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Abstract

Role of Streptococcal Pyrogenic Exotoxins A and B (SpeA and SpeB) Mutation in Streptococcus
pyogenes Virulence

By Summer Bushman

Streptococcus pyogenes (also referred to as group A Streptococcus, or GAS) causes about 18.1
million cases of severe infection annually, resulting in 500,000 deaths worldwide. It is important to study
the interactions of GAS with its human host because there is no vaccine, and the only treatment is
antibiotics, to which resistance is rapidly increasing. This project looked at two specific streptococcal
pyrogenic exotoxin (Spe) proteins, SpeA and SpeB. SpeA is a superantigen associated with cases of
streptococcal toxic shock-like syndrome (STSS). SpeB is a protease that degrades immunoglobulins and
cytokines. Using sequences that encode for SpeA and SpeB to identify naturally occurring synonymous
and nonsynonymous polymorphisms, we found that SpeA is undergoing diversifying selection and SpeB
is undergoing purifying selection. Nonsynonymous mutations have the potential to alter protein function,
so these mutations within SpeB were further examined. Site-directed mutagenesis was used to change the
sites of three natural nonsynonymous polymorphisms (G17, E130, and D154) within speB to alanine via a
pET expression plasmid. After sequence confirmation, the DNA was transformed into E. coli where the
mutated proteins were expressed. The proteins were subsequently extracted and purified. The activity of
each mutant protein was examined in vitro using fluorescent activity assays to quantify the degradation of
known SpeB substrate and fluorophore, substrate 73. Non-mutant reference-type SpeB from strain M1T1
5448 served as positive controls; Strains with empty pET vectors served as negative controls. SpeB with
mutation G17A was found to have similar activity to wildtype SpeB, indicating no alternation in
conformation or functional ability. SpeB with mutations E130A or D154A was found to have a slight
reduction in activity, indicating potential interference with binding sites. This data can be used to
determine the functional consequences of heterogeneity within speB. In future studies, this data can be
applied more broadly to help develop effective public health policies and identify important and
conserved proteins to target for the development of a vaccine, which is critically lacking for GAS.
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Chapter 1: Introduction

Many bacteria, fungi, viruses, and parasites are capable of causing infectious disease
(Inhorn and Brown, 1990). Most common infectious diseases have low mortality rates, such as the
common cold or chlamydia (Cleveland Clinic, 2018). However, others have high mortality rates,
and altogether account for a quarter of all deaths (Drexler, 2010). Risk can vary across groups; in
children under five, infectious diseases account for about two-thirds of all deaths (Drexler, 2010).
Vaccines to prevent human infection have been a major innovation in medicine for the prevention
of infectious diseases including measles, smallpox, tuberculosis, and COVID-19. For infectious
diseases caused by bacteria, the primary mode of treatment are antibiotics (Cleveland Clinic, 2018).

One important pathogen for which we lack a vaccine, and which relies on antibiotic
treatment is Streptococcus pyogenes, also called Group A Streptococcus or GAS (Shulman et al.,
2012). GAS often causes pharyngitis, colloquially known as strep throat, which accounts for 37%
of sore throats in children under 18 years of age (Shaikh et al., 2010). However, infections by GAS
can also lead to fatal complications, such as scarlet fever and streptococcal toxic shock-like
syndrome (Kazmi et al., 2001). It is estimated that there are about 18.1 million annual severe cases
of GAS infections, resulting in 500,000 annual deaths worldwide (Carapetis et al., 2005).

A major cause of complications is the massive amount of inflammation that is induced by
streptococcal pyrogenic exotoxins (Spe) that are released by GAS. Most Spe proteins are
superantigens, including the most characterized one, SpeA (Kotb, 1995). Superantigens act by
bridging the MHC receptor of an antigen presenting cell with the T cell receptor of T cells in an
antigen-independent manner. This leads to high levels of cell activation and an increased release
of inflammatory cytokines relative to a standard antigen (Kotb, 1995). The increased levels of

inflammation can lead to more severe GAS infections with higher mortality rates and is directly



responsible for streptococcal toxic shock-like syndrome (STSS). In fact, there is a strong
association between STSS and strains encoding for SpeA over other superantigens (Musser et al.,
1991), with one study finding 85% of its STSS patients testing positive for the presence of SpeA
(Hauser et al., 1991).

There are four primary gene alleles encoding for SpeA, and three of the alleles, speAl,
speA2, and speA3 differ by a single amino acid substitution (Nelson et al., 1991). Interestingly,
both speA2, and speA3 are more strongly correlated with STSS. Both have mutations in the same
highly conserved gene segment, which could indicate that they result from selective pressures
(Marrack and Kappler, 1990). Furthermore, it was found that the single amino acid change within
allele speA3 forms a more active toxin of SpeA with significantly increased mitogenic activity
(Kline and Collins, 1996). Since these studies, many more new strains from clinical isolates have
been sequenced and identified.

In contrast to the superantigenic activity of SpeA and all other Spes, SpeB is a prolific
cysteine protease that cleaves or degrades immunoglobulins, cytokines, GAS surface proteins, and
other immune effectors (Chuan and Wu, 2008). Because it is highly conserved and cleaves or
degrades both host and bacterial proteins, it is considered a key virulence factor of GAS
pathogenesis (Chuan and Wu, 2008). Variation in expression of SpeB is associated with clinical
disease and increased inflammation. For example, the level of protease activity from SpeB was
significantly associated with soft tissue necrosis in STSS (Talkington, et al., 1993). The speB gene
is encoded by all strains of GAS and is considered highly conserved with allelic variation resulting
from accumulating point mutations (Kapur et al., 1993). However, the exact role of these
molecular variations is not well established, and it is not clear as to what extent or how SpeB

expression levels impacts disease severity (Chuan and Wu, 2008).



While some common natural polymorphisms are known within speA and speB, even more
can be observed in the deep sequencing of clinical isolates, and little is known about their
functional consequences. Therefore, in chapter 2, I examined the natural polymorphisms present
in the sequences encoding SpeA and SpeB. I then classified them by whether they were
synonymous or not, to better understand whether they could have an effect on function, and
whether there was evolutionary selection on these proteins. Since speB is known to be highly
conserved, [ used those sequences as a baseline to compare variation among speA sequences. Based
on this analysis, my preliminary work suggests that SpeA is undergoing diversifying selection,
while SpeB is undergoing purifying selection. Since the functional significance resulting from the
sequence variations of speB is not well-characterized, and there were fewer mutations, I chose to
continue analysis of those polymorphisms in in vitro biochemical experiments. Therefore, in
chapter 3, I investigated the role of these natural mutations on the functionality of SpeB and
subsequently the virulence GAS. Long-term, I expect these studies to provide insights into how

GAS has evolved as a human-specific pathogen and potential targets for its treatment.



Chapter 2: Examining the Heterogeneity of SpeA and SpeB

The GAS superantigen SpeA has four well-characterized alleles; two of these, spe42 and
speA3, are associated with greater STSS infection severity. In recent years, a large number of GAS
genomes have been sequenced, and upon analysis of this data it is clear that SpeA has acquired
many more natural polymorphisms within different strains of GAS beyond what is captured with
this allelic assignment. In contrast, the protease SpeB that is encoded by all GAS is highly
conserved, with more limited heterogeneity arising from accumulating point mutations. Therefore,
heterogeneity within speB will serve as a baseline to examine the prevalence of allelic variation
within speA. | hypothesize that if SpeA has a significantly greater number of mutations than SpeB,
then its greater genetic variation is due to diversifying selection. I expect that SpeB has more
limited genetic variation, due to purifying selection. The ultimate goal is to test whether
polymorphisms arising as part of the natural genetic heterogeneity of GAS have functional
consequences that impact virulence. Further biochemical characterization of these mutations is the

focus of Chapter 3.



Methods

Collecting Sequences

Using Basic Local Alignment Search Tool (BLAST) and Ensembl Genome Browser, the coding
sequence of sped was collected from the full genome sequences of 169 unique clinical isolates
representing the global diversity of the species, and without reference to time of collection.
MGASS5005, a clone of the hypervirulent M1T1 serotype responsible for the resurgence in invasive
disease since the 1980s (Walker et al., 2014) was used as the reference strain to which all other
strains were compared. The same process was repeated with SpeB using strain M86905.1 as the

reference strain to find 100 additional coding sequences.

Sequence Alignment

Using version 1.2.4. of Clustal Omega, a multiple sequence alignment was performed among the
170 total sped sequences and 101 total speB sequences. Settings were all default with the input

being DNA sequences and the output was formatted in Pearson/FASTA (Madeira et al., 2019).

Classification of Polymorphisms

After alignment, all the sequences were analyzed via the Synonymous Nonsynonymous Analysis
Program (SNAP) (Korber, 2000). This analysis graphs the positional ratio of synonymous
mutations to the ratio of nonsynonymous mutations (dS/dN) across the gene sequence. It also is
able to define whether there is an insertional or deletional mutation (indel) present at a particular
genetic location. Synonymous mutations were compiled and used to map evolutionary distance of

alleles, creating a dendrogram (Korber, 2000). To examine whether nonsynonymous mutations



where clonal, their positional frequency was manually examined using this dendrogram, where

occurrence in neighboring clades was assumed to be inheritance from a common source.

3-D Modeling

The structural model of SpeB (4D8I) was obtained from on the Research Collaboratory for
Structural Bioinformatics Protein Data Bank (RCSB PDB). These coordinates were examined and
visualized in PyMOL (Schrodinger). All natural polymorphisms were mapped onto this 3-D ribbon
structure for SpeB and manually positionally mutated, using stick figure diagrams to examine

changes in amino acid side chains.



Results

Synonymous and Nonsynonymous Polymorphisms
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These graphs generated by SNAP show the location of each mutation. Nonsynonymous mutations
are indicated by the red line, synonymous mutations are indicated by the green line, and insertions
or deletions are indicated by the blue line. The top graph (Figure 1A) classifies the polymorphisms
from SpeA, and bottom graph (Figure 1B) classifies the polymorphisms from SpeB.



In a dS/dN graph, a positive slope indicates that a polymorphism has been detected at that
particular codon site, whereas a flat slope indicates no polymorphisms found at those locations.
Thus, an increase in slope indicates a region of change, and a flat slope indicates a region of
conservation. The top graph (Figure 1A) classifies the polymorphisms from SpeA. Since the slope
of both the synonymous and nonsynonymous mutations in Figure 1A is relatively constant, we
can determine that the polymorphisms are relatively evenly distributed throughout the entire
genetic sequence coding for SpeA. The polymorphisms of speA are likely to alter the amino acid
sequence because SpeA has a larger slope in the red line relative to the green line. The bottom
graph (Figure 1B) classifies the polymorphisms from SpeB. SpeB has fewer natural
polymorphisms as indicated by the long stretches with a slope of zero punctuated by a few regions
of change in both the red and green lines. In addition, if SpeB did have a natural polymorphism, it
was more likely to be synonymous, as indicated by the larger slope of the green line relative to the
red line (Figure 1B). By comparing the range of the y-axis scales from Figure 1, it is apparent
that SpeA has a significantly greater number of natural polymorphisms overall. Another
contrasting feature is that SpeB could not tolerate any natural insertions or deletions within its
genetic sequence, while SpeA is able to tolerate several insertions and deletions throughout its
sequence. This is indicated by no insertions or deletions being detected in the sequence coding for

SpeB (Figure 1B).



Evolutionary Relationships
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Figure 2.
Dendrogram exhibiting the evolutionary relationships among 101 strains of GAS based on natural
polymorphisms found within speB sequences.

The genetic relatedness of SpeB shows divergence of multiple lineages by synonymous
mutations, with nonsynonymous mutations appearing randomly (Figure 2). Occurrence of
nonsynonymous mutations in neighboring clades was assumed to be inheritance from a common
source. All nonsynonymous mutations examined were unique, without evidence of ancestral

inheritance. Overall, these plots help quantify the evolutionary pressures on SpeB.



3-D Mapping of Natural Polymorphisms

11

Figure 3. 3-D ribbon diagram of the
mature form of SpeB (red). The 3-D
diagram was obtained from structure
4D8I on RCSB PDB. The synonymous
mutations are highlighted in green and
nonsynonymous mutations are
highlighted in blue. A pale shade of green
or blue indicates a mutation of low
frequency, whereas a dark, saturated
green or blue indicates a mutation of high
frequency (> 0.5).

This 3-D visualization from PyMOL helped determine polymorphisms of high interest.

Polymorphisms were considered to be of highest interest if they were near the active site (C192),

or dramatically altered an amino acid’s polarity or charge. The visualization also corroborates that

SpeB is highly conserved because all the natural polymorphisms were able to be simultaneously

mapped with majority of the structure retaining the original red color, indicating that no mutations

were found at that amino acid site (Figure 3).
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Discussion

The hypothesis that SpeA will have more genetic variation relative to SpeB was supported.
This can be seen most directly in Figure 1 where the ratio of synonymous to nonsynonymous
mutations for SpeA (Figure 1A) and SpeB (Figure 1B) were plotted. Cumulatively, SpeA had
more synonymous mutations, nonsynonymous mutations, and insertions or deletions relative to
SpeB, despite presence in a lesser number of isolates. Additionally, SpeA had more
nonsynonymous mutations rather than synonymous mutations, as indicated by the red line having
a steeper slope than the green line. All these markers suggest that SpeA is undergoing diversifying
selection. Diversifying selection rapidly introduces variation to gene sequences, which leads to
increased genetic diversity, a prerequisite for adaptive evolution (Zhang and Rosenberg, 2002). To
contrast, SpeB had significantly fewer natural polymorphisms of each type, as indicated by the
long stretches of with a slope of zero, signifying that there are no natural polymorphisms at those
locations. Furthermore, SpeB had more synonymous mutations rather than nonsynonymous
mutations, as indicated by the green line crossing the red line and ending at a higher value. This
data suggests that SpeB is undergoing purifying selection, which is thought to reduce genetic
diversity and preserve biological function (Cvijovic et al., 2018)

One limitation of this analysis is that there were more sequences of sped analyzed (174
sequences) when compared with speB (101 sequences). This could partially account for why more
natural polymorphisms were found within the speA sequences, but the disparity is so large that the
conclusions drawn above are still relevant. In part, speB was undersampled because identical
sequences were automatically consolidated in databases. In future works, if more precise

frequencies are required, each sequenced genome will be independently examined.
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Chapter 3: Examining the Functional Consequences of Heterogeneity in SpeB

Since there was a large number of polymorphisms of SpeA to analyze, and the existing assays
for evaluating superantigen function require the use of human donor blood that was difficult to
regularly source under university COVID-19 precautions at the time of this research, I focused on
the natural polymorphisms of SpeB. We additionally reasoned that as an enzyme, SpeB might be
more sensitive to nonsynonymous mutations, and we might have greater likelihood that one could
introduce a significant change in activity (Figure 4). Based on the comparison of the amino acid
side chains before and after the mutation, I developed several hypotheses about how the
polymorphisms could impact SpeB’s function:

1) If nonsynonymous mutations impact the ability of the protein to fold correctly, altering the
overall conformation, then there will be a reduction in or a complete lack of functionality.

2) If nonsynonymous mutations are near the sites used to bind target receptors, then function will
be impacted (either positively or negatively).

a) If the binding interface is disrupted, the mutation can negatively impact activity.

b) If there is increased binding affinity, the mutation can positively impact activity.

3) If the nonsynonymous mutation is neither at a binding site nor impacting the protein’s
conformation, then the protein’s function will not change.

I investigated these hypotheses via site-directed mutagenesis to change the sites with natural
polymorphisms to alanine, a biochemically neutral amino acid. I then purified each recombinant
mutant form of SpeB and quantified the activity of the enzymes with a fluorescent activity assay.
I found that there is still significant function resulting from the proteins with the natural
polymorphisms, indicating that there is either no significant difference in the function of SpeB, or

a slight reduction in function.



14

Methods

3-D Modeling of Site-Directed Mutagenesis

Based on the methodology shown in Figure 4, 1 decided to further investigate the
nonsynonymous mutations found within SpeB. Using the Alphafold model of SpeB from RCSB
PDB, I introduced each mutation onto the 3-D ribbon structure using PyMOL (AF-POCO0JO-F1-
model v2, Jumper et al., 2021; Varadi et al., 2021) to visualize how the change in amino acid side

chain could impact the protein.

du/yl dulld

Syr:(;:;/trlnoc;us Same amino
_ acid created;

Leu no need to test
functionality

dulyl dillu gld/[u

Different amino
Nonsynonymous acid created; will
mutatlon Pro test functionality Ala
_ with neutral amino _
acid Alanine

Figure 4.
Methodology for pursuing site-directed mutagenesis with the nonsynonymous mutations.

Designing Primers for Mutagenesis

Primers were designed to introduce non-synonymous mutations in a variation of
Polymerase Incomplete Primer Extension (PIPE) cloning previously described by Klock and

Lesley (Klock and Lesley, 2009). The forward and reverse primers were at least 20 nucleotides
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long and ordered from a commercial vendor (IDT). Using a codon chart, the mutation was designed
to change the amino acid to be alanine using the minimum number of base pair changes. The
viability of the primer was confirmed using the Melting Point Calculator from New England

Biolabs (https://tmcalculator.neb.com/#!/main) to find a melting point between 63-65°C. For the

forward primer (5’ to 3”), the nucleotide sequence could be copied. For the reverse primer (3’ to
5), the reverse complement of the nucleotide sequence was used. Using this process, the following
primers were designed (the codon with the mutation is underlined):

G17A Forward: 5" GCATTAGCAGGATTTGTTCTTGCT 3°
G17A Reverse: 5" AAATCCTGCTAATGCTAAAAGACTTAATAATC 3°

E130A Forward: 5" ATCAAAGCAAACAAAAAATTAGACACTACT 3°
E130A Reverse: 5’ TTTGTTIGCTTTGATTTGTTCGACATA 3°

D154A Forward: 5 CTCCTTGCTTCAAAAGGCATTCATTAC 3°
DI154A Reverse: 5" TTTTGAAGCAAGGAGAGATTTAACAACTG 3’

Insertion of Primers into Vector

The primer sequence was inserted into the vector pET-SpeB via polymerase chain reaction
(LaRock et al., 2016). The master mix of each 25 uLL PCR tube included 15.8 pL nuclease free
water, 5 uL High-fidelity buffer, 0.5 uL dNTP, 1 uL PET SpeB, 0.3 puL Phusion polymerase (NEB),
1.2 pL of the desired forward primer, and 1.2 pL of the desired reverse primer. This reaction mix
was run on a thermocycler with the samples held at 94°C for 5 minutes so that the DNA could
denature. Then, the samples were cycled 30 times with each cycle being held at 94°C for 30
seconds, ramped from 55°C to 65°C for 15 seconds, and then held at 72°C for 30 seconds. Finally,
the samples were held at 72°C for 5 minutes. The product was then visualized on a 1% agarose gel

to verify the insertion.
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Transforming Vector into E. coli

The mutated vectors were transformed into chemically competent E. coli DH5a via heat
shock. 10 pL of each sample was incubated on ice for 30 minutes and then submerged in a 42°C
water bath for 45 seconds. 200 pL. of SOC was then added allow the E. coli cells to recover. After
incubating at room temperature for an hour, the samples were spread on plates and allowed to grow
at 37°C overnight. Colonies were then restreaked on LB + 50 ug/ml kanamycin plates to verify the
successful transformation of pET-SpeB, which carries a kanamycin resistance marker. Once
colonies grew, plasmids were isolated from single colonies (Qiagen mini-prep) and submitted to
Genewiz for analysis by Sanger sequencing. Clones confirmed for the correct sequence were
transformed into E. coli BL21 cells. This process was repeated for all three mutants: G17A, E130A,

and D154A.

Culturing E. Coli with Transformed Vector

100 mL of LB broth was inoculated with E. coli BL21 carrying pET plasmids encoding
each SpeB clone, including wild-type SpeB from hypervirulent M1T1 5448 (positive control), a
strain with an empty vector (negative control), and the three experimental strains encoding for the
following mutations within SpeB: G17A, E130A, and D154A. After incubating at 37°C for 2 hours,
0.1 mM of IPTG was added to induce the expression of SpeB. The cultures were incubated at 37°C

with shaking overnight.

Protein Extraction and Purification

The following procedure was repeated with all five cultures. The cultures were centrifuged

and then washed with 20 mL PBS twice. To lyse the cells, the cultures were sonicated and then
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centrifuged. A column with 1.0 mL of Ni-NTA affinity resin (Pierce) was equilibrated, then
supernatant run through to purify the proteins. The column was washed with 10 mL PBS, followed
by 10 mL of 10 mM imidazole. The target protein, SpeB, was eluted using 3 mL 300 mM imidazole.
The elution was run on a SDS Page gel to confirm the presence of SpeB. The protein concentration
of SpeB variants were normalized using a BSA (Bovine serum albumin; Sigma) standard. The
samples were then diluted to have the same concentration as the most diluted protein, which was

about 0.9 mg/mL.

Fluorescent Activity Assays

The F355-450 AMC, MCA, DAPI protocol on the VICTOR Nivo plate reader was used to
quantify the activity of the SpeB variants. The assay was conducted at 37°C and lasted 30 minutes,
with a plate reading fluorescence every 60 seconds, and shaking in between each reading. Substrate
73, a previously characterized substrate of SpeB that only fluoresces after being cleaved, was the
substrate used for all five proteins (LaRock et al., 2016). To dilute substrate 73 to 4 uM, the aliquot
had to be diluted 1:500 into SpeB buffer. SpeB buffer consists of 10 mL PBS, 1 uL tween-20, and
10 uL DTT. 10 pL of each enzyme in 300 mM imidazole was added to 20 puLL of 4 uM substrate.

Each variant of SpeB was tested in triplicates.

Data Analysis

To create the line graphs quantifying the activity of the SpeB variants, data at the following
time points were taken: 0, 10, 20, and 30 minutes. The three replicate values were averaged and
then plotted on an XY graph with time in minutes on the x-axis and relative fluorescent units as

measured by the plate reader on the y-axis.
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Results

3-D Modeling of Site-Directed Mutagenesis
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Figure S.

Mapping of the native amino acid compared with alanine on the 3-D ribbon structure of the
Alphafold form of SpeB. The targeted amino acid is shown in pink, with the side chains being
represented as sticks. The top image shows a zoomed-out visualization of the entire protein, with
the 17" amino acid highlighted in pink to show where the G17A mutagenesis will occur relative
to the rest of the protein (Figure SA). All images in the left column represent the side chains of
the native residues (Figure 5B, 5D, SF), and all images in the right column represent the site with
alanine (Figure 5C, SE, 5G). The next two images represent a zoomed-in perspective of the
mutation G17A (Figure 5B, 5C). The middle two images represent the mutation E130A (Figure
5D, SE). The bottom two images represent the mutation D154A (Figure 5F, 5G). Each pair of
images is in a different 3-D orientation to maximize the visibility of the side chains.

The site of mutagenesis is shown in pink with the side chain of the native residue being
shown on the left side and the side chain of alanine shown on the right side (Figure 5). For G17A,
the side chain becomes slightly bulkier, but for both EI30A and D154 A the side chain from alanine

is much less bulky compared with the native residues.
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Protein Extraction and Purification

Figure 6.

An SDS Page protein gel verifying the
presence of SpeB. The three proteins shown
in this image were extracted from the
wildtype control strain M1T1 5448 (35), the
strain with an empty vector (75), and the
experimental strain with mutation G17A
(472). The blue arrow shows a protein that
was removed via the Nickel column and the
red arrow shows the band that represents
SpeB.

elution elution
0 be Spe because not
found in 75

This is an SDS Page protein gel verifying the presence and purity of SpeB after extraction
from E. coli and affinity purification on a Nickel column. The band indicated by the blue arrow is
an example of a protein that was removed by a PBS wash of the Nickel column because it is not
present in the lane with the elution buffer. The band indicated by the red arrow is likely to be SpeB
because it is present in the wildtype control strain M1T1 5448 (35), which is serving as a positive
control, and absent from the strain with an empty vector (75), which is serving as a negative control.
This is in contrast to the band directly above it which is present in the elution of both strains (35

and 75) (Figure 6).

Fluorescent Activity Assays
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Fluorescent Activity Assay
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Figure 7.

These are the results are measured by the F355-450 AMC, MCA, DAPI protocol on the VICTOR
Nivo plate reader. The substrate being used to measure the activity of the SpeB variants is substrate
73 at a concentration of 4 uM. The five proteins shown in this image were extracted from the
wildtype control strain M1T1 5448 (35), the strain with an empty vector (75), and the three
experimental strains with mutations G17A, E130A, D154A (472,472, and 474 respectively). “Sub
only” indicates only substrate was added to those wells, and “35 only” or “75 only” indicates that
only enzyme was added to those wells.

Over the course of thirty minutes, there is negligible change in fluorescence detected
among samples with only substrate or only enzyme added. There is a baseline increase in
fluorescence that was detected from a mock purification from the empty vector (75), which
demonstrates there is some background or spontaneous activation of the fluorophore substrate 73.
However, the four remaining proteins have significantly greater activity. SpeB with the mutation
G17A (472) has almost identical activity to the wildtype protein (35). SpeB with mutations E130A
and D154A (473 and 474) have slightly worse activity when compared with the wildtype SpeB,

but still exhibit functionality (Figure 7).
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Discussion

One of my hypotheses is that if the nonsynonymous mutation is neither at a binding site
nor impacting the protein’s conformation, then the protein’s function will not change. Overall, the
results support my hypotheses, which can be seen with mutation G17A. As seen in the Alphafold
3-D model, this mutation is a part of a long chain of amino acids that gets cleaved when SpeB
matures into its active form (Figure SA). Therefore, it makes sense that there is no significant
difference between wildtype SpeB and SpeB with the G17A mutation (Figure 7). The other two
mutations that were examined (E130A and D154A) have a less bulky side chain when mutated to
alanine (Figure 5C, 5D, 5E, 5G). Recalling my hypothesis that if the nonsynonymous mutations
are near the sites used to bind target receptors, then function will be impacted, it seems like the
binding interface was somewhat disrupted. This is supported by the reduced activity seen in SpeB
with the E130A and D154A relative to the wildtype SpeB (Figure 7). However, there is still some
function of SpeB with these mutations because there is more activity when compared with the
negative control, indicating that the conformation of SpeB was not completely disrupted by these
mutations (Figure 7).

One limitation of this analysis is that the aliquots of SpeB were unable to be completely
purified. This can be seen from the several bands still present in the elution portions of my samples
(Figure 6). Additionally, this would explain why although strain 75 is an empty vector, there is

still a baseline level of cleavage of substrate 73 being detected.



23

Chapter 4: Future Directions and Conclusions

In chapter 2, we saw that SpeA is undergoing diversifying selection, with several insertions
or deletions being tolerated and a higher prevalence of nonsynonymous natural polymorphisms
compared with synonymous ones (Figure 1A). In contrast, SpeB is undergoing purifying selection,
since in comparison of distantly related strains, SpeB appears to be unable to tolerate any insertions
or deletions. SpeB also had more synonymous mutations rather than nonsynonymous mutations
(Figure 1B). Since SpeA had a significantly greater quantity of mutations relative to SpeB, this
suggests it is not an intrinsic property of GAS or just divergence of strains, but that these two
proteins are under different selective pressures (Figure 1). This could be explained by the fact that
SpeB is a protease found in all strains of GAS and has many essential functions, such as cleaving
other proteins to activate them and interacting with surface proteins (Chuan and Wu, 2008). In
contrast, SpeA is a superantigen that is not expressed in all strains of GAS. Some strains have other
superantigens that may have redundant function. Superantigens can help GAS colonize its host
and cause more severe infections, as is the case with STSS, but it is not essential for GAS in some
animal infection models (Chatellier et al., 2000). Together these observations would explain why
more natural polymorphisms are tolerated in speA, where losing the superantigenic properties does
not pose a lethal risk to GAS.

In chapter 2, I also show the dendrograms for SpeB that were created by using synonymous
polymorphisms to map the evolutionary distance of alleles (Figure 2). Given the extreme
conservation of SpeB, this could be useful for the phylogenetic characterization of GAS as a core
gene, since the highly dynamic and pleotropic nature of its genome can make analysis of non-
clonal strains a challenge (Olsen et al., 2015). It is important to investigate the evolutionary history

of GAS to understand why specific strains caused epidemics in the past and to predict emergent



24

strains more accurately in the future. This data can also be used to develop effective public health
policies and identify broadly important and conserved proteins to target for the development of a
vaccine, which is critically lacking for GAS (Nasser et al., 2014).

In chapter 3, I showed that the natural nonsynonymous mutation occurring at site 17 likely
has no impact on the function of SpeB. This is probably because that portion is removed during
the maturation of SpeB and does not appear to impact that process (Doran et al., 1999). My data
supports this hypothesis because mutating the native glycine residue to an alanine (G17A) caused
no reduction in functionality when compared with wildtype SpeB from the reference strain M1T1
5448 (Figure 7). This suggests that there is no change in the mature conformation of SpeB and
that SpeB’s proteolytic capabilities are negligibly impacted, if at all.

Data from chapter 3 also indicated that SpeB proteins with mutations E130A and D154A
show some reduction in function when compared with wildtype SpeB (Figure 7). Neither amino
acid is known to be directly involved in the processing of substrates. SpeB is a cysteine protease,
meaning that it uses the thiol side chain of reactive cysteine (C192) to carry out the hydrolysis of
a target protein (Nelson et al., 2011). Previous studies by the lab have shown that mutations at this
site (C192S and C192A) fully destroy the activity of SpeB (LaRock et al., 2016). Like in other
proteases, the amino acids immediately surrounding the active site (C192) in the structure are
expected to determine the substrate specificity of SpeB, where their combinations of charge and
hydrophobicity promote the interaction with substrates and exclude non-substrates. Neither E130
nor D154 are located near this site in the structure (Figure 5). Therefore, we expect these mutations
may more subtly alter the structure of SpeB. For example, D154 is part of a loop that contains
Q162, a highly hydrophobic glutamine amino acid that in the structure of SpeB located less than

7 Angstroms from the reactive C192 when measured in PyMOL (Schrodinger).
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To more precisely analyze the functional consequences of heterogeneity within SpeB, I
hope to repeat the activity assays with several concentrations of substrate 73. This will generate
the date needed to create Michaelis-Menten Models of the enzyme activity, which will allow me
to calculate and compare the enzymatic velocity of the variants of SpeB more accurately.
Furthermore, examining the natural polymorphisms of these sites and comparing their activities to
the alanine mutants will allow me to uncover more about the importance of that protein position
and which amino acid it holds.

Overall, many alleles of sped and speB have been identified, but the functional implications
of these differences have not been adequately explored. Future studies should continue to pursue
the functional consequences of these natural polymorphisms and examine other Spe proteins to

determine exactly how they impact the overall virulence of GAS.
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