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ABSTRACT

Author: Ha, Lisha. MS

Institution: Purdue University

Degree Received: August 2019

Title: Evaluation of Staphylococcus aureus RnpA Protein as an Antibacterial Target
Committee Chair: Dr. Daniel P. Flaherty

Staphylococcus aureus (S. aureus) is a Gram-positive pathogen that causes a wide range of
infections in both hospitals and communities, of which the total mortality rate is higher than AIDS,
tuberculosis, and viral hepatitis combined. The drug resistant S. aureus is a member of the
“ESKAPE” pathogens that require immediate and sustained actions of novel method to combat.
However, the current antimicrobial development against S. aureus is in stagnation, which
underscores the urgent need for novel antimicrobial scaffolds and targets. S. aureus Ribonuclease
P protein (RnpA) is an essential protein that plays important roles in both tRNA maturation and
MRNA degradation pathways. The goal of this research was to evaluate RnpA as an antimicrobial
target using biophysical methods. The crystal structures of wild-type RnpA in three different
constructs were determined, among which the tag-free RnpA construct has a structural model of
2.0 A resolution and Rerys/Riree= 0.214/0.234, and its crystals are reproducible. This crystal
structure of tag-free S. aureus RnpA shows a globular representation with key structural motifs,
including the “RNR” Ribonuclease P RNA binding region and a substrate binding central cleft,
which shares high similarity to previously solved RnpA structures from other species despite of
their low sequence identity. Meanwhile, in a screen of S. aureus RnpA mutants performed by our
collaborator, RnpAP3A was found lacking the mRNA degradation activity while retaining the
tRNA maturation function, and causing defects in cell viability. We therefore studied this mutant

using differential scanning fluorimetry, crystallography, and circular dichroism. It was shown that
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RNpAP®A s thermally less stable than wild-type RnpA by ~2.0 °C, but no secondary structural or
3D conformational differences were found between the two proteins. Although the mutant
RnpAP894 requires further characterization, the results of the studies in this thesis have begun to
shed light on the relatively new role of S. aureus RnpA in mRNA degradation, and will serve as

useful tools in future structure-based drug discovery for multi-drug resistant S. aureus treatment.



12

CHAPTER 1. INTRODUCTION

1.1 Staphylococcus aureus infection and resistance

Staphylococcus aureus (S. aureus) is a Gram-positive bacteria commonly found in the respiratory
tract and on the skin of humans. Pathogenic S. aureus is able to cause a wide range of infections,
including bacteremia, infective endocarditis, pleuropulmonary, osteoarticular, skin and soft tissue,
and device-related infections®. The various types of S. aureus infections contribute to its high
morbidity. S. aureus infection has been a leading cause of nosocomial infections for the past
decade’. Recent data indicated that during 2011-2014, 12% of the hospital-associated infections
(HAISs) reported in US were caused by S. aureus, which accounts for over 48,000 cases®. S. aureus
infection also has a mortality rate of 10-67% depending on the type of infection, which is higher
than AIDS, tuberculosis and viral hepatitis combined*. The most problematic manifestation of S.
aureus infection is bacteremia, which has a case fatality rate of 15-50%*. Such danger of this
microbial Killer is further boosted by the fast-pace epidemic of drug-resistant S. aureus stains
against all front line antibiotics worldwide®®°. The uncontrollable characteristic of drug-resistant S.
aureus has made it a member of the notorious cohort of bacteria known as the “ESKAPE”
pathogens as recognized by the Infectious Disease Society of America and the Center of Disease

Control and Prevention (CDC)-1?,

Two particular threatening resistant S. aureus strains are methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant Staphylococcus aureus (VRSA)**4. MRSA arose two
years after the introduction of methicillin in 1960, and it has been shown to be resistant to all the
B-lactams and cephalosporins'**®. The mechanism of methicillin resistance is related to the

expression of a low affinity penicillin-binding protein (PBP2a) encoded by a MecA gene®®. CDC


https://en.wikipedia.org/wiki/Respiratory_tract
https://en.wikipedia.org/wiki/Respiratory_tract
https://en.wikipedia.org/wiki/Human_skin
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listed MRSA as a serious threat to public health that requires immediate and sustained actions4.
Even if only cases of invasive infections were counted, it was estimated that MRSA had a
morbidity of 80,000 and mortality of 11,000 in 2011'*. MRSA has expanded its territory from
hospitals to the community healthcare facilities. During 2012-2014, while 40% S. aureus HAIs in
US were caused by MRSA®?, these cases accounted for only about 15% of the total 8,437 MRSA
isolates!®. The rest of the isolates came from the community, indicating the outbreak of
community-acquired MRSA (CA-MRSA) in US, which was also observed worldwide®’81617 The
current regimen for MRSA treatment includes linezolid, daptomycin (IV), tigecycline (V) and
telavancin (1V) depending on the type of infection'®. Yet adverse effects, resistant strains, and high
drug costs are limiting their usage®®. Vancomycin has been considered the last-resort treatment for
drug-resistant S. aureus; however, with the emergence of VRSA, there is a real possibility that we
will be left with few or no effective treatment against this pathogen. The currently stagnant
antimicrobial development situation regarding drug resistant S. aureus underscores the need for
novel antimicrobial scaffolds and targets. Below | introduce the Ribonuclease P protein (RnpA),
which plays an essential role in RNA processing pathways, as a promising novel antimicrobial

target for the treatment of S. aureus.

1.2 RnpA as a part of the Ribonuclease P holoenzyme

RnpA was first discovered as a part of the bacterial Ribonuclease P holoenzyme (RNase P) by
Professor Sidney Altman in 1972%°. RNase P is an endonuclease that exists in all three forms of
life: Bacteria, Eukarya and Archaea. Most RNase P have been characterized as ribonucleases with
both the RNA and the protein subunits?®?%. Specifically, the architecture of bacterial RNase P is
an RNA ribozyme (P RNA) that is about 400 nucleotides in length that is associated with one small

protein (RnpA) of approximately 120 amino acids. It is well established that RNase P catalyzes
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the maturation of 5° terminus of all transfer RNAs (tRNA)?2. The tRNAs are initially synthesized
as inactive precursor-tRNAs (ptRNA) with 5” leader and 3’ trailer sequences. The ptRNAs go
through extensive post-transcriptional modification to become matured tRNAs that participate in
translation within cells. RNase P cleaves the 5’ leader sequences at an early step in the biosynthetic

“production chain” of tRNA??4, (Fig. 1.1)

3!

N

Figure 1.1 Ribonuclease P holoenzyme cleaves the 5’ leader sequence of tRNA precursor. P RNA
(light blue surface), RnpA (marine surface), 5’leader sequence (pink solid line).

Studies have shown that between the two subunits of bacterial RNase P, catalytic activity resides
in the P RNA. Under in vitro high ionic conditions, P RNA alone is able to carry out cleavage of
the 5° leader sequence from ptRNAZ. However, both P RNA and RnpA are essential in
physiologically relevant low salt conditions for bacterial cell viability>?5. The protein subunit,
RnpA, plays an ancillary but crucial role in the functioning of RNase P. As mentioned above,
RnpA is able to lower the dependence of P RNA on high condition ionic levels to exhibit catalytic
activity in vitro. Previous biochemical studies have also shown that RnpA: 1) stabilizes the active

conformation of P RNA%-282) improves binding specificity and affinity of RNase P to substrate
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PptRNA2*® 3) helps with the release of product?’, and 4) improves the catalytic reaction
efficiency?®3132, These results were supported, and the understanding for bacterial RnpA was
deepened, by the success of structural studies in the past two decades. So far, the RnpA structures
of Bacillus subtilis (B. subtillis)?, S. aureus?® and Thermotaga maritima (T. maritima)3*3* have
been characterized by nuclear magnetic resonance (NMR) and/or X-ray crystallography. Reiter et
al. successfully crystallized the T. maritima RNase P in complex with a post-cleavage tRNA*® (Fig.
1.2A). This holoenzyme structure shows the orientation and contacts of P RNA, RnpA and tRNA.
In particular, the highly conserved “RNR” motif region of RnpA forms electrostatic contacts with
the phosphate backbone of the P RNA (Fig. 1.2B). These studies showed that there is conservation
of bacterial RnpA secondary and tertiary structures across bacterial species despite the fact that
RnpAs from different species share low sequence identities (23-51%)%. Bacterial RnpA is a
globular protein that has an a-f3 sandwich fold. There is a f-sheet surface of four strands in the
middle, and on one side of the f-sheet surface a helix to its N-terminal end lies perpendicular
across the bottom of the strands. Together the helix and the B-sheet surface create a cleft that serves
as the substrate binding site for 5’ leader sequence of ptRNA (Fig. 1.2C). On the other side of the
sheet are two other helices, and within one of them resides the highly conserved P RNA binding
region, the “RNR” motif. This motif clusters basic residues that are positively charged in
physiological conditions. Given that RNA is negatively charged at physiological pH, RnpA binds
to P RNA with electrostatic forces and with nanomolar affinity?>*®. The conservation of RnpA’s
structural and surface electrostatic elements across different bacterial species corroborates with the
observations that bacterial RnpAs are interchangeable, despite of the low sequence identity?%37,

For example, growth of Escherichia coli (E. coli) with rnpA gene (encodes E. coli RnpA) deleted
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can be rescued by the complementation of a heterologous rnpA gene from S. aureus, Pseudomonas
aeruginosa, or B. subtillis®,

Previous studies have presented the essentiality of RnpA as a key component of bacterial RNase
P. Targeting bacterial RnpA within the tRNA processing pathway is therefore a promising

antimicrobial production strategy.

Figure 1.2 Bacterial Ribonuclease P holoenzyme. A) The overview of Ribonuclease P holoenzyme
from Thermotaga maritima (PDB ID:3Q1R)*. P RNA (light blue), RnpA (marine), tRNA and
soaked 5’ leader sequence (yellow), Magnesium ions (orange). B) Close-up for the P RNA-RnpA
binding region. The “RNR” box is shown in pink, and the reserved residues within this box are
shown in sticks. C) Close-up for the RnpA-5 leader sequence binding region, RnpA “central cleft”.
Phosphate backbone (yellow sticks).

1.3 RnpA as a part of the messenger RNA degradosome

RNase P was postulated to have originated from a single catalytic RNA, and protein(s) were
gradually recruited and started to play increasingly important roles within the complex as the
system evolved?>%, Before 2008, it was reckoned that P RNA is ubiquitously essential and

associated with the catalytic activity of RNase P in all three domains of life and that RnpA played
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a role only in this pathway??. However, compelling studies then showed that in several species
ribonuclease proteins were essential for the endonuclease activity of other RNA species. The
Rossmanith group first revealed that human mitochondrial RNase P is composed of three protein
subunits (mitochondrial RNase P proteins:MRPP1, MRPP2, and MRPP3) and no RNA subunit by
proteomics, and the catalytic activity was successfully reconstructed in vitro®. ‘Proteinaceous
RNase P’ (PRORP) was subsequently found in Trypanosoma brucei®! and Arabidopsis*2. More
relevantly, the RnpA subunit of Mycobacterium tuberculosis (M. tuberculosis) has demonstrated
RNase P activity in the absence of P RNA in vitro. The authors suggest that RnpA is able to
achieve a different conformation and be imparted with the endonuclease activity of RNase P*.
While bacterial RnpA exhibiting RNase P activity was the first time to be observed, it was actually
not the first time that bacterial RnpA was found to have RNA processing capabilities. Increasing
amounts of studies have shown that RnpA on its own was able to cleave messenger RNA (MRNA)
and act as an essential component of a newly discovered mRNA degradosome. The first inclination
came from the study by the Altman group, which showed aberrant RNase P activity in an
Escherichia coli temperature-sensitive mutant strain A49 caused accumulation of at least 49 RNA
species including 29 ptRNAs and 20 mRNAs at a lethal temperature of 43°C**, It was shown
that RNase P processed non-coding regions of polycistronic mMRNA, and the generated mMRNA
cleavage products were subsequently degraded by nucleases in an E. coli mMRNA degradosome,
suggesting a new function for RNase P in mRNA degradation. Additionally, the study showed that
some cleavage sites of the mMRNAs were not the same as predicted RNase P cleavage sites, and the
cleavage rate was slower for mRNA processing compared to ptRNA cleavage®. This raised the
possibility that RnpA has endonuclease activity for mMRNA cleavage and may require assistance

from other proteins to get catalytic efficiency. This hypothesis was supported by studies from the
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Dunman group. Repetitive experiments have demonstrated that the S. aureus RnpA was able to
cleave mRNA in vitro in the absence of P RNA. In cellulo assays indicated that RnpA cellular
depletion corresponded to increased mRNA accumulation in addition to ptRNA accumulation, as
well as a loss of growth phenotype®®4’. A group of German researcher has previously discovered
an mRNA degradosome complex in B. subtillis and glycolytic enzymes were recognized as
components in the RNA processing complex using bacteria two-hybrid analysis*. Inspired by this
study, the Dunman group identified S. aureus RnpA as a central component of the S. aureus mMRNA
degradosome by bacterial two-hybrid assays, and the complete protein collective of S. aureus
mMRNA degradosome was proposed (Fig. 1.3)*. Dunman’s work was corroborated with results
from the Zang group’s tandem affinity purification (TAP)/pull-down experiments in which they
co-immunoprecipitated the complex in S. aureus and confirmed them by mass spectrometry®.
These results suggested that some Gram-positive bacteria have an mMRNA degradosome, and RnpA
may function as an endonuclease®! and/or as a nuclease regulator in the degradosome complex>’.
Bacterial bulk mMRNA degradation is an essential cellular process that keeps the RNA system in
homeostasis, regulates the expression of virulence factors, and controls the formation of biofilms®2,
This suggests the important role RnpA plays in the mRNA degradosome contributes to this
protein’s essentiality in the pathogen. Therefore, targeting bacterial RnpA-mediated mMRNA

degradation pathway may be a promising antimicrobial production strategy.
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Figure 1.3 Proposed S. aureus mRNA degradosome complex. Overlaps indicate proposed
interaction between the protein components, while size of overlaps don’t necessary indicate the
strength of interactions. CshA: DEAD box RNA helicase; Pfk: phosphofructokinase; PNPase:
polynucleotide phosphorylase.

1.4 Previous study on bacterial RnpA as a drug target

Provided with continuous and substantial findings from biochemical and structural studies,
bacterial RNase P has been of interest as a drug target. A brief review of previous drug discovery
attempts to target the bacterial RNase P protein subunit (RnpA) might provide useful insights for

future drug development.

Previous drug discovery with RnpA can be divided into 2 phases. Before 2011, bacterial RnpA
was recognized merely as the non-catalytic subunit of RNase P, so early drug discovery regarding
RnpA focused on interrupting functions of the RNase P complex as a whole. It was found that the
amino-nucleoside puromycin (Fig. 1.4A) can inhibit RNase P, although its primary intracellular
target is the ribosome®. There are two main classes of RNase P inhibitors under development:

antisense oligonucleotides®** and aminoglycosides®8, Antisense oligonucleotides inhibit RNase
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P by causing misfolding of the P RNA. These antisense oligonucleotides have targeted the 5°-
m(cagccuacccgg)® sequence, the catalytic center sequence, or other essential sequences such as
5°- caagcagccuaccc®. Alternatively, antisense oligonucleotides combined with peptide nucleic

acid like PNA-G-peptide (H2N-KFFKFFKFFK-G-caagcagcctacc-CONH2, peptide region

underlined and nucleotide region not underlined)®® induce degradation of the P RNA. Researchers
are still working on resolving the issues of length optimization and position precision for these
antisense inhibitors®t. Aminoglycosides (and their arginine derivatives) function by binding with
P RNA and interrupting P RNA-substrate/metal ion interactions that are essential for the catalytic
activity. The antibiotic Neomycin B is an RNase P inhibitor (Ki 35 pM)®®, while its arginine
derivative NeoR6 showed improved inhibitory activity (ICso 0.1 pM)*" (Fig. 1.4B). Same as
puromycin, Neomycin B’s primary target is the ribosomal complex and is not being optimized for
inhibiting RNase P activity®:%2, Aminoglycoside arginine derivatives are under development for
higher selectivity and higher drug uptake by bacteria in order for them to become effective drug
candidates®’. In addition to the two classes of RNase P inhibitor being studied, some
guanylhydrazone compounds, represented by MES 10608 (Fig. 1.4C) were discovered to inhibit
Neisseria gonorrhoeae RNase P in a high-throughput screening performed by Message

Pharmaceuticals, but no mechanism of actions or further research were published®-%3,

While the above examples identified P RNA binders that interrupt RNase P functions, there has
been little activity to identify novel inhibitors of RnpA function. Researchers from Smith Kline
Beecham (now GlaxoSmithKline) determined the NMR structure of S. aureus RnpA expecting it
to be useful in antibiotic development against S.aureus®®, but no further studies have become

known. Virtual screening with commercial ZINC libraries against B. subtilis RnpA crystal
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structure identified a piperazine-like scaffold, but no more evaluation of this scaffold in

biochemical/biological assays have been published®..

The second phase of RnpA drug discovery was initiated in 2011 by the studies that suggested S.
aureus RnpA’s nuclease activity and that it is a component of mRNA degradosome. Three
structurally distinct RnpA inhibitors, RNPA 1000, RNPA 2000 and RNPA 3000 (Fig. 1.4D) were
identified from a high-throughput screen by the Dunman group. All three molecules inhibited
RnpA’s processing of mRNA in biochemical assays, while RNPA 2000 also demonstrated
inhibition of tRNA maturation®®47%4_All three inhibitors showed moderate antimicrobial activity
against drug-resistant S. aureus in broth microdilution assays with micro-molar efficacy*®*’. The
mRNA turnover within S. aureus was suppressed by all three inhibitors, indicating that the
antimicrobial ability of these molecules was dependent on their inhibitory activity against
RnpA*4784 - Additionally, RNPA2000 and RNPA3000 were shown to confer no human cell
cytotoxicity using MTT assay®®. Further development of RNPA2000 has been made recently, as
analogues were synthesized and structure-activity relationship (SAR) was analyzed in the effort to
replace an undesirable furan moiety®. Although most of the compounds were found to be less
potent than RNPA2000 and more toxic to human cells, two of them exhibited synergistic activity
when used in combination with mupirocin, an anti-staphylococcal drug that targets isoleucyl-
tRNA synthase that is on the same bio-processing pathway for tRNA maturation®. Because two
inhibitors targeting two individual steps of the same pathway can have cooperative effects, the
RNPA2000 analogues being synergistic with mupirocin suggests that they inhibit RNase P within

S.aureus®%7,

RnpA’s essentiality in two bacterial RNA molecular pathways, combined with on target inhibition

that effectively kills S. aureus suggest the potential of RnpA as an antimicrobial drug target.
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Additionally, there has previously been interest from other groups and industry in pursuing this
target. These taken together suggest further research with biophysical study for the drug discovery

of this protein are warranted.
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Figure 1.4 RNase P and RnpA inhibitors. A) Puromycin is an amino-nucleoside RNase P inhibitor.
B) Neomycin is an aminoglycoside RNase P inhibitor; NeoR6 is an arginine derivative of
aminoglycoside RNase P inhibitor®®®, C) MES 10608 is a guanylhydrazones RNase P
inhibitor83, D) RnpA inhibitors*¢:47:64.65,

1.5 Project summary

The prevalence of resistant S. aureus is becoming an increasingly concerning public health
threat®%, Existing drug targets and mechanism of actions are rendered less effective as the
pathogen has acquired ways to circumvent the inhibitory strategies. The morbidity and mortality
of MRSA and VRSA are increasing because of the lack of novel antimicrobial stratregies'>®°. New
antibiotic development is, therefore, in tremendous need for the intervention of S. aureus infections.
Bacterial RnpA has elicited interest as a drug target based on the facts: 1) it is an essential protein

for bacterial viability?*, 2) it is vastly different from eukaryotic RNase P proteins both structurally
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and functionally’, and 3) specifically for S. aureus RnpA, it was shown to play important roles in
two different RNA processing machineries?’#’49, Inhibitor development for S. aureus RnpA
targeting either the ptRNA maturation or the RnpA-mediated mRNA degradation process or both
pathways simultaneously could lead to new staphylococcal treatment options and alleviate the
medical burden. RnpA is an essential protein, and the tertiary structures and surface electrostatic
elements of RnpA from phylogenetically diverse bacteria are remarkably conserved despite of low
sequence identity?:?233 allowing the protein to be interchangeable among bacterial species®®.
Therefore, we hypothesize successful development of S. aureus RnpA inhibitors may have broad-

spectrum potential for other bacterial pathogens of immediate or emerging healthcare concern.

In this thesis, S. aureus RnpA is further evaluated as a drug target by biophysical studies.
Supported by gel-based enzymatic and protein alanine scanning studies performed by our
collaborators, we were able to demonstrate that RnpA is a promising antimicrobial drug target. In
the following chapters I will present my work on the biophysical characterization of wild-type S.
aureus RnpA and an mRNA degradation defective mutant RnpAP&4 and describe the methodology

| used to obtain the results presented herein.
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CHAPTER 2. CRYSTALLIZATION OF STAPHYLOCOCCUS AUREUS
WILD-TYPE RNPA

2.1 Introduction

Most of bacterial Ribonuclease P holoenzymes (RNase P) are constructed as ribonucleoprotein
complexes. Each complex contains a catalytic RNA ribozyme component (P RNA) and an
auxiliary, but essential, protein subunit (RnpA)™. It has been demonstrated in some bacterial
species, including Staphylococcus aureus, that RnpA is involved in two RNA processing
pathways: tRNA maturation and mRNA degradation. The tRNA maturation pathway has been
well-studied since the discovery of RNase P. This holoenzyme cleaves the 5’-leader sequence of
precursor-tRNA (ptRNA) to generate a mature 5° end of tRNA'3. Whereas, RnpA’s role in the
mRNA degradosome was discovered recently*. Because of the essentiality of RnpA in RNA
processing pathways of S. aureus and the significant differences between eukaryotic and
prokaryotic RNA processing machinery, it is hypothesized that RnpA represents a novel

antimicrobial therapeutic drug target>-1°,

Structural studies of wild-type RnpA from two non-pathogenic bacterial species have been
previously reported. The X-ray crystal structure of RnpA from Bacillus subtilis (PDB ID: 1A6F)
first established the fundamental understanding of bacterial RnpA!. The crystal structures of
RnpA (PDB ID: 1NZ0)* and RNase P holoenzyme (PDB IDs: 3Q1Q, 3Q1R)*, and also the
recently reported NMR structure of Thermotoga maritima RnpA*4, provided more information on
RnpA interactions with RNAs. Regarding S. aureus RnpA, the NMR structure had been reported
by a research group from Smith Kline Beecham (how GlaxoSmithKline) in 2000 and deposited
into the protein databank (PDB ID: 1D6T)°. However, the authors failed to deposit either the °N-

IH heteronuclear single quantum coherence (HSQC) 2-dimensional (2D) NMR spectra, or the
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protein NMR backbone assignments for this structure in any bio-NMR data repository. The lack
of 2D NMR data associated with the S. aureus RnpA structure significantly limits the ability to
leverage the structure for drug-discovery purposes. Experiments to recollect the spectra and
recalculation of NOE for structure determination will be required for the purpose of using this
structure to map ligand-binding sites via 2D NMR chemical shift perturbation. Additionally, the
NMR is an ensemble of 20 conformers selected out of 100 calculated conformers that best satisfy
the through-bond and NOE-based restraints obtained by 2D and 3D spectroscopies. Atoms of each
conformers showed displacement from the atomic position of the average structure, especially for
the more dynamic C- and N-termini and loop regions. While atomic displacements reflect
important solution-state dynamics, it also brings higher uncertainties in atomic positions of the
average structure. Therefore, we sought to determine the S. aureus RnpA crystal structure in

support of structure-based drug discovery.

Reported herein are the crystallization studies of wild-type S. aureus RnpA. Along this structural
characterization process several strategies were undertaken to successfully obtain RnpA crystals.
First, a maltose-binding protein (MBP)-tagged RnpA construct, in which the MBP tag is
engineered to drive crystallization, was utilized. However, due to difficulties in purification of
MBP-RnpA, this construct failed to provide reproducible RnpA crystals. | then moved onto the
6x-Histidine (His)-tagged RnpA construct. But because of the large size of the tag, which
accounted for ¥ of the full length of the fusion protein, the crystals obtained from this construct
diffracted to a resolution of 3.0 A and were also difficult to reproduce. Seeking to increase
resolution and reproducibility | engineered a cleavable His-tag into the RnpA construct to produce
a tag-free version of RnpA. Crystals from this construct diffracted to a resolution of 2.0 A and

were reproducible in the original crystallization conditions. The crystal structure was deposited in
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the PDB (PDB ID: 6D1R)*® providing a reliable method for obtaining structural data in support of

rational design of novel RnpA inhibitors.

2.2 Materials and Methods
2.2.1 Vector constructs and cloning

The recombinant constructs for MBP RnpA (pETXM1::rnpA) and His-RnpA (pET30 Ek-
LIC::rnpA) were designed by the Das group and the Dunman group, respectively. Both vectors
were produced and provided to us by Jennifer Colquhoun from the Dunman group. The
recombinant vector for tag-free RnpA was designed and cloned in our lab with the help of Prof.

Nicholas Noinaj in the steps described as follows.

Primer Design: The S. aureus rnpA gene sequence coding for residues 4-117 was input into
NEBcutter V2.0', and restriction enzymes Ncol (C'CATG.G) and Xhol (C'TCGA.G) were

selected from the O cutter list, which ensured that the restriction enzymes would not cut within the
rnpA gene sequence. Forward primer was designed as
AAACCATGGGATGGGAAAAAGCTTACCGA containing the Ncol restriction site
(underlined). Reverse primer was designed as TTTCTCGAGTTACTTAATCTTTTT containing

the Xhol restriction site (underlined) with the help of online tool Reverse Compliment*é,

Target Gene Amplification: The template plasmid pET30 Ek-LIC::rnpA was prepared with a Hi-
Speed Mini Plasmid Kit (IBI Scientific). The rnpA gene was then amplified by polymerase chain
reaction (PCR) using the designed primers, Phusion® High-Fidelity DNA Polymerase (New
England BioLabs, NEB), Deoxynucleotide (ANTP) Solution Mix (NEB) and required buffers. PCR

process consists of a 30 second-initial denaturation at 98°C, 40 cycles of 10 second-denaturation
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at 98°C, 30 second-annealing at 55°C, 15 second-extension at 72°C, and a 5 minute-final extension

at 72°C.

Vector Construction: The PCR product was purified with a 1% Agarose gel, extracted with a
Gel/PCR DNA Fragments Extraction Kit (IBI Scientific) and digested with restriction enzymes
Ncol and Xhol. A solution of pHis-Parallel2 vector was also digested with the same enzymes. The
digested rnpA gene and target vector were purified by gel, extracted and ligated with T4 DNA
ligase (NEB) to yield the vector pHis-Parallel2::rnpA encoding a cleavable 6x-His fusion tag
(underlined) and a tobacco etch virus (TEV) protease-cleavage site  (#)
(MSYYHHHHHHDYDIPTTENLYFQ#GAMGW-RnpA). The sequence was verified by

sequencing analysis at the Purdue Genomics Core Facility.

2.2.2 Protein production

The MBP-RnpA was produced with recombinant plasmid pETXM1::rnpA, the His-RnpA was
produced with recombinant plasmid pET30 Ek-LIC::rnpA, and the tag-free RnpA was produced
with recombinant plasmid pHis2-Parallel::rnpA. General expression and purification protocols
were the same for all three proteins, while the tag-free RnpA required a TEV cleavage and

purification step before final purification.

Protein Expression: The plasmid DNA was transformed into competent E. coli BL21 (DE3)
Rosetta cells (Novagen) by 45 second heat shock at 42 “C. Cells were subsequently spread on an
agar plate with 50 pg/mL kanamycin (for MBP-RnpA and His-RnpA) or 100 pg/mL ampicillin
(for tag-free RnpA) and incubated at 37 “C overnight. A single colony was taken from the plate
and cultured overnight in 5 mL of Luria Broth (LB) medium containing the respective antibiotic
with shaking at 225 rev/min. Overnight culture was pelleted the next morning by centrifugation at

3724 g for 15 min with a benchtop Allegra X-12R Beckman Coulter centrifuge then re-suspended
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with 6 mL of fresh LB. 1 mL of bacteria LB solution was aliquoted into each of the six-1 L amp-
LB media or kan-LB and incubated at 37°C with shaking at 225 rev/min until ODeoo reached 0.6.
The inoculation was then induced with 300 mM isopropyl-D-1-thiogalactopyranoside (IPTG) and
incubated at 37°C for 4 h. Cells were pelleted by centrifugation at 37249 for 15 min and stored at
-80 °C. Specifically, LB media used to prepare MBP-RnpA (pETXMZ1::rnpA) contains 0.2% D-

Glucose (w/v).

Protein Initial Purification: For MBP-RnpA, cell pellet was re-suspended in buffer A (50 mM
sodium phosphate buffer, 300 mM sodium chloride, pH 7.4) and lysed by high pressure using a
French Press. Lysate was centrifuged at 100,000 rpm for 1 h on a Beckman Coulter ultracentrifuge
to pellet cell debris, and supernatant was diluted with equivalent volume of column buffer (20 mM
Tris-HCI, 200 mM NaCl and 1 mM EDTA). The supernatant was then purified on an amylose

column (NEB). Proteins eluted with 10mM D-maltose in column buffer.

For His-RnpA and the final tag-free RnpA (fused with a His-tag at this step), cell pellet was re-
suspended in buffer A (50 mM sodium phosphate buffer, 300 mM sodium chloride, pH 7.4) and
lysed by sonication. Lysate was centrifuged at 14,000 g for 1 h to pellet cell debris, and supernatant
with soluble protein of interest was purified on a 5 mL Nickel-nitrilotriacetic acid (Ni**-NTA)
affinity column (GE Healthcare Bio-Sciences) with an AKTA-fast protein liquid chromatography
system (FPLC) (GE Healthcare Bio-Sciences). Proteins eluted in a single peak with a linear
imidazole gradient (0-500 mM) provided by mixing buffer A and buffer B (1 M imidazole, 50
mM sodium phosphate buffer, 300 mM sodium chloride, pH 7.4). Fractions under the peak were

analyzed by Coomassie-stained SDS—-PAGE before being pooled together.

TEV Cleavage and Purification: Specifically, for the tag-free RnpA, the initial purified protein

bears a cleavable 6x-His-tag. Complete removal of the tag was achieved by incubating the protein
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with TEV (200:1, v:v), 0.5 mM EDTA and 1 mM DTT for 48 h at 4°C in the elution buffer. The
cleavage product was then purified on the Ni?*-NTA affinity column in the same manner as the

supernatant.

Final Purification: Protein product after initial purification or cleavage, was further purified by
size-exclusion chromatography (SEC) with a HiPrep Sephacryl S200 column (GE Healthcare Bio-
Sciences) on the AKTA-FPLC system to remove aggregates. The MBP-RnpA was eluted with 50
mM Tris pH 7.4, 50 mM NaCl, 1 mM DTT and 5 mM Maltose, while the His-RnpA and tag-free
RnpA were eluted in buffer C (20 mM Tris pH 7.4, 200 mM sodium chloride). Fractions were
analyzed by Coomassie stained SDS-PAGE, and those with >95% purity were pooled,
concentrated to 1 mg/mL, and stored at 4 K for short-term use or flushed froze with liquid nitrogen
and stored -80°C for long-term reservation. The macromolecule information was summarized in

Table 2.1.

2.2.3 Crystallization

Proteins were thawed and kept on ice for over 2 hrs to equilibrate. Pre-crystallization tests were
then performed with PCT™ kit (Hampton Research) to determine the broad screening protein

concentrations.

MBP-RnpA: The purified protein sample was concentrated by centrifugation at 14,000g in an
Amicon Ultra centrifugal filter (cutoff MW 3 kDa) to 10 mg/mL. Broad screening was set up using
commercial crystallization screens available to our laboratory, Index (Hampton Research),
ComPAS Suite (Qiagen), MemGold™ HT-96, MemGold2™ HT-96, PACT premier™ HT-96
(Molecular Dimensions)!®, on a TTP LabTech Mosquito crystallization robot using the hanging-
drop vapor-diffusion method at room temperature. Once initial hit conditions were identified

optimization trays of crystallization conditions from broad screen were set up with variation in
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concentrations of salts and precipitants on a TTP LabTech dragonfly discovery liquid handling
robot and the Mosquito crystallization robot using the hanging-drop vapor-diffusion method at
room temperature. Stocks of reservoir solution components were all purchased from Hampton
Research except that a 50% polyethylene glycol 4,000 solution was made manually from solids
(Millipore). Seven 24-well crystallization trays were subsequently set up for crystallization
conditions from optimization trays with finer variation in concentrations of salts and precipitant.
The crystals from four conditions were collected, immerged in 20% ethylene glycol solution, and
flash-cooled by plunging into liquid nitrogen. Detailed crystallization information for broad

screening, optimization screening and manual optimization tray was summarized in Table 2.2.

His-RnpA: The purified protein sample was concentrated by centrifugation at 14,000g in an
Amicon Ultra centrifugal filter (cutoff MW 3 kDa) to 22 mg/mL. Broad screening was set up using
commercial crystallization screens available to our laboratory, PEG/lon HT (Hampton Research),
MCSG-1, MCSG-2, MCSG-3 (Anatrace)®, on a TTP LabTech Mosquito Crystal crystallization
robot using the hanging-drop vapor-diffusion method at room temperature. Once initial crystal
screening hit conditions were identified, optimization trays of three crystallization conditions from
broad screen were set up manually with variation in concentrations of salt and precipitants using
the hanging-drop vapor-diffusion method at room temperature. Stock solutions of reservoir
solution components were all purchased from Hampton Research. A further optimization tray was
subsequently set up for one crystallization condition with variation in ratio of protein and reservoir
solution in the drop. Crystals from one condition were flash-cooled by direct plunging into liquid
nitrogen with no cryo-protectant. Detailed crystallization information was summarized in Table

2.2.
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Tag-free RnpA: The purified recombinant protein sample was concentrated by centrifugation at
14, 000 g in an Amicon Ultra centrifugal filter (cutoff MW 3 kDa) to 12 mg/mL, and screened
using commercial crystallization screens available to our laboratory, MemGold™ HT-96 and
MemGold2™ HT-96 (Molecular Dimensions)?®, on a TTP LabTech Mosquito Crystal
crystallization robot using the hanging-drop vapor-diffusion method at room temperature. Crystals
produced from the screens were flash-cooled by direct plunging into liquid nitrogen with no extra

cryo-protectants. Crystallization information is summarized in Table 2.2.

2.2.4 Data collection and structure determination

All the X-ray Crystallography data were collected at the Argonne National Laboratory (Chicago,
IL). Data processing was done with HKL-2000%. All three S. aureus RnpA structures were solved
by molecular replacement with Phaser?! in PHENIX using the average NMR structure of RnpA as
the search model (PDB ID: 1D6T). Structural refinement was performed with PHENIX?? and
Coot?. The coordinate of the tag free version of RnpA has been deposited and detailed data
collection and refinement information were provided in Table 2.3. Structure figures were prepared

using the PyMOL molecular graphics system (Schrodinger, LLC) and Coot.

2.2.5 Structure and sequence alignments

Sequence alignment of S. aureus RnpA with RnpAs from eight other bacteria (Gram-positive: B.
subtillis, T.maritima, Enterococcus faecalis, Streptococcus pneumoniae; Gram-negative: E. coli,
Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella pneumoniae) was performed
using CLUSTALW?4, The resulting alignment file and S. aureus RnpA crystal structure (PDB ID:
6D1R) were utilized to prepare the alignment figure (Fig. 2.9) using ESPript 3.0%°. 3-Dimentional

(3D) structures of different RnpA constructs were aligned using PyMol.
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2.3 Result and Discussion
2.3.1 Macromolecule production

MBP-RnpA: E. coli MBP is a protein tag commonly used in protein expression and purification
for the purpose of improving expression and solubility?®?’. In protein crystallography, MBP is also
used as a carrier protein fused to the target with short linkers to solve recalcitrant protein
crystallization issues?®32. Moon et al further engineered MBP with the surface entropy reduction
(SER) technique by mutating flexible hydrophilic surface side chains, and these engineered MBP
tags have been used to solve several problematic protein structures and multiprotein complexes®*
%, In the first attempt of RnpA crystallization, one of the engineered crystallization-prone MBP
tags was selected. This MBP tag consists of the 27-392 residues of E. coli MBP with six flexible
surface residues (D83, K84, K240, E360, K363, D364) mutated to alanine. The MBP tag was fused

to the N-terminus of RnpA with a short triple alanine linker (underlined in Table 2.1).

MBP-RnpA was expressed and purified following the instruction manual of pMAL™ Protein
Fusion & Purification System provided by New England Biolabs Inc. (NEB). Different from most
protein expression and purification with LB media, the expression of a protein fused with an MBP
tag requires the addition of 0.2 % (w/v) D-glucose. Glucose is able to inhibit the expression of mal
genes, one of which encodes an amylase that degrades the amylose of the affinity column used in
the following purification step®’:3. Expression of MBP-RnpA with 6 L of media yielded 8 mg of
pure protein. The purified protein was immediately concentrated, flash frozen with liquid nitrogen

and stored at -80°C to preserve its quality.

His-RnpA: The pET-30 Ek/ LIC vector is a commercially available plasmid that allows the fusion
of a hexa-histidine tag to the N-terminus of the target protein. Our collaborator cloned RnpA into

this vector and used in previous studies®. This construct was therefore utilized for crystallography
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attempts after the failure of MBP-RnpA crystals reproduction. Poly-histidine affinity tag in
combination with immobilized metal-affinity chromatography (IMAC) is widely used in protein
purification®®. The imidazole group of the histidine sidechain forms coordination bonds with the
transition metal ion (options are Co?*, Ni?*, Cu?*, Zn?*) immobilized on the column matrix3, so
the protein of interest fused with the poly-histidine tag is able to be extracted out of the cell lysates.
Ni%*-NTA was used in the expression and purification of his-RnpA, as it was readily available in
our lab. Poly-histidine tagged protein can be eluted with free imidazole solution, and his-RnpA
was eluted with 150mM-500mM of imidazole solution. 3 mg of pure protein His-RnpA was
yielded with 6 L of media (Table 2.1). Because of the instability of His-RnpA after a freeze-thaw

cycle, the prepared protein was stored at 4°C and used within a week.

Tag-free RnpA: The cloned pHis2-parallel::rnpA vector encodes a hexa-histidine tag and a TEV
cleavage site to the N terminal of RnpA, allowing the hexa-histidine tag to be removed by TEV
protease and providing a tag-free version of RnpA. In the amino acid sequence of tag-free RnpA,
a glycine (GGA) was introduced after the start codon (ATG) of the rnpA gene to make up for the
frame shift caused by the restriction enzyme cut. An aromatic residue tryptophan (TGG) was
introduced after the glycine for the convenience of monitoring protein purification with a UV

detector.

The primary expression and purification steps of tag-free RnpA is similar to that of his-RnpA. Yet
the before the final SEC purification, tag-free RnpA requires the cleavage of its affinity tag and
Ni2*-NTA IMAC purification to separate the free RnpA from the cleaved tag and/or any remain
un-cleaved hexa-histidine fused RnpA. SDS-Page electrophoresis study has shown that the TEV
cleavage is usually achieved with 100% completion. Separate SDS-Page electrophoresis study

showed that the free RnpA has short retention time on the Ni?*-NTA column during IMAC
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purification which requires about 150mM-200mM of Imidazole solution to elute. The retention of
RnpA on column may be the result of surface exposed histidine residues (His23, His42, His73,
His76 and His104), especially the two spatially proximate His73 and His76 (bolded and underlined
in Table 2.1), interacting with the Ni?* ions of the column. For 6 L of media, expression and
purification of tag-free RnpA yielded 1-1.3 mg of pure protein. The prepared protein was stored

at 4°C and used within a week.

Table 2.1 Macromolecule production of wild-type S. aureus RnpA

MBP-RnpA His-RnpA Tag-free RnpA
Source S. aureus UAMS-1 S. aureus UAMS-1 | S. aureus UAMS-1
Organism
EXpression PETXM1 PET30 Ek-LIC pHis2-parallel
vector

Expression host

E. coli BL21(DE3)

E. coli BL21(DE3)

E. coli BL21(DE3)

Molecular

GLTFLVDLIKNKHMNAD
TDYSIAEAAFNKGETAM
TINGPWAWSNIDTSAVN
YGVTVLPTFKGQPSKPFV
GVLSAGINAASPNKELAK
EFLENYLLTDEGLEAVNK
DKPLGAVALKSYEEELA
KDPRIAATMENAQKGEI
MPNIPQMSAFWYAVRTA

LRNKIKRAIREN
FKVHKSHILAKD
IIVIARQPAKDM
TTLQIQNSLEHV
LKIAKVFNKKIK

weight (0s) 53757.81 17465.44 13797.33
MKIEEGKLVIWINGDKG
YNGLAEVGKKFEKDTGI
KVTVEHPDKLEEKFPQV
AATGDGPDIIFWAHDRFG “JPHQQSZT\LES%
YAOSGLLAEITPAAAF
SKL\?F?I?TWDAVRYNGKQL AAKFERQHMDS | GAMGWEKAYRI
IAYPIAVEALSLIYNKDLL | PDLMEKAYRIKK | KKNADFQRIYKK
PNPPKTWEEIPALDKELK | NADFQRIYKKG | GHSVANRQFVV
AKGKSALMFNLQEPYFT | HSVANRQFVVY | YTCNNKEIDHFR
WPLIAADGGYAFKYENG | TCNNKEIDHFRL | LGISVSKKLGNA
Sequence KYDIKDVGVDNAGAKA GISVSKKLGNAV VLRNKIKRAIRE

NFKVHKSHILAK
DIIVIARQPAKD
MTTLQIQNSLEH
VLKIAKVFNKKI
K
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Table 2.1 continued

VINAASGRQTVDAALAA
AQTNAAAMEKAYRIKKN
ADFQRIYKKGHSVANRQ
Sequence FVVYTCNNKEIDHFRLGI
continued SVSKKLGNAVLRNKIKR
AIRENFKVHKSHILAKDII
VIARQPAKDMTTLQIQNS
LEHVLKIAKVFNKKIK

n/a n/a

2.3.2 Crystallization and data collection

MBP-RnpA: Crystallization of MBP-RnpA went through broad screening and 2 steps of
optimization. The efficiency of broad screening and first step optimization was significantly
improved with liquid handling robots, while the second step manually set-up optimization trays
allowed higher volume drops and yielded larger crystals. Vapor diffusion method was adopted for
all crystallization experiments as it is the most common method used in crystallography and its
effectiveness was demonstrated over years®®. The best diffracted crystals of MBP-RnpA were
produced in 4M NHiOAc, 1M HPEPS pH 7.5, 50% PEG 3,350. They exhibited spindle
morphology (Fig. 2.1), and were preserved with 20% ethylene glycol solution before flash-frozen
with liquid nitrogen. The best diffraction dataset was cut off at 1.98 A resolution, and it showed
that the protein crystallized in space group C2. Detailed crystallization and data collection data for

MBP-RnpA is reported in Table 2.2 and Table 2.3.

However, the reproduction of these crystals had encountered some difficulty as it was hard to
prepare protein with high purity. It was then recognized that MBP fusion protein purification with
amylose affinity chromatography may have an issue of periplasmic protein contamination.
Additionally, the large size of MBP compared to RnpA, is expected to become a disadvantage in

future crystal soaking experiments, as it may shield the ligands from accessing RnpA. Both issues
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of MBP-RnpA prompted us to withdraw from further study on this construct.

His-RnpA: Broad screening and one-step optimization were performed for His-RnpA in the same
manner as crystallization of MBP-RnpA. The produced His-RnpA crystals were tiny and
potentially in multi-lattice morphology. The multi-lattice morphology indicates that the crystal
was packed in many different crystallographic orientations with smaller crystals, which will result
in severe overlaps in the X-ray diffraction patterns and thus difficulty in indexing data points from
one single crystal for data processing and structure construction. One way to address the issue is
to produce larger crystals, so a ratio screen was carried. 1 pL, 1.5 pL and 2 pL of protein solution
were separately mixed with 1 pL of well solution in the hanging drop for the experiment. The best
result came out from a condition of 0.8M LiCl, 0.1M Tris-HCI pH8.5, 37% PEG 4,000 with a ratio
of 2 pL protein solution to 1 pL well solution in the hanging drop. However, the quality of the
crystal did not improve (Fig. 2.1). Two 3 A datasets were collected and processed for His-RnpA,
which showed that it was crystallized in space group P21. Detailed crystallization and data

collection data for His-RnpA is reported in Table 2.2 and Table 2.3.

Despite the unfavorable crystal and data quality of His-RnpA, the reproduction of its crystals had
also encountered some difficulty. It was hypothesized that the tag containing section of this
construct was potentially reducing the quality of the crystals and datasets. The tag section accounts
for 36 amino acids out of the total of 151 residues, which is about 24% of the total length. The
flexible tendency of the long tag impairs the possibility of crystallization and the crystal quality.
Therefore, a construct with a readily cleavable affinity tag would be a promising candidate for

RnpA crystallization.

Tag-free RnpA: Sparse matrix screens MemGold™ HT-96 and MemGold2™ HT-96 were used

for the broad screen of tag-free RnpA because of their availability at the time of the experiment.
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These two screens were primarily designed based on data mining with the crystallization
conditions of 121 membrane proteins and were to improve success rates for membrane protein
crystallization®?. However, the diversified salts, buffers, pHs, PEGs and additives covered in these
screens still validate their usage as non-membrane protein crystallization screens. Two tag-free
RnpA crystals were produced from one single condition with 0.15 M Phosphate buffer, 3.3 M
(NH4)2S04 at pH 6.5 in the broad screen of MemGold™ HT-96. The crystal was in a hexagonal
prism morphology (Fig. 2.1). Because ammonium sulfate was recognized as a cryo-salt that
prevents ice formation and protects protein crystal from freezing damage®, the 3.3 M ammonium
sulfate in the well solution allowed us to freeze the tag-free RnpA crystals without other cryo-
protectants. The crystals diffracted to sub-2 A resolution, and the best dataset was processed to 2.0
A resolution to retain good data quality. Data showed that tag-free RnpA crystallized in space
group P321. Crystal of this RnpA construct was later proven to be reproducible with the same
quality, and will therefore be further utilized in ligand soaking experiments for RnpA drug

discovery.

MBP-RnpA His-RnpA Tag-free RnpA

Figure 2.1 S. aureus wild-type RnpA crystals prior to harvest.
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MBP-RnpA His-RnpA Tag-free RnpA
Method Hanging-drop vapor diffusion
Temperature
298.15
(K)
General Protein
Information | concentration 10 22 12
(mg/mL)
50mM TrispH 7.4, | 20 mM TrispH | 20 mM Tris pH
Protein buffer | 50 mM NaCl, 1 mM 7.4,200 mM 7.4,200 mM
DTT, 5 mM Maltose NaCl NaCl
. Greiner 96-well | Greiner 96-well
Greiner 96-well olypropylene olypropylene
Plate type polypropylene pofypropy polypropy
; opaque opaque
opaque microplate : ;
microplate microplate
Volume and
ratio of drop 0.2:0.2 0.2:0.2 0.2:0.2
(1)
Volume of 250 250 250
reservoir (ul)
1) 0.8 M LiCl,0.1
Screen 85, 32% (W/V)
1) 0.2M NH4OAc, PEG 4,000
0.1 M HEPES 2)0.2 M 0.15M
pH7.5, 25% wiv Ammonium Phosphate
L PEG 3,350 Citrate Dibasic, | Puffer.33M
Initial hits 2)0.1M 20 % (wiv) PEG (NH4)2S0q4
Mg(OAC)2+4H-0, 3,350 pH 6.5
0.1 M MES pH&6.0, 3) 0.1 M
22% w/v PEG 4,000 Imidazole: HC|'

pH 8 1 M, sodium

citrate tribasic
dihydrate
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Table 2.2 Continued
Greiner 96-well VDXm™ 24-well
Plate type polypropylene Plate with sealant
opaque microplate
Volume and
ratio of drop 0.2:0.2 1:1
(W)
Volume of 25 1250
reservoir (ul)
1) 0.8 M LiCl, 0.1
1) 0-700 mM M Tris: HCI, pH
_ NH4OAc (Vertical), 8.5, 26-40 % (W/v)
First 12-36% w/v PEG PEG 4,000 (in 8 n/a
optimization 4,000 (Horizontal) 1 wells)
M HEPES pH 7.5" 2)0.2 M
2) 0-700 mM Ammonium
o NH4OAc (Vertical), | citrate Dibasic,
Optimization 12-36% wiv PEG 14-26 % (W/v)
conditions | 3,350 (Horizontal), 1 | pgG 3,350 (in 8
M HEPES pH 7.5 wells)
3) 0-350 mM 3)0.1M
Mg(OAC)2+4H20 | |midazole-HCI pH
(Vertical), 10-35% 8, 700-1400 mM
w/v PEG 4,000 Sodium Citrate
(Horizontal), 0.1 M sodium citrate
MES pH6.0 tribasic dihydrate
Plate tvpe VDXm™ 24-well VDXm™ 24-well
yp Plate with sealant Plate with sealant
Volume and 1-1
Second ratio of dfop_ . _
Y (well solution: 1:1 1:15 n/a
optimization .
protein 1:2
solution) (ul) '
reservoir
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1) 360-480 mM
NH4OAc , 28-33%
w/v PEG 4,000, 1 M

Second Optimization | HEPES pH 7.5 0'8.M LiCl, 0.1M
AN . Tris-HCI pH8.5, n/a
optimization conditions 2) 360-480 mM 37% PEG 4.000
NH4OAc, 28-33% ° !
w/v PEG 3,350, 1 M
HEPES pH 7.5
AM NHOAC. 1M 0.8M LiCl, 0.1M Pf?bls?)rll\gte
Condition of the best 4SO, Tris-HCI pH8.S, | ee "2 o'\
diffracted crystal HPEPS pH 7.5, 50% | 3704 PEG 4,000 \ o
4 PEG 3,350 _ (NH4)2804
@ pl:2pl OH 6.5

* PEG 4,000 was added as a component instead of PEG 3,350 by accident
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MBP-RnpA His-RnpA Tag-free RnpA
Diffraction source Beamline 23-1D-B, Beamline 23-1D-D, Beamline 23-1D-B,
APS APS APS
Wavelength (A) 1.0 1.3 1.0
Temperature (K) 100 100 100

Detector

Dectris Eiger X 16M

Dectris Pilatus3 6M

Dectris Eiger X 16M

Crystal-detector

(A%

distance (mm) 199 499 250
Rotaﬂg;\gr:\?%e per 1 1 1
Total rotation (°) 180 150 180
Exp?frl:;; (;[I(r:)e per 05 1 05
Space group C2 P21 P321
a, b, c(A) 128.73, 44.74, 87.23 50.00, 137.96, 55.24 72.16, 72.16, 58.96
a, p,y (") 90, 105.21, 90 90, 116.85, 90 90, 90, 120
Mosaicity (%) 0.6-1.0 0.4-1.2 0.4-1.0
Resolution range 50.000-1.980 50.000-3.000 50.00-2.00
(A) (2.010-1.980) (3.110-3.000) (2.07-2.00)
Tr‘;}?éc':'iz'ngf 104414 35804 111835 (=11411)
No. of niaue 33718 13434 12313 (1214)
Completeness (%) 97.000 (96.900) 95.100 (92.600) 100 (100)
Redundancy 3.200 (3.200) 2.800 (2.800) 9.1(9.4)
(W (1) 6.900 (1.909)" 2.900 (1.333)" 31.3 (2.34)
CCup 0.998 (0.851) 0.972 (0.455) T 0.999 (0.625)
Rrim. 0.066 (0.475) 0.320 (1.066) 0.090 (1.3)
Rp.im. 0.036 (0.333) 0.184 (0.609) 0.030 (1.2)
Overall B factor
form Wilson plot 26.750 52.080 39

* CCy2>0.5 was chosen as a data cutoff indicator®*.

+The CCapis slightly lower than 0.5. Because of the low quality of the dataset, a lower cutoff was selected to keep

more data.
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2.3.3 Protein structures

All three structures of RnpA were solved using the RnpA NMR structure (PDB ID: 1D6T) as a
search model, while MBP-RnpA also required the MBP structure (PDB ID: 3PY7) as a co-search
model. The structures were refined until no major geometry issues regarding bond lengths, bond
angles, atomic clashes and symmetry related clashes were identified, and until the best R-values
were achieved (Table 2.4). The 3D structure alignments of different RnpA constructs showed that
the three structures share high similarities (RMSD of MBP-RnpA to RnpA = 0.497 A; RMSD of
His-RnpA to RnpA = 0.694 A, Fig. 2.2). Therefore, in the following sections, the overall structures
of MBP-RnpA and His-RnpA will be generally described, while the tag-free RnpA structure will

be used for more detailed discussion.

Table 2.4 Structure solution and refinement of wild-type S. aureus RnpA

MBP-RnpA His-RnpA Tag-free RnpA
PDB entry n/a n/a 6D1R
Resolution range (A) 44.6880-1.9770 49.2870-2.9970 31.25-2.00 (2.10-
(2.0268-1.9774) (3.1171-2.9971) 2.00)
Completeness (%) 96.3 95.0 99.0 (100)

o cutoff

F > 1.3800(F)

F > 1.3800(F)

F > 1,3600 (F)

No. of reflections, working

set 30692 (1978) 11463 (1219) 11086 (1125)
No. of reflections, test set 1999 (128) 1286 (139) 1223 (123)
Final Reryst 0.166 (0.2197) 0.267 (0.3438) 0.214 (0.324)
Final Reree 0.213 (0.3082) 0.331 (0.4137) 0.234 (0.343)
3723 3533 868
No. of non-H 3 0 0
atoms
Solvent 310 0 36
4067 7231 904
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R m.s. B&r\‘;js 0.010 0.02 0.004
deviations
Angles (°) 1.223 0.504 0.640
Average B Protein 43 67 60
factors (A?) Solvent 39 n/a 49
Most
favored 97 91.88 99.07
Ramachandran (%)
plot All d
owe
(%) 3 7.42 0.93

Figure 2.2 Tag-free RnpA crystal structure alignment with two other constructs of RnpAs. A) Tag-
free S. aureus RnpA aligned with the MBP-RnpA (green) RMSD = 0.497 A. B) Tag-free S. aureus
RnpA aligned with the His-RnpA (pale blue) RMSD=0.694 A.
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MBP-RnpA: MBP-RnpA has a single monomer in the asymmetric unit, and its 486 residues of the
protein were modelled. As reported in Table 2.4, there were no Ramachandran outliers, and 97 %
of the residues are in the favored region and 3 % of residues in the allowed region. Side chains of
residues GlIn 99, Lys 114, Lys 115 were removed because of the lack of side chain density. The
refined structure showed that the MBP tag is at the N-terminus of RnpA (Fig. 2.3A). Because of
the close proximity between the tag and RnpA, the RnpA C-terminus and residues 41-42 in the
flexible loop showed non-specific interactions with the MBP tag (Fig. 2.3B). Besides, a
maltotriose was found in the maltose binding site of MBP, and this ligand was believed to be

introduced as an impurity of the maltose powder used to make the elution buffer.

Figure 2.3 MBP-RnpA crystal structure at 2.0 A resolution. A) Cartoon representation of MBP-
RnpA’s overall architecture (RnpA, marine. MBP tag, orange). B) Surface representation of MBP-
RnpA presents interactions between RnpA and MBP-tag (transparency: 40%). A maltotriose
ligand is present in each representation (Backbone, cyan. Hydrogens, red).
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His-RnpA: His-RnpA has four monomers in the asymmetric unit. In the structure model, both
Chain A and Chain B consist of residues 5-114, Chain C contains residues 5-112 and Chain D
includes residues 4-114. The missing electron density and modelled residue of the His-tag, N- and
C-termini of RnpA were largely due to the high flexibility of these parts. The four monomers
interact with each other differently: Chain A monomer interacts with an inverted chain B monomer
at the edge of the B sheet. Chain D monomer interacts with chain A monomer in a 90-degree
manner. Chain C monomer, however, does not interact with any other monomers (Fig. 2.4).
Because 3.0 A resolution structure only shows the basic contours the protein chain instead of exact
atomic positions, interactions between residue side chains are not further discussed. Detailed

structure determination and refinement information is reported in Table 2.4.

ChainC

Figure 2.4 His-RnpA crystal structure at 3.0 A resolution. Cartoon representation of His-RnpAs
in an asymmetric unit. B), C) and D) surface representation of different his-RnpA monomers
(transparency: 40%).
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Tag-free RnpA: This protein model was refined to Rerys/Rfree= 0.214/0.234, where R is the
statistical residual value. Rcrys Was computed with the data used to refine the protein structure,
while Rfee Was determined with a small part of 10% of the dataset that is not used in the
refinement®. The smaller the R values, the better agreement between the experimental data and
the calculated structure®®. The validation report of tag-free RnpA from the Protein Data Bank
(PDB) showed that the Ree Value is better than the average Rfee Values of X-ray structures of

similar resolution and of all X-ray structures.

In the protein model, a single monomer of tag-free RnpA molecule is shown in the asymmetric
unit. The structure has residues 5-113 modelled, and 99% of residues are in the Ramachandran
favored region and 1% in the allowed region. The electron density of six N-terminal residues
(GAMGWE) and four C-terminal residues (KKIK) were missing because of their high flexibility.
Real-space R-value Z-score (RSRZ) outliers lies in regions 12-16, 37-41 and 74-79, which do

not have intact electron density for residue sidechains (Fig. 2.5).

Figure 2.5 Density maps of different regions in tag-free RnpA. A) Density map of residues12-16
showed intact density around residue sidechains. B) Density map of residues 83-87 showed intact

density around residues including their sidechains.
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This crystal structure showed that S. aureus RnpA is a compact, globular protein similar to that of
previously known RnpA structures. It has secondary structures of o1-p1-B2-p3z-a2-n1-p4- n2-az along
the protein sequence from the N- to the C-termini (Fig. 2.6). The four B-strands form a sheet
arranged in the order of P1-B2-Psa-Bz from right to left same as observed previously (Fig. 2.6,
marine)®®. Strands B1-B2 lay antiparallel to each other, while Ba-Bs orient in parallel and Bz-oz-11-
B4 formed an unusual left-handed topology*'#’. On the front side of this B-sheet, helix a1 (residues
12-21) locates at the bottom running perpendicular to the strands. Helices a2 (residues 56—73) and
a3 (residues 95-109) packed against the back side of the f-sheet with hydrophobic interactions.
The 310-helix 11 (residues 74-76, Fig. 2.6, violet) appears commonly as an extension of a helix (o2
in RnpA) where the polypeptide chain starts to change directions®®. 310-helix n (residues 88-92,
Fig. 2.6, violet), however, is not connected to a helix, but it mediates the direction change of the
polypeptide chain from the winding-up strand P4 to the going downward helix az and was only 2

residues away from the beginning of helix as.

) C—terlElnus! i
AN | P34

|- ’
“-a
N-terminus !J j/’ y \al
\

A

Figure 2.6 Tag-free RnpA crystal structure at 2.0 A resolution. The B-strands is in blue. The 310
helices is in violet. The rest of the protein is in grey.
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This crystal structure of S. aureus RnpA includes structural motifs for protein-RNA interactions
as described in previous studies!**®. The P-RNA binding domain is a highly phylogenetically
conserved segment called the “RNR box” motif. The consensus sequence of this motif is K-Xs-s-
A-X2-R-N-X2-K/R-R-X2-R/K1149-51 which corresponds to residues 5267
(KLGNAVLRNKIKRAIR; Fig. 2.7A, magenta sticks, and Fig. 2.11, marked with stars). This
arginine-rich segment is a typical RNA binding domain, as the positive-charged sequence
facilitates electrostatic contacts with the phosphate backbones of the catalytic P RNA. The other
RNA binding site of S. aureus RnpA is a groove formed by the B-sheet and helix a1, and is
recognized as the binding site for the leader sequence of ptRNA substrates®™ This groove is
solvent-exposed, and on its surface reside a group of aromatic and/or hydroxyl-containing residues
(Phel5, Tyrl9, Ser24, Tyr33 and Ser48; Fig. 2.7B, pink sticks). The aromatic residues are likely
to stack with the RNA bases, while the hydroxyl-containing residues can form hydrogen bonds
with donors and acceptors within the single strand nucleotide chain'®'°®2 In addition, the
conserved Lys51 and Lys52 (Fig. 2.7B, green sticks) flanking the opening of this groove were
reckoned as electrostatic stabilizers for interaction with RNA°2, |ys52, however, was considered
to be involved in different RNA interactions according to different studies, and it will require
further structural information of substrate-bound S. aureus RNase P holoenzyme or specific
biochemical assays to draw correct conclusions. The 5’-leader sequence from the substrate-bound
T.maritima RNase P holoenzyme crystal structure (PDB ID: 3Q1R) was aligned to the S. aureus
RnpA structure. The surface representation showed that the backbone of the 5’-leader sequence
(yellow sticks) fits into the groove (Fig. 2.8). In crystallography, B-factor depicts the scale to
which the electron density of one atom extends from its mean position. An atom with a large B-

factor therefore is suggested to be more flexible than one with a low B-factor®®. The B-factor map
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of S. aureus RnpA showed that helix a1 of this 5’-leader sequence binding site has higher flexibility
than the rest of the secondary structures, and it is comparable to the flexibility of a free loop
(residues 37-42). (Fig. 2.9, increased red color and thicker cylinder indicates higher B factor). This
indicated that the substrate binding of this groove is likely an induced-fit process, and it also

provided a possible explanation of the substrate diversity of RNase P>,

A

Figure 2.7 RnpA residues involved in protein-RNA interactions. A) P-RNA-binding RNR box,
magenta. The conserved residues are in stick. B) The ptRNA 5’ leader sequence binding site and
important residues. The aromatic and/or hydroxyl-containing residues, pink. Lys 51 and Lys 52,
green.
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Figure 2.8. S. aureus RnpA surface representation overlaid with the phosphate backbone of 5’-
leader sequence of ptRNA substrate. The transparency is 50%. The ptRNA substrate is in yellow
sticks (PDB entry 3q1r).

Q

90°

‘r

Figure 2.9 B-factor map of S. aureus RnpA crystal structure. Red and thick cylinder indicates
region of protein with highest B-factor values, blue and thin cylinder indicates area of the protein
with lowest B-factor values.
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In regards to the previously solved S. aureus RnpA NMR structure, the crystal structure was
aligned with the average structure of its 20 conformers, and an RMSD of 1.2 A was found between
them (Fig. 2.10). The two structures are similar, but the crystal structure has better defined
secondary structures. In particular, 1 and B2 were more ordered in the crystal structure, and 310

helix 1 was not identified in the NMR structure.

Figure 2.10 The S. aureus RnpA crystal structure overlaid onto the average of its 20 NMR
conformers. The RnpA crystal structure is in marine. S. aureus RnpA average structure of 20 NMR
conformers is in light orange (PDB: 1D6T). The alignment of these two structures has an RMSD
=12A

2.3.4 Comparison of RnpAs from different species

S. aureus RnpA sequence was aligned with eight other bacterial RnpAs, and the results depict the
essentiality of conserved P-RNA-binding RNR-box and the aromatic residues in the 5’-leader
sequence binding domain (Fig. 2.11). These residues of the RNR-box consensus sequence are
100% conserved across all species and the aromatic residues are over 75% conserved. These
observations corroborate with the fact that RnpA complexes with the P RNA to form the RNase P

holoenzyme and function as an RNA processor in the bacterial cells.
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Figure 2.11 Sequence alignment of S. aureus RnpA with eight other bacterial RnpA. Eight
bacterial RnpA includes four Gram-positive (top bracket) and four Gram-negative (bottom
bracket). Sequence similarity depicted by shaded boxes: Red box—white character (100% identity),
red character (>70% residue similarity), blue box (>70% residue similarity across group).
Secondary structure sequences: helices (curly line) and sheets (arrows) strict B-turns (TT). RNR-
box conserved residues (star). Reserved aromatic residues in ptRNA 5’leader sequence binding
domain (triangle).

In addition, the S. aureus RnpA crystal structure was aligned with RnpAs from B. subtilis (PDB
ID 1A6F) and T. maritima (PDB ID 1NZ0), respectively. (Fig. 2.12) S. aureus RnpA and B.
subtilis RnpA alignment has an RMSD of 0.882 A, while their sequence identity is 48%. S. aureus
RnpA and T. maritima RnpA alignment has an RMSD of 0.916 A, while their sequence identity is
46%. Taken together, the high conservation of 3D architecture and secondary structural
components of RnpAs despite of the low sequence identity, explains the ability for RnpA subunits

of bacterial species to be used interchangeably with P RNA of other bacterial species®.



S7

Figure 2.12 The S. aureus RnpA crystal structure overlaid onto RnpAs from different species. A)
The S. aureus RnpA (marine, PDB ID: 6D1R) aligned with the B. subtilis RnpA (cyan, PDB ID:
1A6F) RMSD = 0.882 A. B) The S. aureus RnpA (marine, PDB ID: 6D1R) aligned with the T.
maritima RnpA (pink, PDB ID: 1NZ0). RMSD=0.916 A

2.4 Conclusion

RnpA is an essential component of two RNA processing macromolecular machines in S. aureus:
the RNase P holoenzyme for tRNA maturation and mRNA degradosome for mMRNA degradation.
In this chapter, | report my attempts in crystallization of the S. aureus RnpA protein subunit. Three
different constructs were utilized, and crystals structures were solved for each of them. It was
shown that the structures are highly similar to each other. The pHis2-parallel::rnpA construct was
selected for future usage because of the high quality of crystals and diffraction data it produced
and its reproducibility. This construct produces the tag-free RnpA, which crystallized with high
quality crystals in the first-step broad screening. The final structure of tag-free RnpA has a
resolution of 2.0 A, and the model has Rerys/Riree= 0.214/0.234. This crystal structure of S. aureus
RnpA shares high similarity with its previously solved solution state NMR structure and RnpA

structures from other species. The conservation of the P-RNA-binding RNR-box and the aromatic
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residues in the 5’-leader sequence binding domain addressed the essentiality to RnpA functions.
The conservation of 3D architecture and secondary structural components of bacterial RnpAs
despite of the low sequence identity, accounts for the ability of RnpA subunits from different

bacterial species to be used interchangeably.

This work is instrumental as an alternative approach to obtain ligand-bound structural data in
support of future structure-based drug discovery for multi-drug resistant S. aureus treatment. This
structure may also begin to shed light on the newly hypothesized role of S. aureus RnpA in RNA

degradation in addition to ptRNA maturation.
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CHAPTER 3. BIOPHYSICAL ANALYSIS OF STAPHYLOCOCCUS
AUREUS RNPAP8A

3.1 Introduction

S. aureus RnpA is a dual-functional protein subunit that evolved to be essential in two cellular
processes: ptRNA processing and mRNA degradation. Information of the protein’s essential
residue(s) for ptRNA processing has been well-studied, while there is little information regarding
the mechanism for which RnpA participates in mMRNA degradation. Yet such information will
equip us with the knowledge of 1) potential drug targeting sites 2) mechanism of action for
inhibitors 3) hit optimization strategies and 4) potential interaction region(s) between RnpA

protein subunit and its binding partners within the mRNA degradosome complex.

Previous studies on individual residue contribution to RnpA ptRNA processing activity mainly
focused on RnpA’s RNA binding sites, the “RNR box” (P RNA binding site) and the central cleft
(ptRNA 5’ leader sequence binding site). Results showed that when applied to recombinant RnpA,
site-directed mutagenesis of conserved residues (R59, N60, K63, R64. S. aureus numbering)
within the “RNR box” to cysteines in B. subtilis had no effect on the in vitro ptRNA processing
activity of RNase P. Alanine mutants to the same region in E. coli RnpA yielded reduced initial
velocity (vint = 49-81% comparing to wild-type normalized to 100%)? . A similar effect was seen
when individual conserved hydrophobic residues (F18, vint =36%; F22, vint = 42%. E. coli
numbering) in the RnpA central cleft was mutated into alanine in E. coli, and double mutation
F18A/F22A caused dramatic decrease in ptRNA hydrolysis rate (vin =7%)2. In an in cellulo
complementation study, a chromosomal rnpA gene mutation (R45H) caused temperature-sensitive
E. coli strain was used, and it was shown that all the individual RnpA mutants mentioned above

were able partially rescue bacteria growth of this strain after heat shock, and double mutant failed
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to rescue the cells?. While these studies showed the importance of some conserved basic and
hydrophobic residues for RnpA-mediated ptRNA processing activity, no systematic interrogation
of other RnpA essential amino acids, including those needed for mRNA degradation has been
performed. Therefore, our team, in collaboration with the Dunman group, set off to fill in this
niche. An alanine scanning library (alanine codon: GCA) with every individual residue being
mutated (except for residue Metl) was generated (Note: alternative alanine codons at wild-type
alanine positions A6, A13, A26, A65, A79, A86, A90, and A109 have also been changed to GCA).
Each mutant was inserted into a pML100 plasmid downstream to an anhydrotetracycline (ATc)-
inducible promoter. Each plasmid was transduced into a wild-type S. aureus strain RN4220.
Bacteria viability of S. aureus with over-expressed RnpA mutants were closely monitored by
colony-forming unit determination. RnpA mutants that impaired bacteria viability were identified
and further investigated for their effect on ptRNA processing and mRNA degradation both in vitro
and in cellulo. So far 108 RnpA mutants have been screened for their effect on S. aureus viability,
16 of which have been tested for their effects on RNA processing pathways in vitro, and 7 out of
the 16 mutants have been further investigated for their cellular RNA processing abilities. Among

the 7 mutants that have been through the whole testing process, RnpAP894 has drawn our attention.

In the bacteria viability study of RnpAP894, RnpAA™A which is a wild-type RnpA phenotype was
used as the control. Both cultures of plasmid bearing bacteria were grown to exponential phase,
and then overexpression of RnpAP®* and RnpA~"®A were induced by the addition of ATc (final
concentration=312 ng/ml). Samples were taken at every hour from -1hr — 4hr (induction = 0 hr)
and plated promptly to determine CFU/ml at each time point. As previously determined by western
blotting using a polyclonal antibody generated by Dunman’s lab, RnpA production reaches climax

(9.8-fold increase in cellular RnpA) at 1.5 hr post-induction, and returns to baseline ~ 4 hr post-
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induction presumably due to inducer depletion. As shown in Fig. 3.1, RnpAP®® displayed a 0.18
log reduction in CFU/ml at 1 hr post-induction compared to that at -1 hr before induction, while
the control group exhibited bacteria growth by 0.36 log CFU/mI. The accumulation of RnpAP8
slowed down the growth of S. aureus in comparison to cells overexpressing wild-type protein,

indicating that residue proline89 is important for bacteria viability.

I T I —t— A79A
= L 5
L
LE
° J
o 1
S il i P8OA
3
2 |
-1 0 1 2 3 4
Hours

Figure 3.1 Bacteria viability study with alanine scanning library members, RnpA”™®A and
RNpAPeA, RnpAAT®A (AT9A) is a wild-type phenotype control. RnpAP&A (P89A) caused growth
defect. Error bar was shown in black on the curve at each time point.

To investigate the in vitro RNase P ptRNA processing and mRNA degradation abilities of
RnpAP®A recombinant his-tagged (pET30 Ek-LIC) wild-type RnpAA™®A and RnpAP89A proteins
were expressed and purified as described in the previous chapter. RNase P tyrosine ptRNA
(ptRNA™") processing and degradation of spa mRNA were monitored for each mutant as
previously described®4. RnpAA™A (A79A) was used as a positive control, which exhibited efficient

activities in both assays (Fig. 3.2). The inhibitor RNPA2000 was used as a negative control, which
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exhibited sufficient inhibition of both RNA processing activities of wild-type RnpA. The assay
results of RnpAP394 showed that this mutant has no effect on ptRNA processing activity compared
to the wild-type RnpA, but there was a dramatic loss in its mMRNA degradation activity (Fig. 3.2).
It suggested that residue proline 89 is essential for RnpA’s mRNA degradation activity in vitro.
This is the first time a site-directed mutant of RnpA has been shown to maintain wild-type level

ptRNA processing activity but reduced mRNA degradation activity.
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Figure 3.2 In vitro activity profiles of wild-type RnpA~* and RnpAP&A, RnpAAT9A (AT9A) is a
wild-type phenotype control. RnpAP894 (P89A) lost in vitro mRNA degradation activity. A. Time
course measurements (0, 2.5, 5, 10, 20, 40 and 60 min) of percentage ptRNA conversion to mature
tRNA. B. Protein titration assays (0, 0.625, 1.25, 2.5 and 5 pmol) to determine percentage spa
MRNA degradation. The small molecule RnpA inhibitor, RNPA2000 used as negative control.

RNpAP94°s effects on ptRNA processing and mRNA turnover were assessed in cellulo. RnpA
proteins were over-expressed within cells under control of ATc as described above for bacteria
viability. Cellular ptRNA™" and tRNA™" levels at different time points post-induction were

evaluated by northern blotting as previously described®. Cellular mRNA turnover profiles were
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produced by transcription arrest and subsequent S. aureus microarrays as previously described®”.
Results of cellular ptRNA processing showed no differences in the ptRNA™" and tRNA™" levels
between cells over-expressing RnpA~™®A and RnpAP8®A, whereas RNAP2000 treated wild-type
cells showed poly-ptRNA™" accumulation (Fig. 3.3A). On the other hand, results of cellular
mRNA turnover profiles showed significant accumulation of mMRNA species in RnpAP®A over-
expressing cells comparing to those over-expressed RnpA~A (Fig. 3.3B). The retention of ptRNA
processing but loss of cellular mRNA degradation ability in RnpAP®* over-expressing cells
indicated that residue proline 89 is essential for RnpA’s mRNA degradation activity but not ptRNA

processing in cells.
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Figure 3.3 Cellular activity of wild-type RnpA”~"®* and RnpAP894 over-expressing cells. RnpAA7A
(A79A) is a wild-type phenotype control. RnpAP®A (P89A) lost in vivo mMRNA degradation
activity. A) The ptRNA™ and tRNA™" levels at 0, 2, and 4hr post induction by northern blotting.
Mobility of synthesized ptRNA™" and tRNA™" was shown; RNAP2000 was used as a control. B)
The mRNA turnover profiles by microarray. Red arrow indicates titer of mMRNA species at Omin
(x-axis) and 5 min (y-axis) PTA.
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Taken together, the assays suggested that residue proline 89 is indispensable for mRNA
degradation and cell viability. The structural and biophysical basis of this observation remains
unclear, yet this information may provide strategies to design and optimize small molecules that
interrupt RnpA-mediated mRNA degradation and suppress S. aureus. Therefore, in this chapter, |

report thermal shift, crystallization, and circular dichroism studies of RnpAP&94,

3.2 Materials and Methods
3.2.1 Tag-free RnpAP®A mutant production

Tag-free RnpAP® vector (pHis2-parallel::rpAP3A) was generated by site-directed mutagenesis
with the wild-type tag-free RnpA vector (pHis2-parallel::rnpA). Primers were designed to replace
the proline codon CCA at position 89 with the alanine codon GCA used in the alanine scanning
library. Forward primer sequence was
ATTGTAATAGCAAGACAGGCAGCTAAAGATATGACCA, and Reverse Primer sequence
was TGGTCATATCTTTAGCTGCCTGTCTTGCTATTACAAT. The primers were ordered from
Integrated DNA Technologies (IDT). Tag-free RnpAP8®A vector was then generated by PCR with
the same parameters described in Section 2.2.1. The cloned vector sequence was verified by
sequencing analysis at the Purdue Genomics Core Facility. Plasmid DNA was transduced into
competent Escherichia coli BL21 (DE3) Rosetta cells (Novagen). Expression and purification
protocols were the same as that of tag-free wild-type RnpA (Refer to Section 2.2.2). Detailed
macromolecule information was summarized in Table 3.1. Purified proteins were used in protein

stability and secondary structure studies.
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Table 3.1 Macromolecule information of RnpAP8%

Sour_ce S. aureus UAMS-1
Organism
Expression pPET30 Ek-LIC pHis2-parallel
vector
EXpr:ng'O” E. coli BL21(DE3) E. coli BL21(DE3)
Molecular
weight (D3) 15868.51 13771.29
MSGSHHHHHHGSSGENLYFQSL | GAMGWEKAYRIKKNADFQRIYK
MEKAYRIKKNADFQRIYKKGHS | KGHSVANRQFVVYTCNNKEIDH
rote VANRQFVVYTCNNKEIDHFRLGI | FRLGISVSKKLGNAVLRNKIKRAI
rotein
Sequence | SVSKKLGNAVLRNKIKRAIRENF RENFKVHKSHILAKDIIV
KVHKSHILAKDIIVIARQAAKDM | IARQAAKDMTTLQIQNSLEHVLK
TTLQIQNSLEHVLKIAKVFNKKIK IAKVFNKKIK

3.2.2 Protein stability analysis by differential scanning fluorimetry (DSF)

Thermal melt curves were determined using a modified method from Mashalidis et al®.
Concentrations of both purified tag-free wild-type RnpA and tag-free RnpAP®®* protein samples
were determined with a NanoDrop™ One Microvolume UV-Vis Spectrophotometer and used in
a final concentration of 10 uM in wells. Buffer conditions with final concentration of 200 mM
sodium chloride, and 150 mM sodium phosphate buffer at pH 7.4 were used. 2% DMSO was added
for the purpose of future comparison with ligand-protein complexes screening, and 10x SYPRO
Orange dye (Invitrogen) was used as the fluorescent reagent. The reactions were prepared in 50-
ML scale and each condition was assayed in triplicate. Fluorescence intensity was measured and
derivative was calculated as the protein samples were heated from 25 °C to 95 °C at a ramp rate
of +0.5 °C/s in continuous mode with a StepOnePlus™ Real-Time PCR System (Applied

Biosystems™). The melting curves were subsequently analysed using the Protein Thermal Shift™
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software v1.3. Boltzman Tn values were used to calculate the average Tm of the triplicates for each

protein.

3.2.3 Crystallization of RnpAPsA

Purified his-tagged RnpAP&A (pET30 Ek-LIC::rnpAP®®A) was provided by Jennifer Colquhoun
from the Dunman group. The protein sample was concentrated by centrifugation at 14,000 g in an
Amicon Ultra centrifugal filter (cutoff MW 3k Da) to 10 mg/mL. A 24-well screen plate was set
up manually in the same conditions of wild-type his-RnpA first optimization screen with hanging-
drop vapor-diffusion method at room temperature (Table 2.2 and Table 3.2). The crystal produced
from the screen was flash-cooled by direct plunging into liquid nitrogen with no cryo-protectant.
Detailed macromolecule and crystallization information were summarized in Table 3.1 and Table

3.2.

Data collection and structure determination were performed with the same resources and
technology as described in the previous chapter (Section 2.2.4). The coordinate of his-RnpAPeA
has been deposited and detailed data collection and refinement information were provided in Table
3.3. Wild-type/mutant structural alignment and figures and were prepared using the PyMOL
molecular graphics system (Schrodinger, LLC) and Coot. The electrostatic surface representation

of proteins was prepared by the APBS plugin in PyMOL
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Table 3.2 Crystallization of His-RnpAP8%

His-RnpA
Method Hanging-drop vapor diffusion
Temperature (K) 298.15
Protein concentration (mg/ml) 22

Protein buffer

20 mM Tris pH 7.4, 200 mM NacCl

Plate type VDXm™ 24-well Plate with sealant
VVolume and ratio of drop (ul) 1:1
Volume of reservoir (ul) 1250
Plate type VDXm™ 24-well Plate with sealant
Volume of reservoir 1250 pl

Screen Conditions

1)0.8 M LiCl, 0.1 M Tris: HCI, pH 8.5, 26-40 % (w/V)
PEG 4,000 (in 8 wells)

2).2 M Ammonium Citrate Dibasic, 14-28 % (w/v)
PEG 3,350 (in 8 wells)

3)0.1 M Imidazole-HCI pH 8, 700-1400 mM Sodium
Citrate tribasic dehydrate (in 8 wells)

Condition of the best diffracted
crystal

0.1 M Imidazole-HCI, pH8, 1.3 M Sodium Citrate
tribasic dehydrate
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Diffraction source

Beamline 23-1D-D, APS

Wavelength (A) 1.3
Temperature (K) 100
Detector Dectris Pilatus3 6M
Crystal-detector distance (mm) 300
Rotation range per image (°) 1
Total rotation (°) 180
Exposure time per image (S) 1
Space group P1
a, b, c(A) 40.39, 43.47, 45.84
a B y() 91.11, 114.83, 110.95
Mosaicity (°) 0.4-0.6
Resolution range (A) 50.000-1.660 (1.720-1.660)
Total No. of reflections 52284
No. of unique reflections 30678
Completeness (%) 95.200 (92.200)
Redundancy 1.800 (1.800)
(/o (1)) 6.800
CCu2 0.996 (0.573) T
Rrim. 0.059 (0.725)
Rp.im. 0.042 (0.513)
Overall B factor form Wilson plot (A?) 26.520

3.2.4 Protein secondary structure study by circular dichroism

Purified tag-free wild-type RnpA and tag-free RnpAP®°A protein samples were dialyzed into a CD

buffer of 50 mM sodium phosphates, 200 mM potassium fluoride at pH 7.4. Protein concentrations

were determined with a NanoDrop™ One Microvolume UV-Vis Spectrophotometer, adjusted with

CD buffer and used at a final concentration of 12.5 puM. The experiment was in 300-uL scale and
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each protein was analyzed in triplicate at 298.15 K in a 1 mm path length quartz cell (Starna Cells,
Inc) using a Jasco J-1500 Circular Dichroism Spectrophotometer. Blank CD buffer was used to
measure baseline signals, and each spectra was obtained with baseline subtracted. Spectra were
acquired from 185 to 260 nm with data pitch of 0.5nm and integration time of 2s°. Accumulation
was set at 3, and integrated spectra were smoothed with Savitsky-Golaywith smoothing method.
Raw CD data (in millidegree) were converted to mean residue ellipticity, [0] x 10 (degree x
cm?/dmole), and analyzed with online server BestSel for protein secondary structure

compositions®1?,

3.3 Result and Discussion
3.3.1 Protein thermal stability analysis by differential scanning fluorimetry (DSF)

Thermal stability is fundamental for the folding and function of a protein!?, and mutation that
causes amino acid substitution has been found to affect protein thermal stability'*°. Differential
scanning fluorimetry (DSF) is a fast and efficient fluorescence-based protein thermal shift assay
that measures thermal stability of a protein?’. It uses a fluorescent dye to monitor the denaturation
of the target protein, and the subsequently determined melting temperature (Tm) represents the

protein thermal stability"’.

To investigate the activity change of RnpAP®A its thermal stability was first assessed in
comparison with wild-type RnpA (WT) using DSF. Tag-free versions of both WT and RnpAP89A
were prepared with the same construct (pHis2-parallel) and identical expression and purification
methods to rule out variants that can cause differences in experiment result. SYPRO-orange dye
which fluoresces (ex: 470 nm /em: 570 nm) upon binding the hydrophobic regions of a protein
was used'®. Conditions were optimized with final concentrations of 10 uM of protein, and buffer

with 150 mM sodium phosphate, 200 mM sodium chloride at pH 7.4 was used. The temperature
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range of 25 °C to 95 °C was recommended by literature’”'®, The fluorescence emission was

measured every 0.3 °C to yield the protein melting curves.

Tm value of a protein was determined with the Protein thermal shift™ software, which fits the
fluorescent data to a Boltzmann Sigmoidal curve. The Boltzmann T, of WT was 52.77 + 0.07 °C,
and Tm of RnpAP894 was 50.82 + 0.16 °C (Fig. 3.4). The substitution of proline 89 to alanine
destabilized the protein by ~2.0 °C (ATm). It was hypothesized that the destabilization was caused
by alterations in protein structure, which will also explain the activity change of RnpAPA,

Structural studies are therefore required to test this hypothesis.

A Melt Curve Plot/Derivative Plot (Wild-type RnpA-RnpA P89A stability test)
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Figure 3.4 Differential scanning fluorimetry experiment for S. aureus wild-type RnpA and
RNpAPA, S, aureus wild-type RnpA (WT) is more stable than RnpAP#9A (P89A) by ~2.0 °C. A)
Fluorescence-temperature plot/ Melting curve (Upper panel) and fluorescence derivative-
temperature plot (lower panel) generated by protein thermal shift software. Green dash lines
indicated the determined Tms based on plot analysis. B) Melting curve with error bars. Black dash
lines indicates Tms based on plot analysis.
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Figure 3.4 continued
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3.3.2 Crystallization of RnpAP8®A

Crystallization is a common way to examine the structure of a protein. Based on the experience of
crystallizing the wild-type his-RnpA (His-WT), crystallization of his-tagged (His) RnpAP89A was
attempted. As both proline in the wild-type and alanine in RnpAP®®A are surface hydrophobic
residues, 3D structures of both proteins were not expected to be dramatically different even though
there were differences in activities and thermal stability. Therefore, broad screen condition(s) that
yielded the His-wild-type crystals was used with variation for initial crystallization attempt for
His-RnpAP®®A which produced an initial screen plate for His- RnpAP3®A with the same layout as
the optimization screen plate of the wild-type. There were three initial hit conditions for the wild-
type: Condition 1: 0.8 M LIiCl, 0.1 M Tris-HCI, pH 8.5, 32 % (w/v) PEG 4,000. Condition 2: 0.2
M Ammonium Citrate Dibasic, 20 % (w/v) PEG 3,350. Condition 3: 0.1 M Imidazole: HCI, pH 8,
1 M sodium citrate tribasic dihydrate (Table 2.2). The 24-well plate was divided into 3 sections,

and each section has 2 columns and 4 rows, in total of 8 wells. The first section has Conditionl in
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variation with % (w/v) PEG 4,000 ranging 26-40 in steps of 2%. The second section has Condition
2 in variation with % (w/v) PEG 3,350 ranging 14-28 in steps of 2%. The third section has
Condition 3 in variation with sodium citrate tribasic dihydrate concentration ranging 700-1400
mM in steps of 200 mM. There were two crystals found in the well with 0.1 M Imidazole-HCI pH
8, 1.3 M Sodium Citrate tribasic dehydrate (Table 3.2). The crystal was in a morphology of
rhombus plates clustered on a thick rod (Fig. 3.5). Because of the clustering, the edges of single
crystal plates had to be broken off for harvest and diffraction in order to avoid severe anisotropy
which impedes data processing and structure refinement®®. The crystal X-ray diffraction data was
processed to 1.66 A resolution which still retained good data quality. It was shown that His-

RNpAP8 crystallized in space group P1. Detailed information of data collection and processing

&

9 .

Figure 3.5 His-tagged RnpAP89A crystals prior to harvest.

was reported in Table 3.3.

The solved His-RnpAP&4 model showed two monomers in the asymmetric unit. Chain A monomer
interacts with an inverted chain B monomer at the edge of the 3 sheet (Fig. 3.6), similar to that of
the wild-type his-RnpA chain A and B. This observation does not necessarily suggest that His-
RnpAP®A forms dimers, as no dimerization was reported during protein production by our

collaborator. Nonetheless, previous studies did show wild-type RnpAs from B. subtilis and T.
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maritima had tendencies to dimerize?®2!, specific native gel and/or SEC may need to be performed
in the future if relevant. The high quality of the His-RnpAP8®A crystal and its data allowed this
protein model to show more residues and secondary structures. Residues -5 to 112 of Chain A and
Residues -5-117 of Chain B were modelled. Distinct from the wild-type crystal structure, an a-
helix (ao) initiated by the tag residue Leu-3 and extended to the protein N-terminal residue Tyr7
was presented the RnpAP89A structural model in addition to the secondary structure sequence of
01-P1-Pa-Ps-c2-n1-P4-n2-as that was found in both the wild-type and RnpAP4 (Fig. 3.6). Side
chain of a few surface residues (ChainA: K38, K51, K52, R64, K71, K74, K107; ChainB: R8, K20,
K38, K51, K52, R64, K71, K114) were truncated because of missing electron densities. 99% of

residues are in the Ramachandran favored region and 1% in the allowed region.

Figure 3.6 His-tagged RnpAP39A crystal structure at 1.66 A resolution. A. Cartoon representation
of RnpAP39A monomers in an asymmetric unit. B. Surface representation of RnpAP®** monomers
in an asymmetric unit.
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The tertiary structures of RnpAP39A were highly similar to that of the wild-type. Crystal structure
of RnpAP®A (Chain B residues 6-117) was aligned with the tag-free wild-type RnpA crystal
structure (PDB ID 6D1R), and an RMSD of 0.404 A was found between them (Fig. 3.7). The two
structures were nearly superimposable, and only slight variations were shown for residues K38 in
the loop region, L53-V57 at the turn, H76 at the end of 310 helix n1, K91-L95 the end of 310 helix
nzand the loop connected to the start of a3, and F112 and N113 at the C terminal. The Ca backbone
of proline 89 overlaid perfectly with that of the mutant alanine 89, which indicate that mutation at
proline 89 did not cause any significant changes in the 3D conformation of RnpA. This result was
also supported by the structural study of B. subtilis RnpA F107W/P39A/P90A mutant, which
showed high similarity to the wild-type protein?2. This study suggested that the differences in
protein activities and thermal stability between the wild-type and RnpAP8®* were not resulted from

protein structural changes.

Figure 3.7 His-tagged S. aureus RnpAP®®* overlaid onto the wild-type S. aureus RnpA structure.
RnpAP89A (Chain B, residues 6-117, cyan) overlaid onto the wild-type S. aureus RnpA structure
(PDB: 1D6T, marine) with an RMSD = 0.404 A. Residue proline 89 (yellow) in the wild-type
aligned well with the mutated residue alanine (red) in RnpAP&A,
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Table 3.4 Structure solution and refinement of His-RnpAP&A

PDB entry

60V1

Resolution range (A)

40.7610-1.6570 (1.6985-1.6571)

Completeness (%)

94.9

o cutoff

F> 1.9700(F)

No. of reflections, working set

27203 (1779)

No. of reflections, test set

2003 (135)

Final Reryst 0.189 (0.3100)
Final Riree 0.233 (0.3111)
No. of non-H atoms Protein 1898

Ligand 0

Solvent 127

Total 2025
R.m.s. deviations Bonds (A) 0.006

Angles (") 0.837
Average B factors (A?) | Protein 40.43

Solvent 45
Ramachandran plot Most favored (%) 99.16

Allowed (%) 0.84

3.3.3 Protein secondary structure study by circular dichroism

High-resolution crystal structures that are snapshots of the protein in a thermodynamically favored

state are deemed more reliable in terms of protein backbone atomic positions, and are in better

agreement with the experimental data when compared to solution state NMR structures?>2*, Yet
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NMR structures can provide additional information regarding proteins in a more physiologically
relevant state?. In our study, even though crystallography showed no difference between the
structures of WT and RnpAP®®A this may be a function of the lowest energy stable state and
packing of the crystal. Using circular dichroism (CD) we propose to analyze the secondary

structure components of the protein and compare the WT and RnpAP#94,

A CD buffer of 50 mM sodium phosphate, 200 mM potassium fluoride at pH 7.4 was chosen in
the consideration of: 1) keeping consistency with the pH and high ionic concentrations used in
protein activity and thermal shift assays (150 mM sodium phosphate, 200 mM sodium chloride at
pH 7.4) 2) staying away from CI" that absorbs in circular dichroism below 195 nm. Protein
absorption from 190 nm to 260 nm was measured for both protein and data was processed as
previously described®*!. The processed data were subsequently submitted to online server BeStSel
for secondary structure composition analysis'®. The ellipticity-wavelength curves of WT and
RNpAP8 showed similar absorption profile as extrema of both proteins appeared at 193 nm, 208
nm, and 223 nm, yet the ellipticities of RnpA& at the extrema were relatively greater than those
of WT (Fig. 3.8A). According to the analysis by BeStSel, a helices represented 21.4% of the wild-
type and 22.9% of RnpAP3A which suggested that RnpAP3®A has about 1.7 more residues in the
a-helices. The B strands represented 19.9% of the wild-type and 19.0% of RnpAP®®A which
indicated that WT has 1 more residue in B strands (Fig. 3.8B). However, these differences in a
helices and B strands components were within errors of CD detection accuracy for alpha-beta mix
protein (0.97 for a helices and 0.85 for B strand)®>%. Therefore, it is reasonable to conclude that
the secondary structures of RnpAP&* were highly similar to that of the wild-type. This study

corroborated the result of the crystallography study, and indicated that the differences in protein
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activities and thermal stability between the wild-type and RnpAP&4 were not resulted from protein

structural changes.
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Figure 3.8 Secondary structure analysis for S. aureus wild-type RnpA and RnpAP®A, A) Elipticity-
wavelength plot. B) Pie charts of secondary structure compositions.

3.3.4 Hypothesis for RnpAP894 activity and stability

Biological and biochemical studies by our collaborator showed that RnpAP®®A has equivalent
ptRNA processing activity as wild-type RnpA, but no mRNA degradation activity. Thermal shift
assay done in our lab showed that RnpAP3A is ~ 2 °C less stable than the wild-type RnpA. Results
of crystallography and CD studies indicated no secondary or 3D conformational structure
differences were present between WT and RnpAP89A. A possible explanation for the observed
change in thermal stability may be due to changes in the proteins free energy in unfolding. Protein
free energy change of unfolding (AG) is the determinant of protein thermal stability. The larger

and more positive AG is the more stable the protein is. Entropy of unfolding (AS) is a contributor
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to AG, and AG is inversely related to AS. As observed in many cases, substituting any residue with
a proline had a stabilizing effect on the protein?’-, Studies on these observations suggested that
because proline’s restrained conformation, it reduces protein backbone flexibility in solution, and
thus lowers the configurational AS. The decrease of AS yields an increase of AG, which indicates
the stabilization of a protein?®3!. Consistent with this trend, RnpA as the WT protein that contains
the proline is more thermally stable than the P89A counterpart. This theory can be tested using
differential scanning calorimetry (DSC) which provides information of thermodynamic

parameters of protein unfolding.

As for observed loss in mMRNA degradation of RnpAPe®A it is possibly caused by the differences
in electrostatic potential surfaces of the two proteins. In the crystal structure of WT, side chain of
GIn 88 at the beginning of 12 extends across a cleft and forms a hydrogen bond (H-bond) with the
backbone carbonyl of Lys 52 located on loop preceding o2 (Fig. 3.9, marine sticks). Whereas upon
substitution of Pro 89 with Ala, the side chain of GIn 88 no longer bridged the cleft to form an H-
bond to the Lys 52 backbone carbonyl. Rather, it oriented itself back toward the n2 and formed an
H-bond with the side chain of Lys91 (Fig. 3.9, cyan sticks). These changes in side chain orientation
and H-bonding introduced two main differences on the electrostatic potential surfaces around the
mutation (residues 88-92). As shown in Fig 3.10, the WT has a smooth positively charged (colored
in blue) surface over the hydrogen bonded Lys 52-GIn 88 region, whereas in RnpAPA there is a
partially negatively charged (colored in red) groove in-between. Additionally, in WT the surface
over Lys 91 backbone and Asp 92 is nearly neutral (colored in white), whereas in the same region
of RnpAP®A a negatively charged surface is found. This negatively charged surface is created
potentially because higher electron density localized around the Asp 92 carbonyl, while its salt-

bridge forming partner Lys 91 engages hydrogen bonding with the flipped over GIn 88. These
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alterations in surface potential may interrupt RnpAP3A’s interaction with other protein partners in
the mMRNA degradosome or its substrate(s), thus may be the reason for its loss of mMRNA

degradation activity of RnpA.

LYS-91

Figure 3.9 Side chain movements of relevant residues around mutation residue 89. WT (marine)
and RnpAP8A (cyan) crystal structures were aligned, and relevant residues Lys 52, GIn 88, Lys 91
and Asp 92 were shown in sticks. Black arrows shows the side chain movement from their WT
positions to RnpAP3A positions. Pro 89 in WT was colored in yellow, and Ala 89 in RnpAP°A was
colored in red.

P89A

Figure 3.10 Close-ups of electrostatic potential surface around mutation residue 89 of wild-type
RnpA and RnpAP8°A Blue indicates positive potential, red indicates negative potential, and white
indicates neutral.
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3.4 Conclusion

Our collaborator has demonstrated that over expression of mutant RnpAP89A reduces cell viability,
and both in vitro and in cellulo studies suggested that RnpAP89A retains ptRNA processing activity
but loses MRNA degradation activity. To better understand the biophysical effects of this mutation
we carried out thermal stability, crystallography, and CD studies for RnpAP&4, Results showed
thermal destabilization of RnpAP#* compared to wild-type RnpA, but no secondary structural or
3D conformational differences were found between the two proteins. Therefore, it was concluded
that the mutant’s change of activity was not resulted from secondary or 3D conformational
alteration. However, upon close structural examination, we propose that the activity change may
be a result of electrostatic surface potential alteration of the protein based on a rearrangement of
residue GIn88. The thermal destabilization is likely due to the loss of a proline, which increases

entropy of unfolding, and lowers free energy.

Although the mechanism behind activity and thermal stability change of RnpAP®A from wild-type
RnpA requires further investigation, the identification of RnpAP#A mutant and its effect was vital
for future anti-S. aureus drug discovery targeting RnpA. It highlighted the essentiality of proline
89 to RnpA’s mRNA degradation activity and S. aureus cell viability, which provided foundation
for identifying small molecules that suppress S. aureus by interrupting RnpA-mediated mRNA

degradation pathway.
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FINAL REMARKS

This thesis highlighted with the structural studies of wild-type S. aureus RnpA and mutant
RNpAP8 that has only partial activity can be useful tools in structure-based drug discovery for
multi-drug resistant S. aureus treatment. Such drug discovery has been initiated in our lab and our
collaborator Dr. Dunman’s lab with both a fragment-based drug design screening paradigm and a
whole-cell synergistic screening approach. The screening hits will be validated and prioritized
using methods including crystallography, and the yielded binding information between hits and
RnpA will be further used for hit optimization. It is expected that leads and drug candidates will

be discovered in future studies following this general process.
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