1 h in 1 ml of SOC (super optimal broth with catabolite
repression) medium. Half of the outgrowth culture was plated on kanamycin (50 pg/ml)
LB-agar plates and grown overnight at 37° C. If no growth was observed after 24 h the
second half of the outgrowth culture was plated. Colonies were re-streaked on fresh
kanamycin plates at 37° C (to remove pKD46), and transformed with the pCP20 plasmid
which encodes flippase (this plasmid is also temperature sensitive and must be grown at
30°C). Colonies successfully transformed with pCP20 were colony purified by re-
streaking at 42°C to remove the plasmid and tested for loss of both Kanamycin and
Ampicillin resistance at 30°C. DNA from the cells with no resistance to antibiotics was
amplified and sequenced to confirm insertion of a correct aptamer sequence at the 3’
position downstream of the gene.

Table 1: Primers used to create the linear DNA that was inserted into the E. Coli

MG1655 genome via the Datsenko-Wanner protocol. These primers were used to
amplify the kanamycin resistance cassette from plasmid pKD4.

SgrS GTATTGGTGTAAAATCACCCGCCAGCAGATTATACCTGCTGGTTTTTTTTCCGGGGACCGCGC
Fwd CCCACATGTGAGTGAGGCCGAAACGTAGATTCGACAGGAGGCTCACATTGTGTAGGCTG

SgrS CATCGTCATTATCCAGATCATACGTTCCCTTTTTAGCGCGGCGAGAATATGGGAATTAGCCAT
Rev GGTCC

LacZ CTGAGCGCCGGTCGCTACCATTACCAGTTGGTCTGGTGTCAAAAATAACCGGGGACCGCGCC
Fwd CCACATGTGAGTGAGGCCGAAACGTAGATTCGACAGGAGGCTCACATTGTGTAGGCTGGAG
CTGCTTC

LacZ AATGGATTTCCTTACGCGAAATACGGGCAGACATGGCCTGCCCGGTTATTAATGGGAATTAG
Rev CCATGGTCC

RNaseE | CATGCCTCTGCCGCTCCTGCGCGTCCGCAACCTGTTGAGTAATAACCGGGGACCGCGCCCCA
Fwd CATGTGAGTGAGGCCGAAACGTAGATTCGACAGGAGGCTCACATTGTGTAGGCTGGAGCTG
CTTC

RNaseE | TAAAAAAGCCCTGGCAGTTACCAGGGCTTGATTACTTTGAGCTAAATGGGAATTAGCCATGG
Rev TCC

10




Table 2: List of plasmids used in the experiments.

pKD46 Encodes bet, gam, and exo under arabinose induction for lambda-red
recombination. Ampicillin resistance, cured from strain above 30° C.

pKD4 Contains kanamycin resistance cassette flanked by FRT sites for use in the
Datsenko-Wanner protocol.

pCP20 Encodes flippase, which is used to remove the kanamycin resistance cassette
from successful recombinant strains. Ampicillin resistance, cured from strain
above 30° C.

pMB53 Encodes the split fusion proteins A-F1 and B-F2, used in the elF4a aptamer
protein complementation method. Chloramphenicol resistance.

pAR1219 | Encodes T7 RNA polymerase. Ampicillin resistance.
pHDO5 2x elF4a aptamer cloned between Notl and Xhol in pET Duet.
pHDO7 4x elF4a aptamer cloned between Notl and Xhol in pET Duet.

2.2. Labeling and analysis of chromosomally expressed RNAs tagged with the elF4A
aptamer in live cells

MG1655 E. coli cells were first transformed with plasmid pMBS53
(chloramphenicol resistant), which encodes the elF4a/EGFP protein fragments with an
IPTG inducible T7 promoter (pET Duet vector). The cells also were transformed with
plasmid pARI1219 (ampicillin resistant), which produces T7 polymerase, since the
MG1655 cells do not naturally make T7 RNA polymerase. The T7 polymerase
producing plasmid was tested in MG1655 by co-transforming it with a plasmid that
encodes for full EGFP under a T7 promoter and checking for fluorescence. The
effectiveness of the aptamer system was tested by measuring cell fluorescence by
Fluorescence Activated Cell Sorting (FACS) and also by fluorescence microscopy. To
prep for FACS, the cells were grown overnight from a freshly picked colony in LB +
appropriate antibiotics. The cells were diluted 1:100 in the morning into fresh LB and

grown to ODggp 0.2 (~2 h). IPTG was added to a concentration of 1 mM and the cells

11



were grown to ODgpo 0.6 (~3 h longer). If the cells were expressing SgrS RNA, the
medium was supplemented with 1% o-methylglucoside, which induces phosphosugar
stress causing SgrS induction”>. The cells were prepared for FACS and microscopy by
washing twice with PBS. The FACS machine used was the Becton-Dickinson
FACSCalibur flow cytometer with a 488-nm argon excitation laser and a 515-545 nm
emission filter. A relative fluorescence histogram was collected for 10° cells.
Microscopy was performed by making 0.8% agarose pads on multiwell slides and putting
the PBS suspended cells on the pads. The cells were allowed to settle for 4 minutes,
excess liquid was aspirated, and the cells were imaged immediately with 100x DIC and

epifluorescence using a Nikon Eclipse TI inverted microscope.

2.3. Northern blotting and RT-PCR of SgrS RNA.

The Northern blot of SgrS RNA was used to test the induction of this RNA by
phosphor-sugar stress, and also to determine whether the presence of the aptamer at the
3’ end of the RNA affected its expression levels. Total RNA was purified from E. coli
MG1655 and HD2 cells using the Qiagen miRNeasy mini kit for micro RNA, because
SgrS RNA is relatively small, 227 nt. The RNA was separated using a formaldehyde-
agarose gel and transferred onto a nylon membrane by capillary transfer. RNA was
crosslinked to the membrane by exposing the membrane to UV light for 2 min. Detection
of RNA was done using the DIG High Prime Labeling and Detection Kit from Roche
Diagnostics. This technique uses digoxigenin (DIG) labeled nucleotides incorporated

into a DNA probe that is complementary to the RNA. The probe is incubated on the blot

12



to enable hybridization and then detected using a chemiluminescent anti-DIG antibody.

Since the sizes of the SgrS RNA and SgrS-aptamer RNA on the Northern blot
were very close, the presence of the aptamer in HD2 cells was tested by RT-PCR.
SuperScript® III first-strand synthesis supermix (Invitrogen) was used to create cDNA
from the purified RNA samples from MG1655 and HD2 cells. PCR reactions testing for
the presence of SgrS and presence of the aptamer (Table 3) were performed and
visualized by polyacrylamide gel electrophoresis (PAGE) to determine the size of the
product with high accuracy.

Table 3: List of primers used in SgrS cDNA testing.

Name Sequence 5’-> 3’ Description

SgrS fwd GGTGCCCCATGCGTCAGT Primer at the beginning of SgrS RNA

SgrS rev GTATAATCTGCTGGCGGGTG | Reverse primer at the end of SgrS RNA
Aptamer rev | TGTGAGCCTCCTGTCGAATC | Reverse primer at the end of the elF4a aptamer

2.4. Cloning of multiple aptamers and analysis of their effect on protein complementation

To determine whether the protein complementation signal could be multiplied or
increased in comparison with a single aptamer, multiple aptamers were introduced in a
vector plasmid. A linear ds DNA product containing multiple repeats of the aptamer
flanked by restriction sites was created by rolling circle amplification, RCA (Fig. 3).
These fragments were cloned into pET Duet vector between Notl and Xhol restriction
sites and the number of aptamer repeats was determined by sequencing. The plasmids
containing 2 and 4 repeats were co-transformed into E. coli BL21 cells with the pMB53
plasmid (plasmid which encodes for protein complementation fragments). Cells
expressing different copy numbers of the aptamer were tested for fluorescence level by

FACS.
13
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Figure 3: Design of the rolling circle amplification experiment for cloning of
multiple aptamers. (1) A single stranded synthetic oligonucleotide containing the
aptamer sequence was first ligated into a circle using a complementary padlock. (2)
Rolling circle amplification was performed on the circle with two primers containing
restriction sites. (3) The product obtained was a mix of linear DNA fragments consisting
of different numbers of aptamer repeats. The entire mix was used in restriction and
ligation into pET Duet, and then transformation into E. coli cells. Colonies that
contained pET Duet were tested for the number of aptamer repeats in the plasmid by
colony PCR.

2.5. RNA FISH experiments

Initially, RNA FISH was attempted with DNA probes that were created in the lab.
The probes consisted of double stranded DNA with one strand (the strand complementary
to the mRNA being labeled) incorporating Cy3 or Cy5 labeled dCTP. The probes were
created in a 20 pl reaction consisting of 2 ul 10x Taq polymerase buffer (New England

Biolabs, Ipswich MA), PCR product amplified from the mRNA transcript cDNA (final

14



conc. 2.5 uM), reverse PCR primer to amplify the strand complementary to the mRNA
(final conc. 25 uM), dATP, dGTP, and dTTP (final conc. 12.5 uM), and Cy3 or Cy5
labeled dCTP (final conc. 12.5 uM). The mixture was heated to 95°C for 5 min and
chilled on ice to denature the DNA, 1 ul of Klenow fragment enzyme was added, and the
reaction was incubated for 1 h at 37°C. The enzymes were inactivated by heating to
75°C for 20 min. The unpurified probes were used for hybridization. Use of this type of
probe in the protocol described below did not show successful labeling of RNA.

To perform RNA FISH successfully, commercially available Stellaris® probes
from Biosearch Technologies were used. The probes consisted of 38 20 nt probes that
hybridized along the entire length of the PstC mRNA, with one molecule of TAMRA dye
on each probe. E. coli BL21 cells were grown overnight in LB at 37°C, and the next day
diluted 1:100 and grown to ODgpy 0.6. Cells were fixed by adding 3 volumes cell culture
to 1 volume 16% formaldehyde in PBS (final concentration 4% formaldehyde) and
leaving at room temperature for 15 min, then on ice for 30 min. Microscope slides and
cover slips were washed in a solution of 3 M NaOH/50% ethanol for 10 min and rinsed
thoroughly with distilled water. Poly L lysine solution (0.1%) was applied to the cover
slips for 10 min and then aspirated in order to form a poly lysine coating for the bacterial
cells to adhere to. The fixed cells were washed twice in diethylpyrocarbonate (DEPC)-
treated PBS and resuspended in 1/5 volume glucose-tris-EDTA (GTE) buffer + 4 mM
vanadyl ribonucleoside complex (VRC, an RNase inhibitor). The cells were made
permeable by incubating with 10 pg/ml lysozyme for 10 min on poly lysine coated

coverslips. Excess liquid was then aspirated. The cells adhered to the coverslips were
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dehydrated and repermeabilized by treating for 10 min in methanol and 30 sec in acetone,
and then rehydrated in 40% formamide + 2x SSC + 4mM VRC for 1 h at 37°C. The
probes were diluted to 250 nM in hybridization solution I (80% formamide, 2x DEPC
treated SSC, 70 pg/ml calf thymus DNA) and heated to 80°C for 5 min. The
hybridization solution I was then mixed in a 1:1 ratio with hybridization solution II (20%
dextran sulfate, 4 mM VRC, 0.2% BSA, 2x DEPC treated SSC) and 100 pl of the
mixture was applied to each coverslip. The coverslips were placed on the slides (not
sealed) and hybridized overnight at 42°C in a humidified chamber. The next day the
coverslips were washed twice in 50% formamide, 2x SSC for 30 min and then rinsed 5
min in PBS. The coverslips were mounted on the slides with Hoechst 33342 DNA dye in

PBS and imaged in DIC and epifluorescence.

2.6. Immunocytochemistry for protein localization

The Datsenko-Wanner method (described in materials and methods section 2.1)
was used to attempt tagging of three genes (PstC, Hfq, and CsrA) on the chromosome
with the sequence of a polyhistidine tag (his-tag) consisting of 6 histidine residues at the
C-terminus of the protein. PstC protein has been successfully tagged (see cell line.... and
the sequences file). Once successful tagging was accomplished, immunochemistry
experiments were performed to determine the localization of the protein in individual
cells. The cells were first grown overnight and then diluted 1:100 in the morning and
grown to ODggy 0.6. The cells were fixed in 4% formaldehyde for 15 min at room

temperature and then 30 min on ice. After fixation, the cells were washed 3 times in PBS
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and resuspended in %2 volume PBS. 100 pl of the cells were pipetted onto poly lysine
coated coverslips, left to adhere for 10 min, and then the excess liquid was aspirated.
Cells were permeabilized by covering with 1% Triton detergent in PBS for 10 min and
then rinsing in PBS + 0.02% Tween 20. Slides were blocked in a solution of PBS + 1%
BSA + 0.1% Triton + 5% normal goat serum for 1 hour at 37° C. Primary histidine tag
antibodies (Novagen His-Tag® monoclonal antibodies, mouse IgG) were diluted to 0.002
pug/ul in blocking solution and incubated on the coverslips for 1 h at 37°C. The
coverslips were washed in PBS + 0.02% Tween 20 for 5 min, and then the secondary
antibody (goat anti-mouse conjugated to Cy2 dye) was diluted 1:500 in blocking solution
and incubated on the coverslips for 1 h. After secondary labeling, the coverslips were
washed for 5 min in PBS + 0.02% Tween 20, washed for 5 min in PBS, and then allowed
to dry. The coverslips were mounted on slides with 50 % glycerol and imaged with 100x

magnification epifluorescence microscopy.
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3. Results

3.1. Genetic tagging of SgrS, LacZ, and RNase E RNAs with the elF4A-specific aptamer
To tag chromosomal genes with the elF4A-specific aptamer we used the method
of Datsenko and Wanner. The Datsenko Wanner protocol uses a recombination system
adapted from the lambda phage to insert linear fragments of DNA into the chromosome.
The linear DNA must have ~50 nt flanking regions that are homologous to the point of
insertion, and will be recombined into the genome during chromosomal replication. This
is accomplished through the cooperation of three proteins encoded by plasmid pKD46:
bet, gam, and exo. Exo degrades one strand of the linear insert to make it single stranded,
bet binds to the single stranded 3’ ends and promotes annealing to complementary DNA,
and gam binds to the RecBCD complex and prevents the linear DNA from being
degraded. The recombination occurs when the linear DNA is inserted at the replication
fork. Cells with successful recombination are selected by including an antibiotic
resistance cassette in the insert and selecting on antibiotic plates. Of the three genes,
tagging was most successful with the SgrS gene. SgrS RNA was tagged successfully
with a correct aptamer at the 3’ end of the gene and the cells grew at a normal rate and
were healthy. RNase E gene was successfully tagged according to colony PCR, but the
cells did not grow at a normal rate, growing much slower than normal. LacZ gene was
successfully tagged with the aptamer at the 3’ end of the RNA, but the kanamycin
resistance gene could not be removed. The cells were successfully transformed with the

pCP20 plasmid encoding flippase, but the flippase was ineffective in many repeats of the
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experiment. The cells grew at a slower than normal rate. Since LacZ and RNaseE genes
tagging resulted in the cell lines with much slower growth rate, these cells were not tested

in fluorescence experiments.
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Figure 4: Schematic of cell lines HD2, HD3, and HD4. E. coli cells MG1655 were
modified using recombineering: the genes SgrS, RNaseE and LacZ were tagged with the
elF4A aptamer inserted at the 3* end of each gene. The HD2 cell line has an aptamer and
the remains of an FRT site (a scar) at the 3’ end of SgrS. HD3 cells have an aptamer and
an FRT-flanked kanamycin resistance cassette at the 3’ end of LacZ. HD4 cells have an
aptamer and the remains of an FRT site at the 3’ end of RNase E. The insertion of the
aptamer was confirmed by sequencing of the PCR products obtained using colony PCR.
HD3 and HD4 cells grow much slower than the wild type MG1655, whereas HD2 grows
at approximately the same rate.

3.2. Testing of cells with chromosomally tagged SgrS RNA for RNA localization signal
SgrS RNA is a small 227 nt RNA that is activated under phosphosugar stress in E.

coli. It helps cells recover from the stress by pairing with PtsG mRNA (glucose
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transporter) and facilitating its degradation by RNase E. The cells expressing SgrS RNA
tagged with the aptamer (HD2) were tested by FACS to determine if the RNA could be
labeled using protein complementation. In these experiments, cell line HD2 was
transformed with plasmid pMBS53 that expresses two fusion proteins and plasmid
pAR1219 expressing T7 RNA polymerase. Control experiments performed in advance
showed that plasmid pAR1219 is functional and when it is transformed with a plasmid
expressing full-size EGFP (pMB38) a functional fluorescent protein is synthesized (Fig.
5). The control cells MG1655 and the HD2 cells were grown in LB medium and LB with
1% alpha-methylglucoside (aMG) to induce SgrS RNA*. FACS experiments with HD2
cells grown in either condition did not show any increase in fluorescent signal over the
background of split fluorescent proteins alone (Fig. 6). Fluorescent microscopy of these
cells did not show any patterns within single cells or increase of total cell fluorescence as
compared with control cells (Fig. 7). HD3 and HD4 cell lines were not tested because of

the apparent poor health of the cells.
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Figure 5: pAR1219 plasmid is functional. Under IPTG induction, a high fluorescent
signal is obtained because pAR1219 produces T7 RNA polymerase and pMB38 (full
EGFP in pET Duet vector) produces full EGFP from a T7 promoter. If the T7 RNA
polymerase was not present, the EGFP would not be transcribed. This experiment proves
that the T7 RNA polymerase plasmid (pAR1219) works in MG1655 cells.
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Figure 6: Tagging of the chromosomal SgrS RNA with one copy of the aptamer did
not create a sufficient fluorescent signal. No real difference in fluorescence was
observed between wild type cells MG1655 and HD2 cells with and without phosphosugar
stress in the presence of the split fusion proteins. Small differences in fluorescence are
most likely due to different growth rate and the effect of the phosphosugar on the cells.

21



- aptamer + aptamer

Figure 7: No increase in total fluorescence or fluorescent localization patterns were
observed in HD2 cells induced for SgrS RNA expression using fluorescent
microscopy. Panel A shows MG1655 + pAR1219 + pMB53 (split fusion proteins) under
100x magnification. Panel B shows HD2 + pAR1219 + pMB53 (split fusion proteins)
under 100x magnification.
3.3. Northern blotting and RT-PCR analyses of SgrS RNA in MG1655 and HD?2 cell lines
Northern blot analysis was performed to test the induction of SgrS RNA under
phosphosugar stress in both the wild type MG1655 cells and HD2 cells in which SgrS
was tagged with an aptamer. In order to test SgrS RNA expression by Northern blotting,
cDNA was created from the total RNA from HD2 cells and MG1655 cells. RNA was
also isolated from both cell lines induced by o-methylglucoside that triggers
phosphosugar response and results in induction of SgrS RNA. The results showed
induction of SgrS RNA in both types of cells (Fig. 8). However, the level of SgrS RNA
in HD2 cells was substantially lower (about 10 fold according to quantitative image

analysis) when tagged with an aptamer as compared to the wild type cells.

Since the Northern blots did not show the expected difference in the sizes of SgrS
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RNA in MG1655 and HD2 cells, PCR was performed on the cDNA and the products
were separated by polyacrylamide gel electrophoresis (PAGE) to estimate more
accurately the length of the PCR products. The primers used amplified either SgrS RNA
or SgrS RNA plus aptamer (Fig. 9). This test confirmed the presence of the aptamer in

the HD2 cells (compare the length of the products in lanes 1 and 2 versus 3 and 4).

16S RNA (1.5 kb)

Sgrs RNA (227 nt) .

Figure 8: SgrS RNA is induced by aMG in MG1655 and HD2 cell lines. Total RNA
from MG1655 cells (lanes 1 and 2) and from HD2 cells (lanes 3 and 4) was probed with a
DIG labeled SgrS probe covering the entire 227 nt RNA. Lanes 1 and 3, no
phosphosugar induction. Lanes 2 and 4, plus phosphosugar induction.
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Figure 9: SgrS RNA is tagged with the aptamer in HD2 cell line. PCR was performed
with SgrS forward and SgrS reverse primers for SgrS RNA amplification and SgrS
forward and Aptamer reverse primers for SgrS + aptamer amplification (Table 3,
materials and methods section 2.3). The SgrS amplification product is therefore the entire
SgrS RNA transcript cDNA, and the SgrS + aptamer amplification product is the entire
gene sequence plus the elF4a aptamer at the 3° end. SgrS RNA is clearly present in the
phosphosugar-induced cells, and its concentration is increased upon stress. It can also be
seen that the aptamer is present in HD2 cells, since the size of the RNA transcript is
increased by about 60-70 nt when amplified with the aptamer-directed primer.
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3.4. Cloning and testing of cassettes with multiple aptamers

Since our experiments with tagging chromosomal genes with a single copy of the
aptamer showed that the sensitivity of the method is not enough to produce a strong
signal, we tried to increase the signal by creating cassettes with different numbers of the
elF4A aptamer. These experiments were performed with plasmids since cloning with
plasmids is faster than recombineering with chromosomal DNA. Using rolling circle
amplification (materials and methods section 2.4, Fig. 3) we obtained plasmids with 1, 2,
3 and 4 repeats of the aptamer. The plasmids with 2 and 4 copies of the aptamer were
transformed into BL21 cells together with plasmid pMB53. The cells were induced with
1 mM IPTG and fluorescence was tested by FACS. The results showed no difference in
fluorescence between the cells with 2 and 4 aptamers. Interestingly, fluorescence of both
types of cells was lower than fluorescence of the cells expressing split proteins alone
(Fig. 10, compare black curve with the blue or green).

To explain these results, we performed MFold®* analyses of the transcripts with
aptamer repeats. Our results suggested that the folding of each aptamer was affected by
its neighbor and none of the aptamers were folded properly. Therefore, fluorescence of
the cells was not increased. The decrease of fluorescence as compared with the protein
background is probably caused by the interaction of the split proteins with misfolded
aptamers. This effect was discovered in the work of Paul Toran and it will be discussed

later on.
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Figure 10: The 2x and 4x aptamer transcripts present in the cell did not increase
cell fluorescence. The positive control (full EGFP) showed that induction was strong,
but the cells with the 2x and 4x aptamers exhibited lower fluorescence than the split
proteins alone.

3.5. Analysis of RNA labeling and localization using a combination of protein
complementation and a split aptamer approach.

While our attempts to increase the sensitivity of the protein complementation
system by using multiple aptamers did not succeed, a different system has been
developed in our lab for labeling of endogenous unmodified RNAs. This system for in
vivo RNA labeling is using a split aptamer and protein complementation approaches (Fig.
11). The system utilizes two probes, each consisting of an antisense RNA binding region
specific to the mRNA target and a fragment of the split aptamer. Upon binding of the

probes adjacently on the target RNA, the aptamer reassembles and interacts with the split

proteins, bringing them into close proximity and restoring fluorescence with low
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background. This method has been shown to detect PstC mRNA in live cells. This RNA
is expressed on a low level under normal growing conditions and is induced under low
phosphate stress conditions. The new method developed in the lab revealed PstC mRNA
labeling and localization both in high and low phosphate media (Fig. 12).

To confirm PstC mRNA labeling in live cells we performed RNA FISH in fixed
cells. To this goal we used Stellaris probes that consisted of 38 20-mer DNA
oligonucleotides labeled with TAMRA dye and complementary to different regions of the
PstC mRNA*!. The results showed that FISH did not reveal any signal in high phosphate
media, but the signal was visible upon induction with the low phosphate stress (Fig. 14)
in about 25% of cells. Importantly, the localization pattern obtained in live cells and

fixed cells were very similar (Fig. 16).
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Two split fusion proteins

%7
o i

Two split antisense RNA probes

Figure 11: Schematics for the labeling of endogenous unmodified RNA transcripts
in live cells. The system consists of two antisense RNA probes that bind to a region on
the target RNA, causing the reassembly of a split aptamer. The assembled aptamer binds
the split fusion proteins, restoring fluorescence. This system was developed to label
endogenous unmodified RNA in live cells and our laboratory has shown it to be capable
of detecting PstC mRNA.

High phosphate

Figure 12: PstC mRNA is labeled and localized in both high phosphate (top, normal
growth condition) and low phosphate (bottom, Ps¢tC mRNA induced) media in live
cells. Data is from Toran’s work with live cell mRNA labeling™.
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Figure 13: PstC mRNA is labeled and localized in both high and low phosphate
growth conditions. PstC mRNA is known to be transcribed in response to low
phosphate stress, and live cell experiments in our lab support this. Total cell fluorescence
was shown to increase in low phosphate media by FACS (A, B, adapted from Paul
Toran’s Ph.D. thesis*) and microscopy (C) analysis of single cells. The cells grown in
low phosphate with the highest signal were approximately 5 times brighter than cells
grown in LB medium (C).
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Figure 14: RT-PCR results show that cells under low phosphate stress express PstC
mRNA at a higher level. Differences in Ct (about 2.5 cycles on average) correspond to
an increase in mRNA concentration of about 5 fold. Comparison with levels of 16S RNA
(Ct = 7-8) imply PstC mRNA concentrations (Ct = 23-25) of about 1 molecule/cell in
high phosphate and 5 molecule/cell in low phosphate (when compared with the
concentration of ribosomes at about 5 x 10* per cell). Adapted from Paul Toran’s Ph.D.
Thesis™.

DIC Fluorescence

High Phosphate |

Figure 15: FISH results reveal PstC mRNA localization upon low phosphate stress
and PstC mRNA induction. Scale bar =3 um. Experiments were done in parallel under
identical conditions other than phosphate level; high phosphate cells are under 1.5x
higher magnification. In FISH experiments, a signal was only visible under the
microscope if the cells were grown under low phosphate stress vs. normal phosphate
medium (LB).
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Figure 16: Localization patterns in FISH detection of Zs7C’ mRNA (B) closely
match patterns seen in live cells (A).
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4. Discussion

The major interest of the laboratory is the localization of RNA in bacterial cells.
Towards this goal a method for RNA labeling has been developed that is based on protein
complementation'’. This method allows for substantial reduction of fluorescent
background that is a problem in all methods that use full-length fluorescent proteins for
RNA labeling. Valencia-Burton et al. localized several RNAs (LacZ mRNA and 5S
RNA) that were expressed from plasmids with strong T7 promoters during previous work
in the lab. This strong expression resulted in RNA concentrations that substantially
exceeded concentrations of the endogenous bacterial RNAs. The goal of my study was to
test the possibility of labeling RNAs expressed from the bacterial chromosome from the

native bacterial promoters.

4.1. Aptamer tagging of chromosomally expressed genes

We first pursued genetic tagging of SgrS RNA, LacZ, and RNase E mRNAs with
the elF4A-specific aptamer. The choice of these RNAs was determined by the previous
work: SgrS RNA and LacZ mRNA were localized when they were expressed from the
plasmids. It was interesting to compare the results when these RNAs are expressed from
their chromosomal locations. RNase E is the major bacterial RNase that participates in
RNA turnover. Additionally, it has been shown that it has very specific localization
patterns in E coli cells®, Therefore, we wanted study localization of this mRNA in E. coli

cells.
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In our attempts to tag three chromosomal genes with the aptamer, we found that
the Datsenko-Wanner protocol using lambda red recombineering is highly dependent on
the gene being manipulated. While the recombineering involving the SgrS gene was
successful and all steps progressed smoothly according to the protocol, the other genes
had significant troubleshooting issues. The RNase E gene was finally tagged with the
aptamer, but the process was much more difficult. Fewer recombinant colonies were
obtained during the insertion of the aptamer and kanamycin resistance gene, and the
colonies grew more slowly than the wild-type cells. After successful removal of the
kanamycin resistance gene, the colonies were still slow-growing. We assume that tagging
this gene with the aptamer is the most likely cause of the decrease in cell health. Since
RNase E is a protein that is essential for cell viability26, it is important that is expressed at
the proper level. The addition of the aptamer may have caused a change in the level of
this mRNA expression (as is the case with SgrS RNA, Fig. 9) or in secondary structure of
the RNase E mRNA that affected its translation.

We believe that secondary structure can not only affect the health of the tagged
cells by altering the tagged gene transcript behavior, but can also be important in the
success of the recombination procedure. Chromosomal tagging of LacZ gene was also
difficult and was not accomplished successfully due to some unknown factors preventing
excision of the kanamycin resistance gene from the genome. The LacZ gene is not
essential and has been mutated in many E. coli strains without reducing cell viability®’. It
has been hypothesized earlier that some genes are readily manipulated while others are

not due to secondary structure in the insert. Lambda red recombination is thought to
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occur at the replication fork during cell division?®. There is evidence that recombination
in the lambda red system involves full digestion of one strand of the insert fragment and
occurs through a single-stranded intermediate®. This single-stranded nature may allow
the long transcript containing the kanamycin cassette and insert sequence to create

hairpin structures that may hinder insertion into the replication fork.

4.2. Testing of the SgrS RNA aptamer tagging

As the results show, SgrS gene was successfully tagged with the eIF4A aptamer
(Fig. 4), and the aptamer-tagged transcript was induced in the cells under phosphosugar
stress induction (Fig. 8). However, the concentration of SgrS RNA tagged with the
aptamer was substantially lower than in wild type cells, MG1655. FACS analysis did not
show fluorescent signal in the cells with the tagged SgrS RNA expressed from its natural
promoter. We hypothesize that the lack of a localization signal in the cells was due to the
RNA concentration being too low to create sufficient signal above background. Data
collected previously by our laboratory and presented in the BA thesis of Azra Borogovac
show that the same transcript (SgrS RNA tagged with the two elF4a aptamers at the 3’
end) produces a localized signal in E. coli cells using the elF4a aptamer protein
complementation system. We believe that this difference can be explained by the
differences in concentrations of the SgrS RNA. It was higher in previous experiments
because it is likely that the induced expression from the high copy pET Duet vector is
several orders higher than from the single chromosomal gene locus and endogenous

promoter. The signal also may not be visible because as the Northern blotting showed

34



(Fig. 8), tagging of SgrS RNA with the elF4a aptamer decreased expression about 10
fold. This phenomenon has been seen with other small RNAs, where tagging with an
aptamer lowered expression level®. At the lower concentration, the protein association
caused by the aptamer cannot overcome the fluorescent background of spurious protein

interactions.

4.3. Cloning and testing of multiple aptamers

After the experiments with chromosomal SgrS RNA did not produce a
measurable signal, the decision was made to attempt to optimize the aptamer system by
using multiple aptamers to increase the amount of potential fluorophores per RNA
molecule. This approach has been successfully used in MS2 aptamer labeling (a strong
signal has been achieved with 6, 12, 24, and 96 aptamers)®. Rolling circle amplification
(RCA) was used to obtain linear DNA with as many aptamer repeats as possible. The
sequence analyses showed that the maximum obtained was 4 aptamers. The test with 2
and 4 aptamers was done to determine if twice as many aptamers caused a significant
change in signal. The results showed that the aptamers obtained by RCA were not able to
interact with fusion proteins and produce fluorescent signal. Quite opposite, cell
fluorescence was lower than the fluorescent background from the split fusion proteins.
We hypothesize that due to the secondary structure of the transcript containing adjacent
aptamers, the complex formed held the split proteins apart, rather than bringing them
together. This hypothesis also explains why the background in the endogenous RNA

detection system of Toran” is lower than with split proteins alone. We hypothesize that

35



the difference between our negative results and the success of the multiple aptamer
approach in the MS2 method is due to the difference in the structure of MS2 aptamer and
elF4A aptamers. The MS2 aptamer is much simpler and consists of only one stem loop.
The elF4a aptamer is longer and requires the proper formation of two stem loop

structures to function properly'.

4.4. Labeling endogenous bacterial PstC mRNAs using combination of protein
complementation and split aptamer approach.

The RNA FISH results (Fig. 15, 16) supported the fact that the protein
complementation plus the split aptamer system was detecting a true mRNA signal. The
evidence for this is that both methods of detection show an increase in signal that
correlates with an increase in target mRNA level. Importantly, the localization patterns in
live and fixed cells were distinctive and similar. It was interesting to get insights into the
sensitivity of both methods of detection, FISH and live cell imaging. We have shown
that in high phosphate conditions there was about 1 molecule of PstC mRNA per cell and
5 molecules/cell in low phosphate conditions. Since RNA FISH signal was seen in about
25% of cells in low phosphate, it was estimated using a Poisson distribution (Table 4)
that about 7 molecules per cell were needed for RNA FISH to create a signal. In the high
phosphate cells the same Poisson distribution shows that no cells would contain 7 or
more PstC mRNA molecules. Accordingly, no signal was seen in FISH.

The live cell imaging, however, did reveal signal at high phosphate media in

single cells. A signal was observed in about 10% of cells using the split aptamer plus
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protein complementation system. Since there is only one molecule per cell on average, a
Poisson distribution (Table 4) predicts that only 30% of cells will have a molecule of
PstC mRNA. Since our control experiments showed that the split aptamer labeling
method is about 20% effective (data not shown, Toran dissertation®), we conclude that

the system has close to single-molecule sensitivity.

Table 4: Probable number of PstC mRNA molecules per cell for different mean
numbers. Calculation of the probable number of molecules per cell, assuming constant
cell volume and an underlying Poisson distribution with mean and variance k.

Mean # Probability of number of molecules per cell (k) according to Poisson Statistics:
molecules | P(X = k) = Ae™/k!
percell() b0y [ Px) | P2 | PB) | P@) | PG) | Pl | PR7)
0.0067 0.034 0.084 0.140 0.176 0.176 0.146 0.238
1 0.368 0.368 0.184 0.061 0.015 0.003 0.0005 =0
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S. Conclusions

We conclude that the tagging of RNA with a single elF4a aptamer does not
provide enough sensitivity to detect endogenous levels wusing our protein
complementation system. The inability to detect the RNA is due to a combination of the
endogenous expression level being low and the expression level becoming even lower
when the RNA is tagged with an aptamer. We also conclude that multiple aptamer
tagging with adjacent aptamer repeats is not an effective method for increasing sensitivity
with the elF4a aptamer. Our experiments suggest that the reason for no increase in
sensitivity is that adjacent aptamers interfere with the folding of their neighbors, and
there is no increase in properly folded aptamers with increasing number of up to 4
aptamers. The split aptamer protein complementation approach is however capable of
detecting endogenous mRNA at low levels, and proves more sensitive than the approach

in which the RNA is tagged with an aptamer.
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6. Future Directions

Work has begun on a technique for labeling the corresponding proteins of mRNA
that we detect in live cells (see materials and methods section 6). This data will help to
answer the biological question of whether or not mRNA localizes to the future site of its
encoded protein, which is currently a subject of controversy'®'". The protein labeling will
allow for detection of both mRNA (via RNA FISH) and its corresponding protein (via
immunocytochemistry) in the same cells, so that not only the shape and pattern but the
distinct points of localization can be compared. This work will provide more information
about PstC mRNA that we have studied extensively. The work will also demonstrate an
important potential application of the systems developed and used in our lab, and show
that we can compare mRNA and protein localization in both live cells and fixed cells to

provide new insight into the flow of genetic information in bacterial cells.
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