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Abstract

Secreted proteins are initially synthesized in a precursor form that contains an N-
terminal signal peptide for targeting the proteins to the cytoplasmic membrane. Upon
translocation across the membrane via the Sec machinery, the signal peptide is cleaved
off by signal peptidase. The remnant membrane embedded signal peptide is then
cleaved within its hydrophobic core by signal peptide peptidase A (SppA). SppAs are
membrane bound peptidases found in archaea, plant chloroplasts and bacteria. SppAs
utilize a serine nucleophile and a lysine general base as catalytic residues. My PhD

research has focused on the Bacillus subtilis SppA (SppAsgs).

During my PhD study, | solved the three-dimensional structure of SppAgs using X-ray
crystallography, allowing us to study the difference and similarities between Gram-
positive SppAgs and the previously solved Gram-negative Escherichia coli SppA
(SppAkc). Both proteins form similarly sized dome-shaped multi-subunit structures where
the catalytic residues reside inside the concave portion of the dome. However, each
subunit of SppAgs is half the size of the SppAec subunit, thus SppAgs is an octameric
complex while SppAgc is a tetramer. The structure revealed eight active sites in SppAsgs
where three of the protomers come together to form one complete active site whereas
SppAec contains only four active sites. Structural analysis on the substrate binding
pockets S1 and S3, along with activity assays using a range of peptide substrates,
revealed that SppAgs prefers substrates with leucine, arginine or tyrosine at the P1
position — a significantly different profile from SppAgc which prefers leucine but not

arginine or tyrosine at the P1 position.

| also solved the crystal structure of SppAgs in complex with its own C-terminus bound
within its active site. This structure has provided information on how the enzyme
recognizes its substrates, confirms our previous SppAgs substrate preference analysis
and has posed a new question “Why does SppAgs cleave its own C-terminus?” We show
that SppAgs cleaves its own C-terminus in an intra-complex fashion and mutational
analysis shows that Tyr331 is important for self-cleavage. | also showed that SppAgs is
able to digest folded proteins which suggests that SppAgs possibly has a membrane

quality control function.



Keywords:  Signal peptide peptidase A; self-compartmentalized protease; Ser/Lys
protease;
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Pre-protein

Space Group
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Tris

Unit cell

Vimax

Lipoprotein which is linked to signal peptide sequence at N-terminus
but has not been lipid modified.

Protein that is linked to signal peptide sequence at N-terminus.

A mathematic description of a crystal lattice with a certain type of
symmetry and a unit cell. Symmetry type is defined by a set of
crystallographic symmetry operations, which may include rotation,
translation, and screw axis that characterize a protein crystal. For
example, space group P2,2,2;. P means the unit cell is primitive.
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The smallest translational repeating unit of crystal.
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concentration.
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1. Introduction

Bacterial signal peptide peptidase A (SppA) is a membrane bound protease that
functions to cleave its membrane embedded substrate, the signal peptide (Hussain et al.,
1982b). This chapter describes the environment where SppA and signal peptides are
located. The background story of SppA’s discovery and what was known about SppA

before this thesis research started are also outlined.

1.1. Bacteria cell envelope

A bacterial cell envelope plays many important roles in the functioning of the cell.
It is involved in diverse processes such as nutrition intake, waste outtake, and
maintenance of the cell shape, as well as providing protection from the external
environment. It is also used as a basis to divide bacteria into two large families; the
Gram-positive and the Gram-negative. The way each family is distinguished from the
other is their reaction to the crystal violet stain based on their cell envelope composition
(Beveridge and Davies, 1983). The Gram-positive bacterial cell envelope consists of the
cytoplasmic membrane and a peptidoglycan layer, also called the cell wall. The Gram-
negative bacterial cell envelope is more complex, having a cytoplasmic membrane (CM)
(also known as the inner membrane) and an outer membrane (OM), with a periplasmic
space in between that contains a thin peptidoglycan layer (Figure 1.1). The periplasmic
space has no energy sources, such as ATP (adenosine triphosphate), but is populated
by secreted proteins, lipoproteins and enzymes required for cell survival (Silhavy et al.,
2010). The most extensively studied Gram-positive bacterium is Bacillus subtilis (B.

subtilis), while Escherichia coli (E. coli) is the model Gram-negative bacterium.
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Figure 1.1. Bacterial cell envelopes.

Schematic diagram of the E. coli (left) and B. subtilis envelopes (right). The E. coli cell envelope
has three layers, the outer membrane (OM), the peptidoglycan layer and the cytoplasmic
membrane (CM). The OM is composed of phospholipid in the inner leaflet and lipopolysaccharide
(LPS) in the outer leaflet. Outer membrane protein (OMP) and lipoprotein (LP) are found in the
OM. LP and proteins that make channels are found in both the E. coli and B. subtilis CM, as is the
inner membrane protein (IMP). B. subtilis does not have the OM but has a thick peptidoglycan
layer. Teichoic acids are either linked to the peptidoglycan layer or the cytoplasmic membrane.

1.1.1. Outer membrane and peptidoglycan layer

The E. coli outer membrane is composed of an inner leaflet containing
phospholipids and an outer leaflet containing glycolipids known as lipopolysaccharides
(LPS) which can cause inflammation and septic shock in humans (Figure 1.1) (Raetz
and Whitfield, 2002; Silhavy et al., 2010). The OM also consists of multitudes of proteins
called outer membrane proteins (OMPs) as well as various enzymes (Bos et al., 2007;
Fairman et al., 2011). OMPs are p-barrel proteins, many of whose functions are still
unknown, although some create pores for the passive diffusion of small molecules and
amino acids into and out of the cell (Nikaido, 2003). Being the outermost membrane in
the E. coli cell, the OM acts as a barrier, providing protection to the cell from the exterior
environment. B. subtilis lacks this OM but has a thick peptidoglycan layer that acts in a
similar manner while maintaining cell structure integrity (Gan et al., 2008; Silhavy et al.,

2010; Stewart, 2005). While E. coli has only a nanometer thick layer of peptidoglycan, in
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B. subtilis, the peptidoglycan layer is 30-100 nm thick. Studies of the Gram-positive
bacteria Staphylococcus aureus (S. aureus) peptidoglycan layer have shown that it
contains surface proteins involved in adhesion, immune system evasion, internalization
and phage binding (Silhavy et al., 2010). Since B. subtilis does not have an OM, it also

lacks the periplasmic space.

1.1.2. Cytoplasmic membrane

The cytoplasmic membrane is a phospholipid bilayer filled with many membrane
spanning proteins such as channels, proteases and chaperones (Raetz and Dowhan,
1990; Silhavy et al., 2010). The CM is where the heavy trafficking occurs in the cell,
because lipids, peptidoglycans, membrane integral proteins and secreted proteins are
synthesized in the cytoplasmic space and have to be transferred across the CM to
various destinations including the CM, the periplasmic space, the peptidoglycan layer,
the OM and the extracellular space. The CM is equipped with channels that translocate
proteins, proteases that degrade misfolded proteins in the membrane, cleave or
hydrolyze signal peptides, and proteins that send signals according to specific
environmental changes. Most of these proteins are transported and translocated to the

cytoplasmic membrane by the Sec-pathway (Dalbey et al., 2012; Tjalsma et al., 2004).

1.2. Protein secretion

In both Gram-negative and Gram-positive bacteria, secreted proteins on
membrane surfaces play important roles in adherence, virulence, immunogenicity,
nutrition uptake and host-pathogen interactions. In order for these secretory proteins to
be delivered to the membrane surface, they have to travel through the cytoplasmic
membrane. These secretory proteins contain a signal peptide at their N-terminus that
facilitates the transport to and translocation across the cytoplasmic membrane by
different pathways (von Heijne, 1990; Yuan et al., 2010). Once translocated, the signal
peptide is cleaved off by signal peptidase and mature protein is released. The remnant
membrane embedded signal peptide is subsequently cleaved by signal peptide
peptidase A (Figure 1.4) (Hussain et al., 1982b).



1.2.1. Signal peptide

In the Gram-positive bacterial cell, proteins synthesized in the cytosolic space
can travel to the cytoplasmic membrane, the cell wall or the extracellular space while in
Gram-negative cells, proteins can move from the cytoplasmic space to the cytoplasmic
membrane and beyond to the periplasmic space, to the outer membrane or the
extracellular space. Proteins that are destined to locations other than the cytosolic space
contain short peptide sequences called signal peptides at their N-terminus (Tjalsma et
al., 2000; von Heijne, 1990; Watson, 1984).

Each signal peptide can be divided into three different regions; the N-region or N-
terminal region which is positively charged with mostly lysine and arginine amino acids,
the H-region or hydrophobic-region which adopts an a-helix conformation and the C-
region or C-terminus region where signal peptidase recognition and cleavage sites exist
(Figure 1.2) (Briggs et al., 1986; Emr and Silhavy, 1983; von Heijne, 1990). The signal
peptides’ amino acid composition and function are conserved in both Gram-negative
bacteria and Gram-positive bacteria, although Gram-positive bacterial signal peptides

are significantly longer than Gram-negative’s at the hydrophobic-region (Watson, 1984).

Signal peptides can be classified into three different types based on the signal
peptidase cleavage site and the export pathways. These are: 1. The Sec-SRP-
dependent signal peptide; 2. Tat-dependent signal peptide; and 3. Lipoprotein signal
peptide. The signal peptides are targeted by one of two major signal peptidases, Signal
peptidase | (also known as leader peptidase, SPase |) and Signal peptidase Il
(Lipoprotein signal peptidase, SPase Il) (Date and Wickner, 1981; Hussain et al., 1982a;
Paetzel et al., 2002b; Tokunaga et al., 1982).



N-region H-region C-region /\/\/\
A. [ +++ I ‘ ‘iil
Sec-SRP-dependent signal peptide

B| +++ RRIXx M/\/\/\

Tat-dependent signal peptide
C. [ +++ I Mc/\/\A

Lipoprotein signal peptideI Lipobox

Figure 1.2. Three different types of signal peptides.

The signal peptide has three domains; the positively charged N-region (pink), the hydrophobic H-
region (yellow), and the signal peptidase recognition C-region (purple). The black zigzag line
represents the mature protein. Signal peptides taking either the Sec-SRP pathway A. or the Tat-
pathway B. can be cleaved by type | signal peptidase, which recognizes the consensus sequence
AXA. RR/KR-X is Tat-motif. C. Lipoprotein also has N-, H-, and C-regions as well as a type Il
cleavage site (lipobox is in purple with red C). Red C represent cysteine residue which gets lipid
modified.

The Sec-SRP-dependent signal peptides containing the SPase | cleavage site
and taking the Sec-pathway are the most abundant type of signal peptides. Signal
peptides released by SPase | have the consensus sequence, AXA, at the C-region.
Small, aliphatic amino acid residues, usually alanine but also valine or glycine, are
preferred at the P3 (-3) and the P1 (-1) positions while the P2 (-2) position (where the X
is) can accommodate almost any amino acid (Figure 1.2 & Figure 1.3) (Fikes et al.,
1990; Paetzel et al., 2002b; Tjalsma et al., 2000). In B. subtilis, Sec-dependent signal
peptides are predicted to be, on average, 28 residues in length, with 5-11 residues in the
N-region and 17-18 residues in the H-region (Choo et al., 2005; Tjalsma et al., 2000).

Tat-dependent signal peptide is another type of signal peptide that is cleaved by
SPase | but takes different secretion pathway, the Twin-arginine translocation (Tat)
pathway (Tjalsma et al., 2000; Yuan et al., 2010). The Tat signal peptides have N-
regions that are twice the length of the Sec-dependent signal peptides, with RR/KR-X##-
motifs in their N-regions, where X is any amino acid and # are hydrophobic amino acids.

There is no significant difference in the H-region found between the Sec- and Tat-



dependent signal peptides (Cristobal et al., 1999; Tjalsma et al., 2000). However, the H-
region of the Bacillus signal peptides is longer and less hydrophobic than that of the

Gram-negative bacteria (Tjalsma et al., 2000).

A. AmyE MFAKRFKTSLLPLFAGFLLLFHLVLAGPAA ASA
AprE MRSKKLWISLLFALTLIFTMAFSNMS VOA
CotC MKNRLFILICFCVICLFLSFGQPFFPSMILTVQA AKS
Epr MKNMSCKLVVSVTLFFSFLTIGPL AHA
Phra MKSKWMSGLLLVAVGFSFTQVM VHA
SleB MKSKGSIMACLILFSFTITTFINTETIS AFS
YbbC MRKTIFAFLTGLMMFGTITA ASA
Y£jS MKWMCSICCAAVLLAGGA AQA

_ Sec-SRP-dependent signal peptide

B.a1bs MSPAQ RRILL YILSFIFVIGAVVYFVKSDYLFTLIFIAIA
LipA MKFVK RRIIA LVTILMLSVTSLFALQPSAKA
OppB MLKYIG RRLVY MIITLFVIVTVTFFLMQAAPG
PbdX  MTSPTFTAKR RRKLN KRGKLLFGLLAVMVCITIWNA
WapA MKKRK RRNFK RFIAAFLVLALMISLVPADVLA
Y£kN MRIQK RRTHV ENILRILLPPIMILSLILPTPPIHA
YuicC MMLNMI RRLOM TCLFLLAFGTTFLSVSGIEA

YWBn MSDEQKKPEQIH RRDIL KWGAMAGAAVAIGASGLGGLAPLVQTA
Tat-dependent signal peptide

C.AppA MKRRKTALMMLSVLMVLAIFLSA C
DppE MKRGKRMKRVKKLWGMGLALGLSPALMG C
MsmE MKHTFVLFLSLILLVLPG C
PrsA MKKIAIAAITATSILALSA C
YacD MKSRTIWTIILGALLVC C
YciB MKLSLFITAVLMPVILLSA C
Yoba MPKIGVSLIVLIMLITIFLAG C
YutC MEKRTAVSLLCLLTGLLSG C

Lipoprotein signal peptide
Figure 1.3. B. subtilis sighal peptide examples.

Signal peptide sequences are randomly selected from (Tjalsma et al., 2000). Eight signal peptide
sequences of each of three types of signal peptide are shown. Names of the protein that signal
peptides belong to are on far left. Yellow highlighted regions are H-regions. A. Sec-SRP-
dependent signal peptides. The C-region cleaved by signal peptidase | is underlined in red. B.
Tat-dependent signal peptides. Tat-motifs are highlighted in blue. C. Lipoprotein signal peptides.
Lipoboxes are between the red letter L and C.



The third type of signal peptide is the lipoprotein signal peptide which has a
recognition site called a lipobox in the C-region (Figure 1.2 & Figure 1.3). The lipobox
has a consensus sequence L(A/S)-(A/G)-C, where C is located at the +1, P1’ position
(first residue of the mature lipoprotein) (Braun, 1975; Sankaran and Wu, 1994). The
cysteine residue is important for lipid modification before and after SPase Il cleavage.
The lipoprotein signal peptide is shorter than the SPase | cleavable signal peptide, with
an average of four residues in the N-region and 12 in the H-region (Tjalsma et al., 2000).

The examples of each type of signal peptide sequence are shown in Figure 1.3.

A previous study has shown that synthetic signal peptide is able to inhibit the
translocation of precursor protein in membrane vesicles in vitro (Chen et al., 1987). In
addition, another group has reported that the over-expression of signal peptide in E. coli
cells result in cell ‘lysis’ (van der Wal et al., 1992). These findings suggest that it is
beneficial for the cell to remove the remnant signal peptides from the membrane.

1.2.2.  Protein secretion pathway

The pre-protein and pre-lipoprotein secretion pathway is very well conserved in
both Gram-positive and Gram-negative bacteria. In B. subtilis, as well as in E. coli, the
major protein secretion pathway is the Sec-SRP-dependent pathway (Driessen and
Nouwen, 2008; Tjalsma et al., 2000; Yuan et al., 2010). The cytoplasmic chaperone
known as signal recognition particle (SRP) is responsible for transferring the pre-proteins
and pre-lipoproteins to the Sec-translocase, located in the cytoplasmic membrane.
Shortly after the signal peptide exits from the ribosome, SRP binds to the nascent chains
and transports the entire complex to the cytoplasmic membrane in a co-translational
manner. The SRP-pre-protein complex is then recognized and the pre-protein
translocated by Sec-translocase. Sec-translocase is composed of SecA (motor), a
heterotrimer SecYEG (channel) and a heterodimer SecDF. SecA facilitates the
translocation of the pre-protein through the channel. While SRP delivers the pre-protein
during translation, there is another cytosolic chaperone, CsaA, which may be involved in
targeting the posttranslated pre-protein to SecA in B. subtilis (Driessen and Nouwen,
2008; Muller et al., 1992). An equivalent chaperone of CsaA in E. coli is SecB (Bechtluft
et al., 2010; Kumamoto, 1989).



Whereas the Sec-SRP-pathway exports unfolded or partially folded pre-protein,
fully folded pre-proteins are transported and translocated to the cytoplasmic membrane
via the Tat pathway. Only a few substrates are known to use the Tat pathway in B.
subtilis and E. coli. Like the Sec-pathway, most studies on the Tat pathway have been
done on E. coli proteins. In E. coli, there are three major proteins that form the Tat
complex; TatA, TatB and TatC. TatA is the membrane spanning protein that forms the
channel through which the folded pre-protein is translocated (Gohlke et al., 2005; Yuan
et al., 2010). In B. subtilis, only TatA and TatC are found (Monteferrante et al., 2012).
There is speculation that B. subtilis TatA has a dual function, playing the roles of both
TatA and TatB in E. coli (Barnett et al., 2008). The exact function and mechanism of B.

subtilis’ Tat pathway is still under investigation.

1.2.3. Signal peptide released by Type | and Il signal peptidase

Once pre-protein or pre-lipoprotein is translocated across the cytoplasmic
membrane, the N-terminus of the precursor is exposed to the cytoplasmic space while
the mature protein faces the exterior of the cytoplasmic membrane. This follows the
“positive inside rule” where the N-region of the signal peptide is positively charged,
therefore remaining in the cytosolic space (von Heijne, 1992). The signal peptide is then
removed by a signal peptidases and this releases the secreted protein into the periplasm

(in Gram-negative bacteria) or the extracellular space (in Gram-positive bacteria).

The signal peptide of the secreted pre-protein is cleaved at the C-region of the
signal peptide by SPase | (Figure 1.2.A). E. coli SPase | is a membrane-integral
protease with two N-terminal transmembrane segments spanning the cytoplasmic
membrane and a soluble domain exposed to the periplasmic space (Paetzel et al.,
2002a; Paetzel et al., 2002b). The soluble domain of SPase | has been solved using X-
ray crystallography revealing that SPase | has a serine as the nucleophile and a lysine
as the general base (Paetzel et al., 2002a). Unlike E. coli where only one gene encoding
SPase | is found, B. subtilis has five SPase | — encoding genes in the chromosome; SipS,
SipT, SipU, SipV and SipW. All five SPase Is appear to have overlapping activity,
however, their preference for type of substrate and their efficiencies are different (van

Roosmalen et al., 2004). A number of substrates used in each of Sip proteins have been



identified but structural information and the reason for multiple SPase Is in B. subtilis

remains unknown.

For the pre-lipoprotein, lipid modification at the cysteine residue in position P1’ is
necessary for SPase Il to release the signal peptide (Figure 1.2.B) (Sankaran and Wu,
1994). A diacylglyceryl is added to the cysteine residue of the pre-lipoprotein at the +1
position by prolipoprotein diacylglyceryl transferase (Lgt). This step is required before
SPase Il can cleave off the signal peptide. The mature lipoprotein is then further
modified by lipoprotein aminoacyl transferase (Lnt), which adds an amide-linked fatty
acid onto the same cysteine residue that was previously maodified by Lgt (Vidal-Ingigliardi
et al., 2007).

SPase Il is a membrane-bound protease with four transmembrane segments. It
has been proposed to have an Asp/Asp catalytic dyad with the two catalytic aspartic
acids, located in the transmembrane segments, sitting on the exterior of the cytoplasmic
membrane (Hussain et al., 1982a; Tjalsma et al., 1999). The exact mechanism and
structure of SPase Il still needs to be elucidated.

The residual signal peptides that are cleaved off from pre-protein or pre-
lipoprotein by SPase | or SPase Il and still present in the lipid bilayer are further
degraded by Signal peptide peptidase A in bacteria (Figure 1.4.C) (Hussain et al.,
1982b).
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Figure 1.4. Schematic diagram of pre-protein and pre-lipoprotein translocation and
signal peptide hydrolysis.

Schematic diagram of pre-protein and pre-lipoprotein translocation in the cytoplasmic membrane
by Sec machinery (blue tunnel). Signal peptide (in yellow) targets pre-protein and pre-lipoprotein
to the Sec machinery for translocation. Signal peptide has positive charge at N-terminus. Mature
protein is in grey curved line. A. Pre-protein signal peptide is cleaved by SPase | (Purple). AXAin
yellow box is SPase | recognition site. B. Pre-lipoprotein is lipid modified at the cysteine residue
(Represented as “C” in part of the mature lipoprotein (grey)) by Lgt (red) and then the signal
peptide is cleaved by SPase Il (pink). C. The embedded signal peptide, which now has positive
charge at N-terminus and negative charge at C-terminus, is cleaved by SppA (orange).
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1.2.4. Signal peptide hydrolysis

1.2.4.1. Escherichia coli sighal peptide peptidase A

In 1981, Protease 1V, a protease from the outer membrane of E. coli reported to
be 23,500 Da in size, was discovered to cleave aS1 Casein using endoproteolytic
activity (Régnier, 1981). The following year, another group claimed that Protease IV was
located in the cytosolic membrane of E. coli and that it was 34,000 Da in size (Pacaud,
1982). However, both studies agreed that Protease IV digests casein, albeit at a slow
rate. Protease IV was also observed to cleave small synthetic substrates such as Boc-
Ala-ONp and Cbz-Leu-ONp (Pacaud, 1982; Régnier, 1981).

Also in 1982, an unexpected discovery was made during the study of signal
peptide cleavage from pre-lipoprotein by SPase Il (Hussain et al., 1982a; Hussain et al.,
1982b). A membrane extract, treated with globomycin (an SPase Il inhibitor) prior to
isolation, was washed with buffer to remove the globomycin. This resulted in the release
of the signal peptide from the pre-lipoprotein by SPase II; however, when run on a gel,
only the mature lipoprotein was seen, not the signal peptide, suggesting that another
protease digests the signal peptide. This new protease was tentatively named signal
peptide peptidase (SppA) (Hussain et al., 1982b).

A similar study demonstrated that the released signal peptide from pre-
lipoprotein is digested by the new protease SppA, and that this reaction is inhibited by
antipain, leupeptin, chymostatin, and elastinal in concentration ranges of 2-5 mM
(Ichihara et al., 1984). Soon after, an SppA gene was cloned, sequenced, and the
protein purified as a 67,241 Da protease (Ichihara et al., 1986). A cross linking
experiment was carried out to confirm that SppA forms a tetramer. Ichihara et al.
speculated that Protease |V is SppA because they share the same properties, and
suggested the discrepancy in molecular mass could be possibly due to insufficient
amounts of Protease IV purified along with larger amounts of a small molecular mass

protein contaminant (Ichihara et al., 1986).

Despite its important role in digesting remnant signal peptides in the membrane,
SppA is not essential for E. coli cell viability (Suzuki et al., 1987). Further studies on

SppA determined that it digests signal peptides into fragments as small as three
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peptides long and prefers to cleave substrates that have hydrophobic amino acids at the

primary position with adjacent hydrophobic amino acids (Novak and Dev, 1988).

Twenty years after the discovery of SppA, solution of its structure using X-ray
crystallography and mutagenesis studies of E. coli SppA confirmed that SppA is a
Ser/Lys catalytic dyad protease, which forms a dome-shaped structure by assembling
into a tetramer (Kim et al., 2008; Wang et al., 2008). Mutagenesis experiments are
consistent with E. coli SppA utilizing Ser409 as the nucleophile and Lys209 as the
general base (Wang et al., 2008). E. coli SppA contains two domains which are
structurally a tandem repeat, although the sequence identity between the N-terminal and
C-terminal domains is only 18 %. There are four separate active sites, each located at
the interface between the N- and C- terminal domains. The catalytic serine arrives from
the C-terminal domain and the catalytic lysine arrives from the N-terminal domain of the
same molecule (Kim et al., 2008). The soluble domain of SppA exists in the periplasmic
space of E. coli’s cell envelope, with the wide opening of the dome facing towards the
inner membrane. Wang et al. reported that SppA has activity towards the synthetic
peptide, Cbz-Val-ONp, which agrees with previous studies that SppA cleaves
hydrophobic residue containing substrate. However, to date, in vivo studies have not
been performed to support the function of SppA as a signal peptide peptidase (Wang et
al., 2008).

1.2.4.2. Bacillus subtilis signal peptide peptidase A

Two proteins from B. subtilis, SppA and TepA (translocation-enhancing protein
A), have been found to have similar functions to the E. coli SppA, and have sequence
identities of 25% and 16% to E. coli SppA, respectively. They are not an essential genes
since SppA or TepA knockout strains of B. subtilis are viable and grow normally.
Transcription studies indicate that SppA is growth phase-dependent, meaning that the
SppA transcription level increases after exponential growth phase is reached, and
continues to increase once the post-exponential growth phase is attained. However, the
TepA gene is continuously transcribed throughout the different growth phases (Bolhuis
et al., 1999).

B. subtilis strains which lack either SppA or TepA genes showed an increased

accumulation of pre-protein compared to the control strain which had both genes present.
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This experiment shows that SppA and TepA are required for the processing of signal

peptides from pre-proteins. B. subtilis SppA is a membrane bound protein like E. coli

SppA and has the same Ser/Lys catalytic dyad, with serine acting as the nucleophile and

lysine as the general base (Bolhuis et al., 1999). Based on topology predictions and

analogy with E. coli SppA, the catalytic domain of B. subtilis SppA is expected to be

located on the extracellular-side of the cytoplasmic membrane with a single N-terminal

transmembrane segment anchoring it to the cytoplasmic membrane (Wang et al., 2008).

B. subtilis SppA is approximately one half the size of E. coli SppA and alignes to the C-

terminal domain than to the N-terminal domain of E. coli SppA (Figure 1.5). Being half

the size of the E. coli SppA, it was speculated that B. subtilis SppA may form a similar

dome-shaped structure with eight molecules instead of the four in E. coli SppA (Kim et

al., 2008).

E. coli Sppa
B. subtilis SppA

E. coli Sppa
B. subtilis SppA

E. coli_SppA
B. subtilis Sppi

E. coli_SppA
B. subtilis SppA

. coli SppA
. subtilis SppA

o

E. coli Sppa
B. subtilis SppA

. coli SppA
. subtilis SppA

LN

E. coli_SppA
B. subtilis SppA

. coli_SppA
. subtilis SppA

=

1 19 20 39 40 s9 59 70
MRTLWRFIAGFFEKWTWRLLNFVREMVLNLFFIFLVLVGVGIWMQVSGGDSKETASRGALLLDISGVIVDK

80 s0 100 110 120 i30 140
PDSSQRFSKLSRQLLGASSDRLQENSLFDIVNTIRQAKDDRNITGIVMDLENFAGGDQPSMQYIGKALKE

15? 169 1'?0. 189 19(.) 20? 210.
FRDSGKPVYAVGENYSQGQYYLASFANKIWLSPQGVVDLHGFATNGLYYKSLLDKLKVSTHVFRVGTYKS

220 230 240 250 260 270 280
AVEPFIRDDMSPAAREADSGE NYNTNRPAQV PGLL GKTGGDKYK
............... MNAKELPMA LVIIAL GIFGYYsS I 1 visiisMis|. FIYE svK[ega o/TDIBNS L TDE[S QE R[TIRRYG

299 309 310_ 32{? 339 34? 350_
LVD@LA IEKKEFGWSKTDKNYRAISYYDYALKTPA TGFNAIMDGEETQGHVGGD
SPESKIAVILIVEGTIQ. « o v v v vt ve v asaena e s Nfeheke| ss|n LGEYDElYNHR . . oL oL

36? 37? 38? 39(} 400. 410
TAAQIRDL VKIVLVNSPGGV-SILKPWVSMG AskcY| PRI
WF L RN L ERE\KDpIR TR RN EDTelel o)y v Efd A EbH K KME E T KK[EIT KESL 1| YR sEEY: & Tebiv| AED

429 43{_) 449 45? 469 4'?9 489
YREVENGE IIFGTVENSL SIHTDGSTSPLAS.I PPL LSE lel v}
KMPINTIIERSRLE]L[dviT ME s viNY|s K L AE[L[T|s FE T|I/R|s|c AR K| 1M S P|SIdEMT RIE KN T{i{ss MVIDLYS}E G
49(_1 50? 51l_) 529 53(_) 54[_! 55&_)
ITDA HSTPDQHWTD ANGDKAAELA VKWHLEYYVD PTFFD
vp I sk GldeMP K E VRESEAD[el Ry v Dlel R oENdK L MR e HelF[v[s}s]T T TAMRKDHJ4DLENASVISYE[SFGLG
56? 5‘79 599 599 50{? 619

KVMDNMSGSVRAMLPDAFQALILPAPLASVASTVKSESDEKAAAFND|JONRMAFCLTCANMR
BLFS.....0teceeuana. GANEKEMFE|[SEIDFLNMREIMMSQSGS|YRMMPYLYAK. ... ..

Figure 1.5. B. subtilis SppA and E. coli SppA sequence alignment.

B. subtilis SppA (Accession number: 034525) and E. coli (Accession number: P08395) SppA
sequence alignment is shown. Red highlights indicate identical residues. Nucleophile serine is
indicated in yellow box.
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Unlike SppA, TepA is a cytosolic protease that is only found in Gram-positive
bacteria. Based on the protein sequence alignment, Bolhuis et al. (1999) claimed that
TepA is likely to utilize the Ser/His/Asp catalytic triad like ClpP, because despite the fact
that the sequence identity is only 17%, the Ser/His/Asp triad is conserved (Figure 1.6).
ClpP is a self-compartmentalized protease (two-homo-heptamer) found in both B.
subtilis and E. coli which functions to degrade misfolded proteins in the cytoplasmic
space (Sauer and Baker, 2011). If TepA is like ClpP, it could also assemble into a homo-

multi subunit complex and may have functions other than processing signal peptides.
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Figure 1.6. B. subtilis TepA and ClpP protein sequence alighment.

Red highlights indicate identical residues. The catalytic residues are boxed in green. The
sequence alignment of TepA (UniProt accession number: Q99171) and ClpP (UniProt accession

number: P80244) shows conserved Ser/His/Asp. Sequence identity is shown at the end of the
alignment.
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1.3. Other self-compartmentalized proteases in bacteria

As mentioned previously, E. coli SppA assembles into a self-compartmentalized
tetramer with active sites buried inside the dome. SppA’s only known function is to
cleave signal peptides; however, other self-compartmentalized proteases found in
bacteria are primarily involved in the degradation of abnormal proteins. These proteases
include Lon proteases, ClpP, HslVU, DegP, FtsH and DppA (Table 1.1). These proteins
are found in both Gram-negative and Gram-positive bacteria, playing important quality
control roles in the cytoplasm, periplasm and cytoplasmic membrane (Gur et al., 2012;
Sauer and Baker, 2011). Lon proteases, ClpP, FtsH and HsIVU are ATP-dependent
proteases that either form a complex with a subunit of ATP-chaperone or have an
ATPase domain built within the protease domain. The ATP subunit and domain work as
substrate recognition and unfolding units prior to digestion by the protease components
of the complexes. Lon proteases, ClpP and HslVU degrade misfolded and unfolded
proteins in the cytoplasm whereas FtsH is responsible for digesting misfolded and

damaged membrane proteins on the cytoplasmic membrane (Langklotz et al., 2012).
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Table 1.1. List of compartmentalized proteases in bacteria.

Protease Gr?m Gr:m AAA 0I|gzir:|:nc substrate Localization mechanism
Domain Misfolded,
Lon linked to pliioloed
Yes Yes Hexamer mislocalized, cytoplasm SerlLys
(La) protease q q
domain amage
proteins
Misfolded,
unfolded,
. . damaged .
(caseinolytic Yes Yes  CIpA/X(-)  2Xheptamer protein with Cytoplasm Ser/His/Asp
protease)® ClpC/X (+) SsrA (11
amino acid
tag)
Misfolded,
HsIVU(CIpQY) Hexamers unfolded,
Heat shock Yes Yes 2Xhexamer ~ Mislocalized,  Cytoplasm Threonine
locus¢ (HslU) damaged
proteins
Hexamer as Misfolded,
HtrA (.DegP) No AAA chaperon unfolded,
(High Yes No but PDZ 12 10 24 mislocalized, Periplasm Ser/His/Asp
ten_lperature domain when damaged
requirement A)d )
protease proteins
Intergral
FtsH Domain membrane LA:UT]?:ES
. . i teins,
(filamentation Yes  Yes nkedto Hexamer . large Zn2+
temperature protease cytoplasm :
o ; | . cytoplasmic
sensitive H)e domain proteins with domain
SsrA
DppA D-Ala-Ala
Homo 94
(D- No Yes No decamer D-Ala-Gly- cytoplasm Zn
aminopeptidase)f Gly

a Gur et al. Protein science. (Gur et al., 2012)

b Butler et al. Molecular microbiology. (Butler et al., 2006)

¢, Butler et al. Molecular microbiology. (Butler et al., 2006)

d Krojer et al. Nature. (Krojer et al., 2002)

e, Langklotz et al. Biochimica et Biophysica Acta. (Langklotz et al., 2012)
f Remaut et al. Nature structural biology. (Remaut et al., 2001)
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FtsH is an essential gene for viability in E. coli and is similar to SppA in that it is a
membrane integral protease with a large catalytic soluble domain that self-
compartmentalizes (Langklotz et al., 2012; Tomoyasu et al., 1993). It has two
transmembrane segments at the N-terminus and soluble domain is located on the
cytosolic side of the cytoplasmic membrane. FtsH is a single polypeptide protein with an
ATPase domain linked to the protease (catalytic) domain. FtsH forms homo-hexameric
structure where the catalytic domain is stacked underneath the ATPase domain, creating
a chamber between the ATPase disc and compartmentalized catalytic domain (Dalbey
et al., 2012; Suno et al., 2006). The ATPase domain is further divided into two domains:
a smaller and larger domain with the ATP binding site located on the interface between
the two. (Suno et al., 2006). ATPase activity allows the substrate to be unfolded and
translocated, through the small axial pore created by the hexamer, into the protease
chamber. Subsequently, the substrate is digested into smaller peptides, 6-25 amino
acids in length, by the protease domain where catalysis depends on Zn?** ions (Langklotz
et al., 2012).

Another quality control, compartmentalized protease that does not depend on the
ATP-adapter for recognition is the periplasm DegP (HtrA, High temperature requirement
A) protease which has a PDZ domain instead of an ATPase domain (lwanczyk et al.,
2007; Krojer et al., 2002). DegP has a dual function; chaperone and protease. As a
chaperone, it binds outer membrane proteins in the periplasm to prevent aggregation,
and as a protease it degrades abnormal proteins. DppA’s (D-aminopeptidase’s) function
is to hydrolyze the N-terminal end of D-amino acid-containing peptides (Remaut et al.,
2001). Interestingly, SppA has neither an ATP-adapter nor a PDZ domain. The active
sites of all compartmentalized proteases are located in the interiors of the oligomers, but
the catalytic mechanism varies from the Ser/His/Asp catalytic triad, to the Ser/Lys

catalytic dyad, to metal-based catalysis (Raju et al., 2012).
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1.4. SppA utilizes a Ser/Lys catalytic dyad mechanism

1.4.1. Ser/Lys dyad protease

Protease functions include degrading misfolded proteins, cleaving precursors to
produce signaling molecules, digesting extracellular toxins and more. Proteases can be
classified into four different protease groups depending on what is used for the
nucleophile in the catalytic mechanism; metallo-proteases, serine proteases, aspartic
acid proteases and cysteine proteases (Rawlings and Barrett, 2000). Some serine
proteases use Ser/His/Asp as their catalytic triad (EKkici et al., 2008). Trypsin, subtilisin,
chymotrypsin, ClpP and DegP are examples of Ser/His/Asp utilizing proteases. Serine
acts as the nucleophile to attach the carbonyl of the scissile bond, histidine is the
general base that removes a proton from the hydroxyl group of the serine, therefore
activating the serine. Aspartic acid orients the histidine and neutralizes the general base
throughout the transition state. Serine proteases that utilize Ser/Lys as their catalytic
dyad are different from Ser/His/Asp protease that Ser/Lys proteases are not inhibited by
the well-known serine protease inhibitors PMSF or DFP (Paetzel and Strynadka, 1999;
Tschantz and Dalbey, 1994). PMSF and DFP irreversibly inhibit proteases that utilize
serine as nucleophile (James, 1978; Jansen and Balls, 1952).
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Figure 1.7. Proposed Ser/Lys catalytic dyad mechanism.

Serine (red) is the nucleophile, lysine (blue) is the general base and serine (purple) is general
base orienting residue. The green arrow represents electron movement and dashed lines
represent hydrogen bonds. Substrate specificity pocket is represented in arch around P1, P2 and
P3 position of the substrate. N of lysine takes a proton from Oy of serine which then attacks the
carbonyl carbon. Tetrahedral intermediate | is formed and negatively charged oxygen is stabilized
by hydrogen bonds formed from main chain NH group of two glycine (oxyanion hole). After the C-
terminal group of substrate leaves and acyl-enzyme intermediate forms. The deacylating water
comes in and gets deprotonated by N of lysine and becomes hydroxide (now nucleophile). With
hydroxide, tetrahedral intermediate Il is formed. The proton from N is then donated to Oy of
serine to return the proton to its native form.

Proteases that have a Ser/Lys catalytic dyad are SPase |, UmuD, Lon, LexA, clA,
VP4 and SppA (Botos et al., 2004; Feldman et al., 2006; Kim et al., 2008; Luo et al.,
2001; Paetzel and Dalbey, 1997; Paetzel and Strynadka, 1999). Studying solved
structures has revealed that the substrate of Ser/Lys dyad proteases, SPase | and
UmuD, interacts with the protease binding site in the anti-parallel p-sheet and the active
serine attacks a carbonyl carbon to the si-face of the scissile amide bond (Paetzel and
Strynadka, 1999). P1 and P3 residues are accommodated via S1 and S3 of the
substrate specificity pocket, respectively, and P2 and P4 of the substrate face the
solvent (Schechter & Berger nomenclature (Schechter and Berger, 1967)). The Ser
(nucleophile) Oy is within hydrogen bonding distance of the Lys (general base)
NC (Figure 1.7) Lysine normally has a pK, value of 10.5 in the polypeptide but in Ser/Lys
dyad proteases, it is buried in the hydrophobic environment of the active site which
lowers the pK, value (Paetzel et al., 1997). As a result, it is able to activate the serine
residue under physiological conditions. In addition to the catalytic residues serine and
lysine, a hydroxyl group — containing residue (either threonine or serine) is found also
coordinating the general base lysine (Ekici et al., 2008). During the hydrolysis of the
substrate, at transition state, negatively charged oxygen of tetrahedral intermediate | & II,
is thought to be stabilized by the oxyanion hole created by NH group of the main chain
(Figure 1.7) (Paetzel et al., 2002b).
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1.4.2. S49 family of proteases

MEROPS is the peptidase database where proteases are classified according to
their amino acid sequence and structure similarities (Rawlings and Barrett, 1999;
Rawlings and Barrett, 2000). Proteases’ amino acid sequence similarities and type of
catalytic residues divide them into different families. For example, bacterial SppA utilizes
Ser/Lys as its catalytic dyad, so it belongs to the S49 family while human Spp, which has
an Asp/Asp catalytic dyad belongs to the A22 family. Each family has subfamilies that
share an ancient divergence. For the S49 family, there are three subfamilies; S49A,
S49B and S49C. Gram-negative SppA, Gram-positive SppA, Chloroplast SppA
(Arabidopsis-type), and Archaeal SppA2 and E. coli SohB are members of the S49A
subfamily. Gram-negative SppA and Chloroplast SppA are both approximately 60-70
KDa (~610 amino acids) (Figure 1.8). In contrast, Gram-positive SppA, Gram-negative
SohB and Thermococcus kodakaraensis (Archaea) SppA2 are half the size, ~33 kDa
(~330 amino acids) (Figure 1.9) (Bolhuis et al., 1999; Matsumi et al., 2005; Wetzel et al.,
2009). Some Gram-negative bacterial SppAs are also half the size of Gram-negative
SppA. SohB is the suppressor of HtrA (DegP), meaning that bacteria which are heat
sensitive due to the mutation in DegP are able to survive when a plasmid containing
SohB is present in the cell (Baird et al., 1991). As mentioned previously, E. coli SppA
and B. subtilis SppA show processing of signal peptides, however the functions of
Chloroplast SppA, SohB, and Archaeal SppA2 remain unknown. The S49B subfamily
includes bacteriophage lambda protein C (UniProt accession number: P03711), a
prohead protease involved in the cleavage of structural proteins during phage capsid
assembly (Liu and Mushegian, 2004). S49C subfamily consists of another archaea SppA
(Pyrococcus horikoshii), SppAl (UniProt accession number: 059279), a stomatin-like
protein which in humans, appears to function as a negative regulator of univalent cation
channels (Yokoyama et al., 2006). However, its function in archaea is undetermined.
The function, structure, oligomeric states and localization of these proteases are still a
mystery but it is thought that they all have the same catalytic mechanism, with serine

acting as the nucleophile and lysine acting as the general base.
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Figure 1.8. Sequence alignment of S49A subfamily that have longer sequence.

Red highlights indicate identical residues. The catalytic residues are boxed in green. The
sequence alignment of chloroplast of Arabidopsis SppA (UniProt accession number: Q9SELS)
and E. coli SppA (UniProt accession number: P08395). Sequence identity is shown at the end of

alignment.
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Figure 1.9. Sequence alignment of S49A subfamily that have shorter sequence.

Red highlights indicate identical residues. The catalytic residues are boxed in green. The
sequence alignment of B. subtilis SppA (UniProt accession number: 034525), Thermococcus
kodakaraensis SppA (UniProt accession number: Q5JE91) and E. coli SohB (UniProt accession
number: POAG14). Sequence identity to B. subtilis SppA is shown at the end of alignment.

1.5. Research objectives

The molecular structure and biochemical properties of B. subtilis SppA were

unknown at the beginning of this PhD project. The following research questions were

posed and have been answered:

A. What is the three-dimensional molecular structure of B. subtilis SppA?

1. What is the oligomeric nature of B. subtilis SppA?

2. How is the active site of B. subtilis SppA assembled?

3. How do the active sites and substrate binding pockets of B. subtilis SppA

differ from those seen in E. coli SppA?

B. What are the substrate preferences of B. subtilis SppA?
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2. Crystal Structure of Bacillus subtilis SppA

Note regarding contributions:

Portions of this chapter were published previously in the Journal of Molecular Biology.

Nam, S.E., Kim, A.C. & Paetzel, M. (2012). Crystal structure of Bacillus subtilis signal
peptide peptidase A. J. Mol. Biol. 419, 347-358

Escherichia coli SppA kinetic data in Section 2.3.11 were generated by Apollos Kim.
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2.1. Overview

In order to study the structure and activity of Bacillus subtilis SppA, the SppA
gene was PCR amplified and subcloned into a protein expression vector with an intact
N-terminus six-histidine tag for Ni**-NTA affinity purification. Three different constructs
were created. Full length SppA and the predicted transmembrane segment deleted
(residues 1-25) SppA did not over-express resulting in inadequate amounts of protein to
carry out further experiments such as enzymatic assays or crystallography. However, a
further truncated construct with residues 2-54 deleted, purified enough to test for activity
and set up initial crystallization screens. When the general base Lys199 was mutated to
Ala (K199A) in the above three constructs (full length, A1-25, and A2-54), the expression
levels increased dramatically, resulting in larger amounts of protein compared to the wild
type (A2-54). Initial hits from the crystallization of the K199A constructs were obtained
but they were low resolution diffracting crystals. In order to improve the crystallization so
that the crystal would diffract to higher resolution, SppA proteins were subjected to
limited proteolysis using different proteases. Limited proteolysis removes flexible regions
such as the N- and C-terminus ends or the loop, leaving the protein with only the rigid
domain which is likely to crystallize in a more orderly manner. The SppA proteins were
digested by thermolysin and separated by size-exclusion chromatography, resulting in
protease resistant fragments which produced an initial hit. The initial hit was optimized
yielding a plate shaped crystal which diffracted to 2.4 A resolution. The diffraction data
were collected at the synchrotron (Canadian light source, CLS). The homologous
structure of SppA from Escherichia coli had been solved previously, so the C-terminal
domain of Chain A from E. coli SppA was used as a template to build the homology
model with B. subtilis SppA’s protein sequence. The molecular replacement method was

used to obtain initial phases.

In this chapter, we report the first X-ray crystal structure of a Gram-positive
bacterial SppA. The thorough structural analysis of B. subtilis SppA and the structural

similarities and differences between the B. subtilis and E. coli SppAs are analyzed
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extensively from the overall structure to the active sites and the substrate specificity

pockets.

In addition to the structural analysis, the enzymatic activity of B. subtilis and E.
coli SppAs have been studied. Fluorogenic substrates were utilized to identify the
substrate preferences and the fluorogenic substrate used in these experiment has a
short protein peptide link to the fluorescent moiety, Methyl Cumaryl Amide (MCA).
Increases in the concentration of MCA were measured fluorometically to determine how
much of peptide-MCA is cleaved, by the enzyme, between the peptide and MCA. The
same range of peptide-MCA substrates were screened to determine the substrate
preference for B. subtilis and E. coli SppA, and the results were consistent with the S1
and S3 substrate specificity pockets identified from the structures. Furthermore, the
SppAs’ proteinase activity was tested by incubating SppAs with lipoproteins from E. coli.

2.2. Materials and methods

2.2.1. Cloning and mutagenesis

The B. subtilis sppA gene, lacking the nucleotides that code for residues 1 to 25
(SppAss*t?®), was amplified using PCR. The oligonucleotides used to amplify this
construct were; forward primer 5’-gccatatgagtttctitgaaagcgtcaaaggc-3’ and reverse
primer 5'-ctcgagctacttcgcatagagatacatcattct-3'. The SppAgs*' ™ construct was cloned
into the expression vector pET28b+ (Novagen) using the Ndel and Xhol restriction sites.
Using the above construct as a template, the codon for the general base residue
(Lys199) was mutated to a codon for an alanine residue (underlined) following the
Quick-change site-directed mutagenesis procedure. The oligonucleotides used to
perform the site-directed mutagenesis were; forward primer 5’-
agcggggcccatgcggacattatgtct-3’ and reverse primer 5’-agacataatgtccgcatgggccccgct-3'.
The native and K199A mutant genes were confirmed by DNA sequencing (Macrogen).
The expressed protein has a hexa-histidine affinity tag followed by a thrombin cleavage
site such that the N-terminus of the expressed protein has the following sequence
preceding the 26th residue of the B. subtilis sppA gene
(MGSSHHHHHHSSGLVPRGSH). The expressed protein (including 6xHis tag and
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linker/thrombin site) has a calculated molecular mass of 36,182 Da and a theoretical

isoelectric point (pl) of 6.9.

A2-54

The full length SppAgs and SppAss construct was cloned into the expression
vector pET28a+ (Novagen) using the Ndel and Xhol restriction sites. The
oligonucleotides used to amplify the gene are; forward primer 5’-
catatgaatgcaaaaagatggattgca-3’ for full length SppA and forward primer 5'-
catatgagtccctcaagtaaaattgceg-3’ for SppAss*>>*. The reverse primer was 5'-
ctcgagctacttcgcatagagatacatcattct-3’ for both constructs. The construct sequence was
confirmed by DNA sequencing. The expressed protein has a hexa-histidine affinity tag
followed by a thrombin cleavage site such that the amino-terminus of the expressed
protein has the following sequence preceding the 1% or 55" residue of the Bacillus

subtilis sppA gene (MGSSHHHHHHSSGLVPRGSH).

2.2.2. Expression and purification

E. coli Tuner (DE3) competent cells were transformed with the
PET28b+/SppAgs"*’K199A plasmid described above. The cells were grown in LB media
containing kanamycin (0.05 mg/ml) at 37°C to an OD600 of 0.6 and induced with 0.5 mM
IPTG at 25°C for 1 hour. The cells were harvested by centrifugation (6,000 g for 6
minutes) and then resuspended in buffer A (20 mM Tris-HCI pH 8.0 and 150 mM NacCl).
The cells were lysed by sonication with three 15 second pulses at 30% amplitude with a
30 second rest between each of the pulses (Fisher Scientific Sonic Dismembrator Model
500). Homogenization was then carried out at 20,000-25,000 psi for 3 minutes using an
Avestin Emulsiflex-3C cell homogenizer. The cell lysate was centrifuged at 30,000 g for
35 minutes and the supernatant was applied to a buffer A pre-equilibrated Ni**-NTA
affinity chromatography column. The column was washed with 50 mM and 75 mM
imidazole in buffer A. The SppAss*?’K199A was eluted using a step-wise gradient, 100
mM — 600 mM imidazole in buffer A (Figure 2.1.A). Fractions containing SppAgs*"”
°K199A were pooled and dialyzed against buffer A overnight at 4°C to remove imidazole.
Dialyzed protein was then concentrated to 10 mg/ml using an Amicon ultra-centrifugal
filter device (Millipore) with a 10 kDa cut off. The protein concentration was measured

using a NanoDrop ND-100 spectrophotometer. The extinction coefficient (17880 M™cm™)
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was calculated based on the SppAgs**>K199A amino acid sequence using ProtParam
(Gasteiger et al., 2005).

2.2.3. Limited proteolysis

SppAss*T?K199A (10 mg/ml) was digested with thermolysin (Sigma) (500:1
molar ratio) overnight at room temperature. The sample was then applied to a Superdex
200 size-exclusion chromatography column, equilibrated with buffer A, on an Amersham
AKTA FPLC system running at a flow rate of 0.5 ml/min. The fractions containing the
stable proteolytic fragment of SppAgs™**K199A were pooled and concentrated to ~18

mg/ml.

2.2.4. Amino-terminal sequencing analysis

To determine the N-terminus created by thermolysin digestion, crystals of the
thermolysin digested SppAss**K199A were dissolved in buffer A, run on 13.5% SDS-
PAGE and blotted electrophoretically onto a PDVF membrane (Millipore). The
membrane was stained with Coomassie Brilliant Blue R-250 and sent to the lowa State
University Protein Facility. Automated Edman sequencing with a model 494 Procise
Protein Sequencer/140C Analyzer (Applied Biosystems, Inc.) was used to determine the

sequence for the first six amino acid residues.

2.2.5. Analytical size exclusion chromatography (SEC) and multi-
angle light scattering (MALS) analysis

To determine the oligomeric state of SppAgs in solution, thermolysin treated
SppAss*?°K199A (10 mg/ml) was applied to a Superdex200 (GE Healthcare) size-
exclusion column equilibrated with buffer A and run at a flow rate of 0.4 ml/min. The
column was connected in line to a Dawn 18-angle light-scattering detector coupled to an
Optilab rEX interferometric refractometer and a Quasi-Elastic Light-Scattering (QELS)
instrument (Wyatt Technologies). The molecular mass was calculated with ASTRA v5.1
software (Wyatt Technologies, Inc.) using the Zimm fit method (Zimm, 1948) with a

refractive index increment, dn/dc = 0.185 mL/g.
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2.2.6. Crystallization

The thermolysin digested SppAss*?’K199A crystals were grown using the
sitting-drop vapor diffusion method. The detergent n-dodecyl-f-maltoside (DDM, 0.1%
final concentration) was added to the protein before setting up crystallization drops. The
drop contained 1 pl of protein and 1 pl of reservoir solution. The refined reservoir
condition was: 23 % tert-butanol, 0.1 M Tris-HCI pH 8.5 and 5 % 2-methyl-2,4-
pentanediol (MPD). The drop was equilibrated against 1 ml of reservoir solution at 18°C.
The cryo solution contained 20 % MPD, 23 % tert-butanol and 0.1 M Tris-HCI pH 8.5.
The crystal was transferred to the cryo solution and flash-cooled in liquid nitrogen.

2.2.7. Data collection

Diffraction images were collected on beamline 08B1-1 at the Canadian
Macromolecular Crystallography Facility (CMCF) of the Canadian Light Source (CLS),
using a Rayonix MX300HE x-ray detector. A total of 360 images were collected at
wavelength 0.9795 A with 0.5° oscillations and each image was exposed for 0.5 seconds.
The crystal to detector distance was 250 mm. HKL2000 was used to process the
diffraction images (Otwinowski et al., 1993). The crystal belongs to space group P2,2,2;
with unit cell dimensions of 87.8 x 131.1 x 207.3 A. There are 8 molecules in the
asymmetric unit with a Matthews coefficient of 2.67 A® Da™* (54.0% solvent) which was
calculated with the Matthews Probabilities calculator (Kantardjieff and Rupp, 2003) using
the SppAgs molecular mass after limited proteolysis (28,000 Da). See Table 2.1 for

crystal parameters and data collection statistics.

2.2.8. Structure determination and refinement

Phase estimates were obtained by molecular replacement using the program
Phaser (McCoy et al., 2005). A search model was built using the C-terminal domain of
SppAec (pdb: 3BFO, chain A) as a template. The homology model was built using the
program Chainsaw (Stein, 2008). The side chains of conserved residues were included
and non-conserved side chains were truncated to the -carbon atom. The program
Autobuild within PHENIX version 1.6.4 (Adams et al., 2010) was used to build the side
chains and refine the initial structure. Restrained refinement was performed using the
program REFMACS5 (Murshudov et al., 2011; Winn et al., 2003) and manual adjustments
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and manipulations were executed with the program Coot (Emsley and Cowtan, 2004).
The final round of refinement included TLS and restrained refinement with 6 TLS groups
for each chain. Input files were obtained by the TLS motion determination server (Painter
and Merritt, 2006; Winn et al., 2003). See Table 2.1 for refinement statistics.

2.2.9.  Structure analysis

The figures were created using PyMOL (DelLano, 2002). ClustalW (Thompson et
al., 1994) and ESPript v.2.2 (Gouet et al., 1999) were utilized for the sequence
alignment. Signal peptide sequences of B. subtilis and E. coli were obtained from Signal
Peptide Resource (Choo et al., 2005). The protein-protein interface between protomers
was analyzed using PISA (Krissinel and Henrick, 2007) and PROTORP (Reynolds et al.,
2009). The conserved residues among Gram-negative and Gram-positive SppA were
mapped onto the structure using ConSurf (Ashkenazy et al., 2010; Glaser et al., 2003;
Landau et al., 2005). The substrate specificity pockets were analyzed using CASTp
(Liang et al., 1998) while the stereochemistry of the structure was analyzed with the
program PROCHECK (Laskowski, 2001). PROMOTIF (Hutchinson and Thornton, 1996)

was used to identify and analyze the secondary structure and motifs within in the protein.
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Table 2.1. Data collection and refinement statistics

Crystal Parameters

Space group P21 242
abc (A) 87.8,131.1, 207.3
Data Collection Statistics
Wavelength (A) 0.9795
Resolution (A) 50.0 - 2.4 (2.5 - 2.4)?
Total Reflections 709425
Unique reflections 96535 (9520)
Rrmerge 0.085 (0.294)
Mean (l)/o (1) 52.7 (7.8)
Completeness (%) 99.8 (99.8)
Redundancy 7.4(6.9)
Refinement Statistics
Protein molecules (chains) in A.U. 8
Residues 1803
Water molecules 257
Total number of atoms 13957
Rcryst ¢ / Rfree d (%) 206/ 241
Average B-factor (A?) (all atoms) 49.0
r.m.s.d. on angles (°) 1.135
r.m.s.d. on bonds (A) 0.010

® The data collection statistics in brackets are the values for the highest resolution shell.

® Ronergs = D nilli (hic) — (I(RED)] / Bpser s 1; (kD) | where I; (kD) is the intensity of

an individual reflection and {I(hkl)} is the mean intensity of that reflection.

Ryt = BnaallFovsl — 1Feaicl| /Znial Fonsl , Where Fops and Feq are the observed and

calculated structure-factor amplitudes, respectively.

4 Ry is calculated using 5% of the reflections randomly excluded from refinement.



2.2.10. SppA activity assay via fluorogenic peptide substrates

The reactions were carried out in buffer A at 37°C using a Cary Eclipse
fluorescence spectrophotometer (Varian). A series of peptide-MCA (4-Methyl 7-Cumaryl
Amide) fluorogenic substrates were prepared at 10 mM stock solution by dissolving them
in 100% dimethyl sulfoxide (DMSO). The substrates: Z-AAF-MCA, Suc-AAA-MCA and
Z-LLL-MCA were purchased from The Peptide Institute. The substrates: Suc-LLVY-MCA
and Z-LLE-MCA were purchased from Calbiochem. The substrate Z-GGL-MCA was
purchased from Bachem. The substrate Boc-LRR-MCA was purchased from Peptides
International. The abbreviations for the N-terminal modifications are: Z- is

Benzyloxycarbonyl; Suc- is Succinyl; Boc- is tert-Butyloxycarbonyl. For comparison of

A2-54 N2-46

the relative activity between SppAgs and SppAec a single substrate concentration
was utilized (10 uM for SppAgs™>>*, 2 uM for SppAec*4*°) in each 500 pl reaction
containing 40 nM of enzyme in a 1 cm x 1 cm cuvette. The final DMSO concentration
was 2%. The excitation and emission wavelengths used were 380 nm and 460 nm,

respectively.

2.2.11. SppA activity assay via protein digestion

SppAec*?*® (3 ng) or SppAss**™* (4 ug) was added to 100 ug of substrate either
E. coli BamB or E. coli BamD and then incubated for O, 1, 2, 3 and 17 hours at 37 °C, in
buffer A (20 mM TrisHCI pH8 and 150 mM NaCl). The E. coli periplamic lipoprotein
BamB (UniProt accession number: P77774) was over-expressed and purified as
previously described (Kim and Paetzel, 2011). The E. coli periplamic lipoprotein BamD
(UniProt accession number: POACO02) was over-expressed and purified as previously
described (Kim et al., 2011). The total reaction volume was 60 ul and at the end of each
incubation period 10 pl of the reaction solution was stopped by addition of an equal
volume of 2X SDS-PAGE sample buffer and then heated for 8 min at 100°C. In the case
of the reaction with SppAec*?*°K209A, or SppAss?>*K199A, 4 ug of these mutant
enzymes were used. The quenched reactions were run on a 13.5 % SDS-PAGE gel and
stained with PageBlue stain. A negative control was run for each gel were the substrate
was incubated for 17 hours at 37°C, in buffer A without SppA. SppAec was prepared as
previously described (Kim et al., 2008).
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2.3. Results

2.3.1. SppAgs purification, crystallization and structure solution

We have observed that expressing the soluble domain of SppAss (SppAssA™™?®) in
the cytoplasm of E. coli results in slow cell growth and a limited protein expression level.
Sequence alignments to SppAgc suggest that Serl47 serves as the nucleophile and
Lys199 served as the general base in the SppAgs catalytic mechanism, therefore we
designed the mutants K199A and S147A to test this hypothesis and to observe their
effect on B. subtilis SppA expression level. Consistent with their proposed role as active
site residues, our activity assays revealed that these mutant enzymes are inactive. In
addition, the K199A mutant was highly over-expressed in the cytoplasm of E. coli and
was easily purified in milligram quantities (Figure 2.1). This protein was subjected to
limited proteolysis using thermolysin in order to improve crystallization. The resulting
proteolytically resistant fragment has a molecular mass of approximately 28 kDa,
approximately 8 kDa smaller than the originally purified protein. N-terminal sequencing
analysis has revealed that the proteolytically resistant fragment starts at Leu51 (Figure
2.2.A). The alcohols tert-butanol and 2-methyl-2,4-pentanediol and the detergent n-
dodecyl-B-maltoside were used to produce conditions that led to highly ordered plate
shaped crystals (Figure 2.1.B). The stable proteolytic fragment of SppAgs ' *’K199A,
which resulted in diffraction quality crystal followed by data collection and structure
solution, will be called SppAgs from now on. The 2.4 A resolution structure reveals clear
electron density for residues 57 to 295, with the exception of a loop region between
residues 72 to 82.
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Figure 2.1. Ni**-NTA affinity chromatography of SppAgs"*°)K199A and picture of

SppAss crystal.

A. Elution fractions of SppAss”'2>’K199A from Ni**-NTA affinity chromatography are ran on

13.5 % SDS-PAGE gel. The imidazole concentrations used to elute the sample are shown on top
of each lane. Molecular marker is shown on far right. B. Picture of SppAgs crystal. Themolysin
resistance fragment of SppABSM'ZSKlQQA which resulted X-ray diffraction data at 2.4 A resolution
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2.3.2. The SppAgs protein fold

The protomeric unit of the SppAgs catalytic domain (residues: 57 to 295) has an
o/P protein fold consisting of seven B-strands, eight a-helices and one 34, helix (Figure
2.2). The SppAgs protomer has two regions; a globular region and an extension region.
The globular region includes B-strands 1-4 and 7 which are arranged in a parallel B-
sheet, surrounded by a-helices 1-3 and 6-8. The extension region consists of a-helices 4
and 5 and B-strands 5 and 6. Each protomer contains a nucleophilic residue: Ser147,
and a general base residue: Lys199 (Figure 2.2). Serl47 is located at the turn before o-
helix 3 of the globular region while Lys199 is located on the loop between B-strand 6 and
a-helix 5 of the extension region. The distance from the Ser147 Oy to the Lys199 Cj is
approximately 29 A, suggesting that a monomeric SppAgs would not be capable of
catalysis. Eight molecules are in the asymmetric unit of this crystal. Analysis of the
asymmetric unit reveals that the active site catalytic dyad is created by Ser147 from one
protomer and Lys199 from the neighboring protomer (Figure 2.3.B). Eight SppAgs
protomers come together to form a dome shaped structure with eight separate active
sites (Figure 2.3.A).
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Figure 2.2. The SppAgs protein folds.

A. A schematic diagram showing the full length SppAgs with its predicted transmembrane
segment (left pink) and the confirmed N-terminal thermolysin cleavage site. The light green region
is what is observed in the electron density. B. A topology diagram of SppAgs showing the full
length protein with B-strand as arrows and a-helices as cylinders. The protein is colored as a
gradient from N-terminus (blue) to C-terminus (red). The regions not seen in the electron density
(residues 72-82) are shown as dashed lines. C. A cartoon diagram showing the tertiary structure
of the SppAgs protomer. The B-strands are shown as arrows and the a-helices as cylinders. The
color scheme is the same as in B. The nucleophile Ser147 (red) and general base K199A (blue)
are shown as spheres.

2.3.3.  SppAgsis octameric in solution

To confirm the existence of the octameric state of SppAgs in solution, we
analyzed its size by analytical size exclusion chromatography (SEC) and multi-angle
light scattering (MALS). We observed that SppAgs has an average molecular mass of
225,400 £ 4,508 g/mol, consistent with the SppAgs complex (proteolytically resistant
fragment) being in an octameric arrangement in solution (Figure 2.3.C).
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Figure 2.3. Octameric arrangement of SppAgs.

A. The SppAgs octamer as shown in a cartoon diagram, viewed from the top (closest to the
extension region that forms the smaller opening). Each protomer is represented in a different
color. The serine nucleophile (red) and lysine general base mutated to alanine (blue) are shown
as spheres, revealing eight active site catalytic dyads. B. A Ca. trace of two neighboring
protomers coming together to form one of the eight active sites; the serine (red sphere) comes
from one protomer and the lysine (blue sphere) arrives from the adjacent protomer. C. A multi-
angle light-scattering (MALS) analysis of purified SppAgs proteolytic resistant fragment is
represented by a molar mass (g/mol) versus time (min) plot overlaid with an analytical size-
exclusion elution profile. A molecular mass of 225,000 Da is approximately equivalent to eight
SppAgs protomers. The SDS-PAGE gel stained with PageBlue shows the fractions collected from
the SEC column. The molecular mass markers are shown on the right. Next to the peak is a top
view of the SppAgs octamer as shown in molecular surface representation, each protomer is
colored alternating black and white.
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2.3.4. The SppAgs dimensions and surface properties

The octameric SppAgs catalytic domain is dome-shaped with a wide opening
created by the globular regions and a narrower opening made by the extension regions
(Figure 2.4). Based on membrane topology predictions and analogy to SppAgc, whose
membrane topology has been experimentally determined, the wider opening of SppAgsis
predicted to face the outer leaflet of the cytoplasmic membrane (Wang et al., 2008)
(Figure 2.4.A). The outside of the dome has a relatively polar surface made up of both
positively and negatively charged patches. The interior of the dome is predominantly
hydrophobic with some patches of negative charge. The positively charged rim at the
narrower opening of the dome is created by eight lysines, Lys185 from each of the
SppAgs protomers. The narrow opening is ~22 A in diameter. A cross section of the
dome shows a concave groove where the active sites and substrate specificity binding
pockets reside (Figure 2.4.E). At this point, the diameter is approximately ~73 A, while
the narrowest region of the SppAgs dome interior is approximately 50 A in diameter. The
height of the dome is approximately 50 A. The base of the dome, 86 A in diameter at the
opening, is primarily positively charged. The inner cavity has a solvent accessible
surface area of 17,220 A? and a volume of 56,456 A3,
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Figure 2.4. Surface properties and dimensions of SppAas.

A. A semitransparent surface representation of the SppAgs octamer, with one protomer shown in
cartoon diagram. The widest opening in SppAgs, formed from the globular region (“bottom”), is
facing the cytoplasmic membrane and the transmembrane segment is schematically drawn. The
electrostatic properties of SppAgs are shown from the top B., bottom C. and side D. (blue;
positive, red; negative). E. A cross-section view of the SppAgs octamer, with dimensions given.
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2.3.5.  Protein-protein interactions involved in the SppAgs
octameric assembly

The two long edges of each monomer contribute to the eight equivalent protein-
protein interfaces within the SppAgs octameric complex. Each interface buries, on
average, 1,384 A? of solvent accessible surface area on one side of the protomer, and
1,514 A? of solvent accessible surface area on the other side. There are, on average, 22
hydrogen bonds and 7 salt bridges between the protein chains at each interface. The
residues involved at the interface are 35 % charged, 28 % polar, and 37 % non-polar.
One can describe the interface between monomers by looking at three separate regions
of the protein; the extension region, the globular region, and the middle region (Figure
2.5). The protein-protein interface in the extension region is a two stranded anti-parallel
B-sheet created by B-strand 5 from one protomer and B-strand 6 from the neighboring
protomer (Figure 2.5.B). The interface between the two globular regions is created by
residues from oa-helix 1 and 2 in one monomer interacting with residues on -strand 1, 2,
3 and a-helix 7 of its neighboring molecule (Figure 2.5.C). The middle of the interface
consists primarily of interactions between residues in a-helix 5 from one protomer and

the loop between a-helix 6 and 7 of the neighboring molecule (Figure 2.5.D).
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Figure 2.5. Protein-protein interactions at the interface between protomers within
the octameric SppAgs.

A. Residues involved in interactions between two molecules of SppAgs (black and grey) are
highlighted in magenta and blue respectively. Close-up views of the top, middle and bottom
regions of the interface are depicted in panels B., C. and D. Hydrogen bonds are depicted by
dotted lines. Residues are labeled: residue, residue number / Chain ID.

2.3.6. The SppAgs Ser/Lys catalytic dyad and other active site
residues

The catalytic dyad of SppAgs is made up of the nucleophilic Ser147 Oy from one

protomer and the general base Lys199 N from the adjacent protomer. Having eight
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protomers in the octamer therefore creates eight separate active sites, each formed at
the protein-protein interface (Figure 2.6). In order for SppAgs to have one completely
functional unit, three neighboring SppAgs protomers are required to assemble. The
nucleophile (Ser147), oxyanion hole residues (Glyl114 and Gly148), the general base
coordinating residue (Ser169) and S1 specificity pocket residues arrives from the central
molecule (salmon in Figure 2.6), the lysine general base arrived from one neighboring
protomer (green in Figure 2.6) and the S3 specificity pocket is partially formed from the

other neighboring protomer (light blue in Figure 2.6).

Modeling the Lys199 side chain within this K199A mutant structure shows that
the Serl147 Oy would be expected to be within hydrogen bonding distance to the Lys199
NC. The oxyanion hole is created by the hydrogen bond donor NH groups of Gly114 and
Gly148 from the same molecule that contributes the nucleophilic Ser147 to the catalytic
dyad (Figure 2.6). The N-terminal end of the a-3 helix dipole, where Serl47 is located, is
also a possible contributor to oxyanion stabilization. This molecule also contributes the
side chain hydroxyl group of Ser169, which in other Ser/Lys proteases similarly
positioned hydroxyl groups have been proposed to help coordinate and orient the lysine
general base epsilon-amino group (Feldman et al., 2006; Paetzel et al., 2002a) (Figure
2.6).
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Figure 2.6. SppAgs catalytic residues and substrate specificity pockets.

A. Three protomers of SppAgs create one complete catalytic core with the general base (K199A,
green) arriving from the green colored protomer, the nucleophile (Ser147, red) and residues that
make up the S1 substrate specificity pocket arriving from the salmon colored protomer, and the
S3 pocket being formed from residues in the salmon and light blue colored protomers. B. Stick
representation of residues involved in forming the active site and substrate specificity pockets.
Ser147 is shown in red, K199A is shown in green and the proposed general base orienting
residue Serl69 in maroon. Gly114 and Gly148 shown in magenta form the oxyanion hole. C.
Superimposition of residues involved in forming each of the eight active sites and binding pockets.

2.3.7. The SppAgs substrate specificity binding pockets

The eight active sites and substrate binding grooves of SppAgs are located
approximately midway up the interior of the octameric dome, creating a continuous
concave surface that encircles the entire inner bowl (as seen in surface cross-section in
Figure 2.4.E). Analysis of the grooves reveals only two clear specificity pockets for each
of the eight active sites. Modeling an extended conformation for the substrate puts the
P1 and P3 residues side chains facing the S1 and S3 specificity pockets and the P2 and
P4 residue side chains facing towards the solvent, away from the binding groove. The
S1 substrate specificity pocket of SppAgs is created by residues Gly114, Vall16, Serl119,
Gly148, Tyr 151, Gly171, Vall72, Ser223, Gly226 and Phe227 from one protomer, and
Glul64 from a neighboring protomer, while the S3 pocket is created by Val116, Met219,
and Ser223 from one protomer and Prol163, Glul64, Thr165, Leul66, Asp252 and
Arg254 from a third adjacent protomer (Figure 2.6.E). The S1 pocket is narrow and deep
with hydrophobic walls (Phe227, Tyr151, Val116) and a more polar bottom (Glu164 Oc¢l,
Oe€2, and Tyr 151 On) (Figure 2.13). The S3 pocket is not as deep as the S1 pocket but
is significantly wider. The S3 entrance is hydrophobic, however deeper into the pocket
there are polar characteristics formed by the main chain carbonyl oxygens of Pro163,
Glul64, Met219 and side chains of Ser223, Asp252 and Arg254. Structural alignment of
the residues involved in creating the S1 and S3 pockets in the eight binding sites of
SppAss showed that they superimpose quite well except for residues: Ser223, Glul64
and Arg254 (Figure 2.6.C). The Ser223 side chain rotamer, which is located at the S1
and S3 pocket boundary, varies among the eight chains. Alternate conformations are
observed for the side chains of residues Glu164 and Arg254, which form part of the S3
pocket, this suggests that these residues may be dynamic and possibly be involved in an

induced fit process upon substrate binding.
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2.3.8. Seguence conservation between Gram-positive and Gram-
negative SppA

SppAsgs has a sequence identity of 16 % and 26 % to the N-terminal and the C-
terminal domains of SppAgc, respectively (Figure 2.7). The majority of the conserved
residues shared by SppAgs and the C-terminal domain of SppAgc are randomly located
on the protomer of SppAgs, however, there is a patch of conserved residues clustered
around the nucleophile Ser147 (Figure 2.8). Similar patterns of conserved residues are
also observed when SppAgs is aligned with SppA sequences from other Gram-positive
species or when SppAcc is aligned with SppA sequences from other Gram-negatives
(Figure 2.9 & Figure 2.10).

SppAs of Gram-positive bacteria are located on the extracellular surface whereas
SppAs of Gram-negative bacteria are located on the inner membrane facing the
periplasmic space. Given the potentially great surface exposure of Gram-positive SppAs
one might expect there to be less conservation on their exposed surfaces, as compared
to the Gram-negative SppA. Mapping residue conservation onto the surface of the
SppAss and SppAgc structures, based on separate Gram-positive and Gram-negative
SppA protein sequence alignments (Figure 2.9&Figure 2.10), reveals a distinctly
different pattern of conservation which is consistent with the potential difference in
surface exposure. There are four patches of mostly conserved residues (maroon
regions) that show up on the top surface of Gram-negative SppAs, whereas a broader,
more evenly distributed, circle of highly conserved residues are observed on the top

surface of Gram-positive SppAs (Figure 2.11).
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Figure 2.7. Sequence alignment of SppA_  to the N-terminal and C-terminal
domains of SppA__

Red highlights indicate identical residues. The catalytic residues are circled in green and stars
indicate where the catalytic residues align. Secondary structural elements are shown (SppAzs
above, SppAgc below). The residue numbers for SppAgs are shown above the alignment. The
yellow box above the SppAgs sequence shows the structural alignment between SppAgs and
SppAec. They have the same protein sequence register and the distance between the aligned Ca
atoms of SppAgs and SppAgc ranges 0 - 2.8 A. A. The sequence alignment of SppABS (UniProt

accession number: 034525) and the N-terminal domain of SppA__ (UniProt accession number:
P08395) shows that the general base lysines align. B. The sequence alignment of SPpA,, and
the C-terminal domain of SppAEC shows that the nucleophilic serines align. The percent identity is
shown on the right.
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Figure 2.8. Mapping conserved surface residues between SppAgs and the SppAec
C-terminal domain onto the surface of a SppA__ protomer.

A. The location of conserved surface residues (red) between SppAgs and the SppAgc C-terminal
domain are mapped on the SppAgs protomer surface, as seen from the interior of the SppAgs
complex (left). The catalytic dyad is in green. B. The SppAgs protomer on the right shows the
surface that corresponds to the exterior of the SppAgs complex.
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Figure 2.9. Sequence alignment of Gram-positive bacterial SppA.

Red highlights indicate identical residues. Secondary structure of SppAgs is shown on the top of
the alignment. The residue numbers for SppAgs are shown above the alignment. The serine
nucleophile (S147) is marked with a red arrow. The lysine general base (K199) is marked by dark
blue arrow. The general base coordinating serine (S169) is marked by a dark green arrow. S1
substrate specificity pocket residues are marked by blue triangles. S3 substrate specificity pocket
residues are marked by green triangles. Pink arrows mark the residues that form the oxyanion
hole. The UniProt accession numbers for SppA sequences used are: Bacillus subtilis (034525),
Bacillus amyloliquefaciens (A7Z27M8), Bacillus licheniformis (Q65G59), Bacillus pumilus
(A8FG77), Bacillus megaterium (D5DMZ1), Geobacillus thermodenitrificans (A4IRT5) and
Staphylococcus saprophyticus (Q49YEG). Sequence identities relative to the B. subtilis sequence
are shown at the end of the each alignment.
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Figure 2.10. Sequence alignment of Gram-negative bacterial SppA.

Red highlights indicate identical residues.The serine nucleophile (S409) is marked with a red
arrow. The lysine general base (K209) is marked by dark blue arrow. The general base
coordinating serine (S431) is marked by a dark green arrow. S1 substrate specificity pocket
residues are marked by blue triangles. S3 substrate specificity pocket residues are marked by
green triangles. Pink arrows mark the residues that form the oxyanion hole. Secondary structure
of SppAgc is shown on the top of the alignment. The residue numbers for SppAgc are shown
above the alignment. The UniProt accession humbers for SppA sequences used are: Escherichia
coli (P08395), Klebsiella pneumonia (B5XS66), Pantoea ananatis (D4GG20), Yersinia pestis
(D1TZZz4), Proteus mirabilis (B4EXT2), Xenorhabdus nematophila (D3VHB2) and Vibrio cholerae
(F9C891). The sequence identities relative to the E. coli sequence are shown at the end of the

each alignment.
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Figure 2.11. Surface residue conservation of Gram-negative SppA versus Gram-
positive SppA.

Residue conservation of Gram-negative SppA and Gram-positive SppA are mapped onto the
surface of the SppAgc (PDB:3BF0) and SppAgs (PDB:3RST) structures, as viewed from the top
external surface. The conservation is based on separate Gram-positive and Gram-negative SppA
sequence alignments (see Figure 2.9 & Figure 2.10). Completely conserved residues are shown
in maroon, while highly variable residues are shown in cyan.

2.3.9. Octameric SppAgsversus tetrameric SppAec

Both the SppAgs and SppAgc form oligomers that assemble into dome-shaped
structures (Kim et al., 2008). The SppAgs protomer is half the size of the SppAec
protomer. Therefore the SppAgs dome complex is created by eight protomers while only
four protomers are required for SppAgc (Figure 2.12). SppAec’s N- and C-terminal
domains are structurally tandem repeats (Figure 2.12.C). The SppAgs protomer
superimposes onto the N-terminal domain of SppAgc with an r.m.s.d. value of 2.7 A
(Figure 2.12.E) while the SppAgs protomer superimposes onto the C-terminal domain of
SppAec with a much lower r.m.s.d. values of 1.1 A (Figure 2.12.F). The most significant
differences in the superimposition of the N-terminal domain of SppAgc with the SppAgs
protomer are observed in the outer helices (a-helices 1 and 8) and the extension region.
In addition, there is an extra helix found in the N-terminal domain of SppAgc, between a-
helix 6 and 7 of SppAgs (Figure 2.12.E).
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Figure 2.12. (Figure legend on next page)
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Firgure 2.12. Comparison between octameric SppAgs and tetrameric SppAec.

A. The Ca trace of SppAgc. B. The Ca trace of SppAgs. The catalytic dyads are shown (general
base; blue spheres, nucleophile; red spheres). One protomer in each oligomer is shown in black,
in A. and B. C. A cartoon diagrams of a SppAgc protomer, the C-terminal domain is colored
darker grey, the region linking the domains is colored yellow. D. A cartoon diagrams of a SppAgs
protomer. E. A superposition of the SppAgs protomer (black) on the N-terminal domains of
SppAec (grey). F. A superposition of the SppAgs protomer (black) on the C-terminal domains of

SppAgc (grey).

2.3.10. Sl substrate specificity binding pocket: SppAgs versus
SPPAEc

A comparison of the substrate binding grooves of SppAec and SppAgs reveals
that the SppAgs S1 substrate specificity pocket is significantly deeper (Figure 2.13).
Structural alignment of the SppAgs and SppAgc active site residues shows that the
smaller S1 pocket seen in SppAgc results mostly from three residue substitutions:
SppAss Tyrl51 to SppAec Trp4l3, SppAgs Alal20 to SppAec Glu383 and SppAes
Gly226 to SppAec Arg487 (Figure 2.13.C).
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Figure 2.13. Substrate specificity pocket comparison between SppAgs and SppAcec.

A. A cross-section of the substrate specificity groove surface in SppAgs. B. A cross-section of the
substrate specificity groove surface in SppAgc. C. A superimposition of the active site residues in
SppAgs (black) and SppAcgc (red), rendered in stick.

2.3.11. Differences in the S1 subsite shape of SppAgs and SppAgc
are consistent with the range of residues accommodated at
the substrate P1 position

Using wild-type active site enzymes and a series of peptide-MCA (4-Methyl 7-
Cumaryl Amide) fluorogenic substrates (where the C-terminal residue corresponds to the
P1 residue) we observe that both SppAcc and SppAss show a preference for the leucine
tripeptide (LLL) substrate. This is consistent with the predominance of leucine residues
in the H-region of signal peptides (Choo et al., 2005). Yet a clear difference can be
observed between SppAgc and SppAgs when using the other peptide-MCA substrates
(Figure 2.14). The second and third most effective substrate for SppAgs in this series are
LRR and LLVY, respectively, whereas SppAec shows close to no detectable activity
using the same compounds. The ability of SppAgs to cleave the LRR and LLVY peptides,

where arginine and tyrosine are the P1 residues, is consistent with its deeper and more
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polar S1 pocket which could easily accommodate the tyrosine side chain (Figure 2.13).
No detectable activity was observed for SppAgs active site mutants (S147A or K199A) or
for SppAcc with the corresponding active site mutations (S409A, K209A).

The SppAcc and SppAss S1 pocket shape differences along with the
corresponding observed difference in the range of acceptable P1 residues are
somewhat surprising given that the signal peptides (both predicted and experimentally
verified) from B. subtilis and E. coli reveal approximately the same residue content. The
only significant difference appears to be that the signal peptides of Gram-positive
bacteria are in general longer than those in Gram-negative bacteria (Choo et al., 2005).
Given the differences between the substrate specificity pockets, it is plausible that SppA

may have substrates in addition to signal peptides.
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Figure 2.14. Activity profile of SppAgs verses SppAgc reveals a difference in the
range of residues the enzymes will accommodate at the P1 position.

Six different fluorogenic peptide substrates were used to compare % relative activity. The C-

terminal residue for each peptide corresponds to the P1 residue position. A. The activity profile
for SppAgs. B. The activity profile for SppAgc.
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2.3.12. SppA is capable of digesting folded proteins

Interestingly, we observed that the soluble domains of both SppAgs and SppAec
are capable of digesting fully folded proteins. For example both enzymes digest the E.
coli lipoproteins BamB and BamD, periplasmic proteins (PDB: 3P1L and 3TGO,
respectively) involved in outer membrane protein assembly, to near completion after a
17 hour incubation (Figure 2.15). The active site mutant forms of each enzyme showed

no ability to digest.

2.4. Discussion

Using X-ray crystallography, we solved the first Gram-positive bacterial signal
peptide peptidase A structure. With the structure solved we discovered the following
characteristics; 1. SppAgs forms an octameric complex with eight separate active sites
located within the interface between the protomers, 2. Three molecules of SppAgs are
required to create an active site and substrate binding site. When the three molecules
are aligned, the middle molecule of the three contributes the nucleophile serine and the
substrate specificity pocket S1, one of the neighboring molecules provides the general
base lysine, and the other neighboring molecule completes the S3 pocket with the
middle molecule. 3. Both the S1 and S3 substrate specificity pockets have hydrophobic
walls with polar base. The S1 pocket is narrower and deeper than the S3 pocket.

2.4.1. The active site residue Ser147 has unusual phi and psi
angles
Interestingly, Ser147 has unusual phi and psi angles, 60° and 120° respectively,
forming a cis peptide bond, which is also observed in the apo-structure of SppAgc. This
particular conformation of the catalytic serine residue seems to be unique to SppAs.
Other Ser/Lys proteases such as SPase |, LexA, VP4, clA, Lon protease and UmuD
have a trans peptide bond angle with phi and psi that are approximately -61° and -18°,

respectively.
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Figure 2.15. SppAec and SppAgs (soluble domains) are capable of digesting folded
proteins.

A. The digestion profile of the E. coli lipoprotein BamD by SppABSAZ"54 with wild-type active site

(left) and active site mutant negative control (right) as well as a BamD only negative control. B.
The digestion profile of the E. coli lipoprotein BamD by SppAECAZ'46 with wild-type active site (left)
and active site mutant negative control (right). C. E. coli lipoprotein BamB digestion by SppABSAZ'
54 A2-46

and SppAgc™ .
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2.4.2.  Electron density is missing for a dynamic loop region
located inside the cavity of both SppAgs and SppAgc

Another interesting observation is the missing loop region (residue 72-82)
mentioned earlier in this chapter (Figure 2.2). This loop is located midway between the
base of the bowl and the substrate binding groove in SppAgs and is missing in both
structure of SppAgs and SppAcc. This region in SppAgs iS protease resistant, as
demonstrated by N-terminus sequencing which showed the N-terminal residue is Leu51,
20 residues before the missing loop. It is surprising that the loop is highly flexible (as the
electron density is not observed in the structure solution) but also resistant to the
protease at the same time. A possible explanation could be that the loop is located on
the inner side of the dome structure where it is not accessible to protease. The function
of the loop needs further investigation, but one could speculate that it may be involved in
recognizing and bringing the substrate to the binding site, given that the loop is located
between the substrate binding site and the wide opening of the bowl where it faces the

cytoplasmic membrane where signal peptides are embedded.

2.4.3. What is the function of the positively charged rim at the top
of the dome?

As shown in this chapter, SppAgs and SppAgc both form dome-shaped structures
with hydrophobic interiors. An interesting feature of the domes is the positively charged
rim around the narrow opening of the bowl created by Lys185 for SppAgs and Lys195 &
Lsy197 for SppAcec. It may be that the function of this 22 A diameter rim is to form an exit
for the digested peptides or amino acids, since a narrower opening is closer to the active
site groove than the wider one which sits on the membrane. When Lys185 of the SppAgs
is mutated to alanine, changing the property of one residue of the rim from charged to
hydrophobic, the resulting mutant (SppAss K185A) behaved the same as the native
SppAss in its expression and purification. The mutant also showed the same gel-filtration
elution profile as the native SppAgs, indicating that it forms an oligomer. However, the
SppAss K185A mutant protein precipitates during concentration and the highest
concentration we were able to achieve was 3 mg/ml. Native SppAgs can be concentrated
to 12 mg/ml. This indicates that K185A may be involved in the structural integrity of
SppAgs. Further studies with wild type SppAgss may reveal the rim’s positive charge

involvement in the enzyme’s activity.

60



2.4.4. SppAgs and SppAgc have proteinase activity

In bacteria, there is a self-compartmentalized protease, FtsH, which functions to
degrade misfolded and damaged proteins on the cytoplasmic side of the membrane
(Dalbey et al., 2012). FtsH is a homo-hexameric membrane integral protease with a
large soluble catalytic domain in the cytoplasm and an ATPase domain which unfolds the
protein (Langklotz et al., 2012). Wild type SppAss and SppAgc are capable of digesting
folded lipoproteins from E. coli. Both SppAs show no preference for substrate secondary
structure because the structures of BamB and BamD are solved and their secondary
structure are either all a-helical or B-strands, respectively. The ability of SppA to digest
folded proteins as well as to cleave peptides is consistent with SppA possibly having a
membrane protein quality assurance role. This suggests that SppAs may have a protein
guality control function like FtsH, but on the extracellular side of the membrane. Further

investigation is required to understand SppA as a proteinase.
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3. Crystal structure of Bacillus subtilis SppA in
complex with a peptide from its own carboxy-
terminus.

3.1. Overview

The soluble catalytic domain of Bacillus subtilis SppA was subjected to limited
proteolysis and after crystal plating resulted in a crystal of the proteolytically resistant
fragment of B. subtilis SppA. In order to shorten the experimental protocol from Ni**-NTA
affinity chromatography, dialysis, concentration, limited proteolysis, gel-filtration,
concentration and crystal plating, supernatant containing SppAss”**K199A was applied
to Ni**-NTA resin and instead of a step-wise elution, SppAgs protein was released from
the column by limited proteolysis. The sample was then concentrated, loaded on to the
gel-filtration column and crystal plated after concentration. To improve the diffraction
guality and the size of the crystal, paraffin oil was used to cover the drop containing
protein and reservoir. By covering the drop with the oil, it slowed down the water vapour
diffusion and therefore slowed down the growth of the crystal, leading to a larger sized
crystal over time (Chayen, 1997). With the combination of a different purification protocol
and crystallizing condition, a new SppAgs crystal diffracting to 2.4 A resolution was
obtained. The molecular replacement method, with the same homology model from the
previous chapter, was used to obtain the structure solution. Although the space group
and overall structure (octameric complex) was the same as the apo-structure,
unexpectedly, after the first cycle refinement a positive difference electron density map
that circled inside the substrate binding groove of SppAgs was observed. The positive
electron density map resembled a poly-peptide and in order to find out what could be
bound in the active site, the same sample that was used to crystalize was also sent for
positive ESI-mass spectrometry analysis. With the mass spectrometry data and electron
density map, the poly-peptide bound in the substrate binding groove was identified as

the SppAgs C-terminus. This posed the question; why is its own C-terminal peptide
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bound in the substrate binding groove? Interestingly, wild type SppAgs migrates in an
SDS-PAGE gel as a smaller size than SppAgs with inactivated catalytic residue. A series
of experiments were carried out to investigate if the C-terminus is a propeptide that
functions as an intra-molecular chaperone or as an inactivator of the mature protease.
Propeptides have roles in either the proper folding of a protein’s tertiary or quaternary
structure or in the regulation of the proteolytic activity of a protease (Chen and Inouye,
2008; Khan and James, 1998). Once propeptides complete their function, they are then

autoprocessed.

In this chapter, we will discuss in depth how the C-terminal peptide is interacting

with the substrate binding groove and what the role of the SppAgs C-terminus could be.

3.2. Materials and methods

3.2.1. Cloning and mutagenesis

The protocol for cloning the SppAss (UniProt accession number,034525)
construct which lacks residues 1-25 (SppAss™'?) and 2-54 (SppAss™>>*) and contains an
N-terminus 6 histidine (HisX6) tag as well as Lys199 mutated to alanine, has been
previously described in chapter 2, section 2.2.1. The Quick-Change site-directed
mutagenesis procedure (Stratagene) was carried out to mutate the Tyr331 codon to
alanine (underlined) using the oligonucleotide 5’-ccgagaatgatggctctctatgcgaag-3’ and 5’-
cttcgcatagagagccatcattctcgg-3’. Different C-terminus truncated constructs were made
using SppAss™?K199A plasmid as a template with the following oligonucleotides
mutating the amino acid residues, Met307, G295 and M329 to stop codons (underlined).
SppAgs™ > 22935K 199A,; 5'-ggcgegaacaaatagtttaaaagtgaa-3’ and 5'-
ttcacttttaaactatttgticgcgee-3’, SppAgs™ 2> #973K 199A; 5'-gaggaaagctictgattaggctcactg-
3’ and cagtgagcctaatcagaagctttcctc-3’, SppAgs”™ 2> #2%3K 199A,; 5'-
ggttcgccgagatagatgtatctctat-3’ and 5’-atagagatacatctatctcggcgaacc-3’. The Quick-
Change site-directed mutagenesis procedure was utilized and the sequences were

confirmed by DNA sequencing (Genewiz).
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3.2.2.  Expression, purification and limited proteolysis

The SppAss®'?*K199A construct described above was expressed in cells and
lysed as described previously in chapter 2, section 2.2.2. but was purified as described
below. The cell lysate was centrifuged at 30,000 g for 35 minutes and the supernatant
was applied to buffer A (20 mM Tris pH8, 150 mM NacCl) pre-equilibrated Ni**-NTA
affinity resin. The supernatant with resin was rocked gently at 4°C overnight and then
washed in the following order: with buffer A, with 50 mM imidazole in buffer A, with 75
mM imidazole in buffer A and finally with buffer A alone. 0.5 mg of thermolysin (Sigma)
in 25 ml of buffer A was then added to the resin and rocked gently at room temperature
overnight. The flow through was collected and concentrated using an Amicon ultra-
centrifugal filter device (Millipore) with a 10 kDa cut off. The sample was then applied to
a Superdex 200 size-exclusion chromatography column, equilibrated with buffer A, on an
Amersham AKTA FPLC system at a flow rate of 0.5 ml/min.

SppABSA']-ZS, A329-335K199A SppABSA1 -25, A307-335K199A SppABSA1-25, A295-335K199A

N2-54

and SppAgs were over-expressed and purified as previously described in chapter 2,

section 2.2.2. with the exception of SppAgs*?**

whose supernatant was applied to buffer
A pre-equilibrated Ni**-NTA affinity resin and supernatant with resin were gently rocked
overnight at 4°C.The other protein supernatants were not rocked with resin overnight but
applied to Ni*-NTA affinity chromatography column. The extinction coefficient, molecular

mass and pl were calculated using ProtParam (Gasteiger et al., 2005).

3.2.3. Positive electrospray ionization (ESI) - mass spectrometry

A sample for positive ESI-mass spectrometry was prepared using ZipTipsC18
(Millipore). 6 M Guanidine-HCI and 0.1 % trifluoroacetic acid (TFA) was added to
thermolysin treated SppAgs”™'2°’K199A followed by a superdex 200 and was aspirated
and dispensed five times with 0.1 % TFA pre-equilibrated ZipTipsC18. The beads in the
ZipTipsC18 were washed using 0.1 % TFA and 5 % methanol by aspirating and
dispensing and were then eluted with 10 ul of 50 % acetonitrile (ACN) and 0.1 % TFA.
The eluted sample was analyzed using an Agilent 6210 TOF LC/MS system (Chemistry

Department in Simon Fraser University).
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3.2.4. Crystallization

The sitting-drop vapor diffusion method was used to grow the thermolysin
digested SppAss*'?K199A crystals. The drop contained 1 pl of protein and 1 pl of
reservoir solution and was covered with paraffin oil. The refined reservoir condition was:
23 % tert-butanol and 0.1 M Tris-HCI, pH 8.5 and the drop was equilibrated against 1 ml
of reservoir solution at room temperature. The cryo solution contained 20 % 2-methyl-
2,4-pentanediol (MPD), 23 % tert-butanol and 0.1 M Tris-HCI, pH 8.5. The crystal was
transferred to the cryo solution and flash-cooled in liquid nitrogen.

3.2.5. Data collection

Diffraction images were collected on beamline 08B1-1 at the Canadian
Macromolecular Crystallography Facility (CMCF) of the Canadian Light Source (CLS),
using a Rayonix MX300HE x-ray detector. Each image, collected using MxDC
(Macromolecular Crystallography Data Collector software), was exposed for 0.8 seconds
at wavelength 0.9795 A. The oscillation angle used was 0.5° and a total of 360 images
were collected at a detector distance of 305 mm. The images were processed using
HKL2000 (Otwinowski et al., 1993). The unit cell dimensions of the crystal was 87.8 x
131.0 x 207.1 A and the space group was P2,2,2,. Eight molecules are found in the
asymmetric unit with a Matthews coefficient of 2.67 A® Da™ (51.9 % solvent). The
SppAss molecular mass after limited proteolysis (~ 28,000 Da) was used to calculate the
Matthews coefficient (Kantardjieff and Rupp, 2003). See Table 3.1 for crystal parameters

and data collection statistics.

3.2.6. Structure determination and refinement

The structure solution was obtained through molecular replacement using the
program Phaser (McCoy et al., 2005) and the search model was created using
Chainsaw (Stein, 2008). The SppAss homology model was built using the C-terminus
domain of SppAgc (Protein Data Bank ID: 3BFO ChainA) as a template. Conserved side
chain residues were kept and non-conserved residues were truncated to the Cp side
chain. The side chain was built and the initial structure was refined using program
Autobuild within PHENIX version 1.6.4 (Adams et al., 2010). Coot (Emsley and Cowtan,

2004) was utilized to make manual adjustments to the structure. A final round of restraint
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refinement including TLS was performed using REFMACS5 (Murshudov et al., 2011;
Winn et al., 2003) in CCP4 (Winn et al., 2011). TLS was analyzed using TLS motion

determination server (Painter and Merritt, 2006; Winn et al., 2001).

3.2.7.  Structural analysis

PyMOL (DelLano, 2002) was used to make the figures. The stereochemistry of
the structure was analyzed with the program PROCHECK (Laskowski, 2001).
PROMOTIF (Hutchinson and Thornton, 1996) was used to identify and analyze the
secondary structure and motifs within the protein. Arealmol (The_CCP4_Suite, 1994) in
CCP4 (Winn et al., 2011) and PISA (Krissinel and Henrick, 2007) were utilized for the
accessible surface area calculation and Coot (Emsley and Cowtan, 2004) was used for

measuring the distances between atoms.

3.2.8.  SppA self-processing assay

To test intra- versus inter-complex processing of SppAss, 16 pg of SppAgs™2>* or

8 ng of SppAss™***K199A alone or together was incubated at 37 °C in buffer A. In a total
reaction volume of 40 pl, 10 ul aliquots were taken out at time 0, 1 and 24 hours. In case
of self-processing assay 15 pg of SppAss™>>*K199A or 15 ug SppAss 2 >*K199A&Y331A
alone was incubated at room temperature in buffer A. The total reaction volume was 50
ul and 10 pl aliquots were taken out at time 0, 4, 5 and 6 days. To each aliquot, equal
volumes of 2XSDS-Loading dye were added and followed by boiling for 10 minutes. The
samples were then run on a 13.5% SDS-PAGE gel and stained with PageBlue stain

(Fermentas).

3.2.9. Limited proteolysis of C-terminus truncated constructs and
gel filtration

The SppABSM'25K199A and each of the C-terminal truncated constructs;
incubated with thermolysin (500:1 molar ratio) overnight at room temperature. The

samples were then applied to a buffer A pre-equilibrated a Superdex 200 column

connected to an Amersham AKTA FPLC system. The flow rate was 0.5 ml/min.
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3.2.10. Inclusion body isolation and attempts to refold SppAgs??
K 199A and SppAgs?? 4432335 199

The constructs SppAss”>**K199A and SppAgs™2>+232933°K 199A were over-
expressed, the cell pellets harvested, and the cells lysed as described in Chapter 2,
section 2.2.2. Lysed cell pellets were spun at 3444 g for 10 minutes and the pellets were
resuspended in buffer A containing 0.5 % TritonX-100. Resuspended pellets were then
centrifuged for 5 minutes at 3444 g. Resuspension and centrifugation steps were
repeated three times, except in the final resuspension, buffer A was used (without triton
X-100). The purified inclusion body pellets were then stored at -80°C. The final purified

inclusion bodies were clean white pellets.

To refold the SppAss from inclusion bodies, 100 mg of the inclusion body pellet
was dissolved in 100 ml of 4 M Guanidine-HCI in buffer B (20 mM HEPES pH7 and 150
mM NacCl) and subjected to centrifugation for 30 minutes at 30,000 g. Supernatant from
the centrifugation step was applied to 2 ml of pre-equilibrated Ni?*-NTA affinity resin and
washed in the following sequence: 20x the volume of the resin, 3M,2 M, 1M, 0.5 M
Guanidine-HCI in buffer B and finally with buffer B alone. SppAss*?**K199A and
SppAgs 2 +A3293%5K 1 99A proteins were each eluted with 8 ml of 200 mM, 400 mM and 4
ml of 600 mM imidazole in buffer B. Eluted fractions 200 mM and 400 mM were pooled
(16 ml), then dialyzed against buffer B (4 L) overnight at 4°C to remove the imidazole
and subjected to buffer B pre-equilibrated gel-filtration (Superdex200) at a flow rate 0.5
ml/min. 300 ul of a ~2 mg/mL protein sample (measured with was injected onto the
Superdex200 column connected to AKTA FPLC system. The protein concentration was
measured using a NanoDrop ND-100 spectrophotometer. The extinction coefficient,
17880 M'cm™ and 14900 M™cm™, were calculated based on the SppAgs**>*K199A and

SppAss"?°+432335K199A, amino acid sequence using ProtParam, respectively

(Gasteiger et al., 2005).

3.2.11. Kinetic and inhibition analysis using a fluorometric peptide
assay

The reaction was carried out at 23°C in 100 pl total volume using the SpectraMax
M5 Multi-Mode Microplate Reader (Molecular Devices). A black 96 well micro array plate

with a clear base (Greiner Bio-One) was used for all the reactions. The fluorogenic
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substrate, dodecanoyl-NGEVAKA-MCA (4-Methyl 7-Cumaryl Amide) and
SPRMMYLYAK peptide were each dissolved in 100 % dimethyl sulfoxide (DMSO) to
make 10 mM stocks. Each well contained 2 % DMSO and peptide concentration ranges
from 0.625 uM to 60 pM for Dodecanoyl-NEGVAKA-MCA plus 45 nM of SppAgs™?** in
buffer A. Dodecanoyl-NEGVAKA-MCA was synthesized by CanPeptide Inc. and
SPRMMYLYAK was synthesized by Chinapeptide Inc. The excitation and emission
wavelengths used were 380 nm and 460 nm, respectively. Data points, collected in
triplicate, were fitted to the Michaelis-Menten equation to determine the k., and Ky
values using the program Prism5 (GraphPad). In order to test inhibition using
SPRMMYLYAK, SppAss“?** was incubated with SPRMMYLYAK at concentrations of
625 nM, 1.25 uM, 2.5 uM, 5 uM, 10 uM and 20 uM for 30 minutes at room temperature
in buffer A. To each SPRMMYLYAK concentration combined with SppAgs“***,
Dodecanoyl-NEGVAKA-MCA concentration ranges from 0.625 uM to 60 uM were added
and fluorescent intensity was measured. The data points were fitted, using the
competitive inhibitor method to determine the K;, values using the program Prism5
(GraphPad).
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Table 3.1. Data collection and refinement statistics

Crystal Parameters
Space group P21 2124
a,b,c (A) 87.8, 131.0, 207.1
Vm (A3Da) 2.56
% solvent 51.9%
Protein molecules (chains) in A.U. 8
Data Collection Statistics
Source CLS
Beamline 08ID-1
Wavelength (A) 0.9795
Resolution (A) 44.6-2.4 (25-24)
Total Reflections 638197
Unique reflections 93912 (9085)
Rrmerge ° 0.060 (0.302)
Mean (l)/o (1) 50.3 (6.7)
Completeness (%) 99.2 (97.5)
Redundancy 6.8 (6.3)
Refinement Statistics
Protein molecules (chains) in A.U. 8
Residues 1865
Water molecules 221
Total number of atoms (protein) 14102
Reryst ¢/ Riree @ (%) 20.6/24.0
Average B-factor (A?) (all atoms protein) 51.0
Average B-factor (A?) (C-terminus peptide 58.0
only)
Average B-factor (A?) (226 waters) 44.5
r.m.s.d. on angles (°) 0.008
r.m.s.d. on bonds (A) 1.061

Table note on next page
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2 The data collection statistics in brackets are the values for the highest resolution shell.

"Roerge = Do 21 (kD) = (I(REIDN / Xy 2, 1; (REL) , where I, (hkI) is the intensity of an
individual reflection and {1 hiI}} is the mean intensity of that reflection.

°R e = Zga| 1 Fons| = |Foaze | /sl F ol » Where Foss and Foe are the observed and calculated

structure-factor amplitudes, respectively.
d Riree is calculated using 5% of the reflections randomly excluded from refinement.

3.3. Results

3.3.1.  Self-processing of wild type SppAgs??>*

When SppAgs">**, with a native active site, was purified alongside SppAgs™*
*4K199A, with an active site mutation, and run on an SDS-PAGE gel, SppAgs**>*
migrated as a smaller protein compared to SppAss™?>*K199A (Figure 3.1). This suggests
that SppAss™*>*is able to self-process (cleave itself). Furthermore, SppAss*?**, having
an intact affinity tag at the N-terminus, was still able to be purified using affinity

chromatography suggesting that processing occurs at the C-terminus.

In order to determine if this processing is occurring between octameric
complexes (i.e. inter-complex) or within an octameric complex (i.e. intra-complex), wild
type SppAss™>* was incubated with SppAgs*?**K199A. SppAss ?>*K199A did not result
in a smaller protein when it was incubated with SppAgs*?®*, indicating that the C-
terminus processing was between the protomers within an intra-complex reaction
(Figure 3.1).
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Figure 3.1. C-terminal self-cleavage occurs within the SppAgs complex.

The far left lane is the protein marker. The next three lanes are grouped together as SppAgs f2-54

(WT) alone, SppAgs “**K199A (K199A) and WT together and SppAgs **>*K199A alone at 37°C.
Samples were taken out at 0 hour, 1 hour and 24 hours. Loading dye was added to stop the
reactions and the results were run on 13.5% SDS-PAGE gel, followed by staining with PageBlue
stain.

3.3.2.  Crystallization and structure solution of SppAgs”’?°K199A

Unlike SppAgs™"?, the general base Lys199 mutated to alanine construct,
SppAss"t*°K199A produced adequate amounts of protein and it was subjected to limited
proteolysis using thermolysin as mentioned in previous chapter. From here on, the
protease resistant fragment of SppAss™**K199A which resulted in the structure will be
called SppAgs. The purification protocol was modified from chapter 2; instead of
subjecting SppAss*?*K199A to limited proteolysis after the purification, it was subjected
to limited proteolysis while bound to the Ni**-NTA resin. The protease resistant fragment,
28kDa SppAgs, was crystal plated using tert-butanol as the precipitant and the drop was
covered by paraffin oil. Crystallizing under paraffin oil and without MPD and DDM was
different from the crystallizing condition used to obtain the apo-structure of SppAgs. The
crystal resulting from this drop diffracted to 2.4 A resolution. As mentioned in chapter 2,
it was confirmed by N-terminal sequencing analysis that the starting residue of the
themolysin treated SppAgs crystal is Leu51. The structure solution was obtaining utilizing
molecular replacement method. The crystal has P2,2,2; space group and there are eight
molecules in the asymmetric unit which forms a dome-shaped structure. Strong electron
density was observed from residues 56 to 295, except in the loop region from 73 to 81.
In addition to these, the electron density revealed a polypeptide region from the SppAgs

C-terminus (residues 326-335) bound within the substrate binding groove (Figure 3.2).
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Figure 3.2. 2F,-F. electron density map (1o) for the SppAgs C-terminal peptide
bound in the substrate binding groove of SppAgs.

A. Semi-transparent surface representation of eight molecules of SppAgs as viewed from above
and 2F,-F. electron density map (1o) of C-terminal peptides are shown in blue mesh. Black line
shows the zoomed in region of the electron density map with the peptide on left on the left B. B.
C-terminal peptide, in stick representation with carbon in green, oxygen in red, sulfur in yellow,
and nitrogen in blue are shown together with 2F,-F. electron density map (1c) (grey mesh). S326
and K335 are N- and C-terminus end of the peptide, respectively. Residues are labeled in green
with the residue number.

3.3.3. The electron density inside the binding groove of SppAgs is
consistent with a bound peptide

After the initial refinement of the SppAgs structure, the electron density map
revealed continuous positive density forming a continuous circle around the concave
binding groove of SppAsgs (Figure 3.2.A). Peptides were built into the density in each of
the eight binding grooves. The longest peptide was ten residues in length and the

shortest peptide was seven residues in length.

Since no substrate was added during the purification nor crystallization, the
peptide seen inside the binding site was hypothesized to be the SppAgs fragment
resulting from thermolysin digestion. After careful observation of the protein sequence at

the N-terminus and C-terminus ends of SppAgs, the C-terminus sequence *'YLY**was
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found to be a good candidate for the P1 and P2’ position where the P1 position residue
of the peptide is accommodated by the S1 substrate specificity pocket of the enzyme
and the S2’ pocket accommodates the P2’ position residue. Protein sequence alignment
showed that Tyr331 is highly conserved among Bacillus species (Figure 3.5). To confirm
that its own C-terminus was bound to the active site, the thermolysin treated sample,
followed by gel-filtration chromatography, was sent for positive electrospray ionization
(ESI)-mass spectrometry analysis. The major peak from the positive ESI-mass
spectrometry analysis gave an experimental mass of 3355.67 m/z which matched the C-
terminus sequence of SppAgs “*’(M)FKSEIDFLNMREILSQSGSPRMMYLYAK**® having

a theoretical mass of 3355.9 m/z (Figure 3.3). Themolysin cleaves between Met307 and

Phe308 while Lys335 is the last residue of SppAgs. Eight short peptides (underlined
portion of peptide shown above) were built into the difference electron density map
within each of the eight active sites of SppAgs. The bound peptides revealed that the P1
position corresponds to Tyr331 and the P3 position is Met329 while the P2’ position is
Tyr333 (Figure 3.4). The electron density fit well with the hypothesized peptide and the
S1, S3, and S2’ substrate specificity pockets accommodated Tyr331, Met329, and
Tyr333, respectively.
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Figure 3.3. Positive electrospray ionization (ESI)-mass spectrometry of
thermolysin treated SppAgs.

The thermolysin treated SppAgs, followed by gel-filtration, was analyzed using positive ESI mass
spectrometry. The resulting data showed the peak with highest counts has a mass-to-charge
(m/z) of 3355.67 which is almost identical to the theoretical molecular mass of the C-terminus
peptide shown in red with theoretical mass of 3355.9 calculated from ProtParam.

3.3.4. Peptide complex reveals the S1, S3 and S2’ substrate
specificity pocket in SppAgs

The S1 substrate specificity pocket accommodates the aromatic side chain of the
P1 residue, Tyr331 with the hydrophobic wall and polar base created by residues;
Serll8, Glyl71, Phe227, Tyrl51, Vall72, Vall16, Ser223 and Glul64 (Figure 3.4.A).
The side chain of the P3 residue, Met329, is located within the S3 pocket formed by
residues; Leul66, Val220, Metl174, Asp252, Met219 and also Glul64, Ser223, Valll6
and Vall72 are also involved in the formation of the S1 pocket. There is a shallow
hydrophobic groove, the S2’ substrate specificity pocket, created by residues lle201,
Met202, Val250, Leul55, Met144, Alal46, and Serl169, which accommodates one side

of the aromatic side chain of the P2’ residue, Tyr333.
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Figure 3.4. (Figure legend on next page)
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Figure 3.4. Interactions between the bound C-terminal peptide and the substrate

binding groove of SppAss.

C-terminal peptide is shown in stick (carbon in green, oxygen in red, sulfur in yellow, and nitrogen
in blue). A. The C-terminus of SppAgzs fit into the substrate specificity pockets. Residues involved
in making the S2’ pocket are shown in black, the S1 pocket in red, the S3 in blue and shared
between the S1 and the S3 in purple. Cross-section view of binding pocket is shown in molecular
surface representation. B. The C-terminal peptide bound to the substrate binding groove and
active site created by three molecules of SppAgs. The yellow colored protomer donates the
general base, lysine (blue), the salmon colored protomer provides the S1 substrate specificity
pocket with the nucleophile, serine (red), and the light blue and salmon come together to form the
S3 substrate specificity pocket. C. The binding groove residues that interact with the peptide are
shown in grey stick. Dashed lines represent following: Yellow — the hydrogen bond between water
molecules and binding groove atoms, black — the hydrogen bond between peptide atom and
binding groove atoms, blue — the hydrogen bond between binding groove atom and red — the salt
bridge between the main chain of binding groove atom and peptide side chain atom. Catalytic
residues are represented as ball and stick, (red for S147 and blue for K199A). Water is
represented as dotted sphere (magenta interact with the peptide and binding groove main chain
atom, and cyan interacts between binding groove atoms).

3.3.5.  Substrate binding groove and C-terminal peptide
interactions

Three protomers come together to form one active site within the SppAgs
structure. The C-terminal peptides interact with all three protomers that make up each
active site (Figure 3.4.B). The yellow protomer in Figure 3.4B, provides the general base
(K199A), while the salmon protomer provides the S1, S2’ substrate specificity pocket,
the nucleophile Ser147 and most of the hydrogen bonding interactions. Lastly, the P3
and P4 residues of the peptide are located in the interface between the light blue and
salmon protomer. The side chains of the P2 (Met330) and P1’ (Leu332) residues face

the solvent.

On average, the buried surface area of the interface between the peptide and the
protomer is 667 A%, whereas the total accessible surface area of each is 1283 A% and
8469 A? respectively. The peptides are bound in an anti-parallel B-sheet fashion with
respect to the residues that line the substrate binding groove (Figure 3.4.C). The Oy of
nucleophile Ser147 is located close to the carbonyl carbon of the P1 residue, Tyr331
(2.8 A, average of eight) and the Oy of nucleophile Ser147 is within the hydrogen
bonding distance to the main chain NH groups of P1’ (3.0 A, average of eight). The

carbonyl oxygen of Tyr331 is stabilized by the oxyanion hole created by the main chain
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NH groups of Gly114 and Gly148. Gly148 is located after the serine nucleophile but

Gly114 is located in the B-strand that forms an anti-parallel interaction with the peptide.

There are three conserved waters seen in all eight active sites. As seen in Figure
3.4.C, waters colored in magenta create a bridge between the C-terminal peptide and
protomer, forming hydrogen bonds with both molecules and contributing to a stable
interaction. There are seven hydrogen bonding interactions between the main chain and
side chain atoms of the C-terminal peptide and protomer, including the oxyanion hole
interaction and the Oy of the nucleophile interaction with NH group of P1 (Table 3.2).
There is a salt bridge formation between the P4 residue, Arg328 Nnl1 & Nn2, of the C-
terminal peptide and Glu118 O¢l1 & Oe¢2 of the protomer. The On of Tyr331 is within
hydrogen bonding distance of the carbonyl oxygen of Ser223. The Tyr333 On is within
hydrogen bonding distance of the carbonyl oxygen of Pro329, belonging to the C-

terminal peptide bound in the next binding groove.

Table 3.2. Hydrogen bonding between the C-terminus peptide and the substrate
binding groove of SppAss.

C-terminus peptide atom SppA atom Distance*(A)
Tyr3310 Gly 148N 29
Tyr3310 Gly 114N 2.9
Tyr331N Gly 1140 29

Tyr 331 On Ser 223 0 2.8
Met 329 O Val 116 N 3.3
Met 330 O lle 173N 3.0
Met 330 N lle 173 0 3.0
Leu 332N Ser 147 Oy 3.0
Tyr333N Pro1120 3.0

*Average value from the eight peptides
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3.3.6. Potential role of Tyr331 in C-terminus recognition and SppA
stability.

As mentioned previously, Tyr331 is very well conserved among all Bacillus
species. This residue was mutated in SppAss">>* and SppAss“?**K199A to investigate if
there were any structural or functional differences (Figure 3.5.A). SppAgs™*>*Y331A was
found to still be active, however SppAgs™?**K199A Y331A behaved differently from
SppAss"2**K199A. When SppAss™***K199A was incubated at room temperature for a
number of days, it began to degrade, even though the general base had been mutated
to alanine (Figure 3.5.B). However, SppAss">**K199A Y331A did not show any sign of
degradation, even after six days at room temperature.

A. 308 318 328

B.subtilis FKS|IEIDFLN. . MREILS[QlsGs PRMMYLYAK .
B.amyloliquefaciens FKSEIDFLIN. .MKELISQ|SGSPRMMMLYAK.
B.lichenoformis FKSEADF|LN. .|I|KEAIS|QSGAPRL LYAK.
B.pum/7u5 FKSEIDFLIN. . LKETLACGSNGSKP LYSK.
B.megaterium IGGDEQVTA . .MLKTFAQPSIS PRL LYAE.
Geobacillus_thermodenitrifican . . AKPETEASELIIRLLSRPS|SPRL LFSE.
B.clausii FGSAEQKLG. .LMRIT.RYNSPRALOFDYE
Brevibacillus_brevis YWKINPDP|QG . . LNELWDE|QS|QPRL ‘:}L MP.
B P1
" K199A K199A Y331A

Mv 0 4 5 6 0 4 5 6 Days
35kDa

25kDa ™

Figure 3.5. Mutating conserved residue Tyr331 to Ala increases stability of SppAgs.

Alignment of the C-terminus of SppA from different Bacillus species. Tyr331 bound in the S1
pocket of SppAgs is conserved among all Bacillus species. UniProt accession numbers: Bacillus
subtilis (034525), Bacillus amyloliquefaciens (A7Z27M8), Bacillus licheniformis (Q65G59), Bacillus
pumilus (ABFG77), Bacillus megaterium (D5DMZ1), Geobacillus thermodenitrificans (A4IRT5),
Bacillus clausii (Q5WECS), and Brevibacillus brevis (C0ZL24). Conserved Y331 (red box) is
marked with star and labeled as P1.B. Far left lane is molecular marker. SppABSA2"54K199A
(K199A) and SppABSA2'54K199A_Y331A (K199A Y331A) proteins were each incubated at room
temperature and samples were collected after 4, 5 and 6 days.

78



3.3.7. SppAgs C-terminal peptide (***SPRMMYLYAK?>*) competes
for its own substrate binding grooves

Kinetic constants for already self-cleaved SppAgs™*>*

were determined using a
fluorogenic substrate, dodecanoyl-NGEVAKA-MCA which measures intensity of free
MCA resulted from enzyme cleavage. A synthetic peptide (NH3-SPRMMYLYAK-COOH)
corresponding to the sequence of the C-terminal peptide bound in the SppAgs substrate
binding groove was analyzed to see if SppAgs*?>* has affinity for the C-terminal peptide.
The k.4 and Ky values using the dodecanoyl-NGEVAKA-MCA substrate were obtained
at different concentrations of the C-terminal peptide (Table 3.3). With these values, the
K; value was calculated using Equation 8.11 from (Copeland, 2000) listed in Prismb5.
Using six different concentrations of the C-terminal peptide, SPRMMYLYAK, the K¢, at
each inhibitor concentration stayed approximately the same (Figure 3.6.A). However, the
Kwm values increased as the inhibitor concentration increased (Figure 3.6.B) and because
Km value increases, k../Ky decreases with increase in C-terminal peptide concentration
(Figure 3.6.C). The K; value was determined to be 2.1 + 0.4 uM. Kinetic analysis
suggests that the peptide competes for the substrate binding groove in competitive

manner (Figure 3.6.D).

Table 3.3. k¢ar, Ky and keo/Ky Values using the substrate, dodecanoyl-NGEVAKA-
MCA, and in the presence of different concentrations of the SppAsgs
C-terminal peptide (**SPRMMYLYAK?®*®),

NH3-SPRMMYLYAK-COOH concentration (uM)

0 0.625 1.25 2.5 5 10 20
k(') 0066 0081  0.087 0.076 0.062  0.076  0.098
Ku(uM)  18.9 21.0 23.1 30.0 46.9 1232 4854
Kear/ K
ooy 39393 3838 37854 25416 13310 6144 2027
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Figure 3.6. Measured SppAsgs Kear, Kw and ko/Ky values (using the substrate
dodecanoyl-NGEVAKA-MCA), in presence of difference
concentrations of SppAgs C-terminal peptide ((**SPRMMYLYAK?3%).

The bar graphs shows the A. ke, (yellow) B. Ky (pink) and C. K /Ky (green) values at different

concentration of SppAgs C-terminal peptide (3268PRMMYLYAK335). D. The Michaelis-Menten

curve of substrate (dodecanoyl-NGEVAKA-MCA) concentration (uM) versus the rate
(intensity/time) using competitive inhibition equation. Different colored graph lines represent the
resulting fluorescence measured at different concentration of the C-terminal peptide added.

3.3.8.  SppAss C-terminal truncation studies to investigate its
potential role in the oligomerization

Various C-terminus truncations were made to test if the C-terminus plays a role
in the oligomerization of SppAgs. Three different truncations at the C-terminus were
made; the A329-335 truncation ends before the conserved residues *MMYLYK?®®, the

A2-54,

A307-335 truncation was based on the self-cleaved wild type SppAgs s molecular
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mass estimation from SDS-PAGE gels plus the positive ESI mass spectrometry
identified peptide, and the A295-335 truncation was based on the last residue (F294)
where the electron density is no longer seen in the structure. The three C-terminus
truncated constructs were purified from the soluble cytosolic fraction of the E. coli
expression system and were subjected to limited proteolysis following the protocol which
resulted in the solution of SppAgs™'*K199A’s octameric structure. All three C-terminal
truncations showed the same gel-filtration elution profile as the thermolysin treated
octameric SppAss”™°K199A, which suggests that the C-terminus truncations do not
affect the oligomerization of SppAgs purified from the cytosolic fraction (Figure 3.7) and

therefore the C-terminus is not absolutely essential for the correct oligomerization.

Although a fraction of the protein from each expressed construct was soluble in
solution, each expressed construct produced a significant fraction of the protein as
insoluble inclusion bodies. Interestingly, the faction of protein that formed inclusion
bodies from the C-terminal truncated SppAss (SppAss™2>***3%K199A) increased
significantly compared to the untruncated SppAgs (SppAss™?>*K199A) construct. The
truncated and untruncated SppAgs inclusion bodies were denatured, refolded and
applied to gel-filtration. The refolded untruncated SppAgs was observed to have the
same elution profile as the cytosolic fraction purified SppAss, however, the C-terminal
truncated SppAgs eluted later in the chromatogram, suggesting that it did not form
octamers. The above results are preliminary but suggest that the C-terminus is required

for full oligomeric (octameric) assembly of SppAsgs in vitro.
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Figure 3.7. Truncating the C-terminus of SppAgs does not prevent a soluble
fraction from forming octameric assembly when expressed in the
cytoplasm of E. coli.

Gel-filtration chromatography of limited proteolysis treated C-terminus truncated SppAgs
constructs along with untruncated SppAgs are shown as elution volume (ml) versus absorbance

at 280 nm. A schematic of each construct is shown beside the chromatogram. From bottom to top,
SppABSAl-zs, SppABsAl-zs,Aazg»ws, SpPPAss A1-25, A307»335’ and SppAss £1-25,0295-335 o b construct has
the catalytic lysine mutated to alanine (K199A).

3.3.9.  Structural changes within SppAgs upon binding a peptide.

The superimposition of the apo-structure and the SppAgs structure with a peptide
from its own C-terminus bound in the substrate binding groove has an r.m.s.d. value of
0.60 A (all atoms). Most differences were observed in B-strand 5 and o-helix 4 of the

extension region. lle1173 and Met174 are part of B-strand 5 which hydrogen bonds to
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the C-terminal peptide, and a-helix 4 follows B-strand 5, making the roof of the octameric
dome. There are also significant differences found in the active site. First, in the SppAgs
structure with the bound C-terminus, the hydroxyl group of Ser147 is rotated
approximately 70° away from the peptide bound in the active site (Figure 3.8). Second,
in the apo-structure, different rotamer conformations were found in Glu164 and Arg254
which are part of the S3 substrate specificity pocket, but only one conformation was
observed for both Glu164 and Arg254 in the SppAgs structure with the bound C-terminus.
Third, the residues of the C-terminus peptide bound to SppAss, Alal46 to Gly148,
Prol12 to Vall16 and lle173 to Met174 have moved closer to the C-terminal peptide
compared to the apo-structure of SppAgs (Figure 3.8). These residues are involved in
hydrogen bonding interactions (Figure 3.4).
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Figure 3.8. Active site superposition of apo- and C-terminus bound SppAss.

Thin stick representation. Grey is the C-terminus bound SppAgs, black is the apo-structure of
SppAgs and green is the C-terminal peptide (only main chain shown). The nucleophile Oy atom of
S147 in both structure is in red, the general base K199A Cf atom is in blue and the general base
orienting residue S167’s Oy atom is in magenta.
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3.4. Discussion

In this thesis, | have shown that the overall structure of active sites occupied in
SppAsgs shares similarity with the previously solved apo-structure. Both SppAgs
structures have a homo-octameric complex that resembles a dome in shape. There is a
subtle difference between the apo-structure and the C-terminus peptide bound structure
of SppA in the extension regions. The hydroxyl group of the nucleophile Ser147 in the C-
terminal peptide bound structure has rotated and is how within hydrogen bonding
distance of the carbonyl carbon of the P1 residue in order to accommodate the peptide
and allows attack on the carbonyl carbon from the si-face. In addition, the main chain of
the C-terminal peptide bound structure has moved slightly closer to the bound peptide

compared to the apo-structure.

There was one unexpected difference, however; a positive difference density
map was observed in the SppAgs substrate binding groove, forming a continuous circle
inside the octameric complex. This discovery led to a series of experiments, all of which
support the hypothesis that the SppAgs substrate binding groove binds to its own C-
terminal region. The peptides built in are shorter in length than the peptide analyzed by
the mass spectrometry. This could be because the remainder of the peptide’s N-
terminus may bent out from the active site toward the empty cavity and exposed to the
solvent, making it flexible and disordered and therefore not seen in the crystal structure,

even though it is evident in the mass spectrometry measurement.
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Figure 3.9. A proposed model of how the C-terminus of SppAgs occupies the
active site of the neighboring SppAgs molecules.

Presentation of the C-terminus of the black SppAgs bound into the substrate binding groove that
sits at the interface of each adjacent protomer, right or left SppAgs molecules (grey). Long loop in
red and blue with spheres are drawn to connect black molecule. Each sphere represents one
residue. S326 and K335 is the N- and C-terminus end of the C-terminal peptide, respectively.
G295 (yellow) is last residue with the clear electron density. The distance between G295 to S326
is shown.

3.4.1. What is the function of the C-terminal fragment of SppAgs
bound in active site of SppAgs?

The distance measured from the last residue, Gly295 (black molecule in Figure
3.9), of the protomer for which there is clear electron density, to the first residue Ser326
of the C-terminal peptide in either the adjacent left or right neighboring protomer (grey) is
approximately 32 A or 44 A long, respectively (Figure 3.9). Our new SppAgs structure in
complex with a peptide corresponding to its own C-terminus posed a new question. How
and why does the C-terminal fragment of SppAgs bind into its own active site? There are

40 residues between the clear density observed last residue, Gly295 and SppAgs’ C-
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terminal end residue Lys335. When the last residue seen in the structure, Gly295, was
extended as a poly-alanine chain, the C-terminus of the protomer was long enough to fit
into the binding site of either side of the neighboring protomers (Figure 3.9). Based on
our modeling studies, the minimum number of residues that are required to reach the S1
substrate specificity pocket from Gly295 is 13 residues, assuming that there is no helical
structure in the C-terminus after Gly295. Thirteen residues after Gly295 is Phe308 which
is where the wild type SppAsgs is thought to self-cleave based on the molecular mass
estimation from SDS-PAGE gel. Interestingly, F308, is also an aromatic amino acid,
similar to Tyr331 of the C-terminus peptide which is bound in the S1 pocket. Surprisingly,
wild type E. coli SppA is purified as smaller fragments, which is similar to what has been

A2-54

observed in wild type SppAss purification (data not shown). Furthermore, like
Bacillus SppAs, there is a significant amount of conservation at the C-terminus among
Gram-negative SppAs (Figure 2.10) which suggests that the C-terminus of SppA in both

Gram-negative bacteria and Gram-positive may be important for some unknown function.

There are several proteases that process themselves at either the C- or N-
terminus. For example, secreted proteases in the Bacillus genus, such as subtilisin,
have propeptides at the N-termini, which are not present in the final mature forms. The
propeptide usually works as an intra-molecular chaperone to help the protein fold into a
tertiary or quaternary structure, followed by cleavage of the propeptide region. Type I
intra-molecular chaperones are usually found in the C-terminus region of the protein and
are involved in the formation of the quaternary structure of the protein assembly, which
is necessary for them to be functional (Chen and Inouye, 2008). The C-terminus region
is then self-cleaved off if it is part of a protease or by other proteases. The Type | intra-
molecular chaperones which are found at the N-terminus are sometimes not essential

for the general folding of the protein but rather the correct conformation of the active site.

SppAss, Which is an octameric species and binds to and self-cleaves its C-
terminus, is a good candidate for having a type Il intramolecular chaperone. My C-
terminal truncation studies, show that all the constructs formed oligomers, despite the
different C-terminus truncations, when they are purified from the cytosolic fraction.
However, when these same constructs are denatured and refolded the C-terminus was
required for the oligomeric assembly in vitro. SppAgs, a Gram-positive integral

membrane protease, was over-expressed and purified from the Gram-negative E. coli

87



cytosolic fraction, but this is a completely different environment from where SppAgs
exists physiologically. Further study is needed to investigate the function of the C-

terminus as a Type Il intra-molecular chaperone as discussed in Chapter 4, section 4.3.1.

Another potential function of the propeptide is to act as an inhibitor for the mature
protease, a type of regulatory function on top of the self-compartmentallization.
Carboxypeptidase Y, from the yeast Saccharomyces cerevisiae, is a Ser/His/Asp
utilizing protease that is synthesized as a precursor form with an N-terminal propeptide
extension (Nagayama et al., 2012). The activity of Carboxypeptidase Y was inhibited in a
competitive inhibition manner when a nine residue long peptide, corresponding to the N-
terminal propeptide region, was added. Similarly, | showed that a synthetic peptide,
corresponding to the SppAgs C-terminal peptide, competes for the substrate binding

groove in a competitive manner with a fluorogenic substrate.

Other types of proteases that are able to undergo self-cleavage are LexA, cli,
UmuD and DegP (Burckhardt et al., 1988; Jomaa et al., 2009; Little, 1984). These
proteases self-process to either inactivate or activate themselves. The LexA repressor is
inactivated, and in contrast UmubD is activated after self-cleavage, whereas DegP
becomes inactive after cleaving off its N-terminus, possibly to remove excess DegP from
the system (Jomaa et al., 2009). Similar to these proteases, the C-terminus of SppAgs
may be involved in activation and inactivation, although further investigation on this
matter is needed. Finding the answers to why and how SppAgs recognizes and
processes its own C-terminus could offer significant insight about the function and

molecular mechanism of SppAgzs.
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4. Conclusion and future directions

4.1. Conclusion

Signal peptide peptidase A (SppA), found in eubacteria, archaea and plant
chloroplasts, belongs to the S49 protease family which utilizes the Ser/Lys catalytic dyad.
Bacterial SppA is a membrane bound protease with a large, soluble, self-
compartmentalized catalytic domain that sits on the extracellular side of the cytoplasmic
membrane, and its function is to cleave remnant signal peptides (Hussain et al., 1982b;
Kim et al., 2008; Wang et al., 2008). The Gram-negative bacterial SppA structure has
been solved earlier in the Paetzel lab. In this thesis, the novel Gram-positive bacterial

SppA apo-structure and SppA in complex with its own C-terminus peptide are presented.

The apo-structure of the catalytic domain of B. subtilis SppA has been solved
using X-ray crystallography and refined to 2.4 A resolution. There are eight SppAss
molecules in the asymmetric unit, forming a dome shaped, octameric complex. The
octameric state of SppAgs is also observed in solution by size exclusion chromatography
and multi-angle light scattering analysis. The octameric complex has a small, positively
charged opening at the top and a wider opening at the bottom of the dome. Inside the
dome is a concave groove where the substrate binding sites are located. The overall
electrostatic analysis showed that the exterior surface of the dome is evenly distributed
with patches of positive and negative charges while the interior of the dome has mostly

hydrophobic surface with negative charges around the concave groove.

Each protomer of SppAgs contains a serine nucleophile (Ser147) and a lysine
general base (K199A); however, they are located in different regions of the protein, more
than 29 A apart. Only upon its assembly into the octameric state do the serine and lysine
come into close proximity, with neighboring protomers each providing one half of the
catalytic dyad, thus producing eight separate active sites at the interfaces between the

protomers. One complete active site is created when three SppAgs protomers come
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together. Lys199 is contributed by the first protomer and Ser147, the S1 substrate
specificity pocket, and the oxyanion hole are from second protomer. Lastly, the S3

substrate specificity pocket is created between the second and third protomer.

The SppAss S1 substrate specificity pocket is deep, narrow and hydrophobic but
with a polar base. The S3 pocket, which is constructed from two neighboring proteins, is
shallower, wider and more polar than the S1 pocket. A comparison of the substrate
binding groove in SppAgs to that in SppAcc reveals a significant difference in the size and
shape of the S1 pocket which is reflected in the type of peptides the enzymes are
capable of cleaving. Substrate preference was screened using different ranges of
peptide-MCA substrates. The result showed that SppAgs prefers substrates with arginine,
leucine and tyrosine at the P1 position and leucine at the P3 position. This agrees with
the observation that the S1 substrate specificity pocket is deep and hydrophobic with a
polar base. SppAgc also had a preference for leucine but a significant difference was
observed when, unlike SppAgs, SppAec was not able to cleave a substrate with Tyr at the
P1 position, as the S1 pocket of SppAcc is hot deep enough to accommodate tyrosine.

The same SppAgs construct, but purified in a different way, resulted in an SppAgs
having its own C-terminal peptide bound into each of the eight active sites, creating a
perfect circle of peptides. The complex shows the C-terminus peptide is bound to the
substrate binding groove, in an anti-parallel B-sheet fashion, with a buried surface area
of 667 A. The C-terminus residues, Tyr331, Met329 and Tyr333, are bound in substrate
specificity pockets S1, S3 and S2’, respectively. Ten hydrogen bonds are observed
between the C-terminus peptide atoms and the substrate binding groove atoms, as well
as a salt bridge between Arg328 of the peptide and Glu118 of the protomer. The
interaction is further stabilized by conserved waters that form hydrogen bonds between

the C-terminal peptide and the protomer.

Wild type SppAss showed self-cleavage at its C-terminus but self-cleavage was
dramatically decreased when the general base Lys199 was mutated to Ala. Mutating
Tyr331 to an alanine prevented self-cleavage completely in SppAssK199A. Modeling
studies show that it is possible for the C-terminus of each of the SppA protomers to bind
into the active sites that are formed at the interfaces between protomers. A series of

truncations at the C-terminus indicate that the octameric assembly is not affected by C-
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terminus deletions. However, kinetic analysis suggests that the C-terminal peptide
displays a competitive inhibitor characteristic and therefore may be involved in regulating

activity. Further research is

Previous SppA research focused primarily on E. coli SppA. Researchers reported
that E. coli SppA forms a tetrameric, dome-shaped structure that utilizes the Ser/Lys
catalytic dyad to preferably cleave the hydrophobic region of signal peptide (Kim et al.,
2008; Novak and Dev, 1988). However, the only known information on B. subtilis SppA
was that it processes signal peptide from pre-protein and is not an essential gene for
viability (Bolhuis et al., 1999). From my research on B. subtilis SppA, we now have new
information that has not been reported previously; 1. SppAgs forms an octameric
complex and its active site is created only upon assembly of octamer because Ser and
Lys are donated from separate protomers to make one active site. 2. SppAgs not only
has a preference for hydrophobic residues at the P1 position but also prefers the
charged residue, arginine and the aromatic residue, tyrosine, 3. SppAss has a C-
terminus propeptide region which may function as an inhibitor for the mature protease, 4.

E. coli SppA and B. subitilis SppA are able to digest folded proteins.

4.2. Evaluation and limitation of the experimental
techniques used to analyze B. subtilis SppA structure
and substrate preference

X-ray crystallography has provided us with in depth knowledge into SppA’s
structure and how it is able to recognize and interact with its own C-terminus. We are
confident that SppAss exists in an octameric state based on both the solved crystal

structure and supporting data from multi angle light scattering analysis.

For both apo- and C-terminus bound structures, the diffraction data’s quality and
reliability were supported by statistical values such as completeness, redundancy and
Rmerge- The overall completeness of the reflection measurement to the maximum
resolution was 99 % for both crystals, and the redundancy of the measurement were 7.4
and 6.8 for apo- and C-terminus bound protein crystal, respectively. The overall Ryerge

values, a measure of disagreement among multiple measurements, were less than 9 %
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for both. These statistics indicated that the diffraction datasets were complete and the
reflection intensity measurements were of good quality for structure elucidation and

refinement.

The R¢ys value is used to measure and validate the agreement between the
experimental data and the refined model. As a rule of thumb, the refined atomic
positions of a structure are considered reliable fit to the electron density when the Ry
values is less than its highest resolution used to refine the model. For example, when
SppAss model was refined to 2.4 A resolution, the Reys Value was expected to be lower
than 24 %. On the other hand, the Ry value is calculated from 5 % of randomly
selected reflections which were not used in the Ry calculation, and Ry is used to
cross-validate the R¢ys. The Reee Value is usually higher than Ry but should remain
similar in the absence of model bias during refinement (Blow, 2004; 2002). During
repeated refinement cycles of apo- and C-terminus bound SppAgs structures, the Reys
and Ry vValues decreased steadily, and for the final refined structures the values were
20.6/24.1 and 20.6/24.0 (Rcrys/Riee), respectively. These values provide strong validation
regarding the fit and accuracy of the refined structures.

For both apo- and C-terminus bound structures, the clear electron density that
fits accurately to specific residues, especially around the aromatic residues tyrosines
(residue numbers: 81, 117, 138, 150, 151, 179, 224, 251 and 268, for C-terminus bound
structure 331 and 333 as well) and phenylalanines (residue numbers: 89, 160, 190, 227
and 267) indicated that the overall protein sequence was in correct register. Additional
structure validation was provided by various structural parameter indicators. Examination
of the geometry of the peptide linkage and side chains demonstrated that no outlier
residues were present in the unfavorable region of the Ramachandran plot. As well, the

r.m.s.d. values of the bond angle and bond length were also within the theoretical values.

A significant limitation to the SppAgs analyzed in this thesis is that it does not
represent the full length, native form of B. subtilis under physiological conditions. The
crystal structure was obtained and the electron density map shows only the soluble
catalytic domain of SppAgs (residues 57-295), lacking a significant portion of the C-
terminus (residues 296-335), and the crystal was grown in a highly organic condition,

consisting of tert-butanol, MPD and paraffin oil. In addition, we were not able to visualize
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the flexible loop region (residues 72-82) which is missing in both the E. coli and B.
subtilis solved structures. To overcome these limitations, additional experiments are

proposed in the Future Direction section of this thesis.

The substrate preference of B. subtilis SppA was determined using short
peptides linked to a fluorogenic moiety, MCA. All the conditions including buffer,
temperature, DMSO concentration, preparation for enzyme and substrate were kept
consistent throughout the experiments. Therefore, the relative activity of B. subtilis SppA
throughout the range of peptide-MCA substrates yielded significant results. It was
fortunate that B. subtilis is able to accommodate such a large moiety (MCA) in the
substrate specificity pocket S1’, but this was also a drawback because we could not
derive information on the substrate preference for the P’ positions of the substrate.
Another drawback is that the experimental peptides were shorter than SppA’s known
endogenous substrate, signal peptide. Analyzing signal peptide or membrane protein
digestion using HPLC or FRET substrates with longer sequences would be helpful for
further study of the enzymatic and biological function of B. subtilis SppA.

4.3. Future Directions

During this thesis project, the molecular structure of B. subtilis SppA was solved
and its substrate preference determined. These findings have also raised many new and
interesting questions. Here, | propose some future experiments to investigate some
intriguing queries that may result in a greater understanding of SppA’s function and

structure.

4.3.1. What is the function of the C-terminus?

The C-terminal bound structure solved by X-ray crystallography, together with the
results from other experiments, showed that SppAgs recognizes, binds and cleaves its
own C-terminus. The C-terminus truncation experiment suggests that truncating the C-
terminus does not affect the oligomerization of SppAgs which has been expressed in the
cytosolic fraction of the E. coli expression system, however it does affect oligomerization
when the proteins need to be folded in vitro. Further investigation is required to

determine the function of the C-terminus. To investigate if the C-terminus is involved in
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oligomer formation, one could denature the truncated SppAgsK199A (full-length with
transmembrane segment intact) and refold again, alongside untruncated SppAgs, and
observe if the truncated SppAgs is still able to form an octamer after refolding using gel-
filtration or MALS. In refolding experiments one could add exogenous peptides
corresponding to the C-terminal sequence to see if it were able to rescue the octameric
oligomerization. Another important experiment would be to truncate the wildtype SppA
and observe if there are significant changes in activity between the truncated wildtype
SppA and untruncated wildtype SppA. This may show if the C-terminus plays a role in

SppA’s functioning as an enzyme, i.e. forming functional active sites.

4.3.2. How does SppA associate with the membrane? Does SppA
extract the membrane embedded signal peptide?

As mentioned previously, SppA’s structure was solved from a crystal grown in an
artificial environment. SppA is a membrane protease which is thought to sit on the
membrane (Hussain et al., 1982b; Wang et al., 2008). It will be interesting to discover if
there are conformational changes when SppA is exposed to physiological conditions and
to find out how strongly SppA associates with the membrane. To determine this, an SPR
(surface plasmon resonance) experiment could be carried out to examine the binding
affinity of the soluble domain of SppA towards a liposome created from the membrane
extract. Meanwhile, co-crystallization of SppA with the liposome could reveal structural
changes due to association with the lipid, which would mimic physiological conditions

given that SppA is a membrane bound protease.

There have been no direct studies to show that B. subtilis SppA, a
compartmentalized protease that sits on the membrane with its active site above the
membrane, extracts and degrades signal peptides. One experiment approach that could
show if SppA is able to digest signal peptides from the membrane would be to purify pro-
OmpA nuclease A (PONA), a protein which contains the signal peptide sequence of
OmpA linked to nuclease A, and insert the signal peptide portion of PONA, after SPase |
digestion, into the liposome. Then, digestion could be observed by using SDS-PAGE gel
or by identifying the digested fragments using mass spectrometry. Another experiment

would be to monitor digestion using a fluorogenic substrate which has a lipid tail at the
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N-terminus, allowing for insertion into the liposome. This may reveal if SppA alone is

able to digest the membrane embedded signal peptide.

4.3.3. Does SppA have an interacting partner?

YteJ (UniProt accession number: 034424) is an uncharacterized protein that is
thought to be transcribed in the same operon as SppA in the B. subtilis genome. YteJ is
a transmembrane protein, 164 amino acids in length, whose function and structure are
unknown. However, YteJ may be involved in interaction with SppA. Since YtelJ is
predicted to be a membrane spanning protein, it is possible YteJ could interact with the
signal peptide embedded in the membrane and deliver the signal peptide into the dome
of the SppA complex. Some self-compartmentalized proteases similar to SppA, such as
ClpP and Lon proteases, have hetero-multi-subunit complexes which have a separate
subunit that works to unfold and deliver the substrate to the catalytic subunit of the
complex (Sauer and Baker, 2011). If experiments using SPR and multi-angle light
scattering confirm the interaction between SppA and YteJ, co-crystallizing B. subtilis
SppA with Yted and solving the structure would be the next step. In addition, co-
crystallization of the catalytic domain or full length SppA in a liposome, either in the
presence or absence of YteJ, could provide new information on SppA’s structure under

physiological conditions.

4.3.4. How is SppA able to degrade folded protein? And what could
be its endogenous substrate?

As mentioned previously, SppA is able to digest folded lipoprotein from E. coli in
vitro. How is SppA able to recognize and degrade folded protein when it does not have
an ATPase or PDZ domain and when its active site is outside the cell where there is no
access to ATP? One experimental approach to investigate the unfoldase activity of SppA
would be to monitor changes in the intensity of green fluorescent protein (GFP) or in the
intrinsic fluorescence of the substrate protein as the catalytically inactive SppA mutant
unfolds the substrates. GFP has a pB-barrel structure with a molecular mass 27 of kDa.
Since SppA is able to digest proteins with an all -strand secondary structure, GFP may
be an ideal protein for studying unfoldase activity by measuring decrease in

fluorescence intensity as SppAgs unfolds GFP (Rothballer et al., 2007). If SppA is found
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to have unfoldase activity, what would be its substrate in vivo? One method could be
performing two-dimensional electrophoresis analysis of the cell lysate from B. subtilis
with intact SppA gene compared to a knockout strain (Major et al., 2006). By comparing
the relative spot intensities, it may be possible to identify the endogenous substrate for
SppA because the lysate from the knockout strain could contain the accumulated

endogenous substrates.

4.4. Where could studying B. subtilis SppA lead us?

Over the years, Bacillus strains have been used as protein ‘factories’ producing
pharmaceutical proteins, membrane proteins, and protein complexes because of their
ability to secrete proteins into the surrounding medium (Schallmey et al., 2004). Bacillus
strains are preferred over E. coli expression systems because inclusion body
(aggregation of misfolded proteins) formations can be prevented. Moreover, expressed
pharmaceutical proteins do not become contaminated with lipopolysaccharide (LPS)
which is located on the outer membrane of E. coli and is harmful to humans, causing
septic shock. There have been attempts to improve the level of secreted protein in the
medium using Bacillus by optimizing the signal peptide sequence, as well as work on
propeptides to encourage proper folding of the protein once it is secreted into the
medium (Degering et al., 2010; Takagi and Takahashi, 2003; Zweers et al., 2008). In
order to meet the artificial demand for bulk production of proteins, promotion of faster
transportation and translocation and more efficient hydrolysis of the signal peptides
embedded in the membrane are required, since the membrane has limited space.
However, faster transport and translocation of the pre-proteins may result in heavy traffic
in the cytoplasmic membrane which in turn increase the number of damaged or
aggregated proteins. Further research on SppA’s function as a putative membrane
protein quality control protease may lead to novel strategies to improve the clearing the
cytoplasmic membrane of these misfolded or damaged proteins. Furthermore, this
research provides a greater understanding of signal peptide processing in the Bacillus
model for Gram-positive bacteria, and could lead to the engineering of a signal peptide
substrate more susceptible to SppA allowing faster clearance from the membrane. This
would ultimately improve the Bacillus’ function as a protein expression host organism for

the pharmaceutical industry. In addition, structural and activity investigations into SppA
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could lead to the development of SppA inhibitors that could function as antibiotic
compounds that interfere with bacterial survival by interrupting signal peptide hydrolysis.
Therefore, an inhibitor for SppA could make the bacterial cell more susceptible to

antibiotics.
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Appendix A. SppAgs C-terminal peptide refining procedure

The large continuous positive difference electron density (F, - F¢) observed in the substrate
binding groove of SppAgs resembled the shape of a peptide (Figure A.1.A). The program Coot
(Emsley and Cowtan, 2004) was used to build a poly-alanine peptide, 10 residues long, that fit
nicely into the positive difference electron density. The peptide was built within the binding groove
in an extended (anti-parallel) —sheet fashion. The structure was then refined using restrained
refinement with the program Refmac5 (Murshudov et al., 2011; Winn et al., 2003). The resulting
polypeptide model fit such that the mainchain carbonyl oxygen of the 6" reS|due pointed directly
into the oxyanion hole. After refinement, 2F, - F. electron density was observed surrounding the
polypeptide and there was positive difference electron densities (F, - F.) for the side chains of
each residue of the peptide (Figure A.1.B). The poly-alanine peptide was then mutated to match
different regions of the C- termlnal region of SppAgs that was the most abundant species in the
mass spectrometry analy5|s FKSEIDFLNMREILSQSGSPRMMYLYAK ° The positive
electron density located at the residues 3™ from the end and 5" from the end of the pon alanme
peptide resembled an aromatic side chain amino acid. The C-terminus sequence YLY*# was
found to be a good candidate for these residues and therefore would correspond to the P1 and
P2’ position, since Tyr331 is closest to the serine nucleophile. After multiple cycles of restrain
reﬂnement with d|fferent C-terminal sequences, the last ten residues of SppAgs,

SPRMMYLYAK**® was found to best fit the electron density (Figure A.1.D). An example of a
different side chain that was attempted to fit the difference electron density map but didn’t fit well
was when residue 331 was mutated to lysine and refined. The resulting F, - F. map showed that
the length of the density matches lysine however, the side of the density was fatter, plus there
was extra positive electron density, which resembles the electron density for an aromatic side
chain such as tyrosine (Figure A.1.C).
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Figure A. 1. The electron density map and the C-terminal peptide building process.

A. F, - F. positive difference electron density map shown in green mesh. The positive difference
electron density is observed in each of the eight substrate binding groove of SppAgs. This results
in a perfect continuous ring of electron density for the complete SppAgs octamer. B. A poly-
alanine peptide (shown in stick model with oxygen in red, nitrogen in blue, and carbon in green) is
fitinto the F, - F¢ positive difference electron density map and refined, submitted. The resulting
2F, - F. electron density map is shown in blue mesh, the resulting F, - F. positive difference
density is shown in green mesh. C. A peptide from the C-terminus of SppAgs,
$5SPRMMYLYAK®®, with Tyr331 mutated to lysine, is fit into the 2F, - F. electron density map
(blue mesh). The zoomed in view in the direction the eye looks shows the electron density
surrounding the modeled lysine side chain. Clear positive F, - F, difference elctron density can be
seen on both sides of the lysine side chain. D. SppAgs C-terminal peptide, **SPRMMYLYAK®®,
is shown with surrounding 2F, - F. map. For all panels, the F,-F. electron density is contoured at
3o level and the 2F, - F. electron density map is contoured at 1o level.
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