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Table 1: Amino acid residues, codes, and ionization states at physiological pH

Amino Acid Three Letter Code One Letter Code Pshi;f:ic?lgziirga?;ﬁii Z[)
Alanine Ala A Neutral
Arginine Arg R Positive

Asparagine Asn N Neutral

Aspartic Acid Asp D Negative
Cysteine Cys C Neutral
Glutamine Glu Q Neutral
Glutamic Acid Gln E Negative
Glycine Gly G Neutral
Histidine His H Neutral
Isoleucine Ile I Neutral
Leucine Leu L Neutral
Lysine Lys K Positive
Methionine Met M Neutral
Phenylalanine Phe F Neutral
Proline Pro P Neutral
Serine Ser S Neutral
Threonine Thr T Neutral

Tryptophan Trp W Neutral
Tyrosine Tyr Y Neutral

Valine Val \Y Neutral
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Abstract

Evolving research on small RNAs (sRNAs) in bacteria implicates SRNAs as a key
effector of gene regulation, influencing expression for genes involved in processes from basic
bacterial biology to serious public health issues such as virulence and antibiotic resistance. While
some sSRNAs are able to act independently, many are dependent on an RNA-binding protein,
such as the well-established Hfq in Escherichia coli. Another family of RNA-binding proteins is
the FinO family, including ProQ and FinO in E. coli, NMB1681 in Neisseria meningitidis, and
Lpp1663 in Legionella pneumophila. Previous work on ProQ has not supplied a satisfying
answer on how ProQ binds to RNA, despite an available NMR structure. In July of 2021, the
AlphaFold database was released, which included an alternate structure for ProQ. In order to
critically evaluate both of these structures, I compared the structures of FinO domain proteins,
examined highly conserved residues Y70 and R80 through the use of a forward genetic screen
with our laboratory’s bacterial three-hybrid assay, and used the same assay to probe predicted
interactions from the structural models with the use of site-directed mutagenesis. The available
structures of FinO domains were found to vary from the NMR structure of ProQ in both quality
and chemical properties. Two key residues on ProQ, Y70 and R80, were extremely sensitive to
mutation. It is possible that these residues are directly involved in RNA binding by ProQ, a
hypothesis supported by the structures and research on other FinO domain proteins. This work
suggests that the NMR structure of ProQ should be examined more critically, and it is possible
that the AlphaFold structure provides an alternate model for this protein. Through this, I hope to
generate insights into the most relevant structural conformations for in vivo RNA binding by
FinO proteins and the ways in which the structure of E. coli ProQ is both similar and distinct

from orthologous FinO domain proteins.
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Chapter I: Introduction

I-1. The central dogma of molecular biology

The central dogma of molecular biology outlines the flow of genetic information in a
living organism. This idea states that genetic information is stored in DNA, which is transcribed
into RNA, which is then translated into protein (Figure 1). In transcription, RNA polymerase
(RNAP) binds to double-stranded DNA, unwinds it, and synthesizes a single-stranded RNA
molecule using the rules of complementary base pairing. In translation, a newly formed
messenger RNA (mRNA) molecule is translated into a protein with the help of ribosomes
(Figure 1). The first step of translation is initiation, in which the mRNA bearing the code for a
polypeptide binds to the small subunit of the ribosome. The coding portion of mRNA is defined
by a specific AUG start codon. In prokaryotes, this initiation codon is guided into the correct
position on the ribosome by the Shine Dalgarno sequence on the mRNA which interacts with
ribosomal RNA (rRNA). The Shine Dalgarno sequence is a consistent sequence 8-13 base pairs
to the 5° end of the initiation codon which base pairs to a sequence on the small subunit of the
ribosome (Nelson & Cox, 2012). In all organisms, this area where the ribosome binds to begin

translation is referred to as the “ribosomal binding site” (RBS).

Transcription Translation

DNA RNA Protein

Figure 1: The central dogma of molecular biology. Genetic information is stored in cells in the form of DNA.
DNA is transcribed into RNA by RNA polymerase. mRNA is then translated into protein by ribosomes, which
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decode the RNA codons and translate it into a polypeptide chain with the help of transfer RNAs (tRNAs). Figure
created using Biorender.

Regulation of gene expression may occur at any point in the central dogma, from
transcriptional control to post-translational modifications of folded proteins. Gene regulation is
critical to organism survival, as it ensures efficient use of resources and appropriate reactions to
different stressors and environments. This is especially important for pathogenic bacteria, which
must be able to adapt to different environments such as stored food and the human gut.
Transcriptional control of gene regulation is the most common, due to being the most efficient
use of resources by regulating early on in the process of gene expression. However, post-
transcriptional control also occurs, especially in times of stress. It functions primarily by
controlling which RNAs are actually translated into proteins.

In order to investigate post-transcriptional control, it is important to establish that not all
RNA is translated. Transcription produces many different types of RNA. The three primary
kinds of RNA are mRNA, which codes for proteins; transfer RNA (tRNA), which base pairs
with mRNA codons to add the correct amino acid to the polypeptide chain; and rRNA, which
forms the catalytic core of ribosomes (Nelson & Cox, 2012). An additional class of non-coding
RNAs is small RNAs (sRNAs).

I-2: Bacterial sSRNAs

sRNAs are non-coding RNA molecules that are involved in gene regulation in bacteria
through post-transcriptional control. SRNAs engage in imperfect base pairing with specific
messenger RNAs (mRNAs) under different conditions in order to alter which mRNAs are
ultimately translated into protein (Wagner & Romby 2015; Figure 2). sSRNAs are not expressed
constitutively but instead respond to environmental variations in order to appropriately affect

gene expression (Wagner & Romby, 2015). The relatively easy synthesis and degradation of
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RNA means that sSRNAs are valuable for rapid, cost-effective regulation of gene expression in
response to environmental cues (Felden & Augagneur, 2021). Regulation of transcription may
allow for more efficient use of resources, but it often requires transcription factors. As proteins,
transcription factors require translation which takes more time and energy for production than
RNA. Due to this difference, SRNAs are able to act more quickly and reversibly. Additionally,
the imperfect nature of base pairing means that many sRNAs are able to bind multiple mRNA
targets, allowing them to regulate multiple biological functions at once (Felden & Augagneur,

2021; Han et al., 2020; Mai et al., 2019).

Exposed
cleavage
Occluded site
— RBS
@]
=
g
2 ¢
(@) \ Protection
< Increased — f— cleaovfa e
accessibility Siteg
mgmm for ribosomes ?
c
ke
0
(%))
()
S
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thrtou.gh for mMRNA
steric degradation
blocking .

Figure 2: Mechanisms of action used by trans-encoded sRNAs. sRNAs (shown in blue) may lead to the
activation or repression of target mRNAs (shown in purple). SRNAs may activate a gene by preventing mRNA from
folding the ribosome binding site (RBS) into an inaccessible position or by protecting a cleavage site from
degradation by RNAse. SRNAs may repress a gene by sterically blocking a ribosome from a binding site, or by
recruiting RNAse to a degradation site. Figure modified from Felden & Augagneur 2021 using Biorender.
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I-3: RNA Chaperone Proteins

1-3-i. Hfq

Pairing of SRNAs and mRNAs is sometimes assisted by chaperone proteins, which have
the ability to affect either the binding rate or stability of the SRNA-mRNA complex. Perhaps the
most well-known of these proteins is the protein hexamer Hfq, which simultaneously binds to
sRNA and mRNA to promote base pairing between the two (Wagner & Romby, 2015; Figure 3).
Due to this simultaneous binding of both RNAs, this protein is known as an “RNA matchmaker”
(Updegrove et al., 2016). Hfq can work with sSRNAs in multiple different ways, including
protecting SRNAs from degradation, matching sSRNAs with target mRNAs, recruiting
ribonucleases, and directly interfering with translation (Olejniczak & Storz, 2017). While Hfq is
involved in many of these SRNA-mRNA base-pairing events, there are many more sSRNAs than
those which interact with Hfq and there are many bacterial species that don’t have Hfq or an
ortholog (Olejniczak & Storz, 2017). This suggests the presence of additional proteins which
mediate SRNA-mRNA interactions in bacteria, the search for which has led to the discovery of

FinO-domain proteins.
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RNases sRNA
""" <« mRNA
ribosomal binding site
mRNA degradation translational repression

Figure 3: Hfq mediates binding between an sSRNA and target mRNA. Hfq simultaneously binds to an sSRNA and
mRNA, increasing the local concentration of the RNA molecules and facilitating the binding of the “seed” region of
the SRNA to the mRNA target. Translation is repressed when Hfq sterically blocks the ribosome from getting onto
the mRNA. Hfq is also thought to recruit RN Ases, triggering degradation of the mRNA. Figure created by Professor
Katie Berry.

1-3-1i. FinO-Domain Proteins

The FinO-domain is named after the central domain of Escherichia coli (Ec) F-plasmid
encoded protein FinO, which consists of 5 a-helical segments and two J strands (Ghetu et al.,
2000). FinO binds an sRNA target FinP and an mRNA #raJ, promoting interactions between
FinP and the 5’UTR of traJ (Jerome et al., 1999). When FinP interacts with #raJ, it blocks
access to the ribosomal binding site on the mRNA, ultimately inhibiting the translation of traJ
mRNA. On the eponymous protein, this domain resembles a sort of fist with positively charged
residues on the concave surface of the protein (Olejniczak & Storz, 2017; Figure 4). The
positively charged residues are of interest as those are most likely to interact with the negatively
charged RNA-backbone. The opposite face of the protein has mostly residues of neutral or
negative charge, implicating the concave face as the primary site of RNA binding (Olejniczak &

Storz, 2017). Interest in positively charged residues was validated by a crosslinking experiment
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performed by Ghetu et al. (2002), where 12 single-cysteine substituted FinO variants were
crosslinked with RNA (Ghetu et al., 2002). The authors were able to show that the cysteine
residues positioned near positively charged patches could cross-link with a stem-loop structure
on FinP, while cysteine residues near a negatively charged patch did not crosslink to the RNA
(Ghetu et al., 2002; Glover et al., 2015; Figure 4). This suggests that RNA interacts with FinO in
the regions with positively charged amino acids, over those with a majority of negatively

charged amino acids.

MPositively Charged
B Negatively Charged

@ Crosslinks to RNA
O Does not crosslink to RNA

Concave Side Convex Side

Figure 4: Site-specific crosslinking of FinO and stem-loop structure mapped onto the FinO structure colored by residue
charge. Positively charged residues are colored blue and negatively charged residues are colored red. Magenta circles indicate
places where an incorporated crosslinker, azidophenacyl bromide (APA-Br) showed significant crosslinking to the RNA target,
while yellow circles show sites that do not crosslink to RNA. The concave face of the protein is shown on the left, while the
convex face is shown on the right. Figure adapted from Figure 3B in Ghetu et al., 2002.

FinO has orthologs in many species of y-proteobacteria. Orthologs are homologous genes
found in different species. Homologous sequences refer to genes with more than thirty percent
similarity in amino acid sequence, as this is enough for two proteins to adopt a similar fold (Rost,

1999). Due to the structure/function relationship in proteins, the similar structure of homologous
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proteins frequently corresponds to a similar function of the protein in vivo (Pearson, 2013).
Orthologs of the FinO protein are often referred to as FinO proteins or FinO-domain proteins.

FinO proteins all have a FinO domain which was identified through sequence analysis.
Due to the presence of the FinO domain, these proteins are predicted to be RNA-binding
proteins. Since there are multiple chromosomally-encoded proteins with FinO domains, this is
thought to be a possible new family of bacterial chaperones (Olejniczak & Storz, 2017). The
structure of FinO was solved in 2000 by Ghetu et al. through X-ray crystallography. Over the
past two decades, three additional structures of FinO proteins found to bind RNA have been
released on the Worldwide Protein Data Bank (PDB), including the structure of Neisseria
meningitidis (Nm) NMB1681 solved with X-ray diffraction (Chaulk et al., 2010; PDB ID 3mw6),
E. coli ProQ solved through nuclear magnetic resonance (NMR) (Gonzalez et al., 2017; PDB ID:
5nb9), and Lpp1663 in Legionella pneumophila (Lp) solved with NMR (Immer et al., 2020; PDB
ID: 6s10). There has been extensive research implicating the FinO domain of these proteins as
the primary site of RNA binding (Arthur et al., 2003; Ghetu et al., 2002; Gonzalez et al., 2017;
Immer et al., 2020; Pandey et al., 2020; Sandercock & Frost, 1998; Stein et al., 2020).

I-3-iii. ProQ

ProQ, a chaperone protein found in both Salmonella enterica and E. coli, impacts the
translation of mRNAs through binding to a large suite of SRNAs (Olejniczak & Storz, 2017).
ProQ was first discovered in 1983, but its function was unknown and the first identified
phenotype was dependent on ProP, a proline transporter (Milner & Wood, 1989; Stalmach et al.,
1983). In 2016, the potential importance of ProQ was revealed when genome-wide
transcriptomic analyses performed by Smirnov et al., showed that more than 400 SRNAs co-

immunoprecipitated with ProQ in S. enterica. This suggests that ProQ interacts with at least this

19



many sRNAs in S. enterica. Other FinO proteins, such as FinO and RocC, seem to only bind a
single SRNA and a few mRNAs (Olejniczak & Storz, 2017). Binding a great number of RNAs
targets may allow ProQ to have a larger impact on gene regulation in Salmonella and E. coli,
making it particularly interesting.

The target interactome of ProQ overlaps with that of Hfq (Melamed et al., 2020). This
fact, and the knowledge that ProQ binds to sSRNAs which act through base-pairing, may suggest
that ProQ mediates SRNA-mRNA interactions in a way similar to Hfq (Holmgqvist et al., 2020).
However, current work has found some traits of RNA targets preferred by ProQ. For one, it has
been shown that the presence of double-stranded RNA (dsRNA) in RNA targets is a major
determinant of ProQ-RNA interactions (Holmqvist et al., 2020). This suggests that stem-loop
structures (as seen in cartoon representation in Figure 2) in the RNA may provide a natural target
for ProQ due to the presence of a double-stranded region in this common structure. However, it
is unclear why double-stranded regions are a key determinant because the mechanism of RNA
binding by ProQ is not yet understood.

ProQ is made up of two domains, a C-terminal domain (CTD) and an N-terminal domain
(NTD), joined with an unstructured, short sequence of amino acids (a linker). While the exact
mechanism of RNA binding is not yet known, the NTD of ProQ seems to be the primary site of
RNA binding. The NTD is the domain with homology to FinO (Olejniczak & Storz, 2017), and
the structure of this domain was originally modeled based on FinO due to sequence (Smith et al.,
2004, 2007). Additionally, this domain shows similarity in function to FinO. Biochemical in
vitro studies showed that the isolated NTD of ProQ bound to a particular stem-loop structure in
the RNA (a two-stranded stem-loop II RNA) with higher affinity than the full-length protein. In

contrast, the isolated CTD had a greatly reduced affinity for the RNA when compared to the full-
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length protein (G. Chaulk et al., 2011). This suggests the RNA binding activity of ProQ resides
in the NTD. The NTD has also been shown to be able to discriminate between different RNAs
(Gonzalez et al., 2017), which suggests that the binding by this domain is substrate-specific. The
sequence analysis and experimental data together suggest that the FinO domain is the main RNA
binding site for ProQ. Furthermore, past work done by this lab in vivo further supports the NTD
as the primary site of binding, as removing the C-terminal domain (CTD) from the protein did
not significantly alter interaction levels with an SRNA or 3’ untranslated region (3’UTR) in a
bacterial three-hybrid (B3H) system (Pandey et al., 2020). As the NTD seems to be the primary
site of interaction with RNA for this protein, it will be the focus of this study.

Within the NTD of ProQ, specific residues have been highlighted by the field as
important to binding of RNA. Through the use of a random mutagenesis screen, Pandey et al.
(2020) were able to identify several residues on the concave face of ProQ’s NTD, and one on the
convex face, as necessary for interaction between ProQ and targets SRNA SibB and cspE 3’
UTR. The single residue on the convex face, R80, naturally drew attention. Prior to this screen,
R80 had been identified as a residue likely to mediate interactions between ProQ and RNA due
to its nature as a very highly conserved, positively charged residue (Gonzalez et al., 2017).
Somewhat surprisingly, residues homologous to R80 are located on the concave face of all other
FinO-domain proteins with known structures (Figure 5). The importance of this residue was
confirmed when it was pulled out of two separate saturation mutagenesis loss of function screens
performed on Salmonella enterica ProQ (El Mouali et al., 2021; Rizvanovic et al., 2021).
Although these screens were performed in Salmonella rather than E. coli, the results should be
considered applicable to E. coli ProQ due to the fact that Salmonella and E. coli are very closely

related and the E. Coli ProQ NTD is >99% identical to the Sa/monella ProQ NTD (Rizvanovic et
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al., 2021), suggesting that the structures very likely have an identical fold in vivo. Therefore, this

study can be taken as further support for the importance of R80 in this RNA binding protein.
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Figure 5: Conservation of E. coli ProQ RNA-binding residues across other FinO-domain proteins. A) 10
residues identified by Pandey ef al. (2020) as important for RNA binding by E. coli (Ec) ProQ are listed across the
top row, shaded by amino-acid character (blue is basic, orange is hydrophobic, yellow is aromatic, red is acidic,
green is glycine). Corresponding residues from Ec F* FinO, N. meningitidis (Nm) NMB1681, L. pneumophila (Lp)
RocC, and Lp Lpp1663 are listed in rows below. The separate panels depict surface and cartoon representations
of B) Ec ProQ NTD NMR structure (PDB ID: 5nb9), C) crystal structure of Nm NMB 1681 (PDB ID: 3MW6), D)
crystal structure of Ec F” FinO protein (PDB ID: 1DVO), E) NMR structure of Lp Lp1663 (PDB ID: 6S10) viewed
from the concave face on the left and convex face on the right. Figure adapted from Pandey et al. (2020)
Supplementary Figure 12, with the addition of Lpp1663, the structure of which was only just solved by Immer et al.
in 2020.

The screen performed by Pandey et al. pulled out an additional residue studied in this

work, Y70. Y70 was a residue of interest prior to the screen as Y70 was highly conserved,
located on the concave face of the NTD (which was proposed to be the primary site of RNA
binding), and aromatic (Pandey et al., 2020). Surface-exposed aromatic and hydrophobic

residues often mediate intermolecular interactions in the cell, such as interactions between
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proteins and nucleic acids. The particularly interesting trait of R80 and Y70 is an incredible
sensitivity to mutation, suggesting a very specialized function. When each of the residues was
mutated to alanine (a mutation often used to “remove” an amino acid by reducing the length of
the side chain and eliminating any reactive groups), binding to RNA by ProQ was greatly
diminished. Furthermore, even with a very conservative mutation to either of these residues
(such as R80OK, Y708, or Y70F) binding was lost completely (previously reported in Oliver

Stockert *21 Thesis; Pandey et al., 2020; Figure 6).
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Figure 6: Binding of ProQ NTD mutants to cspE 3’UTR. Fold interaction represents relative interaction between the
RNA and protein, as measured by a bacterial three-hybrid assay (Berry & Hochschild, 2018). The top panel A) depicts data
previously presented by Oliver Stockert 21, showing that even a conservative mutation to R80, such as R80K, greatly reduces
the ability of ProQ to bind to the RNA target. The same is seen to be true for mutations to Y70 in panel B), where either retaining
the hydroxyl group (Y70S) or the aromatic ring (Y70F) still results in a loss of binding ability (Pandey et al., 2020). The amino
acid side chains depict the wild type residue, as well as the residues which are mutated to in order to illustrate the conservative
nature of the mutations. Amino acid structures from Biorender.
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While work performed following the release of the NMR structure for ProQ in 2017 has
brought the field closer to a model of RNA binding by ProQ, in the absence of a solved
costructure with ProQ and RNA the specific details of the interaction remain uncertain. In
attempts to learn more about this mechanism, the NMR structure of ProQ has since been cited in
many papers on ProQ in both Sa/monella enterica and E. coli (El Mouali et al., 2021; Leonard et
al., 2021; Pandey et al., 2020; Rizvanovic et al., 2021; Stein et al., 2020) although it is possible
that this structure is not the most accurate model of ProQ.

I-4: AlphaFold

[-4-i. The protein-folding problem

In 1961, Anfinsen et al. introduced the “protein folding problem” when they determined
that the structure of a protein was encoded in the amino acid sequence. The initial experiment
involved denaturing a bovine pancreatic ribonuclease (RNase) and allowing the protein to refold.
After undergoing treatment with urea and a reducing agent, the protein lacked RNase activity
and had an altered spectral absorption, indicating a change in structure. When the urea was
removed and molecular oxygen was added in order to encourage oxidation, the protein returned
to the native state as determined by monitoring both the spectra and RNase activity of the protein
(Anfinsen et al., 1961). This study demonstrated that all information needed to fold correctly was
contained within the amino acid sequence of the protein. With this knowledge came the belief
that the structure of proteins could be predicted from only the amino acid sequence. An effort to
computationally predict protein structures was born. A few decades later, the Critical Assessment
of protein Structure Prediction (CASP) began. Starting in 1994, once every two years CASP

assessed the protein-structure prediction field blindly (AlQuraushi, 2019).
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In the first few CASP challenges, there was a lot of progress made as researchers rapidly
recognized the value in modeling based on similar proteins and fragment assembly (Bouatta,
Sorger, & AlQuraishi 2021). Sequence analysis allowed homologous proteins to be identified
and used to assist in modeling (Perrakis & Sixma, 2021). Progress on the protein-folding
problem slowed in the late 2000s and early 2010s, accelerating at the end of the 2010s. In
December of 2020, the organizers of CASP14 stated that DeepMind had solved the protein
folding problem with their AlphaFold2 algorithm (Bouatta et al., 2021). Improvement seen in
the last decade is primarily driven by the development of co-evolution methods based in
statistical physics and the application of deep-learning techniques to protein structure prediction
(Bouatta et al., 2021).

Advancements have also been the result of a shift from researchers attempting to predict
protein structure from one sequence alone to using the information found in multiple sequence
alignments (MSAs) (Bouatta et al., 2021). The revolutionary AlphaFold2 algorithm operates on
MSAs at its core (Jumper et al., 2021; Figure 7). However, utilizing this information was really
only possible with recent advancements in computer science. Progress in machine learning and
neural networks has allowed the incorporation of MSAs to be more effective. Current neural
networks have unparalleled pattern-recognition capabilities (Bouatta et al., 2021). These
capabilities are very valuable in protein structure prediction. While there are many theoretically
possible conformations of amino acid sequences, in reality, these conformations are limited by
biophysics. Within this, evolution has only explored a small subset of all possible protein
conformations (Bouatta et al., 2021). In other words, it is very likely that the majority of
proteins follow similar folding patterns. As a result, advancements in pattern recognition have

allowed machine learning algorithms to more effectively identify patterns in known protein
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structures. This may include folding motifs, which are common three-dimensional structures
seen in a variety of different proteins. Once known, patterns may then be applied to sequences

with currently unknown structures.
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Figure 7: The architecture of the AlphaFold2 algorithm. Arrows show the flow of information among various
components. Parentheses on the array structures specify the geometry of the array, with s corresponding to the
number of sequences, r corresponding to the number of residues, and ¢ corresponding to the number of channels.
From an input sequence, an MSA is generated and evolutionarily coupled residues are recognized as “pairs.” There
is a flow of information between the MSA and pair representation, which allows both of these features to continually
inform each other in the Evoformer module. This mechanism of information exchange allows direct reasoning about
spatial and evolutionary relationships. A structural hypothesis arises early in the Evoformer block and is
continuously refined. The structure module introduces an explicit 3D structure in the form of a “residue gas,” in
which the chain is able to break to allow for local refinement of many parts of the structure to occur simultaneously.
Again, this structure is iteratively refined which is credited as making a great contribution to the accuracy of the
modeling (Jumper et al., 2021). Adapted from Jumper et al. 2021 Figure le.

1-4-1i. AlphaFold2’s solution

When AlphaFold first appeared at CASP13 it represented a major advancement in
computational structure prediction. The advancement made by AlphaFold2 was even greater.
This algorithm depends heavily on data gathered by experimental scientists over the last 50
years, namely sequences and structures of proteins (Jumper et al., 2021). The input protein
sequence is used to create an MSA, which provides AlphaFold2 information both on conserved
structures and evolutionarily coupled residues. The benefit of recognizing conserved structures is
clear, for if a certain sequence of amino acids is known to fold a certain way then recognizing the
sequence in a protein of unknown structure gives an idea of how that particular area might fold.

The use of evolutionarily coupled residues is slightly more complex. AlphaFold2 uses MSAs to
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look for inter-residue correlations in the MSA in order to model co-evolution (Bouatta et al.,
2021). Co-evolution is the idea that if two residues are close in space and interact with each
other, even if the residues are far apart in the amino acid sequence, the residues will evolve
together in order to preserve the structure and function of the protein. This means that if the
properties of one of the residues changes as a result of a mutation, the other residue must change
in order to continue to interact and preserve the structure and function of the protein (Perrakis &
Sixma, 2021). This concept allows AlphaFold to glean information on spatial contacts in the
protein, even for residues that are far away in the primary sequence of the protein (Bouatta et al.,
2021). Further along in the algorithm, in the structure module (Figure 7), the AlphaFold2
algorithm then focuses on spatially local interactions in order to perform structure refinement
such as fixing steric clashes and improving secondary structure (Bouatta et al., 2021).
AlphaFold2 implements an ensemble-based prediction method, considering groups of
homologous proteins over individual sequences (Bouatta et al., 2021). There is some concern
about the use of this method, especially when considering solving the structures of proteins that
lack many homologous sequences or homologs with solved structures (Bouatta et al., 2021).
However, it should be noted that while some of the exact inner workings of AlphaFold2 remain
unknown, there is some independence from homologs. This is seen in the fact that AlphaFold2
has been able to accurately predict structures with few available sequences, most notably the
SARS-CoV-2 Orf8 protein, which had very few orthologs (Flower & Hurley, 2021; Kovner,
2021). This could be due to the previously mentioned idea that throughout evolution proteins
have not explored all available conformations, and therefore basic patterns in protein folding

hold true.
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While the ideas of co-evolution and ensemble-based prediction are not new to the field of
protein prediction, there are a few details that set AlphaFold2 apart from previous work. The
inputs and outputs of the algorithm are slightly different from other computational methods. The
algorithm starts with raw MSAs as inputs, rather than summarized statistics as some structure
prediction methods have shifted to. AlphaFold2 predicts a 3D structure as the output, (rather than
an intermediate recording of the location of atoms, as other prediction algorithms have) which is
thought to possibly allow for better use of many iterative refinements. Protein structures
predicted by AlphaFold2 go through the prediction process 48 times, per the published paper
(Jumper et al., 2021). This is a very high number of iterative refinements. The iterative
refinements are better taken advantage of with the use of attention, a new concept in artificial
intelligence which allows the coders to indicate what it is the program should “pay attention” to
(Cho et al., 2014). This method has also been used for other advancements in artificial
intelligence, including language translation, image analysis, and modeling brain information
processing (Cho et al., 2014; Kriegeskorte, 2015; Xu et al., 2015). A final component important
to the success of AlphaFold2 is the ability of the algorithm to recognize the same protein rotated
slightly as the same object. Historically this has been challenging for computers, which often
have considered the same protein rotated slightly to be an entirely different computational object
(Bouatta et al., 2021). It must also be noted that the true differences between machine learning
algorithms are challenging to discern, as the connections that the algorithm makes based on
training data remain unknown to even those who created the algorithm (Hohman et al., 2018).
Therefore, comprehensive knowledge of the differences between AlphaFold2 and previous

algorithms cannot be determined.
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[-4-iii. Broader impact of AlphaFold2

AlphaFold2 does not increase our understanding of protein folding, as some may wish
accurate protein prediction methods would. Some suggest that it should be considered more like
a powerful new experimental method for determining structures (Bouatta et al., 2021). Like
experimental methods for structure determination, AlphaFold2 is not aware of energy minima or
other factors in folding (Perrakis & Sixma, 2021). It does not tell us how amino acid sequence
determines the structure, or provide clarity on protein folding pathways in the cell, as proposed
by Levinthal (Levinthal, 1969). Rather, this algorithm is simply focused on finding and
replicating patterns.

Structural biology remains important in order to increase our understanding of how
proteins work and interact with each other (Perrakis & Sixma, 2021). Furthermore, like all
artificial intelligence, AlphaFold2 was developed based on what it was fed, which was solved
protein structures. For this reason, it is possible that unexpected structures will not be predicted
with as consistent accuracy. Regardless, AlphaFold2 may be considered a source of testable

hypotheses on protein structure (Perrakis & Sixma, 2021).

1-4-iv. AlphaFold proposed model for ProQ

AlphaFold2 greatly outperformed other methods at CASP14, and was found to have
accuracy close to experimental methods in many cases (Jumper et al., 2021). From the
approximately 100 protein targets in Casp14, AlphaFold2 performed poorly on five of them.
Three of these targets were oligomeric complexes (structures formed when multiple separate
polypeptide chains come together) and the other two were structures determined by NMR
(Bouatta et al., 2021). Predictions by the original AlphaFold algorithm at CASP13 were poor

matches for NMR structures as well. It must be noted that these inconsistencies could be due to
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how NMR data has been converted into a protein model rather than the actual protein structure
(Callaway, 2020). NMR can provide information about the distances between atoms, but these
distance constraints must then be fed into a computer which provides a group of structures that
are consistent with the constraints (Nelson & Cox, 2012). It is possible that the software used to
develop structures from the data did not account for the constraint data well. In these cases, it
would be interesting to compare the structure predicted by AlphaFold2 directly to the NMR
constraints. The AlphaFold2 structure may still be in line with the experimental measurements,
even if it is not in line with the proposed structure determined from those measurements.

The AlphaFold database of protein structures was launched in July of 2021. The original
release included predicted structures for all proteins in twelve model organisms. The predictions
were made by AlphaFold2, but will be referred to as AlphaFold structures from this point
onward in order to match the database name and broader conversation about this software. The
predicted structures released included the E. coli genome, and most notably for the purposes of
this study, ProQ. The structure predicted for ProQ by AlphaFold2 looks dramatically different
from the NMR structure for ProQ, but looks more similar to FinO, with a more distinct concave
and convex face (Figure 8). Variation between these structures added to concern about the

accuracy of the NMR structure, due to the high level of accuracy seen from AlphaFold2.
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Figure 8: The two proposed structures for E. coli ProQ. A) displays the currently accepted structure for ProQ,
solved through NMR in 2017 by Gonzalez et al. (PDB ID: 5nb9) while B) shows the alternative structure solved
computational by AlphaFold (Jumper et al., 2021). The AlphaFold structure has more distinct concave and convex
faces and a long helix extending from the core of the protein.

It is not unreasonable to consider the AlphaFold model as a legitimate structural model
for ProQ. Despite the very recent release of the AlphaFold database, it has already been used to
accurately predict the folding of an RNA-binding protein in humans, hnPNK. This protein was
predicted to have multiple RNA binding motifs, with three of the domains thought to be the main
sites for RNA interaction. Unexpectedly, one of the domains predicted to interact with RNA did
not bind to nucleic acids when purified as a single domain but was active in binding when it was
folded with another one of the domains predicted for RNA interaction. This was true even when
the second domain was mutated to make it not functional for binding of RNA (Yao et al., 2021).
The crystal structure of this protein showed that these two domains folded as a single domain
(Yao et al., 2021), which had been previously predicted by AlphaFold (Jumper et al., 2021). This
prediction of an unlikely folding pattern supports a conclusion that the CASP14 performance
hinted at: recent developments in computational methods of protein prediction have led to

structures that should be considered seriously in attempts to understand unexpected results.
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I-5: Studying RNA-Protein Interactions

[-5-1; Computational insight

RNA binding proteins may be studied computationally in order to gain hypotheses into
which residues are most likely involved with RNA binding. Positively charged residues are more
likely to interact with the negatively charged sugar-phosphate backbone of RNA. Additionally,
conserved residues in any protein are more likely to be important to protein structure and/or
function, as these specific amino acids have been held on to by evolution. For this reason, this
study will highlight both conserved and positively charged residues on the structure of ProQ and

other FinO-domain proteins.

[-5-1i: in vitro study of RNA binding

Traditional methods of studying protein binding of RNA include in vitro methods such as
electromobility shift assays (EMSAs) in which the interactions between purified RNA and
purified protein are studied. This and other in vitro methods, such as protein-RNA crosslinking
and gel-based fluorescence resonance energy transfer (gelFRET), have been helpful for the study
of FinO-domain proteins (Ghetu et al., 2002; Stein et al., 2020). However, these methods require
careful purification of both protein and nucleic acid — a labor-intensive process. Furthermore, in
vitro experiments cannot perfectly replicate the environment in the cell, and therefore may be
less informative on how the protein and RNA interact in the natural environment than in vivo
experiments.

[-5-1ii: in vivo study of RNA binding

Previously mentioned studies on ProQ used loss of function mutagenesis screens to
identify residues important to protein function (El Mouali et al., 2021; Rizvanovic et al., 2021).

In one of these studies, the authors simply looked for cells that exhibited a phenotype previously
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seen in a AproQ strain, which indicated inactivation of the protein. These cells were then sent for
sequencing to check for amino acid substitutions in the ProQ protein (El1 Mouali et al., 2021).
The other study described the development and use of a fluorescence-based reporter which could
be used with fluorescence-activated cell sorting (FACS) and high-throughput sequencing. The
authors fused a fluorescent protein to a gene for which transcription was indirectly activated by
ProQ. This allowed loss-of-function phenotypes to be identified in cells with lower levels of
fluorescence (Rizvanovic et al., 2021). While both of these studies offer examples for how
phenotypes can be used to probe molecular mechanisms, loss of function studies are dependent
on a specific phenotype. This limits the application of the work, as it is not as easy to specifically
examine the interactions between a single RNA target and protein. The ability to focus on a
specific interaction is especially valuable for global RNA binding proteins such as ProQ, which
impact many sSRNAs and mRNAs and therefore may be impacting the results of loss of function
screens in unknown ways.

In vivo assays can allow for more targeted focus on specific interactions in the cell, by
allowing the researchers to clone in the appropriate RNA and protein of their choice. The first
such assay created for the study of RNA-protein interactions was in Saccharomyces cerevisae
(SenGupta et al., 1996). While yeast three hybrid assays are helpful for the study of eukaryotic
RNA-protein interactions, it is not possible to study prokaryotic RNA-protein interactions with
such an assay.

This study makes use of genetic methods of studying RNA-protein interactions with a
bacterial three-hybrid assay developed by Berry & Hochschild (2018). This assay has been
shown to detect protein-RNA interactions in vivo. The three components consist of a DNA-

bound protein fused to an MS2 coat protein (MS2¢P), a hybrid RNA, and a fusion protein. The
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hybrid RNA has a region constant to all bait constructs, which includes a MS2 hairpin (MS2"), a
specific stem-loop structure made from RNA (cartoon representation shown in the gray part of
the cartoon in Figure 9). This structure is bound by the MS2¢P, a protein isolated from
bacteriophage (Berry & Hochschild, 2018) which holds this specific structure in the RNA and
allows us to tether the RNA bait upstream of the /lacZ reporter gene on the DNA. The hairpin is
joined to a varied region in the RNA, where targets or mutant targets of the RNA binding protein
can be cloned in. This allows for different RNA constructs to be tested in the assay. The RNA
binding protein of interest is fused to the alpha subunit of E. coli RNA polymerase (Figure 9).
The relative locations of the RNA construct held by the MS2 coat protein and the RNA binding
protein fused to RNA polymerase means that interaction between the RNA and protein stabilizes
RNA polymerase on a promoter, leading to transcription of lacZ (Figure 9). lacZ encodes for the
enzyme [-galactosidase, which allows transcription of this reporter gene to be monitored by
measuring -galactosidase activity (Berry & Hochschild 2018). Through this assay, [3-
galactosidase activity by bacteria grown in liquid culture can be measured and used as a proxy
for interaction between RNA and protein. Fold interaction between RNA and protein is
determined by dividing the -galactosidase activity in Miller Units by the highest basal level of
activity. Basal activity is that seen when any one of the three components of the assay is left out
(Berry & Hochschild, 2018).

This assay may also be used to show RNA-protein interactions in bacteria grown on
plates, with the addition of a specific indicator X-gal to the agar. When B-galactosidase is
produced, it hydrolyzes X-gal which spontaneously dimerizes to create an insoluble blue
pigment (Padmanabhan et al., 2011). Therefore, the more 3-galactosidase produced, the more

blue pigment is produced on the plate. Tracing this back to the B3H assay, the higher the level of
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interaction between the RNA and prey protein, the more B-galactosidase produced and the more
blue the bacteria appears on the plate. This allows us to observe levels of interaction between
RNA and protein by looking at the level of blue/whiteness on the plate. This can be used either
as an additional assay for liquid experiments (Stein et al., 2020) or for genetic screens using the

bacterial three-hybrid assay (Berry & Hochschild, 2018; Pandey et al., 2020).
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Figure 9: Schematic of the B3H system. Interaction between the “prey” protein and the “bait” RNA stabilizes
RNA polymerase on the promoter region, leading to transcription of test promoter /acZ. lacZ encodes -
galactosidase. -galactosidase activity in the cell is then measured, acting as an indication of the level of interaction
between the “prey” protein and “bait” RNA. Figure adapted from Berry and Hochschild, 2018.

1-6: Statement of Purpose

In this study, I gathered data in order to determine the most accurate structure of E. coli
ProQ. I computationally examined proposed NMR and AlphaFold structures of ProQ alongside
solved structures of other FinO-domain proteins. By examining the structures of proteins in this
family solved with different experimental techniques, I developed a reasonable idea of general
structure features and relative locations of key residues in this domain. This provided a point of
comparison for the two proposed structures for E. coli ProQ, and the reliability of each structure

was further assessed computationally using basic quality measurements. To complement
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computational analysis, important structural features in ProQ were investigated with
experimentally, including a screen to search for any amino acids which allowed for RNA binding
by ProQ at two highly conserved positions. Finally, interactions present only in the AlphaFold
structure were probed with site-directed mutagenesis in order to examine the accuracy of this
structure. Together, this work will allow for more effective future study of ProQ, by encouraging
development of a model for ProQ binding RNA using the most relevant structure available.
Additionally, this study adds to the growing body of work analyzing the utility of DeepMind’s

AlphaFold2 algorithm.
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Chapter II: Materials and Methods

I1-1. Bacterial Strains

E. coli strains used in this study are listed in Table 2. NEBS5-alpha, purchased from New
England Biolabs, was the recipient strain for all cloned plasmids. KB473 cells harbored the B3H
assay and acted as the reporter strain for both liquid and plate-based B-galactosidase assays. Each
strain has specific antibiotic resistance, listed with the following abbreviations: AmpR
(ampicillin and carbenicillin), CmR (chloramphenicol), KanR (kanamycin), StrR (streptomycin),

and TetR (tetracycline). All strains were stored as glycerol stocks at -80°C.

Table 2: Strains used in this study.

Name: Description: Used for: Antibiotic | Reference/Source:
resistance:
KB473 FW102 Ahfq cells with an | Harboring KanR, (Berry &
F’ episome which has test the B3H StrR Hochschild, 2018)
promoter placOL2-62 fused
to lacZ
NEB 5-alpha | E. coli cloning cells with the | Constructing | TetR New England
F’Iq F’ episome and /aclq plasmids Biolabs

II-2. Plasmid Construction

11-2-i. Plasmids

Plasmids used in this study are listed in Table 3, with antibiotic resistance indicated using
the same abbreviations outlined above. Plasmids with the prefix pCG, pCH, pCW, pKB, and pSP
were cloned by Chandra Gravel (MHC °20), Courtney Hegner (MHC ’19), Clara Wang (MHC

’19), Professor Katie Berry, and Smriti Pandey (MHC ’19) respectively.
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Table 3: Plasmids used in this study. Listed in alphabetical order by plasmid name.

Name: Description: Details: Antibiotic Reference
resistance:
pACACI | Empty vector Encodes full-length ACI under CmR (Dove et al.,
control of lacUV5 promoter 1997)
pBra Empty vector pPrey plasmid without a protein [ AmpR (Dove et al.,
linked on, serves as a negative 1997)
control
pCG55 | pBro-ProQFt- R80 codon randomized in AmpR Cloned by
R80X pKB949 Chandra
Gravel ‘20
pCHI1 pCDF-1xMS2" | pBait plasmid without an RNA | SpcR (Pandey et
bait attached, serves as a al., 2020)
negative control
pCWI17 | pAC-peonstitutive Residues 1-248 of CI fused to an | CmR (Pandey et
ACIMS2¢P MS?2 coat protein; transcription al., 2020)
of this protein under the control
of a constitutive promoter
pKB949 | pBro-ProQft Residues 1-248 of alpha fused AmpR (Pandey et
via three alanine residues to full- al., 2020)
length wild type E. coli proQ,
serves as positive control
pKB955 | pBroa-ProQA¢“™ | Residues 1-248 of alpha fused AmpR (Pandey et
via three alanine residues to al., 2020)
residues 1-176 of wild type E.
coli proQ
pKB1210 | pPCDF-pBAD- 3'UTR of E. coli malM (final 90 | SpecR (Stein et al.,
1xXMS2-malM- nts) cloned into the pBait 2020)
3°’UTR construct of the B3H assay
pKB1225 | pBro- ProQft- C24L mutation in pKB949 AmpR Cloned by
C24L Prof. Katie
Berry
pKB1226 | pBro- ProQft- C24V mutation in pKB949 AmpR Cloned by
C24V Prof. Katie
Berry
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pKB1227 | pBro- ProQFL- C24I mutation in pKB949 AmpR Cloned by
C241 Prof. Katie
Berry
pKDO1 | pBroa-ProQ*¢™- | Y70 codon randomized in AmpR This study
Y70X pKBI55
pKD02 | pBro-ProQFt- Both R80 and Y70 codons AmpR This study
R80OX+Y70X randomized in pKB949
pKDO03 | pBro- ProQ*¢™ | proQ D41K mutation introduced | AmpR This study
-D41K to pKB955
pKDO04 | pBro- ProQ*¢™ | proQ K35D mutation introduced | AmpR This study
K35D to pKB955
pKDO5 | pBro- ProQ*¢™ | proQ K35D+D41K mutations AmpR This study
-D41K+K35D simultaneously introduced to
pKB955
pKDO06 | pBro- ProQ*¢™ | proQ Y70E mutation introduced | AmpR This study
“Y70E to pKB955
pKDO07 | pBro- ProQ*™ | proQ Y70W mutation AmpR This study
-Y70W introduced to pKB955
pKDO08 | pBro- ProQ*¢™ | proQ H95R mutation introduced | AmpR This study
_H95R to pKB955
KDO09 Bra- ProQ*“™ | proQ R80H mutation introduced | AmpR This study
p p p
-R8OH to pKB955
KD10 Bra- ProQ*¢™® | proQ R80OH+H95R mutations AmpR This study
p p p
-R8OH+H95R both introduced to pKB955
KD11 Bra- ProQ*“™® | proQ H95F mutation introduced | AmpR This study
p p p
_H95F to pKB955
KD12 Bro- ProQ“¢™ | proQ H95Q mutation introduced | AmpR This study
p p p
“H95Q to pKB955
KD13 Bro- ProQ“¢™ | proQ H95A mutation introduced | AmpR This study
p p p
-H95A to pKB955
pRM16 | pFW1l1tet-O.2- | pACACI with the promoter from | CmR Cloned by
85 pCW17 Rachel
Mansky 20
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pSP10 pCDF-1xMS2»- | E. coli 3’ UTR of cspE cloned SpecR (Pandey et
cspE-3°’UTR into the pBait construct of the al., 2020)
B3H assay
pSP14 pCDF-1xMS2w»- | E. coli SibB sRNA cloned into SpecR (Pandey et
SibB the pBait construct of the B3H al., 2020)
assay
pSP117 | pBro- ProQ*¢™ | proQ R80A mutation introduced | AmpR (Pandey et
-R80OA to pKB955 al., 2020)

11-2-ii. Q5 Site-directed mutagenesis

Single site mutagenesis was performed using Q5 cloning to create pKDO03, pKD04,
pKDO06, pKDO08, pKD09, pKD10, pKD11, pKD12, and pKD13 (Table 3) for this study. Single-
strand forward and reverse primers (Table 4) were designed using NEBaseChanger. The primers
were at least partially complementary to the backbone sequence. These primers were diluted
appropriately and used in a polymerase chain reaction (PCR) with 2X Phusion Master Mix (New
England Biolabs). Cycling conditions for 30 pL. PCR reactions are listed in Table 5. Following
the PCR reaction, the product was run on 1% agarose gel with GelRed nucleic acid stain
(Biotium) with New England Biolabs 6x loading dye for approximately 28 minutes at 100 watts.
It was run next to the template plasmid and a 1kb ladder in order to check for a product of the
correct length. The gel was visualized with UV light. If a band was observed at the correct
length, the PCR product underwent KLLD treatment. KLLD treatment phosphorylates (K=kinase)
and ligates (L) the PCR product and digests (D) the original template DNA so that the genetic
material will be more easily taken up by cells and the plasmid will not be contaminated by the
template. In this study, a homemade KLD treatment was used by combining 1 uL. PCR Product,
1 uL T4 DNA Ligase (New England Biolabs), 1 L. T4 DNA Ligase buffer (New England
Biolabs), 1 uL T4 polynucleotide kinase (PNK; New England Biolabs), 1 uL Dpnl (New

England Biolabs), and 5 pL MilliQ water. The KLD product was transformed into NEB Salpha
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cloning cells (Table 4). Cells were plated with glass beads and single colonies were picked to be

sent for sequencing in order to find a colony with the intended mutation and only that mutation.

The library plasmids used in this study (pCG55 and pKDO1 (Table 3)), were also created using

Q5 cloning, with slight differences in the primers and method for plasmid extraction. Partially

complementary single-strand forward and reverse primers (Table 4) were designed using

NEBaseChanger. For each of these plasmids, a single codon of the primers was replaced by a

blend of 25% of each nucleotide in each of the three sites, written as “nnn” in the primer

sequence (Table 4). The primers were appropriately diluted and both PCR and KLD treatment

were performed as outlined above.

Table 4: Oligonucleotides used in this study. Listed alphabetically by name. Here n = A/U/G/C.

Oligo Description: Used for: Sequence:
Name:
oCG64 F ProQ R80X [ Q5 PCR CGGCGCAACGnNNnGTCGATCTTG
library
oKB1077s | Sequencing Sequencing [ GAACAGCGTACCGACCTGG
oligo for pBra
plasmids
oKDO1 F ProQ Y70X [ Q5 PCR GAGCTGGCGTnnnCTTTACGGTG
library
oKD02 R ProQ Y70X [ Q5 PCR GAAGTGTAGAGACGTAAAGC
library
oKDO03 F ProQ D41K [ Q5 PCR GGTATTTTTCAGaagTTGGTCGATCGTGTTG
oKD04 R ProQ D41K [ Q5 PCR GATTTTCAGCGGACGCGC
oKDO05 F ProQ K35D [ Q5 PCR GGTATTTTTCAGGACTTGGTCGATCG
oKD06 R ProQ K35D [ Q5 PCR GATgtcCAGCGGACGCGCTTC
oKDO07 F ProQ H95SR [ Q5 PCR GGACGAGCAACcgtGTAGAGCATG
oKDO08 R ProQ H95 Q5 PCR AGCTCACCGCATGGGTTG
mutations
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oKD09 F ProQ R80OH | Q5 PCR CGGCGCAACGcatGTCGATCTTG

oKD10 R ProQ R8OH | Q5 PCR GGTTTAACACCGTAAAGATAACGCC

oKD11 F ProQ H95F | Q5 PCR GGACGAGCAAtttGTAGAGCATGCTCGC

oKD12 |FProQH95Q |Q5PCR | GGACGAGCAAcaaGTAGAGCATG

oKD13 F ProQ H95A | Q5 PCR GGACGAGCAAgctGTAGAGCATGCTCGC

oSP92 R ProQ R80 Q5 PCR GGTTTAACACCGTAAAGATAAC
mutation

Table 5: QS cloning PCR cycling conditions. T. varies based on the primers used. The Ta used with these primers
was the lower of the two (one for each primer) recommended by NEBaseChanger.

Step Temperature (°C) Time
Initial melt 98 5 sec
Denature 98 5 sec
25% Anneal Ta+3 5 sec
Extension 72 2 min 45 sec
Final extension 72 10 min
Hold 10 00

11-2-iii. Collection of library plasmid

The KLD products for pCG55 and pKDO1 were transformed into NEB 5-alpha cells.
Cells were spread on an LB-carbenicillin plate using the glass bead method and incubated at
37°C overnight. The following morning, the plates were checked for an appropriate amount of
colony growth. For a 64 codon library, such as pCG55 and pKDO1, the goal was ~500-600
colonies in order to have sufficient coverage of the library. Once there were enough total

colonies for each library, 5 mL of LB broth was added directly to each plate using a pipette aid.
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Colonies were gently loosened from the plate using a sterile glass spreader, which had been
soaked in ethanol overnight and was flamed immediately before each use. The resulting “cell
slurry” was transferred to 1.5 mL Eppendorf tubes. If the library required multiple plates for
appropriate coverage, some cell slurry was added from each plate to the Eppendorf in order to
maximize diversity. Once the Eppendorf was full, the tubes were spun down at 5000 rpm for 2
minutes. The supernatant was vacuumed off. More cell slurry was added, the tubes were spun
down again, and the supernatant was vacuumed off again until there was a sufficient amount of
cells in the Eppendorf (approximately 100 pL of cells). Cells were resuspended in 600 pL MilliQ
and miniprepped following Zymo Zyppy miniprep protocol. Any remaining cell slurry was
added to Eppendorf tubes, labeled, and stored at -80°C for future use.

I1-3. Bacterial three-hyrid assays

I1-3-i. Liquid assays

Reporter cells (KB473) were co-transformed with pAC-, pBR-, and pCDF- derived
plasmids. pAC constructs express the CI-MS2¢P fusion protein, while pCDF-pBAD constructs
express the MS2' fusion RNA and pBR-a expresses o-ProQ protein. For each transformation
there were three controls, one where each of these core plasmids was replaced with an “empty”
construct. Single colonies from each transformation were inoculated into 1 mL of LB broth
supplemented with 0.2% arabinose and antibiotics: carbenicillin (100 pg/mL), chloramphenicol
(25 pg/mL), kanamycin (50 pug/mL), and spectinomycin (100 ug/mL) in a 2 mL 96 well deep
well block (VWR) sealed with breathable film (VWR) and shaken at 900 rpm and 37°C
overnight. Overnight cultures were back-diluted (1:40) into 200 uL. with the same antibiotics and
arabinose as outlined above, as well as 0 uM, 5 uM, or 50 uM IPTG (isopropyl-B-D-

thiogalactoside, exact amount used specified in figure caption for corresponding data) into

43



optically clear 200 pL flat bottom 96-well plates covered with plastic lids (Olympus). The back
dilution was grown to mid-log at 37°C, shaking at 900 rpm. Mid-log was determined by
measuring the ODgoo of each well with a microplate spectrophotometer (Molecular Devices
SpectraMax), and was defined as roughly ODeoo 0.3-0.9. Once grown, mid-log cells were
transferred into a new 96 well plate with rLysozyme and PopCulture reagent (EMD Millipore).
The cells were left to lyse for 0.5-4 hours. Lysate was transferred into a fresh optically clear 96
well plate (Olympus) with Z-buffer, ONPG (O-nitrophenyl-B-D-galactopyranoside), and B3-
mercaptoethanol. B-galactosidase activity was measured by taking ODa42o values every minute at
28°C for 1 hour using a microplate spectrophotometer (Molecular Devices SpectraMax). ODa42o
readings were normalized using the ODgoo values from directly before lysis in order to give B-
galactosidase activity in Miller units (Stockert et al., 2022; Thibodeau et al., 2004). §3-
galactosidase activity was averaged over three replicates for each experimental condition, and
then divided by the highest relevant negative control in order to give the fold interaction.
Negative controls refer to transformations in which one component of the assay (pPrey, pBait, or
pAdapter) has been replaced with an empty construct. Error for fold interaction was propagated
from the standard deviations of experimental and negative control averages. Assays were
conducted in biological triplicate on at least three separate days, with the exception of one set of

experiments (specified in corresponding figure caption, see Results).

I1-3-ii. Plate-based bacterial three hybrid assay

A sterile, optically clear 200 pL flat bottom 96-well plate (Olympus) was filled with 200
uL in each well of liquid broth supplemented with 0.2% arabinose and antibiotics: carbenicillin
(100 pg/mL), chloramphenicol (25 pg/mL), kanamycin (50 ug/mL), and spectinomycin (100

pg/mL. Mid-log growth from the ODsoo plate was back-diluted into this fresh sterile plate at a
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concentration of 1:100. The plate was left to sit for 5-10 minutes. 3.2 pL from each well of the
plate was pipetted onto a large LB agar plate supplemented with inducers (0.2% arabinose and
1.5 uM IPTG), antibiotics (carbenicillin (100 pg/ml), chloramphenicol (25 pg/ml), kanamycin
(50 pg/ml) and spectinomycin (100 pug/ml)) and indicators (X-gal (40 pg/ml) and TPEG (200
uM)). While pipetting, a 96 block grid was placed below the plate for guidance. Plates were
incubated at 37°C overnight, and then moved to a 4°C fridge for at least one day before pictures
were taken of the plate.

11-3-iii. Forward genetic screen using the B3H

The library plasmids were transformed along with pKB1210 into eKB473 cells which
had pCW 17 pre-transformed. pKB1210 is the bait construct for the 3’UTR of mRNA malM
(Table 1), which we have determined to have a high level of interaction with ProQ in our assay.
After screening of the R80X library (pCGS55) was well underway and partially into screening of
the Y70X library (pKDO1), we shifted to using eKB473 cells with both pCW17 and pKB1210
pre-transformed in order to maximize transformation efficiency (Figure 10). Cells were heat
shocked and plated on LB agar supplemented with inducers (0.2% arabinose and 1.5 uM IPTG),
antibiotics (carbenicillin (100 pg/ml), chloramphenicol (25 pg/ml), kanamycin (50 pg/ml) and
spectinomycin (100 pg/ml)) and indicators (Xgal (40 pg/ml) and TPEG (200 uM)). Plates were
incubated at 37°C overnight. Each time that a transformation was performed, positive and
negative controls were transformed alongside the experimental conditions in order to allow
comparison of blue/white levels. The positive control for this screen was wild type, full length E.
coli ProQ (pKB949, Table 3) and the negative control was an empty alpha plasmid (pBra; Table
3). In order to ensure that cells with medium levels of interaction were not missed, ProQ mutants

which were previously established to have a medium level of interaction in the B3H (pKB1225,
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pKB1226, and pKB1227; B-galactosidase assays performed by Amy Wang ‘22) were
transformed as an additional control (Table 3). The plates were transferred from the 37°C
incubator to a 4°C refrigerator once colonies had grown to sufficient size, ~18 hours. Plates were
in the fridge for a minimum of ~5 hours and a maximum of ~3 days before being examined for
the presence of blue colonies. The total number of colonies and number of blue colonies was
recorded for each plate. Blue colonies were picked and restruck on plates identical in
composition to the original plates to ensure clear, single blue colonies. Single blue colonies were
miniprepped and sent for sequencing. Sequences were aligned to the sequence of wild-type E.

coli ProQ in order to check for mutations at the codon of interest.

pAdapter 4  pBait  —P < J—

\ —>\( 0 \‘
/'

Library

Figure 10: E. coli cells were pre-transformed with pAdapter and pBait constructs in order to allow for more
efficient library screens. Library screening with pre-transformed cells allowed for greater transformation
efficiency, and therefore more effective screening. Here cells were pre-transformed with the adapter and bait
components of the B3H so that many different prey plasmids (containing different codons at either position 80 or
position 70) could be screened.

Following the discovery of non-tyrosine or non-arginine amino acids at positions 70 or
80, respectively, in blue colonies, the prey plasmid was isolated for further testing. The miniprep
used for sequencing was diluted ~1:100 and transformed into NEB 5-alpha cells, plated onto LB-
carbenicillin (100 pg/ml). Single colonies from this transformation were patched onto 3 separate
plates, one with carbenicillin (100 pg/ml), one with spectinomycin (100 pg/ml), and one with
chloramphenicol (25 pg/ml). We selected a colony which was resistant to carbenicillin but
sensitive to spectinomycin and chloramphenicol, as this indicates a colony which contains only

the pPrey plasmid and not the “bait” or “adapter” components of the assay. A colony which was
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resistant to only carbenicillin was restruck for single colonies on a carb plate. A single colony
from this plate was used to inoculate an overnight for miniprep, which was then sent for
sequencing a second time in order to make sure that we got back a clean read of the correct
sequence. This sequence was then given a plasmid name and used in a f-galactosidase assay.
11-4. Dot Blot

2.5 uL of cell lysates from a liquid -galactosidase experiment were transferred to
nitrocellulose Protran membranes (Amersham) with a multichannel pipette. Separate membranes
were used for each IPTG concentration, which was 0 uM and 50 uM in the case of this study.
See the corresponding figure legend for an indication of the IPTG concentration used in the
specific data shown. Membranes were allowed to dry, and then blocked with a solution of 10%
Tween, 10X TBS, and powdered milk before being probed with a primary antibody (1:10,000
anti-ProQ; kindly provided by G. Storz) overnight at 4°C. The membrane was then washed three
times with a 1X TBS/Tween wash buffer, and probed with a horseradish peroxidase conjugated
secondary antibody (1:10,000 anti-rabbit IgG; Cell Signaling Technology). The membrane was
then rinsed three more times, and treated with ECL Plus western blot detection reagents
(BioRad). Chemiluminescent signal was captured with a c600 imaging system (Azure), operated
according to manufacturer’s instructions. Densitometry analysis was performed using ImageJ to
measure the intensity of the dots on the resultant images. In order to normalize the data, four
measurements of intensity were only of the membrane, with no lysate spotted on. These four
measurements were averaged to get a background value, which was then subtracted from all
other intensities. The intensities were normalized by the ODsoo values corresponding to the

individual transformations. The normalized intensities were calculated in duplicate for each
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transformation and averaged between the two. The densitometry analysis was performed

separately for each IPTG concentration.
II-5. Computational work

I1-5-1. Study of orthologs

Conservation in orthologs were examined with the help of ConSurf (Ashkenazy et al.,
2016). The prompts of “The ConSurf Server” were followed to create a figure for a protein with
known structure for N. meningitidis NMB1681 (PDB ID 3mw®6), E. coli ProQ (PDB ID: 5nb9),
and L. pneumophila Lpp1663 (PDB ID: 6s10). ConSurf generated the multiple sequence
alignment (MSA) for each protein. PyMol was used to visualize the resulting data (Schrodinger,
LLC, 2015). For NMB1681, all but one chain (chain A) were deleted to focus on a single binding
domain for more appropriate comparison to other structures. A conservation figure was
generated for the AlphaFold structure by opening the .pdb file generated by AlphaFold in a text
editor and pasting the conservation scores generated by the ConSurf Server for the NMR
structure of ProQ into the b-factor column. The proteins were also colored by residue charge
using code detailed on PyMol Wiki (Show Charged - PyMOLWiki, 2009). Finally, the AlphaFold
structure for ProQ was directly compared to the other available structures in PyMol. Structures
for the FinO domain in orthologs were aligned to the NTD (residues 1-119) of the AlphaFold
structure of ProQ. For the NMR structure for ProQ, the 14aa tag used to solve the structure was
removed. For NMB1681, only a single chain was shown for more appropriate comparison
between structures. For each alignment, the root mean square deviation (RMSD) reported by

PyMol was recorded.
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I1-5-ii. Search for interactions in the AlphaFold structure

The AlphaFold database for predicted protein structures includes predicted interactions
between residues in each structure. I went through each residue in the structure predicted by
AlphaFold for Ec ProQ and recorded any interactions between sidechains. This did not include
interactions between different areas of the protein backbone or interactions between sidechains
and the backbone, as such interactions would be more challenging to probe through mutagenesis
in our assay. After a list of potential sidechain interactions had been collected, the corresponding
residues were examined in the NMR structure. In order to assess the viability of a certain
reaction in the NMR structure, the residues involved were rotated around single bonds into the
most favorable position and the distance between the ends of the residues was measured using
the measurement wizard in PyMol (Schrodinger, LLC, 2015). The released structure file for PDB
entry 5nb9 includes many different potential structures based on the NMR data. For these reason,
the distances between residues were checked and recorded for every structure in the file.

After locating interactions between side chains unique to the AlphaFold structure,
mutations which could potentially “rescue” the interaction were proposed. This was done by
considering the chemical and geometric traits potentially involved in each interaction and
selecting amino acids which maintained at least some of the key chemical traits. Mutagenesis
was performed on the specific residues on the AlphaFold structure in PyMol (Schrodinger, LLC,
2015). This illustrated what the mutation would look like in the AlphaFold structure if the
protein were to fold the same way as the wild type protein, with the understanding that the

protein may fold differently following mutation.
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11-5-iii. Validation work using Coot

Coot (Emsley et al., 2010) was used to further investigate the findings of the PDB
validation report for 5nb9, which showed that this entry was of lower quality in clash between
residues, locations of residues on a Ramachandran plot, and sidechain outliers (PDB, 2020). In
this work, I focused on analysis of clash and Ramachandran plots. Ramachandran plots were
created for PDB entries 1dvo, 6510, 3mw6, and 5nb9 as well as the AlphaFold entry for ProQ.
For NMB1681 (3mw®6), the atoms for all but one chain (chain A) were deleted to focus on a
single binding domain for more appropriate comparison to other structures. For both NMR
structures, Lpp1663 and ProQ, atoms for all but the first model were deleted by opening the PDB
file in TextEdit and deleting atoms. This was done because Coot reported clashes and outliers for
all models in the NMR structure file at once. Removing all but one model allowed for more fair
comparison to the other structures, for which the clashes and outliers were only reported for a
single model. For the NMR ProQ structure (5nb9) the 14-aa tag included with the structure
(Schrodinger, LLC, 2015) was removed for this analysis. For the AlphaFold ProQ structure, the
CTD was removed (leaving residues 1-133). Following appropriate modifications, each structure
was then loaded into Coot. A Ramachandran plot was created for each structure. Clash
determination was run for each structure as well, by using the “Probe clashes” feature in Coot

and displaying only “bad overlap” (Emsley et al., 2010).
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Chapter III: Results

I11-1. Single-Codon Genetic Screens

Previous work has shown that mutations at positions 70 and 80, even conservative ones,
abolish binding of ProQ to RNA (Pandey et al., 2020; Stockert, 2021). In order to determine if
any amino acids besides those found in wild-type ProQ at position 80 or position 70 would
facilitate ProQ binding of RNA, we mutated those codons to random nucleotides to create two
libraries. This was done through PCR, with the nucleotides at the respective codon on the primer
replaced with a blend containing 25% of each nucleotide (Table 4). The PCR product was
transformed into cells and grown to a near lawn. Plasmid was collected from a “cell slurry”
made from the near lawn to optimize diversity. The result was one library with random
nucleotides at position 70, the Y70X library, and one with random nucleotides at position 80, the
R80X library. These libraries were then screened on plates for colonies that maintained
interaction between ProQ and RNA using the B3H assay and cells that had pre-transformed
adapter and bait components.

The total number of colonies screened, as well as the number of blue colonies found from
the R80X library can be seen in Table 6. After sending many colonies for sequencing, each of
the six Arg codons were returned (

Table 7). Since no codons for other amino acids were returned and the library was
covered 29 times, we feel confident saying that no other amino acid at this position allows ProQ

binding to malM.

Table 6: Summary of colonies screened in R80X library screen. Times the library was covered is an estimate,
determined by calculating (colonies screened)/(size of the library).

Entries in R80X | Total Colonies | Times Library Blue Colonies % Colonies Blue
Library Screened Covered (Approx) | Found
64 1895 29 66 3.48
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Table 7: Summary of results from R80X library screen. 19 clean reads were obtained from the screen: 4 CGT, 1
CGC, 1 CGA, 1 CGG, 8 AGA, and 4 AGG. All codons returned code for arginine.

Codons Codes for Times Returned
CGT Arginine 4
CGC Arginine 1
CGA Arginine 1
CGG Arginine 1
AGA Arginine 8
AGG Arginine 4

The total colonies screened, as well as the blue colonies found for the Y70X library can
be seen in Table 8. Both tyrosine codons were returned in this screen, as were GAG (glutamic
acid) and TGG (tryptophan). The pPrey plasmids for the two colonies with non-tyrosine codons
were isolated (see Methods) so that each could be tested again in the liquid B-galactosidase
assay, which allows for more easily quantifiable data. While these two amino acids did appear in
the screen, each only appeared once while one tyrosine codon was returned sixteen times (TAT)
and the other three times (TAC) (Table 9). The uneven distribution indicates that tyrosine is

greatly preferred at this position.

Table 8: Summary of colonies screened in Y70X library screen. Times the library was covered is an estimate,
determined by calculating (colonies screened)/(size of the library).

Entries in Y70X | Total Colonies | Times Library Blue Colonies % Colonies Blue
Library Screened Covered (Approx) | Found
64 1064 16 36 3.38

Table 9: Summary of results from Y70X library screen. 21 clean reads were obtained from the screen: 16 TAT
(tyrosine), 3 TAC (tyrosine), 1 GAG (glutamic acid), and 1 TGG (tryptophan).

Codons Codes for Times Returned
TAT Tyrosine 16

TAC Tyrosine 3

GAG Glutamic Acid

TGG Tryptophan 1
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ProQ sequences containing the codon for tryptophan and glutamic acid were isolated
from a blue colony, which indicated that those amino acids could be at position 70 in a protein
which maintained the ability to bind to RNA. However, since each of these amino acids was only
returned once in the primary screen results, [ wanted to verify the ability of these amino acids to
maintain ProQ’s interaction with RNA. The pPrey plasmid was isolated from these colonies
through miniprep, and the sequences of these colonies were checked again. A sequence with only
a clean Y70W mutation and another sequence with only a clean Y70E mutation were each
transformed back into eKB473 cells. These new pPrey plasmids were transformed along with the
pBait and pAdapter components (pKB1210 and pCW 17, respectively) in order to run a liquid -
galactosidase assay and gather more quantitative data on the differences in RNA binding
between these variants. Additional pPrey plasmids with mutations at Y70 were also included to
allow for comparison to past results (Pandey et al., 2020). All variant proteins tested had loss of

interaction when compared to wild type ProQ (Figure 11).
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Figure 11: Liquid B3H assay data for Y70 mutants identified in the screen. The variants were tested against a
malM pBait construct. All variants showed a complete loss of binding to malM. The plate assay was also run for this
experiment and was in agreement with the results found in liquid. Results shown here are an average of three
independent experimental conditions with standard deviation. This experiment was performed on three separate
days, and this data is representative of that found each time.

III-2. Ortholog Study

I11-2-1. Charge and conservation

In order to investigate residues potentially involved in RNA binding on ProQ orthologs,
we generated images of FinO-domain proteins colored by conservation (created with ConSurf
(Ashkenazy et al., 2016)) and images of the proteins colored by residue charge. On all proteins
except for Ec ProQ, a large patch of highly conserved residues can be seen on the concave face
of the protein (Figure 12). The three non-ProQ proteins have more distinct concave and convex
faces, an observation best seen in three-dimensional (3D) renderings of these proteins. All of the
proteins have a central area of the concave face which is made of positive and neutral charged

residues, with negatively charged residues focused around the rim of this face. With the
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exception of ProQ, the convex face of the proteins include negatively charged residues across the
center of the domain. FinO and Lpp1663 are relatively lacking in positively charged amino acids
on the convex face of the domain, while both ProQ and NMB1681 have greater concentrations of

positively charged amino acids on the convex face (Figure 12).
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Figure 12: Structures of ProQ and orthologs, with residues colored by conservation and charge. For A) Ec
ProQ NTD NMR structure (Gonzalez et al., 2017; PDB ID: 5nb9), B) crystal structure of Nm NMB1681 (Chaulk et
al., 2010; PDB ID: 3mw6), C) crystal structure of Ec F’ FinO protein (Ghetu et al., 2000; PDB ID: 1dvo), and D)
NMR structure of Lp Lpp1663 (Immer et al., 2020; PDB ID: 6s10). Each structure is colored using ConSurf
(Ashkenazy et al., 2016) and residue charge coloring in PyMol (Show Charged - PyMOLWiki, 2009). High levels of
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conservation are shown in dark blue, with moderate levels of conservation in varied shades of green and minimally
conserved residues in yellow. Residues predicted to be positively charged at cellular pH (arginine, lysine, and
histidine) are colored blue, neutral residues are gray, and residues predicted to be negatively charged at cellular pH
(aspartate and glutamate) are colored red.

Following the release of the AlphaFold database, the same set of figures were made for
the ProQ structure predicted by AlphaFold. This structure has distinct concave and convex faces,
with a highly conserved patch at the center of the concave face. There is a limited amount of
conservation visible on the convex face. The center of the concave face has mostly positively and
neutrally charged residues, with some negatively charged residues around the rim of the face.

There are negatively charged residues across the convex face of the protein (Figure 13).
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Figure 13: AlphaFold model for ProQ with residues colored by conservation and charge. AlphaFold model of
ProQ predicted by Jumper et al., 2021, colored using A) ConSurf (Ashkenazy et al., 2016) and B) residue charge
coloring in PyMol (Show Charged - PyMOLWiki, 2009). As the above figure, high levels of conservation are shown
in dark blue, with moderate levels of conservation in varied shades of green and minimally conserved residues in
yellow. Residues predicted to be positively charged at cellular pH (arginine, lysine, and histidine) are colored blue,
neutral residues are gray, and residues predicted to be negatively charged at cellular pH (aspartate and glutamate)
are colored red.

To allow for a more direct comparison between the AlphaFold structure and currently

available experimental structures, I created alignments between the AlphaFold structure and all
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other available structures using PyMol. For each alignment, the root mean square deviation
(RMSD) was recorded. RMSD is a commonly used quantitative measure of similarity between
two or more protein structures, which represents the average distance between individual atoms
in two different protein structures (Kufareva & Abagyan, 2012). The more similar the structures,
the better the two will align and the lower the RMSD values will be. The AlphaFold structure
was closest to the FinO structure, with a root mean square deviation (RMSD) of 1.1 A (83
atoms). It was second closest to Lpp1663, with an RMSD of 1.6 A (88 atoms). The RMSD
between the AlphaFold structure and NMB1681 is 3.5 A (84 atoms), though this may be skewed
higher due to large deviations in the structure towards the top of the protein, while the center of
the domains line up closely. Despite being the same amino acid sequence, the ProQ NMR

structure has the largest RMSD when aligned with the AlphaFold structure, at 4.2 A (106 atoms).
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Figure 14: Alignments between the AlphaFold prediction for ProQ NTD and the FinO domain of available
structural models. The AlphaFold structure is shown in green, while the other proteins A) Ec FinO (Ghetu et al.,
2000; PDB ID: 1dvo) B) Nm NMB1681 (Chaulk et al., 2010; PDB ID: 3mw6) C) Lp Lpp1663 (Immer et al., 2020;
PDB ID: 6s10) and D) ProQ (Gonzalez et al., 2017; PDB ID: 5nb9) are shown in a light blue. The distances between
amino acid chains are seen in bright yellow. Alignment performed using PyMol.

I1I-2-ii. Validation

After analysis of general structure, conservation, and charge distribution, differences
between the available FinO domain structures were clear. For this reason, we examined and
compared the quality of the structures to give an idea of the reliability of each structure. Coot
was used to follow up on weaknesses highlighted in the PDB validation report for the NMR
structure of ProQ, including clashscore and Ramachandran outliers (Full WwPDB NMR

Structure Validation Report for PDB ID 5nb9, 2020). Validation measures were performed for
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the same structures as above, including Ec FinO, Nm NMB1681, Lp Lpp1663, the NMR
structure for Ec ProQ, and the Ec ProQ structure predicted by AlphaFold.

Ramachandran plots were created for all five structures. The plots shown in Figure 15
display only the outlying residues to give a more readable figure. The percentage of outliers in
the two crystal structures, FinO and NMB1681, is incredibly low, with only one outlier in
NMBI1681 and none in the FinO structure (Figure 15). Furthermore, the great majority of amino
acids in these structures fall into the “preferred regions” for angles, with 99% of residues in
preferred regions for FinO and 98% of residues within preferred regions for NMB1681. The
percentage of amino acids in preferred regions falls substantially for both NMR structures, with
Lpp1663 at 90% of residues in preferred regions and ProQ at 74%. However, the ProQ structure
seems to be markedly weaker than even the other NMR structure in this family of proteins. Not
only are 15% fewer of the residues in preferred regions, but the ProQ structure has nearly three
times the percentage of outlying residues, at 11% compared to 4.2% for Lpp1663. The
AlphaFold structure for ProQ performs similarly to the crystal structures for FinO and

NMB1681, with 97% of residues in preferred regions and 0 outliers (Figure 15).
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Figure 15: Ramachandran plots generated by Coot for FinO family proteins including A) crystal structure of E.
coli F’ FinO protein (PDB ID: 1DVO; Ghetu et al., 2000), B) crystal structure of N. meningitidis NMB 1681 (PDB
ID: 3MW6; Chaulk et al., 2010), C) NMR structure of L. pneumophila Lpp1663 (PDB ID: 6S10; Immer et al.,
2020) D) E. coli ProQ NTD NMR structure (PDB ID: 5nb9; Gonzalez et al., 2017), and E) the NTD of the E. coli
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ProQ structure predicted by AlphaFold2 (Jumper et al., 2021). Panel F) Depicts the summary statistics for the
Ramachandran plots of each protein, also generated by Coot (Emsley et al., 2010).

In the PDB validation report for the NMR structure for ProQ, clash between amino acids
was also identified as a point of weakness. For this reason, I chose to examine clash in all
experimentally determined structures for FinO proteins and the AlphaFold structure of ProQ.
Coot was used to determine clash through MolProbity, specifically by looking at the output of
MolProbity’s Reduce and Probe functions (Emsley et al., 2010). The reduce function adds
hydrogen atoms to the model in order to more accurately represent the space taken up by each
residue. Probe examines all areas within 0.5 A of the Van der Waals surfaces of atoms to identify
overlap between pairs of nonbonded atoms (Chen et al., 2010). When non-donor-acceptor atoms
overlap by more than 0.4 A, Probe denotes this as a “serious clash,” (Chen et al., 2010)
represented by hot-pink spikes in Coot (Figure 16). Overlaps this significant indicate that two
atoms have been modeled in the same place at the same time. This cannot happen in reality, and
therefore the presence of such overlap in a structure indicates that at least one of the atoms has
been modeled incorrectly.

There is minimal clash in the structures for FinO, NMB1681, and Lpp1663, with only a
few pink spikes visible. There are many more pink spikes visible on the NMR structure of ProQ,
indicating more clash in this structure. It is notable that this structure has more clash than even
the other structure which was solved with NMR, the Lpp1663 structure. The AlphaFold structure
appears more similar in clash level to the other protein structures, with only one or two small

patches of pink spikes visible (Figure 16).
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Figure 16: Clash as determined by Molprobity for FinO family proteins including A) crystal structure of E. coli
F’ FinO protein (PDB ID: 1DVO; Ghetu et al., 2000), B) crystal structure of N. meningitidis NMB 1681 (PDB ID:
3MW6; Chaulk et al., 2010), C) NMR structure of L. pneumophila Lpp1663 (PDB ID: 6510; Immer et al., 2020),
D) E. coli ProQ NTD NMR structure (PDB ID: 5nb9; Gonzalez et al., 2017) and E) the NTD of the E. coli ProQ
structure predicted by AlphaFold2 (Jumper et al., 2021). The backbones of the protein are shown in orange, while
the bright pink hash marks represent “serious clashes,” which is when non-donor-acceptor atoms overlap by more
than 0.4 A, indicating that at least one of the two atoms has been modeled incorrectly (Chen et al., 2010; Emsley et
al., 2010).
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III-3. Site-directed Mutagenesis

I11-3-1. Salt bridge between K35 and D41

Once the AlphaFold structure became available, we were able to design experiments targeted
at distinguishing between the two available structures. To do this, we identified interactions
unique to just one of the structures. I located interactions unique to the AlphaFold structure for
ProQ by searching for predicted interactions between side chains in the AlphaFold database and
checking for the possibility of the interaction in the NMR structure. This resulted in the
discovery of a putative salt bridge between K35 and D41 and a cation-pi interaction between
H95 and R80. In order to test for the presence of a salt bridge, I performed a swap mutation by
creating a K35D variant of ProQ, a D41K variant of ProQ, and a K35D+D41K variant of ProQ.
These variants were compared to each other and variants in which either K35 or D41 had been
mutated to alanine. We hypothesized that if the salt bridge was present in the protein, it would be
possible to see a loss of binding with the single mutants and the binding would be restored by the
double mutant. Prior to running the experiment, there was an understanding that swapping the
charges may cause a significant enough disruption in the protein folding process that the double

mutant would not be functional.
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Ec ProQ NMR Structure Ec ProQ AlphaFold Structure

Figure 17: Potential salt bridge between K35 and D41 shown in the AlphaFold ProQ structure. Depicted
above are the distances between atoms at the end of K35 and D41 side chains in A) the NMR structure for ProQ
solved by Gonzalez et al., 2017 and B) the structure predicted by AlphaFold2 (Jumper et al., 2021). The difference
in distances suggests that while these residues could interact in the AlphaFold2 structure, they would not in the
NMR structure. It should be noted that the PDB entry for the NMR structure includes 17 possible structures for
ProQ, across which the distances between the end of these side chains ranges from 2.6 A to 13.4 A, with an average
distance of 9.2 A between K35 and D41 (for the full list of distances between the end of the side chains by model,
see Supplementary Table 1 in Appendix) . In other words, the NMR file includes some models in which this
interaction could happen, but it is not the case for the majority of the models.

Mutations cloned into the NTD of ProQ were tested in both liquid and plate-based bacterial
three-hybrid assays. Both K35A and D41A mutations led to a loss of binding to all three RNA
substrates (Figure 18) which is in line with previous results for cspE and SibB (Pandey et al.,
2020). Single mutations for the swap led to an even greater loss of binding than the mutations to
alanine, which is especially clear in the tests against malM (Figure 18). In the liquid assay, the
double mutant did not restore ProQ binding to any of the RNA substrates (Figure 18). In order to
examine the potential impact of the stability of ProQ variants on observed differences in
interaction levels, we performed an immunoblot experiment. A preliminary immunoblot (not yet
repeated) showed that all ProQ variants were stably expressed, which can be observed both

visually and in the densitometry data (Figure 18D, Supplementary Figure 1).

65



WT - WT wr T

D41A DN D41A - DMMA [T T ~
malM D41K - DAK - ) D41K B

K35A IS CSPE  k3sA - SibB K35A T °

K35D EE— K35D - K3sD T

D41K+K35D E— D41K+K35D [ D41K+K35D [ —F+—
0 2 4 6 8 0 05 1 15 2 0 05 1 15 2
Fold Interaction Fold Interaction Fold Interaction

Figure 18: Impact of mutation to residues K35 and D41 on ProQ binding of RNA targets malM, cspE, and
SibB. In this figure, the red bars in A) represent the fold interaction observed with malM, green bars in B) represent
fold interaction observed with cspE, and blue bars in C) represent fold interaction observed with SibB in the
bacterial three-hybrid system. The gray dashed line shows one fold interaction on the graph. This data shows that
mutation to residues D41 and K35 significantly impacts binding, even for a mutation to alanine. The impact on
binding is more dramatic when the residues are mutated to a residue of the opposite charge, as for the D41K and
K35D variants. The D41K+K35D variant does not show an increased ability to bind to the RNA targets when
compared to the single mutants at those residues. Results shown here are an average of three independent
experimental conditions with standard deviation. This experiment was performed on three separate days, and this
data is representative of that found each time. Panel D) shows preliminary results from an immunoblot experiment
which indicates that the mutant proteins were expressed stably in the cell. The spots in panel D are ordered from top
to bottom to match the corresponding B3H data for that particular variant. Complete immunoblot data, including
densitometry analysis of the membrane, can be seen in Supplementary Figure 1 in the Appendix. Supplementary
Figure 1 shows the membrane spots for alpha-empty, which are blank.

The plate-based assay for this experiment offers a slight hint of an increase in RNA
binding by the K35D+D41K variant ProQ protein, relative to the K35D variant protein. In Figure
19, the patches for the protein with a double mutation appear to be more blue than the patches for
K35D alone. This suggests that the K35D+D41K variant of ProQ may be able to bind to RNA
better than the K35D variant. One possible explanation for this impact seen on the plate but not
in liquid is a difference in the B-galactosidase activity levels in the negative controls
corresponding to different mutant proteins. Calculations of fold interaction involve dividing the
experimental condition by the highest negative control for that condition, where the negative
controls are conditions in which one component of the assay has been replaced by an empty
vector.

To explore this possibility, I plotted raw -galactosidase data for the liquid experiment. In
this case, the B-galactosidase activity for the CI-empty condition for the K35D+D41K variant of

ProQ is higher than for other prey protein constructs, particularly when compared to the negative
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controls for the single mutants, K35A and D41A (Figure 20). This could lead to a lower
calculated fold interaction when in reality the absolute 3-galactosidase activity is comparatively

the same or even better. For further analysis of differences between plate and liquid data, see

Discussion.

malM - |BaitRNA
| Adapter

Prey
Protein

Figure 19: Plate-based assay for K35 and D41 variants with malM. Transformations which include all
components of the assay are shown in the leftmost column, followed by transformations with an empty adapter
construct in the center column and transformations with an empty bait construct in the rightmost column.
Transformations with an empty prey construct are shown in the bottom row. The top row shows the resulting growth
on plates for WT ProQ NTD (pKB955, see Methods), while the subsequent rows show growth resulting from a
mutated ProQ NTD, labeled accordingly. This experiment was performed on two separate days, and this data is
representative of that found each time.
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Figure 20: Raw B-galactosidase activity from liquid B3H with K35 and D41 variants. In this figure, the darkest
bars represent B-galactosidase activity observed in the experimental conditions, while white bars represent [3-
galactosidase activity seen when the adapter component of the assay is replaced with an empty construct, and light
gray bars show P-galactosidase activity observed when the bait RNA component is replaced with an empty
construct. For calculations of fold interaction, the B-galactosidase activity seen in the experimental condition is
divided by the highest B-galactosidase activity seen in a negative control (either CI empty, MS2 empty, or a-empty).
For this reason, higher negative controls can lead to lower fold interactions for the same absolute -galactosidase
activity production. Results shown here are an average of three independent experimental conditions with standard
deviation. This experiment was performed on three separate days, and this data is representative of that found each
time. The data shown here corresponds to the data used to calculate fold interaction above. This particular set of data
is focused on the findings observed with malM for clarity. malM was selected due to the high level of interaction
with ProQ in our assay, which allows for the detection of more subtle differences in binding.

I11-3-ii. Cation-pi interaction between H95 and R80

In order to test for the presence of a cation-pi interaction between H95 and R80 (shown in
Figure 21) , I again performed a swap mutation as well as additional mutations to ProQ. With the
knowledge that ProQ does not tolerate mutations to R80 established in the library screen, these
mutations focused on H95. The histidine side chain has multiple chemical traits which could be
leading to interaction with R80: the presence of an aromatic ring and the ability to form
hydrogen bonds. For this reason, I elected to separate some chemical traits to be probed

individually. To do so, I created both an H95F and H95Q ProQ variant. The mutation to
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phenylalanine maintained the aromatic ring seen in histidine. Glutamine was selected over other
amino acids which would maintain hydrogen bonding ability, such as glutamate or aspartate, due
to the length of the side chain and the ability to form multiple hydrogen bonds, which we hoped
would increase the chances of creating a variant protein which could maintain the predicted
interaction with arginine. Prospective mutations to test these features were first made in the

AlphaFold structure in PyMol (as shown in Figure 22) to check for appropriate geometry.

Ec ProQ NMR Structure

Figure 21: Potential cation-pi interaction between R80 and H95 shown in AlphaFold ProQ structure. In A)
the NMR structure (Gonzalez et al., 2017), side chains are not close enough to interact while they are in B) the
structure predicted by AlphaFold2 (Jumper et al., 2017). For the 17 proposed structures in the NMR file, these two
side chains range from 9.5 A apart to 10.9 A apart, with an average distance of 10.0 A between the two (for the full
list of differences between the ends of the side chains in each model, see Supplementary Table 1 in Appendix). In
every structure, these residues are too far to interact.
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-
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Figure 22: Proposed mutations to H95 in ProQ. In order to probe the potential cation-pi interaction between R80
and H95, I proposed variants that would maintain either A) the aromatic ring found in a histidine side chain, by
mutating it to phenylalanine, or B) the ability of a histidine side chain to form hydrogen bonds, by mutating it to
glutamine. Both mutations are only shown in the AlphaFold structure, as the previous figure for this interaction
demonstrated that the interaction between H95 and R80 is not proposed to take place in the NMR structure.

The effects of histidine substitutions were evaluated in both liquid and with the plate-
based assay. Surprisingly, mutating the histidine residue to alanine only had a limited impact on
ProQ’s binding of RNA targets (Figure 23, Figure 24). Since a mutation to alanine can be
thought of as effectively removing a side chain by minimizing length and chemical properties,
this data indicates that it is unlikely that any interaction involving H95 has an impact on ProQ’s
ability to bind RNA. An H95R mutation led to a slightly greater loss of binding with malM and
SibB, but not cspE (Figure 23). Any mutation which included mutating R80 had a complete loss
of binding (Figure 23). A swap mutation was not able to rescue the RNA-binding ability of ProQ
(Figure 23). This is supported clearly in the plate-based assay as well, where the patches for
variants with an R80 mutation are much more white than patches grown with other prey proteins
(Figure 25). The H9S5F variant demonstrated a greater loss in binding when compared to other
HO95 variants (Figure 24). This data is supported in the plate-based assay as well, where the patch
grown with the H95F variant seems to be a slightly lighter blue than the other H95 variants

(Figure 25). The H95Q variant showed a level of interaction similar to the H95A variant (Figure

24).
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Figure 23: Impact of mutation probing a potential H95 and R80 interaction on ProQ binding of RNA targets
malM, cspE, and SibB. In this figure, the red bars in A) represent the fold interaction observed with malM, green
bars in B) represent fold interaction observed with cspE, and blue bars in C) represent fold interaction observed with
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SibB in the bacterial three-hybrid system. The gray dashed line indicates one fold interaction on the graph, which
can be taken as a basal level of interaction. Surprisingly, mutations to H95 and namely H95A did not impact binding
in a major way. As a mutation to alanine can be thought of as removing a side chain, this indicates that any
interaction involving H95 in ProQ does not have a significant impact on ProQ’s ability to bind to RNA. Results
shown here are an average of three independent experimental conditions with standard deviation. This experiment
was performed on three separate days, and this data is representative of that found each time. Panel D) shows
preliminary results from an immunoblot experiment which indicates that the mutant proteins were expressed stably
in the cell. The spots in panel D are ordered from top to bottom to line up with the corresponding B3H data for that
particular variant. Complete immunoblot data, including densitometry analysis of the membrane, can be seen in
Supplementary Figure 2 in Appendix. Supplementary Figure 1 shows the membrane spots for alpha-empty, which
are blank.
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Figure 24: Impact of mutations to H95 on ProQ binding of RNA targets malM, cspE, and SibB. In this figure,
the red bars in A) represent the fold interaction observed with malM, green bars in B) represent fold interaction
observed with cspE, and blue bars in C) represent fold interaction observed with SibB in the bacterial three-hybrid
system. The gray dashed line indicates one fold interaction on the graph, which can be taken as a basal level of
interaction. An H95F mutation impairs binding when compared to H95A or H95Q. The H95A variant is able to bind
to RNA at comparable levels to the H95Q variant. Results shown here are an average of three independent
experimental conditions with standard deviation. This experiment was performed on two separate days, and this data
is representative of that found each time. This particular experiment was only repeated twice, rather than three times,
due to an error in data collection in the final step of the attempted third repeat. Panel D) shows preliminary results
from an immunoblot experiment which indicates that the mutant proteins were expressed stably in the cell. The
spots in panel D are ordered from top to bottom to line up with the corresponding B3H data for that particular
variant. Complete immunoblot data, including densitometry analysis of the membrane, can be seen in
Supplementary Figure 2 in Appendix. Supplementary Figure 1 shows the membrane spots for alpha-empty, which
are blank.
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Figure 25: Plate-based assay for H95 and R80 variants with malM. Transformations that include all components
of the assay are shown in the leftmost column, followed by transformations with an empty adapter construct in the
center column and transformations with an empty bait construct in the rightmost column. The top row shows the
resulting growth on plates for WT ProQ NTD (pKB955, see Methods), while the following rows show growth
resulting from a mutated ProQ NTD, labeled accordingly. Both R80 variants, R§0A and R80H, result in lighter
colonies. The patch with the H9SF variant appears to be slightly lighter than the other H95 variants, H95A and
H95R. This experiment was repeated twice, and this data is representative of that found each time.

Like for the K35 and D41 variants, the stability of these variants in vivo was examined a
single time with the use of an immunoblot. Again, based on this preliminary data all variants
were stably expressed in cells. This is seen in images of the membrane processed with a
chemiluminescent imager (Figure 18) and corresponding densitometry data (Appendix:

Supplementary Figure 2).
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Chapter IV: Discussion

In this work, I have presented an analysis of two different structural models of the
bacterial RNA binding protein ProQ. By running a saturation mutagenesis screen to search for
any other amino acids which supported RNA binding at position 70 or 80 in ProQ, I determined
that no amino acids aside from tyrosine and arginine, respectively, worked at these positions.
ProQ was found to vary in chemical qualities, including distribution of charge and conservation,
when compared to the structural models of other FinO-domain proteins. Finally, using site-
directed mutagenesis I highlighted the importance of residues predicted to be involved in an
interaction in the AlphaFold model of ProQ, but not predicted to form such an interaction in the
NMR structure. Overall, my analysis highlights inconsistencies between the currently available
data on ProQ and the structural model used by the field. The hope of this work is to support the
future investigation of the RNA binding mechanism of ProQ by both calling attention to
potential issues with the NMR structure for ProQ and bringing forth a structure that appears to be

more in line with currently available data on ProQ and other FinO-domain proteins.

IV-1.Tyrosine and arginine are strictly required at positions 70 and 80 in ProQ

This work began with the R80X and Y70X library screens. After covering both the Y70X
and R80X library more than fifteen times, no other amino acid was found to function at either
position. This screen was performed only with malM, but it is likely that these results would
apply to other sSRNA targets of ProQ based on previous work. In studies performed with the
same B3H assay, both Y70 and R80 appeared as a residue necessary for binding in screens
performed with the cspE 3’UTR and SibB (Pandey et al., 2020) and even conservative mutation
to these residues led to fold interaction below one with SibB and cspE 3 UTR (Pandey et al.,

2020; Stockert, 2021).
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An important question regarding the validity of our saturation mutagenesis screen is the
representation of all amino acids in the library. All codons for the wild type amino acids were
returned, however, there was an over-representation of the codons found in the original
(template) plasmids seen in the sequencing results (see Methods). It is possible that some of this
is due to bias introduced into the library either in PCR or in the growth of colonies during the
library preparation. In the PCR tube, the primer which perfectly complemented the wild-type
template could have annealed slightly better than the other primers, leading to more replication
of that specific sequence. This trend would explain why there was bias to one tyrosine codon and
one arginine codon over the others (Table 7, Table 9). It is also possible that cells that were
transformed with wild type ProQ following KL.D treatment had a slight growth advantage,
leading to overrepresentation in the library preparation.

While it is clear that the library did contain some bias, the fact that each codon for the
wild-type amino acid was returned suggests that the screen was saturated. This demonstrates that
the methodology used was able to identify mutants of ProQ which could interact with mRNA
target malM, as it is unlikely that sequences with alternate codons for the wild-type amino acids
had the same advantages the original sequence did in the PCR reaction.

This screen demonstrated that functional ProQ always had tyrosine at position 70 and
arginine at position 80, suggesting that the unique chemical properties of Y70 and R80 are
important. In order for mutations to these residues to impact levels of interaction between RNA
and protein observed in the B3H, the mutations must disrupt ProQ’s interaction with RNA either
directly or indirectly through disruption of the overall structure and function of the protein. ProQ
has been shown to be stably expressed in the cell with a mutation at each of these positions

(Pandey et al., 2020). If mutant proteins were severely misfolded in the cell, the proteins would
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be degraded by the cell machinery. It is therefore unlikely that the loss in binding observed is due
to misfolding alone. Additionally, Y70 and R80 are located on the surface of the protein in both
models (Gonzalez et al., 2017; Jumper et al., 2021). In contrast, key structural residues are often
found deep in the core of the protein. The loss of binding seen in proteins with a mutation at
either Y70 or R80 is therefore more likely because these residues are directly involved in
interaction with RNA.

An Argonaute (Ago) protein from Aquifex aeolicus (Aa) provides an example of tyrosine
and arginine side chains interacting directly with RNA (Yuan et al., 2006). Ago proteins are
found in processes of gene regulation mediated by small RNA molecules in both eukaryotes and
prokaryotes. In this process, the Ago protein binds to a small “guide” RNA in order to identify
specific RNA targets which have sequences complementary to the guide (Lisitskaya et al., 2018).
The role of the protein in encouraging complementary base pairing is functionally analogous to
Hfq, FinO, and perhaps ProQ. The 4a Ago protein has a solved crystal costructure with a
regulatory small interfering RNA (siRNA). The structure shows a tyrosine, Y119, and an
arginine, R123, pi-pi stacking and forming a cation-pi interaction with the final base pairs of the
double-stranded RNA (Figure 26; Yuan et al., 2006). It is possible that ProQ would be able to
form a similar interaction if it folds as the AlphaFold structure suggests. In the AlphaFold
structure for ProQ, residues Y70 and R80 are a similar distance apart in 3D space as residues

Y119 and R123, at 5.5 A and 4.0 A, respectively.
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Figure 26: Costructure of Argonaute (Ago) protein with an siRNA in Aquifex aeolicus. The structure shows the
terminal RNA bases pi-pi stacking with a tyrosine, Y119, and forming a cation-pi interaction with an arginine, R123
(Yuan et al., 2006). This costructure offers an example of how tyrosine and arginine residues may be involved in
binding double-stranded RNA.

Furthermore, the position of residues homologous to Y70 and R80 are conserved across
the FinO domains with solved structures. In all structures with the exception of the NMR
structure for ProQ, these two residues are close to each other in the center of a highly conserved
patch (Figure 27, conservation can be seen in Figure 12). In the non-ProQ structures, this is also
a distinct concave “pocket” on the protein. The location of these residues on Lpp1663 was not
missed by Immer et al., the authors who solved the NMR structure for that protein. Citing the
establishment of Y70 and R80 as critical to ProQ’s binding of RNA in Pandey et al. (2020), the
authors made single point mutations to alanine at homologous residues Y76 and R86 in
Lpp1663. These variants were confirmed to fold correctly with NMR spectroscopy. However,
when either residue was mutated to alanine, RNA binding was lost completely. This suggests
that these two residues have a role in RNA binding by Lpp1663, which is a key part of the data
which leads the authors to conclude that the concave face of Lpp1663 is the primary site of RNA

binding (Immer et al., 2020).
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Figure 27: The location of Y70/R80 residues and homologous residues in available structures for FinO family
proteins. Y70 and homologous residues have been colored bright blue. R80 and homologous residues have been
colored purple. The remaining residues have been colored grey. Depicted are A) FinO (PDB ID: 1DVO; Ghetu et
al., 2000), B) NMB1681 (PDB ID: 3MW6; Chaulk et al., 2010), C) Lpp1663 (PDB ID: 6S10; Immer et al., 2020),
D) the NMR structure for ProQ’s NTD PDB ID: 5nb9; Gonzalez et al., 2017) and E) the AlphaFold structure for
ProQ’s NTD. On the NMR structure for ProQ, Y70 is located in the center of the concave face of the protein, and
R80 is located slightly to the left of the convex side of the protein. For all other structures, Y70 and R80 are located
directly next to each other at the center of a pocket on the concave face of the protein.
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IV-2. Ortholog’s FinO domain differ from ProQ’s in both quality and chemical
characteristics

The available structures of FinO domains (in FinO, NMB1681, and Lpp1663) vary from
the NMR structure for ProQ in several ways. Firstly, these structures all have more distinct
concave and convex faces, with patches of high levels of conservation in the center of the
concave face (Figure 12). This supports the idea of RNA binding in the center of the concave
face of these proteins, as amino acids needed for the proper protein function (such as binding of
RNA in this case) are more likely to be held onto by evolution. The non-ProQ proteins also all
have residues of positive or neutral charge across the concave face of the protein, with negatively
charged residues around the rim of the concave face of the protein and across the convex face. It
is possible that negatively charged residues repel the negatively charged phosphate backbone of
the RNA. The ring of negatively charged residues on the concave face may guide the RNA to the
center of that face for binding. Neither the pattern of conservation nor the pattern of charge
distribution seen in other structures is present on the NMR structure for ProQ. However, as these
proteins are all orthologs with a shared domain (Olejniczak & Storz, 2017) and orthologs are
expected to adopt similar folds in the cell (Rost, 1999), these structures of other proteins should
be taken seriously in the search for an accurate model of RNA binding by ProQ. Furthermore,
the majority of these structures are comparable to each other well in conservation and charge
distribution while the ProQ structure is an outlier.

These differences have been previously highlighted by Immer ef al. in the paper revealing
the structure for Lpp1663. The structure of this FinO-domain protein was determined with NMR
in 2020. The authors aligned the lowest energy structure from the NMR file, often selected as the

most likely structure due to the role of energy minimization in protein folding in the cell (Nelson
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& Cox, 2012), to the structures of FinO domains available at the time. Immer et al. compared the
structures using through alignments with recorded RMSD values. For Lpp1663, the RMSDs
were 1.8 A when aligned to the FinO protein, 1.9 A when aligned to the NMB1681 protein, and
4.2 A when aligned to the ProQ NMR structure (Figure 28). As the authors highlight, this result
is surprising as ProQ has the highest sequence identity to Lpp1663, at 34%, compared to 28% for
FinO and 25% for NMB1681. This means that Lpp1663 shares the most similarity in sequence to
ProQ, which would suggest the fold of these two proteins would be the closest. The RMSD does
not align with this, by showing that the available NMR structure for ProQ is the most different
from Lpp1663 among all the FinO protein structures.

The structure of ProQ is not only inconsistent with that of Lpp1663, but also with the
other available FinO domain structures. The NTD of ProQ (PDB ID: 5nb9), which is the FinO
domain, has high RMSD values when aligned with either of the available X-ray structures, at 4.5
A for FinO and 5.6 A for NMB1681 (Immer et al., 2020). These findings complement the
comparison between structures discussed here which show that the NMR structure of ProQ is
quite different from the available structures of other FinO family proteins in shape, conservation,
and charge distribution. The AlphaFold structure is more similar to the available structures, not
only in the overall structure, location of key residues, charge distribution, and conservation
distribution, but as determined with the same RMSD measurement. Our analysis showed that the
AlphaFold structure for ProQ’s NTD is very close to the FinO and Lpp1663 structures, and in
fact has the highest RMSD when compared to the NMR structure for ProQ’s NTD (PDB ID:
5nb9). Despite having the same chain of amino acids, the AlphaFold structure adopts a fold that

is more similar to that seen in other FinO-domain structures.
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Figure 28: The NMR structure of Lpp1663 aligned with other solved structures for FinO-domain proteins.
The lowest energy Lpp1663 structure from the NMR structure file is shown in blue, superposed with the structures
of other FinO/ProQ domains colored in red. The N terminal domains of FinO and NMB1681 are colored in gray. For
ProQ, only the FinO domain (which is the N-terminal domain) is shown. Lpp1663 closely matches the crystal
structures for FinO and NMB1681, with RMSD values of 1.8 A and 1.9 A respectively. The structures of Lpp1663
and ProQ do not align as closely, with an RMSD value of 4.2 A. Figure from Immer et al., 2020.

The differences in structure prompted me to look at the quality of the structures. The
structure validation work done here indicates that the quality of the non-ProQ structures are
greater than the quality of the NMR structure for ProQ. The non-ProQ structures have a lower
percentage of Ramachandran outliers and less steric clash. Ramachandran outliers represent bond
angles seen in the protein backbone which are geometrically unfavorable. If the backbone were
to adopt these angles, the sidechains would be closer than is desired. These angles would take a
large amount of energy to maintain and are therefore very unlikely (Nelson & Cox, 2012). While
it is possible for the occasional outlier to be present in a protein, it is unlikely for many outliers
to be present. Clash represents places where the structure has two atoms modeled in the same
place at the same time, which is physically impossible. It should be highlighted that the NMR

structure for ProQ has more Ramachandran outliers and clash even when compared to the other
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NMR structure of the FinO domain, Lpp1663 (Immer et al., 2020). Furthermore, the AlphaFold
structure for ProQ has fewer Ramachandran outliers and less clash. This indicates that the
AlphaFold structure forms more favorable bond angles in the cell, and accounts adequately for

the presence of all atoms.

IV-3. Mutation of proposed interactions in the AlphaFold structure

In an effort to experimentally validate the AlphaFold structure, we located interactions
between amino acid side chains that were predicted to form in the AlphaFold structure, but not
the NMR model. After examining both structures, we were able to identify two interactions
between side chains seen only in the AlphaFold structure: a salt bridge between K35 and D41
and a cation-pi interaction between R80 and H95.

The hope was to find an interaction that could be both disrupted and restored with careful
substitution. The ability to disrupt an interaction between sidechains with a site-specific mutation
would support the interaction contributing to the structure and/or RNA binding of ProQ. The
ability to restore the interaction with additional mutation would demonstrate knowledge of the
chemical traits needed for the interaction. For example, if there was a loss of binding observed
when either K35 or D41 was mutated to alanine, effectively removing all functional groups of
the side chain, that would support the involvement of each side chain in an important interaction.
If swapping the charges of the residues was able to lead to a greater level of binding than either
alanine mutation, this would show that the charge of the residues were important. If single
mutations to the opposite amino acid (such as K35D alone) did not restore binding, that would
suggest the two residues need to be opposite charges. The functionality of the protein depended
on both residues complementing each other in chemical characteristics rather than just the

presence of either residue would support an interaction between K35 and D41.
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It must be noted that our assay measures the binding of ProQ to RNA, therefore such an
interaction would have to have a clear impact on either protein stability or the ability of ProQ to
bind to RNA substrates for disruption and restoration of the interaction to be observed. If we
were able to identify an interaction that could be disrupted and restored, this would support the

presence of the interaction and therefore provide data in support of one model over the other.

IV-2-i. Modest indication of interaction seen in K35/D41 variants

The AlphaFold entry for ProQ predicted a salt bridge between K35 and D41. A mutant
protein in which these amino acids were swapped did not show interaction with malM, SibB, or
cspE in a liquid B-galactosidase assay (Figure 18). This indicates that these variants all were
unable to bind to the RNA bait well enough to stimulate transcription of lacZ over the
background level. However, this doesn’t line up with the results seen in the plate data, which
shows a modest increase in interaction between RNA and protein in the swap variant patch when
compared to the single K35D variant. A high level of B-galactosidase activity in the CI empty
control was observed for the double mutant in liquid, which would lead to a lower calculated
fold interaction. In our assay, controls are used to demonstrate that increase in 3-galactosidase
activity is due to increased interaction between the RNA and protein and not other factors in the
cell. Each component is transformed into the cell and has been fused to other macromolecules,
such as the alpha subunit. Negative controls have the power to highlight increases in 3-
galactosidase activity not due to the specific RNA and protein. For example, ProQ was found to
interact with a previously used negative RNA control which had two hairpins rather than one
(Pandey et al., 2020; Stockert et al., 2022). This finding showed that interactions between ProQ
and RNA detected in the assay may have been due to the constant portion of the hybrid RNA

rather than the unique traits of specific SRNA or mRNA targets. While this can provide some
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information about how ProQ interacts with RNA broadly, it does not provide information on
specific interactions with target RNAs in the cell and should not be interpreted as such.

In the case of a high CI empty control, however, it is unlikely that the higher level of -
galactosidase activity reflects the presence of a false interaction in the assay. In this particular
control, the “adapter” component of the assay (Figure 9) is replaced by an empty construct. In
order for there to be a stimulation of B-galactosidase activity in this condition, the protein would
have to be doing a two-hybrid interaction with the MS2 coat protein which typically holds the
bait construct. This is unlikely to happen, as it would necessitate the MS2 coat protein binding
the DNA sequence in order to stabilize RNAP on the promoter. Therefore, the high -
galactosidase activity observed in the CI empty control is probably due to a cause outside of the
bait RNA and prey protein constructs, such as random binding of RNAP to the promoter region
for lacZ. Unfortunately, this high negative control means that there was a lower calculated
interaction for the K35D+D41K variant even as the absolute $-galactosidase activity was higher
than for the K35D condition. As previously mentioned, increased [3-galactosidase activity
indicates increased interaction between the RNA and protein. The method of calculating fold
interaction is used to allow for even comparison between experimental conditions, but it is not
without limitations.

There are additional reasons why the patterns seen in the liquid and plate-based assays
may not match. Differences between these two assays have been observed in our lab previously,
such as plate-based screens identifying variant ProQ proteins that maintain interaction with
RNA, only for such variants to fail to bind to RNA in the liquid -galactosidase assay (this work,
unpublished data collected by Linda Wang ’23). However, the reasons behind these differences

are not fully understood. Even though both assays utilize the B3H machinery, the two assays are

&3



slightly different. For one, the bacteria are in different phases of growth: stationary phase on
plates and log phase in liquid. These two phases of growth differ in physiology and gene
expression (Caglar et al., 2017; Ishihama, 1997; Jaishankar & Srivastava, 2017). This could
impact the results seen in our assay. Additionally, the plate data is observed as an absolute [3-
galactosidase activity while liquid data typically shows relative B-galactosidase activity in the
form of fold interaction to allow for a more appropriate comparison between conditions. There
have been attempts in the lab to develop an image analysis pipeline in order to quantify
differences between blue and white observed on plates, which may allow for a calculation of
something more similar to fold interaction. However, as we have yet to find an entirely
satisfactory method for such calculations, there is still a gap in our ability to accurately compare
blue and white colors. It is possible that while the patches for an experimental condition appear
to be more blue than the patches for another experimental condition, the control patches are also
different shades. This would be an example of a situation in which the difference in blue
observed in experimental conditions is a result of a difference in background levels of lacZ
transcription rather than increased interaction between protein and RNA.

While the assays performed with K35/D41 variant proteins did not generate data in
agreement with each other, there is some indication of a salt bridge between the two residues in
ProQ. K35 was previously identified as important to ProQ binding of RNA (Pandey et al., 2020).
There were similar levels of interaction seen for K35A and D41A variants, which both
effectively removed the respective side chains. This supports the possibility of these residues
serving similar roles in the protein, such as involvement in this salt bridge. There is some
indication of an increase in interaction between ProQ and RNA when the residues are swapped,

which could indicate at least partial restoration of this interaction. Unfortunately, when used with
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ProQ, this assay does not have refined enough sensitivity to detect subtle changes in binding.
Additionally, our current methods of calculation do not allow for the interpretation of fold
interaction below one. If either of these challenges are overcome in the future, it may become

easier to interpret data in experiments such as this one.

IV-2-ii. H95 is not important to ProQ binding of RNA

As previously mentioned, in order for disruptions of interactions to be seen in this assay,
the interaction must have an impact on RNA binding by ProQ. Mutations to H95 did not have
distinct impacts on RNA binding by ProQ in our assay, even when histidine was mutated to
alanine, effectively removing all chemical properties of the side chain. If this residue was
important to RNA binding by ProQ, we would have expected to see a more distinct loss of
binding when the H95A mutation was made. There was a more substantial loss of binding
observed for the H9SF variant protein, both in liquid and on plates. This is likely because the
phenylalanine residue is large and bulky, which could lead to more disruption in the folding of
the protein than smaller residues. These findings ultimately support the hypothesis that mutations
to R80 have dramatic impacts on ProQ binding of RNA due to direct interactions between R80

and the RNA target, rather than interactions between R80 and other residues.

IV-4. The AlphaFold structure for ProQ is more consistent with experimental data for
ProQ and other FinO proteins

The AlphaFold structure for ProQ presents a compelling alternative structure of the
protein. As previously highlighted, this structure is more in line with the currently available
structures of FinO family proteins in the distribution of conservation and charge as well as the
location of key residues in ProQ and orthologs. Most notably, the two key residues of Y70 and

R80 are located next to each other in the center of a highly conserved pocket on the AlphaFold
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structure, while on the NMR structure these residues are on entirely opposite faces of the protein
(Figure 29). The location in the center of the potential binding pocket offers a better explanation
for the importance of the two residues, by providing a clear model for how both of these residues

may be simultaneously involved in RNA binding.

Ec ProQ NMR Structure

Y70

High Conservation

Low Conservation

R80
Concave Side Convex Side

Ec ProQ AlphaFold Structure

Concave Side Convex Side

Figure 29: The location of key residues R80 and Y70 on the AlphaFold and NMR Structures for ProQ. On the
NMR structure (top), the residues are on opposite faces of the protein. On the AlphaFold structure (bottom), the two
residues are located in the center of a highly conserved pocket on the concave face of the protein. As in previous
conservation figures, more highly conserved residues are colored in dark blue ranging to the least conserved residues
are colored yellow. Conservation scores for ProQ were generated with the use of ConSurf (Ashkenazy et al., 2016).

It is possible that these residues are involved in binding the end of a double-stranded
region of RNA, as the previously mentioned Argonaute protein does (Yuan et al., 2006). Studies
on the RNA targets of ProQ have highlighted the presence of double-stranded RNA as a major
determinant of ProQ-RNA interactions (Holmqvist et al., 2020; Stein et al., 2020). An RNA base

pair, as is found at the end of a double-stranded region, fits into the conserved binding pocket of
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ProQ (Figure 30). It is possible that these residues are functioning to encourage interactions
between SRNAs and mRNAs regulated by ProQ.

The primary role of SRNA binding proteins is believed to be facilitating the SRNA-
mediated regulation of mRNAs, which is possible when the SRNA imperfectly base pairs with
the mRNA. FinO has been shown to encourage duplex formation between an SRNA and mRNA,
in part by encouraging the RNA targets to not take on their native fold but instead fold in a way
that promotes imperfect base pairings between the two molecules (Arthur et al., 2003). It is
possible that Y70 and R80, as part of the potential binding pocket, encourage the RNA molecule
to shift from its highly structured shape into something which better allows base pairing between
the SRNA and mRNA. Pi-pi stacking interactions are energetically favorable, at 2-6 kcal/mol
(Corley et al., 2020), while cation-pi interactions provide 2-5 kcal/mol (Dougherty, 2013).
Comparatively, hydrogen bonds are only 1-2 kcal/mol each. It is possible that the interactions
between the RNA bases and the side chains on the protein are more favorable than the hydrogen
bonds holding the bases together, helping to encourage the unfolding of the double-stranded

region so that it may better pair with the other RNA.
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Figure 30: An RNA base pair placed in the concave potential binding pocket of the AlphaFold structure for
ProQ for context and relative size. The base pair fits into the pocket of the protein. Figure created by Professor
Katie Berry.

Furthermore, it is important to note that the AlphaFold structure for ProQ performs better
than the NMR structure on measures of basic validation, namely examination of Ramachandran
outliers and steric clash. These validation measures are intended to determine the favorability of
the protein fold in cells. Better performance on the validation measures suggests that the primary
sequence of ProQ is more likely to fold into the AlphaFold structure in cells, as this structure is
more energetically and physically favorable. This could be because the AlphaFold algorithm has
a strong awareness of the biophysically limited protein folding space, developed in the training
on other structures. It is unlikely that the software used by Gonzalez et al. to model the NMR
data for ProQ is able to account for general protein folding patterns to the same degree.

IV-5. Applications

The analysis of current available ProQ structures presented here hopes to help ensure that
future research on ProQ, most notably the development of a model for RNA binding, is based on
the most accurate available structure for the protein. This has been done by both highlighting

weaknesses in the current structure and offering an alternate structure for ProQ. These
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weaknesses include a lack of clear explanation for key residues Y70 and R80, which are directly
next to each other in the alternate model and orthologous structures. Due to an extreme
sensitivity to mutation, these residues very likely contribute directly due to RNA binding.
Without the correct structure for ProQ, interactions between the protein and RNA substrates will
not be accurately determined. The list of known FinO family proteins is growing, and it is
possible that developing a model for RNA binding by ProQ could assist in the understanding of
more general FinO domain binding of RNA. The broader utility of this study to the field is
underscored by the role of research on other FinO structures in both this work and the work
presenting the newest FinO-domain protein structure (Immer et al., 2020).

This work also highlights a value to be found in computational methods of protein
prediction. While these methods cannot, and should not, replace empirical benchwork, these
structures can provide a source of hypotheses. In some cases, such as that of ProQ, the available
structure may fall short in some areas. Computationally predicted structures can be used as an
alternate framework to understand confusing results. We believe it is possible to use these newly
available computational structures to generate benchwork experiments that may support or refute
the accuracy of the computational structures.

IV-6. Limitations

While this work has the potential to be valuable to the field, there are limitations to
multiple techniques used in the work which must be considered. The B3H itself, on which a lot
of this work is based, is relatively new technology and is still undergoing optimization (Berry &
Hochschild, 2018; Wang et al., 2021). Currently, there is a low level of signal observed by our
lab for some RNAs which are known to interact with ProQ. This makes the detection of subtle

differences in binding as a result of mutations more challenging to discern. Additionally, with the
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current method of calculating fold interaction, the meaning of differences in results that are
below one fold is unclear. For RNA targets with an already low signal, this makes determining
differences in levels of interaction all the more difficult. As highlighted by the discussion of the
K35/D41 salt bridge in this work, this can make it challenging to see the true effects of
mutations. Further optimization of the assay for use with ProQ may allow for better detection of
interactions, and therefore more nuanced discussion of the effect of mutations to either the RNA
or protein.

There are additional challenges specific to the use of an in vivo system. While this system
allows more accurate replication of the conditions found in cells, that strength is also a weakness
as many factors in the cell are not within our control. The presence of degradation machinery in
particular is a challenge for this assay. It is possible for RNA and protein mutants to fold
incorrectly and therefore be degraded by the intracellular machinery. This can lead to low levels
of interaction, not due to lower interaction between RNA and protein but due to less protein or
RNA present in the cell than in the wild type condition. Such results can mislead researchers to
attempt to find structural reasons for these effects caused by degradation. This challenge can be
partially remedied with the use of Northern and Western blots to examine the stability of RNA
and protein in the cell, respectively. However, there is still an unknown element of folding in the
cell. The RNA has the potential to fold incorrectly when fused to the MS2 moiety, which could
lead to an interaction in the assay not observed when the RNA adopts its native fold in cells.
Mutations in prey proteins lead to unknown consequences, as computational models of mutation
can only offer a prediction. Even with the emergence of groundbreaking discoveries such as
AlphaFold, we don’t have a comprehensive understanding of all of the factors involved in

protein folding. While Western blots can allow us to measure the stability of proteins in the cell,
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we cannot be sure how specific portions of the protein are folding. It is likely that mutations
(especially those that are not conservative) lead to protein misfolding and a greater alteration to
the structure than intended.

In addition to the use of the B3H, this work depended on the examination of the structure
of other FinO-domain proteins. While these may provide a helpful point of comparison for a
protein with a structure in question, it must be remembered that these are ultimately different
proteins with slightly different functions. There are differences in the fold of each structure,
which can be seen even in the differences between the three other available structures (PDB ID:
1DVO, PDB ID: 3MW6, PDB ID: 6S10; Chaulk et al., 2010; Ghetu et al., 2000; Immer et al.,
2020). There are differences between the other FinO-domain proteins and ProQ. This work
focuses on general trends gleaned from multiple proteins, but it must be recognized that the
specifics will vary from structure to structure. Additionally, none of the proteins mentioned in
this paper have a crystal costructure with an RNA target. This would provide a level of
knowledge on the molecular mechanism of interaction that is currently not available. This gap
means that there is ultimately less information on FinO domain binding of RNA which can be
applied to ProQ. There are varying levels of information on the different orthologs, from models
of binding informed by crosslinking and gelFRET experiments (Ghetu et al., 2002) to no
identified RNA targets (Immer et al., 2020). As a result, in this work, the predictions of RNA
binding regions in the proteins were often based on chemical traits rather than experimental data
in order to best utilize all available structures.

There are also limitations to the AlphaFold structure prediction software. The structures
created by AlphaFold are not equivalent to experimentally determined structures and should be

considered more as a source of hypothesis generation rather than fact. The algorithm does not
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factor in cellular conditions, and cannot predict happenings in the cell such as post-translational
modifications of protein or cofactors (Bagdonas et al., 2021). As this technology is still relatively
new, the use of AlphaFold structures in the study of proteins requires experimental data
supporting the AlphaFold structure for that specific protein.

IV-7. Future directions

An ideal next step for this area of study would be to determine a crystal costructure of
ProQ with RNA. This would show the molecular mechanism for how ProQ binds to its RNA
targets in detail. Short of a costructure, a solved crystal structure for this particular protein would
still be valuable. Given the conflict between the currently available structure and the
experimental data available for this protein, as presented in this work, there would be value in an
additional experimentally determined structure for this protein. Crystal structures bypass the
need for developing a model from limited data, unlike NMR structures which are based on a
model which fits the provided constraints (Vranken, 2014). While it is true that it can be
challenging to get crystals of some proteins (Carpenter et al., 2008; Grey & Thompson, 2010),
the existence of crystal structures for both NMB1681 and FinO (Chaulk et al., 2010; Ghetu et al.,
2000) indicate that it should be possible to create a crystal of at least the FinO domain of this
protein.

Even without an additional structure, it is possible that the NMR constraints could be
modeled in an alternate way to produce a more accurate structure. Analysis of the constraints
done by our lab showed that some atoms appeared to be out of range of the constraints in the
final structure of the protein (Amy Wang 22, unpublished data). It would be interesting to

examine how these constraints fall on the AlphaFold structure. It is possible that the AlphaFold
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structure is ultimately in line with the NMR data, and the error in structure development occurred
in the software used to develop a structure from the constraints.

Furthermore, we can continue our ultimate goal of developing an accurate model for
RNA binding by ProQ. One way this can be done is through site-specific RNA footprinting or
crosslinking experiments. I do hope that such experiments consider the AlphaFold structure for
ProQ in attempts to comprehend the results. With the consideration of this model, the potential
RNA binding pocket may be probed through additional mutagenesis experiments. Additionally,
scientists with the requisite software experience may try to dock a known RNA target of ProQ on
the AlphaFold structure. This can be done with consideration for currently available data on
ProQ binding of RNA, such as the residues critical to binding previously identified by our lab

(Pandey et al., 2020).
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Supplementary Figure 1: Inmunoblot data for K35 and D41 variants. Panel A) depicts the membrane that the
cell lysates for cells containing all components of the assay and cells missing an adapter component were spotted
onto, while panel B) shows the data resulting from densitometry analysis of the spots. The lysates were taken from
cells used in a liquid B3H experiment. These cells were grown with 0 IPTG overnight and 0 IPTG during the day.
None of the variants were notably destabilized. The absence of a second spot at D41 A variant without an adapter is
very likely the result of a pipetting issue, since both spots appeared on the membrane run with lysates grown with 0
IPTG overnight and 50 IPTG during the day. This experiment was run only once.
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Supplementary Figure 2: Immunoblot data for H95 and R80 variants. Panel A) depicts the membrane that the
cell lysates for cells containing all components of the assay and cells missing an adapter component were spotted
onto, imaged with a Azure ¢600 chemiluminescent imaging system, while panel B) shows the data resulting from
densitometry analysis of the spots. The lysates were taken from cells used in a liquid B3H. These cells were grown
with 0 IPTG overnight and 0 IPTG during the day. None of the variants were notably destabilized. This experiment
was run only once.

Supplementary Table 1: Distances between residues in the NMR structure of ProQ for interactions predicted

by AlphaFold. These distances were measured between the atoms at the very ends of the side chains. The average
distance between the end of lysine and aspartate in the K35/D41 salt bridge was 9.23 A, with a minimum distance of
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2.6 A and a maximum distance of 13.4 A. The equivalent distance in the AlphaFold structure is 2.8 A. The average
distance between the end of the arginine and the ring on histidine in the H95/R80 cation-pi interaction was 10.02 A,
with a minimum distance of 9.5 A and a maximum distance of 10.9 A. The equivalent distance in the AlphaFold

structure is 3.9 A.

Distances Between Residues (A)
Structure from NMR File K35/D41 Salt Bridge H95ﬁ8€‘r)afgggn-l’i
1 12.8 95
2 12.1 9.7
3 13.4 926
4 11.9 10.6
S 13.1 10.6
6 13.4 926
7 6.7 95
8 4.7 98
9 11.7 96
10 4.7 10.9
11 13.4 10.9
12 4.7 9.6
13 6.4 10
14 13.1 9.6
15 4.8 10.9
16 7.4 9.8
17 2.6 10.2
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